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Abstract 

 Graphene is an attractive class of carbon nanomaterials due to its extraordinary 

properties that are a direct consequence of its unique atomic structure. As a new member in the 

nanocarbon family, graphene has been widely studied from its fundamental science to the 

practical applications. Graphene’s unique electrical, electrochemical and mechanical 

properties have led to the realization of designs for excellent biosensor and bioelectronic 

devices. However, manufacturing low-cost graphene-based electronic devices is still difficult 

to accomplish through a single-step fabrication process. Direct laser scribing has been 

demonstrated as a facile, inexpensive, solid-state approach for fabricating, patterning and 

turning the electronic properties of graphene. The advantage of the laser scribed graphene (LSG) 

method is the integration of material synthesis and shape patterning with smart computer-

design.  

 In this thesis, the direct laser scribing of graphene has been shown to offer an 

opportunity for fabricating single-use, on-chip electrochemical sensors (Chapter 3). The 

method is simple and utilizes direct laser scribing using a lightscribe DVD drive. The sp2 

carbon structure was formed as the consequence of the photo-thermal reduction. The resulting 

LSG provides electrodes with outstanding conductivity and electrochemical activity. Addition 

of a polymeric binder, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), to the 

graphene oxide before laser scribing contributes to a significantly improved water-stability of 

the LSG electrodes, which is of a great importance for biological sensing. The surface 

morphology and material structure were investigated by SEM and Raman, respectively. The 
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PVDF-HFP/LSG electrodes were found to be very porous, highly conducting and 

electrochemically active. All these properties contribute favourably to applications such as 

LSG electrodes becoming a promising choice for future biological sensors. 

 Chapter 4 describes fabrication of graphene by direct laser scribing of a commercially 

available polyimide sheet, which provides a revolutionary approach for the facile and cost-

effective creation of graphene. This laser scribing technology is able to quickly manufacture 

graphene electronics in an extensive size range, from sub-micrometre to several centimetres in 

size. As a further development, laser scribed graphene was combined with the electrodeposition 

of poly(3,4-ethylenedioxythiophene) (PEDOT) onto the LSG surface (Chapter 4). This 

electrode material was successfully used to develop a dopamine (DA) sensor with high 

selectivity and sensitivity. The PEDOT/LSG electrodes possess larger electrochemical-

catalytic surface area and exhibit a 3D mesoporous network. The simultaneous determination 

of DA in the presence of ascorbic acid (AA) and uric acid (UA) was achieved using both cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV). The sensitivity towards DA was 

measured at 0.220 ± 0.011 µA μM-1 and the detection limit was 0.33 µM, which exceed the 

values shown by number of other graphene-based DA sensors reported previously. 

 Existing carbon nanomaterials already include remarkable morphologies including 

graphene nanoribbons, carbon nanowalls, vertically aligned carbon nanotubes and laser 

induced graphene fibers. A new LSG nanostructure was prepared for the first time, which 

showed a 3D vertical aligned “grass” like morphology (Chapter 5). This LSG grass was applied 

to the sensing of DA, epinephrine (EP), and norepinephrine (NE), using both CV and DPV. 

Clear anodic peaks were obtained for the oxidation of DA, EP and NE at LSG grass electrodes, 

with a good degree of separation despite the structural similarities of these important 
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neurotransmitter molecules. UA and AA were also considered as common interferents, but 

very good analytical determinations for DA, EP and NE were possible.   The sensitivity of LSG 

grass for DA, NE, and NE was highly improved compared to unmodified LSG. The fabricated 

LSG grass sensors for DA, EP, and NE detection displayed sensitivities of 0.243, 0.067, and 

0.110 µA/µΜ, and the detection limits of 0.4, 1.1, and 1.3 µΜ, respectively. The exceptional 

performance of the LSG grass for the detection of multiple neurotransmitters points to a 

promising future for nanocarbon materials with various morphologies in biosensors and 

bioelectronics. 
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1 Introduction 

Dimensionality is a significant property-determining features of carbon nanomaterials. 

Nanocarbons exist in multi-dimensional arrangements. They can be zero-dimensional (0D) 

fullerene (Kroto et al. 1985), one-dimensional (1D) carbon nanofibers (Oberlin et al. 1976), 

1D carbon nanotube (Iijima 1991), two-dimensional (2D) graphene and graphene oxide (GO) 

(Novoselov et al. 2004; Xu and Gao 2011), and three-dimensional (3D) graphite and carbon 

aerogel (Guo et al. 2018). These different structural forms contribute to an exceptional variety 

of properties and applications. The carbon nanomaterials have displayed immense potentials 

in a range of applications, such as energy storage devices (Habisreutinger et al. 2014; Li et al. 

2017b; Lin et al. 2014; Ren et al. 2013), stretchable and flexible electronics (Guo et al. 2018; 

Jang et al. 2016), transistors (Cao et al. 2013; Schwierz 2010), photodetectors (Liu et al. 2014a), 

electrocatalysts (Li et al. 2012), electrochemical and biological sensing (Rodrigo et al. 2015; 

Xu et al. 2018a), and high-performance nanocomposites (Hu et al. 2014; Xu and Gao 2010). 

Overall, nanocarbon materials have been widely studied, including their unique physical, 

chemical, mechanical, electrical, thermal and optical properties (Allen et al. 2010; De Volder 

et al. 2013; Geim and Novoselov 2007; Jariwala et al. 2013).  The most prominent and recent 

discovery in the family of nanocarbons has been graphene. 

Graphene is a single atomic layer thick, 2D sheet of carbon, built of sp2-hybridized carbon 

arranged in an extended honeycomb network. Graphene, as 2D carbon, can be wrapped into a 

0D fullerene, rolled into 1D carbon nanotubes, and stacked to form 3D graphite (Figure 1.1) 

(Allen et al. 2010). 
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Figure 1.1 Graphene is a 2D material that can be used to construct carbon nanomaterials 

of alternative dimensions. It can be wrapped into 0D fullerene, rolled into 1D nanotubes and 

stacked to form 3D graphite (Geim and Novoselov 2007). Reprinted with permission from 

(Geim and Novoselov 2007), Copyright 2007, Springer Nature. 

1.1 The history of graphene 

Graphene's predecessor was carbon nanotube (Iijima 1991); graphene is the newest 

member of the nanocarbon family, discovered  in 2004 (Novoselov et al. 2004). Geim and 

Novoselov received the Nobel Prize in Physics in 2010, for “ground-breaking work regarding 

the 2D material graphene”, only 6 years after their experimental demonstration of graphene 
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(Novoselov et al. 2005a; Novoselov et al. 2004). Graphene has been explored theoretically as 

early as 1947 (Wallace 1947). In a research conducted in 1962, Boehm observed monolayer 

flakes of reduced GO by electron microscopy (Boehm et al. 1962), and the term graphene was 

introduced by his group in 1986 (Boehm et al. 1986) (Figure 1.2). The material graphene was 

afterwards rediscovered, identified and characterized in 2004 by Geim and Novoselov at the 

University of Manchester (Novoselov et al. 2005a; Novoselov et al. 2004). Their research was 

in an agreement with existent theoretical expectations regarding graphene structure, 

composition and properties (Geim 2009; Novoselov et al. 2012b).  

 

Figure 1.2 A historical timeline of events for graphene’s conception, preparation, 

exfoliation and characterizations (Dreyer et al. 2010b). Reprinted with permission from 

(Dreyer et al. 2010b), Copyright 2010, John Wiley and Sons. 

1.2 The properties of graphene 

In general, graphene is a 2D planar structure composed of a single layer of carbon atoms 

(Allen et al. 2010). Within the layer, each carbon atom is connected to the adjacent three carbon 

atoms by a sigma bond. All of the p orbitals of the carbon atoms are lined up side-by-side to 

form a large conjugate π bond (Meyer et al. 2007). The theoretical thickness of graphene is 



 

4 

 

0.335 nm.  However, due to the fact that vibrations and defects in carbon atom lattice, resulting 

in five and seven-membered rings; and the fact that the graphene surface is corrugated and 

folded, the measured thickness of the graphene is about 0.8 nm (Novoselov et al. 2005b). 

Graphene's unique molecular structure gives its excellent physical properties. 

Graphene possesses excellent mechanical properties. The carbon atoms in the graphene 

layers are connected by σ and π bonds, leading to the extremely high strength, stiffness, and 

toughness (Liu et al. 2012b). For example, Hone et al. first demonstrated the monolayer 

graphene with the highest intrinsic strength at 130 GPa, along with the highest Young’s 

modulus at 1.0 TPa. The strength is 100 times beyond steel (Lee et al. 2008). In addition, once 

dispersing graphene layers into polymeric matrix, the mechanical properties of the resulting 

composites are usually enhanced significantly (Papageorgiou et al. 2017). Graphene also 

possesses outstanding electrical properties.  

The large conjugated π bond can provide graphene with excellent electrical transport 

performance. The π electrons can move freely within the layer, and the carrier mobility can 

reach 200,000 cm2/Vs. This value is well beyond all commercial semiconductor materials 

(Chen et al. 2008; Novoselov et al. 2004), and is twice that of indium antimonite, 20 times that 

of gallium arsenide, 140 times that of the silicon, and does not change with temperature 

(Novoselov et al. 2005a). Graphene’s conductivity is 108 S/m at room temperature, higher than 

that of the silver and copper, which have the highest room-temperature conductivity among 

metals (Mayorov et al. 2011). Moreover, graphene presents the anomalous quantum Hall effect 

(Novoselov et al. 2006) and the bipolar electric field effect (Britnell et al. 2012), holding 
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significant practical value in future microelectronic devices (Novoselov et al. 2012a; Williams 

et al. 2007). 

There are many benefits derived from the unique 2D material structure of graphene, 

where the theoretical surface area of graphene can be as high as 2630 m2 /g.  The high specific 

surface area provides more sites for loading active materials and for high capacitive double 

layer energy storage (Bonaccorso et al. 2015). For instance, Ruoff’s group in 2011 developed 

the microporous graphene with 3D network by stacking low-defect graphene. The specific 

surface area of resulting graphene materials was 3100 m2 /g and high value capacitance was 

200 F/g (Zhu et al. 2011). It is also worth pointing out that the specific surface area up to 2630 

m2 /g is reported only for single-layer graphene (Rao et al. 2009). Once graphene stacks 

forming the macroscopic assembled network, its specific surface area decreases critically. 

Therefore, the stacking of the graphene layers should be suppressed in the design and assembly 

of graphene, thus improving its specific surface area.  

The thermal conductivity of carbon materials is mainly dependent on phonon conduction, 

which is the vibration heat transfer of the lattice (Balandin 2011; Seol et al. 2010). The thermal 

conductivity, λ, of the surface can be described by the Debye formula, λ =CVL/ 3, where C is 

the volume heat capacity of the unit, V is the propagation velocity of the phonon, and L is the 

average free path of the phonon. Therefore, the thermal conductivity of carbon materials is 

determined by the average free path of the phonon L, and L is directly related to the size of the 

crystal region. Within a certain range, the larger the size of the crystal area, the larger the 

average free range of the phonon, the higher the thermal conductivity (Fugallo et al. 2014; Xu 

et al. 2014). Graphene's perfect crystal structure facilitates heat transfer. For example, 
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Balandin’s group applied Raman spectroscopy to evaluate the single-layer graphene thermal 

conductivity at room temperature (about 5000 W /mK), higher than that of single-walled 

carbon nanotubes (3500 W /mK), and 12 times that of copper (400 W /mK). (Balandin et al. 

2008). The graphene’s excellent thermal conductivity is expected to be useful in future high-

power electronic devices with ultra-high heat flow density. Graphene can improve the device 

stability and prolong the service life (Chen et al. 2012; Prasher 2010). 

1.3 The methodologies of graphene manufacture 

Developing the facile cost-efficient methods for mass producing graphene are of 

considerable scientific and commercial interest. Two distinctive approaches have been carried 

out for graphene fabrication: “bottom-up” and “top-down” approaches (Figure 1.3) (Ciesielski 

and Samorì 2014). The principal top-down approaches consist of micromechanical cleavage 

(Shioyama 2001), liquid phase exfoliation (Hernandez et al. 2008), thermally or chemically 

reducing GO (Gao et al. 2009), and  direct laser scribing (Lin et al. 2014; Xu et al. 2018a). The 

bottom-up approaches include chemical synthesis (Cai et al. 2010), chemical vapour deposition 

(Bae et al. 2010) and epitaxial growth on SiC (Yazdi et al. 2013) (Figure 1.3).  
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Figure 1.3 Graphene production approaches can be classified into top-down and bottom-

up means (Wang et al. 2017). Reprinted with permission from (Wang et al. 2017), Copyright 

2017, Springer Nature. 

1.3.1 Chemical vapour deposition 

Chemical vapour deposition (CVD) of graphene represents a facile process to prepare 

graphene with high quality on a large scale (Obraztsov 2009). Graphene is obtained by 

carbonaceous gases such as methane or ethylene, which are decomposed under elevated 

temperatures on a metal, such as copper, nickel, Pt, Ru or Co. The optimum reaction 

temperature depends on the type of gas and the chosen metal. The CVD process to create 

graphene can be split into two elementary processes: (i) pyrolytic decomposition of precursor 
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to create carbon, and (ii) the formation of graphene structure by the dissociated carbon (Yan et 

al. 2013).  

The earliest investigation of the CVD method was started in the 1970s. Lang et al. 

reported the preparation of graphene on monocrystalline Ni as a substrate, but its quality was 

not clear (Lang 1975). The pioneering studies focusing on CVD graphene synthesis were 

started in 2006 (Somani et al. 2006).  Sohima et al. deposited graphene sheets on the surface 

of Ni and estimated that 35 layers of graphene had been successfully grown. Even though the 

issues about the graphene layer uniformity and thickness control needed to be resolved, the 

method has opened up a new way for manufacturing high-quality graphene. Subsequently, 

several groups reported to successfully synthesize graphene sheets with a thickness of less than 

one nanometer (Obraztsov et al. 2007; Yu et al. 2008). Prior to early 2009, the teams of Kong 

(Reina et al. 2009) and Hong (Kim et al. 2009) successfully prepared large area (up to 20 µm 

in length) few-layer graphene on a polycrystalline Ni surface, and the graphene layer was 

successfully and completely transferred from the substrate. These outstanding contributions 

have established the CVD method as one of the major approaches for preparing high-quality 

graphene.  Bae et al. deposited large-area graphene film on a copper foil, and then used the 

“roll-to-roll” production method to transfer the graphene films to a flexible polymeric 

substrate. The fabricated transparent electrode film could reach 70 cm in size, demonstrating 

the potential of large-scale graphene production in applications for transparent conductive 

films (Bae et al. 2010). Based on this technique, Cheng’s team developed a new route for 

fabricating 3D interconnected graphene networks. As illustrated in Figure 1.4, they firstly 

controlled the deposition of graphene by template-directed CVD on nickel (a, b), then graphene 
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was coated onto a thin PMMA support substrate and removed the nickel as a scaffold template 

(c, d), then removed the nickel and PMMA to finally fabricate low-density flexible conductive 

graphene-based 3D materials (e, f) (Chen et al. 2011). Later on, Stephen et al. reported a new 

dry transfer technique for quality CVD graphene grown on a reusable copper substrate and they 

applied the transferred graphene films to make devices with ultrahigh mobility up to  350,000 

cm2 V–1 s–1 (Banszerus et al. 2015).  

The graphene film manufactured by the CVD method is of a relatively high quality. 

The disadvantage is that the graphene film is actually composed of a single-layer to several 

layers of graphene arranged in different regions on substrate. There are also dislocated crystal 

boundary structures in the graphene film, affecting many of the graphene’s properties. This 

drawback is related to the nucleation growth mechanism of graphene. At present, there are still 

some difficulties in the preparation of a uniformly grown single-layer graphene. At the same 

time, non-damage transfer is also a problematic step for obtaining high-quality and large-area 

graphene sheets. 
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Figure 1.4 Synthesis of graphene foam using the CVD on a porous nickel template (Chen 

et al. 2011). Reprinted with permission from (Chen et al. 2011), Copyright 2011, Springer 

Nature. 

1.3.2 Epitaxial growth on silicon carbide 

Under ultra-high vacuum and a high temperature treatment, atoms on the surface of 

silicon carbide crystals evaporate, and the carbon atoms remain to form a carbonized structure, 

thus resulting in epitaxial growth of graphene on the substrate (Figure 1.5) (Mishra et al. 2016). 

The thermal decomposition of SiC was first observed by Badami et al, who obtained a graphite 

lattice (Badami 1965). Later on, Bommel et al. reported the formation of single-layer graphite 

by treatment of silicon carbide under an ultra-high vacuum at 800 ℃ (Van Bommel et al. 1975). 

It is difficult to control the decomposition of SiC under high vacuum, and a high temperature 

generates defects and polycrystalline domain structures that are problematic for obtaining a 

large-area uniform graphene lattice. In spite of these limitations, one important advantage of 
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the epitaxial growth method is that the graphene formation can be achieved without 

transferring, as the SiC also provides an excellent insulating platform in itself.   

Furthermore, Yazdi et al. showed that the graphene lattice in an argon environment can 

grow to 50 × 50 µm2 in size (Yazdi et al. 2013). With the advancement of controlling conditions 

and a deeper understanding of the growth mechanism, the epitaxial growth technique on SiC 

may turn out to be an indispensable and important method for graphene wafer production for 

the electronic industries.   

 

Figure 1.5 Epitaxial growth of graphene on a silicon carbide wafer through the silicon 

atoms’ sublimation (Mishra et al. 2016). Reprinted with permission from (Mishra et al. 2016), 

Copyright 2016, John Wiley and Sons.  

1.3.3 Organic synthesis 

From the perspective of organic synthesis, the planar-conjugated molecular structure of 

graphene can be synthesized from small molecules or macromolecular precursors. To achieve 
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this goal, researchers have developed a series of bottom-up approaches for graphene synthesis, 

mainly including the solvothermal method (Choucair et al. 2008), polycyclic aromatic coupling 

and polymer pyrolysis methods (Sinitskii et al. 2009). 

 Stride’s group used sodium metal and ethanol as raw materials and heated these at 

220 ℃ for 72 hrs to obtain a solid phase precursor, before final fabrication of a graphene 

powder with a petal-like microstructure via a high temperature pyrolysis. The synthesis yield 

was approximately 10 %, and the thickness of the prepared graphene sheet was about 0.4 nm 

with a conductivity of 0.05 S m-1 (Choucair et al. 2008). Furthermore, it became possible to 

manufacture a large amount of doped graphene by selecting different small-molecule 

precursors. Bao’s team used Li3N and CCl4 as precursors to prepare high nitrogen-doped 

graphene by heating at 250 ℃ for 10 hrs. The doped nitrogen atom of the resulting graphene 

using solvothermal method was investigated using a scanning tunneling microscope (Deng et 

al. 2011).  

 In addition, the use of polycyclic aromatic coupling methods has proven useful. 

Mullen’s research group first proposed the successful use of the Suzuki-Miyaura coupling 

reaction via catalysis with small molecule precursors with a fused ring structure, to synthesize 

graphene nanoribbons (Yang et al. 2008). Furthermore, later in 2010, Mullen’s team first 

applied fused-ring molecules to adjust the coupling position and were able to precisely 

synthesize graphene nanoribbons with an atomic structure of the armchair and serrated type 

(Figure 1.6) (Cai et al. 2010).  The groundbreaking work from Mullen’s team established a 

"bottom up" approach to build novel routes for the synthesis of graphene with an accurately 

controlled structure (Cai et al. 2010). 
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Figure 1.6 Bottom-up construction of atomically accurate graphene nanoribbons (Cai et al. 

2010). Reprinted with permission from (Cai et al. 2010), Copyright 2010, Springer Nature. 

1.3.4 Micro-mechanical exfoliation 

Graphene can be viewed as a layer of building material within 3D graphite.  The micro 

mechanical exfoliation method works by peeling the graphene sheet with sufficient mechanical 

force to overcome the van der Waals forces between the graphite sheets. The pioneering work 
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on the exfoliation strategy was reported by Shioyama et al., who cleaved graphene from 

graphite via expansion of a potassium-graphite intercalation compound (GIC) by intercalating 

the unsaturated hydrocarbons into GIC (Shioyama 2001).  

Micro-mechanical exfoliation was employed to obtain an ultra-thin graphite film. 

However, it was not until 2004 that Geim et al. reported the successful exfoliation of a single-

layer graphene using this simple approach (Novoselov et al. 2004), which unveiled the prelude 

towards research on the 2D nanomaterial. Geim and Novoselov put highly-oriented graphite 

on a photoresist, and then repeatedly cleaved this with scotch tape. After dissolving the 

photoresist and graphene debris, a monolayer graphene crystal was found in the debris 

(Novoselov et al. 2004). Later on, the exfoliated graphene lattices were transferred onto a 300 

nm SiO2 substrate - therefore the extraordinary optical contrast between SiO2 and graphene 

could be identified using optical microscopy (Balandin et al. 2008; Calizo et al. 2007; Pisana 

et al. 2007).  As the micro-mechanical exfoliation process does not include complex chemical 

physical effects, the resulting graphene possessed less crystal defects. Even though there was 

a lack of control accuracy and the difficulty of producing graphene in large quantities, the 

fabricated graphene was of a high quality, which has been highly beneficial for studies of 

fundamental properties and for modelling device research. 

The platform of micro mechanical exfoliation has unravelled excellent properties of 

graphene, such as extraordinary transparency (Meyer et al. 2007) and highest intrinsic strength 

(Lee et al. 2008). Similarly, the micro-mechanical lift-off method is also suitable for the 

preparation of other 2D single crystal materials. The advantage of using this method is that the 
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manufactured graphene possesses high quality, good conductivity, and is of a size up to 100 

μm in length. The disadvantage is low yield and difficulty in size control.  

 

1.3.5 Liquid-phase exfoliation via ultrasonication assistance 

 The liquid-phase exfoliation process is based on the principle that the π-π stacking 

between the graphene layers in graphite can be destroyed by ultrasonication. As shown in 

Figure 1.7, the solvent molecules enter the graphite to perform the layer exfoliation, and then 

the graphene flakes can be obtained via repetitive centrifugation. Thus the nanosheets can be 

separated by size (Coleman 2013). The strategies for preparing the surface-controlled graphene 

(monolayer or few-layer) include: (i) the use of surfactant (Lotya et al. 2009), (ii) the use of 

organic solvent with  equivalent surface energy to graphene (Hernandez et al. 2008), and (iii) 

surface chemical functionalization (Haar et al. 2016).  

 Stabilization of the aqueous graphene dispersion can be obtained using 1-sodium 

hexadecanesulfonoate as a surfactant. With ultrasonication, organic solvents, such as N-

methyl-2-pyrrolidone (NMP), N,N-dimethylformamide (DMF) and 1,2-dichlorobenzene 

(ODCB),  can stabilise the dispersed graphene. Due to the long-term ultrasonication, the size 

of exfoliated graphene is small, usually below a micrometer. The process also needs multiple 

separation steps.  

 The advantage of the liquid-phase exfoliation is that the method introduces less 

defects in the chemical structures of the graphite layers, thus the quality of graphene is 

relatively good and suitable for the applications in the fields of multifunctional composite 

materials, hybrid electrode materials (Cui et al. 2011), and so on.  The disadvantage of the 
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liquid-phase exfoliation is the difficulty in preparing large-area graphene flakes and that 

usually requires long-time, multiple steps for dispersing, exfoliating and processing the 

graphene sheets (Parviz et al. 2016). The ultrasonication assisted liquid-phase exfoliation has 

been also extended to manufacture other two-dimensional nanomaterials, such as MoS2 

nanosheets (Gupta et al. 2016) and black phosphorus (Lin et al. 2017).  

 

Figure 1.7 A representative liquid exfoliation of defect-free graphene sheets in NMP. 

Copyright from (Coleman 2013). Reprinted with permission from (Coleman 2013), Copyright 

2013, American Chemical Society.  

1.3.6 Chemical synthesis of graphene  

 The mechanism of the chemical reduction method is to intercalate graphite with a 

powerful oxidant and attach oxygen-containing functional groups (mainly hydroxyl, carboxyl, 

epoxy) (Szabó et al. 2006) between the graphite layers (Dreyer et al. 2010a; Dreyer et al. 2014). 

The distance between the layers is thus expanded approximately from 0.34 nm to about 

0.59~1.16 nm (Lerf et al. 2006). After the oxidation, the graphene lattice can be exfoliated 

from the graphite by ultrasonication to generate single or a few layers (less than 10 layers) of 

GO. Finally, the reduction of GO is accomplished with a powerful reducing agent or a high 

temperature. In the process, GO can be well dispersed in several solvents. Paredes et al. 
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demonstrated the dispersibility of GO in 13 organic solvents and water (Figure 1.8) (Paredes 

et al. 2008). The understanding of dispersibility is beneficial to modify GO surface by wet 

chemistry. Therefore, the chemical reduction of GO is an approach widely used in the fields of 

transparent conductive films (Jurewicz et al. 2014), reinforced composite materials (Xu and 

Gao 2010), active graphene based fabrics (Li et al. 2017b), and energy storage applications 

(El-Kady and Kaner 2013a). The disadvantage of this method is the unavoidable structural 

defects on the GO planes caused by the oxidation. In spite of this, the method is currently 

regarded as the most effective route for mass production of graphene. If the reduction can be 

further improved with restoration of the honeycomb sp2 carbon bond, the technique holds a 

great promise. 

 

Figure 1.8 Digital images of as-prepared GO dispersed in 13 organic solvents and water 

after the ultrasonication for 1 hour (Paredes et al. 2008). Reprinted with permission from 

(Paredes et al. 2008), Copyright 2008, American Chemical Society. 

In the following sections, the advancements regarding three representative steps for 

chemical synthesis of graphene will be creviewed. The steps include (i) chemical oxidation of 

graphite, (ii) exfoliation of graphite oxide, and (iii) reduction of GO. 
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1.3.6.1 Chemical oxidation of graphite 

The chemical synthesis for graphene production begins with the synthesis of the 

graphite oxide precursor. Methodologies have been developed by Brodie in 1859 (Brodie 

1859), Standenmaier in 1898 (Staudenmaier 1898), Hummer in 1958 (Hummers and Offeman 

1958) and Tour in 2010 (Marcano et al. 2010). These strategies employed strong acids as 

oxidants and an intercalation agent to generate intercalated graphite. The resulting component 

is then hydrolysed to form graphite oxide.  

Brodie’s method employed fuming HNO3 and KClO3 as oxidizing agents and 

intercalation agents, but Brodie was mistaken in determining the molecular weight of graphite 

(Brodie 1859). Almost 40 years later, Standenmaier et al. re-developed the Brodie’s method 

using KClO3-fuming HNO3, and added mixed acids of fuming HNO3 and concentrated H2SO4 

as oxidizing agents. Standenmaier’s method led to a similar oxidation extent as Brodie’s 

method (Dreyer et al. 2010a; Staudenmaier 1898). Later on, Hummers and Offeman reported 

an alternate approach for oxidizing graphite in a mixture of concentrated H2SO4, NaNO3 and 

KMnO4 (Hummers and Offeman 1958). The significance of that work is that it demonstrated 

the variability of resulting graphite oxide depends not only on the reaction conditions, but also 

on the source of graphite and oxidizing agents (Dreyer et al. 2010a). The disadvantage of 

Hummer’s method is the generation of a toxic gas (e.g. NO2, NO), and that the reaction can be 

explosive. Tour’s research team noticed the problems and proposed a ‘greener’ method in 2010 

(Marcano et al. 2010). In that method, NaNO3 is excluded and an increased amount of KMnO4 

is added into the mixture of concentrated H2SO4/H3PO4 (9:1). As represented in Figure 1.9, the 

Tour’s research group systematically compared their improved method with Hummer’s 
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original methods. The resulting GO demonstrated a higher yield and level of oxidation than 

Hummer’s method. Another advantage of Tour’s improved method is the generation of less 

toxic gases and the ease of temperature control.   

 

Figure 1.9 Schematic representation of the processes for synthesis of graphite oxide from 

graphite powder. Under-oxidized hydrophobic carbon material recovered during the 

purification of GO by Tour’s improved method (IGO), GO by Hummer’s method (HGO), and 

GO by Hummer’s modified method (HGO+). The increased efficiency of the IGO method is 

indicated by the small amount of under-oxidized material produced. Copyright from ref. 

(Marcano et al. 2010). Reprinted with permission from (Marcano et al. 2010), Copyright 2010, 

American Chemical Society. 

1.3.6.2 Exfoliation of graphite oxide 

 Graphite oxide can be viewed as a stack of GO lattices. The application of an external 

force can exfoliate GO, creating a precursor for further reduction.  Presently, the common 

exfoliation approaches include thermal expansion and ultrasonication. When performing 

thermal expansion, graphite oxide is heated. The oxygen-containing groups on the surface are 
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thermally decomposed to generate CO2 and steam, resulting in the expansion and exfoliation 

of graphite oxide. In this process, the graphite oxide volume expands by tens to hundreds of 

times. On the other hand, the ultrasonication method relies on ultrasonic waves. The liquid 

flow generates numerous microscopic bubbles forming in the region, where the ultrasonic wave 

propagates longitudinally.  This process is known as “cavitation” effect, where bubbles are 

forming at an instantaneous high pressure of over 1000 atmospheres. The continuously 

generated high pressure is like a series of small “explosions” that continuously hit the graphite. 

Thus, the graphite oxide is exfoliated off rapidly to produce GO layers. Ultrasonication is a 

widely used exfoliation technique due to its mild conditions, ease of control and efficiency (Yi 

and Shen 2015). 

1.3.6.3 Chemical reduction of GO 

In 2006, Ruoff’s group validated the reduction method by direct adding N2H4 to GO 

aqueous dispersion. The suggested reduction mechanism was that N2H4 de-hydrolyzed the 

ring-opened epoxide to eliminate oxygen to form a double bond. Later on, Li et al. developed 

the N2H4 chemical reduction method to a higher level. They created a facile, scalable method 

for synthesizing the stable aqueous chemically reduced graphene (CRG) nanosheet solution 

without adding any surfactants. The stable dispersion was due to the CRG colloids’ 

electrostatic stabilization in the presence of small amounts of NH3 (Figure 1.10). This finding 

resulted in a membrane made up of CRG nanosheets prepared by vacuum filtration of the 

resulting CRG aqueous dispersion. The electrical conductivity of resulting CRG reached 

approximately 7200 S m-1, closed to that of a metallic film (Li et al. 2008). 
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Figure 1.10 Effect of adding NH3 in the dispersion of CRG, characterized by verifying 

average graphene sheet sizes over time (0-60 min). The inset pictures were taken 2 days 

after the reduction was done with NH3 and without NH3. Copyright from ref. (Li et al. 2008). 

Reprinted with permission from (Li et al. 2008), Copyright 2008, Springer Nature. 

Subsequently, metal hydrides were also employed for the reduction of GO. NaBH4 is a 

reducing agent widely used in organic chemistry, which can selectively reduce carbonyl groups 

to hydroxyl groups, and reduce carboxyl groups to aldehyde groups (Manepalli et al. 2011). 

However, NaBH4 does not react with C-C double or triple bonds. The limitations of NaBH4 

are that it is unstable in aqueous acidic solution and does not react with hydroxyl groups. It is 

believed that N2H4 is a stronger reducing agent than NaBH4 for GO reduction (Si and Samulski 

2008). Gao et al. used Na2CO3 to adjust the pH of GO dispersion to 9−10, and the reduction 

was performed with NaBH4. Some functional groups were removed from the GO, then the 

product was stirred in concentrated H2SO4 (120° C, 12 hrs). The resulting product was 

thermally annealed at 1100° C in a mixed gas of H2 and Ar. After the treatments of concentrated 

H2SO4 and thermal annealing, most of the functional groups were removed, and pristine 
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graphene (less than 0.5% S and N impurities) with conductivity of 1×105 S m-1 was obtained 

(Gao et al. 2009). Furthermore, Xu et al. extended the scope of reducing agents for preparing 

CRG. They developed a new synthetic route of chemical reduction of GO using Li (C2H5)3BH. 

The quality of produced CRG was demonstrated with the high C-O ratio (Xu et al. 2016a). 

Cheng’s team developed another highly effective route for GO reduction using HI or 

HBr. The resulting material possessed a high electrical conductivity up to 29,800 S m-1, and 

was particularly suitable for GO films or textile fabrics. Different from the N2H4 reduction, 

which generates a large amount of gas and causes destruction and even disintegration of 

materials, the HI reduction does not generate gas molecules. Throughout the capillary action 

of GO bending during the reduction the resulting CRG became denser after HI reduction, which 

improved the structural integrity and mechanical properties of CRG (Pei et al. 2010). 

Researchers have also established similar reduction profiles using reductants such as vitamin 

C (Fernández-Merino et al. 2010), and tea polyphenols (Abdullah et al. 2014), in order to avoid 

the harmful effects of N2H4. However, the conductive properties were much weaker than the 

graphene reduced by N2H4, metal hydrides and HI.  The mild, green processes using vitamin 

C and similar, are still useful for certain applications (Bo et al. 2014). 

The advantages for chemical synthesis of graphene are: (i) the ease of large-scale 

production of GO and CRG, and (ii) the versatility of surface functionalisation of GO. The 

limitations are the unavoidable defects occurring at the oxidation stage, as the conductivity and 

mechanical properties of the resulting materials depend on the reduction step.  To restore 

graphene’s perfect honeycomb network would require multiple subsequent steps (Gao et al. 

2009). 
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1.3.7 Direct laser scribing  

Direct laser scribing is a rapid, one-step method for producing graphene-like materials, 

usually determined as the nanocarbon mixture containing few-layer graphene. The produced 

materials, named as laser scribed graphene (LSG), is porous with a 3D structured network. As 

the name suggests, LSG is produced using a commercially available laser source, such as the 

camera flash (Cote et al. 2009b), the infrared laser from a standard lightscribe DVD drive (El-

Kady et al. 2012), and the CO2 laser from a universal laser cutter (Lin et al. 2014). 

1.3.7.1 The advancement of LSG fabrication methods 

In 2009, Huang’s team first discovered that graphite oxide can be reduced by a flash 

light at room temperature without chemical reagents or high temperature conditions (Cote et 

al. 2009a). Kaner’s group further developed the technology. In 2012, they reported an easy 

approach of making graphene-based supercapacitor electrodes, using a standard commercial 

lightscribe DVD drive. The conductivity of the generated materials reached 1738 S m-1 and the 

actual surface area 1520 m2/g. The significance of Kaner’s work is that it opened a gate for a 

facile scale-up production of LSG implemented along with a computer-assisted design. The 

schematic representation of Kaner’s method is introduced in Figure 1.11 (El-Kady et al. 2012). 
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Figure 1.11 Schematic illustration for fabrication of laser-scribed graphene-based 

electrochemical supercapacitors (El-Kady et al. 2012). Reprinted with permission from (El-

Kady et al. 2012), Copyright 2012, The American Association for the Advancement of Science. 

The technology of laser scribing was developed in 2014, when  Tour's team reported a 

fabrication route of laser inducing polyimide (PI) plastics converting to laser induced graphene 

(LIG), also one type of LSG (Lin et al. 2014). The LIG process is completed at room 

temperature, which means that there is no need for a high-temperature furnace or a vacuum 

oven. This greatly reduces the production cost of graphene. The process involves placing a 

commercially available PI film under a CO2 laser irradiation. The laser energy converts PI 

sheets, e.g. the top 20~40 microns, into a porous graphene-like structure (Figure 1.12). The 

advantage of the LIG method is that its fabrication is a one-step process that allows for the 

rapid production of flexible electronic devices in future. The production of graphene by the 

LIG technology has been widely used in energy storage (Li et al. 2016b; Peng et al. 2015a), 

pollutant adsorbent (Rathinam et al. 2017), antimicrobial surface (Singh et al. 2017), 

electrocatalysis (Zhang et al. 2018a), water splitting (Zhang et al. 2017), and bioinspired 

actuator (Deng et al. 2018). 
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Figure 1.12 Laser scribing of a polymer by a laser under ambient conditions converts a 

portion of the PI into porous carbon called LIG. With computer-assistant laser scribing, LIG 

can be produced into different geometries (Lin et al. 2014). Reprinted with permission from 

(Lin et al. 2014), Copyright 2014, Springer Nature. 

It is interesting to note that the laser-induced surface properties of graphene can be 

regulated by the surrounding atmosphere. In the presence of O2 or air, the surface becomes 

hydrophilic, while under an Ar or H2 atmosphere, the surface becomes hydrophobic (Li et al. 

2017a). The problem with LSG was that it can only be formed from a specific type of plastic 

(PI and polyesterimide), until the Tour’s group showed that some wood, such as pine wood, 

was also an effective substrate. They used an industrial CO2 laser to heat a piece of pine wood 

in an oxygen-free environment, making the wood surface into a “graphene” like foam (Ye et 

al. 2017). After some trial and error, Tour’s team found that 70% of laser energy (7.8 W) was 

best suited for engraving the lignin content in pine wood and convert it into graphene. The 

schematic illustration of LSG generated from pine wood is shown in Figure 1.13. The 

technology could help to reduce the growing problem of e-waste one day. 



 

26 

 

 

Figure 1.13 a) Schematic diagram of wood‐derived graphene by laser irradiation. b) A 

picture of LIG scribed into the first letter of Rice on pine wood (Ye et al. 2017). Reprinted with 

permission from (Ye et al. 2017), Copyright 2017, John Wiley and Sons. 

In 2018, Tour’s group discovered the relationship between fluence and carbonization 

process by adjusting the formation parameters of LSG. By suitable choice of radiation energy, 

a horizontally aligned fiber could be formed (Duy et al. 2018). At the same time, Tour’s team 

also reported a new synthetic method of fluorinated ‘Nanodiamonds’ by laser induction of 

Teflon or polytetrafluoroethylene (PTFE) (Ye et al. 2018a). Zhang et al. reported a route of 

producing LSG from phenolic resin (PR), a more easily shaped and processed plastic (Zhang 

et al. 2018b). Furthermore, Tour’s team applied a standard CO2 laser technology to convert 

various materials to graphene foam. They made graphene on paper, cloth, food and other 

surfaces, as illustrated in Figure 1.14 (Chyan et al. 2018). 

 The researchers suggested that, due to the excellent conductivity of graphene, radio 

frequency identification (RFID) tags can be added using this technology onto a food surface, 

to help consumers understand food information such as origin, date of production and 

transportation channels. The LIG technology can also produce edible biosensors on food 

surfaces to monitor organisms such as E. coli and other potential microorganisms in food 

(Chyan et al. 2018).  
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Figure 1.14 Formation of LIG on different type of substrates: the letter ‘R’ and shape of an 

owl laser scribed on (a) bread, (b) pine wood, (c) cotton paper, (d) cardboard box, (e) cloth and 

(f) scribed cloth wrapped around a pen (Chyan et al. 2018). Reprinted with permission from 

(Chyan et al. 2018), Copyright 2018, American Chemical Society. 
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1.3.7.2 Principle of laser scribing 

In order to understand the reactions that can occur during the laser treatment, it is 

necessary to describe laser ablation. Laser ablation of polymers has been studied since 1980. 

Because of its complex nature, the detailed mechanism is still debated as being a photothermal 

or photochemical process, or both. Photochemical processes tend to occur in lasers with short 

wavelengths and ultra-short pulse widths, while a long wavelength, infrared radiation (IR) for 

example, and relatively long pulses (~µs) are more likely to create graphene caused by 

photothermal effects. For the LSG, the carbon atoms are converted into graphene by 

photothermal processes because the lasers used had long wavelengths (Lin et al. 2014). 

The energy from laser irradiation results in lattice vibrations that can lead to extremely 

high localized temperatures (>2,500 °C). High temperatures can easily break C—O, C=O and 

N—C bonds. These atoms could recombine and release as gases. Aromatic compounds are 

then rearranged to form graphitic structures. It is at this point that the graphene network is 

formed. The mechanism of laser graphitization in polymers is strongly correlated with the 

structural features present in the repeat units, such as aromatic and imide repeat units. This may 

explain why this process does not work on all polymers but only on some. The polymers which 

do not form graphene undergo rapid depolymerisation at the laser-induced temperatures, which 

does not allow the formation of graphene, unlike with the PI which is stable up to about 400 

°C (Dong et al. 2016). 

After LSG was prepared from PI plastics, Tour’s team discovered that many substances 

with the right carbon content could be converted into graphene. The example of LIG 

technology on wood was introduced, where lignocellulose is an important source of graphene. 
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In most cases, the laser induction was conducted in two steps: first, the laser photo-thermally 

converts  the cellulose in the wood into an amorphous carbon; then, the amorphous carbon 

selectively absorbs infrared light and turns into graphene. Therefore, the choice of wavelength 

and power of laser is important. As the lignin content in pine wood is high, it is easier to convert 

pine wood into high quality graphene (Ye et al. 2017). 

In addition, Chyan et al. found that bread, coconut shell, potato skins, cloth and paper 

materials, all rich in lignin, could be used as rich carbon source precursors for the preparation 

of LSG.  The wood, cloth and cellulose paper are also cost-efficient and biodegradable. The 

laser induction mechanism is similar to the conversion process of PI and lignin (Chyan et al. 

2018).  

1.3.7.3 Up-to-date applications of LSG 

The invention of LSG has opened the opportunity for large-scale cost-efficient 

production of graphene electronics. The availability of designing complex patterns can produce 

graphene electrodes accurately without pre-processing, masking, templating or transferring 

steps. In 2012, Strong et al. first developed a NO2 sensor using LSG with the deposition of Pt 

nanoparticles. The excellent electrochemical activity on the fabricated electrodes was 

demonstrated to be beyond other commercial carbon electrodes (Strong et al. 2012). Later on, 

Griffiths et al. systematically studied the heterogeneous electron transfer rate of LSG compared 

with pyrolytic graphite electrodes (Griffiths et al. 2014). Further practical applications of LSG 

include an electrochemical dopamine (DA) sensor based on LIG. Fenzl et al. attached an aptamer 

on LSG electrodes and realized the detection of thrombin in blood serum (Figure 1.15) (Fenzl et 

al. 2017). 
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Figure 1.15 Schematic depiction of the mechanism for electrochemical thrombin 

recognition (Fenzl et al. 2017). Reprinted with permission from (Fenzl et al. 2017), Copyright 

2017, American Chemical Society. 

In addition, on-chip energy storage is a major application that is being developed based 

on LSG. Since Kaner’s pioneering work in developing a high-performance supercapacitor 

electrode using a lightscribe DVD drive (Figure 1.16) (El-Kady and Kaner 2013a; El-Kady et 

al. 2012), fabrication of on-chip supercapacitors has become a promising and attractive field 

of research.  
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Figure 1.16 (a–c) Schematic illustrations of the manufacturing process for a laser-scribed 

graphene micro-supercapacitor. (d, e) This method is able to generate over 100 micro-

supercapacitor devices after one scan. The micro-devices are entirely flexible and could be 

created on practically any substrate (El-Kady and Kaner 2013a). Reprinted with permission 

from (El-Kady and Kaner 2013a), Copyright 2013, Springer Nature. 

Peng et al. found a route of making stackable supercapacitor electrodes by laser 

induction on both sides of PI along with preserving the LSG’s flexibility. (Peng et al. 2015a). 

Later on, Peng et al. also doped heteroatoms onto LSG generated from PI films and discovered 

the boron-doped porous graphene displayed the enhanced areal capacitance (Peng et al. 2015b). 

This can provide a flexible and stretchable platform for variable functionalization. For 

example, a hybrid supercapacitor electrode can be configured by one-pot dispersing the 2D 

MoS2 with LSG (Clerici et al. 2016). By transferring to PDMS, the hybrid PDMS/ LSG 

electrode can be converted into a flexible elastic supercapacitor (Figure 1.17), and the 

fabricated device can sustain the reparative charge and discharge (Lamberti et al. 2016). Song 



 

32 

 

et al. reported a similar route by transferring the LSG to a silicon rubber substrate. The resulting 

assembling materials possess excellent stretchability, flexibility and capacitance as a micro-

supercapacitor electrode (Song et al. 2018). 

 

Figure 1.17 Schematic demonstration of the LSG transfer on top of (a–d) PDMS and (e) 

twist the PDMS to demonstrate its flexibility. Digital images of the LSG on top of (f) LSG, 

transferred on the top of (g) PDMS employed to create a close circuit that was proved by a (h) 

LED (Lamberti et al. 2016). Reprinted with permission from (Lamberti et al. 2016), Copyright 

2016, John Wiley and Sons. 

Furthermore, researchers have also fabricated wafer-scale graphene based devices such 

as loudspeakers (He et al. 2014a), temperature sensors (Marengo et al. 2017), transistors (He 

et al. 2014b), sound sensors and strain sensors (Tao et al. 2017), using direct laser scribing 
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technology. Tao and his colleagues found that the LSG is an amazing material that can be 

utilized as a sound detector and a sound generator. The working procedure is presented in 

Figure 1.18. The ‘artificial throat’ can convert the volume to frequency. It possesses the 

advantages of fabrication efficiency, cost-efficiency and single-step processing and high 

flexibility. The resulting device could potentially contribute to the development of wearable 

electronic ears assisting disabled people in the future (Tao et al. 2017).  

The strain sensor or artificial skin sensing system is another promising application that 

LSG might contribute to. Tian et al. reported a pressure sensor made of LSG and the fabricated 

devices reached a high sensitivity of 0.96 kPa over a wide pressure range from 0 to 50 kPa 

(Tian et al. 2015).  

 

Figure 1.18 (a) The operational procedure of the artificial throat. (b) The tester wearing the 

LIG artificial throat. (c) High-volume, low-volume and elongated tone hum are sensed by LSG 

throat and converted into high-volume 10 kHz, low-volume 10 kHz and low-volume 5 kHz 

sound, respectively. (d) The magnified wave of high-volume 10 kHz sound. (e) The magnified 

wave of low-volume 10 kHz sound. (f) The magnified wave of low-volume 5 kHz sound (Tao 
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et al. 2017). Reprinted with permission from (Tao et al. 2017), under a Creative Commons 

Attribution 4.0 International License, Copyright 2017, Springer Nature. 

Apart from the applications described above, the LSG has also been applied in the fields 

of catalysis (Nayak et al. 2017), high-performance hybrid materials (Xu et al. 2017; Ye et al. 

2015), dye adsorbent (Rathinam et al. 2017), water splitting (Zhang et al. 2017), antifouling 

(Singh et al. 2017) and nature-inspired soft actuator (Deng et al. 2018). 

1.3.7.4 Advantages of LSG 

At present, both top-down and bottom-up methods are employed to prepare graphene, 

which use high-temperature, vacuum or multi-step chemical oxidation or reduction. These 

relatively cumbersome processes have a low potential for large-scale commercial production 

of graphene. The advantage of LSG is that it is a direct synthesis of graphene. The precursors 

can be various suitable carbonaceous materials with low-cost and facile fabrication processes. 

Among them, LSG that is obtained from wood, can be quickly converted into biodegradable 

electronic products. This technique has a great diversity, and graphene can be even produced 

on the surface of food and be used for edible electronic product development in the future. In 

addition, one of the largest advantages of this LIG technology is that it is completed in only 

one-step under ambient conditions. This allows two things: firstly, the speed of LIG process 

which allows the manufacture of large quantities of graphene, and secondly, a considerable 

energy and economical gain, especially since the raw material polymers remain at affordable 

prices.  

The unusual  pentagon-heptagon pair defects in LSG can  result in porous structure (Ma 

et al. 2009), providing LSG with excellent capacitance. Combined with the advantage of one-
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step processing of LSG, this technique provides an easy method to achieve in-polymer-written 

electronics and energy storage devices (Lin et al. 2014; Ye et al. 2018b). The ability to make a 

super-hydrophobic material in an atmosphere of Ar or H2 is also a big advantage. This makes 

it possible to widen the applications but also to demonstrate that the laser induction can evolve 

and improve in years to come. 

The production of graphene with porous and 3D structures leads to a wide range of 

applications, from composite fillers to energy storage devices (Zhu et al. 2011). Despite the 

tremendous advances, current synthesis methods of porous graphene need either high 

temperature processing (Choucair et al. 2008; Gao et al. 2009) or multi-stepped chemical 

synthesis routes (Jung et al. 2008; Li et al. 2008; Marcano et al. 2010), lessening their wide-

spread commercial potential. Consequently, the synthesis of graphene with the laser scribing 

method is a significant advance for the future development of 3D graphene. 

1.4 Electrochemical sensors for neurotransmitters  

1.4.1 The concept of biosensors and dopamine, epinephrine, norepinephrine 

sensors 

A biosensor is a device that combines biological, physical and chemical elements to 

test the level of analytes in a solution of interest. Biosensor research involves the knowledge 

of biology, chemistry and materials science. The sensor’s fabrication combines 

nanotechnology, analytical science, modern electronics and microfabrication technology 

(Drummond et al. 2003). The excellent biosensor is characterized by high sensitivity, good 

selectivity, rapid analysis, simple operation and good repeatability. Generally, as illustrated in 
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Figure 1.19, a sensor consists of three parts: the biospecific capture entities (e.g. enzyme, cell, 

nucleic acid, antigen, antibody, and other bioactive substances), biosensor chemical interface, 

and transducer. The analytes are diffused into the biological membrane layer, captured by 

molecular recognition, and the generated information is transmitted and measured by the 

corresponding transducer, indicating the certain relationship between  signals (e.g. electrical, 

optical, acoustic signals) and the analytes (Turner et al. 1987).  

According to the type of the recognition element, biosensors can be divided into 

enzyme biosensors, non-enzymatic biosensors, cell biosensors, nucleic acid biosensors, and 

immune sensors. According to the difference in measurement signal, they can be categorized 

as electrochemical biosensors (Aydemir et al. 2017; Booth et al. 2011; Drummond et al. 2003; 

Peng et al. 2006; Travas-Sejdic et al. 2014; Xu et al. 2017; Xu et al. 2018a; Zhu et al. 2015), 

optical biosensors (Kim et al. 2012; Peng et al. 2007; Srinivas et al. 2012), piezoelectric 

biosensors (Janshoff et al. 2000; Marx 2003) and magnetic biosensors (Graham et al. 2005; 

Jaffrezic-Renault et al. 2007; Zhang and Zhou 2012). Among these, optical biosensors are 

analyzed by the chemical information through absorption, reflection, chemiluminescence and 

other optical properties. The electrochemical biosensors employ fabricated electrodes that 

convert the concentration signal of the analytes into an electrical signal, such as current, 

potential, conductivity and capacitance. In this research, the fabricated LSG/ PEDOT and LSG 

grass serve as electrochemical, label-free, non-enzyme biosensors, to detect the biologically 

active molecules (e.g. dopamine, epinephrine, and norepinephrine). 
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Figure 1.19 The typical structure of a biosensor: (i) biospecific capture entity, (ii) chemical 

interface, and (iii) transducer. A variety of biospecific capture entities are used for the bio-

detection, such as antibodies, enzymes, DNA and whole cells. The biosensor interface is based 

on either a covalent, entrapment, absorption, encapsulation or cross-linking binding. The 

transducer, can be based on electrochemical, optical or acoustic signal. Copyright from ref. 

(Harpaz et al. 2017). Reprinted with permission from (Harpaz et al. 2017), under a Creative 

Commons Attribution License, Copyright 2017, MDPI. 

Dopamine (DA), epinephrine (EP), norepinephrine (NE), ascorbic acid (AA) and uric 

acid (UA) are  bioactive molecules, which display an important role in the physiological 

regulation of the body's metabolism, central nervous system and circulatory system (Al-Graiti 

et al. 2017). Many diseases are closely related to the lack or failure of these bioactive 

substances. For example, Parkinson's disease is associated with abnormal levels of DA, a 

severe lack of AA can lead to sepsis, and the levels of uric acid in the urine of patients with 

gout are abnormally high (Wang et al. 2014). Therefore, the development of rapid, sensitive, 

selective, simultaneous detection of the DA, AA and UA is of great significance for the early 
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diagnosis of certain diseases. In recent years, due to the rapid development of nanotechnology 

and nanoscience, especially with graphene (Xu et al. 2018a), carbon nanotubes (Zhao et al. 

2011), carbon nanowalls (Wang et al. 2011b), as representative of the progress in carbon 

nanomaterials, constructing a non-enzymatic electrochemical DA sensor based on novel 

carbon nanomaterials is of great scientific interest (Wang et al. 2009). These DA sensors can 

be facile, rapid, stable, highly reproducible and cost-efficient, and have advantages over 

traditional enzyme biosensors. The working principle is shown in Figure 1.20. 

 

Figure 1.20 The general scheme of working principle of a DA sensor (Jiang and Du 2014). 

Reprinted with permission from (Jiang and Du 2014), Copyright 2014, Royal Society of 

Chemistry. 

1.4.2 Graphene-based neurotransmitter sensors 

1.4.2.1 Modification of a glassy carbon electrode 

Graphene has been well investigated as a modifying layer on the glassy carbon (GC) 

electrode surface due to its unique electrical properties and large surface area. For instance, 
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Yang et al. modified a GC electrode by electrochemically depositing CRG. The resulting 

sensor provides a good selectivity and sensitivity towards DA with the sensing range of 0.5 to 

60 μM (Yang et al. 2014). Qi et al. investigated the recognition of DA by modifying the GC 

electrode surface with pristine graphene. They prepared the pristine graphene using the liquid 

exfoliation method (Qi et al. 2015). Later on, Feng et al. used porous nickel foam as the 

template to produce 3D N-doped graphene via CVD techniques. They reported that the 

detection limit of this material can reach 1 nM (Feng et al. 2015). Mao et al. fabricated an 

electrochemical DA sensor by modifying the GC electrode with hybrid functionalized 

conducting polymer and GO composites (Mao et al. 2015). The usage of noble metal 

nanoparticles and graphene sheets is another strategy to alter the electrode surface. For 

instance, Cui et al. reported a route for the multiple step modification of a GC electrode via 

poly-dopamine CRG (1st step) and deposition of tin dioxide with gold nanoparticles (2nd step) 

(Figure 1.21). The detection limit was achieved at 5 nM with the sensing range from 0.008 to 

20 μM for DA detection (Cui et al. 2017).  
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Figure 1.21 Scheme for synthesis of graphene/ AuNPs/ SnO2 hybrid nanocomposites to 

modify GC surface (Cui et al. 2017). Reprinted with permission from (Cui et al. 2017), 

Copyright 2017, Royal Society of Chemistry. 

1.4.2.2 Usage of a single-use graphene based electrode 

Disposable point of care (POC) sensors offer great promise in terms of in-field 

integrated POC diagnosis for the development of future medical technologies. Generally, 

single-use electrodes come from two major techniques: printing and laser writing. The 

application of the disposable POC graphene-based sensor is a relatively new field. Only a few 

teams have reported this type of research. For example, Tezerjani et al. proposed a highly 

selective electrochemical EP sensor based on one-use carbon-paste electrodes. Furthermore, in 

order to improve the selectivity and sensitivity of this electrode, they adapted the strategy of 

attaching 2D GO nano-flakes with hydroquinone onto a carbon-paste electrode. The fabricated 

sensor achieved selective detection of EP in the presence of DA and acetaminophen, which 
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have similar chemical structures. Also, a single-use electrode was successfully tested with real 

human serum samples (Tezerjani et al. 2017).  In the case of one-use sensors made by direct 

laser writing, Alshareef’s group developed an on-chip disposable sensor based on LSG. They 

systematically studied the electrochemistry of LSG comparing it with other established carbon-

based electrodes, such as basal plane pyrolytic graphite (BPPG), edge plane pyrolytic graphite 

(EPPG), CVD-graphene and polyhedral structure graphene (Q-graphene). Through depositing 

Pt nanoparticles, they obtained good sensitivity of 2259.9 μA mm−1 cm−2 towards DA sensing. 

They attributed this to the specific 3D architecture formed by direct laser writing (Figure 1.22) 

(Nayak et al. 2016).  

 

Figure 1.22 Schematic diagram of the fabrication of LSG and Pt/LSG electrode patterns on 

PI sheet. a) Fabrication of arrays of electrodes on PI sheet by laser scribing. b) 3D view of the 

LSG electrode pattern. The projection displays vertical cross‐sectional SEM image. c) 

Selective passivation of electrode area by a PDMS. d) Electrodeposition of Pt selectively on 

the working electrode area. e) Digital image of patterned electrode arrays on PI sheet (Nayak 
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et al. 2016). Reprinted with permission from (Nayak et al. 2016), Copyright 2016, John Wiley 

and Sons. 

 

1.5 The thesis objectives 

The objectives of this thesis lie in researching novel fabrication methods of the carbon 

electrodes, in particular LSG, by laser scribing. The methods investigated consist of the use of 

an infrared laser (combined with the use of a standard lightscribe DVD drive) and a universal 

CO2 laser from a standard laser cutter. The aim is to establish a pathway for developing a 

disposable POC electrochemical sensor for multiple neurotransmitters (DA, EP, NE) with high 

selectivity, sensitivity and low detection-limit. The content of the thesis is divided into 

chapters, as outlined in the following paragraphs. In order to achieve the research objectives, 

we designed the technical route as shown in Figure 1.23. 
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Figure 1.23 The schematic representation of the routes used in this work on LSG fabrication 

and electrochemical biosensors for neurotransmitters. 

The structure of the thesis is as follows: 

Chapter 1: Literature review 

In chapter 1, the history and properties of graphene are briefly introduced. Since the 

thesis aims at constructing a graphene-based electrochemical biosensor, the mechanical, 

electrical, specific surface area and thermal properties of graphene are reviewed. Furthermore, 

the different methods (bottom-up technology and top-down technology) for graphene 

production are reviewed. The bottom-up methods consist of CVD, epitaxial growth on SiC and 

organic synthesis. The top-down methods involve micro mechanical exfoliation, liquid phase 
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exfoliation, and chemical reduction of GO and LSG. The quality and cost of graphene 

production using different methods are discussed. The concept of biosensor and graphene-

based neurotransmitter sensors are reviewed in order to outline the relevance and scope of the 

thesis. 

Chapter 2: Methodologies 

In this chapter, all the experimental methods used in the fabrication of LSG and the 

measurement techniques for neurotransmitter sensing are introduced and details of the methods 

provided.  

Chapter 3: The disposable electrochemical sensor using LSG generated by 

standard lightscribe DVD drive  

Rapid and cost-efficient synthesis of graphene materials are of great significance for 

the development of portable biosensors.  Chapter 3 presents the discovery that graphene 

electrodes fabricated using lightscribe DVD drive lithography were unstable in an aqueous 

buffer, mainly due to the laser-engraved precursors (GO) being soluble in water. Therefore, 

looking for ways to improve the stability of GO films in buffers, without diminishing the 

electrochemical activity after laser scribing, possesses great technological value. Here, the poly 

(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) was blended with GO into a 

composite before laser scribing. The use of PVDF-HFP acts as a binder locking the GO 

molecules into the composite. We also found that the electrochemical activities of the 

composite electrodes, as well as mechanical stability, are enhanced remarkably compared with 

LSG generated from pristine GO, when laser writing in the same way.  
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Chapter 4: The sensitive, selective electrochemical DA sensor based on 

PEDOT/LSG electrode 

The LIG method requires one-step by laser scribing commercially available PI sheets. 

The resulting nanocarbon is a new type of LSG, and consists of the mixture of monolayer 

graphene, multiple-layer graphene and amorphous carbon. The LIG route is a novel approach 

with large technological advantage for graphene production. The LIG process is especially 

suitable for rapid cost-efficient generation of graphene electronics larger than the submicron 

level. However, the applications of LIG in biosensing has been rarely reported. Therefore, in 

Chapter 4, it was described how we aimed at developing and expanding the application of LSG 

into a POC electrochemical DA sensor. Furthermore, the surface properties of LSG were 

microscopically regulated by PEDOT modification, to improve the real surface area of the LSG 

electrode. In conclusion, we demonstrated a single-use POC electrochemical DA sensor with 

extreme selectivity, sensitivity and low detection-limit. 

Chapter 5: The detection of multiple neurotransmitters based on LSG grass 

The treatment of conducting polymers or nanoparticles to amend the surface of the LSG 

electrode requires additional modification procedures. This procedure will undoubtedly 

increase the manufacturing time and cost of the sensor. In Chapter 5, we showed that the LSG 

electrode surface area can be enhanced by optimizing the conditions of the CO2 laser, such as 

laser power, speed and pulse per inch (PPI). The laser can directly induce the PI film convert 

to porous LSG, representing a 3D vertically aligned grass-like morphology. We named the new 

structured LSG as LSG grass.  This intrinsic transformation of LSG grass held the significant 

advantage of having a larger surface area and increased electro-catalytic activity. In addition, 

the LSG grass was easy to fabricate in a one-step approach. Based on the LSG grass, we 
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developed a new type of single-use sensor for the detection of DA, EP and NE, respectively. 

Furthermore, we successfully conducted the LSG grass electrode in the real biological sample 

measurement, where the DA concentration in human urine was evaluated.  

Chapter 6: Conclusions and future work 

In the final chapter all of the above chapters were concisely summarized. Also, possible future 

work was discussed and further directions were foreseen. 
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2 Methodologies 

This chapter presents the details of the experimental procedures, including materials, 

reagents, electrodes, analytes, buffers and the measurement techniques applied in this PhD 

research. The fundamental principles behind the various characterization techniques are also 

briefly introduced.  

2.1 Reagents and Materials 

The polyimide (PI) plastic sheets used for fabricating LSG and LSG grass were obtained 

from RS Components (thickness: 75 µm; stock no. 536-3968). Graphite oxide dispersion used 

for fabricating the PVDF-HFP/LSG electrodes was purchased from Sigma Aldrich (#763713, 

4 mg/mL). Polyethylene terephthalate substrate (PET, 0.05 mm in thickness) was ordered from 

RS Components.  Dopamine hydrochloride (DA, #H976) was bought from AK Scientific. (±)-

Epinephrine hydrochloride (EP, #E4642), L-norepinephrine hydrochloride (NE, #74480), 

poly(vinylidenedifloruro-co-hexafluoropropylene) (#427187, PVDF-HFP), 3,4-

ethylenedioxythiophene (EDOT), anhydrous lithium perchlorate (LiClO4), uric acid (UA, 

#U2625) and L-ascorbic acid (AA, #A92902) were purchased from Sigma-Aldrich. Phosphate 

buffer solution (PBS), 0.1 M, was made at pH = 7.4 and all the aqueous solutions were 

deaerated using nitrogen (purity: 99.99%). All reagents and materials were used without further 

purification. All aqueous solutions were prepared using Milli-Q grade deionised water (18.2 

MΩ.cm). Other chemicals in this study were of analytical grade and used as supplied, unless 

otherwise stated.  
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2.2 Electrodes 

Single-use LSG-based electrodes were fabricated as part of this research project (diameter of 

3 mm in Chapter 3; diameter of 2 mm in Chapters 4 and 5).  

The reference and counter electrodes were used as shown below: 

- Ag/AgCl reference electrode (BASi, 3 M KCl solution +0.210 V vs. standard hydrogen 

electrode, length: 7.5 cm, MF-2052) 

- Platinum mesh counter electrode (BASi, 2 cm × 2 cm, 0.1 mm wire diameter, MW-

4132) 

- Straight platinum wire counter electrode (BASi, length: 7.5 cm, MW-1032). 

- Coiled platinum wire counter electrode (BASi, length: 23 cm, MW-1033). 

 

2.3 Fabrication of LSG based electrodes 

The laser sources used for the fabrication of LSG electrodes include: (i) the laser of a 

lightscribe DVD drive, and (ii) the CO2 laser of a standard laser cutter. The laser specifications 

were as follows: 

(i) Laser wavelength = 788 nm, standard optical lightscribe DVD burner (HP dvd1270), 

laser power (10-13 mW) 

(ii) Laser wavelength = 10.6 µm, universal laser systems (laser cutter VLS3.50). 2.0 lens, 

beam diameter = 130 µm. High power density focusing optics (HPDFO) lens, beam diameter 
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= 60 µm. The adjustable parameters were the speed (0-28 cm/s), laser power (0-35 W), and 

pulses per inch (PPI) (0-1000). 

2.3.1 Fabrication of PVDF-HFP/ LSG electrodes 

PVDF-HFP/ LSG electrodes were prepared using a lightscribe function of the DVD 

drive. PVDF-HFP was used as a polymeric binder. GO was dispersed and exfoliated by 

ultrasonication in a solution of PVDF-HFP in NMP for 2 hrs. The proportion of PVDF-HFP to 

GO was varied from 0 wt%, 2.5 wt%, 5 wt% to 7.5 wt%. Homogeneous solutions of PVDF-

HFP and GO were spin coated onto plasma treated PET sheet for 2 mins, in the clean room. 

The dried PVDF-HFP/GO films on PET sheets were adhered onto a DVD disc by spray 

adhesive, and inserted into the optical DVD burner. The PVDF-HFP/ LSG electrodes 

(diameter: 3 mm) were laser scribed (over-writing on the same locations) up to 10 times in the 

DVD drive. The laser scribing procedure was controlled by “Nero Cover Designer Essentials”- 

a label design software. After the laser scribing, the PVDF-HFP/ LSG electrodes were cut and 

used as working electrodes in Chapter 3.  

2.3.2 Fabrication of PEDOT/ LSG electrodes 

Chapter 4 presents how PEDOT/ LSG electrodes were fabricated by the CO2 laser of a 

universal laser cutter. The laser scribing was conducted under ambient conditions. The 

optimized parameters of laser power, speed, pulses per inch (PPI) and the Z-distance between 

laser and the PI plastic films were determined to be 4.6 W, 0.56 cm s−1, 1000 PPI, and 2 mm, 

respectively. The generated LSG electrode was a standalone working electrode with a diameter 

of 2 mm. The LSG electrode was connected by a copper tape and fixed onto a poly(methyl 
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methacrylate) (PMMA) substrate. Kapton tape was applied to cover up the extra areas only 

leaving the desired active area (diameter: 2 mm) exposed. 

A PEDOT layer was deposited using chronoamperometry (CA) at a constant potential 

of 1.20 V (vs. Ag/AgCl reference electrode) in a three-electrode electrochemical cell. A normal 

unmodified LSG electrode was used as the working electrode while a platinum mesh served as 

the counter electrode. PEDOT layers were synthesized via a single-step continuous 

polymerization of a 10 mM EDOT monomer in 10 mL propylene carbonate (PC) containing 

0.1 M LiClO4, using the polymerization times of 5, 10, 15, 20 and 25 s. Among them, the 15 s 

PEDOT/ LSG electrodes were chosen as the working electrode for DA detection, described in 

Chapter 5. 

2.3.3 Fabrication of LSG grass electrodes 

The LSG grass electrodes were also fabricated by laser scribing of a PI film, using a 

universal CO2 laser system (Chapter 5). The focus of the laser was calibrated before laser 

scribing. The LSG grass was fabricated under ambient conditions in a raster mode.  After 

exploring the setting parameters of the laser scribing, the optimal power, speed, PPI and Z-

distance were determined to be 7 W, 8.4 cm s−1, 500 PPI, and 2 mm, respectively. The LSG 

grass electrodes were employed as standalone working electrodes with a tip diameter of 2 mm. 

The performance of the LSG grass electrodes was compared to the performance of the LSG 

electrodes (dubbed “normal LSG”).  

More details about the fabrication of various LSG based electrodes and their 

characterizations can be found in Chapters 3, 4 and 5.  
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2.4 Preparation of the analytes 

The PBS buffer consisting of 0.0027 M KCl, 0.137 M NaCl, and 0.01 M phosphate, was 

prepared with the deionized Milli-Q water at the desired pH of 7.4. DA, EP, NE, AA, and UA 

were dissolved in filtered PBS buffer to prepare the analyte solutions without further treatment. 

High-purity nitrogen was used for deaeration of all of the analyte solutions to remove dissolved 

oxygen.  

2.5 Characterization techniques 

2.5.1 Scannning Electron Microscopy 

Scanning electron microscopy (SEM) was employed to study the surface morphology 

of the LSG-based materials. SEM was conducted using a JCM 6000 instrument (JEOL, Hitachi 

High-Technology Co., Ltd., Japan). Furthermore, the LSG, PEDOT/LSG and LSG grass 

surfaces were analysed via mounting of the materials onto a double-side conducting tape.  

To prevent charging of GO and PI, a thin layer of gold was sputter-coated 

(approximately 10 nm in thickness) onto the LSG-based samples to make the surface 

conducting. The coater was manufactured by Paloron equipment limited (unit E 5000), and the 

applied potential was 1.3 kV for 120 s. The pressure in the sputter coater camber was ~0.1 torr 

with an Argon atmosphere.  
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2.5.2 Energy dispersive X-ray microanalysis 

Dispersive X-ray microanalysis (EADX) was carried out to investigate elemental 

composition of the LSG-based materials. The EDAX detector was made of a SiLi (Lithium 

drifted) within an ultra-thin window in the SEM (Philips XL30S FEG). 

2.5.3 Raman spectroscopy 

Two lasers in the Raman instrument (Renishaw Raman system 1000) were available as 

excitation sources: (i) Renishaw diode laser emitting a wavelength in the near-infrared region 

at ~785 nm (350 mW max), and (ii)-Spectra-Physics air-cooled argon ion laser with a blue 

emission line at 488 nm (25 mW max). All the spectra in this were recorded using the blue 

laser. The experimental setup parameters of the blue laser for the Raman measurements on 

LSG and LSG grass ranged from 1000 to 3500 cm-1, power was 25% (6.25 mW), accumulation 

×10, time 30 s, and objective ×50. 

2.5.4 X-ray diffractometer 

The X-ray diffractometer with a copper cathode tube (XRD, PANalytical, Model 

Empyrean) was employed to characterize the interlayer distance in graphite, LSG and LSG 

grass.  The wavelength of the incident beam was 1.540598 Å and 1.54443 Å (the Kα1 and Kα2 

line of Cu). This value would allow the angle θ to be determined using the Bragg law as below, 

providing the interfacial spacing of graphene layers in the LSG: 

 2 dhkl sinθ = n λ       Equation 2.1 
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where dhkl is interfacial spacing (Å), θ is diffraction angle (°), n is diffraction orders, λ is the 

wavelength of the incident beam. 

2.5.5 Conductivity measurements 

The conductivity of the LSG and LSG grass was measured using a four-point probe 

conductivity meter (Janel RM2). The instrument contains four equally spaced probes with a 

determined radius. A source with high impedance current was used to supply the current to the 

outer two probes; meanwhile a voltmeter measured the potential across the inner two probes. 

The setup would allow the measurement of the materials’ resistivity according to equation 2.2. 

𝑅s = 4.53 𝑉/𝐼        Equation 2.2 

where Rs represents the sheet resistance of the LSG and LSG grass (unit: Ω-cm), V is the 

potential applied on the LSG-based materials and I is the current passed through the LSG-based 

films.  

2.6 Electrochemical characterization techniques 

2.6.1 Cyclic voltammetry 

Cyclic voltammetry (CV) is a common method in electrochemical research. In CV, a  

potentiostat applies controllable voltages at varied scan rates, performing triangular wave, 

either once or with repeated scanning, while current is measured.  The electrochemical  

reduction and oxidation occur at the electrode surface and the current - voltage curve is 

recorded (Skoog et al. 2017). Observing the shape of the resulting curve, the degree of 

reversibility, the presence of intermediates, phase boundary adsorption or new phase formation, 

and the properties of coupling chemical reaction can be determined (Bard et al. 1980).  
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Figure 2.1 CVs of GO, graphite and LSG electrodes in the 1 M KCl electrolyte containing 

5 mM of K3[Fe(CN)6]/K4[Fe(CN)6]. Copyright was from (Strong et al. 2012). Reprinted with 

permission from (Strong et al. 2012), Copyright 2012, American Chemical Society. 

Figure 2.1 displays a characteristic CVs of a bare LSG, GO and graphite electrodes. 

The LSG electrode represents an ideal reversible electrochemical reaction: The oxidation 

happens during the scan from a negative voltage (-0.2 V) to a positive voltage (0.6 V). The 

maximum peak current for the oxidation is called the anodic peak current (Ipa), and the 

associated peak potential is the anodic peak potential (Epa). Conversely, the reduction occurs 

by sweeping potential in the negative direction. The cathodic peak current (Ipc) and cathodic 

peak potential (Epc) are observed as the reduction process occurs at the electrode surface (Zoski 

2006). The maximum peak current Ipc can be evaluated using the Randles-Sevcik equation: 

𝐼𝑝=2.69×105𝑛3/2𝐴𝐷1/2𝑣1/2𝑐       Equation 2.3  
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where A (cm²) represents the real surface area of the working electrode, n represents the number 

of electrons involved in the redox process, with n being equal to 1 for the 

K3[Fe(CN)6]/K4[Fe(CN)6] couple. v (mV s-1) represents the scan rate, D is the diffusion 

coefficient, and 𝑐 (M) stands for the concentration of redox species in the supporting 

electrolyte. According to Randles-Sevcik’s formula, in an ideal reversible system, Ep is 

independent of the scan rate, while Ip varies with the square root of v. 

Additionally, the peak potential separation between Epa and Epc (ΔEp), is another 

important indicator reflecting the reversibility of the electron transfer process occurring at the 

electrode surface. ΔEp for a fully reversible process is described by equation 2.4, and in this 

case the value of Ipa/ Ipc=1 (Bard et al. 1980; Skoog et al. 2017):   

𝛥𝐸𝑝 = (𝐸𝑝𝑐 − 𝐸𝑝𝑎) =
59

𝑛
 𝑚𝑉     Equation 2.4  

The larger the ΔEp becomes with broadening of peaks the less reversible is the redox 

system at the particular electrode.  

2.6.2 Differential pulse voltammetry 

Differential pulse voltammetry (DPV) is an electrochemical method creating 

measurements with a string of regular potential pulses overlaid onto the potential linear 

stairsteps. The current of DPV is gauged instantly prior to each potential alteration, and the 

difference of current is plotted as a function of potential. By taking a sample of the current 

simply before the potential is altered, the charging current's effect can be lowered.  To exclude 

the effect of the charging current, the current difference before and after the pulse voltage is 

assessed(Bard et al. 1980). 
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Similar to the CV, DPV can be applied to examine the electron transfer during the 

oxidation and reduction processes. Nonetheless, DPV is a more sensitive, rapid and extremely 

expeditious electrochemical analysis, therefore is widely practiced in dynamics studies and 

quantitative analysis (Zoski 2006). In the meantime, DPV demands less samples, which is 

especially favourable for biological sample detection. For a reversible system, the peak current 

(Δip) of DPV can be calculated using equation 2.5 (Scholz 2009): 

∆𝑖𝑝 =
𝑛𝐴𝐹𝐷𝑂𝑋

1
2 𝐶𝑂𝑋(1−𝜎)

𝑡𝑝
1/2

𝜋1/2(1+𝜎)
      Equation 2.5  

Where n signifies the number of electrons obtained in the redox process, A (cm²) is the real 

surface area of the working electrode, F is the Faraday constant (charge on one mole of 

electrons), Dox represents the diffusion coefficient, and tp is the pulse time. Cox represents the 

bulk concentration of species occurring in the oxidation reaction. Also, 𝜎 = 𝑒𝑥𝑝 (
𝑛𝐹∆𝐸𝑝

2𝑅𝑇
). 

2.6.3 Electrical impedance spectroscopy 

 Electrical impedance spectroscopy (EIS) is a technique that examines the electrode's 

electrical characteristics, including charge transfer resistance (Rct) and capacitance (C). The 

resistance is a circuit element's capability to stand up to the current flow, defined by Ohm's 

law: 

𝑅 =
𝐸

𝐼
                 Equation 2.6 

Here R is the resistance, I is the current and E is the potential. While this is a well-

known relation, its employment is restricted to merely one circuit element - a resistor.  
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Impedance would be equal to resistance, on condition that a circuit comprises only resistors. 

Electrical impedance is normally evaluated by assessing the current through the cell while 

employing an oscillating potential (Honda 1989). The cell impedance (Zcell) possesses both an 

amplitude and a phase, and can be classified into real (Zre) and imaginary (Zim) elements: 

𝑍𝑐𝑒𝑙𝑙 =
𝐸𝑐𝑒𝑙𝑙

𝑖𝑐𝑒𝑙𝑙
= 𝑍𝑟𝑒 + 𝑗𝑍𝑖𝑚              Equation 2.7 

where Zre presents the real proportion of the impedance, –Zim presents the imaginary proportion 

of the impedance. The balance between the capacitive and resistive components can be 

expressed by a phase angle for the impedance. Nyquist plots are usually plotted to reveal 

impedance data, where Zre is plotted on the x-axis and -Zim is plotted on the y-axis.  

Equivalent circuits are usually used to depict the electrochemical cell. The model circuit 

recognizes the expected element and compares the results to experimental results. Many 

elements in an equivalent circuit can upgrade the experimental fit, but may risk involving a 

quantity of irrelevant elements that do not stand for the properties of cells. While selecting the 

same circuit, a model may not give the explanation for the electrochemical phenomena that 

happen. For instance, a typical equivalent circuit is usually comprised of three elements: (i) Rs 

representing ionic transfer resistance in solution, (ii) Rct representing electron transfer 

resistance at the interface, and (iii) Cdl  representing the double layer capacitance at the interface 

(Chen et al. 2006; Gębala and Schuhmann 2010). In addition, the constant phase element (CPE) 

is used to describe the LSG’s porous surface due to uneven charge distribution (Griffiths et al. 

2014). 
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From the EIS plot, a semi-circle can be detected at high frequency, which is caused by 

Rct. The redox indicators, such as Fe(CN)6
3-/Fe(CN)6

4- in the electrolyte, are employed to 

measure the impedance of electrodes through the oxidation/ reduction of the redox indicators. 

In this work, EIS measurements were carried out on a Bio-Logic potentiostat (SP-300) system. 

2.6.4 Raman spectroscopy of graphene 

In graphene, the inelastic scattering of laser light leads to the photon energy change, 

and majorly generates three peaks in the Raman spectrum: (i) D band is usually located at 

~1350 cm-1, caused by the defects and disordered domains in the structure (Saito et al. 2011); 

(ii) G band is usually placed at ~1580 cm-1, generated by the in-plane vibration of sp2 carbon 

structure (Malard et al. 2009); and (iii) 2D band (~2960 cm-1) is the second-order overtone of 

the vibration from D band (Ferrari 2007).      

By the peak intensity ratio of ID/IG, it is possible to characterize the level of disorder or 

defect density in graphene-based materials. Once the level of disorder in graphene increases, 

ID/IG will also increase indicating the change. Here, the use of ID/IG is exemplified by the Raman 

characterizations of LSG/ PVDF-HFP in Chapter 3. In addition, the presence of 2D band 

denotes the presence of few-layer graphene (as indicated in Figure 2.2) (Strong et al. 2012). 

Using the peak intensity ratio of I2D/IG, one could also measure the number of layers of CVD 

graphene (Ferrari et al. 2006a). Once the graphitization occurs in graphene-like samples, the 

I2D/IG will increase, indicating the transformation. Here, the use of I2D is represented in the 

characterizations of LSG in Chapter 3, 4, and 5.  
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Figure 2.2 (a) Raman showing graphite oxide (solid red line) exhibiting typical D, G, and 

amorphous 2D bands. The LSG (solid black line) spectrum shows an increase in the D band 

due to an increase in plane edges after laser irradiation and a shifted and diminished G band as 

a result of the enhanced crystallinity of the LSG. The shift and presence of the 2D band 

indicates the synthesis of few-layer graphene. (b) Overview of the XPS spectra confirms the 

decrease in the ratio of oxygen to carbon as a result of laser irradiation of the graphite oxide 

film. Copyright from ref. (Strong et al. 2012). Reprinted with permission from (Strong et al. 

2012), Copyright 2012, American Chemical Society. 
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3 Direct laser scribed graphene/PVDF-

HFP composite electrodes with 

improved mechanical water wear and 

their electrochemistry 

This chapter is adapted from the published paper: 

Guangyuan Xu, Nihan Aydemir, Paul A. Kilmartin, Jadranka Travas-Sejdic, Direct laser scribed 

graphene/PVDF-HFP composite electrodes with improved mechanical water wear and their 

electrochemistry. Applied Materials Today, 2017, 8, 35-43, with permission from (Xu et al. 2017), 

Copyright 2017, Elsevier. 

3.1 Abstract  

As a recent member in carbon nanomaterials, graphene has been widely investigated in 

sensing and energy applications due of its specific 2D nanostructure and attractive intrinsic 

properties. Laser scribing of graphene oxide (GO) is a facile and cost-effective technology for 

fabricating patterned reduced GO electronics in a single-step. However, if the laser scribing 

does not occur through all of the layers of the graphite oxide, the existence of water-soluble 

graphite oxide underneath the laser scribed graphene (LSG) may result in the unexpected low-

stability of the produced electronic elements in aqueous media. This study investigates the 

electrochemical performance and mechanical stability of laser scribed graphene films that 

contained various content of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) 
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as a binder, blended into the graphite oxide dispersion. The laser scribed composite graphene 

electrodes showed improved water mechanical wear resistance, with largely unaffected the 

electrochemical behaviour when compared with the binder-free laser scribed graphene. The 

findings are significant in terms of the development of robust bioelectronics, to be employed 

in aqueous environments, based on the simple methodology of laser scribing of GO. 

3.2 Introduction 

Carbon based substrates have been extensively investigated as sensing materials and it is 

hardly surprising that graphene has become one of the main material platforms for the 

development of a variety of sensors, including electrochemical sensors, optical sensors, 

electronic sensors and nanopore sensors (Bonanni and Pumera 2011; Pumera 2009, 2011; 

Pumera et al. 2010). Graphene is the first 2D material to be discovered with a thickness of one-

atom. (Geim and Novoselov 2007; Novoselov et al. 2004) Graphene consists of sp2 hybridised 

carbon atoms perfectly arranged in a hexagonal lattice. The unique atomic arrangement and 

nanoscale dimension provide graphene with its excellent chemical, electrical, optical, physical, 

mechanical, thermal, electrocatalytic and electrochemical properties (Novoselov et al. 2012b; 

Wang and Pumera 2016; Wassei and Kaner 2013). Among all of graphene’s extraordinary 

properties, it is its high surface area, fast electron transfer and the ease of functionalization that 

make graphene a promising candidate in developing novel bio-interface and biological sensors 

(Liu et al. 2012a; Loo et al. 2014; Song et al. 2016; Urbanová et al. 2015; Wang et al. 2011a). 

As a new member in the graphene family, the laser scribed graphene (LSG) is a graphene-like 

material generated by direct laser patterning of graphene oxide (GO) films (Arul et al. 2016; 

El-Kady and Kaner 2014; Li et al. 2016c; Lin et al. 2014; Strong et al. 2012). The technique 
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has been demonstrated to be facile, cost-effective and efficient for manufacturing graphene-

based electronics in a single-step procedure (Strong et al. 2012). The LSG arrays are fabricated 

by effectively reducing GO. The resultant LSG films are of high porosity, high specific surface 

area, have excellent conductivity and electrocatalytic activity (El-Kady et al. 2012). The laser 

scribing techniques allow for lab-on-a-disc systems to be easly fabricated (Avella-Oliver et al. 

2016). It has been demonstrated that LSG materials can be successfully applied in developing 

scalable fabrication of graphene micro-supercapacitors (El-Kady and Kaner 2013a; Gao et al. 

2011) and strain sensors (Tian et al. 2014b). Following this success, the LSG electrode has also 

shown high promise in gas sensor devices and other electrochemical sensors (Griffiths et al. 

2014; Lai et al. 2014). 

The electrochemical activity of LSG materials is of fundamental importance in sensing, 

as well as energy storage applications (Bosch-Navarro et al. 2015). It is considered that the 

heterogeneous electron transfer mostly happens at the numerous edge-plane defect sites of the 

graphene-like structures (Ambrosi et al. 2014; Rowley-Neale et al. 2016). The 3D porosity 

formed during the laser scribing process contributes to the fast electron transfer rates (Nayak 

et al. 2016). Fabrication of electrochemical sensors using LSG was demonstrated in a 

pioneering work by Griffith et al. (Griffiths et al. 2014). Some recent approaches include laser 

scribing of polyimide sheets into graphene-like carbon with a demonstrated use in sensing uric 

acid, dopamine and ascorbic acid (Nayak et al. 2016), and glucose (Tehrani and Bavarian 

2016). These researches demonstrated that the laser scribed (or sometimes called ‘engraved’) 

graphene-like materials are suitable electrodes for electrochemical sensors, distinguishing the 
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approach from other graphene depositions techniques on underlying conducting electrodes 

used in sensing (Liu et al. 2012a; Wang et al. 2011a). 

On the other hand, the electrochemical stability under given testing conditions is 

critically important in evaluating electrodes for sensing (Lee et al. 2016). GO, the oxidative 

exfoliation product of graphite (Dreyer et al. 2010a; Jankovský et al. 2016; Marcano et al. 

2010; Xu et al. 2016b) and the oxidative unzipping product of carbon nanotubes (CNT) 

(Gusmao et al. 2016; Sinitskii et al. 2010), is the most commonly used precursor for LSG (Zhu 

et al. 2010) with good water dispersibility due to oxygen-containing functionalities (Li and 

Kaner 2008; Zhu et al. 2012). The GO membranes exposed to aqueous environments have 

shown variable stability (Dikin et al. 2007), the behaviour not properly understood until the 

recent study by Yeh et al. (Yeh et al. 2015). They identified that multivalent metal cationic 

contaminations, are often trapped in the GO material during fabrication; if present, these 

contaminants can strengthen the produced GO membranes. On the contrary, if absent, the GO 

sheets may easy disintegrate when exposed to aqueous conditions.  

The above considerations lead to an important question of how fully a laser scribing 

procedure converts the GO into the graphene-like materials, that is considered to be 

significantly more stable in aqueous environments then pure GO (Patra et al. 2017; Zhu et al. 

2017). Our preliminary experiments on exposing ca. 29 µm thick LSG film to phosphate-

buffered saline (PBS) solutions showed that the LSG films were surprisingly mechanically 

unstable and can be easily and completely wiped from the PET substrate by simple touch with 

a finger. 
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On the other hand, an abundance of literature on batteries, including on thin film polymer 

batteries and supercapacitors, demonstrates the use of a fluorinated polymer, poly (vinylidene 

fluoride-co-hexafluoropropylene) as a binder in active electrode materials. These literature 

articles report devices which possess high electrochemical stability, while still maintaining a 

porous structure (Ilic et al. 2006; Zhang et al. 2014). PVDF-HFP has been also extensively 

used as a gel electrolyte in Li-ion polymer batteries (Costa et al. 2013; Gopalan et al. 2008) 

and in strain sensors (Hu et al. 2016). 

Herein, we demonstrate that a small amount of PVDF-HFP blended into the graphite 

oxide water dispersion can serve as the GO binder in the deposited films as well as in the laser 

scribed graphene. This provides a significantly enhanced mechanical stability of the produced 

LSG electrodes in aqueous electrolytes without any detrimental effect on the electrochemical 

properties of the fabricated electrodes. We believe these results will enable faster uptake of the 

laser scribed graphene technique in applications such as biosensing and bioelectronics.  

 

3.3 Experimental Section 

3.3.1 Preparation of GO/PVDF-HFP films and laser scribing 

The LSG/PVDF-HFP electrodes were prepared using a LightScribe-enabled DVD 

drive (Strong et al. 2012). Poly(vinylidene difloruro-co-hexa fluoropropylene) copolymer 

(#427187, Sigma Aldrich) was used as a polymer binder. Graphite oxide was dispersed by 

ultrasonication of GO sheets (763713, Sigma Aldrich) in a solution of PVDF-HFP in N-methyl-
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2-pyrrolidone (NMP) for 120 min. The ratio of PVDF-HFP to GO was set to 0 wt%, 2.5 wt%, 

5 wt% and 7.5 wt%. Homogeneous solutions of GO and PVDF-HFP were spin coated on 

plasma treated polyethylene terephthalate (PET, 0.05 mm in thickness) (plasma set up: 200 W, 

450 pma, 50% O2) for 120, in a clean room. The spin coated films had a thickness of 4~5 µm 

(Table S1 in Supporting Information), note that this is significantly thinner than the films in 

the initial preliminary experiments where the films were 29 µm. The dried GO/PVDF-HFP 

films on PET foil were adhered to a DVD disc using spray adhesive (3M) and inserted into an 

optical DVD burner (HP dvd1270, laser wavelength 788 nm). The LSG/PVDF-HFP electrodes, 

with a diameter of 3 mm (image in Figure 3.1) were laser scribed up to ten times in the DVD 

burner. The enhanced contrast setting was chosen to improve the extent of the GO reduction. 

The laser irradiation process was controlled by the label design software, Nero Cover Designer 

Essentials. Following laser scribing, the LSG/PVDF-HFP electrodes (on PET) were cut and 

used as the working electrodes in electrochemical cells. For convenience, the GO films 

prepared with 0 wt%, 2.5 wt%, 5 wt% and 7.5 wt% of PVDF-HFP were termed GO0wt%, 

GO2.5wt%, GO5wt%, and GO7.5wt%. Similarly, the LSG electrodes were abbreviated as LSG0wt%, 

LSG2.5wt%, LSG5wt% and LSG7.5wt%, prepared with 0 wt%, 2.5 wt%, 5 wt% and 7.5 wt% binder, 

respectively. 

3.3.2 Preparation of LSG/PVDF-HFP electrodes 

Silver conductive grease (CW7100 Chemtronics) and adhesive copper foil tape (1181 

Active components) were applied onto the cut LSG/PVDF-HFP electrodes to establish a 

connection between the electrode and the electrochemical analyser (Bio-Logic SP-300 

potentiostat). The non-electrode area of LSG/PVDF-HFP, the copper tape and the silver 
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adhesive were insulated by Kapton masking tape (Tesa) to prevent the exposure to the PBS 

buffer electrolyte. Only a 3 mm diameter area of the LSG/PVDF-HFP surface remained 

exposed for the following electrochemical measurements. The same method was used to 

prepare a binder-free LSG electrode. 

 

Figure 3.1 Schematic description of the laser scribing of graphite oxide/PVDF-HFP composite 

and the process of LSG/PVDF-HFP hybrid electrode preparation: (A) The dispersion of GO/PVDF-

HFP in NMP by ultra-sonication; (B) Spin coating of the homogenous GO/PVDF-HFP solution onto a 

plasma treatment PET substrate; (C) Direct laser writing of patterned LSG electrodes using a 

LightScribe DVD burner; (D) The individual electrodes (exposed area 3 mm in diameter) fabricated 

into a working electrode for the electrochemical experiments.  

3.3.3 Characterization of LSG/PVDF-HFP electrodes 

The four-point probe conductivity meter (JANDEL Model RM2), with 60 grams probe 

load and 50 µm tip radius, was applied for measuring the sheet resistance. The mechanical 

wear resistance of the electrodes upon exposure to PBS buffer was evaluated by rubbing the 



 

67 

 

GO0wt%, GO2.5wt%, GO5wt%, and GO7.5wt% films and LSG0wt%, LSG2.5wt%, LSG5wt%, LSG7.5wt% 

films with water wetted cotton buds (Cotoneve). The GO and LSG films used for rubbing test 

were exposed to PBS buffer for 5 hrs without any ultra-sonication. The rubbing was performed 

by hand at near constant-force for 10 times. The cotton bud shape was 5 mm in diameter and 

the bar was 30 mm length. The structure of GO and LSG was characterized by Raman 

spectroscopy (Renishaw System 1000 microprobe spectrometer, equipped with an argon ion 

gas laser; laser wavelength 488 nm). The thickness of GO and LSG films on the substrates was 

measured using a micrometer (Mitutoyo). Contact angle measurements (CAM100 KSV) were 

carried out by imaging a droplet of deionized water (Resistance=18.2 MΩ cm, Milli-Q) on the 

surfaces of the GO, GO/PVDF-HFP and LSG/PVDF-HFP films. The software CAM100 was 

employed to analyse the water contact angle, in an auto-calculation mode. SEM (JCM-6000, 

JEOL) was applied to investigate the surface morphology of the GO, binder free LSG and 

LSG7.5wt% samples. For SEM imaging, a few nanometers thick gold layer was deposited onto 

all films using a sputter coater (E5000 Polaron equipment ltd). The software JCM-6000 was 

used to focus on the samples and to record the images. The electrochemical properties of the 

LSG/PVDF-HFP electrodes were characterized by cyclic voltammetry (CV) and electrical 

impedance spectroscopy (EIS) (SP-300 potentiostat, Biologic Science Instrument) in 10 mL 

PBS (pH = 7.4) electrolyte containing 5 mM K3[Fe(CN)6]/ K4[Fe(CN)6] each. For each CV 

measurement the potential was cycled from -0.15 V to 0.6 V (vs. Ag/AgCl (3 M KCl)) for three 

CV scans, with the first scans being discarded and the second scans being presented in the 

discussion below. For the purpose of investigating the effect of scan rate on the peak current 

and potential peak separation, CVs were carried out at 10, 25, 50, 75 and 100 mV/s. 

Furthermore, when investigating the electrode stability over time, CVs were performed 



 

68 

 

successively on the LSG/PVDF-HFP electrodes in the PBS solutions after 60, 120, 180, 240 

and 300 minutes. The impedance experiments were run with a 1 mV sinusoidal excitation 

amplitude at an applied bias potential of 0.23 V. The impedance data were measured and 

collected at harmonic frequencies from 100 kHz to 100 mHz. The software EC-Lab (V11.01) 

was employed for the impedance analysis and the experimental data were fitted using a Randles 

equivalent circuit model (described below).  

3.4 Results and Discussions 

3.4.1 Surface contact angle measurement and morphology 

The water contact angle measurements of GO0wt%, GO2.5wt%, GO5wt% and GO7.5wt% films 

were performed and the results are shown in Figure 3.2 (top left panel). The graphene oxide 

film was found to be hydrophilic with the water contact angle of ~39 °. After the addition of 

PVDF-HFP binder, the films’ surfaces became more hydrophobic. The water contact angles 

for GO2.5wt%, GO5wt%, and GO7.5wt% films were 48 °, 66 ° and 72 °, respectively. As expected, 

the surface tends to become more hydrophobic as there is an increasing weight proportion of 

PVDF-HFP binder relative to GO added to the composite. The water contact angle for all of 

the films increase significantly after the laser scribing, and increases only slightly with the 

increase in PVDF-HFP in the laser-scribed films (Figure 3.2, top right panel). 

SEM images (Figure 3.2, bottom row) show that the GO/PVDF-HFP film has a 

relatively smooth morphology, while the laser reduced LSG/PVDF-HFP films have much 

rougher morphology, also confirmed by the cross-sectional SEM image of a LSG films. The 
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cross-section SEM image also indicates that not all of the GO film might be reduced by laser 

scribing. 

 

Figure 3.2 Water contact angle measurements showing a water droplet (MilliQ water) sitting on 

(1) the surface of (A) GO0wt%, (B) GO2.5wt%, (C) GO5wt% and (D) GO7.5wt% films; and (2) the surface of 
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(A) LSG0wt%, (B) LSG2.5wt%, (C) LSG5wt% and (D)LSG7.5wt% films. (3). SEM images of (A) GO/PVDF-

HFP film, (B) binder-free LSG,(C) LSG of 7.5wt% PVDF-HFP film  and (D) the cross-section of a 

binder free LSG film. 

3.4.2 The sheet resistance 

The four-point probe conductivity measurements were carried out to investigate the 

effect of adding the electrically insulating binder onto the films’ electrical conductivity. The 

results, presented as the sheet resistances, for the LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt%, 

are presented in Figure 3.3. The GO itself was commonly reported as an insulator with the 

resistance of about 580 MΩ sq−1 (He et al. 2014a). After one laser scribing step, the sheet 

resistance of the binder-free LSG0wt% film was reduced considerably to 1035±73 Ω (not 

measurable before laser scribing with the four-point probe conductivity meter), revealing that 

the laser scribing is efficient in transforming the GO into conducing graphene-like material. As 

shown in Figure 3.3, for the first-time scribing (black square symbols), the sheet resistance of 

the films increases as the proportion of the PVDF-HFP increases to 1635±92 Ω, 1940±71 Ω 

and 2160±37 Ω for LSG2.5wt%, LSG5wt%, LSG7.5wt%, respectively. This is an expected results 

attributed to the intrinsic insulating properties of PVDF-HFP. As the number of laser scribing 

cycles is increased to 2, 3 and 4 times, the sheet resistances of all LSG0wt% were drastically 

decreased. After five times of the laser scribing the resistances for LSG2.5wt%, LSG5wt%, 

LSG7.5wt%, decreased to 367.5±6 Ω cm-1, 424.5±19 Ω cm-1 and 504±39 Ω cm-1, respectively. 

Similarly, after laser scribing five times, the resistance of binder-free LSG0wt% materials 

decreases to 320±4 Ω cm-1. This result for LSG0wt% is in agreement with the value reported by 

Griffith et al (Griffiths et al. 2014).  These results suggest that the film’s conductivity could be 

directly controlled by the number of the laser scribing cycles, in agreement with (Strong et al. 
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2012), and that the laser scribing can effectively convert GO into the graphene-like material. 

After laser scribing 10 times, the resistances of LSG0wt%, LSG2.5wt%, LSG5wt%, LSG7.5wt% were 

280.5±6 Ω cm-1, 307±18 Ω cm-1, 358±15 Ω cm-1 and 481±38 Ω cm-1, respectively. These values 

are quite similar to the resistances obtained after 5 times of laser scribing, suggesting that a 

maximum effectiveness of the process is between 5 and 10 times of laser scribing. Another 

important observation from the graph in Figure 3.3 is that the slope of the lines significantly 

decreases as the number of laser scribing increases, suggesting that the sheet resistance of the 

films is appreciably less dependent on the amount of PVDF-HFP in the composite at higher 

laser scribe cycles, due to possible conversion of the binder into graphene-like structures, 

similar to transformation of polyimide upon laser irradiation (Li et al. 2016c; Lin et al. 2014; 

Ye et al. 2015). All of the films showed excellent stability as no appreciable change in the 

resistance of the films is seen upon measuring after 5 days (Figure 3.3, blue triangles squares). 
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Figure 3.3 The sheet resistance of LSG films as a function of the PVDF-HFP binder proportion.  

 

3.4.3 Characterization by Raman spectroscopy  

Raman spectroscopy is an effective method to characterize the structural transformation 

of GO to graphene (Ferrari and Basko 2013; Ferrari et al. 2006b) including to LSG (Strong et 

al. 2012; Trusovas et al. 2013). Figure 3.4 presents the Raman spectra of the GO/PVDF-HFP 

and the LSG/PVDF-HFP composite materials. As widely established in literature, there are 

four characteristic peaks commonly observed in Raman spectra of laser scribed graphene - the 

D, G, 2D and 3S band (Strong et al. 2012). The G-band at 1580 cm-1 is ascribed to scattering 

from an in-plane E2g phonon; the D band, positioned at 1350 cm−1, is an A1g phonon 

corresponding to sp2 ring-breathing mode (Arul et al. 2016) which gains in intensity when there 

are defects in the edge plane of material surface (Cançado et al. 2011). The first overtone of 



 

73 

 

the D band, the 2D band, usually appearing at 2700 cm−1, is uniquely associated with two 

dimensional graphite with randomly stacked graphene sheets in the c-axis (Park et al. 2009; 

Pimenta et al. 2015) and gains in the intensity when the sp2 rings are present. Therefore, the 

2D band is uniquely associated with the electronic band structure of graphene (Ferrari and 

Basko 2013; Ni et al. 2008). The second-order 3S peak, seen at 2927 cm-1, is described as a 

result of lattice disorder and is generated from a combination of D-G bands, significantly 

diminishes with laser scribing of the GO, in agreement with (Strong et al. 2012). The peak 

intensity ratios of the D/G band (ID/IG) and the 2D/G (I2D/IG) are important markers for 

understanding the defect density and the extent of graphenization in the graphene like-materials 

(Arul et al. 2016; Hao et al. 2010; Sokolov et al. 2013). Here, the defect density relates to the 

photo-thermal reduction, and graphenization, which indicates the transformation to graphene-

like structures. Table 3.1 lists the calculated ID/IG and I2D/IG Raman ratios for the GO/PVDF-

HFP and LSG/PVDF-HFP films.  

 

Figure 3.4 Raman spectra of the GO/PVDF-HFP and LSG/PVDF-HFP composite materials. (A) 

GO0wt%, GO2.5wt%, GO5wt%, and GO7.5wt%; (B) LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt% (all films were 

laser scribed for 10 times). Each Raman spectra shown is a result of averaging from three places on the 

surface. 
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Table 3.1 ID/IG and I2D/IG Raman ratios for the GO/PVDF-HFP and LSG/PVDF-HFP  

 GO0wt

% 

GO2.5wt

% 

GO5wt% GO7.5wt

% 

LSG0wt

% 

LSG2.5

wt% 

LSG5wt

% 

LSG7.5

wt% 

ID/IG 0.88±

0.053 

0.88±0.

065 

0.86±0.

063 

0.88±0.

066 

0.96±0.

060 

0.91±0.

069 

0.94±0.

074 

1.02±0.

072 

I2D/IG 0.21±

0.017 

0.23±0.

017 

0.22±0.

016 

0.23±0.

018 

0.40±0.

026 

0.58±0.

032 

0.52±0.

029 

0.41±0.

028 

 

The ID/IG ratios for all of the LSG composite films are larger than that of GO and 

GO/PVDF-HFP films. This increase is attributed to the appearance of the edge defects in the 

structure of LSG/PVDF-HFP films, as suggested by Strong et al.(Strong et al. 2012) and 

indicates the presence of small domains of graphene. The I2D/IG ratios, that indicate the 

transformation of GO to the sp2 graphene-like structure in the LSG material, increases 

significantly for the LSG/PVDF-HFP films (more than twice) confirming the successful 

conversion. The obvious enhancements of I2D/IG listed in Table 3.1 are in agreement with the 

values from Strong et al. (Strong et al. 2012) and Tian et al. (He et al. 2014a; Tian et al. 2014a). 

Moreover, the addition of PVDF-HFP as a binder has no detrimental effect on the 

graphenisation of the GO; the values in the table actually suggest an improved graphenization 

with no apparent difference to LSG0wt% in terms of the extent of the defects (ID/IG ratios) (Lin 

et al. 2014; Tian et al. 2014b).  

Lastly, the S3 second-order peak (~2928 cm-1), which is generated from the 

combination of D and G bands, indicates the lattice disorder, (Cuong et al. 2010; Strong et al. 

2012). As expected, its intensity diminishes as a result of the laser scribing due to the decrease 

in the lattice disorder. 
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3.4.4 Electrochemical properties of the LSG/PVDF-HFP evaluated by cyclic 

voltammetry and EIS 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

experiments were performed to gain an insight into the electrochemical properties of the 

LSG/PVDF-HFP films and to evaluate the effect of the presence of PVDF-HFP in the 

composite electrodes. Figure 3.5 A shows the cyclic voltammograms of LSG0wt%, LSG2.5wt%, 

LSG5wt% and LSG7.5wt% obtained in PBS buffer solution that contained 5 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] redox probe, at a scan rate of 10 mV/s. It is clear that the peak 

currents for the LSG/PVDF-HFP composite electrodes are basically the same as for the 

LSG0wt% film, with even a slight decrease in the oxidation-reduction potential peak separation 

for LSG2.5wt% and LSG5wt% compared to that of LSG0wt% (e.g. ΔEp of 0.137 V for LSG2.5wt% 

compared to 0.184 V for LSG0wt%) suggesting a faster electron transfer at the interface of 

LSG2.5wt% film. These CV characteristics are also seen at high-scan rates (Figure 3.6). These 

peak separation values are larger than in some of other reported studies on laser scribed 

graphene’s (Nayak et al. 2016) that is likely related to the differences in the laser scribing 

parameters and methodologies; however, importantly, these results indicate that the presence 

of PVDF-HFP doesn’t have an adverse effect on the CV performance of the LSG films.  

Using the CV data, the effective electroactive area of the electrodes can be estimated 

from the Randles–Sevcik equation (Lu et al. 2008; Tang et al. 2009): 

𝐼𝑃 = 2.69 × 105 × 𝑛3/2𝐴𝐷0
1/2

𝑣1/2𝐶      Equation 3.1 
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where D0 is the diffusion coefficient (taken as 7.26×10-6 cm2/s for K3[Fe(CN)6]/ 

K4[Fe(CN)6] (5 mM in PBS electrolyte) (Konopka and McDuffie 1970; Strong et al. 2012; 

Valota et al. 2011), n is the number of electrons transferred in the redox reaction (here n=1), v 

is the scan rate (in V/s), C is the concentration of the redox species, and Ip is the maximum peak 

current. The calculated effective surface area, A, values are 0.092±0.002 cm2 for LSG0wt%, 

0.090±0.006 cm2 for LSG2.5wt%, 0.092±0.004 cm2 for LSG5wt%, and 0.091±0.006 cm2, for 

LSG7.5wt%. As the all of the scribed electrodes here were designed with the same projected area 

of 0.07 cm2, there is a roughness enhancement factor of approximately 1.3 after laser scribing. 

These values are in agreement with (Nayak et al. 2016).  

 

  

Figure 3.5 (A) Cyclic voltammograms of the LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt% 

electrodes in PBS solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (each). All CVs were performed 

at scan rate of 10 mV/s; Ag/AgCl (3 M KCl) reference electrode; coiled platinum wire counter electrode.  

(B) EIS of LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt% electrodes; PBS buffer containing 5 mM of 

K3[Fe(CN)6]/K4[Fe(CN)6]; frequency sweep 100 kHz to 100 mHz. Inset: Ret obtained from fitting the 

EIS by the Randles equivalent circuit (Rs+Q/(Ret+W) shown in the inset) vs. amount of PVDF-HFP; 

(n=3) 
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To estimate the heterogeneous electron transfer constants, k0, from the voltammograms 

depicted in the Figure 3.5 A, we first determined the dimensionless kinetic parameter Ψ, 

utilizing the equation 3.2 (Lavagnini et al. 2004): 

Ψ= (-0.6288+0.0021 Χ)/(1-0.017 X)     Equation 3.2 

where  X  can be calculated by multiplying the peak potential separation (ΔEp) with the number 

of electrons transferred in the electrochemical reaction (n) (here, for K3[Fe(CN)6]/ 

K4[Fe(CN)6], n is equivalent to one). Having the value of Ψ calculated, k0 can be determined 

using the following equation (Lavagnini et al. 2004; Nicholson 1965): 

k0= Ψ[πnFD0ν/(RT)]1/2      Equation 3.3 

where D0 is the diffusion coefficient of the electroactive mediators (D0 = 7.26×10-6 

cm2/s)(Lavagnini et al. 2004; Nicholson 1965; Strong et al. 2012), R is the universal gas 

constant of 8.314 J K-1 mol-1, F is the Faraday constant of 96 489 C mol-1, ν is the scan rate of 

0.01 V s-1 and T is the absolute temperature (298.15 K). Calculated values of the heterogeneous 

electron transfer rate constant k0 for all of the electrodes (LSG0wt%, LSG2.5wt%, LSG5wt% and 

LSG7.5wt%) have the same value of 0.0188 cm s-1 (rounded to the fourth decimal place), 

regardless the presence of PVDF-HFP in the electrode. That value is similar to a reported k0 of 

0.02373 cm s-1 determined for a laser induced graphene from GO (El-Kady and Kaner 2014; 

El-Kady et al. 2012; Griffiths et al. 2014; Nayak et al. 2016; Strong et al. 2012) indicating 

comparable kinetics of our composite electrodes to other LSG electrodes.  

Figure 3.5 B presents the EIS in the form of Nyquist complex plot for LSG0wt%, 

LSG2.5wt%, LSG5wt% and LSG7.5wt% electrodes in PBS solution containing 5 mM of 



 

78 

 

K3[Fe(CN)6]/K4[Fe(CN)6]. The spectra were fitted with a Randles equivalent circuit, shown in 

the inset in Figure 3.5 B, consisting of: a solution resistance, Rs; a Warburg impedance, W, 

resulting from the diffusion of the redox probe; a constant phase element, CPE, reflecting the 

inhomogeneity of the surface layer; and the charge-transfer resistance (Rct). 

The fitted charge transfer resistances, Rct, were 261 ± 75, 268 ± 75, 283 ± 67 and 324 

± 90 Ω for LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt%, respectively (Table 3.2), indicating a 

negligible increase in the charge transfer resistance as the amount of PVDF-HPF in the 

electrode increased from 0 wt% to 5 wt % and just a very slight increase with 7.5 wt% of 

PVDF-HPF.  

Table 3.2 Ret of LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt% and the heterogeneous electron 

transfer constant k0 of LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt% from electron transfer resistance. 

Electrode Ret (ohms) k0 (cm s-1) 

LSG0wt% 261±75 0.02215 

LSG2.5wt% 268±75 0.02208 

LSG5wt% 283±67 0.02036 

LSG7.5wt% 324±90 0.02244 

 

The heterogeneous electron transfer constant k0, could be also calculated from EIS data 

using the equation derived from the Butler-Volmer equation (Bard et al. 1980; Peng et al. 

2005): 

𝑘 =
𝑅𝑇

𝑛2𝐴𝐹2𝑅𝑐𝑡
×

1

𝐶0
(1−𝛼)

𝐶𝑅
𝛼
        Equarion 3.4 

where we assume the transfer coefficient, α, as 0.5, C0 is the concentration of K4[Fe(CN)6] in 

electrolyte, A is the effective area of electrodes. Rct here, are fitted values from the EIS 

experiments. The other terms have their usual meaning.  The obtained heterogeneous electron 
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transfer constant k0 were: 0.02215, 0.02208, 0.02036 and 0.02244 cm s-1 for LSG0wt%, 

LSG2.5wt%, LSG5wt% and LSG7.5wt% electrodes, respectively (Table 3.2).  These values are in a 

good agreement with the heterogeneous electron transfer constant estimated from CV data 

above. 

 

Figure 3.6 Cyclic voltammograms (current density vs. potential) at high scan rate (100 mV/s) of 

LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt% electrodes in PBS solution containing 5 mM 

K3[Fe(CN)6]/K4[Fe(CN)6].  Ag/AgCl (3 M KCl) was used as reference electrode and a coiled platinum 

wire as the counter electrode. 

Figure 3.7 presents the electrochemical behaviour of the LSG and LSG/PVDF-HFP 

electrodes obtained from CV at different scan rates (in the range of 10 -100 mV/s). Here, the 

current densities are presented on y-axes (where the measured currents were normalised to the 

calculated effective surface area, as discussed above). The CVs indicate quasi-reversible redox 

probes, with increased oxidation-reduction peak separations at higher scan rates indicative of 

resistive behaviour, regardless the presence of the polymer binder in the electrodes. 
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Figure 3.7 Cyclic voltammograms (current density vs. potential) of (A) LSG0wt%, (B) LSG2.5wt%, 

(C) LSG5wt% and (D) LSG7.5wt% electrodes, at different scan rates as indicated in the graphs (10-100 

mV/s); all measurements were performed in PBS solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6]; 

Ag/AgCl (3 M KCl) was used as reference electrode and a coiled platinum wire as the counter electrode. 

Insets: peak current densities vs. square root of the scan rates. 

The peak current densities, the potentials at the maximum peak currents and the peaks 

potential separation (ΔEp), obtained from LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt% CVs at 

investigated scan rates (Figure 3.7), are given in Table 3.3. The peak current densities for all 

of the LSG/PVDF-HFP electrodes are comparable with LSG0wt%, with LSG2.5wt% electrode 

showing the best electrochemical performance in terms of both peak currents and the peak 

potential separation, followed by LSG5wt% (both demonstrating a slightly better performance 

than LSG0wt%). The cyclic voltammetry response of LSG7.5wt% is somewhat worse than the 
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binder-free electrode LSG0wt% and both LSG2.5wt% and LSG5wt%, suggesting that an increase in 

the polymeric binder proportion above 7.5 wt% may start to notably effect the electrochemical 

properties of the composite electrodes. That may be attributed to (i) the increased proportion 

of insulating polymer in the composite electrode and (ii) increasingly higher hydrophobicity of 

the electrode due to the presence of PVDF-HPF that hinders the redox reaction at the electrode/ 

aqueous PBS solution interface. As shown in the insets of Figure 3.7 A-D, the peak current 

density (on both oxidation and reduction) were proportional to the square root of scan rate, 

indicating a diffusion limited kinetics of the K3[Fe(CN)6]/K4[Fe(CN)6] redox reaction.  
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Table 3.3 The peak current density, potential peak position and peak potential separation (ΔEp) 

for LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt% 

LSG0wt% jO(mA/cm2) EO(V) jR(mA/cm2) ER(V) ΔEP(V) 

10 mV/s 0.364 0.318 -0.376 0.132 0.186 

25 mV/s 0.565 0.350 -0.574 0.100 0.250 

50 mV/s 0.774 0.384 -0.775 0.067 0.317 

75 mV/s 0.924 0.407 -0.922 0.044 0.363 

100 mV/s 1.049 0.427 -1.041 0.025 0.402 

 

LSG2.5wt% jO(mA/cm2) EO(V) jR(mA/cm2) ER(V) ΔEP(V) 

10 mV/s 0.386 0.292 -0.396 0.155 0.137 

25 mV/s 0.605 0.312 -0.625 0.134 0.178 

50 mV/s 0.822 0.335 -0.852 0.113 0.222 

75 mV/s 0.993 0.350 -1.011 0.096 0.254 

100 mV/s 1.134 0.363 -1.144 0.086 0.277 

 

LSG5wt% jO(mA/cm2) EO(V) jR(mA/cm2) ER(V) ΔEP(V) 

10 mV/s 0.381 0.308 -0.400 0.139 0.169 

25 mV/s 0.592 0.340 -0.597 0.109 0.231 

50 mV/s 0.788 0.369 -0.798 0.081 0.288 

75 mV/s 0.938 0.390 -0.938 0.060 0.330 

100 mV/s 1.052 0.408 -1.051 0.043 0.365 

 

LSG7.5wt% jO(mA/cm2) EO(V) jR(mA/cm2) ER(V) ΔEP(V) 

10 mV/s 0.362 0.314 -0.379 0.122 0.192 

25 mV/s 0.557 0.335 -0.586 0.103 0.232 

50 Mv/s 0.741 0.362 -0.782 0.075 0.288 

75 mV/s 0.854 0.402 -0.885 0.037 0.365 

100 mV/s 0.953 0.419 -0.989 0.019 0.400 
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3.4.5 Mechanical water wear and electrochemical stability of LSG/PVDF-

HFP electrodes 

Stability in aqueous solutions is a critical parameter in using LSG electrodes as 

biological sensors. Figure 3.8A presents electrochemical stability of the electrodes when 

exposed to PBS for up to 5 hrs (without touching the electrode) and the mechanical wear 

resistance of the electrodes when rubbed with a cotton bar after exposure to the PBS buffer for 

5 hrs. As can be seen in Figure 3.8A, all of the electrode show relatively good electrochemical 

stability over 5 hrs, with the best performance seen (highest current densities) from the 

LSG2.5wt% and LSG5wt% electrodes, in the agreement with the above discussed CV experiments. 

In contrast, the mechanical ‘water-wear’ resistance experiments shows a quite different 

trend. As seen from Figure 3.8B the mechanical integrity of the LSG0wt% electrode is 

significantly eroded after the rubbing procedure. The water-wear resistance is however 

significantly improved when PVDF-HFP binder is used, with the higher proportion of the 

binder ensuring the higher wear resistance to the electrode. In fact, 5 wt% of the PVDF-HPF 

binder seems to be completely sufficient in that regard. The improved wear resistance can be 

attributed to the fluorinated co-polymer binding the remained graphite oxide sheets underneath 

the laser scribed graphene and adhering the layer to the PET substrate. It was discussed that 

the improved mechanical property of GO/PVDF composites can be ascribed to formation of 

hydrogen bonds between fluoride and oxygen sites (Sahoo and Balasubramanian 2015; Zha et 

al. 2011). Advantageously, PVDF-HFP is well-known for its electrochemical stability and 

porous structure (Ilic et al. 2006).  
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Figure 3.8 (A) The oxidation peak current density from cyclic voltammograms (scan rate: 10 

mV/s) of LSG0wt%, LSG2.5wt%, LSG5wt% and LSG7.5wt% after up to 5 hrs immersion in the PBS solution; 

CVs performed in PBS solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6].  The error bars present 

relative standard deviation (RSD) from three measurements (note: from each laser scribing three 

visually ‘best’ electrodes were chosen). (B) The optical images of the GO0wt%, GO2.5wt%, GO5wt%, and 

GO7.5wt% films after immersion in PBS buffer for 5 hrs, taken after rubbing with a wet cotton bar for 10 

times. (C) The optical images of LSG0wt%, LSG2.5wt%, LSG5wt%, and LSG7.5wt% films after immersion in 

PBS buffer for 5 hrs, taken after rubbing by a wet cotton bar for 10 times. 

3.5 Conclusion 

We demonstrated that blending PVDF-HFP into a GO films as a polymer binder prior to 

laser scribing can significantly improve the mechanical water wear resistance of the resulting 

LSG electrodes. The produced electrodes are robust for use in aqueous electrolytes, important 

for biosensing applications. Furthermore, the electrochemical properties of the LSG electrodes 

were not adversely affected by the addition of PVDF-HFP up to 5 wt% (based on the weight 

of GO), and only slightly with 7.5 wt %. The cyclic voltammetry, EIS experiments, Raman 

spectroscopy and a simple mechanical test revealed that 5 wt% of PVDF-HFP is sufficient to 

achieve the goal of providing mechanical integrity of the LSG electrodes in aqueous PBS 
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solution, but at the same time not affecting the electrodes electrochemical performance. The 

composite LSG/PVDF-HFP electrodes therefore provide a simple solution in overcoming 

instability of LSG electronics in aqueous environments, in case where the GO is not completely 

transformed into the graphene structures during the laser irradiation process.  
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4 Sensitive, Selective, Disposable 

Electrochemical Dopamine Sensor 

Based on PEDOT-Modified Laser 

Scribed Graphene 

This chapter is adapted from the published paper: 

Guangyuan Xu, Zahraa A. Jarjes, Valentin Desprez, Paul A. Kilmartin, Jadranka Travas-Sejdic, 

Sensitive, selective, disposable electrochemical dopamine sensor based on PEDOT-modified laser 

scribed graphene. Biosensors and Bioelectronics, 2018, 107, 184-191, with permission from (Xu et 

al. 2018a), Copyright 2018, Elsevier. 

4.1 Abstract 

The fabrication of a novel, and highly selective electrochemical sensor based on a 

poly(3,4-ethylenedioxythiophene) (PEDOT) modified laser scribed graphene (LSG), and 

detection of dopamine (DA) in the presence of ascorbic acid (AA) and uric acid (UA) is 

described. LSG electrodes were produced with a 3-dimensional macro-porous network and 

large electrochemically-active surface area via direct laser writing on polyimide sheets. 

PEDOT was electrodeposited on the LSG electrode, and the physical properties of the obtained 

films were characterized by scanning electron microscopy (SEM) and energy dispersive X-ray 
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diffraction microanalysis (EDAX). The modified electrodes were applied for the determination 

of DA in the presence of AA and UA using cyclic voltammetry (CV), and differential pulse 

voltammetry (DPV) techniques. The linear range for dopamine detection was found to be 1 to 

150 µM with a sensitivity of 0.220 ± 0.011 µA μM-1 and a detection limit of 0.33 µM; superior 

values to those obtained without PEDOT.  For the first time, PEDOT-modified LSG have been 

fabricated and assessed for high-performance dopamine sensing using cost-effective, 

disposable electrodes, with potential for development in further sensing applications. 

4.2 Introduction 

Dopamine (DA) is an essential neurotransmitter and is a clinically valuable diagnostic 

indicator (Al-Graiti et al. 2017). The presence of abnormalities in dopamine levels is a sign of 

neurological disorders such as Alzheimer's and Parkinson's diseases (Wang et al. 2014).  

Improvements in sensitivity and selectivity are of great interest in research into methods for 

DA detection, as well as simplicity of the detection methodology and sensor costs. Among the 

approaches available, electrochemical methods are generally the most efficient, simple, 

sensitive and selective (Choo et al. 2017). One of the major issues in the electrochemical 

measurement of dopamine stems from interferences of other biological compounds, such as 

uric acid (UA) and ascorbic acid (AA) that always coexist in biological samples containing 

DA. Many conventional electrodes have shown a lack of selectivity due to the overlapping of 

DA signals with AA and UA (Huang et al. 2014). Several types of materials have been 

introduced to modify the glassy carbon and carbon nanosheet electrodes to improve sensitivity 

and selectivity (Zhang et al. 2016). The most common strategies include conducting polymer 
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layers (Peng et al. 2009), self-assembled layers (Zhang et al. 2013), metal nanoparticles (Wang 

et al. 2011b), carbon nanotubes and surfactant modified electrodes (Chen and Chzo 2006).  

In recent decades, carbonaceous material-modified electrodes have been extensively 

surveyed in the field of electroanalytical chemistry. Among them, graphene has shown great 

potential for the detection of a wide range of analytes, including enhanced electrochemical 

performance in biochemical sensing (Wang et al. 2009). Graphene is a single atom thick and 

2-dimensional network sheet of sp2 hybridized carbon (Novoselov et al. 2004), and has 

attracted enormous interest in fundamental and applied science communities due to its 

exclusive properties (Geim 2009; Xu et al. 2016b), such as high thermal conductivity (Balandin 

et al. 2008), high surface area (El-Kady et al. 2012), super-low density (Sun et al. 2013), 

mechanical flexibility (Xu and Gao 2015), tunable bandgap (Zhu et al. 2010), self-assembly 

behaviour (Xu and Gao 2011), biocompatibility (Yang et al. 2013), and excellent electron 

conductivity (Liu et al. 2016b). 

The production of reduced graphene oxide patterns by the direct laser scribing of 

graphene oxide with a standard Light Scribe DVD optical drive has opened up a new direction 

in the direct on-chip fabrication of micro supercapacitors (El-Kady et al. 2012). The 

mechanical stability of this type of material in aqueous media has been improved through the 

incorporation of PVDF-HFP in water-soluble graphite oxide before laser scribing. (Xu et al. 

2017)  The mechanism of graphene features formation by scribing using various laser sources 

has also been investigated (Arul et al. 2016). The laser scribing of graphene was simplified by 

fabricating carbon on a flexible commercial-available polyimide (PI) sheet (Lin et al. 2014). 

The resulting films, entitled as laser-scribed graphene (LSG), demonstrate high electrical 

conductivity and specific surface area, are mechanically robust, and can be directly used as 
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capacitor electrodes without additives. With a similar procedure of using a CO2 laser reported 

previously, a layer of graphene could also be formed on the naturally abundant and renewable 

material, pinewood (Ye et al. 2017). The resultant laser scribed graphene with a 3-dimensional 

mesoporous network, excellent conductivity and electro-activity could significantly contribute 

to biodegradable electronics. Due to these advantages, laser-scribed graphene has been chosen 

for supercapacitors (El-Kady et al. 2012; Li et al. 2016c), sensors (Xu et al. 2017), hydrogen 

evolution catalysts (Nayak et al. 2017), sound detectors (Tao et al. 2017), water-treatment 

(Rathinam et al. 2017), fibers (Duy et al. 2018) and biomedical devices (Fenzl et al. 2017; 

Nayak et al. 2016). 

Laser-scribed graphene holds great promise as a candidate platform for biosensors. 

Graphene possesses high electron transfer rates, optimal carbonaceous architecture, and good 

electrochemical response to the studied biomarkers (Fenzl et al. 2017; Griffiths et al. 2014; 

Nayak et al. 2016). LSG has been considered as a potential building block to generate flexible 

and implantable microarrays of electrodes for the detection of biomarkers (Sanghavi et al. 

2015), neurotransmitters (Zheng et al. 2013), proteins, and other biomolecules (Tsai et al. 

2011). 

Reports on laser-scribed graphene for biosensing have attracted a great attention. Fenzl 

et al. demonstrated the amendment of LSG electrodes by anchoring 1-pyrenebutyric acid using 

standard coupling chemistry for aptamer-based biosensing against the coagulation factor 

thrombin as an exemplary bioreceptor (aptamer) to the carboxyl groups (Fenzl et al. 2017). 

Tehrani et al. used direct laser engraved graphene decorated with pulse deposited copper 

nanocubes for the generation of highly sensitive glucose sensor strips capable of detecting low 

https://www.nature.com/articles/srep27975?WT.feed_name=subjects_biotechnology#auth-1
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glucose levels found in human tear, saliva and sweat (Tehrani et al. 2015). Nayak et al. reported 

the fabrication of flexible electrochemical sensors using selective anchoring of Pt nanoparticles 

onto LSG for the electrochemical detection of DA in the presence of AA and UA. Their Pt-

LSG electrodes displayed the large peak separation, reported to be ∆EDA-AA = 236 mV and 

∆EUA-DA= 143 mV (Nayak et al. 2016). 

To our knowledge, no study has reported the detection of DA by using PEDOT-

modified LSG. PEDOT is one of the most successfully applied conducting polymers due to its 

low oxidation potential, high electrical conductivity, good electrochemical activity, high 

stability and excellent biocompatibility (Yamato et al. 1995). PEDOT is also a remarkable 

electrode as it can promote electron transfer responses and is valuable in electrochemical 

sensors (Choe et al. 2016). Thus, in the present work, we have combined the unique electronic 

properties of laser-scribed graphene with the excellent sensing properties of PEDOT films for 

the determination of DA. The PEDOT modified laser-scribed graphene electrodes were tested 

for electrocatalytic activity and electron transfer kinetics towards the oxidation of DA, in the 

presence of AA and UA.  

4.3 Experimental Section 

4.3.1 Reagents and Materials 

The polymer film used to make the LSG was a polyimide film (Kapton HN) with a 

thickness of 75 μm purchased from RS Components (stock no. 536-3968). Dopamine 

hydrochloride (DA, #H976) was purchased from AK Scientific. 3,4-Ethylenedioxythiophene 

(EDOT), anhydrous lithium perchlorate (LiClO4), L-ascorbic acid (AA, #A92902), and uric 

acid (UA, #U2625) were obtained from Sigma-Aldrich. All materials and reagents were used 
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without further purification. Phosphate buffer solution (PBS), 0.1 M, was prepared at pH = 7.4. 

High-purity nitrogen (99.995% in purity) was employed for deaeration of the aqueous 

solutions. 

4.3.2 Synthesis of LSG and Electrode Fabrication 

The laser used to obtain LSG film was an infrared CO2 laser manufactured by Universal 

laser systems (laser cutter VLS3.50). The "work” laser had a wavelength of 10.6 μm. The lens 

substrate distance was 5.1 cm that provided a good focus. The focus was made with a 

calibration tool and was checked between each writing. A vacuum was turned on throughout 

the process to evacuate vapours from the chamber. The various parameters that were optimized 

were the speed (0-28 cm/s), the power (0-35 W) of the laser, as well as the pulses per inch, PPI 

(0-1000). By varying these, the optimized parameters of laser power, speed, pulses per inch 

(PPI) and the Z-distance between laser and the sample were obtained as 4.6 W, 0.56 cm s−1, 

1000 PPI, and 2 mm, respectively. All the laser scribing was carried out under ambient 

conditions. The LSG electrode is a standalone laser scribed working electrode with a fixed 

diameter of 2 mm. The LSG pattern had a typical thickness of around 70 µm. The conductive 

LSG electrode was connected by copper tape to ensure better electrical connection and attached 

to a 2 mm thickness PMMA substrate. Kapton tape was used to passivate the extra area and 

only leave an active electrode area exposed to the analytes. The conductivity of the resulting 

LSG was about 3 ohms per square, obtained through the four-point probe (Janel, model RM2) 

conductivity meter (60 g probe load and 50 µm tip radius). The graphene features of the 

resulting LSG were confirmed by a Raman spectrometer using the blue laser at 488 nm 

(Renishaw Raman System 1000), and a powder X-ray diffractometer (PANalytical, model 
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Empyern). The characterization results for the LSG are provided in appendix Figures B .1 and 

B .2.  

4.3.3 Synthesis of PEDOT Film 

PEDOT film was deposited using chronoamperometry at a constant potential of 1.20 V 

within a three-electrode electrochemical cell. A bare LSG electrode with 2 mm in diameter was 

employed as the working electrode while a platinum mesh with 1 cm2 in area was used as the 

counter electrode. One Ag/AgCl electrode was employed as the reference electrode that 

contained a 3 M KCl aqueous solution. All the electrochemical experiments were carried out 

using a SP-300 potentiostat (Biologic Science Instrument). PEDOT films were prepared using 

a single continuous polymerization step with a 10 mM monomer solution in 10 mL propylene 

carbonate with 0.1 M LiClO4, and polymerization times of 5, 10, 15, 20 and 25 seconds. 

 

4.3.4 Physiochemical Characterization 

Scanning electron microscopy (SEM) and energy dispersive X-ray microanalysis 

(EADX) were conducted to investigate elemental composition and surface morphology of the 

electropolymerized film. SEM was performed with a JCM 6000 instrument manufactured by 

JEOL (Hitachi High-Technology Co., Ltd., Japan). The EDAX detector was a SiLi (Lithium 

drifted) with an ultra-thin window in a SEM (Philips XL30S FEG). The surface of the LSG 

unmodified electrode and PEDOT-LSG modified electrode was analysed by mounting the 

sample onto a double-sided carbon tape. To avoid the accumulation of electrons on the 

insulating polyimide, and thus avoid low-quality images, a gold coat of about 10 nm was made 
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on the sample to create a conductive surface. Cross-sectional SEM was employed to measure 

the thickness of LSG films.  

4.3.5 Electrochemical Characterization 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were used as 

electrochemical techniques. Before measurement, dissolved oxygen was eliminated by purging 

gaseous nitrogen through the solutions for 10 min. Prior to use of the LSG electrodes, the 

electrodes were rinsed with deionized water. A conventional three-electrode set-up was used 

throughout. CV measurements were taken from -0.2 to 0.6 V at scan rates ranging from 10 to 

100 mV s-1. To establish the optimum conditions for the determination of DA in the presence 

of UA and AA by methodology of the DPV technique, different experimental variables were 

investigated. The optimum conditions were found to be: scan rate of 8 mV s-1; sampling width 

of 0.2 s; pulse amplitude of 50 mV; and pulse period of 0.5 s. All solutions were freshly 

prepared every day and kept in the dark at 4 ̊C to avoid DA oxidation. All of the experiments 

were conducted at ambient temperature.  

4.4 Results and Discussions 

The fabrication process of LSG and PEDOT-LSG electrode on PI sheets is presented 

in Figure 4.1. Throughout the laser scribing, the orange coloured PI sheet was transformed into 

black carbonaceous materials. The direct laser scribing demonstrated itself to be a versatile and 

scalable production process. The logos of The University of Auckland and the Polymer 

Electronics Research Centre (PERC), and the multiple electrodes were accurately patterned 

(Figure 4.1A). As depicted in the Figure 4.1B, the active electrode area (d=2 mm) was isolated 
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on each electrode and the rest was selectively passivated by the Kapton tape. Figure 4.1C shows 

the process of electrodeposition of PEDOT film onto LSG (WE) using the common three 

electrode settings. The thickness of PEDOT layer could be controlled by altering the deposition 

time.  The increased surface area was formed after PEDOT deposition, as seen in the SEM 

images (Figure 4.1) and measured by electrochemical analysis (see below).  

Graphene-based electrodes prepared by laser scribing approach offer a possibility of 

their use as disposable electrodes, as the both the starting material and the process are very 

cost-effective. The notable advantage of the PEDOT-LSG sensor is the ease of fabrication (that 

does not require fabrication masks or elaborate lithography procedures), leading to disposable 

(low cost) sensing elements in an array format, for potential point–of-care or in-field use. 

 

Figure 4.1 Schematic of the fabrication of LSG and PEDOT-LSG electrode patterns on PI 

films. A) Laser writing using CO2 laser of the multiple electrodes and The University of 
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Auckland and PERC logos on a PI film. B) A LSG electrode pattern and the selective 

passivation using Kapton tape. A SEM image of a cross-section of a laser-scribed PI film 

revealing porous surface morphology of the formed graphene. C) Electrodeposition of PEDOT 

on the LSG electrode. The SEM image confirms a changed morphology of the surface upon 

PEDOT deposition. 

4.4.1 Morphological characterization 

The surface morphology of LSG and PEDOT–LSG were characterized by SEM. The 

SEM image in Figure 4.2A displays a rather regular and smooth flake structure of LSG with a 

large surface area. The structural morphology of the graphene is revealed at high magnification, 

showing that the direct laser writing of the PI film forms a 3D network of overlapped graphene 

flakes with highly accessible surface area, similar as in other reports (El-Kady and Kaner 

2013a), making this methodology of producing graphene a logical choice for sensor 

applications.  

With the deposition of PEDOT (shown in Figure 4.2B and Figure B.3B), a porous 3D 

network structure is preserved. The LSG is homogeneously coated by PEDOT, clearly 

demonstrating successful polymerization of PEDOT on the LSG. As shown in further SEM 

images (Figure 4.2 C, D & E and Figure B.3 C, D & E), the PEDOT-coating on the LSG 

became thicker and more compact with increased deposition time. As the growth of PEDOT 

on LSG was extended to 15 s, a rougher, more fractal, PEDOT surface was observed. It is 

known that PEDOT often electrochemically deposits with highly porous, fractal-type structures 

with high surface area (Zhou et al. 2010). The excess of PEDOT particles started to combine 

and stack together to create a thicker coating and greater surface roughness. As a result, at 20s 
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deposition time, the LSG is fully covered with PEDOT and the underlying fibrous morphology 

was no longer seen. 

After the surface SEM images were achieved, the samples were cut and cross-sectional 

images were taken. The cross-sectional views of the LSG electrodes reveal a sheet-like 

structure of the graphene layers with an average thickness of 50 μm. For the PEDOT-LSG, the 

PEDOT film might has been compressed throughout the cutting procedure by imposing a force 

on its surface. What could be observed in all of the cross-sectional images (Figure 4.3 A, B & 

C and Figure B.4) is a rather uniform PEDOT layer formation of a few micrometers in 

thickness. In some situations, bigger piles or splats were also observed. The surface had a 

rougher topography after deposition of PEDOT. 

The EDAX analysis showed sulfur present, as expected, when PEDOT was deposited. 

The composition of the sulfur went from 0.12 wt % for 5 s PEDOT deposition, increased to 

0.29 wt % for 20 s PEDOT deposition (Figure 4.2 F and Figure B.5). In the case of the 

unmodified LSG matrix, no sulfur was observed (Table B.1). The spectral and surface analysis 

indicates that EDOT was polymerized progressively into the LSG. PEDOT was sturdily 

incorporated within the LSG matrix through the strong interactions between PEDOT and 

carbon materials (Taylor et al. 2017). The distribution of PEDOT within the graphene electrode 

was confirmed by the EDAX analysis, shown in Figure 4.3 A. The cross-section morphology 

of 15 s PEDOT deposited onto LSG is presented in Figure 4.3 B and C. Through EDAX 

mapping the C (blue) and the S (red) were mapped (Figure 4.3 D and E), demonstrating a 

homogeneous distribution of PEDOT within the LSG matrix.  
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Figure 4.2 Representative SEM images of A) LSG without PEDOT; B) LSG of 5 s 

PEDOT; C) LSG of 10 s PEDOT; D) LSG of 15 s PEDOT; E) LSG of 20 s [A-E: magnification 

×2000]; F) weight % of sulfur in the film versus PEDOT deposition time.   
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Figure 4.3 SEM cross-section images of (A) LSG of 15 s PEDOT at the magnification of 

×1000, and the EDAX analysis results, demonstrating the presence of sulfur in material’s inner 

network; (B) LSG of 15 s PEDOT at a magnification of ×8000; (C) SEM image of 15 s 

PEDOT-LSG and corresponding EDAX element maps of (D) carbon, and (E) sulfur. 

4.4.2 Electrochemical Characterization 

Cyclic voltammetry (CV) is regarded as one of the most versatile electrochemical 

methods employed. With the purpose of determining the electroactive surface area of LSG and 

the PEDOT-LSG electrodes, CVs were performed at various scan rates to investigate the 

electrochemical behaviour of ferrocyanide in the supporting electrolyte - PBS. Clear oxidation 

and reduction peaks of the [Fe(CN)6]3-/4- redox couple were observed at 0.25 V and 0.15 V, 

respectively (Figure 4.4). Log/log determination of correlation between the oxidation peak 

current and scan rate, in the investigated scan rate range from 10 to 100 mV s-1, were employed. 
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A slope of 0.51 was attained at the unmodified LSG, which indicated a diffusion-controlled 

redox process (Bard et al. 1980; Pandurangachar et al. 2009). The slopes of (5, 10, 15, 20 s) 

PEDOT–LSG electrodes were found to be 0.69, 0.71, 0.62 and 0.69, respectively. The larger 

slope values pointed to the combined mechanism of diffusion and adsorption control 

dominating the interface (Bard et al. 1980).  

To estimate the electroactive surface area of the LSG unmodified electrode and 

PEDOT–LSG electrode, the electrochemical behaviour of [Fe(CN)6]3- was investigated using 

CVs. The Randles–Sevcik Equation 4.1 (Bard et al. 1980) was employed: 

𝐼𝑃 = 2.69 × 105 × 𝑛3/2𝐴𝐷0
1/2

𝑣1/2𝐶     Equation 4.1 

where A represents the electrode area (cm2), D the diffusion coefficient of the redox molecules 

in solution (taken as 7.26  10-6 cm2 s-1 for K3[Fe(CN)6]/ K4[Fe(CN)6] (Konopka and McDuffie 

1970), n the number of electrons that participate in the reaction and is equal to 1, c the 

concentration of the redox molecules, and v the scan rate (V s−1).  

We note that the Randles-Sevcik graph’s slopes for the unmodified LSG electrode are 

smaller than the slopes obtained for the PEODT-modified electrodes. As the slope is 

proportional both to the electroactive reactant diffusion coefficient and the working electrode 

surface area, the greater slope found for the PEDOT-LSG electrodes is proposed to be due to 

an increase in the surface area, as the diffusion coefficient is only affected by the nature of the 

electrolyte solution. The values of the electrochemically active surface area for LSG 

unmodified electrode and LSG modified with PEDOT for (5, 10, 15, 20 s) were calculated as 

0.0652, 0.181, 0.201, 0.200 and 0.202 cm2, respectively (Table 4.1). The results reveal that the 
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LSG modified with 10 s, 15 s, and 20 s PEDOT deposition had a similar active surface area, 

and about 3 times larger than that for unmodified LSG. 

The thickness of the deposited PEDOT layer was controlled by the polymerization time. 

The roughness factors (the ratio of effective surface area to geometric electrode area) were 

estimated for LSG unmodified electrode and LSG modified with PEDOT for 5 s, 10 s, 15 s, 

and 20 s (Table 4.1). The roughness of LSG increased significantly after the 

electropolymerization of PEDOT, from 2.08 for LSG to 6.4 for PEDOT-LSG. The PEDOT 

electropolymerization time over 10 s did not change the roughness factor appreciably (ranged 

6.36 to 6.42). As the electropolymerization time increased, more PEDOT was more clustered 

on itself, which is likely responsible for the observed lack of the change in the roughness factor 

with electropolymerization time. 

Table 4.1 Real surface area and roughness factor of LSG and PEDOT-LSG electrodes. 

Electrode  Slope of Ip /v1/2 Surface area (cm2) Roughness factor 

Without PEDOT 0.00744 0.0652 2.08 

PEDOT 5s 0.02062 0.181 5.75 

PEDOT 10s 0.02289 0.201 6.39 

PEDOT 15s 0.02278 0.200 6.36 

PEDOT 20s 0.02301 0.202 6.42 
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Figure 4.4 CVs of 5 mM [Fe(CN)6]3-/4− in PBS buffer solution as supporting electrolyte at 

A) LSG without PEDOT; B) LSG with 5 s PEDOT; C) LSG with 10 s PEDOT; D) LSG with 

15 s, E) LSG with 20 s at various scan rates (10, 25, 50, 75 and 100 mVs-1). Insets: log/log 

plots of measured oxidation peak currents versus the scan rate (ν1/2). F) CVs of LSG and LSG 

modified with PEDOT (deposition time: 5, 10, 15, and 20 s) in 5 mM [Fe(CN)6]3-/4− at a scan 

rate of 25 mV s−1. 
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4.4.3 Optimization of the Sensing Conditions   

The graphene was shown to offer an excellent support substrate and an effective 

electron transfer for electrochemical reaction of DA (Tiwari et al. 2016). Also, favourable 

synergistic effects were found between PEDOT and graphene sheets that led to improved 

specificity and sensitivity (Weaver et al. 2014b) and enhanced effective electrode surface area 

and electrocatalytic activity towards the oxidation of DA (Belaidi et al. 2015). 

The electrochemical performance of the PEDOT modified electrodes was studied here 

using CVs at a scan rate of 50 mV s-1 in the presence of 1 × 10-3 M DA and in a mixture of 1 

× 10-3 M DA + 1 × 10-3 M AA + 1 × 10-3 M UA. Figure 4.5 illustrates the CV responses 

obtained for the unmodified LSG electrode and PEDOT–modified LSG electrodes in the 

presence of (A) 1 × 10-3 M DA and the mixture containing (B) 1 × 10-3 M AA + 1 × 10-3 M DA 

+ 1 × 10-3 M UA., At unmodified LSG electrode, a well-defined redox wave was observed with 

the anodic peak at 0.0257 V.  For the PEDOT-LSG electrodes, the oxidation peak potentials 

were shifted to lower potentials and the oxidation peak currents increased significantly. Among 

the PEDOT modified electrodes, the 15 s PEDOT–LSG electrode displayed an improved 

electrochemical response towards the oxidation of DA (Figure 4.5B). The oxidation peak 

current of 0.0673 mA for 15 s PEDOT-LSG was compared with the rest of the PEDOT–LSG 

electrodes and bare LSG electrode (Table 4.2). Peak current enhancement suggests that the 15 

s PEDOT–LSG exhibited high electrocatalytic activity towards the oxidation of DA (Figure 

4.5B). In summary, the electropolymerization of PEDOT for 15 s provided uniform deposition 

on the LSG electrode, enhancement of electrocatalytic activity and improved the selectivity to 
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DA in the presence of the two other analytes. Therefore, electropolymerization time of 15 s 

was selected for further studies of the sensor performance. 

 

Figure 4.5 CVs of LSG and PEDOT-LSG electrodes obtained after various PEDOT 

deposition times (5s, 10s, 15s, 20s and 25s) in PBS buffer (pH=7.4) containing: A) 1 × 

10−3 M dopamine (DA), and B) a mixture of 1 × 10−3 M AA + 1 × 10−3 M DA + 1 × 10−3 M UA, 

at a scan rate of 50 mV s−1.  

Table 4.2 Summary of the anodic peak potentials and currents for the electrochemical sensing of 

AA, DA and UA using LSG and PEDOT-LSG electrodes. 

Analyte Electrode type Epa (mV) Ipa (mA) 

AA Without PEDOT - - 

 PEDOT 5 s 37 0.0166 

 PEDOT 10 s 37 0.0200 

 PEDOT 15 s 38 0.0432 

 PEDOT 20 s 38 0.0241 

 PEDOT 25 s 38 0.0253 

DA Without PEDOT 252 0.0257 

 PEDOT 5 s 255 0.0451 

 PEDOT 10 s 266 0.0508 

 PEDOT 15 s 277 0.0673 
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 PEDOT 20 s 274 0.0554 

 PEDOT 25s 270 0.058 

UA Without PEDOT 420 0.0241 

 PEDOT 5 s 401 0.0384 

 PEDOT 10 s 408 0.0480 

 PEDOT 15 s 418 0.0601 

 PEDOT 20 s 415 0.0538 

 PEDOT 25 s 410 0.0489 

 

4.4.4 Biosensor Performance 

The electrochemical behaviour of the 15 s PEDOT-electrodes in the presence of 1×10-

3 M DA, 1×10-3 M AA, and 1×10-3 M UA in PBS (pH 7.4) was investigated by CV at a scan 

rate of 50 mV s-1. As presented in Figure 4.6, the sensor performance of LSG with PEDOT 

modification was significantly improved compared to the bare LSG. It is challenging to observe 

an obvious anodic peak for AA oxidation at the bare LSG (Figure 4.6A). However, the 15 s 

PEDOT-LSG electrode contributed a clear AA oxidation peak, with an Ipa of 0.0219 mA at a 

potential of 0.012 V (Table 4.3). For the sensing of DA, the anodic peak currents were 0.0198 

mA (bare LSG) and 0.0414 mA (PEDOT-LSG) (Figure 4.6B, Table 4.3). With the same onset 

potentials, the Ipa from PEDOT modified LSG electrode was over two times higher than the 

unmodified electrode. This suggests that PEDOT is a suitable material to enhance the sensing 

response of LSG electrodes towards DA. In Figure 4.6C, for the detection of UA, the anodic 

peak currents were 0.017 mA (bare LSG) and 0.0391 mA (PEDOT-LSG) (Table 4.3). The peak 

current was enhanced over two times, revealing that PEDOT modification of the LSG surface 

leads to a sensor with higher sensitivity to UA. 
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Figure 4.6 CVs of (A) 1 × 10-3 M DA, (B) 1 × 10-3 M AA, and (C) 1 × 10-3 M UA in PBS 

solution (pH 7.4) at LSG and PEDOT-LSG electrodes at a scan rate of 50 mV s−1.  

Table 4.3 Anodic peak potentials and currents obtained from CVs for the oxidation of the target 

analytes.  

Analyte Electrode type Epa (V) Ipa (mA) 

AA Without PEDOT - - 

 PEDOT 15s 12 0.02194 

DA Without PEDOT 228 0.01978 

 PEDOT 15s 229 0.04135 

UA Without PEDOT 423 0.01699 

 PEDOT 15s 371 0.03912 

 

The electrochemical sensing properties of LSG and 15 s PEDOT-LSG electrodes were 

investigated by CV and differential pulse voltammetry (DPV) to detect DA in a PBS solution 
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containing AA and UA (pH 7.4). The electro-active species AA and UA were selected for the 

selectivity experiment due to their serious interference in the electrochemical detection of DA 

(Huang et al. 2014). As shown in Figure 4.7A, the DA, AA and UA CV peaks are well resolved 

on the 15 s PEDOT-LSG electrode into three, well-defined peaks. In particular, the 

voltammetric peaks appeared at approximately 38 mV (AA), 277 mV (DA), and 418 mV (UA) 

(Table 4.4). The peak potential data obtained on other PEDOT-modified electrodes can be 

found in the supplementary information (Table 4.5). The relevant peak separations of 15 s 

PEDOT-LSG were 239 mV (AA and DA), 141 mV (DA and UA), and 380 mV (AA and UA). 

The ∆Ep (AA and DA) value was larger than in the case of Pt modified screen-printed graphene 

electrode in an earlier report (Ping et al. 2012). Compared with bare LSG, the 15 s PEDOT-

LSG electrode offers a significantly higher anodic peak current and improved voltammetric 

peak separation for the measurement of three analytes. When evaluating the 15 s PEDOT-LSG 

electrode using DPV, three distinct and determined anodic peaks were revealed at 

approximately −64 mV, 152 mV and 272 mV, which correspond to the electrochemical 

oxidation of AA, DA, and UA, respectively (Figure 4.7B, Table B.2). The voltammetric peak 

separations were ∆EDA–AA = 216 mV, ∆EUA–DA = 120, and ∆EUA–AA = 336 mV. It is essential to 

note that the ∆Ep (AA and DA) of PEDOT-LSG electrode is significantly wider than that of 

the bare LSG. The PEDOT-LSG sensor thus demonstrated excellent selectivity towards the 

DA and UA.  
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Figure 4.7 (A) CVs of 1×10-3 M DA, 1×10-3 M AA and 1×10-3 M UA in PBS (pH 7.4) at 

LSG and 15 s PEDOT-LSG electrodes using a scan rate of 50 mV s−1. (B) DPV response 

observed for 40 ×10-6 M DA, 1×10-3 M AA and 40×10-6 M UA in PBS (pH 7.4) at LSG and 

15 s PEDOT-LSG electrodes. 

Table 4.4 Anodic peak potentials and currents obtained from CVs for the simultaneous detection 

of AA, DA, UA.  

Analyte Electrode type Epa (mV) Ipa (mA) 

AA Without PEDOT - - 

 PEDOT 15s 38 0.0432 

DA Without PEDOT 252 0.0257 

 PEDOT 15s 277 0.0673 

UA Without PEDOT 420 0.0241 

 PEDOT 15s 418 0.0601 

 

Table 4.5 Summary of the anodic peak potentials and currents for the electrochemical sensing of 

AA, DA and UA using LSG and PEDOT-LSG electrodes. 

Analyte Electrode type Epa (mV) Ipa (mA) 

AA Without PEDOT - - 

 PEDOT 5 s 37 0.0166 

 PEDOT 10 s 37 0.0200 
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 PEDOT 15 s 38 0.0432 

 PEDOT 20 s 38 0.0241 

 PEDOT 25 s 38 0.0253 

DA Without PEDOT 252 0.0257 

 PEDOT 5 s 255 0.0451 

 PEDOT 10 s 266 0.0508 

 PEDOT 15 s 277 0.0673 

 PEDOT 20 s 274 0.0554 

 PEDOT 25s 270 0.058 

UA Without PEDOT 420 0.0241 

 PEDOT 5 s 401 0.0384 

 PEDOT 10 s 408 0.0480 

 PEDOT 15 s 418 0.0601 

 PEDOT 20 s 415 0.0538 

 PEDOT 25 s 410 0.0489 

To further investigate the electrochemical oxidation of DA on the PEDOT-LSG, the 

voltammetric response of DA by the effect of scan rate was studied in detail. Figure 4.8 

illustrates the CVs of 1×10-3 M DA and mixture of 1×10-3 M AA, DA and UA at different scan 

rates, ranging from 10 to 100 mV s-1 in 10 mV s-1 steps acquired  at the LSG unmodified 

electrode and  15 s PEDOT–LSG. As depicted in Figure 4.8 C and D, the oxidation peak current 

of DA, AA and UA all improved with the increase of scan rate. Log/log test of correlation 

between the DA anodic peak current and scan rate was applied. The slopes of 0.53 and 0.55 

(Figure 4.8 A and C) were obtained on the unmodified LSG electrodes, illustrating the 

diffusion-controlled process with the interface. In addition, the slopes of 0.66 and 0.67 (Figure 

4.8 B and D) were established when using the 15s PEDOT-LSG electrodes, which 

demonstrated the domination of a mixed mechanism between diffusion and adsorption effects 
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(Bard et al. 1980). These results were suitable for quantitative analysis in practical applications 

(Huang et al. 2014). 

Moreover, the anodic peak potential of DA shifted positively and the cathodic peak 

potential of DA shifted negatively with the increase of scan rate (Figure 4.8), suggesting that 

the electrochemical oxidation and reduction of DA is nearly fully‐reversible behaviour (Zhang 

and Lin 2005).  

At 15 s PEDOT-LSG, three well-defined anodic peaks were detected with greater peak 

separation in the presence of AA, DA and UA. The separation between the redox peaks of ∆E 

for DA-AA was approximately 0.25 V, ∆E for UA-DA 0.15 V, and ∆E for UA-AA was about 

0.4 V. These results are an improvement over those reported for graphene-based electrodes (Li 

et al. 2013). Selective and simultaneous determination of DA is demonstrated by the distinct 

difference between the anodic peak potentials of AA, UA and DA, contrary to overlap of the 

anodic peaks of AA and DA at the unmodified LSG sensor. The oxidation peak current at 

PEDOT–LSG electrode was much higher than that obtained at the LSG unmodified electrode. 

Therefore, the PEDOT–LSG electrode demonstrated high electrocatalytic activity towards the 

electrochemical reaction of DA and outstanding reversibility. A calibration curve of the anodic 

peak current for DA versus concentration of DA is presented in appendix Figure B.9 B, with 

estimated sensitivity of 0.0815±0.010 µA/µM and a detection limit of 15 µΜ. 

All above results clearly validate the significant selectivity of PEDOT–LSG toward DA 

which can be attributed to the combined advantage of rapid electron transport properties of 

porous graphene, and the electrocatalytic activity of PEDOT for the oxidation of AA, DA and 

UA (Andrieux et al. 1984; Kumar et al. 2006; Mathiyarasu et al. 2008). 
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Figure 4.8 CVs of (A , B) 1 × 10-3 M DA, (C, D) 1 × 10-3 M DA+1 × 10-3 M AA+1 × 10-3 M AA 

in PBS (pH 7.0) at LSG and PEDOT-LSG electrodes (15s), at a various scan rates (10 to 100 mV s-1 in 

10 mV s-1 steps). Insets show the log/log correlation plots of peak current of DA oxidation versus scan 

rates. 

DPV was explored next as a detection methodology for the determination of DA in a 

PBS solution containing a mixture of DA, AA and UA at PEDOT–LSG. Reports suggest higher 

sensitivity of the method and better resolution than when using CV (Yuan et al. 2012). Figure 

4.9 shows the DPV scans recorded at various concentrations of DA using 15 s PEDOT–LSG 

at 50 mV pulse amplitude, in the potential range from -0.2 to 0.6 V. While the concentration 

of DA changed, the concentration of UA and AA continued to be nearly constant. As illustrated 

in Figure 4.9C, the oxidation peak current values of DA were a linear function of its 

concentrations, in the range of 1 to 150 μM in the presence of 30 mM AA and 4 μM UA. When 
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using 15 s PEDOT-LSG modified sensor, the linear regression equation is expressed as I (μA) 

= 0.226 c (μM) + 19.1 (R2= 0.995). The oxidation peak current densities of AA and UA 

remained nearly constant as the concentration of DA increased, suggesting that the addition of 

AA and UA does not interfere with the detection of DA. These concentration ranges fit well 

with the normal blood concentration range for DA (Toghill and Compton 2010).  

A detection limit of 0.33 μΜ and sensitivity of 0.22 ± 0.01 µA/µM for the DPV 

determination of dopamine at PEDOT–LSG, in the presence of AA and UA, was obtained, 

which exhibited better sensing ability compared with the detection limit of 15 µM and 

sensitivity of 0.082±0.01 µA/µM obtained by CVs (appendix Figure B.9). The analytical 

parameters such as linear response range and sensitivity were compared to results from other 

reports in Table 4.6. These results clearly demonstrate that the PEDOT–LSG exhibit excellent 

electrocatalytic effect towards dopamine oxidation, in preference to ascorbic acid and uric acid. 

 

Figure 4.9 DPV response of different concentrations of DA in a mixture of 30 × 10−3 M AA and 

4 × 10−6 M UA in PBS (pH 7.4) at (A) LSG, and (B) 15 s PEDOT-LSG modified electrodes. (C) Plots 
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of the oxidation peak current versus concentration of DA: symbols present the experimental data and 

the lines are linear fits.  

Table 4.6 Literature data for analytical parameters for dopamine sensors presented in the 

literature and compared to the present work.  

Electrode Method  Sensitivity 

(µA μM-1) 

Linear range 

(µM) 

Ref 

PPy/GR/GCa CV 0.094 0.5-10 (Zhuang et al. 

2011) 

Graphene DPV 0.066 4-100 (Kim et al. 

2010) 

N doped grapheneb DPV 0.032 0.5–170 (Sheng et al. 

2012) 

Porphyrin/graphene DPV 0.036 0.1-500 (Han et al. 

2014) 

Graphene nanowalls CV 0.105 2-100 (Wang et al. 

2011b) 

PPyox/graphenec DPV 0.21 3.6-249.6 (Liu et al. 

2014b) 

MWCNT/GONRd Amperometry 0.24 0.15-12.15 (Sun et al. 

2011) 

PS/graphenee DPV 00405 5-100 (Liu et al. 

2013) 

Bare LSG DPV 0.076±0.008 10-150 Present work 

PEDOT-LSG DPV 0.220±0.011 1-150 Present work 

 

a Polypyrrole/reduced graphene/glassy carbon 

b Nitrogen doped graphene 

c Overoxidized polypyrrole/graphene 

d Multiwalled carbon nantotubes/graphene oxide nanoribbons 

e Polystyrene/graphene 
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4.4.5 The stability, reproducibility, and repeatability of the PEDOT-LSG 

sensor 

In order to examine the repeatability of the biosensor, DA was detected successively 

10 times using the same PEDOT-LSG electrode. The relative standard deviation (RSD) was 

calculated to be within 1.7 % indicating the 15 s PEDOT-LSG sensor possess good 

repeatability (Figure 4.10A). Additionally, to evaluate the proposed DA sensor's 

reproducibility, five 15 s PEDOT-LSG electrodes were manufactured independently under the 

same conditions for measuring their CV responses toward 1 × 10−3 M DA; the RSD was 

demonstrated as 2.7% (Figure 4.10B), indicating the biosensor can be highly reproduced. The 

storage stability of PEDOT-LSG was examined by the CV response in 1 × 10−3 M DA, and 

after the electrode was stored in the PBS at 4 ◦C for 3 days. No obvious change in peak current 

was observed in Figure 4.10C, and the sensor retained 93.8 % of its initial current response 

indicating an acceptable stability of the biosensor. 
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Figure 4.10 (A) Repeatability, (B) reproducibility of the sensing and (C) storage stability. 

4.5 Conclusions 

In summary, the direct laser scribing of PI films provides a commercialization-available 

approach for efficient fabrication of graphene electrodes. In this report, we have shown that 

electrodeposition of PEDOT on the LSG electrodes affords a facile and effective sensor for 

detection of dopamine in a complex mixture with interference compounds of AA and UA. The 

PEDOT-LSG electrodes presented a 3D porous morphology, with surface area and roughness 

larger than the parent LSG electrodes, along with excellent electrochemical characteristics. The 

PEDOT-LSG sensor exhibited a significant performance enhancement, compared to parent 
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LSG electrodes, in terms of the voltammetric and DPV peak potential separation and the 

analyte’s peak currents. The simultaneous detection of DA in the presence of AA and UA was 

achieved with high selectivity, sensitivity of 0.22 ± 0.01 µA/µM and a low detection limit of 

0.33 µΜ. 

This work is first to report a facile preparation of possibly disposable sensor electrodes 

based on the LSG surface modification using conducting polymer PEDOT. The PEDOT-LSG 

electrodes hold a great promise for in-field or point-of-care biosensing, as well as in other 

integrated bioelectronics devices.  
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5 Detection of multiple neurotransmitters 

by three-dimensional laser-scribed 

graphene grass electrodes 

This chapter is adapted from the submitted manuscript: 

Guangyuan Xu, Zahraa A. Jarjes, Hsiang-Wei Wang, Anthony R. J. Phillips, Paul A. 

Kilmartin, Jadranka Travas-Sejdic. Detection of multiple neurotransmitters by three-

dimensional laser-scribed graphene grass electrodes. ACS Applied Materials and Interfaces, 

2018,  10 (49), 42136-42145, with permission from (Xu et al. 2018b), Copyright 2018, 

American Chemical Society. 

5.1 Abstract 

Carbon nanomaterials possess superb properties and have contributed considerably to 

the advancement of integrated point-of-care (POC) chemical and biological sensing devices. 

Graphene has been widely researched as a signal transducing and sensing material. Here, a 

grass-like laser scribed graphene (LSG) was synthesized by direct laser induction on common 

polyimide plastics. The resulting LSG grass was employed as a disposable electrochemical 

sensor for the detection of three neurotransmitters, dopamine (DA), epinephrine (EP) and 

norepinephrine (NE), and in the presence of uric acid (UA) and ascorbic acid (AA) as potential 

interferents, using differential pulse voltammetry (DPV) and cyclic voltammetry (CV). The 
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LSG grass sensor achieved a sensitivity of 0.243, 0.067 and 0.110 µA µM–1 for DA, EP and 

NE, respectively, while the limits of detection were 0.43, 1.1 and 1.3 µM, respectively. The 

selectivity of LSG grass was excellent for competing biomarkers with high structural similarity 

(EP versus NE, and EP versus DA). The exceptional performance of LSG grass for DA, EP 

and NE detection holds a promising future for carbon nanomaterial sensors with unique surface 

morphologies. 

5.2 Introduction 

The structurally diverse nano-carbons, available in different allotropes, include zero-

dimensional (0D) fullerene (Kroto et al. 1985), one-dimensional (1D) carbon nanotubes 

(Ebbesen and Ajayan 1992), two-dimensional (2D) graphene (Geim and Novoselov 2007) and 

three-dimensional (3D) carbon aerogels (Haiyan et al. 2013). These nanocarbon materials have 

been widely researched, revealing their exceptional physical, chemical and electronic 

characteristics (Mauter and Elimelech 2008). The special properties of nanoscale carbon 

nanomaterials make them ideal choices for modern electronic (Cao et al. 2013; Schwierz 2010), 

energy storage (Lin et al. 2015) and sensing applications (Zhao et al. 2011). In particular, 

graphene has great potential for energy storage, micro and nano-electronics, semiconductor 

industry devices, and biotechnology applications (Koman et al. 2018; Liu et al. 2016a) (Chen 

et al. 2017; Gao et al. 2012; Liu et al. 2018; Xu et al. 2018a). Graphene was the first identified 

2D material (Allen et al. 2010) and comprises a single 2D atomic layer carbon arranged in a 

honeycomb lattice (Hud et al. 2015; Novoselov et al. 2004). Graphene possesses fast electronic 

mobility, excellent electrical conductivity, good inherent strength and high optical 

transparency (Zhu et al. 2010). 



 

118 

 

Due to innovations in fabrication methods, it is now possible to integrate synthesis and 

patterning processes. This has enabled graphene to be recently utilized as an electrochemical 

sensor material (Chen et al. 2017; Xu et al. 2017). Attempts have also been made to fabricate 

porous graphene with high surface area using several methods (Bae et al. 2010; Lin et al. 2014; 

Xu et al. 2016a). In a further development, a methodology using a laser to produce surface 

laser scribed graphene (LSG), has stimulated considerable interest (Cote et al. 2009b; El-Kady 

et al. 2012; Ye et al. 2017). The laser process is a photothermal procedure that is cost-efficient, 

facile and allows the possibility of customizable patterning (El-Kady and Kaner 2013b). The 

methodology offers fabrication of large surface area, few-layer-thick graphene, with a porous 

3D network, that possesses excellent electrical conductivity and mechanical robustness (Chyan 

et al. 2018). Due to the unique features of LSG, it has been employed in energy storage devices 

(Li et al. 2016b) and for electrocatalysis applications (Zhang et al. 2018a). LSG has also been 

utilized in biological sensing, such as a single-use dopamine sensor (Xu et al. 2018a), a glucose 

sensor (Tehrani et al. 2015) and a thrombin sensor (Fenzl et al. 2017).  

Neurotransmitters, including dopamine (DA), epinephrine (EP) and norepinephrine (NE), 

are brain chemicals that transfer signals across chemical synapses. They regulate a broad range 

of behavioural and physiological processes including movement, the physical ability to feel 

pleasure and pain, and emotional responses reactions (Fox and Wightman 2017).  Lack of DA 

and NE can lead to several neurological disorders, such as Parkinson's and Alzheimer’s 

diseases (Sangubotla and Kim 2018). 

Technological advances have been made in recent years to improve the detection and 

monitoring of neurotransmitters. Methods investigated include liquid chromatography, 
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spectrophotometry, fluorimetry, flow injection chemiluminescence and capillary 

electrophoresis (Ghanbari and Hajian 2017; Gopal et al. 2018; Samba et al. 2014; Weaver et 

al. 2014a). Although these techniques successfully detect neurotransmitters, they have the 

shortcomings of being expensive, time-consuming and exhibit limited sensitivity (Choo et al. 

2017; Reddy et al. 2017). Other approaches using electrochemical methods have also been 

investigated due to their potential to provide a fast response, sensitivity, selectivity and reduced 

cost (Lavanya et al. 2015; Nafady et al. 2017). 

The simultaneous detection of several neurotransmitters is particularly challenging, since 

the presence of interfering molecules, such as structural neurotransmitter analogues, prevent 

selective recognition (Kruss et al. 2014). Ascorbic acid (AA), a water-soluble antioxidant 

vitamin, (Pisoschi et al. 2011) and uric acid (UA), the end metabolism product of purine, 

(Tukimin et al. 2017) are the major electroactive interference compounds which usually coexist 

with DA, EP and NE in biofluids (Ghanbari and Hajian 2017; Li et al. 2016a). The focus of 

this work is, therefore, the development of a biosensor for multiple neurotransmitters that 

tolerates the presence of AA and UA. Recently, sensors for neurotransmitter detection based 

upon carbon nanotubes and graphene modified electrodes have been demonstrated (Ding et al. 

2016; Du et al. 2014; Mphuthi et al. 2016; Yang and Li 2014).   

Herein, we present a facile, disposable point-of-care (POC) electrochemical sensor based 

on converting a plastic-polyimide (PI) by laser irradiation into 3D vertically aligned structures 

of LSG, dubbed here as “grass”, for the sensitive detection of three catechol-containing 

neurotransmitters, namely DA, EP and NE.  Differential pulse voltammetry (DPV) and Cyclic 

voltammetry (CV) methods were conducted to collect sensing information for the oxidation of 
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DA, EP and NE.  Finally, the utility in a practical clinical applications was tested to determine 

if the electrode could detect DA added to a human urine sample.  

5.3 Materials and Methods 

5.3.1 Reagents and Materials 

The polymer sheet used to manufacture the LSG grass and LSG was a polyimide film 

(Kapton HN) purchased from RS Components (thickness: 75 µm; stock no. 536-3968). 

Dopamine hydrochloride (DA, #H976) was bought from AK Scientific. (±)-Epinephrine 

hydrochloride was purchased from Sigma Aldrich (EP, #E4642). L-Norepinephrine 

hydrochloride was obtained from Sigma Aldrich (NE, #74480). Uric acid (UA, #U2625) and 

L-ascorbic acid (AA, #A92902) were also acquired from Sigma-Aldrich. Phosphate buffer 

solution (PBS), 0.1 M, was prepared at pH = 7.4 and all the aqueous solutions were deaerated 

using nitrogen (purity: 99.99%). All reagents and materials were used without further 

purification. 

5.3.2 Synthesis of LSG grass and electrode fabrication 

The LSG carbon grass was created by laser scribing of a PI film with a universal CO2 

laser system (wavelength=10.6 µm, laser cutter VLS3.50). The focus of the laser was checked 

by a calibration tool (fixed distance between lens and substrate) before every laser scribing. 

After investigating the settings of the writing parameters, the optimal power, speed, pulse per 

inch (PPI) and Z-distance were determined as 7 W, 8.4 cm s−1, 500 PPI, and 2 mm, respectively. 

The LSG grass was synthesized at ambient conditions in raster mode. The LSG grass structures 

were designed as the standalone working electrodes with a tip diameter of 2 mm. The LSG 
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electrode fabrication was reported by us previously (Xu et al. 2018a), and the performance of 

the LSG grass electrodes were compared to the performance of the LSG electrode (dubbed 

“normal LSG”).  

5.3.3 Physiochemical characterization 

Scanning electron microscopy (SEM) was utilized to monitor the formation of LSG grass 

morphology (JCM 6000, Hitachi High-Technology). The height of LSG grass was estimated 

by the cross-sectional SEM. To prevent electron accumulation on the insulating PI, and thus 

consequently to achieve avoid high low-quality images, a 10 nm gold coating was deposited 

on the sample’s surface. A powder X-ray diffractometer (PANalytical, model Empyrean, 

copper cathode tube) with the wavelength of the incident beams as 1.540598 Å and 1.54443 Å 

(the Kα1 and Kα2 line of Cu), as well as Raman spectroscopy (wavelength 488 nm, Renishaw 

Raman system 1000), were both employed to characterize the resulting LSG grass samples. 

5.3.4 Electrochemical characterizations 

All electrochemical measurements were performed using a standard three-electrode set-up: 

LSG grass with a designed diameter of 2 mm served as the working electrode; a Ag/AgCl (3 

M KCl, +0.207 V vs. SHE) was used as the reference electrode, and a linear platinum wire was 

employed as a counter electrode. CV and DPV were used to evaluate the LSG grass electrode 

and perform the detection of the three neurotransmitters. CVs were conducted in the voltage 

range from -0.2 to 0.6 V (vs. Ag/AgCl reference electrode), at scan rates from 10 to 100 mV s-1. 

DPVs were conducted using the following optimized parameters: pulse amplitude of 50 mV, 

pulse period of 500 ms, sampling width of 200 ms and a scan rate of 8 mV s-1. The solutions 
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were freshly made using deionized water (Milli-Q, 18.2 MΩ cm), dissolved oxygen was 

removed by nitrogen degassing, and the solutions stored at 3 ℃ in the dark prior to use, to 

prevent the oxidation of DA, EP and NE. All the measurements were carried out under ambient 

conditions.  

5.3.5 Urine sample  

After obtaining informed written consent, a morning urine sample was obtained from a 

healthy female volunteer following an overnight fast (10 hours). The collection of urine was 

approved by the University of Auckland Human Participants Ethics Committee for the purpose 

of electrochemical research (Ref. 018755). The urine sample was centrifuged at 3000 rpm for 

15 minutes at 4 ℃. The supernatant was then snap-frozen in liquid nitrogen and stored at -80 

℃ until its use two weeks after collection.  

5.4 Results and discussion 

As shown in Figure 5.1, the vertically aligned LSG grass was created by direct CO2 laser 

irradiation of PI sheets. The morphology of LSG grass is different from the morphology of the 

LSG reported in our previous work (Xu et al. 2018a). Briefly, by adjusting the power, speed 

and PPI of the laser, the orange coloured PI was converted to black LSG grass with vertically 

aligned carbon structures rising from the surface. The height of carbon grass-like structures 

was ca. 40 µm and on top of ca. 20 µm of a layer of porous, but denser, LSG that is also 

observed in the normal LSG (Figure C.3).  About 45 µm of the PI thickness remains unchanged, 

while about 30 µm of the PI (out of a total thickness of 75 µm) was converted to LSG (inset, 

Figure 5.1). 
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Figure 5.1 Schematic representation of LSG grass generation by CO2 laser induction. Inset: 

the cross-sectional SEM view of LSG grass. The conductive grass structure integrates the 

functions of sensing and connection to become an electrochemical sensor. 

5.4.1 Physiochemical characterization of LSG grass 

 Surface morphological and structural characterization of the LSGs were performed 

using SEM imaging, Raman spectroscopy and XRD, while electrochemical properties were 

examined by means of voltammetry.  

In Figure 5.2, typical cross-sectional SEM images reveal a grass shape, with a typical 

topographic height of approximately 40~50 µm. The LSG grass sits on the top of further LSG, 

demonstrating that the grass structure was formed during laser etching. As discussed by others 

(Duy et al. 2018), the LSG nanostructured sheets could be generated at a low energy input, 

while the nanostructured sheets began converting to a grass structure at higher energy inputs. 

SEM images of the LSG surfaces were in line with the reported LSG structures, where it was 
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shown that an increase in the laser power tends to increase porosity, as well producing a higher 

degree of graphitization (Duy et al. 2018; In et al. 2015).  

Figure 5.3 A-D shows representative surface morphologies of the samples obtained 

upon applying varying laser powers, ranging from 4.9 to 7 W, under a laser fixed speed of 8.4 

cm s−1 and PPI of 500.  Obvious morphological changes can be observed as the laser power 

was increased when the LSG structures start to appear as pyramidal shapes. The resulting 

structures appear rougher, larger and of a higher density, becoming relatively homogeneously 

distributed across the surface. The highest investigated laser power of 7 W generated the 

densest structures on the surface (Figure 5.3 D).  The change in the LSG surface morphology 

with increasing PPI is presented in Figure C.1 A-D. A PPI of 500 (pulse separation of 50.8 

µm), with spot size ~50 µm, generated a denser LSG grass than the other PPI conditions (Figure 

5.3 C). Our previously investigated LSG, obtained under conditions of PPI of 1000 (pulse 

separation at 25.4 µm) with spot size ~100 µm, was also porous but displayed a flat morphology 

(Xu et al. 2018a). The morphology produced in the present study can be attributed to well-

separated pulses.   
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Figure 5.2 Cross-sectional SEM images of LSG grass electrodes at magnifications of (A) 

× 2000, (B) × 800, (C) × 400, and (D) × 200. The materials were formed with the power set at 

7 W, speed 8.4 cm s-1 and PPI 500 by raster mode. 
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Figure 5.3 (A-D) SEM images of the formation of LSG grass by laser scribing from PI sheet, as a 

function of the laser power (speed at 8.4 cm s-1, PPI at 500). Magnification: ×200. 

 

The voltammograms in Figure 5.4 were used to estimate the real active surface area of 

LSG grass, and of LSG (Figure 5.4A). By means of the Randles-Sevcik equation (𝐼𝑃 = 2.69 ×

105 × 𝑛3/2𝐴𝐷0
1/2

𝑣1/2𝐶) (Lu et al. 2008; Tang et al. 2009), the real surface area of the LSG 

grass was determined to be 0.115 cm2, which was two times larger than the 0.0652 cm2 obtained 

for the LSG (for details see Table C.1).  

CVs of LSG grass were recorded in the presence of the electroactive redox probe 

[Fe(CN)6]3-/4− at scan rates ranging from 10 to 100 mV s−1 (Figure 5.4B). Well-defined anodic 
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and cathodic peaks were observed at 267 mV and 188 mV, respectively, for a 10 mV s-1 scan 

rate.  The linear dependence (R2=0.998) between current vs. square root of scan rates indicates 

that the redox process was under diffusion control (Figure 5.4B inset) (Bard et al. 1980). 

  Raman spectroscopy is an important tool for the characterization of carbon materials 

(Ferrari and Basko 2013). Figure 5.4C presents a typical Raman spectrum of LSG grass. The 

spectrum shows prominent peaks at around 1350 cm-1 (D band), 1585 cm-1 (G band) and 2715 

cm-1 (2D band).  The G-Peak has been assigned to graphitic carbons with sp2 hybridization 

(Sokolov et al. 2010), while the D band is affected by the disordered structural defects of 

graphene. The 2D band indicates few-layer graphene structures (Strong et al. 2012), which are 

thus shown to be present in the LSG grass. 

The XRD profile in Figure 5.4D shows that the LSG grass carbon produced a very 

sharp peak at 2ϴ = 25° (diffraction angle), which corresponds to an interlayer distance of 0.336 

nm and indicates a high degree of graphitization. An additional peak that appeared at 42.9 ̊ 

matches the (100) reflections, attributed to a sp2 in-plane structure, in agreement with literature 

reports (Lin et al. 2014). 
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Figure 5.4 Characterizations of the LSG grass. A) CVs at LSG grass vs. LSG were 

conducted in the PBS buffer containing 5 mM [Fe(CN)6]3-/4−. B) The CVs of LSG grass in the 

PBS electrolyte consisting of 5 mM [Fe(CN)6]3-/4− as a function by the different scan rates (10, 

25, 50, 75 and 100 mV s-1). (C)  Raman spectrum of LSG grass. (D) XRD pattern of LSG grass. 

All the laser scribing was carried out with the parameters of power at 7 W, speed 8.4 cm s-1 

and 500 PPI in raster mode. 

5.4.2 Electrochemical studies of DA, EP and NE on LSG grass electrodes 

5.4.2.1 Electrochemical performance of DA, EP, NE, AA and UA 

Figure 5.5 shows the electrochemical activity at LSG grass and LSG electrodes for the 

individual target neurotransmitters. It can be seen that DA has a pair of oxidation and reduction 

peaks both at LSG and LSG grass in the potential range between –0.2 V to 0.6 V (Figure 5.5A). 
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The peak current was significantly increased when the LSG grass electrode was used, 

compared with LSG (0.0353 mA vs. 0.0198 mA). The separation between the redox peaks on 

the LSG grass was approximately 89 mV, pointing to a good, but not complete, degree of 

reversibility. Figure 5.5B compares the CVs of EP oxidation at LSG and LSG grass, and a clear 

oxidation wave at 0.2 V was seen when the LSG grass electrode was utilized, and again a 

higher oxidation current, versus an oxidation wave at 0.3 V for a broader peak at the LSG. 

Figure 5.5C shows a CV for NE at LSG and LSG grass electrodes. A well–defined oxidation 

peak of NE, expected to produce an o-quinone (Devnani et al. 2016), was seen at 0.26 V for 

the LSG grass and a broader oxidation peak at 0.3 V was seen with LSG. The LSG grass 

appeared to demonstrate enhanced electrocatalytic properties for the oxidation of DA, EP and 

NE, with the higher currents matching the increased surface area of these electrodes compared 

to LSG (Xu et al. 2018a).  

Figure 5.5D displays CV responses of AA at both types of electrodes. The oxidation 

peak potential of AA on the LSG grass was observed at -15 mV, while the oxidation of AA on 

the LSG was not clearly seen. The electrochemical response to UA is shown in Figure 5.5E. A 

well-defined oxidation peak of UA at 441 mV was obtained with the LSG grass electrode, 

while a broad oxidation peak was observed with LSG. The electrochemical anodic peak 

potentials and peak currents from these measurements are summarized in Table 5.1.  

Also, the electrode reactions were assessed by investigating the effect of scan rate on 

the peak currents of 1 mM DA, EP and NE in a pH 7.4 buffer, at both LSG grass and LSG 

electrodes (Figure C.3 and Figure C.4). The log/log analysis of the correlation between anodic 

peak current and scan rate (scan rate: 10 to 100 mV s-1) were evaluated with a slope close to 
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0.5, indicating diffusion controlled processes at both LSG grass (Figure C.3) and LSG (Figure 

C.4) electrodes (Bagheri et al. 2017; Bard et al. 1980). 

 

Figure 5.5 CVs for the LSG & LSG grass electrodes performed in the PBS electrolyte, 

containing (A) 1 mM DA, (B) 1 mM EP, (C) 1 mM NE, (D) 1 mM AA and (E) 1 mM UA. 

Table 5.1 Currents and anodic peak potentials recorded from CVs for the oxidation of the target 

analytes. 

Analyte Electrode type Epa (mV) Ipa (mA) 

AA LSG grass  -15 0.0088 

 LSG - - 

DA LSG grass  244 0.0353 

 LSG 228 0.0198 

EP LSG grass  245 0.0357 

 LSG 336 0.0198 

NE LSG grass  253 0.0305 

 LSG 299 0.0173 
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UA LSG grass  441 0.0368 

 LSG 422 0.0170 

 

5.4.2.2 Selective determination of DA, EP and NE 

Figure 5.6A shows CVs for a mixture of AA, DA and UA in PBS at the LSG and LSG 

grass electrodes.  At the LSG grass, a separate and well-defined oxidation peak (E = 278 mV) 

was exhibited by DA with no overlap from the AA oxidation peak (E = 28 mV) and the UA 

oxidation peak (E = 446 mV) (Figure 5.6A, Table 5.2). Two distinguishable oxidation peaks 

were revealed only by the LSG's CV, a smaller DA oxidation peak merging with the extensive 

AA oxidation peak. The selectivity of both electrodes in the presence of interferents was 

examined using DPV in a solution containing AA, UA and DA (Figure 5.6B). The peaks for 

AA, DA and UA were not distinguished very well using the LSG. On the other hand, well-

separated and well-defined peaks for DA, UA, and AA, were obtained at the LSG grass 

electrode, located at 166, 302, and -76 mV, respectively (Table 5.3). 

Table 5.2 Currents and oxidation peak potentials from CVs for the simultaneous detection of AA, 

DA, UA 

Analyte Electrode type Epa (mV) Ipa (mA) 

AA LSG grass 28 0.0206 

 LSG - - 

DA LSG grass 278 0.0473 

 LSG 272 0.0257 

UA LSG grass 446 0.0402 

 LSG 448 0.0242 

 



 

132 

 

Table 5.3 Currents and oxidation peak potentials from DPVs for the simultaneous detection of 

AA, DA, UA 

Analyte Electrode type Epa (mV) Ipa (µA) 

AA LSG grass -76 14.15 

 LSG -48 4.21 

DA LSG grass 166 21.59 

 LSG 139 5.52 

UA LSG grass 302 23.70 

 LSG 272 3.13 

 

Figure 5.6C shows CVs for LSG and LSG grass electrodes with a mixture of AA, EP 

and UA. The LSG grass provided anodic peaks for the oxidation of EP, AA, and UA at 50, 288 

and 483 mV, respectively (Table 5.4). By contrast, the LSG displayed only small responses 

and overlapping peaks. There was a big rise in the anodic peak current at the LSG grass 

electrode, which was owing to the larger active surface area and substantial electrocatalytic 

impact. DPV analysis was conducted at both electrodes for a mixture of AA, EP and UA 

(Figure 5.6D). Only weak current responses were seen at the LSG, whereas three distinct peaks, 

at potentials of -54, 155, and 357 mV, were detected at the LSG grass electrode, attributed to 

the oxidation of AA, EP, and UA, respectively (Table 5.5). These results demonstrate that it is 

possible to simultaneously detect AA, EP, and UA, from a mixture, using the LSG grass. 

Table 5.4 Currents and oxidation peak potentials from CVs for the simultaneous detection of AA, 

EP, UA 

Analyte Electrode type Epa (mV) Ipa (mA) 

AA LSG grass 50 0.0248 
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 LSG - - 

EP LSG grass 288 0.0513 

 LSG 320 0.0249 

UA LSG grass 483 0.0426 

 LSG - - 

 

 

Table 5.5 Currents and oxidation peak potentials from DPVs for the simultaneous detection of 

AA, EP, UA 

Analyte Electrode type Epa (mV) Ipa (µA) 

AA LSG grass -54 21.82 

 LSG -55 7.16 

EP LSG grass 155 8.38 

 LSG 145 7.06 

UA LSG grass 357 25.85 

 LSG 331 7.30 

 

The CVs of a mixed solution of AA, NE and UA were also recorded at both electrodes. 

As presented in Figure 5.6E, the CVs at the LSG appeared as a series of overlapping peaks, 

while three well-separated oxidation peaks were observed at the LSG grass electrodes. The 

oxidation peak of AA was found at 35 mV, NE at 299 mV and that of UA at 439 mV (Table 

5.6). Furthermore, DPV (Figure 5.6F) showed anodic peaks for NE, AA and UA at 194 mV, -

56 mV and 352 mV, respectively. The peak to peak separation for NE-AA and NE-UA were 

250 mV and 156 mV (Table 5.7), indicating a significantly better performance for LSG grass 

than for LSG electrodes. 
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Figure 5.6 CVs at the LSG & LSG grass electrodes for (A) 1 mM DA; (C) 1 mM EP; (E) 

1 mM NE, each in the PBS solution consisting of 1 mM AA and 1 mM UA. DPVs at LSG and 

LSG grass electrodes for (B) 40 µM DA; (D) 40 µM EP; (F) 40 µM NE, each in the PBS 

solution containing 1 mM AA and 40 µM UA. 
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Table 5.6 Currents and oxidation peak potentials from CVs for the simultaneous detection of AA, 

NE, UA 

Analyte Electrode type Epa (mV) Ipa (mA) 

AA LSG grass 35 0.0171 

 LSG - - 

NE LSG grass 299 0.0427 

 LSG 305 0.0292 

UA LSG grass 439 0.0398 

 LSG 463 0.0335 

 

Table 5.7 Currents and oxidation peak potentials from DPVs for the simultaneous detection of 

AA, NE, UA 

Analyte Electrode type Epa (mV) Ipa (µA) 

AA LSG grass -56 21.87 

 LSG -52 6.69 

NE LSG grass 194 8.52 

 LSG 189 7.20 

UA LSG grass 352 27.68 

 LSG 325 7.18 

 

5.4.2.3 Simultaneous determination of EP-NE, NE-DA and EP-DA 

The simultaneous detection of EP-NE, NE-DA and EP-DA, in the mixture containing 

the interferents such as AA and UA was examined at the LSG grass electrode using DPV 

(Figure 5.7).  In the first set of experiments, NE, AA and UA were kept at fixed concentration 

of 40 µM, 1 mM, and 40 µM, respectively, while the concentration of EP was varied from 60 

to 100 µM. EP and NE were tested together as EP is structurally similar to NE and both these 
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catecholamines are oxidized at a similar voltage, which leads to overlapping voltammetric 

reactions and makes it difficulty to distinguish them (Goyal and Bishnoi 2011). Separate peaks 

could indeed be observed for EP (0.11 V) and NE (0.15 V) (Figure 5.7A). The current response 

of EP increased for a greater concentration of EP. 

In the second set of experiments, the concentration of NE was varied from 60 to 100 

µM, while keeping concentration of DA (40 µM), UA (40 µM) and AA (1 mM) constant. NE 

and DA have high degree of structural similarity and can show overlapping redox peaks 

(Nakatsuka and Andrews 2017). In this case the response for NE and DA was seen as one 

broader oxidation peak at about 0.15 V (Figure 5.7B), therefore a simultaneous determination 

of these two neurotransmitters was not possible.   

In the third set of experiments, the concentration of EP was varied from 60 to 100 µM, 

while the concentrations of DA (40 µM), UA (40 µM) and AA (1 mM) were kept constant. 

The close structural similarity of DA and EP often generates interference problems, and it is of 

interest to develop a selective biosensor electrode capable of simultaneously separating both 

catecholamines (Canevari et al. 2016). The DPV curves show some overlap of the oxidation 

peaks for EP and DA, with the EP oxidation appearing as a shoulder on the DA peak (Figure 

5.7C). 
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Figure 5.7 The selectivity DPV responses using LSG grass electrodes in: (A) a PBS 

mixture solution containing 1 mM AA, 40 µM NE and 40 µM UA with increasing 

concentrations of EP (60-100 µM); (B) a PBS mixture solution containing 1 mM AA, 40 µM 

DA and 40 µM UA with increasing concentrations of NE (60-100 µM); (C) a PBS mixture 

solution containing 1 mM AA, 40 µM DA and 40 µM UA with increasing concentrations of 

EP (60-100 µM). 

5.4.2.4 Quantitative analysis of DA, EP and NE 

The quantitative analysis of DA, EP and NE was conducted using DPV at the LSG 

grass electrodes for various concentrations of each of the analytes, and in the presence of 

constant concentrations of 30 µM AA and 4 µM UA (Figure 5.8).  
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The DPV curves showed a well-defined and sharp anodic oxidation peak for DA 

(Figure 5.8A), which was proportional to the concentration of DA in the range of 0.5 to 90 µM 

(Figure 5.8B). The correlation coefficient was found to be 0.991, the sensitivity 0.243 µA µM–

1 and the detection limit (LOD) was 0.43 µM. Such DA sensing performance at LSG grass is 

highly improved compared to the LSG, which had a sensitivity of 0.079 µA µM–1 (Figure C.5 

A & B).  

The peaks currents of EP oxidation at the LSG grass electrode were much higher 

(Figure 5.8C) than those observed at the LSG (Figure C.5 C & D). A linear calibration plot of 

the concentration of EP versus the anodic peak current was obtained (Figure 5.8D) in the range 

0.5 to 90 μM with a sensitivity of 0.067 µA µM–1 and a LOD of 1.1 µM. 

Figure 5.8E presents the DPV traces obtained for the oxidation of different 

concentrations of NE on the LSG grass electrode, with the peak potential at approximately 0.15 

V. The peak current increased linearly with NE concentration (Figure 5.8F) in the range of 0.5 

to 90 µM. Using the slope of the calibration curve, the sensitivity was calculated at 0.110 µA 

µM–1 and a LOD of 1.3 µM. Conversely, an insignificant peak current was observed at LSG 

(appendix Figure C.5 E & F). A further comparison with the performances of additional types 

of electrodes sensors published, is presented in Table 5.8. It can be seen that LSG grass 

electrode exhibited low LOD and high sensitivity for the detection of DA, EP and NE, 

comparable to the best of the previously published reports. 
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Figure 5.8 DPV responses at LSG grass electrodes of various concentrations of (A) DA, 

(C) EP, and (E) NE in a PBS mixture comprising 4 µM UA and 30 µM AA. (B, D, F) 

Calibration plots of the DPV peak current vs. different neurotransmitter levels. The 

experimental data are provided by the symbols, and the linear fits are shown by lines. 
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Table 5.8 Comparison of analytical performance of LSG grass electrode with other electrodes 

reported previously 

Electrode Analytes Approach Sensitivity (µA μM-1) LOD 

(µM) 

Ref 

Graphene DA DPV 0.066 2.64 (Kim et al. 

2010) 

Graphene nanowalls DA CV 0.105 0.12 (Wang et al. 

2011b) 

N doped grapheneb DA DPV 0.032 0.25 (Sheng et al. 

2012) 

Porphyrin/graphene DA DPV 0.036 0.35 (Han et al. 

2014) 

PEDOT/ LSG DA DPV 0.22 0.33 (Xu et al. 

2018a) 

CPE/ CNTs EP DPV 0.106 1.0 (Mazloum-

Ardakani et al. 

2012) 

MDWCNTPE EP DPV 0.369 0.216 (Beitollahi et 

al. 2008) 

CPE/ DDP/ CNTs EP DPV 0.019 2.8 (Mazloum-

Ardakani et al. 

2011) 

CPE-MWCNT/ 

Fe3O4 29H 

EP DPV 0.048 4.6 (Mphuthi et al. 

2016) 

Graphene/ Pd NE DPV 0.017 0.376 (Rosy et al. 

2014) 

CPE-MWCNT/ 

Fe3O4 29H 

NE DPV 0.048 2.2 (Mphuthi et al. 

2016) 

MWNTs-

ZnO/chitosan 

NE SWV 0.058 0.2 (Wang et al. 

2015) 
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Carbon nanoparticless - CNPs 

2,2-[1,2-ethanediylbis(nitriloethylidyne)]-bis-hydroquinone carbon nanotube - MDWCNTPE 

3,4-dihydroxybenzaldehyde-2,4-dinitrophenylhydrazone - DDP 

Carbon nanotubes – CNTs 

Palladium – Pd 

 

5.4.2.5 Discussion on the electrochemical studies 

LSG grass is a graphene structure generated by a simple, one-step laser writing on a 

common plastic material. The unique tubular morphology (Figure 5.2 & 5.3), improved active 

surface area (Figure 5.4) and increased electrochemical activity (Figure 5.5), demonstrating the 

potential for developing new biosensor electrodes. It is demonstrated here that the LSG grass 

electrodes have sensing performance for the determination of DA, EP and NE. The outstanding 

selectivity was obtained (Figure 5.6 & 5.7), and the excellent sensitivity and detection limit of 

three sensors were evaluated (Figure 5.8). In terms of the electrochemical analysis of three 

competitive catechol neurotransmitters, the LSG grass could recognize EP independent of DA 

and NE (Figure 5.7). The common interferents, such as AA and UA, do not affect the 

recognition of the three neurotransmitters, DA, EP and NE. The separation of the signals from 

NE and DA is still an outstanding issue and needs be addressed in the future studies, possibly 

by further modifying the surface chemistry of LSG grass.   

5.4.2.6 Real sample analysis 

The applicability of the LSG grass sensor electrodes in the detection of a neurotransmitter 

in a real world sample was tested by evaluating its performance on a human urine sample 

containing known quantities of DA. Given the impact of matrix effects on the analytical 

response, a "standard addition approach" was invoked by spiking varying concentrations of 

DA into the sample solution. DPV responses of spiked and unspiked samples were recorded at 
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the LSG grass electrode (Figure 5.9). By analysis of the resulting curve, the level of DA in the 

unspiked sample (intercept on the y-axis extrapolating to zero current) was estimated to be 0.95 

µM. The results indicate that the detection of DA at the LSG grass electrode could be a suitable 

method for the determination of DA in human urine. 

 

Figure 5.9 DPV responses of 0.25 mL original urine sample, and urine spiked with 0.25 mL 

solutions to provide 5 to 40 µM DA; (B) Calibration plot of the original urine spiked with different 

concentrations of DA. 

5.5 Conclusions 

This work reports a one-step laser scribing methodology for fabrication of a modified 

carbon nanomaterial – laser scribed graphene grass (LSG grass), and demonstrates the 

application of the material in sensing of three, highly structurally similar, neurotransmitters - 

DA, EP and NE.  

Optimization of the laser scribing parameters (power, speed, PPI and spot size) generated 

a new unique 3D morphology of graphene-like material with vertically aligned grass structures 

extending from the surface. The LSG grass electrodes possess a much greater real surface area 
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compared to normal LSG, along with exceptional electrochemical properties. We established 

that the LSG grass electrodes could be used to determine multiple neurotransmitters (DA, EP 

and NE) in complex mixtures and in the presence of major interferents, such as UA and AA. 

LSG grass electrodes displayed well-defined peaks and potential separations of three catechol-

containing neurotransmitters, DA, EP and NE, in the presence of interferents (UA and AA). 

Importantly, LSG grass can simultaneously determine the competitive catecholamine 

derivatives possessing close structural similarity, by displaying a good DPV peak separation, 

particularly for EP and NE and EP and DA, while the separation of the signals from NE and 

DA was less-well defined. Furthermore, the LSG grass electrodes were successfully 

demonstrated, not just as selective, but also as sensitive DA sensor (sensitivity of 0.243 µA 

µM–1 and a LOD of 0.43 µΜ), EP sensor (sensitivity of 0.067 µA µM–1 and a LOD of 1.1 µM) 

and NE sensor (sensitivity of 0.110 µA µM–1 and a LOD of 1.3 µM). 

The fabricated electrodes are expected to contribute to the advancement of disposable, POC 

biosensors. The sensing surface could be further modified by assembling other nanomaterials 

onto the surface and modifying surface by, e.g. anchoring of biological probes, to address 

further biosensing applications. 
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6 Conclusions and Future Work 

6.1 Conclusions 

In this Thesis, the overall aim of developing single-use, portable electrochemical 

biosensors based on LSG technology has been realised. Three unique fabrication methods of 

graphene electrodes have been investigated and employed for application in neurotransmitter 

biosensors. The main findings from the three fabrication routes are summarised in the 

following sections: 

6.1.1 Fabrication of LSG/ PVDF-HFP composite electrodes (Chapter 3) 

In this Chapter, a simple fabrication method towards water-stable LSG composites was 

investigated for their use as electrodes for electrochemical sensors. Mechanical water wear 

resistance, which is an important property of LSGs for biosensing applications, was 

significantly improved by blending of PVDF-HFP into GO films as a polymer binder prior to 

laser scribing. Amongst the various compositions between GO and binder used in this study (0 

wt% to 7.5 wt%), composites comprising up to 5 wt% of PVDF-HFP (based on the weight of 

GO) showed comparable electrochemical properties (as a measure of CV and EIS 

measurements) to pristine LSG. It is proposed here that higher binder content would lead to 

disturbance in the formation of few-layer graphene structures during the laser scribing process, 

leading to poorer electrochemical performance. In conclusion, compositing LSG with PVDF-

HFP binder provided a suitable fabrication route for LSG-based electrochemical sensors in 

aqueous environments.  
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6.1.2 Fabrication of PEDOT/ LSG electrodes and LSG grass electrodes 

(Chapter 4 & Chapter 5) 

Laser scribing of GO cast films is a commonly employed approach towards fabrication 

of LSG electrodes, as demonstrated in Chapter 3. However, the fabrication process often 

requires multiple steps, for instance in dispersion of GO and casting of GO, that limit the 

efficiency of LSG fabrication. In Chapters 4 and 5, more simplified and efficient fabrication 

process towards LSG that avoids using GO precursors is demonstrated. In these studies, 

polyimide plastic sheets were employed as precursors to fabricate: (i) a PEDOT/LSG based 

electrochemical DA sensor (Chapter 4); (ii) and LSG with 3D vertical aligned “grass”-like 

structure for the detection of multiple neurotransmitters (DA, EP and NE) (Chapter 5).  

In Chapter 4, successful fabrication of LSG electrodes via laser induction of the PI 

sheets was demonstrated. Further electrodeposition of PEDOT on the LSG electrodes provided 

a facile and effective biosensor for detection of DA in a complex mixture with interference 

compounds of AA and UA. The PEDOT layer provided larger surface area to the LSG 

electrodes where the polymerisation conditions were systematically investigated since the 

morphology, thickness and surface area of PEDOT resulted in different electrochemical 

characteristics. 15 s of electropolymerisation time provided the most optimal PEDOT film with 

the largest active surface area and electrochemical enhancement. The PEDOT-LSG sensor 

exhibited a significant enhancement in the electrochemical performance compared to parent 

LSG electrodes, in terms of the voltammetric and DPV peak potential separation and the 

analyte’s peak currents. The simultaneous detection of DA in the presence of AA and UA was 

achieved with high selectivity, sensitivity of 0.22 ± 0.01 µA/µM and a low detection limit of 
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0.33 µΜ, where literature shows the sensitivity of 0.105 µA/µM (Wang et al. 2011b). This 

work demonstrated a simple, direct fabrication method towards disposable biosensors based 

on the PEDOT-modified LSG electrodes. However, this methodology was further developed 

to increase the surface area of LSG films without the need of additional PEDOT layers, as 

described in Chapter 5.  

In Chapter 5, optimization of the laser scribing parameters (power, speed, PPI and spot 

size) provided a new unique 3D morphology of graphene-like material with vertically aligned 

“grass”-like structures extruding from the PI surface. Compared to pristine LSG electrodes 

fabricated in Chapter 4, the LSG grass electrodes possessed higher surface area, contributing 

to exceptional electrochemical properties of the electrodes. This was evident when LSG grass 

electrodes were used to determine multiple neurotransmitters (DA, EP and NE) in complex 

mixtures and in the presence of major interferents, such as UA and AA. LSG grass electrodes 

displayed well-defined peaks and potential separations in CV and DPV of three catechol-

containing neurotransmitters, DA, EP and NE, in the presence of interferents (UA and AA).  

In terms of selectivity, the LSG grass electrode was able to distinguish the competing 

catecholamine containing analytes with high structural similarity. This was exemplified by 

good DPV peak separation, particularly for EP & NE, and EP & DA, while the separation of 

the signals from NE and DA was less defined. Furthermore, the LSG grass electrodes were 

successfully demonstrated, not just as selective, but also as sensitive DA sensor (sensitivity of 

0.243 µA µM–1 and a LOD of 0.43 µΜ), EP sensor (sensitivity of 0.067 µA µM–1 and a LOD 

of 1.1 µM) and NE sensor (sensitivity of 0.110 µA µM–1 and a LOD of 1.3 µM). 
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To conclude, this work demonstrated a one-step laser scribing methodology for fabrication 

of LSG with a unique morphology. Large surface area provided by this structure provided high 

selectivity as well as sensitivity in sensing three structurally similar neurotransmitters - DA, 

EP and NE.  

 

6.2 Future work 

Current approaches to 2D and 3D LSG generally consist of two common methods: (i) 

the roll-to-roll manufacture to form in-plane structures (Lin et al. 2014; Wang et al. 2018); (ii) 

3D printing to form macroscopic structures (Luong et al. 2018; Sha et al. 2017). Direct laser 

scribing technique, on the other hand, is a newly emerging and highly efficient fabrication tool 

for creating unique graphene structures. The process is also versatile, especially in electrode 

design, as it is controlled by computer software designing tools. Some of the well-recognised 

applications of LSG electrodes include, but are not limited to, supercapacitors, metal air 

batteries, electro-catalysts, strain sensors, water filtration, electrochemical sensors, fuel cells 

and as radio frequency identifiers (Chyan et al. 2018; Li et al. 2016b; Ren et al. 2018; Xu et al. 

2018a; Zhang et al. 2018a). There is, however, a great opportunity for LSG materials in smart 

material devices such as clean energy, bioelectronics, actuators and microelectronics, all of 

which require a better understanding of the structure-property relationship. Future development 

of such devices will need better understanding of LSG’s electronic properties in relation to 

their new structures generated by rapidly evolving laser scribing techniques. Some of the 

possible strategies regarding future work in biosensors and bioelectronics are proposed in the 

following sections.  
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The applications in the biosensor and biomedical fields require profound understanding and 

use of LSG surface. The previous work reported the changes in surface wettability by altering 

the laser scribing atmosphere (hydrophilic surface: O2 or air; hydrophobic surface: Ar) (Li et 

al. 2017a). The tunable surface would allow more opportunities in biosensing and antifouling 

applications on LSG platform. Our future work would consider fabricating the anti-fouling 

biosensor with hydrophobic surface by laser scribing in Ar atmosphere.  

The surface morphology plays a crucial role in determining the sensitivity and selectivity 

of a biosensor. For instance, the novel 3D morphology of the LSG grass (Chapter 5) enhanced 

sensing performance, which may guide future sensing electrode design principles. The 

previous work also demonstrated the possibility of making different nanostructured LSG by 

varying the parameters or substrates of laser scribing method (Duy et al. 2018; Ye et al. 2018a). 

In future work, synthesis LSG with varying nanostructures (e.g. nanotubes, nanorods, 

nanowalls) by applying laser with shorter wavelength (higher energy) is envisioned as novel 

detection platforms for detections of dopamine, epinephrine and norepinephrine. 

The dimensions of the LSG neurotransmitter biosensor in this Thesis ranged millimetre 

in size. Future work may consider miniaturising the LSG electrodes from millimetre to sub-

micrometre in size. The produced micro LSG electrodes would possess many advantages, 

including faster measurement and smaller sample volume. Another future work may involve 

patterning the LSG based multi-electrode arrays using complex electrode designs. The 

resulting LSG multi-electrodes array may hold great promise for achieving measurement of 

different neurotransmitter samples, simultaneously. 
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Lastly, wearable bioelectronics based on LSG is a fast-growing field. The emerging 

LSG paper materials opened up opportunities for applying the LSG into wearable 

bioelectronics (Wang et al. 2018). Recently, Chyan et al. demonstrated the possibility of 

directly producing flexible LSG electronics on the surface of cloth, food and paper (Chyan et 

al. 2018). Inspired by the pioneering works described above, future work of incorporating 

conductive, flexible LSG traces into clothing fabrics or as tattoos onto a human body can be 

envisaged. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

150 

 

References 

Abdullah, M.F., Zakaria, R., Zein, S.H.S., 2014. Green tea polyphenol–reduced graphene oxide: 

derivatisation, reduction efficiency, reduction mechanism and cytotoxicity. RSC Advances 

4(65), 34510-34518. 

 

Al-Graiti, W., Yue, Z., Foroughi, J., Huang, X.-F., Wallace, G., Baughman, R., Chen, J., 2017. 

Probe sensor using nanostructured multi-walled carbon nanotube yarn for selective and 

sensitive detection of dopamine. Sensors 17(4), 884. 

 

Allen, M.J., Tung, V.C., Kaner, R.B., 2010. Honeycomb Carbon: A Review of Graphene. 

Chemical Reviews 110(1), 132-145. 

 

Ambrosi, A., Chua, C.K., Bonanni, A., Pumera, M., 2014. Electrochemistry of Graphene and 

Related Materials. Chemical Reviews 114(14), 7150-7188. 

 

Andrieux, C., Dumas-Bouchiat, J., Saveant, J., 1984. Kinetics of electrochemical reactions 

mediated by redox polymer films: New formulation and strategies for analysis and optimization. 

Journal of electroanalytical chemistry and interfacial electrochemistry 169(1-2), 9-21. 

 

Arul, R., Oosterbeek, R.N., Robertson, J., Xu, G.Y., Jin, J.Y., Simpson, M.C., 2016. The 

mechanism of direct laser writing of graphene features into graphene oxide films involves 

photoreduction and thermally assisted structural rearrangement. Carbon 99, 423-431. 

 

Avella-Oliver, M., Morais, S., Puchades, R., Maquieira, Á., 2016. Towards photochromic and 

thermochromic biosensing. TrAC Trends in Analytical Chemistry 79, 37-45. 

 

Aydemir, N., Chan, E., Baek, P., Barker, D., Williams, D.E., Travas-Sejdic, J., 2017. New 

immobilisation method for oligonucleotides on electrodes enables highly-sensitive, 

electrochemical label-free gene sensing. Biosensors and Bioelectronics 97, 128-135. 

 

Badami, D., 1965. X-ray studies of graphite formed by decomposing silicon carbide. Carbon 

3(1), 53-57. 

 

Bae, S., Kim, H., Lee, Y., Xu, X., Park, J.-S., Zheng, Y., Balakrishnan, J., Lei, T., Ri Kim, H., 

Song, Y.I., Kim, Y.-J., Kim, K.S., Özyilmaz, B., Ahn, J.-H., Hong, B.H., Iijima, S., 2010. Roll-

to-roll production of 30-inch graphene films for transparent electrodes. Nature nanotechnology 

5, 574. 

 

Bagheri, H., Pajooheshpour, N., Jamali, B., Amidi, S., Hajian, A., Khoshsafar, H., 2017. A 

novel electrochemical platform for sensitive and simultaneous determination of dopamine, uric 



 

151 

 

acid and ascorbic acid based on Fe3O4SnO2Gr ternary nanocomposite. Microchemical Journal 

131, 120-129. 

 

Balandin, A.A., 2011. Thermal properties of graphene and nanostructured carbon materials. 

Nature Materials 10, 569. 

 

Balandin, A.A., Ghosh, S., Bao, W., Calizo, I., Teweldebrhan, D., Miao, F., Lau, C.N., 2008. 

Superior Thermal Conductivity of Single-Layer Graphene. Nano Letters 8(3), 902-907. 

 

Banszerus, L., Schmitz, M., Engels, S., Dauber, J., Oellers, M., Haupt, F., Watanabe, K., 

Taniguchi, T., Beschoten, B., Stampfer, C., 2015. Ultrahigh-mobility graphene devices from 

chemical vapor deposition on reusable copper. Science Advances 1(6). 

 

Bard, A.J., Faulkner, L.R., Leddy, J., Zoski, C.G., 1980. Electrochemical methods: 

fundamentals and applications. Wiley New York. 

 

Beitollahi, H., Ardakani, M.M., Ganjipour, B., Naeimi, H., 2008. Novel 2, 2′-[1, 2-

ethanediylbis (nitriloethylidyne)]-bis-hydroquinone double-wall carbon nanotube paste 

electrode for simultaneous determination of epinephrine, uric acid and folic acid. Biosensors 

and Bioelectronics 24(3), 362-368. 

 

Belaidi, F.S., Civélas, A., Castagnola, V., Tsopela, A., Mazenq, L., Gros, P., Launay, J., 

Temple-Boyer, P., 2015. PEDOT-modified integrated microelectrodes for the detection of 

ascorbic acid, dopamine and uric acid. Sensors and Actuators B: Chemical 214, 1-9. 

 

Bo, Z., Shuai, X., Mao, S., Yang, H., Qian, J., Chen, J., Yan, J., Cen, K., 2014. Green 

preparation of reduced graphene oxide for sensing and energy storage applications. Scientific 

Reports 4, 4684. 

 

Boehm, H.-P., Clauss, A., Fischer, G., Hofmann, U., 1962. Das adsorptionsverhalten sehr 

dünner kohlenstoff‐folien. Zeitschrift für anorganische und allgemeine Chemie 316(3‐4), 

119-127. 

 

Boehm, H.P., Setton, R., Stumpp, E., 1986. Nomenclature and terminology of graphite 

intercalation compounds. Carbon 24(2), 241-245. 

 

Bonaccorso, F., Colombo, L., Yu, G., Stoller, M., Tozzini, V., Ferrari, A.C., Ruoff, R.S., 

Pellegrini, V., 2015. Graphene, related two-dimensional crystals, and hybrid systems for 

energy conversion and storage. Science 347(6217). 

 

Bonanni, A., Pumera, M., 2011. Graphene Platform for Hairpin-DNA-Based Impedimetric 

Genosensing. ACS Nano 5(3), 2356-2361. 

 



 

152 

 

Booth, M.A., Harbison, S., Travas-Sejdic, J., 2011. Development of an electrochemical 

polypyrrole-based DNA sensor and subsequent studies on the effects of probe and target length 

on performance. Biosensors and Bioelectronics 28(1), 362-367. 

 

Bosch-Navarro, C., Laker, Z.P.L., Rourke, J.P., Wilson, N.R., 2015. Reproducible, stable and 

fast electrochemical activity from easy to make graphene on copper electrodes. Physical 

Chemistry Chemical Physics 17(44), 29628-29636. 

 

Britnell, L., Gorbachev, R., Jalil, R., Belle, B., Schedin, F., Mishchenko, A., Georgiou, T., 

Katsnelson, M., Eaves, L., Morozov, S., 2012. Field-effect tunneling transistor based on 

vertical graphene heterostructures. Science 335(6071), 947-950. 

 

Brodie, B.C., 1859. XIII. On the atomic weight of graphite. Philosophical Transactions of the 

Royal Society of London 149, 249-259. 

 

Cai, J., Ruffieux, P., Jaafar, R., Bieri, M., Braun, T., Blankenburg, S., Muoth, M., Seitsonen, 

A.P., Saleh, M., Feng, X., Müllen, K., Fasel, R., 2010. Atomically precise bottom-up 

fabrication of graphene nanoribbons. Nature 466, 470. 

 

Calizo, I., Balandin, A., Bao, W., Miao, F., Lau, C., 2007. Temperature dependence of the 

Raman spectra of graphene and graphene multilayers. Nano letters 7(9), 2645-2649. 

 

Cançado, L.G., Jorio, A., Ferreira, E.H.M., Stavale, F., Achete, C.A., Capaz, R.B., Moutinho, 

M.V.O., Lombardo, A., Kulmala, T.S., Ferrari, A.C., 2011. Quantifying defects in graphene 

via Raman spectroscopy at different excitation energies. Nano Letters 11(8), 3190-3196. 

 

Canevari, T.C., Nakamura, M., Cincotto, F.H., de Melo, F.M., Toma, H.E., 2016. High 

performance electrochemical sensors for dopamine and epinephrine using nanocrystalline 

carbon quantum dots obtained under controlled chronoamperometric conditions. 

Electrochimica Acta 209, 464-470. 

 

Cao, Q., Han, S.-j., Tulevski, G.S., Zhu, Y., Lu, D.D., Haensch, W., 2013. Arrays of single-

walled carbon nanotubes with full surface coverage for high-performance electronics. Nature 

nanotechnology 8, 180. 

 

Chen, H., Xu, H., Wang, S., Huang, T., Xi, J., Cai, S., Guo, F., Xu, Z., Gao, W., Gao, C., 2017. 

Ultrafast all-climate aluminum-graphene battery with quarter-million cycle life. Science 

Advances 3(12). 

 

Chen, J.-H., Jang, C., Xiao, S., Ishigami, M., Fuhrer, M.S., 2008. Intrinsic and extrinsic 

performance limits of graphene devices on SiO2. Nature nanotechnology 3, 206. 

 

Chen, S.-M., Chzo, W.-Y., 2006. Simultaneous voltammetric detection of dopamine and 

ascorbic acid using didodecyldimethylammonium bromide (DDAB) film-modified electrodes. 

Journal of Electroanalytical Chemistry 587(2), 226-234. 



 

153 

 

Chen, S., Wu, Q., Mishra, C., Kang, J., Zhang, H., Cho, K., Cai, W., Balandin, A.A., Ruoff, 

R.S., 2012. Thermal conductivity of isotopically modified graphene. Nature Materials 11, 203. 

 

Chen, Y., Lee, Y.-l., Chong, S.-c., 2006. A fast, sensitive and label free electrochemical DNA 

sensor. Journal of Physics: Conference Series, p. 204. IOP Publishing. 

 

Chen, Z., Ren, W., Gao, L., Liu, B., Pei, S., Cheng, H.-M., 2011. Three-dimensional flexible 

and conductive interconnected graphene networks grown by chemical vapour deposition. 

Nature Materials 10, 424. 

 

Choe, J.E., Ahmed, M.S., Jeon, S., 2016. Trouble Free Dopamine Sensing by Palladium 

Nanoparticles Fabricated Poly (3, 4-ethylenedioxythiophene) Functionalized Graphene. 

Journal of The Electrochemical Society 163(3), B113-B118. 

 

Choo, S.-S., Kang, E.-S., Song, I., Lee, D., Choi, J.-W., Kim, T.-H., 2017. Electrochemical 

detection of dopamine using 3D porous graphene oxide/gold nanoparticle composites. Sensors 

17(4), 861. 

 

Choucair, M., Thordarson, P., Stride, J.A., 2008. Gram-scale production of graphene based on 

solvothermal synthesis and sonication. Nature nanotechnology 4, 30. 

 

Chyan, Y., Ye, R., Li, Y., Singh, S.P., Arnusch, C.J., Tour, J.M., 2018. Laser-Induced 

Graphene by Multiple Lasing: Toward Electronics on Cloth, Paper, and Food. ACS Nano. 

 

Ciesielski, A., Samorì, P., 2014. Graphene via sonication assisted liquid-phase exfoliation. 

Chemical Society Reviews 43(1), 381-398. 

 

Clerici, F., Fontana, M., Bianco, S., Serrapede, M., Perrucci, F., Ferrero, S., Tresso, E., 

Lamberti, A., 2016. In situ MoS2 Decoration of Laser-Induced Graphene as Flexible 

Supercapacitor Electrodes. ACS Applied Materials & Interfaces 8(16), 10459-10465. 

 

Coleman, J.N., 2013. Liquid Exfoliation of Defect-Free Graphene. Accounts of Chemical 

Research 46(1), 14-22. 

 

Costa, C.M., Silva, M.M., Lanceros-Mendez, S., 2013. Battery separators based on vinylidene 

fluoride (VDF) polymers and copolymers for lithium ion battery applications. RSC Advances 

3(29), 11404-11417. 

 

Cote, L.J., Cruz-Silva, R., Huang, J., 2009a. Flash Reduction and Patterning of Graphite Oxide 

and Its Polymer Composite. Journal of the American Chemical Society 131(31), 11027-11032. 

 

Cote, L.J., Cruz-Silva, R., Huang, J.X., 2009b. Flash Reduction and Patterning of Graphite 

Oxide and Its Polymer Composite. Journal of the American Chemical Society 131(31), 11027-

11032. 

 



 

154 

 

Cui, X., Fang, X., Zhao, H., Li, Z., Ren, H., 2017. An electrochemical sensor for dopamine 

based on polydopamine modified reduced graphene oxide anchored with tin dioxide and gold 

nanoparticles. Analytical Methods 9(36), 5322-5332. 

 

Cui, X., Zhang, C., Hao, R., Hou, Y., 2011. Liquid-phase exfoliation, functionalization and 

applications of graphene. Nanoscale 3(5), 2118-2126. 

 

Cuong, T.V., Pham, V.H., Tran, Q.T., Hahn, S.H., Chung, J.S., Shin, E.W., Kim, E.J., 2010. 

Photoluminescence and Raman studies of graphene thin films prepared by reduction of 

graphene oxide. Materials Letters 64(3), 399-401. 

 

De Volder, M.F.L., Tawfick, S.H., Baughman, R.H., Hart, A.J., 2013. Carbon Nanotubes: 

Present and Future Commercial Applications. Science 339(6119), 535-539. 

 

Deng, D., Pan, X., Yu, L., Cui, Y., Jiang, Y., Qi, J., Li, W.-X., Fu, Q., Ma, X., Xue, Q., 2011. 

Toward N-doped graphene via solvothermal synthesis. Chemistry of Materials 23(5), 1188-

1193. 

 

Deng, H., Zhang, C., Su, J.-W., Xie, Y., Zhang, C., Lin, J., 2018. Bioinspired multi-responsive 

soft actuators controlled by laser tailored graphene structures. Journal of Materials Chemistry 

B 6(34), 5415-5423. 

 

Devnani, H., Satsangee, S.P., Jain, R., 2016. Nanocomposite modified electrochemical sensor 

for sensitive and selective determination of noradrenaline. Materials Today: Proceedings 3(6), 

1854-1863. 

 

Dikin, D.A., Stankovich, S., Zimney, E.J., Piner, R.D., Dommett, G.H.B., Evmenenko, G., 

Nguyen, S.T., Ruoff, R.S., 2007. Preparation and characterization of graphene oxide paper. 

Nature 448(7152), 457-460. 

 

Ding, M., Zhou, Y., Liang, X., Zou, H., Wang, Z., Wang, M., Ma, J., 2016. An electrochemical 

sensor based on graphene/poly (brilliant cresyl blue) nanocomposite for determination of 

epinephrine. Journal of Electroanalytical Chemistry 763, 25-31. 

 

Dong, Y., Rismiller, S.C., Lin, J., 2016. Molecular dynamic simulation of layered graphene 

clusters formation from polyimides under extreme conditions. Carbon 104, 47-55. 

 

Dreyer, D.R., Park, S., Bielawski, C.W., Ruoff, R.S., 2010a. The chemistry of graphene oxide. 

Chemical Society Reviews 39(1), 228-240. 

 

Dreyer, D.R., Ruoff, R.S., Bielawski, C.W., 2010b. From conception to realization: an historial 

account of graphene and some perspectives for its future. Angewandte Chemie International 

Edition 49(49), 9336-9344. 

 



 

155 

 

Dreyer, D.R., Todd, A.D., Bielawski, C.W., 2014. Harnessing the chemistry of graphene oxide. 

Chemical Society Reviews 43(15), 5288-5301. 

 

Drummond, T.G., Hill, M.G., Barton, J.K., 2003. Electrochemical DNA sensors. Nature 

Biotechnology 21, 1192. 

 

Du, J., Yue, R., Ren, F., Yao, Z., Jiang, F., Yang, P., Du, Y., 2014. Novel graphene flowers 

modified carbon fibers for simultaneous determination of ascorbic acid, dopamine and uric 

acid. Biosensors and bioelectronics 53, 220-224. 

 

Duy, L.X., Peng, Z., Li, Y., Zhang, J., Ji, Y., Tour, J.M., 2018. Laser-induced graphene fibers. 

Carbon 126, 472-479. 

 

Ebbesen, T.W., Ajayan, P.M., 1992. Large-scale synthesis of carbon nanotubes. Nature 358, 

220. 

 

El-Kady, M.F., Kaner, R.B., 2013a. Scalable fabrication of high-power graphene micro-

supercapacitors for flexible and on-chip energy storage. Nature communications 4, 1475. 

 

El-Kady, M.F., Kaner, R.B., 2013b. Scalable fabrication of high-power graphene micro-

supercapacitors for flexible and on-chip energy storage. Nature communications 4, 

ncomms2446. 

 

El-Kady, M.F., Kaner, R.B., 2014. Direct Laser Writing of Graphene Electronics. ACS Nano 

8(9), 8725-8729. 

 

El-Kady, M.F., Strong, V., Dubin, S., Kaner, R.B., 2012. Laser Scribing of High-Performance 

and Flexible Graphene-Based Electrochemical Capacitors. Science 335(6074), 1326-1330. 

 

Feng, X., Zhang, Y., Zhou, J., Li, Y., Chen, S., Zhang, L., Ma, Y., Wang, L., Yan, X., 2015. 

Three-dimensional nitrogen-doped graphene as an ultrasensitive electrochemical sensor for the 

detection of dopamine. Nanoscale 7(6), 2427-2432. 

 

Fenzl, C., Nayak, P., Hirsch, T., Wolfbeis, O.S., Alshareef, H.N., Baeumner, A.J., 2017. Laser-

Scribed Graphene Electrodes for Aptamer-Based Biosensing. ACS Sensors 2(5), 616-620. 

 

Fernández-Merino, M.J., Guardia, L., Paredes, J.I., Villar-Rodil, S., Solís-Fernández, P., 

Martínez-Alonso, A., Tascón, J.M.D., 2010. Vitamin C Is an Ideal Substitute for Hydrazine in 

the Reduction of Graphene Oxide Suspensions. The Journal of Physical Chemistry C 114(14), 

6426-6432. 

 

Ferrari, A.C., 2007. Raman spectroscopy of graphene and graphite: Disorder, electron–phonon 

coupling, doping and nonadiabatic effects. Solid State Communications 143(1), 47-57. 

 



 

156 

 

Ferrari, A.C., Basko, D.M., 2013. Raman spectroscopy as a versatile tool for studying the 

properties of graphene. Nat Nano 8(4), 235-246. 

 

Ferrari, A.C., Meyer, J., Scardaci, V., Casiraghi, C., Lazzeri, M., Mauri, F., Piscanec, S., Jiang, 

D., Novoselov, K., Roth, S., 2006a. Raman spectrum of graphene and graphene layers. Physical 

review letters 97(18), 187401. 

 

Ferrari, A.C., Meyer, J.C., Scardaci, V., Casiraghi, C., Lazzeri, M., Mauri, F., Piscanec, S., 

Jiang, D., Novoselov, K.S., Roth, S., Geim, A.K., 2006b. Raman Spectrum of Graphene and 

Graphene Layers. Physical Review Letters 97(18), 187401. 

 

Fox, M.E., Wightman, R.M., 2017. Contrasting Regulation of Catecholamine 

Neurotransmission in the Behaving Brain: Pharmacological Insights from an Electrochemical 

Perspective. Pharmacological reviews 69(1), 12-32. 

 

Fugallo, G., Cepellotti, A., Paulatto, L., Lazzeri, M., Marzari, N., Mauri, F., 2014. Thermal 

Conductivity of Graphene and Graphite: Collective Excitations and Mean Free Paths. Nano 

Letters 14(11), 6109-6114. 

 

Gao, L., Ren, W., Xu, H., Jin, L., Wang, Z., Ma, T., Ma, L.-P., Zhang, Z., Fu, Q., Peng, L.-M., 

Bao, X., Cheng, H.-M., 2012. Repeated growth and bubbling transfer of graphene with 

millimetre-size single-crystal grains using platinum. Nature communications 3, 699. 

 

Gao, W., Alemany, L.B., Ci, L., Ajayan, P.M., 2009. New insights into the structure and 

reduction of graphite oxide. Nature Chemistry 1, 403. 

 

Gao, W., Singh, N., Song, L., Liu, Z., Reddy, A.L.M., Ci, L., Vajtai, R., Zhang, Q., Wei, B., 

Ajayan, P.M., 2011. Direct laser writing of micro-supercapacitors on hydrated graphite oxide 

films. Nat Nano 6(8), 496-500. 

 

Gębala, M., Schuhmann, W., 2010. Controlled orientation of DNA in a binary SAM as a key 

for the successful determination of DNA hybridization by means of electrochemical impedance 

spectroscopy. ChemPhysChem 11(13), 2887-2895. 

 

Geim, A.K., 2009. Graphene: status and prospects. science 324(5934), 1530-1534. 

 

Geim, A.K., Novoselov, K.S., 2007. The rise of graphene. Nat Mater 6(3), 183-191. 

 

Ghanbari, K., Hajian, A., 2017. Electrochemical characterization of Au/ZnO/PPy/RGO 

nanocomposite and its application for simultaneous determination of ascorbic acid, epinephrine, 

and uric acid. Journal of Electroanalytical Chemistry 801, 466-479. 

 

Gopal, T.V., Reddy, T.M., Venkataprasad, G., Shaikshavalli, P., Gopal, P., 2018. Rapid and 

sensitive electrochemical monitoring of paracetamol and its simultaneous resolution in 



 

157 

 

presence of epinephrine and tyrosine at GO/poly (Val) composite modified carbon paste 

electrode. Colloids and Surfaces A: Physicochemical and Engineering Aspects 545, 117-126. 

 

Gopalan, A.I., Santhosh, P., Manesh, K.M., Nho, J.H., Kim, S.H., Hwang, C.-G., Lee, K.-P., 

2008. Development of electrospun PVdF–PAN membrane-based polymer electrolytes for 

lithium batteries. Journal of Membrane Science 325(2), 683-690. 

 

Goyal, R.N., Bishnoi, S., 2011. Simultaneous determination of epinephrine and norepinephrine 

in human blood plasma and urine samples using nanotubes modified edge plane pyrolytic 

graphite electrode. Talanta 84(1), 78-83. 

 

Graham, D., Ferreira, H., Feliciano, N., Freitas, P., Clarke, L., Amaral, M., 2005. Magnetic 

field-assisted DNA hybridisation and simultaneous detection using micron-sized spin-valve 

sensors and magnetic nanoparticles. Sensors and Actuators B: Chemical 107(2), 936-944. 

 

Griffiths, K., Dale, C., Hedley, J., Kowal, M.D., Kaner, R.B., Keegan, N., 2014. Laser-scribed 

graphene presents an opportunity to print a new generation of disposable electrochemical 

sensors. Nanoscale 6(22), 13613-13622. 

 

Guo, F., Jiang, Y., Xu, Z., Xiao, Y., Fang, B., Liu, Y., Gao, W., Zhao, P., Wang, H., Gao, C., 

2018. Highly stretchable carbon aerogels. Nature communications 9(1), 881. 

 

Gupta, A., Arunachalam, V., Vasudevan, S., 2016. Liquid-Phase Exfoliation of MoS2 

Nanosheets: The Critical Role of Trace Water. The Journal of Physical Chemistry Letters 7(23), 

4884-4890. 

 

Gusmao, R., Sofer, Z., Novacek, M., Luxa, J., Matejkova, S., Pumera, M., 2016. 

Multifunctional electrocatalytic hybrid carbon nanocables with highly active edges on their 

walls. Nanoscale 8(12), 6700-6711. 

 

Haar, S., Bruna, M., Lian, J.X., Tomarchio, F., Olivier, Y., Mazzaro, R., Morandi, V., Moran, 

J., Ferrari, A.C., Beljonne, D., Ciesielski, A., Samorì, P., 2016. Liquid-Phase Exfoliation of 

Graphite into Single- and Few-Layer Graphene with α-Functionalized Alkanes. The Journal of 

Physical Chemistry Letters 7(14), 2714-2721. 

 

Habisreutinger, S.N., Leijtens, T., Eperon, G.E., Stranks, S.D., Nicholas, R.J., Snaith, H.J., 

2014. Carbon Nanotube/Polymer Composites as a Highly Stable Hole Collection Layer in 

Perovskite Solar Cells. Nano Letters 14(10), 5561-5568. 

 

Haiyan, S., Zhen, X., Chao, G., 2013. Multifunctional, Ultra‐Flyweight, Synergistically 

Assembled Carbon Aerogels. Advanced Materials 25(18), 2554-2560. 

 

Han, H.S., Lee, H.K., You, J.-M., Jeong, H., Jeon, S., 2014. Electrochemical biosensor for 

simultaneous determination of dopamine and serotonin based on electrochemically reduced 

GO-porphyrin. Sensors and Actuators B: Chemical 190(Supplement C), 886-895. 



 

158 

 

Hao, Y., Wang, Y., Wang, L., Ni, Z., Wang, Z., Wang, R., Koo, C.K., Shen, Z., Thong, J.T.L., 

2010. Probing Layer Number and Stacking Order of Few-Layer Graphene by Raman 

Spectroscopy. Small 6(2), 195-200. 

 

Harpaz, D., Eltzov, E., Seet, R., Marks, R.S., Tok, A.I., 2017. Point-of-Care-Testing in Acute 

Stroke Management: An Unmet Need Ripe for Technological Harvest. Biosensors 7(3), 30. 

 

He, T., Ya-Long, C., Yi, Y., Dan, X., Tian-Ling, R., 2014a. Wafer-scale flexible graphene 

loudspeakers. Micro Electro Mechanical Systems (MEMS), 2014 IEEE 27th International 

Conference on, pp. 556-559. 

 

He, T., Yi, S., Ya-Long, C., Yi, Y., Tian-Ling, R., 2014b. Novel laser scribed graphene devices. 

Next-Generation Electronics (ISNE), 2014 International Symposium on, pp. 1-3. 

 

Hernandez, Y., Nicolosi, V., Lotya, M., Blighe, F.M., Sun, Z., De, S., McGovern, I.T., Holland, 

B., Byrne, M., Gun'Ko, Y.K., Boland, J.J., Niraj, P., Duesberg, G., Krishnamurthy, S., 

Goodhue, R., Hutchison, J., Scardaci, V., Ferrari, A.C., Coleman, J.N., 2008. High-yield 

production of graphene by liquid-phase exfoliation of graphite. Nature nanotechnology 3, 563. 

Honda, M., 1989. The impedance measurement handbook. Hewlett-Packard. 

 

Hu, B., Liu, Y., Hu, N., Wu, L., Ning, H., Zhang, J., Fu, S., Tang, S., Xu, C., Liu, F., Alamusi, 

Yuan, W., 2016. Conductive PVDF-HFP/CNT composites for strain sensing. Functional 

Materials Letters 09(02), 1650024. 

 

Hu, K., Kulkarni, D.D., Choi, I., Tsukruk, V.V., 2014. Graphene-polymer nanocomposites for 

structural and functional applications. Progress in Polymer Science 39(11), 1934-1972. 

 

Huang, Q., Zhang, H., Hu, S., Li, F., Weng, W., Chen, J., Wang, Q., He, Y., Zhang, W., Bao, 

X., 2014. A sensitive and reliable dopamine biosensor was developed based on the Au@carbon 

dots–chitosan composite film. Biosensors and Bioelectronics 52, 277-280. 

 

Hud, W., Guangyuan, X., Christine, J., Markus, G., F., T.M., Jianyong, J., Hans‐Christoph, 

M., Heiko, T., 2015. Signatures of different carbon bonds in graphene oxide from soft x‐ray 

reflectometry. X-Ray Spectrometry 44(6), 468-473. 

 

Hummers, W.S., Offeman, R.E., 1958. Preparation of Graphitic Oxide. Journal of the 

American Chemical Society 80(6), 1339-1339. 

 

Iijima, S., 1991. Helical microtubules of graphitic carbon. Nature 354, 56. 

 

Ilic, D., Holl, K., Birke, P., Wöhrle, T., Birke-Salam, F., Perner, A., Haug, P., 2006. Fuel cells 

and batteries: Competition or separate paths? Journal of Power Sources 155(1), 72-76. 

 



 

159 

 

In, J.B., Hsia, B., Yoo, J.-H., Hyun, S., Carraro, C., Maboudian, R., Grigoropoulos, C.P., 2015. 

Facile fabrication of flexible all solid-state micro-supercapacitor by direct laser writing of 

porous carbon in polyimide. Carbon 83, 144-151. 

 

Jaffrezic-Renault, N., Martelet, C., Chevolot, Y., Cloarec, J.-P., 2007. Biosensors and bio-bar 

code assays based on biofunctionalized magnetic microbeads. Sensors 7(4), 589-614. 

 

Jang, H., Park, Y.J., Chen, X., Das, T., Kim, M.-S., Ahn, J.-H., 2016. Graphene-Based Flexible 

and Stretchable Electronics. Advanced Materials 28(22), 4184-4202. 

 

Jankovský, O., Marvan, P., Nováček, M., Luxa, J., Mazánek, V., Klímová, K., Sedmidubský, 

D., Sofer, Z., 2016. Synthesis procedure and type of graphite oxide strongly influence resulting 

graphene properties. Applied Materials Today 4, 45-53. 

 

Janshoff, A., Galla, H.J., Steinem, C., 2000. Piezoelectric Mass‐Sensing Devices as 

Biosensors—An Alternative to Optical Biosensors? Angewandte Chemie International Edition 

39(22), 4004-4032. 

 

Jariwala, D., Sangwan, V.K., Lauhon, L.J., Marks, T.J., Hersam, M.C., 2013. Carbon 

nanomaterials for electronics, optoelectronics, photovoltaics, and sensing. Chemical Society 

Reviews 42(7), 2824-2860. 

 

Jiang, J., Du, X., 2014. Sensitive electrochemical sensors for simultaneous determination of 

ascorbic acid, dopamine, and uric acid based on Au@Pd-reduced graphene oxide 

nanocomposites. Nanoscale 6(19), 11303-11309. 

 

Jung, I., Dikin, D.A., Piner, R.D., Ruoff, R.S., 2008. Tunable Electrical Conductivity of 

Individual Graphene Oxide Sheets Reduced at “Low” Temperatures. Nano Letters 8(12), 4283-

4287. 

 

Jurewicz, I., Fahimi, A., Lyons, P.E., Smith, R.J., Cann, M., Large, M.L., Tian, M., Coleman, 

J.N., Dalton, A.B., 2014. Insulator‐Conductor Type Transitions in Graphene‐Modified 

Silver Nanowire Networks: A Route to Inexpensive Transparent Conductors. Advanced 

Functional Materials 24(48), 7580-7587. 

 

Kim, B., Jung, I.H., Kang, M., Shim, H.-K., Woo, H.Y., 2012. Cationic conjugated 

polyelectrolytes-triggered conformational change of molecular beacon aptamer for highly 

sensitive and selective potassium ion detection. Journal of the American Chemical Society 

134(6), 3133-3138. 

 

Kim, K.S., Zhao, Y., Jang, H., Lee, S.Y., Kim, J.M., Kim, K.S., Ahn, J.-H., Kim, P., Choi, J.-

Y., Hong, B.H., 2009. Large-scale pattern growth of graphene films for stretchable transparent 

electrodes. Nature 457, 706. 



 

160 

 

Kim, Y.-R., Bong, S., Kang, Y.-J., Yang, Y., Mahajan, R.K., Kim, J.S., Kim, H., 2010. 

Electrochemical detection of dopamine in the presence of ascorbic acid using graphene 

modified electrodes. Biosensors and Bioelectronics 25(10), 2366-2369. 

 

Koman, V.B., Liu, P., Kozawa, D., Liu, A.T., Cottrill, A.L., Son, Y., Lebron, J.A., Strano, M.S., 

2018. Colloidal nanoelectronic state machines based on 2D materials for aerosolizable 

electronics. Nature nanotechnology. 

 

Konopka, S.J., McDuffie, B., 1970. Diffusion coefficients of ferri- and ferrocyanide ions in 

aqueous media, using twin-electrode thin-layer electrochemistry. Analytical Chemistry 42(14), 

1741-1746. 

 

Kroto, H.W., Heath, J.R., O'Brien, S.C., Curl, R.F., Smalley, R.E., 1985. C60: 

Buckminsterfullerene. Nature 318, 162. 

 

Kruss, S., Landry, M.P., Vander Ende, E., Lima, B.M., Reuel, N.F., Zhang, J., Nelson, J., Mu, 

B., Hilmer, A., Strano, M., 2014. Neurotransmitter detection using corona phase molecular 

recognition on fluorescent single-walled carbon nanotube sensors. Journal of the American 

Chemical society 136(2), 713-724. 

 

Kumar, S.S., Mathiyarasu, J., Phani, K., Yegnaraman, V., 2006. Simultaneous determination 

of dopamine and ascorbic acid on poly (3, 4-ethylenedioxythiophene) modified glassy carbon 

electrode. Journal of Solid State Electrochemistry 10(11), 905-913. 

 

Lai, T., Cai, W., Dai, W., Ye, J., 2014. Easy processing laser reduced graphene: A green and 

fast sensing platform for hydroquinone and catechol simultaneous determination. 

Electrochimica Acta 138, 48-55. 

 

Lamberti, A., Clerici, F., Fontana, M., Scaltrito, L., 2016. A Highly Stretchable Supercapacitor 

Using Laser-Induced Graphene Electrodes onto Elastomeric Substrate. Advanced Energy 

Materials 6(10), 1600050-n/a. 

 

Lang, B., 1975. A LEED study of the deposition of carbon on platinum crystal surfaces. Surface 

Science 53(1), 317-329. 

 

Lavagnini, I., Antiochia, R., Magno, F., 2004. An Extended Method for the Practical 

Evaluation of the Standard Rate Constant from Cyclic Voltammetric Data. Electroanalysis 

16(6), 505-506. 

 

Lavanya, N., Fazio, E., Neri, F., Bonavita, A., Leonardi, S., Neri, G., Sekar, C., 2015. 

Simultaneous electrochemical determination of epinephrine and uric acid in the presence of 

ascorbic acid using SnO2/graphene nanocomposite modified glassy carbon electrode. Sensors 

and Actuators B: Chemical 221, 1412-1422. 

 



 

161 

 

Lee, C., Wei, X., Kysar, J.W., Hone, J., 2008. Measurement of the Elastic Properties and 

Intrinsic Strength of Monolayer Graphene. Science 321(5887), 385-388. 

 

Lee, H., Choi, T.K., Lee, Y.B., Cho, H.R., Ghaffari, R., Wang, L., Choi, H.J., Chung, T.D., Lu, 

N., Hyeon, T., Choi, S.H., Kim, D.-H., 2016. A graphene-based electrochemical device with 

thermoresponsive microneedles for diabetes monitoring and therapy. Nat Nano 11(6), 566-572. 

 

Lerf, A., Buchsteiner, A., Pieper, J., Schöttl, S., Dekany, I., Szabo, T., Boehm, H., 2006. 

Hydration behavior and dynamics of water molecules in graphite oxide. Journal of Physics and 

Chemistry of Solids 67(5-6), 1106-1110. 

 

Li, D., Kaner, R.B., 2008. Graphene-Based Materials. Science 320(5880), 1170-1171. 

 

Li, D., Muller, M.B., Gilje, S., Kaner, R.B., Wallace, G.G., 2008. Processable aqueous 

dispersions of graphene nanosheets. Nature nanotechnology 3(2), 101-105. 

 

Li, J., Zhang, N., Sun, Q., Bai, Z., Zheng, J., 2016a. Electrochemical sensor for dopamine based 

on imprinted silica matrix-poly (aniline boronic acid) hybrid as recognition element. Talanta 

159, 379-386. 

 

Li, L., Zhang, J., Peng, Z., Li, Y., Gao, C., Ji, Y., Ye, R., Kim, N.D., Zhong, Q., Yang, Y., Fei, 

H., Ruan, G., Tour, J.M., 2016b. High-Performance Pseudocapacitive Microsupercapacitors 

from Laser-Induced Graphene. Advanced Materials 28(5), 838-845. 

 

Li, L., Zhang, J.B., Peng, Z.W., Li, Y.L., Gao, C.T., Ji, Y.S., Ye, R.Q., Kim, N.D., Zhong, Q.F., 

Yang, Y., Fei, H.L., Ruan, G.D., Tour, J.M., 2016c. High-Performance Pseudocapacitive 

Microsupercapacitors from Laser-Induced Graphene. Advanced Materials 28(5), 838-845. 

 

Li, S.-M., Yang, S.-Y., Wang, Y.-S., Lien, C.-H., Tien, H.-W., Hsiao, S.-T., Liao, W.-H., Tsai, 

H.-P., Chang, C.-L., Ma, C.-C.M., 2013. Controllable synthesis of nitrogen-doped graphene 

and its effect on the simultaneous electrochemical determination of ascorbic acid, dopamine, 

and uric acid. Carbon 59, 418-429. 

 

Li, Y., Luong, D.X., Zhang, J., Tarkunde, Y.R., Kittrell, C., Sargunaraj, F., Ji, Y., Arnusch, 

C.J., Tour, J.M., 2017a. Laser-Induced Graphene in Controlled Atmospheres: From 

Superhydrophilic to Superhydrophobic Surfaces. Advanced Materials 29(27), 1700496-n/a. 

 

Li, Y., Zhou, W., Wang, H., Xie, L., Liang, Y., Wei, F., Idrobo, J.-C., Pennycook, S.J., Dai, 

H., 2012. An oxygen reduction electrocatalyst based on carbon nanotube–graphene complexes. 

Nature nanotechnology 7, 394. 

 

Li, Z., Huang, T., Gao, W., Xu, Z., Chang, D., Zhang, C., Gao, C., 2017b. Hydrothermally 

Activated Graphene Fiber Fabrics for Textile Electrodes of Supercapacitors. ACS nano. 



 

162 

 

Lin, J., Peng, Z., Liu, Y., Ruiz-Zepeda, F., Ye, R., Samuel, E.L.G., Yacaman, M.J., Yakobson, 

B.I., Tour, J.M., 2014. Laser-induced porous graphene films from commercial polymers. 

Nature communications 5, 5714. 

 

Lin, M.-C., Gong, M., Lu, B., Wu, Y., Wang, D.-Y., Guan, M., Angell, M., Chen, C., Yang, J., 

Hwang, B.-J., Dai, H., 2015. An ultrafast rechargeable aluminium-ion battery. Nature 520, 324. 

 

Lin, S., Chui, Y., Li, Y., Lau, S.P., 2017. Liquid-phase exfoliation of black phosphorus and its 

applications. FlatChem 2, 15-37. 

 

Liu, C.-H., Chang, Y.-C., Norris, T.B., Zhong, Z., 2014a. Graphene photodetectors with ultra-

broadband and high responsivity at room temperature. Nature nanotechnology 9, 273. 

 

Liu, P., Cottrill, A.L., Kozawa, D., Koman, V.B., Parviz, D., Liu, A.T., Yang, J., Tran, T.Q., 

Wong, M.H., Wang, S., Strano, M.S., 2018. Emerging trends in 2D nanotechnology that are 

redefining our understanding of “Nanocomposites”. Nano Today. 

 

Liu, P., Jin, Z., Katsukis, G., Drahushuk, L.W., Shimizu, S., Shih, C.-J., Wetzel, E.D., Taggart-

Scarff, J.K., Qing, B., Van Vliet, K.J., Li, R., Wardle, B.L., Strano, M.S., 2016a. Layered and 

scrolled nanocomposites with aligned semi-infinite graphene inclusions at the platelet limit. 

Science 353(6297), 364-367. 

 

Liu, W., Xiao, J., Wang, C., Yin, H., Xie, H., Cheng, R., 2013. Synthesis of polystyrene-

grafted-graphene hybrid and its application in electrochemical sensor of dopamine. Materials 

Letters 100(Supplement C), 70-73. 

 

Liu, X., Zhang, L., Wei, S., Chen, S., Ou, X., Lu, Q., 2014b. Overoxidized 

polyimidazole/graphene oxide copolymer modified electrode for the simultaneous 

determination of ascorbic acid, dopamine, uric acid, guanine and adenine. Biosensors and 

Bioelectronics 57, 232-238. 

 

Liu, Y., Dong, X., Chen, P., 2012a. Biological and chemical sensors based on graphene 

materials. Chemical Society Reviews 41(6), 2283-2307. 

 

Liu, Y., Xie, B., Zhang, Z., Zheng, Q., Xu, Z., 2012b. Mechanical properties of graphene papers. 

Journal of the Mechanics and Physics of Solids 60(4), 591-605. 

 

Liu, Y., Xu, Z., Zhan, J., Li, P., Gao, C., 2016b. Superb electrically conductive graphene fibers 

via doping strategy. Advanced Materials 28(36), 7941-7947. 

 

Loo, A.H., Ambrosi, A., Bonanni, A., Pumera, M., 2014. CVD graphene based immunosensor. 

RSC Advances 4(46), 23952-23956. 

 

Lotya, M., Hernandez, Y., King, P.J., Smith, R.J., Nicolosi, V., Karlsson, L.S., Blighe, F.M., 

De, S., Wang, Z., McGovern, I.T., Duesberg, G.S., Coleman, J.N., 2009. Liquid Phase 



 

163 

 

Production of Graphene by Exfoliation of Graphite in Surfactant/Water Solutions. Journal of 

the American Chemical Society 131(10), 3611-3620. 

 

Lu, J., Do, I., Drzal, L.T., Worden, R.M., Lee, I., 2008. Nanometal-Decorated Exfoliated 

Graphite Nanoplatelet Based Glucose Biosensors with High Sensitivity and Fast Response. 

ACS Nano 2(9), 1825-1832. 

 

Luong, D.X., Subramanian, A.K., Silva, G.A.L., Yoon, J., Cofer, S., Yang, K., Owuor, P.S., 

Wang, T., Wang, Z., Lou, J., Ajayan, P.M., Tour, J.M., 2018. Laminated Object Manufacturing 

of 3D-Printed Laser-Induced Graphene Foams. Advanced Materials 30(28), 1707416. 

 

Ma, J., Alfe, D., Michaelides, A., Wang, E., 2009. Stone-Wales defects in graphene and other 

planar s p 2-bonded materials. Physical Review B 80(3), 033407. 

 

Malard, L.M., Pimenta, M.A., Dresselhaus, G., Dresselhaus, M.S., 2009. Raman spectroscopy 

in graphene. Physics Reports 473(5), 51-87. 

 

Manepalli, S.K., Srimathi, P., Davis, R.J., Kumar, S., 2011. Supercapacitor Performance of 

Graphene Synthesized Using NaBH4. ECS Transactions 35(34), 57-65. 

 

Mao, H., Liang, J., Zhang, H., Pei, Q., Liu, D., Wu, S., Zhang, Y., Song, X.-M., 2015. 

Poly(ionic liquids) functionalized polypyrrole/graphene oxide nanosheets for electrochemical 

sensor to detect dopamine in the presence of ascorbic acid. Biosensors and Bioelectronics 70, 

289-298. 

 

Marcano, D.C., Kosynkin, D.V., Berlin, J.M., Sinitskii, A., Sun, Z., Slesarev, A., Alemany, 

L.B., Lu, W., Tour, J.M., 2010. Improved Synthesis of Graphene Oxide. ACS Nano 4(8), 4806-

4814. 

 

Marengo, M., Marinaro, G., Kosel, J., 2017. Flexible temperature and flow sensor from laser-

induced graphene. SENSORS, 2017 IEEE, pp. 1-3. IEEE. 

 

Marx, K.A., 2003. Quartz crystal microbalance: a useful tool for studying thin polymer films 

and complex biomolecular systems at the solution− surface interface. Biomacromolecules 4(5), 

1099-1120. 

 

Mathiyarasu, J., Senthilkumar, S., Phani, K., Yegnaraman, V., 2008. PEDOT-Au 

nanocomposite film for electrochemical sensing. Materials Letters 62(4), 571-573. 

 

Mauter, M.S., Elimelech, M., 2008. Environmental Applications of Carbon-Based 

Nanomaterials. Environmental Science & Technology 42(16), 5843-5859. 

 

Mayorov, A.S., Gorbachev, R.V., Morozov, S.V., Britnell, L., Jalil, R., Ponomarenko, L.A., 

Blake, P., Novoselov, K.S., Watanabe, K., Taniguchi, T., Geim, A.K., 2011. Micrometer-Scale 



 

164 

 

Ballistic Transport in Encapsulated Graphene at Room Temperature. Nano Letters 11(6), 2396-

2399. 

 

Mazloum-Ardakani, M., Beitollahi, H., Mirjalili, B., Akbari, A., 2011. Determination of 

epinephrine in the presence of uric acid and folic acid using nanostructure-based 

electrochemical sensor. Journal of Nanostructures 1(3), 181-190. 

 

Mazloum-Ardakani, M., Rajabzadeh, N., Dehghani-Firouzabadi, A., Sheikh-Mohseni, M.A., 

Benvidi, A., Naeimi, H., Akbari, M., Karshenas, A., 2012. Carbon nanoparticles and a new 

derivative of hydroquinone for modification of a carbon paste electrode for simultaneous 

determination of epinephrine and acetaminophen. Analytical Methods 4(7), 2127-2133. 

 

Meyer, J.C., Geim, A.K., Katsnelson, M.I., Novoselov, K.S., Booth, T.J., Roth, S., 2007. The 

structure of suspended graphene sheets. Nature 446, 60. 

 

Mishra, N., Boeckl, J., Motta, N., Iacopi, F., 2016. Graphene growth on silicon carbide: A 

review. physica status solidi (a) 213(9), 2277-2289. 

 

Mphuthi, N.G., Adekunle, A.S., Ebenso, E.E., 2016. Electrocatalytic oxidation of Epinephrine 

and Norepinephrine at metal oxide doped phthalocyanine/MWCNT composite sensor. 

Scientific Reports 6, 26938. 

 

Nafady, A., Tahira, A., Sherazi, S.T.H., Shaikh, T., Arain, M., Willander, M., Ibupoto, Z.H., 

2017. An amperometric sensitive dopamine biosensor based on novel copper oxide 

nanostructures. Microsystem Technologies 23(5), 1229-1235. 

 

Nakatsuka, N., Andrews, A.M., 2017. Differentiating Siblings: The Case of Dopamine and 

Norepinephrine. ACS Chemical Neuroscience 8(2), 218-220. 

 

Nayak, P., Jiang, Q., Kurra, N., Wang, X., Buttner, U., Alshareef, H.N., 2017. Monolithic laser 

scribed graphene scaffolds with atomic layer deposited platinum for the hydrogen evolution 

reaction. Journal of Materials Chemistry A 5(38), 20422-20427. 

 

Nayak, P., Kurra, N., Xia, C., Alshareef, H.N., 2016. Highly Efficient Laser Scribed Graphene 

Electrodes for On-Chip Electrochemical Sensing Applications. Adv Electron Mater 2(10), n/a-

n/a. 

 

Ni, Z.H., Yu, T., Lu, Y.H., Wang, Y.Y., Feng, Y.P., Shen, Z.X., 2008. Uniaxial Strain on 

Graphene: Raman Spectroscopy Study and Band-Gap Opening. ACS Nano 2(11), 2301-2305. 

 

Nicholson, R.S., 1965. Theory and Application of Cyclic Voltammetry for Measurement of 

Electrode Reaction Kinetics. Analytical Chemistry 37(11), 1351-1355. 

 

Novoselov, K.S., Fal, V., Colombo, L., Gellert, P., Schwab, M., Kim, K., 2012a. A roadmap 

for graphene. Nature 490(7419), 192. 



 

165 

 

Novoselov, K.S., Falko, V.I., Colombo, L., Gellert, P.R., Schwab, M.G., Kim, K., 2012b. A 

roadmap for graphene. Nature 490(7419), 192-200. 

 

Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang, D., Katsnelson, M.I., Grigorieva, I.V., 

Dubonos, S.V., Firsov, A.A., 2005a. Two-dimensional gas of massless Dirac fermions in 

graphene. Nature 438, 197. 

 

Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang, D., Zhang, Y., Dubonos, S.V., Grigorieva, 

I.V., Firsov, A.A., 2004. Electric Field Effect in Atomically Thin Carbon Films. Science 

306(5696), 666-669. 

 

Novoselov, K.S., Jiang, D., Schedin, F., Booth, T.J., Khotkevich, V.V., Morozov, S.V., Geim, 

A.K., 2005b. Two-dimensional atomic crystals. Proceedings of the National Academy of 

Sciences of the United States of America 102(30), 10451-10453. 

 

Novoselov, K.S., McCann, E., Morozov, S., Fal’ko, V.I., Katsnelson, M., Zeitler, U., Jiang, D., 

Schedin, F., Geim, A., 2006. Unconventional quantum Hall effect and Berry’s phase of 2π in 

bilayer graphene. Nature physics 2(3), 177. 

 

Oberlin, A., Endo, M., Koyama, T., 1976. Filamentous growth of carbon through benzene 

decomposition. Journal of Crystal Growth 32(3), 335-349. 

 

Obraztsov, A.N., 2009. Making graphene on a large scale. Nature nanotechnology 4, 212. 

 

Obraztsov, A.N., Obraztsova, E.A., Tyurnina, A.V., Zolotukhin, A.A., 2007. Chemical vapor 

deposition of thin graphite films of nanometer thickness. Carbon 45(10), 2017-2021. 

 

Pandurangachar, M., Swamy, B.K., Chandra, U., Gilbert, O., Sherigara, B., 2009. 

Simultaneous determination of dopamine, ascorbic acid and uric acid at poly (Patton and 

Reeder’s) modified carbon paste electrode. International Journal of Electrochemical Science 

4(5), 672-683. 

 

Papageorgiou, D.G., Kinloch, I.A., Young, R.J., 2017. Mechanical properties of graphene and 

graphene-based nanocomposites. Progress in Materials Science 90, 75-127. 

 

Paredes, J.I., Villar-Rodil, S., Martínez-Alonso, A., Tascón, J.M.D., 2008. Graphene Oxide 

Dispersions in Organic Solvents. Langmuir 24(19), 10560-10564. 

 

Park, J.S., Reina, A., Saito, R., Kong, J., Dresselhaus, G., Dresselhaus, M.S., 2009. band 

Raman spectra of single, double and triple layer graphene. Carbon 47(5), 1303-1310. 

 

Parviz, D., Irin, F., Shah, S.A., Das, S., Sweeney, C.B., Green, M.J., 2016. Challenges in 

Liquid‐Phase Exfoliation, Processing, and Assembly of Pristine Graphene. Advanced 

Materials 28(40), 8796-8818. 



 

166 

 

Patra, S., Roy, E., Tiwari, A., Madhuri, R., Sharma, P.K., 2017. 2-Dimensional graphene as a 

route for emergence of additional dimension nanomaterials. Biosensors and Bioelectronics 89, 

Part 1, 8-27. 

 

Pei, S.F., Zhao, J.P., Du, J.H., Ren, W.C., Cheng, H.M., 2010. Direct reduction of graphene 

oxide films into highly conductive and flexible graphene films by hydrohalic acids. Carbon 

48(15), 4466-4474. 

 

Peng, H., Soeller, C., Cannell, M.B., Bowmaker, G.A., Cooney, R.P., Travas-Sejdic, J., 2006. 

Electrochemical detection of DNA hybridization amplified by nanoparticles. Biosensors and 

Bioelectronics 21(9), 1727-1736. 

 

Peng, H., Soeller, C., Vigar, N., Kilmartin, P.A., Cannell, M.B., Bowmaker, G.A., Cooney, 

R.P., Travas-Sejdic, J., 2005. Label-free electrochemical DNA sensor based on functionalised 

conducting copolymer. Biosensors and Bioelectronics 20(9), 1821-1828. 

 

Peng, H., Zhang, L., Kjällman, T.H.M., Soeller, C., 2007. DNA Hybridization Detection with 

Blue Luminescent Quantum Dots and Dye-Labeled Single-Stranded DNA. Journal of the 

American Chemical Society 129(11), 3048-3049. 

 

Peng, H., Zhang, L.J., Soeller, C., Travas-Sejdic, J., 2009. Conducting polymers for 

electrochemical DNA sensing. Biomaterials 30(11), 2132-2148. 

 

Peng, Z., Lin, J., Ye, R., Samuel, E.L.G., Tour, J.M., 2015a. Flexible and Stackable Laser-

Induced Graphene Supercapacitors. ACS Applied Materials & Interfaces 7(5), 3414-3419. 

 

Peng, Z., Ye, R., Mann, J.A., Zakhidov, D., Li, Y., Smalley, P.R., Lin, J., Tour, J.M., 2015b. 

Flexible Boron-Doped Laser-Induced Graphene Microsupercapacitors. ACS Nano 9(6), 5868-

5875. 

 

Pimenta, M.A., del Corro, E., Carvalho, B.R., Fantini, C., Malard, L.M., 2015. Comparative 

Study of Raman Spectroscopy in Graphene and MoS2-type Transition Metal Dichalcogenides. 

Accounts of Chemical Research 48(1), 41-47. 

 

Ping, J., Wu, J., Wang, Y., Ying, Y., 2012. Simultaneous determination of ascorbic acid, 

dopamine and uric acid using high-performance screen-printed graphene electrode. Biosensors 

and Bioelectronics 34(1), 70-76. 

 

Pisana, S., Lazzeri, M., Casiraghi, C., Novoselov, K.S., Geim, A.K., Ferrari, A.C., Mauri, F., 

2007. Breakdown of the adiabatic Born–Oppenheimer approximation in graphene. Nature 

materials 6(3), 198. 

 

Pisoschi, A.M., Pop, A., Negulescu, G.P., Pisoschi, A., 2011. Determination of ascorbic acid 

content of some fruit juices and wine by voltammetry performed at Pt and carbon paste 

electrodes. Molecules 16(2), 1349-1365. 



 

167 

 

Prasher, R., 2010. Graphene Spreads the Heat. Science 328(5975), 185-186. 

 

Pumera, M., 2009. Electrochemistry of graphene: new horizons for sensing and energy storage. 

The Chemical Record 9(4), 211-223. 

 

Pumera, M., 2011. Graphene in biosensing. Materials Today 14(7–8), 308-315. 

 

Pumera, M., Ambrosi, A., Bonanni, A., Chng, E.L.K., Poh, H.L., 2010. Graphene for 

electrochemical sensing and biosensing. TrAC Trends in Analytical Chemistry 29(9), 954-965. 

 

Qi, S., Zhao, B., Tang, H., Jiang, X., 2015. Determination of ascorbic acid, dopamine, and uric 

acid by a novel electrochemical sensor based on pristine graphene. Electrochimica Acta 161, 

395-402. 

 

Rao, C.N.R., Sood, A.K., Subrahmanyam, K.S., Govindaraj, A., 2009. Graphene: The New 

Two-Dimensional Nanomaterial. Angewandte Chemie International Edition 48(42), 7752-

7777. 

 

Rathinam, K., Singh, S.P., Li, Y., Kasher, R., Tour, J.M., Arnusch, C.J., 2017. Polyimide 

derived laser-induced graphene as adsorbent for cationic and anionic dyes. Carbon 124, 515-

524. 

 

Reddy, K.K., Satyanarayana, M., Goud, K.Y., Gobi, K.V., Kim, H., 2017. Carbon nanotube 

ensembled hybrid nanocomposite electrode for direct electrochemical detection of epinephrine 

in pharmaceutical tablets and urine. Materials Science and Engineering: C 79, 93-99. 

 

Reina, A., Jia, X., Ho, J., Nezich, D., Son, H., Bulovic, V., Dresselhaus, M.S., Kong, J., 2009. 

Large Area, Few-Layer Graphene Films on Arbitrary Substrates by Chemical Vapor 

Deposition. Nano Letters 9(1), 30-35. 

 

Ren, J., Li, L., Chen, C., Chen, X., Cai, Z., Qiu, L., Wang, Y., Zhu, X., Peng, H., 2013. Twisting 

Carbon Nanotube Fibers for Both Wire-Shaped Micro-Supercapacitor and Micro-Battery. 

Advanced Materials 25(8), 1155-1159. 

 

Ren, M., Zhang, J., Tour, J.M., 2018. Laser-induced graphene synthesis of Co3O4 in graphene 

for oxygen electrocatalysis and metal-air batteries. Carbon 139, 880-887. 

 

Rodrigo, D., Limaj, O., Janner, D., Etezadi, D., García de Abajo, F.J., Pruneri, V., Altug, H., 

2015. Mid-infrared plasmonic biosensing with graphene. Science 349(6244), 165-168. 

 

Rosy, Yadav, S.K., Agrawal, B., Oyama, M., Goyal, R.N., 2014. Graphene modified Palladium 

sensor for electrochemical analysis of norepinephrine in pharmaceuticals and biological fluids. 

Electrochimica Acta 125, 622-629. 

 



 

168 

 

Rowley-Neale, S.J., Brownson, D.A.C., Banks, C.E., 2016. Defining the origins of electron 

transfer at screen-printed graphene-like and graphite electrodes: MoO2 nanowire fabrication 

on edge plane sites reveals electrochemical insights. Nanoscale 8(33), 15241-15251. 

 

Sahoo, B.N., Balasubramanian, K., 2015. A nanocellular PVDF-graphite water-repellent 

composite coating. RSC Advances 5(9), 6743-6751. 

 

Saito, R., Hofmann, M., Dresselhaus, G., Jorio, A., Dresselhaus, M.S., 2011. Raman 

spectroscopy of graphene and carbon nanotubes. Advances in Physics 60(3), 413-550. 

 

Samba, R., Fuchsberger, K., Matiychyn, I., Epple, S., Kiesel, L., Stett, A., Schuhmann, W., 

Stelzle, M., 2014. Application of PEDOT‐CNT Microelectrodes for Neurotransmitter 

Sensing. Electroanalysis 26(3), 548-555. 

 

Sanghavi, B.J., Wolfbeis, O.S., Hirsch, T., Swami, N.S., 2015. Nanomaterial-based 

electrochemical sensing of neurological drugs and neurotransmitters. Microchimica Acta 

182(1-2), 1-41. 

 

Sangubotla, R., Kim, J., 2018. Recent trends in analytical approaches for detecting 

neurotransmitters in Alzheimer's disease. TrAC Trends in Analytical Chemistry 105, 240-250. 

Scholz, F., 2009. Electroanalytical Methods: Guide to Experiments and Applications. Springer 

Berlin Heidelberg. 

 

Schwierz, F., 2010. Graphene transistors. Nature nanotechnology 5, 487. 

 

Seol, J.H., Jo, I., Moore, A.L., Lindsay, L., Aitken, Z.H., Pettes, M.T., Li, X., Yao, Z., Huang, 

R., Broido, D., Mingo, N., Ruoff, R.S., Shi, L., 2010. Two-Dimensional Phonon Transport in 

Supported Graphene. Science 328(5975), 213-216. 

 

Sha, J., Li, Y., Villegas Salvatierra, R., Wang, T., Dong, P., Ji, Y., Lee, S.-K., Zhang, C., Zhang, 

J., Smith, R.H., Ajayan, P.M., Lou, J., Zhao, N., Tour, J.M., 2017. Three-Dimensional Printed 

Graphene Foams. ACS Nano 11(7), 6860-6867. 

 

Sheng, Z.-H., Zheng, X.-Q., Xu, J.-Y., Bao, W.-J., Wang, F.-B., Xia, X.-H., 2012. 

Electrochemical sensor based on nitrogen doped graphene: simultaneous determination of 

ascorbic acid, dopamine and uric acid. Biosensors and Bioelectronics 34(1), 125-131. 

 

Shioyama, H., 2001. Cleavage of graphite to graphene. Journal of materials science letters 

20(6), 499-500. 

 

Si, Y., Samulski, E.T., 2008. Synthesis of water soluble graphene. Nano letters 8(6), 1679-

1682. 

 



 

169 

 

Singh, S.P., Li, Y., Be’er, A., Oren, Y., Tour, J.M., Arnusch, C.J., 2017. Laser-Induced 

Graphene Layers and Electrodes Prevents Microbial Fouling and Exerts Antimicrobial Action. 

ACS Applied Materials & Interfaces 9(21), 18238-18247. 

 

Sinitskii, A., Dimiev, A., Kosynkin, D.V., Tour, J.M., 2010. Graphene Nanoribbon Devices 

Produced by Oxidative Unzipping of Carbon Nanotubes. ACS Nano 4(9), 5405-5413. 

 

Sinitskii, A., Fursina, A.A., Kosynkin, D.V., Higginbotham, A.L., Natelson, D., Tour, J.M., 

2009. Electronic transport in monolayer graphene nanoribbons produced by chemical 

unzipping of carbon nanotubes. Applied Physics Letters 95(25), 253108. 

 

Skoog, D.A., Holler, F.J., Crouch, S.R., 2017. Principles of instrumental analysis. Cengage 

learning. 

 

Sokolov, D.A., Rouleau, C.M., Geohegan, D.B., Orlando, T.M., 2013. Excimer laser reduction 

and patterning of graphite oxide. Carbon 53, 81-89. 

 

Sokolov, D.A., Shepperd, K.R., Orlando, T.M., 2010. Formation of Graphene Features from 

Direct Laser-Induced Reduction of Graphite Oxide. The Journal of Physical Chemistry Letters 

1(18), 2633-2636. 

 

Somani, P.R., Somani, S.P., Umeno, M., 2006. Planer nano-graphenes from camphor by CVD. 

Chemical Physics Letters 430(1), 56-59. 

 

Song, W., Zhu, J., Gan, B., Zhao, S., Wang, H., Li, C., Wang, J., 2018. Flexible, Stretchable, 

and Transparent Planar Microsupercapacitors Based on 3D Porous Laser-Induced Graphene. 

Small 14(1), 1702249-n/a. 

 

Song, Y., Luo, Y., Zhu, C., Li, H., Du, D., Lin, Y., 2016. Recent advances in electrochemical 

biosensors based on graphene two-dimensional nanomaterials. Biosensors and Bioelectronics 

76, 195-212. 

 

Srinivas, A.R.G., Peng, H., Barker, D., Travas-Sejdic, J., 2012. Switch on or switch off: an 

optical DNA sensor based on poly (p-phenylenevinylene) grafted magnetic beads. Biosensors 

and Bioelectronics 35(1), 498-502. 

 

Staudenmaier, L., 1898. Verfahren zur Darstellung der Graphitsäure. Berichte der deutschen 

chemischen Gesellschaft 31(2), 1481-1487. 

 

Strong, V., Dubin, S., El-Kady, M.F., Lech, A., Wang, Y., Weiller, B.H., Kaner, R.B., 2012. 

Patterning and Electronic Tuning of Laser Scribed Graphene for Flexible All-Carbon Devices. 

Acs Nano 6(2), 1395-1403. 

 

Sun, C.-L., Chang, C.-T., Lee, H.-H., Zhou, J., Wang, J., Sham, T.-K., Pong, W.-F., 2011. 

Microwave-Assisted Synthesis of a Core–Shell MWCNT/GONR Heterostructure for the 



 

170 

 

Electrochemical Detection of Ascorbic Acid, Dopamine, and Uric Acid. ACS Nano 5(10), 

7788-7795. 

 

Sun, H., Xu, Z., Gao, C., 2013. Multifunctional, Ultra-Flyweight, Synergistically Assembled 

Carbon Aerogels. Advanced Materials 25(18), 2554-2560. 

 

Szabó, T., Tombácz, E., Illés, E., Dékány, I., 2006. Enhanced acidity and pH-dependent surface 

charge characterization of successively oxidized graphite oxides. Carbon 44(3), 537-545. 

 

Tang, L., Wang, Y., Li, Y., Feng, H., Lu, J., Li, J., 2009. Preparation, Structure, and 

Electrochemical Properties of Reduced Graphene Sheet Films. Advanced Functional Materials 

19(17), 2782-2789. 

 

Tao, L.-Q., Tian, H., Liu, Y., Ju, Z.-Y., Pang, Y., Chen, Y.-Q., Wang, D.-Y., Tian, X.-G., Yan, 

J.-C., Deng, N.-Q., Yang, Y., Ren, T.-L., 2017. An intelligent artificial throat with sound-

sensing ability based on laser induced graphene. Nature communications 8, 14579. 

 

Taylor, I.M., Robbins, E.M., Catt, K.A., Cody, P.A., Happe, C.L., Cui, X.T., 2017. Enhanced 

dopamine detection sensitivity by PEDOT/graphene oxide coating on in vivo carbon fiber 

electrodes. Biosensors and Bioelectronics 89, Part 1, 400-410. 

 

Tehrani, F., Bavarian, B., 2016. Facile and scalable disposable sensor based on laser engraved 

graphene for electrochemical detection of glucose. Scientific Reports 6, 27975. 

 

Tehrani, F., Reiner, L., Bavarian, B., 2015. Rapid Prototyping of a High Sensitivity Graphene 

Based Glucose Sensor Strip. PLOS ONE 10(12), e0145036. 

 

Tezerjani, M.D., Benvidi, A., Dehghani Firouzabadi, A., Mazloum-Ardakani, M., Akbari, A., 

2017. Epinephrine electrochemical sensor based on a carbon paste electrode modified with 

hydroquinone derivative and graphene oxide nano-sheets: Simultaneous determination of 

epinephrine, acetaminophen and dopamine. Measurement 101, 183-189. 

 

Tian, H., Chen, H.-Y., Ren, T.-L., Li, C., Xue, Q.-T., Mohammad, M.A., Wu, C., Yang, Y., 

Wong, H.S.P., 2014a. Cost-Effective, Transfer-Free, Flexible Resistive Random Access 

Memory Using Laser-Scribed Reduced Graphene Oxide Patterning Technology. Nano Letters 

14(6), 3214-3219. 

 

Tian, H., Shu, Y., Cui, Y.-L., Mi, W.-T., Yang, Y., Xie, D., Ren, T.-L., 2014b. Scalable 

fabrication of high-performance and flexible graphene strain sensors. Nanoscale 6(2), 699-705. 

 

Tian, H., Shu, Y., Wang, X.-F., Mohammad, M.A., Bie, Z., Xie, Q.-Y., Li, C., Mi, W.-T., Yang, 

Y., Ren, T.-L., 2015. A Graphene-Based Resistive Pressure Sensor with Record-High 

Sensitivity in a Wide Pressure Range. Scientific Reports 5, 8603. 

 



 

171 

 

Tiwari, J.N., Vij, V., Kemp, K.C., Kim, K.S., 2016. Engineered Carbon-Nanomaterial-Based 

Electrochemical Sensors for Biomolecules. ACS Nano 10(1), 46-80. 

 

Toghill, K.E., Compton, R.G., 2010. Electrochemical non-enzymatic glucose sensors: a 

perspective and an evaluation. Int. J. Electrochem. Sci 5(9), 1246-1301. 

 

Travas-Sejdic, J., Aydemir, N., Kannan, B., Williams, D.E., Malmstrom, J., 2014. Intrinsically 

conducting polymer nanowires for biosensing. Journal of Materials Chemistry B 2(29), 4593-

4609. 

 

Trusovas, R., Ratautas, K., Račiukaitis, G., Barkauskas, J., Stankevičienė, I., Niaura, G., 

Mažeikienė, R., 2013. Reduction of graphite oxide to graphene with laser irradiation. Carbon 

52, 574-582. 

 

Tsai, T.-H., Lin, K.-C., Chen, S.-M., 2011. Electrochemical synthesis of poly (3, 4-

ethylenedioxythiophene) and gold nanocomposite and its application for hypochlorite sensor. 

Int. J. Electrochem. Sci 6, 2672-2687. 

 

Tukimin, N., Abdullah, J., Sulaiman, Y., 2017. Development of a PrGO-Modified Electrode 

for Uric Acid Determination in the Presence of Ascorbic Acid by an Electrochemical 

Technique. Sensors 17(7), 1539. 

 

Turner, A., Karube, I., Wilson, G.S., 1987. Biosensors: fundamentals and applications. Oxford 

university press. 

 

Urbanová, V., Holá, K., Bourlinos, A.B., Čépe, K., Ambrosi, A., Loo, A.H., Pumera, M., 

Karlický, F., Otyepka, M., Zbořil, R., 2015. Thiofluorographene–Hydrophilic Graphene 

Derivative with Semiconducting and Genosensing Properties. Advanced Materials 27(14), 

2305-2310. 

 

Valota, A.T., Kinloch, I.A., Novoselov, K.S., Casiraghi, C., Eckmann, A., Hill, E.W., Dryfe, 

R.A.W., 2011. Electrochemical Behavior of Monolayer and Bilayer Graphene. ACS Nano 

5(11), 8809-8815. 

 

Van Bommel, A., Crombeen, J., Van Tooren, A., 1975. LEED and Auger electron observations 

of the SiC (0001) surface. Surface Science 48(2), 463-472. 

 

Wallace, P.R., 1947. The Band Theory of Graphite. Physical Review 71(9), 622-634. 

 

Wang, J., Yang, S., Guo, D., Yu, P., Li, D., Ye, J., Mao, L., 2009. Comparative studies on 

electrochemical activity of graphene nanosheets and carbon nanotubes. Electrochemistry 

Communications 11(10), 1892-1895. 

 

Wang, L., Pumera, M., 2016. Electrochemical catalysis at low dimensional carbons: Graphene, 

carbon nanotubes and beyond – A review. Applied Materials Today 5, 134-141. 



 

172 

 

 

Wang, W., Xu, G., Cui, X.T., Sheng, G., Luo, X., 2014. Enhanced catalytic and dopamine 

sensing properties of electrochemically reduced conducting polymer nanocomposite doped 

with pure graphene oxide. Biosensors and Bioelectronics 58, 153-156. 

 

Wang, X.-Y., Narita, A., Müllen, K., 2017. Precision synthesis versus bulk-scale fabrication of 

graphenes. Nature Reviews Chemistry 2, 0100. 

 

Wang, Y., Li, Z., Wang, J., Li, J., Lin, Y., 2011a. Graphene and graphene oxide: 

biofunctionalization and applications in biotechnology. Trends in Biotechnology 29(5), 205-

212. 

 

Wang, Y., Wang, S., Tao, L., Min, Q., Xiang, J., Wang, Q., Xie, J., Yue, Y., Wu, S., Li, X., 

Ding, H., 2015. A disposable electrochemical sensor for simultaneous determination of 

norepinephrine and serotonin in rat cerebrospinal fluid based on MWNTs-ZnO/chitosan 

composites modified screen-printed electrode. Biosensors and Bioelectronics 65, 31-38. 

 

Wang, Y., Wang, Y., Zhang, P., Liu, F., Luo, S., 2018. Laser-Induced Freestanding Graphene 

Papers: A New Route of Scalable Fabrication with Tunable Morphologies and Properties for 

Multifunctional Devices and Structures. Small 14(36), 1802350. 

 

Wang, Z., Shoji, M., Ogata, H., 2011b. Facile low-temperature growth of carbon nanosheets 

toward simultaneous determination of dopamine, ascorbic acid and uric acid. Analyst 136(23), 

4903-4905. 

 

Wassei, J.K., Kaner, R.B., 2013. Oh, the Places You'll Go with Graphene. Accounts of 

Chemical Research 46(10), 2244-2253. 

 

Weaver, C., Li, H., Luo, X., Cui, X., 2014a. A graphene oxide/conducting polymer 

nanocomposite for electrochemical dopamine detection: origin of improved sensitivity and 

specificity. Journal of Materials Chemistry B 2(32), 5209-5219. 

 

Weaver, C.L., Li, H., Luo, X., Cui, X.T., 2014b. A graphene oxide/conducting polymer 

nanocomposite for electrochemical dopamine detection: origin of improved sensitivity and 

specificity. Journal of Materials Chemistry B 2(32), 5209-5219. 

 

Williams, J.R., DiCarlo, L., Marcus, C.M., 2007. Quantum Hall Effect in a Gate-Controlled 

<em>p-n</em> Junction of Graphene. Science 317(5838), 638-641. 

 

Xu, G., Aydemir, N., Kilmartin, P.A., Travas-Sejdic, J., 2017. Direct laser scribed 

graphene/PVDF-HFP composite electrodes with improved mechanical water wear and their 

electrochemistry. Applied Materials Today 8, 35-43. 

 



 

173 

 

Xu, G., Jarjes, Z.A., Desprez, V., Kilmartin, P.A., Travas-Sejdic, J., 2018a. Sensitive, selective, 

disposable electrochemical dopamine sensor based on PEDOT-modified laser scribed 

graphene. Biosens Bioelectron 107, 184-191. 

 

Xu, G., Jarjes, Z.A., Wang, H.-W., Phillips, A.R.J., Kilmartin, P.A., Travas-Sejdic, J., 2018b. 

Detection of Neurotransmitters by Three-Dimensional Laser-Scribed Graphene Grass 

Electrodes. ACS Applied Materials & Interfaces 10(49), 42136-42145. 

 

Xu, G., Malmström, J., Edmonds, N., Broderick, N., Travas-Sejdic, J., Jin, J., 2016a. 

Investigation of the reduction of graphene oxide by lithium triethylborohydride. Journal of 

Nanomaterials 2016, 16. 

 

Xu, G.Y., Malmstrom, J., Edmonds, N., Broderick, N., Travas-Sejdic, J., Jin, J.Y., 2016b. 

Investigation of the Reduction of Graphene Oxide by Lithium Triethylborohydride. Journal of 

Nanomaterials 2016, 10. 

 

Xu, X., Pereira, L.F.C., Wang, Y., Wu, J., Zhang, K., Zhao, X., Bae, S., Tinh Bui, C., Xie, R., 

Thong, J.T.L., Hong, B.H., Loh, K.P., Donadio, D., Li, B., Özyilmaz, B., 2014. Length-

dependent thermal conductivity in suspended single-layer graphene. Nature communications 

5, 3689. 

 

Xu, Z., Gao, C., 2010. In situ Polymerization Approach to Graphene-Reinforced Nylon-6 

Composites. Macromolecules 43(16), 6716-6723. 

 

Xu, Z., Gao, C., 2011. Aqueous liquid crystals of graphene oxide. Acs Nano 5(4), 2908-2915. 

 

Xu, Z., Gao, C., 2015. Graphene fiber: a new trend in carbon fibers. Materials Today 18(9), 

480-492. 

 

Yamato, H., Ohwa, M., Wernet, W., 1995. Stability of polypyrrole and poly (3, 4-

ethylenedioxythiophene) for biosensor application. Journal of Electroanalytical Chemistry 

397(1-2), 163-170. 

 

Yan, K., Fu, L., Peng, H., Liu, Z., 2013. Designed CVD Growth of Graphene via Process 

Engineering. Accounts of Chemical Research 46(10), 2263-2274. 

 

Yang, L., Liu, D., Huang, J., You, T., 2014. Simultaneous determination of dopamine, ascorbic 

acid and uric acid at electrochemically reduced graphene oxide modified electrode. Sensors 

and Actuators B: Chemical 193, 166-172. 

 

Yang, X., Dou, X., Rouhanipour, A., Zhi, L., Räder, H.J., Müllen, K., 2008. Two-Dimensional 

Graphene Nanoribbons. Journal of the American Chemical Society 130(13), 4216-4217. 

 

Yang, Y., Asiri, A.M., Tang, Z., Du, D., Lin, Y., 2013. Graphene based materials for 

biomedical applications. Materials Today 16(10), 365-373. 



 

174 

 

 

Yang, Y.J., Li, W., 2014. CTAB functionalized graphene oxide/multiwalled carbon nanotube 

composite modified electrode for the simultaneous determination of ascorbic acid, dopamine, 

uric acid and nitrite. Biosensors and Bioelectronics 56, 300-306. 

 

Yazdi, G.R., Vasiliauskas, R., Iakimov, T., Zakharov, A., Syväjärvi, M., Yakimova, R., 2013. 

Growth of large area monolayer graphene on 3C-SiC and a comparison with other SiC 

polytypes. Carbon 57, 477-484. 

 

Ye, R., Chyan, Y., Zhang, J., Li, Y., Han, X., Kittrell, C., Tour, J.M., 2017. Laser-Induced 

Graphene Formation on Wood. Adv Mater 29(37), 1702211-n/a. 

 

Ye, R., Han, X., Kosynkin, D.V., Li, Y., Zhang, C., Jiang, B., Martí, A.A., Tour, J.M., 2018a. 

Laser-Induced Conversion of Teflon into Fluorinated Nanodiamonds or Fluorinated Graphene. 

ACS Nano. 

 

Ye, R., James, D.K., Tour, J.M., 2018b. Laser-Induced Graphene. Accounts of Chemical 

Research. 

 

Ye, R.Q., Peng, Z.W., Wang, T., Xu, Y.N., Zhang, J.B., Li, Y.L., Nilewski, L.G., Lin, J., Tour, 

J.M., 2015. In Situ Formation of Metal Oxide Nanocrystals Embedded in Laser-Induced 

Graphene. Acs Nano 9(9), 9244-9251. 

 

Yeh, C.-N., Raidongia, K., Shao, J., Yang, Q.-H., Huang, J., 2015. On the origin of the stability 

of graphene oxide membranes in water. Nat Chem 7(2), 166-170. 

 

Yi, M., Shen, Z., 2015. A review on mechanical exfoliation for the scalable production of 

graphene. Journal of Materials Chemistry A 3(22), 11700-11715. 

 

Yu, Q., Lian, J., Siriponglert, S., Li, H., Chen, Y.P., Pei, S.-S., 2008. Graphene segregated on 

Ni surfaces and transferred to insulators. Applied Physics Letters 93(11), 113103. 

 

Yuan, D., Yuan, X., Zhou, S., Zou, W., Zhou, T., 2012. N-Doped carbon nanorods as 

ultrasensitive electrochemical sensors for the determination of dopamine. RSC Advances 2(21), 

8157-8163. 

 

Zha, D.-a., Mei, S., Wang, Z., Li, H., Shi, Z., Jin, Z., 2011. Superhydrophobic polyvinylidene 

fluoride/graphene porous materials. Carbon 49(15), 5166-5172. 

 

Zhang, H., Gai, P., Cheng, R., Wu, L., Zhang, X., Chen, J., 2013. Self-assembly synthesis of a 

hierarchical structure using hollow nitrogen-doped carbon spheres as spacers to separate the 

reduced graphene oxide for simultaneous electrochemical determination of ascorbic acid, 

dopamine and uric acid. Analytical Methods 5(14), 3591-3600. 

 



 

175 

 

Zhang, J., Chen, S., Xie, X., Kretschmer, K., Huang, X., Sun, B., Wang, G., 2014. Porous 

poly(vinylidene fluoride-co-hexafluoropropylene) polymer membrane with sandwich-like 

architecture for highly safe lithium ion batteries. Journal of Membrane Science 472, 133-140. 

 

Zhang, J., Ren, M., Wang, L., Li, Y., Yakobson, B.I., Tour, J.M., 2018a. Oxidized Laser-

Induced Graphene for Efficient Oxygen Electrocatalysis. Adv Mater 0(0), e1707319. 

 

Zhang, J., Zhang, C., Sha, J., Fei, H., Li, Y., Tour, J.M., 2017. Efficient Water-Splitting 

Electrodes Based on Laser-Induced Graphene. ACS Applied Materials & Interfaces 9(32), 

26840-26847. 

 

Zhang, L., Lin, X., 2005. Electrochemical behavior of a covalently modified glassy carbon 

electrode with aspartic acid and its use for voltammetric differentiation of dopamine and 

ascorbic acid. Analytical and bioanalytical chemistry 382(7), 1669-1677. 

 

Zhang, Y., Lei, W., Xu, Y., Xia, X., Hao, Q., 2016. Simultaneous Detection of Dopamine and 

Uric Acid Using a Poly (l-lysine)/Graphene Oxide Modified Electrode. Nanomaterials 6(10), 

178. 

 

Zhang, Y., Zhou, D., 2012. Magnetic particle-based ultrasensitive biosensors for diagnostics. 

Expert review of molecular diagnostics 12(6), 565-571. 

 

Zhang, Z., Song, M., Hao, J., Wu, K., Li, C., Hu, C., 2018b. Visible light laser-induced 

graphene from phenolic resin: A new approach for directly writing graphene-based 

electrochemical devices on various substrates. Carbon 127, 287-296. 

 

Zhao, J., Zhang, W., Sherrell, P., Razal, J.M., Huang, X.-F., Minett, A.I., Chen, J., 2011. 

Carbon nanotube nanoweb–bioelectrode for highly selective dopamine sensing. ACS applied 

materials & interfaces 4(1), 44-48. 

 

Zheng, X., Zhou, X., Ji, X., Lin, R., Lin, W., 2013. Simultaneous determination of ascorbic 

acid, dopamine and uric acid using poly (4-aminobutyric acid) modified glassy carbon 

electrode. Sensors and Actuators B: Chemical 178, 359-365. 

 

Zhou, C., Liu, Z., Du, X., Ringer, S.P., 2010. Electrodeposited PEDOT films on ITO with a 

flower-like hierarchical structure. Synthetic Metals 160(15), 1636-1641. 

 

Zhu, B., Booth, M.A., Shepherd, P., Sheppard, A., Travas-Sejdic, J., 2015. Distinguishing 

cytosine methylation using electrochemical, label-free detection of DNA hybridization and ds-

targets. Biosensors and Bioelectronics 64, 74-80. 

 

Zhu, C., Du, D., Lin, Y., 2017. Graphene-like 2D nanomaterial-based biointerfaces for 

biosensing applications. Biosensors and Bioelectronics 89, Part 1, 43-55. 

 



 

176 

 

Zhu, Y., James, D.K., Tour, J.M., 2012. New Routes to Graphene, Graphene Oxide and Their 

Related Applications. Advanced Materials 24(36), 4924-4955. 

 

Zhu, Y., Murali, S., Cai, W., Li, X., Suk, J.W., Potts, J.R., Ruoff, R.S., 2010. Graphene and 

Graphene Oxide: Synthesis, Properties, and Applications. Advanced Materials 22(35), 3906-

3924. 

Zhu, Y., Murali, S., Stoller, M.D., Ganesh, K.J., Cai, W., Ferreira, P.J., Pirkle, A., Wallace, 

R.M., Cychosz, K.A., Thommes, M., Su, D., Stach, E.A., Ruoff, R.S., 2011. Carbon-Based 

Supercapacitors Produced by Activation of Graphene. Science 332(6037), 1537-1541. 

 

Zhuang, Z., Li, J., Xu, R., Xiao, D., 2011. Electrochemical detection of dopamine in the 

presence of ascorbic acid using overoxidized polypyrrole/graphene modified electrodes. Int. J. 

Electrochem. Sci 6(6), 2149-2161. 

Zoski, C.G., 2006. Handbook of electrochemistry. Elsevier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

177 

 

 Appendix A 

 

Figure A. 1 (A) The optical image of LSG and (B) the optical microscopy image of LSG 

films exposed to PBS buffer for 5 hrs taken before rubbing test. 
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Figure A. 2 The log (current)-log (scan rate) graph from the electrodes of LSG0wt%, 

LSG2.5wt%, LSG5wt% and LSG7.5wt%.The slope value near to 0.5 suggests the diffusion behaviour 

determining the electrochemical reaction rate in the interface. 

Table A. 1 Thickness measurement of GO and LSG films 

 Thickness of 

GO(µm) 

Thickness of 

LSG(µm) 

0 wt% 4.5±1.0 6.3±1.0 

2.5 wt% 5.0±1.5 6.7±1.0 

5 wt% 4.5±1.3 6.2±2.9 

7.5 wt% 4.8±1.6 6.7±1.0 

 

Table A. 2 The Raman peak positions of GO and LSG films 

Samples D band G band 2D band D+D’ band 

GO0wt% 1350.8 

 

1601.2 

 

2691.8 

 

2944.4 

 

GO2.5wt% 1349.7 

 

1603.4 

 

2702.8 

 

2947.7 

 

GO5wt% 

 

1353.0 

 

1601.2 

 

2697.3 

 

2953.2 

 

GO7.5wt% 

 

1353.0 

 

1603.4 

 

2705.0 

 

2953.2 
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LSG0wt% 

 

1361.8 

 

1594.7 

 

2717.1 

 

2954.3 

 

LSG2.5wt% 

 

1355.2 

 

1590.2 

 

2716.0 

 

2954.3 

 

LSG5wt% 

 

1359.6 

 

1590.2 

 

2713.8 

 

2952.1 

 

LSG7.5wt% 

 

1357.4 

 

1590.2 

 

2720.3 

 

2951.0 
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Appendix B 

Figure B. 1 Raman spectra of graphite and LSG: A) full range; B) G peak. 

 

Figure B. 2 XRD patterns of graphite and LSG. 
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Figure B. 3 Representative SEM surface images of (A) LSG without PEODT, (B) LSG of 

PEDOT 5s, (C) LSG of PEDOT 10s, (D) LSG of PEDOT 15s, (E) LSG of PEDOT 20s; 

Magnification×400. 
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Figure B. 4 Representative cross-sectional SEM images of (A) LSG without PEODT, (B) 

LSG of PEDOT 5s, (C) LSG of PEDOT 10s, (D) LSG of PEDOT 15s, (E) LSG of PEDOT 

20s; Magnification×1000. 
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Figure B. 5 EDAX analytical data of (A) LSG without PEODT, (B) LSG of PEDOT 5s, (C) 

LSG of PEDOT 10s, (D) LSG of PEDOT 15s, (E) LSG of PEDOT 20s. 
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Figure B. 6 CVs of LSG and PEDOT-LSG measured in the PBS electrolyte (pH=7.4) 

consisting of A) 5 × 10−3 M [Fe(CN)6]3−/4-, and B) 5 × 10−3 M [Ru(NH3)6]3+ [scan rate= 10 mV 

s−1]. C) Repeatability test of three different LSG electrodes after PEDOT modification for 5 × 

10−3 M [Fe(CN)6]3−/4-. D) Cycling stability test by repeating CVs for 5 × 

10−3 M [Fe(CN)6]3−/4- at 25 mV s−1 on PEDOT-LSG electrode. Each cycle was run at 2 min 

intervals, and for a total of 20 cycles. 
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Figure B. 7 CVs obtained at different scan rates on LSG and PEDOT-LSG electrodes. A, B) 

5 × 10−3 M [Fe(CN)6]3−/4- and C,D) 5 × 10−3 M [Ru(NH3)6]3+ at the scan rates (10, 25, 50, 75 

and 100 mVs-1) in the PBS supporting electrolyte. Insets: (lower right) plots of redox peak 

current versus square root of scan rate. 
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Figure B. 8 The background CVs of bare LSG and 15s PEDOT-LSG carried out in the PBS 

buffer (pH=7.4).  

 

Figure B. 9 Electrochemical determination of different concentrations of DA using CV 

approach: A) the CV response at the 15 s PEDOT-LSG electrode; B) calibration curve of the 

anodic peak current versus concentration of DA. The sensitivity was determined by the slope 
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of linear fitting plot. The sensitivity of 15 s PEDOT-LSG using CV was calculated as 

0.0815±0.010 µA/µM, and the detection limit using CV was evaluated as 15 µM. 

 

 

Figure B. 10 Electrochemical DPV detection of DA with other PEDOT-LSG sensors 

deposited by PEDOT for A) 5 s, B) 10 s, C) 20 s, for various concentrations of DA in a mixture 

containing 30 × 10−6 M AA and 4 × 10−6 M UA.  
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Table B. 1 The weight proportion of C, N, O, S elements of the PEDOT unmodified and modified 

electrodes. 

Electrode type Carbon 

(wt%) 

Nitrogen 

(wt%) 

Oxygen 

(wt%) 

Sulfur 

(wt%) 

Without PEDOT 85.53 11.85 2.62 0 

PEDOT 5s 87.44 7.56 3.58 0.12 

PEDOT 10s 82.71 8.28 7.2 0.13 

PEDOT 15s 86.52 8.32 4.01 0.21 

PEDOT 20s 87.32 7.9 3.51 0.29 

 

 

 

 

 Table B. 2 Anodic peak potentials and currents obtained from DPVs for the simultaneous 

detection of AA, DA, UA.  

Analyte Electrode type Epa (mV) Ipa (µA) 

AA Without PEDOT -43 4.24 

 PEDOT 15s -64 34.7 

DA Without PEDOT 128 5.44 

 PEDOT 15s 152 30.2 

UA Without PEDOT 272 3.11 

 PEDOT 15s 272 26.6 
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Table B. 3 Summary of the Raman G peak positions for graphite, graphene and LSG. 

Materials Graphite Graphene LSG Film 

on PI 

Theoretical position 

of G band 

1582 cm-1 1591 cm-1 - 

Average position of 

G band 

1581 cm-1 - 1591.4 cm-1 
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Appendix C 

 

Figure C. 1 (A-D) SEM images of the formed LSG grass by laser-scribing from PI sheet, as a 

function of the pulse per inch (PPI) (speed at 8.4 cm s-1, power at 7 W). Magnification: ×200. 
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Figure C. 2 The cross-sectional SEM morphology of normal LSG. Magnification ×2500. 
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Figure C. 3  CVs obtained at LSG grass electrodes for (A) 1 mM DA, (B) 1 mM EP, (C) 

1 mM NE in PBS (pH =7.4) as a function of varying scan rates (10–100 mV s−1). Insets: the 

log/log correlations between peak current and scan rates. 
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Figure C. 4 CVs at LSG electrodes for (A) 1 mM DA, (B) 1 mM EP, (C) 1 mM NE in PBS 

(pH =7.4) as a function of different scan rates (10–100 mV s−1). Insets: the log/log 

measurement of correlation between peak currents and scan rates. 
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Figure C. 5 DPVs at LSG electrodes for various concentrations of (A) DA, (C) EP, and (E) 

NE in a PBS mixture comprising 4 µM UA and 30 µM AA. (B, D, F) Calibration plots of the 

DPV peak current versus neurotransmitter concentration. The experimental data are shown as 

the symbols, and the linear fits are shown as lines. 
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Table C. 1 Roughness factor and real surface area at LSG and LSG grass electrode 

Electrode  Slope of Ip /v1/2 Surface area (cm2) Roughness factor 

LSG 0.00744 0.0652 2.08  

LSG grass 0.013 0.115 3.66 
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