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Abstract 

 

Graphene is promising to enable diverse technological advancements. However, major 

technical challenges arise in the sustainable fabrication and its practical integration as 

active functional materials. This thesis aims to exemplify how thermal- and plasma-

based techniques may be designed and implemented to enable, enhance, and tailor the 

synthesis of hierarchical graphene nanostructures, and to streamline their integration for 

applications in bioelectronics and energy storage devices. 

First and foremost, an ambient-air thermal process is designed and demonstrated, 

which enables graphene synthesis in a single-step, and is exemplified to be energy 

efficient (i.e., rapid, reduced temperature), resource-efficient, green (i.e., reforming 

renewable biomass precursors), low-cost, integration-friendly, and scalable. The 

graphene films show good and homogeneous physicochemical properties. On average, 

we observe an optical transmission of ~93.9%, a sheet resistance of ~324 Ω/sq, Raman 

ID/IG ratio of 0.15–0.25 and I2D/IG ratio of 0.95–1.50, with polycrystalline domain sizes 

ranging 200–500 nm.  

Subsequently, sustainable plasma-based techniques were designed to realize 

hierarchical graphene nanostructures, namely, graphene microislands (GMs) and 

vertically-oriented graphene nanosheets (VGNS). The growth of GMs and VGNS were 

tailored by the plasma process, and feature a unique combination of a high surface area, 

an open morphology, interconnected arrays of graphene sheets, and a high density of 

reactive edges. Consequently, this enables attractive physicochemical properties for 

bioelectronics and energy storage devices. 

In the case of GMs, plasma enables its low-temperature (200 oC) and rapid growth, and 

a water-mediated transfer onto arbitrary substrates. Also, plasma induces active surface 

functional groups on GMs, which facilitate its direct utilization in bioelectronics. Notably, 

GMs exhibit a biocompatibility of 80% cell viability with primary fibroblast lung cells after 

5 days. The GMs were also assembled into an impedimetric genosensor with high 

sensitivity and selectivity. A dynamic sensing range of 1 pM to 1 nM is demonstrated, 

and a limit of quantification of 2.03 x 10-13 M is deduced, with selectivity to single-RNA-

base mismatched sequences.  

Further, plasma enables a single-step, low-temperature (450 oC) growth of VGNS, and 

its direct integration as an active material. VGNS are employed as binder-free 

supercapacitor electrodes, and demonstrate high specific capacitance up to 240 F/g at 

a scan rate of 5 mV/s, and 100% capacitance retention after 2,000 charge/discharge 

cycles. Also, we demonstrate that mass loading of VGNS can be increased by 



 
 

regulating properties of the precursor material. By considering various precursors and 

respective plasma-matter interactions, the VGNS are demonstrated to achieve a high 

mass loading of 3.2 mg/cm2, and a high areal capacitance of 0.46 F/cm2. 

To this end, a set of thermal- and plasma-based techniques have been designed, 

developed, and implemented, to realize sustainable methodologies for nanoassembly. 

Importantly, these techniques may be adapted, tailored, and broadly incorporated, to 

effectively harness the unique functional properties of graphene, and a host of other 

hierarchical nanomaterials. Together, these concepts may pave the realization of next-

generation nanotechnologies which hold promise for a sustainable future.  
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1 

Literature Review 

“Equipped with his five senses, man explores the universe around him and calls the adventure Science.” 

– Edwin Hubble, 1929. 

 

1.1. Graphene  

Graphene, a single atomic layer of graphitic carbon (Fig. 1) [1], has garnered intense 

attention owing to its extraordinary properties, which make it promising for a wide range 

of technological applications [2,3]. This one-atom-thick sheet of carbon uniquely 

combines extreme mechanical strength and flexibility [4], exceptionally high electronic [5] 

and thermal conductivities [6], as well as many other excellent physicochemical 

properties [7-9].  

 

Figure 1 | Structural and crystallographic characterization of graphene. (a) Atomic-

resolution image of the graphene lattice obtained by transmission electron microscopy. Bright 

spots correspond to the location of carbon atoms. Reproduced from [10], Copyright of the Royal 
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Society of Chemistry, 2009. (b) Selected area electron diffraction pattern of the graphene lattice, 

confirming the crystalline structure of graphene, as shown by the symmetric diffraction points 

(circled bright spots) in the image. Reproduced from [11], Copyright of Macmillan Publishers 

Limited, 2011.  

Graphene has been discussed theoretically since the 1940s [12]. However, it took more 

than six decades before a few sheets of micrometer-sized graphene flakes were 

experimentally obtained (Fig. 2) [1].  

  

Figure 2 | Topography of graphene. (a) Atomic force microscopy imaging of an exfoliated 

flake of monolayer graphene. (b) Step height along the white line shown on the height (z) profile 

is 1.0 ± 0.3 nm. Scale bar represents 1 µm. Reproduced from [13], Copyright of Macmillan 

Publishers Limited, 2015.  

Indeed, twelve years have progressed since graphene was first isolated from graphite 

by micro-mechanical cleavage (i.e., the “scotch tape” method). Graphene is now 

synthesized by a host of versatile techniques (Section 1.2) [14]. These developments 

enable graphene nanostructures with tailored morphology and functionalities [15,16], 

and in instances, bulk production by the hundreds of tons, and thousands of square 

meters [17].  

1.2. Graphene Synthesis 

Small sheets and large-area thin films are the two major forms of graphene suited for 

diverse applications. Small graphene sheets can be used in composites and functional 

coatings [18], conductive inks, batteries and supercapacitors [19]. Large-area graphene 
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films can be used as transparent electrodes in photovoltaic devices [20], next-

generation integrated circuits and optoelectronics [21], such as flexible and wearable 

devices [22]. 

Techniques for the synthesis of graphene can be classified into three categories – liquid 

phase exfoliation (LPE) (Section 1.2.1), thermal chemical vapor deposition (CVD) 

(Section 1.2.2), and plasma-enhanced chemical vapor deposition (PECVD) (Section 

1.2.3). Notably in this thesis, original contributions on the synthesis and application of 

graphene derived by thermal- and plasma-based methods are demonstrated.  

1.2.1. Liquid Phase Exfoliation (LPE) 

Graphene flakes can be produced by exfoliation of graphite via chemical wet dispersion, 

followed by ultrasonication in water [23,24] and organic solvents [25,26] (Fig. 3). 

Generally, this process involves three steps: (i) dispersion in a solvent, (ii) exfoliation, 

and (iii) centrifugation to collect the graphene flakes. Indeed, the technique of exfoliation 

is recognized as a central component in the LPE process, which determines the 

properties of the synthesized graphene (e.g., flake size, morphology, etc.).  

 

Figure 3 | Chemical exfoliation of graphite to form graphene powder (i.e., Reduced 

graphene oxide). Scanning electron microscopy (SEM) images characterize the breakdown of 

large graphitic flakes. Graphene oxide flakes have the basal plane functionalized with epoxy 

and hydroxyl groups, both above and below it, and the edges with a variety of functional groups. 

This makes GO sheets defective. A partial restoration of the lattice defects is obtainable by 

chemical reduction. Scale bar represents 500 µm. Schematic illustrations reproduced from [27], 
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Copyright of Elsevier, 2012. SEM images reproduced from [25], Copyright of Macmillan 

Publishers Limited, 2008. 

From the numerous advancements in graphite exfoliation (i.e., intercalation, thermal 

expansion, oxidation-reduction, etc.), three dominant techniques have emerged – 

namely, chemical exfoliation by Hummer’s method [28,29], liquid phase shear 

exfoliation (Fig. 4) [30], and electrochemical exfoliation (Fig. 5) [31].   

In Hummer’s method, a combination of strong oxidizing agents (i.e., H2SO4, NaNO3 and 

KMnO4) is utilized to yield graphene oxide [28,29]. This conversion progresses in three 

stages. Firstly, graphite is exposed to an acidic medium over several days, where it 

undergoes intercalation with HSO4
- / H2SO4 ions and molecules. Subsequently, the 

oxidizing agents diffuse into the intercalated graphite lattice. Finally, upon exposure to 

water, the covalent sulfates in the graphitic interlayers undergo hydrolysis, and 

graphene oxide is produced [32].  

Secondly, dispersions of graphene flakes can be produced based on the shear mixing 

of graphite (Fig. 4a) [30,33]. During rotation, the shear mixer acts as a pump and pulls 

both liquid and solids into the mixing head. Subsequently, centrifugal forces direct the 

mixture towards the edge of the rotor/stator (Fig. 4b). Here, intense shear forces are 

generated and graphite is exfoliated. Finally, the processed mixture passes through the 

perforations in the stator, and into the main volume of the liquid. This enables the 

exfoliation of graphite and the bulk production of dispersed graphene platelets (Fig. 4c). 

 

Figure 4 | Shear exfoliation of graphite. (a) Silverson model L5M high-shear mixer with 

mixing head in a 5 L beaker of dispersion containing graphitic flakes. Close-up view of the 
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mixing head showing the rotor and stator elements. (b) Schematic cross-section of the shear 

exfoliation setup. (c) Graphene dispersions in NMP solvent produced by shear exfoliation. 

Wide-field TEM showing the dispersed graphene flakes (inset). Reproduced from [30], 

Copyright of Macmillan Publishers Limited, 2014. 

Finally, the electrochemical exfoliation technique utilizes electromotive forces, in order 

to facilitate the breakdown of graphite into a dispersion of graphene oxide [31,34]. A 

schematic of the electrochemical setup is illustrated in Fig. 5a. Pyrolytic graphite foil is 

employed as the working electrode, and as source of graphene for electrochemical 

exfoliation [35]. A Pt wire is chosen as the ground electrode. Typically, H2SO4 

intercalants are introduced in the electrolyte [36]. At first, a low bias ~ +1V is applied to 

introduce the intercalation of (negatively charged) SO4
2- ions into the grain boundary of 

graphite. Then, a high bias of ~+10V is applied, and graphite is observed to expand (Fig. 

5b – c), and dissociate into small flakes which spread over the surface of the solution. 

These exfoliated graphene sheets can be collected using filtration and re-dispersed in 

organic solvents (e.g., NMP) (Fig. 5d – e). 

 

Figure 5 | Electrochemical exfoliation of graphite. (a) Schematic of setup. The Graphite 

electrode with SEM characterization of its surface (b) before and (c) after applying a +10V bias 

voltage for 60s. (d) Graphene dispersion in DMF. (e) Distribution in thicknesses of the 

electrochemically exfoliated graphene sheets. Panels (a) to (d) reproduced from [31], Copyright 
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of the American Chemical Society, 2014. Panel (e) reproduced from [34], Copyright of the 

American Chemical Society, 2011. 

These top-down chemical approaches offer bulk production by the volume. Further, they 

are appealing as the as-obtained graphene sheets form colloidal dispersions in their 

respective solvents (Fig. 6a) [37]. This enables their manipulation by various processes, 

which include mixing, casting, impregnation, electro-spinning, or functionalization, to 

produce various morphologies of graphene-based materials and composites, such as 

fibers (Fig. 6b) [38], crumpled porous sheets (Fig. 6c) [39], and flexible conductive films 

(Fig. 6d) [40]. 

 

Figure 6 | Graphene dispersions post-processed into various forms. (a) Graphene ink 

produced by liquid phase exfoliation of graphite. Reproduced from [41], Copyright of the 

American Chemical Society, 2012. (b) Electrospinning of graphene fiber into a knot. 

Reproduced from [38], Copyright of Macmillan Publishers Limited, 2011. (c) Mechanically 

strained graphene can produce crumpled morphology with high surface area. Reproduced from 

[39], Copyright of Macmillan Publishers Limited, 2014. (d) Graphene paper prepared by vacuum 

filtration. Reproduced from [40], Copyright of Macmillan Publishers Limited, 2008.  

However, chemical approaches for graphene synthesis inherit several drawbacks. 

Firstly, concentrated acids and volatile solvents are heavily used. These aggressive 

chemical processes disrupt the sp2-bonded network of the graphene, and introduce 

hydroxyl and epoxide groups in the basal plane, and various other carboxylic and 

carbonyl groups to the edges [42]. This results in GO flakes being defective [43], 

insulating [44], and contaminated with metal impurities [45]. 
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Secondly, chemical approaches to prepare graphene sheets are multi-staged and time 

consuming [46]. For instance, the LPE of graphite requires several days, and the 

subsequent reduction of GO sheets into graphene involves harmful reducing agents 

(e.g., hydrazine) and surfactants [47], or additional high temperature environments to 

recover the graphitic structure [48,49]. Not only are graphene flakes prone to 

irreversible agglomeration (i.e., through van der Waals interactions) [40], but also, non-

conductive polymer binders are typically required to integrate the graphene flakes as 

functional materials for various applications [50]. In numerous instances, these result in 

a significant compromise in device performances [51-53]. These comparative 

advantages and disadvantages of chemical-based approaches for the synthesis of 

graphene are also summarized in Table 1. 

1.3.2. Thermal Chemical Vapor Deposition (CVD) 

The principle of chemical vapor deposition (CVD) involves the activation and 

heterogeneous reaction of gaseous precursors, resulting in the deposition of stable thin 

films on a growth substrate with suitable physical properties (i.e., catalytic ability, carbon 

solubility, etc.).  

In thermal CVD synthesis of graphene, a transition metal catalyst (e.g., Cu, Ni, etc.) is 

employed to enable the growth of graphene films [54-56]. A schematic for the thermal 

CVD setup is illustrated in Fig. 7a. The catalytic growth substrate is typically located 

downstream and within the heating zone. In general, precursor gases (e.g., CH4, H2, O2, 

Ar) are firstly introduced into the reaction chamber (i.e., quartz tube) [57]. Subsequently, 

these gases undergo high-temperature annealing (~900 – 1100 oC) [54], and the carbon 

precursor thermally dissociates into fragments of hydrocarbons and carbons (e.g., CxHy, 

C-C) [58], which then reform on the catalyst surface into graphene films. Once the 

annealing stage is complete, the catalyst is rapidly quenched in order to terminate 

further graphene growth (Fig. 7b).   
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Figure 7 | Thermal chemical vapor deposition (CVD) for the synthesis of graphene thin 

films. (a) Schematic of a typical split-tube thermal furnace for graphene synthesis. The 

feedstock gases are fed into the heating zone, which decompose to form graphene on the Ni/Cu 

catalyst substrates. (b) Temperature and pressure profiles present in the quartz tube during the 

thermal CVD process. Reproduced from [57], Copyright of AAAS, 2013. 

The detailed mechanism of graphene growth by CVD involves the adsorption 

(dissolution) of carbon on (into) the catalyst, nucleation, crystal growth and saturation, 

and finally termination [59-61]. A schematic of the kinetic processes are outlined in Fig. 

8 [62]. Catalyst substrates of Ni and Cu are commonly utilized in the CVD of graphene. 

The growth of graphene proceeds differently in Cu and Ni, notably, due to respective 

distinctions in carbon solubility [60], reactivity with H2, and catalytic ability for the 

dehydrogenation of hydrocarbons [63,64].  
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Figure 8 | Illustration of kinetic processes involved in graphene formation. Reproduced 

from [62], Copyright of The Royal Society of Chemistry, 2011.  

In the case of Cu, graphene formation is promoted by surface adsorption of 

hydrocarbon fragments (reaction 1), followed by dehydrogenation (reaction 2), 

nucleation, and the diffusion of carbon atoms on the catalyst surface leading to the 

growth of graphene (reaction 3) [59,65]. The hydrogen promotes the activation of 

surface bound carbon for graphene growth, and also functions as an etching reagent, 

which controls the size and morphology of the graphene domains [66]. In the case of Ni, 

due to its higher carbon solubility than Cu, additional processes including the diffusion 

of atomic carbon into the bulk (reaction 4), its subsequent precipitation (reaction 5) and 

surface segregation (reaction 6), contribute to the growth of graphene layers [60,67,68]. 

The CVD growth of graphene is strongly mediated by the physical properties of the 

catalyst substrate and the reaction environment. For instance, graphene growth is 

highly sensitive to the crystallographic orientation of the catalyst [69], its thickness [70], 

surface chemistry (e.g., degree of oxidation) [57], and surface morphology (e.g., 

roughness) [71]. Likewise, the CVD environment directly influences the properties of the 

fabricated graphene [72-74]. Several CVD parameters which affect the quality of 

graphene (i.e., thickness, defect content, grain size) include, the relative concentrations 

of feedstock gases [75], the precursor species [76,77], reaction pressure and gas-phase 

dynamics [78], deposition time [79], and growth temperature [80,81].   
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For instance, the synthesized graphene can range from large mm-sized single crystals 

to polycrystalline films (Fig. 9) [56,82]. In general, large graphene grains are possible by 

utilizing catalyst substrates with high purity, large crystal domains, and specific 

preferred orientations, combined with a long annealing duration and high temperatures 

during CVD.  

 

Figure 9 | Thermal CVD-produced graphene films of varying morphologies. Dark-field TEM 

characterizes the formation of (a) large millimeter-sized single crystals of graphene, to (b) 

polycrystalline films of graphene (variation in color corresponds to the different crystal 

orientation and hence grains). Left-sided panel reproduced from [56], Copyright of Macmillan 

Publishers Limited, 2012. Right-sided panel reproduced from [82], Copyright of Macmillan 

Publishers Limited, 2011. 

Nevertheless, single-layer, defect-free, large-domain graphene is not always desired, 

especially for applications other than high-speed electronics (e.g., water filtration, 

energy storage devices, sensors) [83-85]. In such cases, control of film properties such 

as the defect density, grain size, and thickness, are beneficial, and facilitate or enable 

specific performances.  

Notably, disorder content in the film can be controlled by the ratio of feedstock gases 

[86]. An increase in the partial pressure ratios of O2/H2:CH4 results in greater etching 

and hence introduces more defects in the graphene film. Conversely, an increase in the 

concentration of carbon precursor, combined with an increased annealing duration and 
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slower cooling rate, promotes further carbon segregation, nucleation, deposition, and 

aggregation, and the formation of multi-layer graphene films [87,88].  

Upon the growth of graphene, it can be transferred onto arbitrary substrates by a 

process of polymer-assisted transfer (Fig. 10) [55,89,90]. First, poly(methyl 

methacrylate) (PMMA) is spin-coated on the surface of graphene. This adhesive 

polymer layer provides mechanical support for the atomically-thin graphene film. 

Subsequently, the graphene/PMMA film is de-coupled from the catalyst substrate by 

chemical etching (i.e., immersion in FeCl3). At this stage, the free-standing film of 

graphene/PMMA is transferred onto the target substrate, and the PMMA layer is 

dissolved by acetone.  

 

Figure 10 | Graphene as-grown on the catalyst foils can be transferred onto arbitrary 

substrates by a process of polymer-assisted transfer and chemical etching. Reproduced 

from [55], Copyright of Macmillan Publishers Limited, 2009. 

The thermal CVD growth of graphene can be scaled into roll-based processes (Fig.11) 
[91-93]. For instance, graphene can be firstly fabricated on a large-area Cu film in a 

wide-diameter tubular furnace. Then, the graphene-deposited Cu film can be processed 

by a thermal roll-based system, which aids the transfer of graphene onto a desired 

substrate. A heated rolling interface facilitates the adhesion of the supporting polymer 

layer onto the graphene surface. Subsequently, the polymer-coated film is immersed 

into chemical etchants to promote the separation between the graphene and Cu growth 

substrate. Finally, the graphene film undergoes dry transfer-printing on the target 
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substrate. This roll-based approach has demonstrated the capability to produce 

graphene films up to 30-inches wide, while retaining homogeneously good 

optoelectronic properties. As a proof of concept, these large-area graphene films have 

been integrated for use as transparent touch panels [93].  

 

Figure 11 | Large-scale CVD fabrication of graphene. (a) Schematic and (b) respective 

photographs of the roll-based production of graphene films grown on Cu foil. Reproduced from 

[93], Copyright of Macmillan Publishers Limited, 2010. 

To this end, thermal-based techniques are widely employed, and enable the controlled 

fabrication of high-quality, large-area, and homogenous thin films of graphene. However, 

these approaches for graphene synthesis inherit several drawbacks. Firstly, CVD is an 

energy-intensive and resource-consuming process. In particular, as CVD relies on weak 

neutral gas reactions, this necessitates the high temperature annealing of feedstock 

gases, in a continuous large-volume flow, over a prolonged duration [54,55]. These 

measures are required to provide sufficient energy to dissociate the hydrocarbon 

precursors, promote the nucleation and diffusion of carbon adatoms on the catalyst 

surface, and the assembly of graphene nanostructures.  
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Secondly, CVD is a multi-staged process. This arises from the growth dynamics of 

graphene, which are highly sensitive to the physicochemical properties of the catalyst 

substrate and the reaction environment. For instance, the catalyst growth substrate is 

typically required to undergo a series of pre-treatment steps [94,95]. These initiatives 

aid to remove surface-bound impurities and the native oxide layer, while assisting to 

reduce the surface roughness [96-98]. Notably, such surface artifacts have been 

demonstrated to compromise the growth of uniform graphene films [71,75]. Further, the 

CVD process often involves a sequence of controlled growth stages, which carefully 

modulates the reaction pressure and flow rates of precursor gases. These measures 

are critical in order to maintain optimal conditions for graphene growth at all phases (i.e., 

precursor breakdown and diffusion, carbon nucleation, surface aggregation, termination, 

etc.), and to promote reproducibility in graphene quality between batches. 

Lastly, graphene grown by CVD requires a series of post-treatment processes (i.e., film 

transfer) for its integration in diverse applications. This arises from limitations of 

available catalyst substrates (i.e., Cu, Ni) which suit to facilitate the controlled growth of 

good quality graphene. Further, these transfer processes are resource-consuming and 

damaging to the graphene. In the instance of wet-transfer, a polymer-supported 

graphene film is separated by dissolving the catalyst substrate in chemical etchants 

(e.g., FeCl3). The transfer process not only induces the likelihood of cracks and 

deformations in the graphene film [89], but also, it leaves contaminants (e.g., Fe 

nanoparticles, aggregates, and polymer residues) firmly embedded on the graphene 

surface [99,100]. Indeed, these unavoidable by-products are detrimental to the quality 

and functionality of the graphene films (e.g., reduced conductivity, increased toxicity, 

etc.). These comparative advantages and disadvantages of thermal-based approaches 

for the synthesis of graphene are also summarized in Table 1.  

1.3.3. Plasma-Enabled Synthesis of Graphene 

Graphene can also be synthesized by plasma-enhanced chemical vapor deposition 

(PECVD). In the plasma process, interactions are governed by strong Coulombic 

interactions between ions and charged particles [101]. Thus, plasma-based interactions 

are highly reactive and dynamic, and occur on a faster time scale than neutral gas 
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reactions present in conventional thermal CVD [102]. This enables the synthesis of 

graphene within a short duration (<10 mins), and at low temperatures of 200 – 450 oC 

[103-105]. 

A schematic for the PECVD setup is illustrated in (Fig. 12a) [106]. Precursor gases (i.e., 

CH4, H2, Ar) are introduced into the reaction chamber, and an inductively-coupled RF 

plasma is generated. The growth substrate is typically located downstream and within 

the plasma generation zone, and no supplemental substrate heating is required. The 

mechanism of PECVD begins with the activation of heterogeneous chemical reactions 

between the gaseous precursors in the bulk of the plasma (Fig. 12b). Consequently, the 

precursor species undergo dissociation into building units of graphene (e.g., CxHy, C-C). 

Subsequently, these building units are delivered to the substrate surface by plasma 

sheath effects, resulting in the formation of graphene nanostructures.  

 

Figure 12 | Plasma nanoscience and plasma-enabled synthesis of graphene 

nanostructures. (a) Schematic of a typical inductively coupled plasma (ICP) system for 

graphene synthesis. Feedstock gases are fed into the reacting chamber, an RF plasma is 

generated, and graphene nanostructures are deposited. Reproduced from [106], Copyright of 

Elsevier, 2015. (b) Schematic of the reactive-plasma-based nanofabrication environment 

(building units denoted by “BU”). Reproduced from [101], Copyright of the American Physical 

Society, 2005. 
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Importantly, PECVD produces graphene nanostructures with a unique morphology, 

known to be vertically-oriented graphene nanosheets (VGNS) (Fig. 13a) [16]. VGNS 

feature a uniform and interconnected array of graphene sheets, arranged in an open 

and micro-porous structure (Fig. 13b) [107]. This is accompanied by thin reactive edge 

planes (Fig. 13c) [108], which extrude vertically from the growth substrate in a columnar 

arrangement with high aspect ratio (Fig. 13d) [109]. The basal planes of VGNS are 

comprised of thick graphitic sheets, and this tapers off to atomically-thin graphene 

sheets (~2 – 3 layers) at the edges (Fig. 14) [110,111].  

 

Figure 13 | Plasma-enhanced chemical vapor deposition (PECVD) enables the growth of 

vertically-aligned graphene nanostructures (VGNS). (a) Illustration of the unique morphology 

of VGNS, enabled by the PECVD growth process. Reproduced from [16], Copyright of the Royal 

Society of Chemistry, 2015. (b) SEM image shows the vertically-oriented and interconnected 

arrays of graphene nanosheets. Reproduced from [107], Copyright of AIP Publishing, 2014. (c) 

The VGNS feature thin and reactive exposed edges. Reproduced from [108], Copyright of the 

American Chemical Society, 2015. (d) Cross-sectional profile of VGNS shows a columnar 
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structure of high aspect ratio, which extrudes vertically from the growth substrate. Reproduced 

from [109], Copyright of the Royal Society of Chemistry, 2015. 

The assembly of VGNS by PECVD involves the processes of nucleation, growth and 

saturation (i.e., termination) of the free-standing vertically-aligned graphene structure 

[112]. Firstly, nucleation occurs at the mismatched and curved regions of the as-

deposited graphitic layers at the basal plane. Subsequently, graphene growth is 

enabled by diffusion of carbon atoms to active sites on the surface, and further growth is 

limited by the rate of carbon attachment at these active sites. Notably, the termination of 

the open edges of the graphene lattice determines the eventual size of the graphene 

nanosheets. Finally, the size and curvature of the graphene nanosheets provide the 

necessary mechanical support for the vertical alignment, and the formation of VGNS. 

 

Figure 14 | HRTEM of VGNS (i.e., also referred to as “CNW” and “SCNW” here, signifying 

carbon nanowalls and single carbon nanowall respectively). (a,b) The edges of VGNS are 

comprised of (c) few atomic layers of graphene. Reproduced from [110], Copyright Macmillan 

Publishers Limited, 2013. 

In addition, the synthesis of VGNS by PECVD does not require any catalyst [113], and it 

is a substrate independent process [114]. For instance, VGNS can be fabricated on 

arbitrary conductive substrates, which are crystalline (i.e., Si wafer) (Fig. 15a) [115], 
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amorphous (i.e., carbon fiber) (Fig. 15b) [116], and macro-porous (i.e., Ni foam) (Fig. 

15c) [117].  

 

Figure 15 | VGNS grows on substrates that are conductive, crystalline or amorphous. 

SEM characterizations of VGNS on (a) silicon wafers, (b) amorphous carbon fiber, or (c) porous 

Ni foam. Panel (a) reproduced from [115] IOP Publishing, 2008. Panel (b) reproduced from 

[116], Copyright of IOP Publishing, 2013. Panel (c) reproduced from [117], Copyright of Wiley-

VCH, 2013.  

Indeed, the properties of graphene are dependent on its morphology [118-120]. The 

inherent reticular structure of VGNS enables a high surface area, good electrical 

conductivity (i.e., interconnect graphene nanosheets), an ease of functionality (i.e., thin 

reactive edges), while maintaining a good structural stability. Thus, VGNS is a 

promising functional material for electrochemical applications in energy storage devices 

and sensors. 

The PECVD process enables an ease of control in the properties of the fabricated 

VGNS. Several plasma parameters which affect the quality of VGNS (i.e., thickness, 

disorder content) include the partial pressure (i.e., relative concentrations) of precursor 

gases, deposition time, and growth temperature. A shorter deposition time combined 

with a reduced ratio of CH4:H2 results in the formation of thinner graphene sheets, and 

overall, a decrease in the cross-sectional height of VGNS [121]. At higher growth 

temperatures (e.g., 650 oC), the density of VGNS increases, and the disorder content in 

the graphene nanosheets are observed to decrease [122]. Notably, this can be 
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attributed to an increase in the kinetics of carbon and hydrocarbon radicals at the 

substrate surface and within the plasma sheath [123,124].  

Plasma-based techniques for graphene synthesis feature a resource-efficient, versatile, 

and environmentally-benign approach. Unlike chemical- or thermal-based processes, 

PECVD facilitates a single-step, rapid, and low-temperature growth of graphene on 

diverse substrates. Further, PECVD does not produce hazardous by-products, nor does 

it utilize toxic reagents in the synthesis process. However, operation of the plasma 

deposition requires a low-pressure environment. This introduces challenges in the 

scale-up of the reaction chamber. In particular, increasing the volume of the plasma 

whilst maintaining its power results in a sharp increase in energy consumption. Thus, in 

order to utilize the plasma effectively, its respective purpose and plasma parameters 

should be carefully considered in the design of the fabrication process. For instance, the 

inherent advantages of PECVD may be effectively utilized in a batch-to-batch system, 

rather than a continuous roll-to-roll process for graphene production. These comparative 

advantages and disadvantages of plasma-based approaches for the synthesis of 

graphene are also summarized in Table 1. 
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Table 1 | Summary of the comparative advantages and disadvantages of chemical-, 

thermal-, and plasma-based approaches for the fabrication of graphene. 

Metric Chemical synthesis 

(Section 1.3.1) 

Thermal synthesis  

(Section 1.3.2) 

Plasma synthesis 

(Section 1.3.3) 

Precursor materials Graphite powder Purified gases (e.g., 

CH4), carbon 

containing 

compounds (i.e., 

biomass) 

Purified gases (e.g., 

CH4), carbon 

containing 

compounds (i.e., 

biomass) 

Supplementary 

materials 

Highly concentrated 

acids (e.g., H2SO4, 

NaNO3, KMnO4), 

intercalating 

compounds and 

solvents (e.g., NMP) 

Etching gases (e.g., 

H2, O2) 

Carrier gases (e.g., 

Ar, N2) 

Etching gases (e.g., 

H2, O2) 

Carrier gases (e.g., 

Ar, N2) 

Processing time Up to 3 days Up to 3 hours ~ 10 minutes 

Processing 

temperature 

n/a ~ 1000 oC ~ 450 oC 

Process complexity Multi-staged Multi-staged Single-step 

Controllability Limited (Chemical 

functionality, flake 

size) 

High (Grain size, 

thickness, defect 

content, chemical 

functionality) 

High (Morphology, 

grain size, thickness, 

defect content, 

chemical 

functionality) 

Scalability High (Bulk production 

by volume) 

Moderate (Roll-to-roll 

production) 

Low-moderate (Ideal 

for batch-to-batch 

production) 

Nature of produced 

graphene 

Chemically modified 

flakes/powder 

Pristine thin film Pristine thin 

film/powder 
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Substrate 

dependence 

No Yes (Good quality 

growth is limited to 

highly crystalline 

catalyst substrates) 

No (Any electrically 

conductive substrate, 

including amorphous 

surfaces) 

Graphene grain size ~ nm to µm ~ µm to mm ~ µm  

Graphene defect 

content 

High Low Moderate 

Transfer of 

graphene onto 

arbitrary substrates 

Easy (i.e., Graphene 

dispersions) 

Difficult (i.e, Requires 

polymer transfer) 

Easy (i.e, Water-

assisted transfer) 

Applications Composites, energy 

storage devices, 

functional inks 

Sensors, flexible and 

transparent 

electronics, 

heterostructure 

junctions, water 

purification 

membranes 

Sensors, flexible and 

transparent 

electronics, energy 

storage devices, 

functional inks, 

capacitive 

deionization 

electrodes 

References [28,29,32,46-49]  [54-61,69,75-
77,82,89,90,93] 
 

[103-
105,107,108,110-
112] 
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1.3. Graphene Applications 

The functional properties of graphene ensue from its morphology. Indeed, graphene thin 

films and powders are promising for numerous technological applications. In this thesis, 

we investigate the fabrication and design of graphene nanostructures by thermal- and 

plasma-based techniques. We explore their integration for two key applications – 

bioelectronics (Section 1.3.1), and energy storage devices (Section 1.3.2). For 

completeness, another emerging area of graphene application (water purification) is 

highlighted in Section 1.3.3. 

1.3.1. Graphene for Biosensors 

Fundamentally, a biosensor is a device comprised of two elements – a biomolecular 

receptor capable of specific reaction with the target analyte, and a transducer which 

processes the biorecognition event into a measurable signal. In particular, amongst a 

host of transduction platforms, electrochemical sensing methods offer great versatility 

and promise. Electrochemical biosensors offer attractive opportunities for numerous 

technologies in preventative healthcare, which require portable, fast, point-of-care, cost-

effective, and low-power readout devices [125]. 

Indeed, a variety of electrochemical biosensors have been developed for the detection 

of biomarkers which cater to a wide variety of diseases [126]. However, these 

biosensors fall short in addressing one or more key criteria of device performance and 

fabrication [127-129]. In particular, this includes a high sensitivity and specificity in 

physiological environments, a rapid sensor response and regeneration, and an 

inexpensive device fabrication. Consequently, future innovations in the design of novel 

advanced materials towards the optimization of biosensors remain highly warranted. 

Notably, carbon nanostructures (CNs) (e.g., graphene, carbon nanowalls) inherit 

characteristics that enable their ability to function (simultaneously) as a specific receptor 

and a sensitive transducer (Section 1.2.1 and Section 1.2.3) [130,131]. For instance, 

the mechanical robustness, high electrical conductivity, good electrochemical activity, 

and ease of functionality of CNs, have been harnessed to realize a large variety of 
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biorecognition nanostructures that can be tailored for the quantification of diverse 

biomarkers [132-134].  

 

 

Figure 16 | Working principles of an electrochemical biosensor. (a) Input stage: The 

expression of biomarkers induced by irregularities in the biological system that are characteristic 

of the onset of diseases. Reproduced from [135], Copyright of Macmillan Publishers Limited, 

2014. (b) Transduction stage: The biosensing interface. (c) Read-out stage: Electrochemical 

impedance spectra (EIS) (Nyquist plot) of the biosensing electrode in response to detection 

events. Here, Rs denotes the resistance of the solution, Zw denotes the Warburg impedance at 

the diffusion layer, and Cdl denotes the capacitance at the double layer. Nyquist plot reproduced 

from [136], Copyright of OSA Publishing, 2015. Illustration of the electrode-analyte interface 

reproduced from [137], Copyright of the Royal Society of Chemistry, 2013. 
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The working principle of a biosensor is illustrated in Fig. 16. This begins with the 

expression of biomarkers (e.g., in the form of proteins, nucleic acids, etc.) in our 

physiological system (e.g., blood, spinal fluid, urine) [135,138]. The regulation of such 

biomarkers can be induced by irregularities in our biological system (e.g., cell damage, 

apoptosis, etc.), and are characteristic of the onset of various diseases (Fig. 16a) 

[139,140].  

Subsequently, these samples may be isolated for quantification by a sensing platform. 

Fig. 16b features the interface of an electrochemical biosensor. The biosensor is 

composed of an electrically conductive electrode (e.g., graphene), and target-specific 

molecular probes (e.g., immunoglobulins (IG), DNA, or enzymes) which are anchored 

on the electrode surface. This facilitates the selective capture of the target biomarkers 

which are complementary to the surface-immobilized probes.  

Upon successful capture of the target analyte, the biorecognition event is transduced 

into an output in the form of an electrochemical signal. Fig. 16c illustrates an 

electrochemical impedance spectra (EIS) which characterizes the impedance response 

of an electrochemical sensor [136]. Electrochemical impedance is determined by 

measuring the current on an electrochemical cell from an applied AC potential. EIS 

offers significantly more information than DC or single frequency measurement 

techniques. EIS may be able to distinguish between two or more simultaneous 

electrochemical reactions, identify diffusion-limited reactions, provide information on the 

capacitive behavior of the system, and shed light on electron transfer rates in the 

reactions present. In particular, insights to reaction kinetics at the electrode sensing 

interface can be attained by an equivalent circuit model of the electrochemical system 

(inset of Fig. 16c). Typically, the equivalent circuit includes a capacitor, inductor, and 

several resistive elements, corresponding to the electrochemical cell [137].  

In the event where target analytes are captured, this results in an increase in charge-

transfer resistance (Rct) at the electrode-analyte interface. Notably, the binding event 

may promote spatial blocking (e.g., stearic re-orientation) and electrical screening (e.g., 

charged analytes) for the transport of electrons (from the electrolyte) into the electrode 

material, and therefore an increase in the observed charge-transfer resistance [141,142]. 
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Additionally, these surface impedance techniques offer opportunities to characterize the 

assembly of the biosensing device. For instance, it may be applied to optimize the 

deposition of self-assembled monolayers, and intermediate functionalization steps for 

the graphene-based electrode material [143,144].  

In this thesis, the tailored synthesis and integration of graphene to realize effective 

electrochemical biosensors is explored. Thermal and plasma-assisted techniques are 

harnessed to achieve low-cost and sustainable fabrication of biosensors for nucleic 

acids and proteins, which demonstrate high sensitivity, selectivity, and ease in device 

assembly.  

1.3.2 Graphene-Based Supercapacitors for Energy Storage 

The supercapacitor is an electrochemical energy storage device, and its operation 

closely resembles that of a battery (Fig. 17a) [145,146]. A supercapacitor stores 

electrical charges under an applied voltage, and discharges the stored energy when an 

external load is connected. Unlike conventional batteries, supercapacitors promise 

higher power densities, increased charge retention capabilities and significantly longer 

life spans. Thus, supercapacitors are promising for the next-generation of energy 

storage devices [147].  
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Figure 17 | Working principles of a supercapacitor. Schematic diagrams of a (a) 

supercapacitor device, and (b) the electrical double layer (EDL) structure at the negatively 

charged electrode surface. The supercapacitor consists of two electrodes, an electrolyte, and a 

separator that isolates the two electrodes. The positive charges in the Stern and diffuse layers 

contribute to the capacitance of the EDL.  

Amongst the set of components in a supercapacitor, its electrode material is arguably 

the most important and defining characteristic [148]. In particular, the inherent 

properties of the electrode material (e.g., surface area, porosity, conductivity, etc.) 

directly influences the amount of charge it can store (e.g., capacitance, energy density), 

the rate at which charge can be transported (e.g., rate capability, powder density), and 

the stability for charge storage (i.e., life span). These performance metrics are central 

for the realization of practical energy storage devices. Thus, properties of the electrode 

material require careful design.  

The optimal properties of an electrode material for a supercapacitor include, a high 

surface area, high density of meso- and micro-pores, good conductivity, open 

morphology, and an easy for fabrication and device integration. Notably, these 

characteristics may be realized in nanostructured materials. In particular, carbon 

nanostructures (e.g., graphene, VGNS) inherit a many of such properties (e.g., high 

aspect ratio, good conductivity, interconnected morphology, etc.), and thus, are 

promising functional materials for supercapacitor electrodes (Section 1.2.3) [149]. In 

addition, depending on the active material, the operation of the supercapacitor can be 

classified in two categories – electrostatic or Faradaic. Carbon-based materials are well-

suited for electrostatic supercapacitors, while metal oxides are better suited for Faradaic 

supercapacitors. 

In an electrostatic supercapacitor, charges are electrostatically accumulated within the 

electrical double layer (EDL) when a voltage bias is applied (Fig. 17b). During operation, 

an excess or deficit of electric charges are accumulated on the electrode surface. 

Correspondingly, electrolyte ions with counterbalancing charges gather at the 

electrolyte interface to establish electro-neutrality. In the charging process, electrons 

travel from the negative electrode to the positive electrode via an external load. 
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Simultaneously, cations in the electrolyte traverse towards the negatively-charged 

electrode, while anions migrate towards the positively-charged electrode. Likewise, the 

reverse is initiated during the discharge process. 

In Faradaic supercapacitors, electrochemical redox reactions (i.e., from metal oxides) 

occur at the electrode surface when a voltage bias is applied [150]. Here, charges are 

transported across the electrical double layer, resulting in the generation of a current 

through the device. Faradic supercapacitors enable higher working voltages and energy 

densities than electrostatic supercapacitors [151]. However, they demonstrate poorer 

capacitance retention and involve higher material costs, as compared to carbon-based 

supercapacitors. 

In this thesis, plasma-based techniques are explored and designed, to enable the 

sustainable fabrication and integration of hierarchical carbon nanostructures for 

electrostatic supercapacitor devices. 

1.3.3. Emerging Application for Graphene – Water Purification 

Amongst the variety of water purification techniques, membrane distillation (MD) is a 

thermally-driven process that is promising [152]. MD involves the transport of water 

vapor through a porous and hydrophobic membrane in a discontinuous nature (Fig. 18) 

[153]. This ensures that efficiency of the MD process is independent of the salinity of the 

feed solution [154]. Thus, MD offers the ability to reject all non-volatile constituents (e.g., 

ions, minerals, dissolved non-volatile organics, colloids, and pathogens) that may be 

present [155].  

In the MD process, the membrane material is arguably the most important and defining 

characteristic. Notably, properties of the membrane material including, its morphology, 

surface energy, and porosity, directly affect its performance for water purification (e.g., 

salt rejection, oil/water or SDS/water separation, membrane stability, likelihood of 

fouling) [156].  

Recently, graphene has garnered interest as a membrane material for water purification, 

owing to its unique combination of functional properties [157]. Graphene offers for 
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ultrathin membranes with atomically defined nanopores, with sub-nanometer diameters 

approaching those of hydrated ions [158]. Consequently, this may allow for membranes 

with tailored selectivity and high permeance (i.e., minimal resistance to fluid or ion flow), 

while retaining a high structural integrity [159,160].  

 

Figure 18 | Schematic of the membrane distillation process. Membrane distillation is driven 

by a partial vapour pressure difference due to a temperature gradient across the hydrophobic 

membrane material. Reproduced from [153], Copyright of Elsevier, 2013. 

Recent advances in graphene processing have enabled the demonstration of 

atomically-thin films for water purification [161,162]. Indeed, the perfect single-layer of 

graphene is impermeable. Therefore, initial attempts to enable permeability of graphene 

have utilized a variety of reactive processes, in order to create randomly-etched pores 

and nanoscale apertures in the graphene film [162,163]. However, the transport of 

water through such pores is challenging, particularly, as this requires a large amount of 

pores with controlled morphology. Thus, while promising, the capability of graphene 

films for water purification is presently limited to small-scale demonstrations. 
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1.4. Material Characterization Techniques 

A host of material characterization techniques are employed, supporting the 

development of processes for graphene synthesis, and the optimization of its properties 

for diverse applications.  

Scanning electron microscopy (SEM) 

The scanning electron microscope consists of an electron source, electromagnetic 

lenses, and an electron detector. It utilizes an electron beam instead of light, and 

functions based on its wave-particle duality. The electron beam is accelerated and 

focused on a sample using the lenses. The sample emits secondary electrons, which 

are then detected. The number of detected electrons depends on variations on the 

sample’s surface. By scanning the beam and detecting the variations in the number of 

emitted electrons, the surface topography of the sample can be reconstituted. In this 

thesis, SEM is frequently used to characterize the microscopic morphologies for a 

diverse range of carbon-based nanostructures. 

 

Figure 19 | SEM characterization of VGNS. (a) Top-down, and (b) side-on view. Reproduced 

from [114]. 

For instance, SEM characterizations in Fig. 19a and Fig. 19b reveal VGNS posssesses 

an open and interconnected morphology with sharp edge planes. In this thesis, Field-

emission scanning electron microscopic (FE-SEM) images were obtained by Zeiss 

Auriga microscope operated at 5 keV electron beam energy with an InLens secondary 

electron detector.  
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Transmission electron microscopy (TEM) 

Similar to SEM, a transmission electron microscope consists of an electron emission 

source, electromagnetic lenses, and an electron detector. A thin sample is positioned 

along the trajectory of an incident electron beam. The electron beam is produced, 

accelerated, and then focused on the sample by the electromagnetic lenses. The 

incident electron beam passes through the thin sample, and the transmitted signal of 

electrons are magnified into a detector. TEM allows us to magnify the image of thin 

samples down to atomic resolutions. Thus, TEM enables us to investigate the 

crystallographic properties and interatomic arrangements in the nanomaterial. In this 

thesis, TEM is used to characterize the atomic properties of graphene nanostructures.  

 

Figure 20 | TEM characterizations of a VGNS sample. (a) Low-resolution and (b) high-

resolution TEM images. Reproduced from [164]. 

For instance, TEM characterizations show that VGNS consist of numerous nano-sized 

graphene domains (Fig. 20a). Graphene layers are observed in the high-resolution TEM 

(Fig. 20b), where interlayer spacing is approximately 0.34 nm. In this thesis, 

transmission electron microscopy (TEM) images were obtained with a JEOL 2200FS 

TEM microscope operated at 200 kV. 
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Raman spectroscopy 

Raman is a spectroscopic technique that can be used for a variety of phases, and it is 

particularly useful for revealing the internal structure and bonding of the nanomaterial. 

This spectroscopic technique operates by the excitation of vibrational, rotational, and 

other low-frequency modes in the structure, by an irradiated wavelength of light (e.g., 

UV, IR, visible range). A sample is irradiated by laser light, and the monochromatic light 

interacts with the molecular vibrations, phonons, or other excitations in the system (i.e., 

inelastic scattering, Raman scattering), resulting in the energy of the laser photons 

being shifted. This shift in energy gives information about the vibrational modes in the 

system. Raman spectroscopy is particularly useful for analyzing the degree of disorder, 

bonding type, and interlayer lattice arrangements in carbon-based nanomaterials. In this 

thesis, Raman spectroscopy is frequently used to analyze the structural properties of 

graphene nanomaterials.  

 

Figure 21 | Raman spectra of VGNS. Reproduced from [110]. 

Typically, three distinct peaks are present in the Raman spectra of graphene, namely, 

the characteristic disorder peak (D-band) at ~1350 cm-1, the graphitic peak (G-band) at 

~1580 cm-1, and the second-order 2D-band at ~2670 cm-1 (Fig. 21). The D-band is 

attributed to the finite crystallite size effect and various defects induced in the sp2 
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carbon materials; the G-band arises from the in-plane vibrational E2g mode of the sp2-

hybridized carbon; and the 2D-band is a second-order Raman spectral feature due to 

the three-dimensional inter-planar stacking of hexagonal carbon networks [165]. This 

Raman spectra reveals that VGNS have a large presence of reactive edges and consist 

of ~ 5 graphene layers near the edge plane. In this thesis, Raman spectroscopy was 

performed using a Renishaw inVia spectrometer with Ar laser excitation at 514 nm and 

a probing spot size of 1 µm2. 

X-ray photoelectron spectroscopy (XPS) 

XPS is a surface-sensitive quantitative technique that measures the elemental 

composition and electronic states of the elements within the top ~10 nm of a sample. 

XPS is based on the principle of the photoelectric effect. XPS spectra are obtained by 

irradiating a sample with a beam of X-rays while simultaneously measuring the kinetic 

energy and the number of core shell electrons being ejected. In this thesis, XPS is used 

to analyze the chemical and structural composition of graphene-based nanomaterials.  

 

Figure 22 | XPS characterization of VGNS. Reproduced from [110]. 
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For instance, the XPS spectra of VGNS (Fig. 22) can reveal valuable structural and 

chemical information through the ratio of graphitic sp2 to sp3 peaks, while also helping to 

indicate the presence of other functional groups (e.g., oxygen, nitrogen, etc.) on VGNS. 

In this thesis, X-ray photoelectron spectroscopy (XPS) spectra were recorded with a 

Specs SAGE 150 spectroscope with Mg Kα excitation at 1253.6 eV. Using the 

CasaXPS software, a Shirley background correction was employed and the XPS 

spectra were deconvoluted into its respective peaks.  

Atomic force microscopy (AFM) 

An atomic force microscope probes the surface topography of a sample. It consists of a 

tip positioned at the end of a cantilever, and an optical system which uses a laser to 

detect deflections in the cantilever tip. Typically for imaging, the AFM operates in a 

tapping (repulsive) mode. When the tip is brought into contact with the sample and 

moved along its surface, this leads to deflections in the tip due to short-range atomic 

forces. Correspondingly, deviations measured by the laser allows us to measure the 

surface profile of the sample. AFM enables us to image the topography of the surface 

down to atomic resolutions. In this thesis, AFM is used to analyze the surface 

topography of graphene thin films.  

 

Figure 23 | AFM characterizations of a graphene flake. (a) AFM topography (b) height 

profiles across the graphene flake (indicated by the green line). Reproduced from [166]. 
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For instance, AFM characterization of graphene (Fig. 23) reveals the uniformity of the 

graphene morphology across the surface. Here, we deduce that the graphene flake is 

on average 2- 3 layers thick (each layer ~0.34 nm). In this thesis, atomic force 

microscopy (AFM) images were acquired with an Asylum Research MFP-3D AFM 

operating in intermittent contact (“tapping”) mode with a 5 N/m spring constant 

cantilever. Image analysis was performed using the Scanning Probe Image Processor 

(SPIPTM) software produced by Image Metrology A/S. 
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1.5. Executive Summary 

This thesis aims to exemplify how thermal- and plasma-based techniques may be 

designed and implemented to enable, enhance, and tailor the synthesis of hierarchical 

graphene nanostructures, and to streamline their integration for applications in 

bioelectronics and energy storage devices. This aim is achieved in the thesis by 

focusing on objectives 1 – 3 outlined below.  

Objective 1: Re-inventing the thermal CVD process – ambient-air graphene 

synthesis from renewable natural precursors. 

Conventional techniques for CVD synthesis of graphene film are impeded by long 

processing times, extensive vacuum operation, high annealing temperatures, large 

volumes of purified gases, and are multi-staged (Section 1.2.2). Such resource-

consuming processes are necessary for creating a highly-controlled environment, 

devoid of any ambient air to enable the growth of graphene. Consequently, we explore 

the following questions and hypotheses (Table 2) to address the challenges of thermal 

CVD synthesis of graphene films: 

Table 2. Questions and hypotheses for objective 1. 

Question Hypothesis 

How can we improve the 

viability of the thermal CVD 

process for graphene 

production? 

 By removing the use of purified gases and vacuum 

operation, reducing the annealing temperature, and 

simplifying the production process, this enables a 

resource-efficient synthesis of graphene. 

 Consequently, this necessitates using an alternative 

source of carbon precursor material and growing 

graphene in an ambient-air environment. 

Aside from purified gases, can 

we use other forms of precursor 

material? 

 The elevated temperature environment and catalytic 

properties of the growth substrate can help in reforming 

natural carbon-containing precursors (e.g., soybean oil) 

into graphene with good quality and controllable 

properties. 
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How can graphene grow in an 

ambient-air environment at 

elevated temperatures?  

 A closed ambient-air environment can be created for 

graphene synthesis. 

 The precursor material can dissociate and consume the 

reactive oxygen species (in the ambient-air) which 

impedes the growth of graphene. 

 The processing parameters (e.g., precursor amount, 

annealing duration, substrate cooling rate, etc.) can be 

optimized to create a controlled ambient-air environment, 

enabling the synthesis of uniform and good quality 

graphene with tailored properties. 

 

A host of materials characterization techniques were employed for optimizing and 

developing the ambient-air process, and providing valuable insights on the mechanisms 

for graphene growth.  This includes: 

 Scanning electron microscopy (SEM) for examining the surface morphology of 

the graphene film; 

 Transmission electron microscopy (TEM) for studying the crystallographic 

properties (e.g., grain size, orientation) of the graphene film; 

 X-ray photoelectron spectroscopy (XPS) for analyzing the chemical 

functionalities at the graphene surface and sub-surface (growth substrate), which 

help in providing insights into the mechanisms for graphene formation in the 

ambient-air environment; 

 Electrical 4-point probe measurements for evaluating the sheet resistance and 

defect content of the graphene film; 

 Raman spectroscopy for analyzing the thickness, defect content and uniformity 

across the graphene film; 

 Optical transmittance for evaluating the overall thickness of the graphene film.  

In Chapter 2, an ambient-air CVD process is developed for the fabrication of graphene 

films. This enables a single-step, energy efficient (i.e., rapid, low temperature), 

resource-efficient (i.e., no purified gases), green (i.e., reforming renewable biomass 
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precursors), low-cost, integration-friendly, technologically sustainable, and potentially 

scalable process for graphene synthesis.  

 

Objective 2: Graphene for bioelectronics – Plasma-enabled synthesis and water-

assisted transfer of graphene micro-islands for biosensing and bioengineering 

applications. 

For applications in bioelectronics, graphene powders and thin films are often considered. 

Chemical exfoliation methods are typically used for synthesizing graphene powders, 

offering production in large scale and with low cost (Table 1). However, these 

approaches for preparing graphene powders utilize harsh chemicals and introduce 

impurities (Section 1.2.1). On the other hand, CVD growth of graphene involves high 

temperatures (1000 oC), and is accompanied by long growth times, and is multi-staged. 

Further, the integration of graphene films requires the use of a transfer process. This 

introduces cytotoxic impurities that impede its functionality for bioelectronics (Section 

1.2.2).  

On the other hand, unlike chemical- or thermal-based processes, plasma enables a 

single-step, rapid, and low-temperature growth of graphene on diverse substrates, with 

Key takeaways for Objective 1: 

We demonstrate for the first time, CVD growth of graphene in an 

ambient-air environment. Triglyceride-containing natural precursors 

(e.g., soybean oil) were reformed into homogeneous, large-area films 

of graphene with controllable optoelectronic and structural properties. 

Unlike conventional CVD, this technique is single-stepped, rapid, and 

does not require purified gases or vacuum operation. 

The thermally dissociated precursor fragments were found to 

promote 1) consumption of reactive oxygen species in the ambient-

air, 2) a carbon-surplus environment, and the 3) formation of water 

vapor by-products that help maintain the catalytic ability of the growth 

substrate, enabling the synthesis of graphene films. 
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unique nanostructured morphology that is advantageous for applications in 

bioelectronics. In addition, the plasma-enabled growth of graphene does not produce 

hazardous by-products, nor does it utilize toxic reagents in the synthesis process.  

In Chapter 3, we explore the following questions and hypotheses (Table 3) around 

plasma processing to address the challenges of synthesis and integration of graphene 

nanostructures for bioelectronics: 

Table 3. Questions and hypotheses for objective 2. 

Question Hypothesis 

How can we improve graphene 

synthesis for bioelectronics 

application? 

 By drastically reducing the growth temperature and 

duration, and removing the need for wet-chemical etching 

in graphene transfer, this promotes a resource-efficient 

synthesis of graphene for bioelectronics application. 

Why is plasma advantageous in 

graphene synthesis for 

bioelctronics? 

 Plasma enables a low-temperature, single-step and 

controlled growth of graphene with unique morphology 

that is advantageous for developing biosensors and 

biocompatible coatings.  

 Plasma enables the as-grown graphene to easily 

decouple from the growth substrate and be transferred 

onto arbitrary target substrates, avoiding the conventional 

need for wet-chemical etching. 

 

A host of materials characterization techniques were employed for optimizing the 

plasma-enabled graphene synthesis process, and its performance for biosensing and 

biocompatible coatings. This includes: 

 SEM for studying the surface morphology of the graphene nanostructure;  

 XPS for analyzing the surface chemical functionalities of graphene; 

 Raman spectroscopy for examining the thickness, defect content and uniformity 

of graphene; 
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 Atomic force microscopy (AFM) for studying the surface topography of the 

graphene nanostructure;  

 EIS for analyzing its performance (i.e., sensitivity, selectivity) as a biosensing 

electrode; 

 Cell viability studies for evaluating its biocompatibility.  

 

Objective 3: Graphene for energy storage devices – Plasma-enabled reforming of 

natural precursors into VGNS for supercapacitors. 

For energy storage devices, graphene powders derived by chemical methods are 

typically considered (Section 1.2.1). However, these powders are not only prone to 

uncontrolled agglomeration; but also, they require additional non-conductive binders 

and surfactants to integrate them for supercapacitors. Consequently, this leads to 

degradation in energy storage performance.  

Unlike chemical methods for preparing graphene powders, plasma enables a rapid, low-

temperature and single-step synthesis of graphene nanostructures with unique 

morphology that is particularly advantageous for application in energy storage devices. 

In particular, plasma synthesis enables the formation of graphene with an open and 

interconnected morphology, and atomically-thin reactive edges, which help to promote 

good electrochemical properties. In Chapter 4, we examine the following questions and 

Key takeaways for Objective 2: 

Plasma enables the single-step, rapid and controlled growth of 

graphene micro-islands (GMs) at a low temperature (200 oC). GMs 

feature an interconnected morphology, reactive edges, and a high 

surface area. The plasma synthesis enables a water-assisted 

transfer of GMs onto arbitrary substrates. GMs were integrated as a 

functional material to realize a sensitive and selective genosensor, 

and as a biocompatible coating, suited for bioengineering 

applications. 
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hypotheses (Table 4) around plasma processing to address the challenges of synthesis 

and integration of graphene nanostructures for supercapacitors: 

Table 4. Questions and hypotheses for objective 3. 

Question Hypothesis 

How can we improve graphene 

synthesis for energy storage 

devices? 

 By drastically reducing the growth temperature and 

duration, preventing agglomeration, and removing the 

need for binders, this promotes a resource-efficient 

synthesis of graphene for energy storage devices. 

Why is plasma advantageous in 

graphene synthesis for energy 

storage devices? 

 Plasma enables the reforming of natural precursors into 

graphene nanostructures.  

 Plasma enables a low-temperature, single-step and 

controlled growth of graphene with unique nanostructured 

morphology that is advantageous for supercapacitor 

applications.  

 Plasma enables the direct integration of graphene 

nanostructures for supercapacitor electrodes, avoiding 

the need for non-conductive binders. 

 

A host of materials characterization techniques were employed for optimizing the 

plasma-enabled graphene synthesis process and its supercapacitor performance. This 

includes: 

 SEM for studying the morphology of the graphene nanostructure;  

 TEM for analyzing the crystallographic properties of the graphene nanostructure; 

 XPS for analyzing the surface chemical functionalities of graphene; 

 Raman spectroscopy for examining the edge thickness, defect content and 

uniformity of graphene;  

 Cyclic voltammetric tests for evaluating its performance in energy storage (i.e., 

power density, areal capacitance, specific capacitance, rate capability, stability, 

etc.);   
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Key takeaways for Objective 3: 

Plasma enables a single-step, low-temperature, controlled growth 

and direct integration of VGNS as an electrode material for 

supercapacitor application. Diverse natural precursors are reformed 

into homogeneous VGNS. The VGNS feature a high surface area, an 

open morphology, with interconnected arrays of graphene sheets, 

and reactive edges, which facilitate its excellent performance for 

supercapacitor applications.  
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2 

Re-inventing CVD: Ambient-Air Graphene Synthesis 

“But still try, for who knows what is possible?” 

– Michael Faraday, 1870. 

 

This chapter presents the ambient-air CVD technique for the synthesis of graphene 

from renewable precursors.  

The controlled synthesis of atomically-thin crystalline films of nanostructured carbon (i.e., 

graphene) necessitates the meticulous process of CVD. However, widely adopted 

techniques for the CVD of graphene films are resource-consuming, energy-intensive, 

and environmentally-destructive. In particular, the CVD synthesis of graphene involves 

high processing temperatures, extensive vacuum operation, continuous large-volume 

flows of purified gases, long annealing times, and are multi-staged (Section 1.2.2). 

Here, we present an ambient-air CVD technique for graphene synthesis which 

addresses these intrinsic limitations. 

The ambient-air process enables graphene synthesis in a single-step, and is 

demonstrated to be energy efficient (i.e., rapid, low temperature), resource-efficient (i.e., 

no purified gases), green (i.e., reforming renewable biomass precursors), low-cost, 

integration-friendly, technologically sustainable, and scalable. 

In this chapter, fabrication and characterization of the ambient-air-derived graphene 

films are explored. We exemplify the essential process parameters (e.g., cooling rate, 

precursor content, temperature, etc.) to enable controlled synthesis and tailored 

properties of the graphene film in the ambient-air process films (i.e., morphology, 

disorder content, thickness, etc.). Graphene films with good optoelectronic and 

structural properties were obtained. On average, the graphene films demonstrated an 
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optical transmission of ~93.9%, a sheet resistance of ~324 Ω/sq, Raman ID/IG ratio of 

0.15–0.25 and I2D/IG ratio of 0.95–1.50, and domain sizes ranging 200–500 nm. Further, 

we propose a mechanism for the growth of graphene in the ambient-air process, based 

on depth profiling of the as-grown film, analyses of the ambient-air composition in the 

reaction chamber, and reaction pathways for precursor reforming into graphene.  

The ambient-air approach is compared against conventional CVD frameworks for 

graphene synthesis. Notably, the ambient-air technique offers numerous advantages 

and future opportunities for streamlined graphene production infrastructures and the 

realization of diverse graphene-enabled technologies.  

This chapter addresses Thesis Objective 1.  

Statement of contribution: Shafique Pineda (S.P.) and Dong Han Seo (D.H.S.) 

conceived the idea and together, conducted the experiments, and optimized and 

developed the ambient-air synthesis technique. S.P., D.H.S., Adrian T. Murdock 

(A.T.M.), Zhao Jun Han (Z.J.H.) and Kostya Ostrikov (K.O.) wrote the manuscript with 

input from all co-authors. 

The following paper has been accepted for publication at Nature Communications [1].  

References 

[1] Seo D.H.*, Pineda S.*, Fang J.H., Gozukara Y., Yick S., Bendavid A., Lam S.K.H., Murdock 

A.T., Murphy A.B., Han Z.J., Ostrikov K., Single-Step Ambient-Air Synthesis of Graphene from 

Renewable Precursors as Electrochemical Genosensor, Nature Communications 2017, 8 

(14217) ( * = equal contribution). 

56



2. Re-inventing CVD: Ambient-Air Graphene Synthesis 
 

Single-Step Ambient-Air Synthesis of Graphene from 

Renewable Precursors as Electrochemical Genosensor  

Dong Han Seo1,†, Shafique Pineda1,2,†, Jinghua Fang3, Yesim Gozukara1, Samuel Yick1, 

Avi Bendavid1, Simon K. H. Lam1, Adrian T. Murdock1, Anthony B. Murphy1, Zhao Jun 

Han1,*, and Kostya (Ken) Ostrikov4,1,2 

† These authors contributed equally to this work. 

1 CSIRO Manufacturing, P.O. Box 218, Bradfield Road, Lindfield, NSW 2070, Australia.  

2 School of Physics, The University of Sydney, Sydney, NSW 2006, Australia.  

3 School of Mathematical and Physical Sciences, The University of Technology, Sydney, NSW 

2007, Australia 

4 Institute for Future Environments and Institute for Health and Biomedical Innovation, School of 

Chemistry, Physics, and Mechanical Engineering, Queensland University of Technology, 

Brisbane, QLD 4000, Australia.  

 

Abstract 

Thermal chemical vapor deposition techniques for graphene fabrication, while promising, 

are thus far limited by resource-consuming and energy-intensive principles. In particular, 

purified gases and extensive vacuum processing are necessary for creating a highly-

controlled environment, isolated from ambient-air, to enable the growth of graphene 

films. Here we exploit the ambient-air environment to enable the growth of graphene 

films, without the need for compressed gases. A renewable natural precursor, soybean 

oil, is transformed into continuous graphene films, composed of single- to few-layers, in 

a single step. The enabling parameters for controlled synthesis and tailored properties 

of the graphene film are discussed, and a mechanism for the ambient-air growth is 

proposed. Furthermore, the functionality of the graphene is demonstrated through direct 

utilization as an electrode to realize an electrochemical sensor for nucleic acid 
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interactions (genosensor). Our method is applicable to other types of renewable 

precursors and may open a new avenue for low-cost synthesis of graphene films. 

 

Introduction 

Widely-adopted techniques for the synthesis of large-area, homogeneous, and highly-

crystalline carbon nanostructures are primarily based on thermal chemical vapor 

deposition (CVD) methods, in which purified gases (e.g., CH4, H2, Ar) are processed at 

elevated temperatures (typically around 1000 oC) over a prolonged period [1,2]. The use 

of purified gases, while critical to providing a controlled environment for generating the 

building units necessary for carbon nanostructure growth, is however, expensive, 

hazardous, and requires extensive vacuum processing. Moreover, complex and 

prolonged processes in the high-temperature environments incur additional operating 

costs, which further impede the scalability and commercialization of crystalline carbon 

nanostructures [3,4]. 

Graphene, an atomically-thin film of crystalline carbon, is a highly-promising nano-

carbon material whose production is subject to the aforementioned limitations. 

Graphene films hold strong potential for application in diverse technologies, including 

water filtration and purification, renewable energy, sensors, personalized healthcare and 

medicine [5-7]. However, efficient, scalable, and low-cost production of graphene film 

with tuneable properties are essential for such technologies to be feasible. This ability 

remains a critical challenge. 

Recent investigations have demonstrated significant progress in addressing several of 

these concerns to facilitate the translation of graphene technologies into commercial 

applications. This includes the transformation of carbon precursors of heterogeneous 

chemical states into graphene-related materials [8,9]. In particular, carbon-containing 

liquid or solid biomass precursors are attractive due to their low cost [9,10]. 

Nevertheless, highly-purified carrier gases and lengthy vacuum operations are still 

required for these precursors. The hazardous nature and high cost of these gases often 

reduce the production efficiency. It is thus highly topical and important to develop a 
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technologically and environmentally sustainable process that is free of compressed 

gases for the production of functional graphene films. 

Here we present a single-step, rapid thermal synthesis of uniform and continuous 

graphene films in an ambient-air environment, using a cheap and renewable form of 

biomass, soybean oil, as the precursor. To the best of our knowledge, this is the first 

time that the synthesis of graphene film has been demonstrated in an ambient-air 

environment without any compressed gases. Graphene derived from this unique 

ambient-air process exhibits good and tuneable film properties, which are comparable 

to those of graphene synthesized with conventional methods [2,11]. This ambient-air 

process for graphene fabrication is fast, simple, safe, potentially scalable, and 

integration-friendly. Importantly, it offers the scope to potentially address the critical 

roadblocks towards large-scale, efficient graphene manufacturing.  

 

Results  

Controlled synthesis of graphene in ambient-air environment. Currently, graphene 

synthesis involves several key factors need to be improved: (i) lengthy high-temperature 

annealing processes to increase the grain size of the metal catalyst used to form 

graphene; (ii) utilization of purified and compressed gases to offer a homogenous and 

controlled delivery of carbon source materials; and (iii) the use of lengthy vacuum 

operation to avoid the presence of any detrimental reactive oxygen species from air 

[2,4]. To overcome these problems, we have designed a thermal CVD process to 

produce graphene in an ambient-air environment that is completely free of compressed 

or purified gases and requires minimum processing time.   

The process is schematically illustrated in Fig. 1a, in which the precursor for graphene 

growth and a metal catalyst (e.g., Ni foil) are placed close together inside the heating 

zone of a furnace, prior to heating the quartz tube. The quartz tube is then sealed and 

the temperature is increased. During the ramping stage, air inside the quartz tube is 

released through a valve to maintain atmospheric pressure. Once the annealing stage is 

complete, the sample is removed from the heating zone for rapid cooling.  Raman 
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spectra of the samples grown at 800 °C in the ambient-air process indicated the 

presence of single-to-few layer graphene films covering the surface of the growth 

substrate (Fig. 1b). 

 

Figure 1 | Growing graphene films in the ambient-air process. (a) Polycrystalline Ni foil is 

thermally annealed together with soybean oil precursor, and the controlled synthesis of 

graphene is promoted in an ambient-air environment. Graphene films can then be transferred 

onto glass substrate. (b) Raman spectra indicate the presence of 1 layer, 2 layer and ≥ 3 layer 

regions in the graphene film grown at 800 °C. Scale bar: 1 cm in a. 

In the standard operation, the catalyst is low-cost polycrystalline Ni foil. Graphene 

growth occurs by thermal reforming of a natural precursor, soybean oil, in a closed 

ambient-air environment. Unlike conventional CVD methods or conventional natural 

precursor methods for growing graphene, the technique does not require any purified 

gases [8,9]. Moreover, expensive vacuum processing is avoided. The natural 

precursors substituted for purified gases are cheaper and safer. By restricting the air 

flow into the quartz tube, the transformation of solid-state carbon into carbon dioxide or 

other gaseous species is prevented. By controlling the temperature, cooling rate and 

precursor amount, the process enables the growth of homogenous graphene films of 

good quality. A comparison of the method with other CVD processes is provided in 

Supplementary Table 1 and Supplementary Table 2. 
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The parameters observed to control the quality of graphene include temperature, 

processing time, precursor, substrate, and the ambient-air environment. Nickel acted as 

a good catalyst for the breakdown of precursor material (in this case, the soybean-oil 

molecules) into smaller building units that are essential for the synthesis of graphene 

[12]. 

To investigate how the transformation occurred in the process, we have analyzed the 

chemical composition of the annealed soybean oils at different temperatures 

(Supplementary Fig. 1). During the early stages of the annealing process, for instance 

at 300 oC, the long carbon chains in the soybean oil precursor were thermally 

dissociated into gaseous carbon building units such as methyl and ethyl species 

(Supplementary Fig. 1a). Other gaseous species were also generated, including 

hydrogen, water, hydroxyls, and carbon dioxide, as confirmed by mass spectrometry 

(Supplementary Fig. 1b – 1c). Traces of heavier hydrocarbons such as propane were 

also observed.  Most of the oil was vaporized by about 425 oC and a rapid mass 

reduction of the oil was observed by thermogravimetric analysis below 500 oC 

(Supplementary Fig. 1d). These building units present in the vapor can diffuse through 

the tube during the heating stage. As the temperature gradually increases to 800 oC, 

these carbon building units begin to dissociate into carbon atoms and dissolve into the 

Ni bulk [13,14]. The sample was annealed for 3 mins at 800 oC to promote dissolution of 

carbon atoms in the Ni substrate. Finally, following the rapid cooling stage, carbon 

segregates from the bulk and crystallizes on the Ni surface forming graphene [12,15].  

At elevated temperatures, long hydrocarbons in the oil decompose in the presence of 

O2 to form water vapor. In particular, water vapor can promote the etching of 

amorphous carbon deposits on the Ni surface [16]. As such, we did not observe the 

formation of amorphous carbons in our sample.  This also helps maintain the catalytic 

activity of the Ni surface in breaking down the precursor material [17]. Moreover, we 

have conducted a detailed analysis on the consumption of oxygen in the reactor during 

the growth process (Supplementary Note 1). We found that the precursor amount was 

critical for the consumption of reactive oxygen species. In the optimal growth condition, 

a slight carbon excessive environment is used to promote the growth of graphene and 
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deter the formation of amorphous carbon. On the other hand, an over excessive amount 

of precursor material led to an oversaturation of deposited carbon in the bulk of Ni, and 

subsequently, the crystallization of graphite on the Ni surface. This may explain the 

resulting formation of thick graphene sheets as observed in Supplementary Fig. 2a. 

Moreover, in the case of an insufficient amount of precursor, oxygen species can be 

present in the as-grown product in the form of C–O amorphous carbons (Supplementary 

Fig. 2b), consistent with the aforementioned calculations of oxygen consumption 

(Supplementary Note 1) [18]. These experiments indicate the critical role of the 

thermally-dissociated precursor materials (i.e., hydrocarbons) in consuming the reactive 

oxygen species present in the ambient-air environment, which has a profound effect in 

controlling the quality of the as-grown graphene films.  

We have also noticed that a slow cooling can promote excessive carbon segregation 

from the Ni bulk, which may account for the observed formation of a graphite-like film 

(Supplementary Fig. 2c). Another parameter that significantly influences the growth of 

graphene in the ambient air environment is the annealing temperature. At an annealing 

temperature of 500 oC, an incomplete formation of the graphene film was observed 

(Supplementary Fig. 2d). This may be attributed to an insufficient amount of energy to 

dissociate and reform the precursor material (i.e., hydrocarbon species) required for 

graphene formation. Conversely, at a higher annealing temperature of 900 oC, thicker 

graphene sheets were observed (Supplementary Fig. 2e). This may arise from the 

increased rate of carbon diffusion, segregation, and graphitization as a result of the 

elevated temperature. Importantly, these parameters allow us to obtain graphene films 

with tuneable average thickness and optical transmission, as characterized by Raman 

spectroscopy and optical transmission (Supplementary Fig. 3). 

It is worth mentioning that graphene did not form on other growth substrate materials 

with significantly lower carbon solubility than Ni, such as the commonly-used Cu foil. 

Moreover, we did not observe graphene formation on graphitic surfaces such as woven 

carbon cloth (Supplementary Fig. 4). This suggests that the use of Ni (through, e.g., 

carbon solubility, carbon segregation ability, catalytic effect, possibility of formation of 

oxide in air) and its interaction with the precursor material play a critical role in enabling 
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the growth of graphene films. We also investigated the possibility of transforming other 

types of renewable oil groups. In particular, we were able to demonstrate the ambient-

air growth of similar graphene films from other types of triglyceride (carbon)-containing 

precursors such as butter (Supplementary Fig. 5). As such, this method is versatile and 

may be tailored to transform other renewable carbon-containing natural precursors into 

graphene films.  

 

Structure and properties of the graphene films. The structural morphology of the 

graphene film was analysed by transmission electron microscopy (TEM) (Fig. 2). The 

distribution of domain sizes, domain orientations, and thickness within the graphene film 

were characterized. The energy-filtered bright-field and dark-field images were obtained 

on multiple regions. In the bright-field image, the graphene film appeared uniform, with 

dark lines representing the overlapping at the grain boundaries (Fig. 2a and 

Supplementary Fig. 6a). In the dark-field image, the grain boundaries and rotated 

polycrystalline domains are clearly observed (Fig. 2b and Supplementary Fig. 6b), as 

indicated by the contrast variations. In addition, the observed Moire fringes (periodic 

stripes) arise from the mis-oriented overlapping multilayers. This confirmed that the 

strips/lines of darker contrast were indeed boundaries, as also indicated by the size and 

shape of the graphene domains. Further, mis-oriented hexagonal graphene adlayers 

are observed in Fig. 2c. From these TEM characterizations, we can deduce that the 

graphene film is composed of domains spanning ~200–500nm. 

In addition, selected-area electron diffraction (SAED) patterns were taken across a 

typical region of the sample, where a slight rotation between these patterns was 

observed (Fig. 2d and Supplementary Fig. 6c). The high-resolution TEM images at the 

domain edges illustrate the presence of few-layered graphene domains within the film 

(Fig. 2e). These results demonstrate that the graphene film is composed of mis-oriented 

domains of turbostratic bi/few-layer graphene [19].  
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Figure 2 | TEM characterization of the graphene film grown in an ambient-air environment. 

(a) Bright-field TEM and (b) corresponding dark-field TEM with grain boundaries outlined in red. 

(c) TEM image of mis-oriented hexagonal graphene adlayers and (d) SAED patterns. The 

intensity profile taken from the region outlined by the white box is shown in Supplementary Fig. 

6c. (e) HRTEM of few-layered graphene films, with the dark regions corresponding to folded 

edges in the film. Scale bars: 200 nm in a,b,c and 5 nm in e. 

The structural, optical and electrical properties of the graphene film were also analyzed 

by Raman spectroscopy mapping, optical transmission spectroscopy, and four-point 

probe measurements. Before performing these characterizations, a 4x2 cm2 graphene 

film grown in the ambient-air process was transferred from the Ni foil substrate to a 

glass surface, as demonstrated in Fig. 3a. An optical micrograph of the transferred 

graphene film is also included. The graphene film was observed to grow continuously 

over the entire Ni surface, with regions of varying thickness (Fig. 3a). To check the 

uniformity of graphene film, Raman spectral mapping of ID/IG and I2D/IG intensity ratios 

were taken from 4 regions R1–R4, as denoted in Fig. 3a. Typically, three distinct peaks 

are present in the Raman spectra of graphene, namely, the characteristic disorder peak 

(D-band) at ~1350 cm-1, the graphitic peak (G-band) at ~1580 cm-1, and the second-

order 2D-band at ~2670 cm-1. The D-band is attributed to the finite crystallite size effect 

and various defects induced in the sp2 carbon materials; the G-band arises from the in-

plane vibrational E2g mode of the sp2-hybridized carbon; and the 2D-band is a second-
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order Raman spectral feature due to the three-dimensional inter-planar stacking of 

hexagonal carbon networks [20], and its peak position can give an indication of the 

number of graphene layers [21].   

 

Figure 3 | Characterizations of the graphene film grown in an ambient-air environment. (a) 

A 4x2 cm2 graphene grown on Ni foil is transferred onto glass. Measurements were taken over 4 
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quadrants as labelled on the graphene surface. An optical micrograph of the graphene film 

transferred onto glass is also included. (b) Raman spectral analyses of the intensity ratios of 

ID/IG and I2D/IG. (c) Four-point probe and (d) optical transmission measurements of sheet 

resistance of graphene films in the respective regions. Scale bar: 20 µm in a. 

For the present film, the intensity ratios of ID/IG is 0.15 – 0.25, I2D/IG is 0.95 – 1.50 (Fig. 

3b), and the 2D peak position resides around 2670 cm-1. These values suggest that the 

film is composed of single- to few-layer graphene. Based on the TEM and Raman 

measurements, a carrier mobility of 500 – 750 cm2 V-1 s-1 was estimated for the 

graphene film (see detailed calculation in Supplementary Note 2) [22,23]. Fig. 3c shows 

that the graphene film has an average sheet resistance of 324 Ω sq-1, which is 

consistent with the observed graphene thickness, grain size and disorder content. 

Further, an average optical transmittance of 93.9% was obtained (Fig. 3d), suggesting a 

thin film structure with single-to-few layer graphene [24]. These characterizations are in 

good agreement with the microscopic structure of the graphene film (i.e., domain size, 

sheet thickness) obtained by TEM.  

The surface chemical properties of the graphene film were analyzed by X-ray 

photoelectron spectroscopy (XPS). The survey scan of Fig. 4a shows a dominant 

narrow C 1s peak at the binding energy of 284.5 eV, whereas other peaks were 

attributed to the Ni growth substrate. The C 1s narrow scan in Fig. 4b can be 

deconvoluted into five peaks, corresponding to the carbon sp2 (284.5 eV), sp3 (285.4 

eV), nickel carbide (~282.8 eV), and C-O-C (~286.5 eV) and O-C=O functional groups 

(~288.7 eV) [25]. In particular, the graphene film has a good sp2/sp3 ratio of ~5.0, 

indicating the presence of graphene lattices with good structural quality. These 

characterizations provide further evidence that the graphene film grown in an ambient-

air environment are comparable to those produced by the conventional CVD methods 

[4,11,26]. 

Moreover, this ambient-air process for graphene synthesis was also applicable to Ni foil 

growth substrates of lower purity. Graphene films of comparable quality were produced 

with low-purity polycrystalline Ni foils (99%) rather than high-purity foils (Supplementary 

Fig. 7). Such low purity foils offer significant cost reduction in the scale-up for 

66



2. Re-inventing CVD: Ambient-Air Graphene Synthesis 
 

manufacturing graphene films. In addition, there is potential for further scale-up in the 

production capacity with the utilization of larger reaction chambers. 

 

Figure 4 | Surface chemical analysis of the graphene film grown in an ambient-air 

environment. (a) XPS survey scan shows the dominant C 1s peak, where other peaks are 

identified from the Ni growth substrate. (b) C 1s narrow scan and the deconvolution show sp2, 

sp3, nickel carbide and oxygen-attached carbon functional groups.  

 

Proposed mechanism of graphene growth in ambient-air process. The growth of 

graphene in an ambient-air environment may initially seem counter-intuitive, as 

graphene is expected to be destroyed in air at elevated temperatures (above 500 oC). 

However, we hypothesize that the unique processing conditions promote the controlled 

synthesis of graphene films in an otherwise destructive environment. Specifically, the 

thermally-dissociated precursor material decomposes in the presence of reactive 

oxygen species from the ambient-air, leading to the formation of water vapor as a by-

product (Supplementary Fig. 1). The water vapor may help suppress the deposition of 

amorphous carbon, promote the thinning of graphene layers, and maintain the catalytic 

ability of the Ni substrate in breaking down the precursor material into smaller building 

units necessary for the growth of graphene films.  
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To better understand the growth process and the possible interaction with Ni substrate, 

we conducted experiments to probe the surface composition of Ni foils following 

treatments at elevated temperatures. In particular, we investigated the composition of: 

(i) Ni foil heat treated in ambient environment without soy bean oil, where 

surface oxidation will be prevalent (Supplementary Fig. 8); 

(ii) Ni foil heat treated in ambient environment with soy bean oil, following 

procedure as outlined previously for the growth of graphene, where surface 

oxidation may be prevented (Supplementary Fig. 9). 

Our XPS analyses showed that when the Ni foil was heated in the ambient environment 

without soybean oil, oxygen was easily identified on the surface (Ni:O ratio of 1:1.83). 

However, when the Ni foil was heated with soybean oil, the oxygen content was 

significantly reduced (Ni:O ratio of 2.69:1). These results indicated that the breakdown 

of soybean oil in the reaction chamber provided a reaction pathway for the consumption 

of O2, which consequently limited the surface oxidation of Ni at elevated temperatures. 

Thus, we propose a growth mechanism based on these supporting evidences. Firstly, 

soybean oil thermally dissociates into a range of carbon building units, e.g. CH3, C2H2, 

and other species, at the ramping stage (Supplementary Fig. 1). During this stage, 

molecular fragments of the precursor material may react with and consume O2
 inside 

the reaction chamber through possible reaction routes as outlined in Supplementary 

Note 1. Water vapour produced as a by-product of the consumption of O2 may also help 

suppress the formation of amorphous carbon. The formation of water was supported by 

the observation of water condensation at the cool ends of the quartz tube outside the 

heating zone. These molecular fragments may further decompose at higher 

temperatures to provide a source of carbon dissolved into the Ni foil. This is supported 

by the detection of an extended nickel carbide peak in the XPS spectra of an etched 

graphene/Ni sample (Supplementary Fig. 9). Then, growth of graphene can occur 

through a combination of surface-mediated growth on the Ni foil and precipitation from 

dissolved species when the sample is cooled. The precipitation step is critical as we 
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observed that the cooling rate was important to control the thickness of the graphene 

films (Supplementary Fig. 3).  

 

Graphene as a biosensing electrode. Electrochemical sensing methods for minute 

amounts of nucleic acid samples offer attractive opportunities for a plethora of 

preventative health technologies, which require portable, cost-effective, and low-power 

readout devices [27]. In particular, neurodegenerative diseases such as Alzheimer’s 

disease are becoming more prevalent with the ageing population [28]. Alzheimer’s 

disease is best managed with early intervention therapies provided that it can be 

diagnosed as early as possible. To this end, post-transcriptional epigenetic regulations 

of gene expressions have been found to provide highly-valuable serum-based nucleic 

acid biomarkers that may be utilized to enable early diagnostic strategies for the 

disease [29-31]. Consequently, the favourable properties of graphene motivates its 

applicability as a biosensing electrode.  

The assembly of the electrochemical graphene-based biosensor is illustrated in Fig. 5a. 

Briefly, the as-grown graphene was firstly treated by oxygen plasma to introduce 

carboxylic functional groups on its surface. Subsequently, carbodiimide chemistry is 

employed to facilitate the covalent immobilization of probe miRNAs, and enable the 

specific detection of the complementary miRNA sequence (see Methods).  

Performance of the graphene sensor was quantified by electrochemical impedance 

spectroscopy (EIS) technique. The charge-transfer resistance (Rct) was measured to 

characterize the response of graphene to the surface immobilization of miRNAs. The Rct 

was observed to increase upon successful immobilization of probe miRNAs on the 

graphene surface (Supplementary Fig. 10a). With the addition of target miRNAs solution, 

an increase in ΔRct was observed as the concentration of target miRNAs was increased 

(Fig. 5b). We define ΔRct by (Rct – R0)/R0, where R0 is the charge-transfer resistance of 

the reference sample. This increase in ΔRct is attributed to an impeded charge transport 

at the graphene surface, caused by spatial blocking of the captured target miRNA 

molecules. In addition, the hybridization between complementary genomic sequences 
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may induce a build-up of negative surface charge, which may repulse negatively 

charged ferricyanide ions and lead to an increase in Rct [32].  

 

Figure 5 | Biosensor assembly and biosensing performance. (a) Schematics of the functionalization 

steps involved for the assembly of the graphene-based electrochemical biosensor. (b) Selectivity of 

biosensor is demonstrated by an increase in Rct with increasing concentration of target miRNA. Error bars 

represent the standard error of the mean. (c) Individual EIS curves showing responses of the biosensor to 

the target miRNA at different concentrations. 

The graphene-based sensor also demonstrates selectivity against miRNA sequences 

that are mismatched by a single RNA base, as shown in Fig. 5b. A slight increase in Rct 

was observed at elevated concentrations of non-complementary miRNA. This may be 

attributed to an increase in the non-specifically adsorbed miRNAs. In contrast, the EIS 

response of graphene in the presence of complementary miRNAs demonstrated a 

dynamic sensing range spanning 0.1 pM to 1 nM, with a limit of quantification (LOQ) of 

8.64 x 10-14 M (Fig. 5b,c). Furthermore, the sensing performance of the graphene 

electrode was evaluated in the presence of common interfering analytes 

(Supplementary Fig. 10b). The graphene-based sensor demonstrated negligible 
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deviation in Rct in the presence of serum albumins and electroactive analytes (i.e., uric 

acid and ascorbic acid) at physiologically-relevant concentrations. This suggests that 

non-specific binding at the graphene surface did not interfere with the specific binding 

events with the target miRNA sequence.  

The above performance is comparable to other graphene-based electrochemical 

sensors reported in the recent literature (Supplementary Table 3). For instance, 

graphene oxide (GO) nanosheets decorated with perylene tetracarboxylic acid diimide 

(PDI) have been utilized to enable a detection limit of 5.5x10-13 M single-stranded 

(ss)DNA [33]. Similarly, reduced GO have been functionalized with tryptamine to 

achieve a limit of detection of ssDNA at 5.2x10-13 M ssDNA [34]; and graphite fibers 

activated to form GO interfaces were capable of detecting ssDNA down to the 

concentrations of 5.6x10-12 M [35]. The graphene film grown in ambient-air may thus be 

promising for future developments of early diagnostic tools, where the quantification of 

multiple genomic biomarkers in complex biological environments is required.  

 

Conclusions 

Graphene films demonstrate excellent functional properties and are promising for 

diverse applications. However, the high cost and complexities associated with graphene 

production impede its commercial viability. To this end, we present a novel method for 

the synthesis of graphene films, in an atmospheric-pressure, compressed-gas-free 

ambient-air environment utilizing safe, low-cost renewable precursors. This ambient-air 

method offers numerous advantages over conventional thermal CVD techniques for 

graphene synthesis, which critically rely on resource- and time-consuming procedures 

(Supplementary Table 1, Supplementary Table 2, and Supplementary Note 3). 

Graphene films with good structural and optoelectronic properties were obtained. On 

average, the graphene film demonstrated an optical transmission of ~93.9%, a sheet 

resistance of ~324 Ω/sq, Raman ID/IG ratio of 0.15–0.25 and I2D/IG ratio of 0.95–1.50, 

and domain sizes ranging 200–500 nm. We exemplify the essential process parameters 

(e.g., cooling rate, precursor content, temperature, etc.) to enable controlled synthesis 
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and tailored properties of the graphene film in the ambient-air process. Further, we 

propose a mechanism for the growth of graphene in the ambient-air process, based on 

depth profiling of the as-grown film, analyses of the ambient-air composition in the 

reaction chamber, and reaction pathways for precursor reforming into graphene. The 

functionality of the graphene films was demonstrated through its direct integration as an 

electrochemical genosensor, in which sensitive and selective bio-detection was realized. 

Importantly, the ambient-air synthesis of graphene films from renewable precursors 

offers numerous advantages and opportunities for future streamlined integration into 

large-scale production infrastructures and the realization of diverse graphene-enabled 

technologies.  

 

Methods 

Ambient-air thermal synthesis of graphene. The growth of graphene was carried out 

in a thermal CVD furnace (OTF-1200X-UL, MTI Corp) with a quartz tube (100 cm in 

length, 5 cm in diameter). Polycrystalline Ni foils (25 µm, 99.5%, Alfa Aesar) were used 

as the growth substrate. The experimental schematic is shown in Fig. 1. Briefly, two 

alumina plates were placed in the heating zone of the furnace. One alumina plate was 

loaded with 0.14 mL of soybean oil precursor, and the other was loaded with the Ni foil 

growth substrate. The openings of the quartz tube were then sealed. The growth of 

graphene proceeds with a gradual heating and fast quenching temperature profile. 

Firstly, the furnace temperature was raised to 800 oC at a rate of 30 oC min-1. This was 

followed by holding at 800 oC for 3 mins. After the growth step, the sample was 

immediately removed from the heating zone to enable a rapid cooling (at approximately 

25 oC min-1) to segregate the homogeneous and continuous graphene films. Due to the 

evaporation and thermal expansion of the precursor material, a small build-up in 

pressure within the tube was observed. Throughout the heating stage (200 to 800 oC), 

atmospheric pressure was maintained in the quartz tube by allowing this build-up of 

gases to exit via the exhaust of the tube. A controlled gas environment was created in 

the tube through enabling the circulation of gases produced by precursor evaporation. 

72



2. Re-inventing CVD: Ambient-Air Graphene Synthesis 
 

Following the heating stage, pressure within the quartz tube was observed to be 

stabilized at atmospheric pressure. No additional gases were introduced into the quartz 

tube throughout the entire growth process.   

 

Transfer of graphene. A poly (methyl methacrylate) (PMMA)-assisted transfer of 

graphene was adopted. Briefly, 46 mg mL-1 of PMMA (Mw 996,000 Sigma Aldrich) was 

spin-coated onto the as-grown graphene on Ni foil (3000 rpm for 1 min). The sample 

was then dried in open air for 12 h. Subsequently, the underlying Ni foil was dissolved in 

1 M FeCl3 in 30 minutes. The PMMA/graphene film then floated to the surface. This was 

washed several times with deionized (DI) water. Next, the PMMA/graphene was lifted 

off from the DI water bath and transferred onto a glass substrate. The PMMA was then 

dissolved with acetone, and the sample was repeatedly washed with DI water. The 

graphene on glass was then used for subsequent microscopy and electrical 

characterization.  

 

Microscopy and microanalysis. Please refer to Section 1.4 of Chapter 1, “Raman 

Spectroscopy”, “X-ray Photoelectron Spectroscopy (XPS)” and “Transmission Electron 

Microscopy (TEM)”, for their general experimental details. More specifically, in the XPS, 

both survey scans and narrow scans of C 1s and Ni2p3/2 were conducted. The Ni and 

graphene/Ni surfaces were progressively etched through Ar bombardment to create a 

depth profile of the material.  

 

Optical characterization. Optical images were obtained with an Olympus BX51 optical 

microscope. Transmittance measurements were obtained using a Varian Cary 5000 

UV-Vis spectrophotometer. A graphene area of 4 cm2 was used, and optical spectra 

were recorded in the wavelength range from 300 to 800 nm.  

 

73



2. Re-inventing CVD: Ambient-Air Graphene Synthesis 
 

Electrical four-probe measurements. Silver paint was applied to the graphene 

transferred onto glass. A graphene area of 1 cm2 was used. Four-point probe 

measurements were conducted at room temperature.  

 

Inductively-coupled plasma (ICP) mass spectrometry analysis. The Netzsch STA 

449 F1 instrument equipped with S-type DTA sensor was used for simultaneous 

thermogravimetric/differential thermal analysis (TGA/DTA) of the soybean oil precursor 

samples. Soybean oil samples were placed in Al2O3 holders, and were heated to 

required temperatures (300, 500 and 600 oC) at 10 oC min-1 heating rate under air purge 

gas. Correction/blank runs were carried out for each temperature range with empty 

reference and sample pans prior to sample thermal analysis. Evolved Gas Analysis was 

carried out by coupling the Netzsch system to a Thermostar Pfeiffer Quadrupole Mass 

Spectometry to determine gases and vapours evolving in the atomic mass range of up 

to 200 amu (plotted as mass to charge ratio m/z). 

 

Biosensor device assembly. The as-grown graphene on Ni foil was treated with a low-

temperature O2 plasma (100 W, 7 s) to introduce carboxylic functional groups on its 

surface. The sample was placed flat and 2 cm below the plasma generation zone. The 

size of each sensing substrate was 2 x 1 cm2. Then, the plasma-actived graphene was 

treated with 0.05 M N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 

(EDC) and 0.03 M N-hydroxysulfosuccinimide (NHS) in phosphate buffered saline (PBS, 

pH=7, Sigma Aldrich) for 15 min. This enabled the formation of active ester 

intermediates via carbodiimide chemistry. Next, the surface of graphene was washed 

several times with PBS and DI water to remove excess EDC/NHS. Next, the surface of 

graphene was washed several times with phosphate-buffered saline (PBS, pH 7, Sigma 

Aldrich) and DI water to remove excess EDC and NHS. Then, NH2-conjugated miRNAs 

(probe sequence: 5’-NH2-GGTGGAGGGGACGTTTGCAGGT-3’, Sigma Aldrich) were 

diluted in PBS to 0.2 µM, and 50 µL was pipetted onto the EDC-treated surface. This 

was left to incubate overnight in a wet environment and at room temperature. Next, the 
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sensing surface was washed with 0.05 % sodium dodecyl sufonate (SDS) (Sigma 

Aldrich) in 0.04 M hydroxylamine solution (Sigma Aldrich) to deactivate the remaining 

carboxylic functional groups and to remove non-specifically bound probe miRNAs. Then, 

0.01 M Polyethylene glycol (PEG) (Sigma Aldrich) was loaded on the sensing surface to 

block the exposed areas of graphene to reduce further non-specific binding. Next, the 

(biomarker) miRNA sequence (target sequence: 5’-CCACCUCCCCUGCAAACGUCCA-

3’, Sigma Aldrich) was dissolved in human serum (Human Plasma AB, Sigma Aldrich) 

to obtain dynamic concentrations of 1 nM to 0.1 pM, which were pipetted onto the 

sensing surface. This was left to incubate at 45 oC for 20 min to induce hybridization 

between the complementary probe and target sequences. Finally, a washing step with 

PBS/DI water was employed to remove remaining non-specifically bounded target 

miRNAs. To demonstrate sensing specificity, a similar protocol was adopted by 

replacing the target sequence with a single-base mismatched miRNA sequence (non-

complementary sequence: 5’-CCGCCUCCCCUGCAAACGUCCA-3’, Sigma Aldrich). 

This fully-assembled device was then utilized in a three-electrode electrochemical cell 

for biosensing measurements. 

 

Biosensing measurements. The electrochemical measurements were conducted in 10 

mM FeCN6 in 0.1 M Na2SO4 at room temperature. A three-electrode cell configuration 

was employed. The three-electrode cell used the as-grown graphene on Ni as the 

working electrode, a Pt wire as the counter electrode, and an Ag/AgCl reference 

electrode. The electrochemical impedance spectroscopy (EIS) measurements were 

conducted in the frequency range from 500 kHz to 1 kHz, using a BioLogic VSP 300 

potentiostat/galvanostat instrument. The charge-transfer resistance (Rct) of the sensing 

electrode was determined by the diameter of the semi-circle region in the EIS plots. The 

Rct of the sensor following incubation with the target miRNA was expressed as a 

percentage of Rct in the reference (blank) case, which was incubated in the human 

serum medium in the absence of target miRNAs. To evaluate the contribution of non-

specific interactions, the interfering analytes (5 mM ascorbic acid, 5 mM uric acid and 

0.3 μg mL-1 BSA, respectively) were diluted in the FeCN6/Na2SO4 electrolyte prior to the 
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electrochemical measurements. Further, linear regression analysis was utilized to 

estimate a detection limit for the sensor. From the plot of ΔRct vs concentration, a 

relation of ΔRct = 90.89 + 6.04 log10 (Concentration [M]) was deduced (R2 = 0.99) for 

sensing the target sequence. The limit of quantification (LOQ) was calculated by 10Sy/b, 

with Sy as the standard deviation of the y-intercept (Sy = 7.24), and b as the slope of the 

linear fit (b = 6.04) [36]. 
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Supplementary Figure 1 | Inductively-coupled plasma (ICP) mass spectrometry 

analyses of vapors produced from soybean oil precursor at different 

temperatures. (a) 300, (b) 450 and (c) 600 oC. (d) Thermogravimetric analysis (TGA), 

derivative thermogravimetric analysis (DTG) and differential thermal analysis (DTA) 

curves of the soybean oil. 
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Supplementary Figure 2 | Non-optimal growth of graphene thin films and their 

respective Raman spectra. (a) An excessive amount of precursor resulted in the 

formation of thick graphene sheets; (b) an insufficient amount of precursor resulted in 

the formation of amorphous carbons; (c) a slow cooling rate resulted in the formation of 

graphite-like films; (d) a lower annealing temperature (e.g., 500 oC) led to an incomplete 

transformation of the precursor; and (e) a higher annealing temperature (e.g., 900 oC) 

led to thicker graphene sheets. Scale bars: 20 µm in a-e.  
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Supplementary Figure 3 | Control of graphene film thickness by adjusting the 

cooling rate and precursor amount in an ambient-air environment. (a) Fast cooling 

rate and an optimal precursor amount, (b) slower cooling rate and an increased 

precursor amount, (c) slowest cooling rate and an excessive amount of precursor. (i) 

Optical image, (ii) transmission spectra, (iii) Raman mapping of ID/IG and (iv) I2D/IG 

measurements of the respective graphene films.   
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Supplementary Figure 4 | Ambient-air process applied to other substrates. Similar 

growth conditions applied to other substrates of (a) copper foil and (b) woven carbon. 

No graphene films were obtained on these substrates. Scale bars: 20 µm in a,b.  
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Supplementary Figure 5 | Transformation of other fat-containing precursors with 

the ambient-air process. Butter was used in place of soybean oil, and similar growth 

conditions were applied. The formation of few-layered graphene films were observed.  
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Supplementary Figure 6 | Supporting TEM characterizations of the graphene film.  

(a) Bright-field and (b) dark-field contrast images of the graphene film, corresponding to 

Fig. 2a and 2b. (c) Respective intensity profile of SAED pattern in Fig. 2d indicating 

bi/few-layered graphene. Scale bars: 200 nm in a,b. 
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Supplementary Figure 7 | Ambient-air process applied to low-purity (99 %) 

polycrystalline Ni foil growth substrate. Raman spectra indicate the growth of single-

to-few layer graphene films at 800 °C.  
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Supplementary Figure 8 | Surface analysis of Ni foil thermally heated in the 

absence of soybean oil. XPS Ni 2p3/2 spectra of (a) Ni surface heat treated without 

soybean oil and after the etching of (b) 2min, (c) 4 min and (d) 10 min.  
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Supplementary Figure 9 | Surface analysis of Ni foil thermally heated in the 

presence of soybean oil. XPS Ni 2p3/2 spectra of (a) graphene/Ni surface and after the 

etching of (b) 2 min, (c) 4 min and (d) 10 min.  
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Supplementary Figure 10 | Graphene film as a bio-sensing electrode. (a) EIS curve 

showing increase in charge-transfer resistance (Rct) of the graphene electrode upon 

immobilization of the probe miRNAs. (b) Response of the graphene-based biosensor to 

common interfering analytes, namely, ascorbic acid (AA), uric acid (UA), and BSA 

(bovine serum albumin), at respective physiological concentrations. Error bars represent 

the standard error of the mean.  
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Supplementary Table 1 | Comparison of the ambient-air synthesis method with 

conventional thermal CVD approaches for the production of graphene films. 

 

 

 

 

  

Metric Ruoff et al. 

S1 

Kim et 

al. S2 

Tour et al.  

S3 

Bae et 

al. S4 

This 

method 

 
Carbon 

precursor 

 
Methane 

 
Methane 

Carbon 
containing 
biomasses 

 
Methane 

Renewable 
soybean oil 

biomass  
Feedstock 

gases 
Hydrogen Hydrogen 

& 
Argon 

Hydrogen 
& Argon 

Hydroge
n 

None 

Pressure 

(torr) 
0.04 – 0.5 n/a 9.3 0.09 – 

0.46 
Atmospheric 

Synthesis 

environment 
Purified 
gases 

Purified 
gases 

Purified 
gases 

Purified 
gases 

Ambient  
Air 

Processing 

time (min) 
150 140 150 160 < 30 

Temperature 

(°C) 
1000 1000 1050 1000 800 
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Supplementary Table 2 | Cost estimate of our method compared to one of the 

widely-adopted methods for graphene synthesis. 

Object of consideration Our method  Conventional 

methods†  

Carbon precursor 

material/ 

Compressed gases 

Renewable soybean oil 

biomass 

$0.00016 (per run) 

 

Compressed and 

purified gases 

$1.42 (per run) 

Growth substrate Ni (25 µm, 99%)$0.038 

(per run) 

 

Cu (25 µm, 99.8%) 

$0.015 (per run) 

Electricity for furnace 

heating 

29 mins in total 

$0.33 (per run) 

 

90 mins in total 

$1.04 (per run) 

Operation of vacuum 

pump 

$0.046 for 26 mins  

(per run) 

$0.26 for 150 mins  

(per run) 

 

 

Estimated cost (per cm2)† 

 

 

$0.40 

 

$2.74 

 

†Cost estimation in comparison with conventional growth methods adopted from Ruoff 

and co-workers, Supplementary Reference 1.  
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Supplementary Table 3 | Comparison with graphene-based electrochemical 

impedimetric biosensors in the recent literature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biosensor Performance (Detection limit) Reference 

Graphene on Ni 8.64 x 10-14 M miRNA This work 

GO with perylene 

tetracarboxylic acid diimide 

5.5 x 10-13 M ssDNA [S5] 

RGO functionalized with 

tryptamine  

5.2 x 10-13 M ssDNA [S6] 

Activated GO/Graphite interface 5.6 x 10-12 M ssDNA [S7] 
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Supplementary Note 1 | Calculation of oxygen consumption in the reactor during 

the growth using soybean oil. 

(i) Using the dimensions of the quartz tube, the volume of the growth chamber was 

calculated (0.00196 m3). 

(ii) Providing the dimensions of the Ni foils (4 cm x 2 cm), the surface area of the Ni 

foils was calculated (as double sided, giving a total of 16 cm2). 

(iii) We clarify as previously provided that the amount of carbon source is 0.14 mL of 

soybean oil, which is a liquid under ambient conditions. 

(iv) Calculations to demonstrate that the amount of solid carbon sources is sufficient to 

consume all the O2 in the growth chamber. 

In considering consumption of O2 by the carbon in the growth chamber, we emphasise 

that this will be a complex process due to the decomposition of soybean oil yielding 

numerous molecular fragments which consume O2 through different reaction pathways. 

This is clear from our results presented in Supplementary Fig. 1 which shows the variety 

of products (e.g. H2, C, CH3, C2H2, C2H5, C2H6 etc.) from the soybean oil precursor at 

different temperatures, from 300 to 600 °C. The likely combustions reactions include: 

C + O2  CO2    1 C for 1 O2    -- (1) 

4CH3 + 7O2  4CO2 + 6H2O  1C for 1.75 O2   -- (2) 

2C2H2 + 5O2  4CO2 + 2H2O  1 C for 2.5 O2   -- (3) 
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4C2H5 + 13O2  8CO2 + 10H2O  1 C for 3.25 O2   -- (4)  

2C2H6 + 7O2  4CO2 + 6H2O  1 C for 3.5 O2   -- (5) 

2H2 + O2  2H2O    solely consumes O2   -- (6) 

Using the growth chamber dimensions and STP conditions, it is calculated that 

0.0168 mol O2(g) is present. Also, it is noted that at the temperatures involved in the 

ambient-air process, CO2 does not undergo further decomposition. 

Using the average density of soybean oil (0.917 g mL-1) and an average chemical 

composition (linoleic acid - 52%, oleic acid - 25%, palmitic acid - 12%, linolenic acid - 

6%, stearic acid - 5%), it is calculated that ~0.0081 mol of C and ~0.0151 mol of H were 

present in the growth chamber (n.b. an additional ~0.0001 mol of O from soybean oil is 

also present, which we do not consider further). 

If O2 was only consumed through the reaction of C (reaction (1) above), then O2 would 

be slightly in excess with a remainder of 0.0087 mol. 

However, all other reaction pathways have a greater consumption rate of O2. For 

instance, if O2 was solely consumed through the reaction of C2H5 (reaction (3) above), 

then all the O2 will be expended and C will be in excess with a remainder of 0.0035 mol.  

We recognise that all these reaction pathways will likely proceed, and so the combined 

consumption of O2 will yield an excess of C in the chamber. Furthermore, we noted that 

the presence of O2 could be non-uniform in the growth chamber, given that the 

temperature inside and outside the hot-walled furnace were vastly different. This could 

lead to the local environment in the immediate vicinity of the soybean oil precursor and 
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Ni foils to have a significantly lower concentration of O2. The calculations thus present 

an upper limit in estimating the amount of O2 to be consumed by the soybean oil 

precursor. 

We therefore can conclude that the amount of carbon source we use in the experiment- 

0.14 mL of soybean oil- is sufficient to consume the O2 in the growth chamber, yielding 

an excess of C from which our graphene can form. 
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Supplementary Note 2 | Estimation of carrier mobility for the graphene film. 

The carrier mobility of the graphene film is estimated from the defect density in the film, 

defined by  ~(1/La)2 [cm-2], in which, 

   
   

  
  

  
  
 
  

   

where La [nm] is the crystallite size, El [eV] is the excitation laser energy used in the 

Raman measurements, and ID/IG is the Raman intensity ratio of the disorder content. 

The detailed calculation is shown below. 

(i) From Raman characterizations of the graphene film (Fig. 3b in the main text), we 

deduced an average ID/IG ratio of 0.15 – 0.25. 

(ii) The Raman measurements were taken with a 514 nm laser. Converting this 

wavelength to eV, yields excitation energy El of 2.41 eV.  

(iii) Substituting these variables into La, and calculating for the defect density, yields 

8.26x109 to 2.27x1010 cm-2, respectively, for the lower and upper bounds of the 

ID/IG ratios. Consequently, the crystallite sizes are determined to be ~ 100 nm.  

(iv) Consequently, by reference to the work by Hwang et al.,[S8] which correlates the 

defect density to the carrier mobility, we may provide an estimate for our film 

mobility, in the order of 500 – 750 cm2 V-1 s-1. In addition, such mobility is in 

accordance with Salehi-Khojin et al.[S9] and Chen et al.,[S10], where a similar 

morphology, grain size, and defect level in the graphene films were seen.  
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Supplementary Note 3 | Competitive advantages of the present ambient-air 

graphene synthesis method. 

Graphene production inherits high costs and complexities. This impedes its commercial 

viability. However, this ambient-air technique provides a significantly cheaper, greener, 

simpler and safer approach for the synthesis of graphene, as compared to the 

conventional thermal CVD methods (Supplementary Table 1 and Table 2). We attribute 

this to a key feature unique to this single-step thermal process, the growth of graphene 

in an ambient-air environment. Consequently, purified gases (e.g., argon, hydrogen, 

methane) that are expensive and hazardous are not required. Instead, a safe, 

minimally-processed renewable precursor (soybean oil) functions as the source of 

carbon, and the ambient-air environment is tailored to enable the growth of graphene 

films.  

In the conventional thermal CVD methods, the processing chamber is firstly evacuated 

to remove the ambient air. Next, the processing chamber is brought up to atmospheric 

pressure by filling the processing volume with purified gases. Finally, these purified 

gases are constantly circulated with extensive vacuum operation over a prolonged 

duration. These processes maintain an optimal flow of purified gases to enable the 

growth of graphene.  

In the ambient-air process for graphene synthesis, these conventional steps are not 

necessary. Instead, graphene growth is promoted by direct control of the precursor 

content, process parameters (e.g., cooling rate, temperature, etc.), and ambient-air 

environment, without the use of any purified gases, in a single-stepped approach. As 

98



2. Re-inventing CVD: Ambient-Air Graphene Synthesis 
 

such, this ambient-air process has the potential to be easily integrated into existing 

graphene manufacturing infrastructures. Further, the ambient-air technique could also 

be attractive for the synthesis of large-area, high-quality graphene films. While offering 

the opportunity to bypass resource-consuming processes such as purified gases, 

extensive vacuum processing, long annealing durations and high temperatures, the 

ambient-air process retains good control over the quality and homogeneity of the 

graphene films.    
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3 

Graphene Micro-Islands for Bioelectronics 

“Am I to refuse to eat because I do not fully understand the mechanism of digestion?” 

– Oliver Heaviside, 1850 – 1925. 

 

This chapter presents the plasma-enabled synthesis of graphene micro-islands (GMs), 

and their integration as a genosensor and for biocompatible coatings. 

Widely adopted forms of graphene in bioelectronics include graphene powders and 

graphene thin films. The former is derived by chemical methods (Section 1.2.1), and 

the latter by thermal CVD (Section 1.2.2). Often, graphene powders are employed as 

they allow versatile functional composites to be realized. However, chemical exfoliation 

processes utilize harsh chemicals and introduces impurities. On the other hand, 

graphene films are frequently utilized for their excellent optoelectronic properties. 

However, CVD growth of graphene involves high temperatures (1000 oC), long growth 

times, and is multi-staged. Further, the integration of graphene films requires a series of 

post-processing transfer techniques. This introduces cytotoxic impurities that impede its 

functionality for bioelectronics (Section 1.3.1). 

Here, we demonstrate a plasma-enabled approach, tailored to address these limitations 

in graphene-based materials for bioelectronics. Plasma is shown to enable a single-step, 

rapid, and homogeneous growth of GMs at a low temperature (200 oC). The GMs 

feature an interconnected morphology, reactive edges, a high surface area, and oxygen 

surface functionalities, which make it readily available for implementation in 

bioelectronics. The plasma process for synthesis of GMs is energy-efficient (i.e., low 
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temperature), resource-efficient (i.e., rapid, water-mediated transfer), sustainable, and 

environmentally-friendly (i.e., no hazardous by-products).  

In this chapter, fabrication and characterization of GMs are explored. Control 

parameters for the plasma process are exemplified. We demonstrate that the properties 

of GMs enable its multifunctional capabilities as a bioactive interface. The plasma 

synthesis process is shown to enable a direct water-assisted transfer of GMs onto 

arbitrary substrates. Notably, GMs exhibit a biocompatibility of 80% cell viability with 

primary fibroblast lung cells after 5 days. Further, the GMs were assembled into an 

impedimetric genosensor. A dynamic sensing range of 1 pM to 1nM is demonstrated, 

and a limit of quantification of 2.03 x 10-13 M is deduced, with selectivity to single-RNA-

base mismatched sequences.  

Thus, the versatile nature of GMs, enabled by low-temperature reactive plasmas, may 

be explored to enable multi-faceted bioactive platforms for next-generation personalized 

healthcare technologies. 

This chapter addresses Thesis Objective 2.  

Statement of contribution: Shafique Pineda (S.P.) and Fabricio Frizera Borghi (F.F.B.) 

conceived the idea and together, conducted the experiments, and optimized the 

synthesis of graphene micro-islands and their integration for applications in biosensing 

and biocompatible coatings. S.P., F.F.B., Zhao Jun Han (Z.J.H.) and Kostya Ostrikov 

(K.O.) wrote the manuscript with input from all co-authors. 

The following paper has been accepted for publication at Biosensors and 
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Abstract 

Here, we present a rapid, low-temperature (200 oC) plasma-enabled synthesis of 

graphene micro-islands (GMs). Morphological analyses of GMs by scanning electron 

microscopy (SEM) and atomic force microscopy (AFM) feature a uniform and open-

networked array of aggregated graphene sheets. Structural and surface chemical 

characterizations by Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) 

support the presence of thin graphitic edges and reactive oxygen functional groups. We 

demonstrate that these inherent properties of GMs enable its multifunctional capabilities 

104



3. Graphene Micro-Islands for Bioelectronics 
 

as a bioactive interface. GMs exhibit a biocompatibility of 80% cell viability with primary 

fibroblast lung cells after 5 days. Further, GMs were assembled into an impedimetric 

genosensor, and its performance was characterized by electrochemical impedance 

spectroscopy (EIS). A dynamic sensing range of 1 pM to 1 nM is reported, and a limit of 

quantification (LOQ) of 2.03 x 10-13 M is deduced, with selectivity to single-RNA-base 

mismatched sequences. The versatile nature of GMs may be explored to enable multi-

faceted bioactive platforms for next-generation personalized healthcare technologies.   

 

Introduction 

Graphene, an atomically-thin film of crystalline carbon, has attracted significant interest 

for biomedical technologies owing to its exceptional physicochemical properties, 

determined by its unique two-dimensional structure and morphology [1]. However, 

green and resource-efficient production of graphene and its facile integration into 

biomedical devices are essential for such technologies to be feasible, which remains a 

challenge [2]. 

Recent investigations have demonstrated significant progress in addressing several of 

these concerns to facilitate the utilization of graphene technologies in biomedical 

applications. This includes reducing the production cost of graphene films grown by 

thermal chemical vapor deposition (CVD), by using lower growth temperatures and 

other carbon precursors [3,4]. However, these techniques still involve long processing 

times and notably high temperatures (~850°C). Moreover, while graphene dispersions 

prepared by chemical exfoliation are cheaper alternatives to CVD grown graphene films, 

their synthesis requires multi-staged complex processing, often in harsh chemical 

environments [5]. Also, such graphene dispersions tend to agglomerate, and utilization 

of graphene as a functional surface requires additional chemical binders [6]. While 

these graphene dispersions have shown good biocompatibility, their uses are limited by 

a poor electrical conductivity and a resource-consuming integration, which undermines 

its performance and multifunctionality for applications in bioelectronics. 
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In addition, there have been efforts to improve the integration of graphene into 

electronics, by utilizing either dry transfer techniques or improved transfer techniques 

based on reactive chemical etching [7,8]. However, these approaches are multi-staged 

and involve complex handling of graphene, and often introduce cytotoxic impurities on 

the surface of graphene. It is thus important to develop a simple, fast, environmentally-

benign, low-temperature graphene production and integration for bioelectronics. 

Plasma has been shown to grow multilayer graphene flakes, containing single layer 

graphene domains of sub-micrometre to just-above-micrometre size [9]. However, such 

graphene flakes are sparsely grown, and thus, remain unfavorable for use as bioactive 

coatings and biosensing interfaces, whereby a larger quantity, surface coverage, and 

better transferability of graphene are required. Herein, graphene micro-islands (GMs) 

are synthesized by a low-temperature plasma, that is resource-efficient and eco-friendly. 

We demonstrate the multifunctionality of GMs as a bioactive interfacial material for 

biocompatible coatings and electrochemical genosensing. 

 

Results and Discussion 

Fabrication and characterization of graphene micro-islands. The procedure for 

preparing GMs is illustrated in Fig. 1a. A low-temperature plasma process enables the 

growth of GMs on a copper foil. This approach is typically more resource-efficient 

compared to chemical vapour deposition (CVD) and represents an environmentally-

benign alternative to conventional wet-chemical methods, which involve high 

temperatures and hazardous chemicals, respectively [10]. 

During the early growth process (~2 min), the methane is rapidly dissociated into carbon 

building units by the plasma. Subsequently, these carbon species reorganize into 

hexagonal carbon-rings forming graphene nanosheets. Such plasma-unique effects are 

mainly attributed to the strong plasma-matter interactions in the plasma sheath [11,12]. 

In particular, hydrogen may enhance the surface flux of these building units through the 

recombination-mediated energy dissipation on the surface and facilitate the nucleation 
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and growth of graphene nanosheets [13]. Fig. 1a outlines the process for GM synthesis. 

Initially, graphene nanosheets grow vertically from the substrate due to the electric field 

in the plasma sheath (Supplementary Fig. 1). Upon water-mediated transfer, the 

vertically-standing graphene nanosheets collapse to lay horizontally on the transferred 

substrate, in a two-dimensional open and arrayed network of GMs. Additionally, the 

controlled growth of GMs and its reproducibility are studied in Supplementary Fig. 2.   

 

Figure 1 | Synthesis process and morphological characterization of plasma-grown 

graphene micro-islands.  (a) Low-temperature plasma process for the synthesis of graphene 

micro-islands (GMs). High-magnification SEM (b) features GMs outlined in yellow. Low-

magnification SEM (c) shows the uniform large-area coverage of GMs. (d) AFM topography 

imaging of GMs. Scale bars correspond to 1 µm in b, c, and d. 
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The microstructure and morphology of GMs are examined in Fig. 1b – d, with scanning 

electron microscopy (SEM) and atomic force microscopy (AFM) topography imaging. 

The GMs are outlined in the high-magnification SEM image (Fig. 1b). GMs are deduced 

to be composed of graphene domains (each 200 – 500 nm in dimension) forming an 

open network of micron-sized islands. These GMs are observed to provide a uniform 

surface coating (Fig. 1c). AFM topography imaging of GMs (Fig. 1d) feature graphene 

sheets (< 20nm) inter-connected in an arrayed morphology, and the presence of carbon 

clusters (~60 nm) along the edges of the graphene islands. Notably, these carbon 

clusters may be attributed to nucleation regions for the growth of graphene nanosheets 

in the plasma process. The morphology of individual GMs is further investigated with a 

close-up 3D AFM topographic map (Supplementary Fig. 3). Together, AFM and SEM 

characterizations demonstrate the GMs possess an inter-connected and open 

morphology, and GMs avoid uncontrolled agglomeration of the graphene nanosheets as 

commonly observed in chemically-prepared graphene flakes.  

The morphology of GMs is characteristic of the low-temperature reactive plasma 

process [12]. Plasma enables the growth of vertically-oriented graphene nanosheets 

(VGNS) through strong plasma-matter interactions in the plasma sheath 

(Supplementary Fig. 1) [14]. For instance, H2 can enhance the surface flux of the 

carbon building units (from CH4 precursor) through the recombination-mediated energy 

dissipation on the surface. Also, the electric field in the plasma sheath can promote 

etching of defects and amorphous carbon, while guiding the delivery of building units to 

facilitate nucleation and growth of VGNS [15]. During the water-mediated transfer, these 

VGNS collapse onto their sides to form an open and interconnected network of 

graphene micro-islands.  

The structural and chemical compositions of GMs are characterized by Raman and X-

ray photoelectron spectroscopy (XPS). Three distinct peaks are present (Fig. 2a), 

namely, the characteristic disorder peak (D-band) at 1350 cm-1, the graphitic peak (G-

band) at 1580 cm-1, and the second-order 2D-band at 2690 cm-1.  
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Figure 2 | Structural and surface chemical characterizations of graphene micro-islands. 

(a) A typical single-point Raman spectrum of GMs. (b) – (c) Raman spectral mapping of 

characteristic peak ratios (I2D/G and ID/G) for GMs over a 25 µm x 25 µm area. (d) XPS survey 

scan and respective (e) C 1s narrow spectrum of GMs. 
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The G-band arises from the in-plane vibrational E2g mode of the sp2-hybridized carbon, 

the D-band is attributed to the finite crystallite size effect and various defects induced in 

the sp2 carbon materials, and the 2D-band is a second-order Raman spectral feature 

due to the three-dimensional inter-planar stacking of hexagonal carbon networks [16-19]. 

Further, Raman spectral mapping was conducted to examine the uniformity of GMs (Fig. 

2b – c). The characteristic peaks feature intensity ratios of I2D/IG ~ (1.60 – 2.10) and ID/IG 

~ (1.1 – 1.30), which indicate the presence of homogeneously thin and reactive sheets 

of graphene [19,20] with enhanced electrochemical activity [21]. The single-step, low-

temperature plasma process enables the synthesis of GMs with significantly improved 

graphitic properties as compared to chemically-derived graphene. 

The chemical composition of GMs was analyzed by X-ray photoelectron spectroscopy 

(XPS). The survey scan (Fig. 2d) shows dominant peaks at binding energies of 

284.5 eV (C 1s) and 532.7 eV (O 1s). The C 1s spectrum in Fig. 2e can be de-

convoluted into six components, corresponding to sp2 (284.5 eV), sp3 (285.4 eV), C-O-C 

bonds (286.2 eV), C=O bonds (287.4 eV), O-C=O bonds (289.4 eV) and π- π* satellite 

orbitals (291.5 eV) [22]. Notably, such sp3 clusters contribute to an increase in ID/IG. 

Further, an O 1s spectrum centered at 532.7 eV supports the presence of such oxygen-

attached carbon species (Supplementary Fig. 4). GMs feature a sp2 and sp3 

compositions of 68% and 12.5%, respectively, which indicates graphitic quality 

consistent with Raman characterizations. These oxygen moieties may have been 

introduced through its open edges, either following the immediate exposure of GMs to 

air, or through the water-mediated transfer process. Thus, Raman and XPS 

characterizations affirm that plasma-derived GMs possess reactive graphitic edges and 

oxygen functionalities.  

Together, the morphological and chemical features of GMs may not only facilitate the 

access and surface immobilization of biological analytes, but also, may enable GMs to 

be readily available for integration as an interfacial material for bioengineering or 

electrochemical sensing applications. The plasma-enabled GMs offer multiple 

advantages over graphene flakes prepared by chemical exfoliation techniques (Table 1). 

For instance, as GMs can easily decouple from the growth substrate by a water-
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mediated process, this avoids the presence of impurities from stabilizing solvents and 

non-conductive binders that are typically required in the chemical synthesis graphene 

flakes.  

Table 1 | GMs compared against graphene flakes prepared by chemical exfoliation. 

 Plasma-enabled GMs Chemically-derived graphene flakes 

Morphology  Open, interconnected network of 
graphene sheets, promoting a 
high surface area. 

 Avoids agglomeration or 
uncontrolled stacking of graphene. 

 Graphene flakes form 
agglomerates due to strong Van 
der Waals interactions between 
graphene sheets. 

Quality  Good graphitic quality producing 
thin graphene layers. 

 Raman ID/IG ~ 1.1 – 1.3, I2D/IG ~ 
1.6 – 2.1. 

 Poor graphitic quality producing 
thick graphene layers.  

 Raman ID/IG ~ 1 – 3, I2D/IG ~ 0.3 – 
0.7. 

Process  Single step, rapid (<10 mins), low-
temperature synthesis (200 oC). 

 Multi-staged and prolonged 
process (~ 3 days). 

Integration  Water-mediated transfer allows 
GMs to be integrated onto 
arbitrary substrates. 

 Simple and single step transfer 
process, avoiding impurities and 
further degradation of graphene 
properties. 

 Requires solvents to form stable 
dispersions of graphene flakes 
and non-conductive binders to 
integrate these graphene flakes for 
device application. 

 Complex and introduces 
impurities. 

References This work [6,23,24] 
 

 

Biocompatibility of graphene micro-islands. Plasma-grown GMs present surface 

defects, oxygen functionalities, and a large surface area. Such morphological and 

chemical features of GMs may increase its surface energy and polarity, which may 

favour the proliferation of cells [25,26]. Furthermore, the plasma-unique growth and 

water-mediated transfer process allows GMs to be transferred to arbitrary substrates 

with minimal contamination. The toxicity assay was used to study cell viability on the 

first and fifth days, where the cell counts were normalized by using the data for the 

control samples after day 1 (Fig.  3a). The cell viability over the five days showed that all 

samples induce and sustain cell growth (higher than 80%) with a small decrease of the 

number of living cells observed for all samples.  
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Figure 3 | Biocompatibility and biosensing performances of graphene micro-islands 

(GMs). Cell viability of graphene micro-islands evaluated (a) over 5 days of incubation, with (b) 

respective optical images of cell cultures. (c) Schematic for the assembly of an electrochemical 

biosensor based on graphene micro-islands. (d) – (e) Electrochemical impedance spectroscopy 

(EIS) response for GM-based biosensor with respect to the target miRNA and a single-RNA-

base mismatched sequence. ΔRct is defined by (Rct – R0)/R0, where R0 is the charge-transfer 

resistance of the reference sample. Corresponding data are summarized in Table 1. 
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This is supported by the micrographs that show the altered morphology and cell counts 

when compared to control samples (Fig. 3b). The morphology of cells was used to 

determine the progression of cell proliferation in the first 24 (first row) and 120 hours 

(second row). From the micrographs, the cells were determined to proliferate equally on 

the glass surface and the GMs. After 5 days of cell culture, fewer cells were observed to 

be attached on the surface of GMs as compared to the first day. The cells on the control 

substrate were more spread out, presumably due to the different stiffness and optimized 

treatments applied on these surfaces for cell growth. These biocompatibility results are 

comparable to in vitro studies of graphene-based materials on the viability of 

mammalian cell lines. For instance, it was shown that the survival rate of human 

cervical cancer cells on graphene oxide was 75 – 85% after 48 hrs [27], and the survival 

rate of HeLa cancer cells on graphene oxide was 80 – 90% after 24 hrs [28,29]. In the 

case of the non-optimal growth of GMs (Supplementary Fig. 2b), the highly defective 

graphene results in a significant decline in cell viability (Supplementary Fig. 5). Such 

results can be attributed to an increase in the presence of sharp graphitic edges with 

defect content, increasing the likelihood that cells become ruptured. This implies that 

the graphitic qualities of GMs are equally important for the proliferation of cells. These 

results suggest that GMs represent a good interfacial material for the adhesion and 

proliferation of primary fibroblast lung cells. In other words, plasma-grown GMs are 

biocompatible and may be suitable for bioengineering applications.  

 

Graphene micro-islands for biosensing. Electrochemical sensing methods for minute 

amounts of nucleic acid samples offer attractive opportunities for a plethora of 

preventative health technologies, which require portable, cost-effective, and low-power 

readout devices [30]. Diseases such as cancers are becoming more prevalent with the 

growing population. Importantly, cancers may be best managed with early intervention 

therapies followed by early-stage diagnosis. Recently, post-transcriptional epigenetic 

regulations of gene expressions have been found to provide highly-valuable serum-

based nucleic acid biomarkers which may be utilized to enable early diagnostic 
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strategies for breast cancer [31,32]. Consequently, the favourable morphology and 

chemical features of GMs motivates its consideration as a biosensing electrode.  

Assembly of the electrochemical GM-based biosensor is illustrated in Fig. 3c. Plasma-

grown GMs feature active carboxyl functionalities on its surface. Through carbodiimide 

chemistry, this facilitates the covalent immobilization of probe miRNAs, and enables the 

specific detection of the complementary miRNA sequence.  

Performance of the GM sensor was quantified by electrochemical impedance 

spectroscopy (EIS) technique. The charge transfer resistance (Rct) was measured to 

characterize the response of GMs to the surface immobilization of miRNAs. Fig. 3D – E 

demonstrates an increase in ΔRct as the concentration of target miRNAs was increased. 

We define ΔRct by (Rct – R0)/R0, where R0 is the charge-transfer resistance of the 

reference sample. This increase in ΔRct may be attributed to a retarded charge transport 

towards the GM surface, either through spatial blocking or electrical repulsion. In 

particular, the hybridization between complementary genomic sequences induces a 

build-up of negative surface charge, and the repulsion of negatively charged 

ferricyanide ions, which leads to a rise in Rct [33]. Further, this GM-based sensor 

demonstrates selectivity against miRNA sequences that are mismatched by a single 

RNA base. A slight increase in Rct was observed at elevated concentrations of non-

complementary miRNA. This may be attributed to an increase in non-specifically 

adsorbed miRNAs on the surface of GMs. Correspondingly, these biosensing data are 

summarized in Table 2.  

The impedance response of GMs in the presence of target miRNAs was analyzed by 

linear regression (Fig. 3e). A relation of ΔRct = 89.99 + 6.07 log10 (Concentration [M]), R2 

= 0.98, was deduced (black curve). The limit of quantification (LOQ) was calculated by 

10Sy/b, with Sy as the standard deviation of the y-intercept (Sy = 7.83), and b as the 

slope of the linear fit (b = 6.07) [34]. GMs report a dynamic sensing range that spans 1 

pM to 1 nM, and a LOQ of 2.03 x 10-13 M. These performances of GMs are comparable 

or better than graphene-based electrochemical sensors reported in recent literature 

(Supplementary Table 1). Notably, chemically-derived reduced graphene oxide (RGO) 

has been widely utilized in the assembly of such electrochemical sensors. However, GO 
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dispersions agglomerate uncontrollably when reduced, leading to poor graphene 

morphology, diminished graphene properties, and a reduction of active surface area for 

sensing. Additionally, the integration of GO dispersions into an electrode typically 

involves non-conductive surfactants or chemical binders. This significantly increases the 

impedance of the sensor, and leads to a compromise in sensitivity. Also, the preparation 

of RGO powders involves a long, multi-staged process and harsh chemicals. For 

instance, GO decorated with perylene tetracarboxylic acid diimide (PDI) have been 

utilized to enable a detection limit of 5.5 x 10-13 M single-stranded (ss)DNA [35]. 

Similarly, RGO have been functionalized with tryptamine to achieve a limit of detection 

of 5.2 x 10-13 M ssDNA [36]. Also, graphite fibers have been activated to form GO 

interfaces capable of detecting ssDNA down to concentrations of 5.6 x 10-12 M [37]. 

Thus, the unique morphological and surface chemical properties of GMs enable its 

facile integration as an impedance sensor, capable of sensitive and selective detection 

of miRNA. These results may be promising for future developments of early diagnostic 

strategies for cancer, which require the quantification of multiple biomarkers in complex 

biological environments. Furthermore, electrochemical genosensors based on GMs may 

be tailored to detect the onset and monitor the progression of other debilitating diseases.   

Table 2 | Table of data for impedimetric response of GMs as presented in Fig. 3d and 3e.  

Concentration (M) Average Rct (Ω) Error Rct (Ω) ΔRct (%) Error ΔRct (%) 

0 (Reference) 15.65 (R0) 0.35 – – 

Target sequence 

10-12 18.39 0.31 17.55 1.08 

10-11 19.10 0.30 22.09 1.33 

10-10 20.25 0.26 29.39 1.67 

10-9 21.31 0.41 36.17 2.29 

Non-complementary sequence 

10-12 16.82 2.50 7.49 1.45 

10-11 17.23 2.72 10.12 2.04 

10-10 17.08 2.89 9.16 1.95 

10-9 17.44 3.12 11.46 2.55 
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Conclusions 

In summary, we have presented a plasma-enabled low-temperature synthesis and 

water-mediated transfer of GMs. Morphological analyses by SEM and AFM reveal that 

GMs feature a uniform and open-networked array of aggregated graphene sheets. 

Structural and surface chemical characterizations by Raman spectroscopy and XPS 

support the presence of thin graphitic edges and reactive oxygen functional groups. We 

have demonstrated that these inherent properties of GMs enable its multifunctional 

capabilities for biocompatible coatings and electrochemical sensing. GMs exhibited a 

biocompatibility of 80% cell viability with primary fibroblast lung cells after 5 days. Also, 

GMs were assembled to realize an impedimetric biosensor for miRNAs. A dynamic 

sensing range of 1 pM to 1 nM was reported, and a limit of quantification of 2.03 x 10-13 

M was deduced, with selectivity to single-RNA-base mismatched sequences. We 

envision that GMs are promising for future developments in wearable organic 

electronics. In principle, the active surface of GMs may enable a multitude of 

functionalities by hosting various heterostructures and nanocomposites. This may 

facilitate diverse capabilities in sensing, bioengineering, and anti-microbial coatings. For 

instance, GMs may be coupled to flexible polymer substrates or textiles to enable multi-

faceted platforms for next-generation biomedical devices. We propose these 

subsequent investigations for the ongoing development of plasma-enabled medical 

technologies.   

Materials and Methods  

Plasma-enabled growth of GMs and water-mediated transfer. The deposition of 

GMs was carried out in a RF inductively coupled plasma CVD system. A copper foil 

(99.5%, Alfa Aesar) of dimensions 4 cm x 4 cm was used as growth substrate for the 

GMs. Firstly, a gas mixture of 10 sccm Ar and 90 sccm H2 was fed into the chamber, 

and then the plasma was generated at a pressure of 2.0 Pa and RF power of 750 W, 

respectively. The copper foil was treated with Ar/H2 plasma for 3 mins. Next, 2 sccm of 

CH4 was fed into the chamber. Although no external substrate heating was used, during 

a subsequent 8 min deposition process, the substrate temperature reached ~200 oC 
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due to the plasma-heating effects. Next, the GMs were decoupled from the copper foil 

by immersion in de-ionized water. GMs floated as a film on the water surface, and were 

transferred onto a glass substrate for subsequent characterizations, unless stated 

otherwise. 

 

Microscopy and microanalysis. Please refer to Section 1.4 of Chapter 1, “Raman 

Spectroscopy”, “X-ray Photoelectron Spectroscopy (XPS)”, “Transmission Electron 

Microscopy (TEM)” and “Atomic Force Microscopy (AFM)”, for their general 

experimental details. In particular, for these XPS measurements, the GMs were 

transferred onto a conductive aluminium foil substrate. Both survey and narrow scans of 

C 1s were conducted. 

 

Biosensing measurements. The size of each sensing substrate was 2 cm x 1 cm. The 

biosensing electrode consisted of GMs on aluminium foil. Subsequently, the GMs were 

treated with 0.05 M N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC) and 0.03 M N-hydroxysulfosuccinimide (NHS) in phosphate buffered saline (PBS, 

pH = 7, Sigma Aldrich) for 15 mins. This enabled the formation of active ester 

intermediates via carbodiimide chemistry. Next, the surface of graphene was washed 

several times with PBS and DI water to remove excess EDC/NHS. Then, NH2-

conjugated miRNAs (probe sequence: 5’-NH2-AUUUCACGACUGUCACGUCUA-3’, 

Sigma Aldrich) were diluted in PBS to 0.2 µM, and 50 µL was pipetted onto the 

EDC/NHS-treated surface. This was left to incubate overnight in a wet environment at 

room temperature. Next, the sensing surface was washed with 0.05% sodium dodecyl 

sufonate (SDS) (Sigma Aldrich) in 0.04 M hydroxylamine solution (Sigma Aldrich) to 

deactivate the remaining carboxyl functional groups and to remove non-specifically 

bound probe miRNAs. Then, 0.01 M Polyethylene glycol (PEG) (Sigma Aldrich) was 

loaded on the sensing surface to block the exposed areas of graphene to reduce further 

non-specific binding. The (biomarker) miRNA sequence (target sequence: 5’-

UAAAGUGCUGACAGUGCAGAU-3’, Sigma Aldrich) was dissolve in human serum 
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(Human Plasma AB, Sigma Aldrich) to obtain dynamic concentrations of 1 pM – 1 nM, 

which were pipetted onto the sensing surface. This was left to incubate at 45 oC for 20 

mins to induce hybridization between the complementary probe and target sequences. 

Finally, a washing step with PBS/DI water was employed to remove remaining non-

specifically bound target miRNAs. To demonstrate sensing specificity, a similar protocol 

was adopted by replacing the target sequence with a single-RNA-base mismatched 

sequence (non-complementary sequence: 5’-UAGAGUGCUGACAGUGCAGAU-3’, 

Sigma Aldrich). This fully assembled device was then utilized in a three-electrode 

electrochemical cell for biosensing measurements. 

 

Cytotoxicity testing. The cytotoxicity of plasma-grown GMs was evaluated using 

CellTiter 96 Aqueous Non-Radioactive Cell proliferation (MTS) Assay (Promega, 

C#G5421) following the protocol provided by the manufacturer. Primary fibroblasts lung 

cells (MRC5 cell line) were cultured in 96-well plates at 2x104 cells/well on control 

(Tissue Culture Polystyrene - TCPS), glass and glass covered with GMs for 1 to 5 days. 

Optical microscopy images were taken after 24 hours and 120 hours of culture, on the 1 

day and 5 days samples, respectively. 
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Supplementary Figure 1 | Characterization of the morphology for as-grown graphene 

nanosheets on copper foil. (a) Low-magnification SEM, and (b) high-magnification SEM 

images.  
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Supplementary Figure 2 | Raman spectra analysis illustrating the growth graphene micro-

islands (GMs) under non-optimal conditions and reproducibility of the growth process. 

Characteristic D, G, and 2D peaks (labeled) are associated with lattice vibrations in the graphitic 

lattice. (a) With high CH4/H2 feedstock gas ratio and longer plasma processing time, this results 

in thicker graphene sheets (I2D/IG < 1). (b) Conversely, with low CH4/H2 feedstock gas ratio and 

shorter plasma processing time, this results in either overetching or an incomplete formation of 

graphene nanosheets (broadened D and G peaks). (c) Reproducibility of GMs, shown by 

repeated Raman measurements across 10 GM samples. Raman spectrum was taken at 10 

different locations across the surface of each sample.  
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Supplementary Figure 3 | 3-D representation, with superimposed 10 nm contour lines, of 

a 1 µm x 1 µm AFM topography image of graphene micro-island (GM) flakes on a glass 

microscope slide substrate. Higher regions, indicated by the contour lines, correspond to 

nucleation points for growth, whilst A and B indicate the thin (<10 nm) flakes that emerge from 

the nucleation points to form GMs. 

 

 

Supplementary Figure 4 | O1s narrow scan of graphene micro-islands (GMs).  
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Supplementary Figure 5 | Biocompatibility performance of graphene micro-islands under 

non-optimal growth conditions. (a) Cell viability evaluated over 5 days of incubation with (b) 

respective images of cell cultures.  

 

Supplementary Table 1 | Biosensing performance of GMs compared against other 

electrochemical impedance-based biosensors 

Biosensor Performance (Limit of detection) Reference 

GO decorated with perylene 

tetracarboxylic acid diimide 

5.5 x 10-13 M ssDNA [S1]  

RGO functionalized with tryptamine 5.2 x 10-13 M ssDNA [S2] 

Activated graphite fibers 5.6 x 10-12 M ssDNA [S3] 

Graphene on glassy carbon, decorated 

with Au nanorods and polythionine  

4.03 x 10-14 M ssDNA [S4] 

Graphene decorated with TiO2 nanorods 

and chitosan nanocomposites 

7.21 10-13 M ssDNA [S5] 

Graphene micro-islands 2.03 x 10-13 M This work 
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4 

Plasma-Enabled Synthesis of Vertically-Oriented Graphenes 

for Energy Storage Devices 

“An ocean traveler has even more vividly the impression  

that the ocean is made of waves than it is made of water.” 

– Sir Arthur Stanley Eddington, 1927. 

 

This chapter presents the plasma-enabled synthesis of vertically-oriented graphene 

nanosheets (VGNS) by reforming natural precursors, and their direct integration for 

supercapacitor applications.  

Graphene powders are widely considered for active materials in energy storage devices 

(Section 1.2.1). However, graphene powders are prone to uncontrolled agglomeration, 

and require non-conductive binders and surfactants for its assembly into an electrode. 

Consequently, this limits the mass loading and hence, the use of graphene 

nanomaterials in energy storage (Section 1.3.2). Indeed, this leads to significant 

degradation in energy storage performances (i.e., reduced effective surface area, 

specific capacitance and stability). Here, we demonstrate a plasma-enabled approach 

to address these limitations in graphene-based energy storage devices. 

The first half of this chapter is dedicated to developing a plasma-enabled process for 

VGNS synthesis, demonstrating its tailorable and attractive electrochemical properties. 

The second half of this chapter focuses on up-scaling the use and production of VGNS 

by the plasma process, while retaining its performance for energy storage devices.   
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Plasma is shown to enable a single-step, low temperature growth and direct integration 

of VGNS as an active material for supercapacitor application. Diverse natural 

precursors are reformed into homogeneous VGNS. The VGNS feature a high surface 

area, an open morphology, interconnected arrays of graphene sheets, and a high 

density of reactive edges, and hence, attractive electrochemical properties for energy 

storage.  

In this chapter, fabrication and characterization of VGNS are explored. Control 

parameters for VGNS morphology and properties by the plasma process are 

investigated. The performance of VGNS for supercapacitor applications is evaluated 

(i.e., stability, capacitance, etc.). Diverse precursors were demonstrated for reforming 

into VGNS (e.g., honeycomb, butter, cheese). VGNS were employed as binder-free 

supercapacitor electrodes, and demonstrated high specific capacitance up to 240 F/g at 

a scan rate of 5 mV/s, and 100% capacitance retention after 2,000 charge/discharge 

cycles. Further, it is demonstrated that mass loading of VGNS can be increased by 

regulating properties of the precursor material. By considering various precursors and 

respective plasma-matter interactions, the VGNS were demonstrated to achieve a high 

mass loading of 3.2 mg/cm2, and a high areal capacitance of 0.46 F/cm2.  

These results demonstrate a green and resource-efficient approach for the 

transformation of natural precursors into functional graphene nanostructures, promising 

for a variety of energy storage applications. 

This chapter addresses Thesis Objective 3.  

Two manuscripts are included in this chapter. The first manuscript has been accepted 

for publication at Green Chemistry [1]. The second manuscript has been accepted for 

publication at ACS Sustainable Chemistry & Engineering [2]. 

Statement of contribution for manuscript [1]: Shafique Pineda (S.P.) and Dong Han 

Seo (D.H.S.) conceived the idea, and together, carried out the experiments, 

characterizations, and testing of the VGNS material. S.P., D.H.S., Zhao Jun Han (Z.J.H.) 

and Kostya Ostrikov (K.O.) wrote the manuscript with input from all co-authors. 
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Statement of contribution for manuscript [2]: S.P. conducted the material 

characterizations (Raman and SEM) of VGNS with the guidance of D.H.S and Samuel 

Yick (S.Y.). S.P., D.H.S., S.Y., Z.J.H and K.O. wrote the manuscript with input from all 

co-authors. 
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Abstract 

A green and efficient conversion of redundant biomass into functional nanomaterials 

holds the key to sustainable future technologies. Recently, vertical graphene 

nanosheets (VGS) have emerged as promising nanomaterials for integration in high-

performance biosensors and supercapacitors, owing to their excellent and unique 

structural, morphological and electrical properties. However, when considering the 

conventional techniques utilized in nanofabrication, such as thermal or chemical routes, 

these often involve complex, eco-destructive and resource-consuming processes.  Here 

we report on a single-step, potentially scalable, environmentally-benign and plasma-

enabled method to synthesize VGS from an underutilized and natural by-product 

precursor, honeycomb. The VGS multifunctionality is highlighted by its integration as 

supercapacitor electrodes for energy storage, and as an electrochemical biosensor for 

the detection of the neurotoxic Amyloid-beta (Aβ) biomarker of Alzheimer’s disease. The 
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VGS were employed as binder-free supercapacitor electrodes, and demonstrated high 

specific capacitance up to 240 F g − 1 at a scan rate of 5 mV s − 1 and 100% capacitance 

retention after 2,000 charge/discharge cycles. Furthermore, the VGS were 

functionalized with curcumin bioreceptors, and exhibited good sensitivity and selectivity 

towards the detection of neurotoxic Aβ species, and demonstrated a detection limit of 

0.1 µg/mL. 

 

Introduction 

The rationale for implementing green technologies as part of a sustainable modern 

society is becoming increasingly apparent [1]. In particular, recycling redundant biomass 

into functional nanomaterials has attracted significant attention, notably, as this 

promotes a more efficient route for nanomaterial fabrication, as compared to 

conventional methods which utilize hazardous chemicals or purified hydrocarbon gases 

[2,3]. Moreover, an efficient synthesis of nanomaterials remains crucial for the large-

scale commercialization of high-performance energy storage and biomedical devices. 

However, existing techniques for the transformation of biomass into nanostructures via 

thermal or chemical routes are not only precursor-specific, but are also often expensive, 

complex, as well as energy-, time- and resource-consuming [4]. Therefore, there is a 

need for a process to convert these chemically heterogeneous biomasses into uniform 

and useful functional nanostructures. Amongst a variety of nanomaterials, carbon-based 

nanostructures such as graphene have attracted significant interest owing to its 

exceptional opto-electrical and mechanical properties [5], which are determined by its 

specific morphology, orientation and stacking order [6,7]. 

Recently, vertical graphene nanosheets (VGS) emerged as a highly-promising 

nanomaterial for diverse applications such as supercapacitors and biosensors [8]. VGS 

possess a unique morphology of few-layered graphene sheets self-organized in an 

open 3D-inter-networked array structure [9,10]. Such morphological features enable the 

properties of a high surface area and good electrical conductivity, which are particularly 

important for the realization of high-performance supercapcitors and biosensors. 
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Moreover, the presence of dense and thin reactive edge planes in VGS enhances its 

chemical and electrochemical activity [8]. Indeed, these reactive sites on VGS may 

facilitate the immobilization of biological species, and thus, makes VGS a promising 

base material for biosensing applications. Furthermore, while the open structure of VGS 

facilitates the transport of ions, its structural rigidity enhances the stability of ion storage 

capacitors, and thus, promotes the integration of VGS in energy storage devices. 

Previous investigations have demonstrated the vital role of low-temperature plasmas for 

the deterministic fabrication of VGS [11-13]. In particular, such VGS structures can be 

formed using natural precursors in different heterogeneous chemical states by unique 

plasma-based processes that adhere to the basic principles of sustainability and green 

chemistry [2,14,15]. In particular, plasma not only enables the breakdown of chemically 

heterogeneous natural precursors into simpler building units of graphene, it also 

enables the self-organization of these building units into uniform VGS structures [15].  

Therefore, plasma-based techniques present a promising approach for the effective 

conversion of diverse forms of biomass into functional nanomaterials. A particularly 

viable biomass is honeycomb. Typically after honey extraction, honeycomb is deemed 

to be redundant. As such, the remaining honeycomb is either disposed of, or recycled 

as a source of candle wax, or as an additive in cosmetics. Thus far, recycling of used 

honeycomb is primitive and limited. However, in this work, we utilized honeycomb, a 

natural wax composed of long-chain hydrocarbons, as a source for the fabrication of 

VGS. 

Here, we demonstrate a single step, low-temperature, catalyst-free and highly efficient 

plasma-enabled reforming of the underutilized by-product honeycomb, into uniform VGS. 

Moreover, to demonstrate the multifunctionality of the honeycomb-derived vertical 

graphene nanosheets (HC-VGS), we directly integrated it as a supercapacitor electrode, 

which exhibited good electrochemical performance and stability.  Furthermore, we 

demonstrate the functionality of HC-VGS as base material for the firm immobilization of 

curcumin, which in turn, enables the selective and sensitive detection of the neurotoxic 

Aβ biomarker of Alzheimer’s disease.   
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Results and Discussion 

Fabrication and structure of HC-VGS. Flexible and light-weight energy storage and 

medical devices play a central role in the future development of multifunctional 

electronics such as portable and wearable devices, roll-up displays, and photovoltaic 

cells [16]. To this end, flexible graphite paper and Ni foam were chosen as the growth 

substrates for HC-VGS. Due to its good electrical conductivity, Ni foam and graphite 

paper also functions as the current collectors in the supercapacitor and biosensing 

electrodes.  

 

Figure 1 | Transformation of honeycomb (natural wax) into vertical graphenes in a 

reactive Ar + H2 plasma-based process. (a) Honeycomb was liquefied on the graphite paper 

substrate which was placed in an ICP-CVD system, whereupon a short plasma exposure was 

utilized to reform the honeycomb precursor and grow the HC-VGS. As-grown HC-VGS on 

flexible graphite substrate with supporting (b) SEM; and (c) high-resolution SEM images 

featuring its morphology.  
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The procedure for preparing HC-VGS is illustrated in Fig. 1a. In particular, HC-VGS was 

formed through the unique plasma transformation of a natural by-product precursor, 

honeycomb. This approach features a cheap, low-temperature, and environmentally-

benign alternative to the chemical vapor deposition (CVD) processes which involve 

highly explosive hydrocarbon precursor gases such as CH4 and C2H2 [2,3]. 

The used natural by-product precursor, honeycomb, consisted of mostly palmitate, 

palmitoleate, and oleate esters of long-chain aliphatic alcohols. Honeycomb is typically 

solid at room temperature, and can be easily liquefied and coated on the substrates. 

During the early growth process (~2 min), the long chain of carbon groups in 

honeycomb were broken down into carbon building units owing to the rapid plasma 

dissociation of the material. Subsequently, these carbon building units were re-formed 

into hexagonal carbon-rings, which are the basic elements for the construction of 

graphene nanosheets. Such plasma-unique effects were presumably attributed to the 

strong plasma-matter interactions in the plasma sheath [17]. In particular, H2 can 

enhance the surface flux of these building units through the recombination-mediated 

energy dissipation on the surface and facilitate the nucleation and growth of VGS [14]. 

Moreover, the electric field in the plasma sheath also guides the vertical growth of 

graphene nanosheets.  

Fig. 1b and Fig. 1c show the scanning electron microscopy (SEM) images of HC-VGS 

obtained after the direct growth process. An inherently open, 3D network with dense 

and uniform graphene nanosheets was clearly observed to cover the entire surface of 

graphite paper (see Fig. 1a). It is known that the morphology of VGS can be controlled 

by the self-organization process during the plasma-enabled growth. Plasma parameters 

such as RF power, processing time, and gas composition will all affect the growth 

environment which will eventually change the structure of VGS. In our case, these 

graphene nanosheets were highly porous and exhibited an average sheet length of 200 

nm and a typical thickness of 2 µm (Fig. 1c and Supplementary Fig. 1). This open 

structure may facilitate the access of biological targets and electrolyte ions to the active 

surfaces. Consequently, the morphology of HC-VGS not only provides a large surface 

area which is important for efficient charge transport in electrochemical capacitors. In 
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addition, the evident high density of reactive edges may also promote a facile surface-

immobilization of biological analytes [17-19]. 

 

Figure 2 | Structural characterisation of HC-VGS. (a) Raman spectrum of HC-VGS. (b) XPS 

survey scan and (c) C 1s narrow scan of HC-VGS. Spectrum was fitted with the sp2, sp3, 

oxygen-attached carbon, and π-π* shake-up features. 

 

The surface chemical information of HC-VGS was also characterized by Raman and X-

ray photoelectron spectroscopy (XPS). Fig. 2a illustrates the Raman spectra of HC-VGS. 

Three distinct peaks were present, namely, the characteristic disorder peak (D-band) at 

1350 cm-1, the graphitic peak (G-band) at 1580 cm-1, and the second-order 2D-band at 
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2690 cm-1. The G-band arises from the in-plane vibrational E2g mode of the sp2-

hybridized carbon, the D-band is attributed to the finite crystallite size effect and various 

defects induced in the sp2 carbon materials, and the 2D-band is a second-order Raman 

spectral feature due to the three-dimensional interplanar stacking of hexagonal carbon 

networks [20-23]. The ratios of Raman I2D/IG ~(0.45) and ID/IG ~(0.72) indicate the 

presence of sharp edge planes and a dominant sp2 graphitic structure in HC-VGS 

[23,24]. 

Fig. 2b shows the XPS measurements of HC-VGS nanostructures. A single strong C 1s 

peak positioned at binding energy (BE) of ~284.5 eV was evident, implying the HC-VGS 

was comprised of mostly carbon atoms. Fig. 2c illustrates the C 1s narrow scan for HC-

VGS. The C 1s spectra could be fitted by four peaks corresponding to the carbon sp2 

(BE ~ 284.5 eV), sp3 (BE ~ 285.4 eV), carbon-oxygen bond (BE ~286 eV), and the 

energy loss “shake-up” feature (BE ~ 290.2 eV) [14,17]. The sp2 graphitic structure of 

HC-VGS also plays a major role in enhancing their charge storage capacity. Indeed, 

sp2-bonded carbon is preferred over sp3-bonded carbon in graphene-based 

supercapacitor electrodes, as the latter increases the charge transfer resistance and 

impedes the ability for charge storage. In particular, as HC-VGS features a large 

fraction of sp2-hybridized carbon, in conjunction with a high C/O atomic ratio, this makes 

HC-VGS a highly desirable nanostructure for the integration in electrochemical energy 

storage devices. 

 

Supercapacitor performance of HC-VGS electrodes. When considering widely 

available energy sources such as solar and wind power, their intermittent nature 

necessitates  robust energy storage devices for these sources to be utilized in a 

commercial scale [25]. In addition, the needs for more capable energy storage devices 

are further stimulated by the recent advancements in portable electronics and hybrid 

electric vehicles [26-28]. Thus, supercapacitors which possess high power density, 

rapid charge/discharge rate, and a long lifespan are a particularly attractive option [29-

32]. 
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Figure 3 | Supercapacitor performance of HC-VGS. CV curves of (a) HC-VGS at different 

scan rates of 5, 10, 20, 50, 100 mV/s and 500 mV/s. (b) Galvanostatic charge/discharge plots of 

HC-VGS at current densities of 3, 2 and 1 mA/cm2. (c) Rate capabilities of HC-VGS, and (d) 

cycle stability of HC-VGS at a scan rate of 400 mV/s for 2000 cycles.  

 

The electrochemical performance of HC-VGS as binder-free supercapacitor electrodes 

was investigated by potentiostat/galvanostat measurements using the two-electrode 

configuration. Fig. 3a shows the cyclic voltammetry (CV) curves of HC-VGS in 1 M 

Na2SO4 aqueous electrolyte. Notably, the as-grown HC-VGS electrodes showed a 

nearly rectangular shape in CVs even at high scan rates, (e.g., 500 mV s-1) suggesting 

the efficient formation of the electric double layer (EDL) and fast ion transport in the HC-

VGS structure [18]. Fig. 3b shows the galvanostatic charge/discharge curves for HC-

VGS at different current densities of 3, 2, and 1 mA/cm2, respectively. A linear 
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dependence between the discharge potential and time was identified in the discharge 

curves, further indicating the absence of major Faradaic processes [33]. These results 

are consistent with the structural analyses that the electrodes were composed of mostly 

carbon-based materials and the charge storage occurred mainly through the EDL 

mechanism [34].  

The specific capacitance C calculated from the CV curves at different scan rates is 

shown in Fig. 3c. A decrease in the specific capacitance was observed as the scan rate 

was increased, similar to that of the corrugated 3D graphene sheets obtained by 

reduced graphene oxide [35]. It is also noted that HC-VGS exhibits a high specific 

capacitance of 240 F g-1 at a scan rate of 5 mV s-1 and 128 F g-1 with a current density 

of 2.5A g-1 (Supplementary Fig. 2). We attributed such high specific capacitance to the 

large surface area, high electrical conductivity, and high electrochemical activity of the 

HC-VGS, which enables a facile access of ions to the edge and basal planes of the 

nanostructure [30,36]. This value of specific capacitance for HC-VGS structure is 

among the highest values reported for graphene based supercapacitor electrodes, and 

is also superior as compared to other carbon structures with similar 3D morphology, 

such as the reduced graphene oxide sheets and the mechanically combined 

graphene/CNT hybrid structures [37,38]. 

The cycle stability tests are shown in Fig. 3d, in which HC-VGS exhibited 100% 

retention of its initial capacitance after 2,000 cycles performed at a scan rate of 400 

mV/s. In addition, the inset of Fig. 3d shows almost equivalent CV curves between the 

1st and the 2000th cycles, clearly evidencing the excellent stability of the electrode 

materials. This stability of HC-VGS is superior as compared to other typical 3D nano-

carbon structures reported in the literature; for example, Bai et al. obtained 95% 

retention after 2,000 cycles for crystalline composites of NiO, reduced graphenes oxide, 

and carbon nanotubes; Zhao et al. obtained 94.4% retention after 2,000 cycles for 

graphene nanosheets hybridized with Co(OH)2 [39,40]. A slight increase in capacitance 

was observed at the end of 2,000 cycles which could arise from an increased wetting of 

electrodes through capillary action in the successive cycles. We attribute such an good 

stability to the structural durability and the EDL charge storage mechanism of carbon-
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based materials, as opposed to metal oxide nanostructures which often show low 

capacitance retention due to a significant degradation to the nanostructures through 

redox reactions [41].  

The EIS spectrum for HC-VGS measured in the three-electrode configuration is shown 

in the Nyquist plot in Supplementary Fig. 3, where the frequency-dependent impedance 

is presented as the real (Z’) and imaginary (Z’’) components. As-grown HC-VGS 

displayed a vertical curve feature at low frequencies, indicating a near ideal capacitive 

behaviour [33]. We also report a low charge transfer resistance and electrode 

resistance of 2 Ω and 3.7 Ω respectively, which indicates that the HC-VGS possesses a 

highly conductive surface. In the high-frequency range, a semicircle was observed to 

intersect with the real (Z’) axis, which could be attributed to charge transfer at the 

electrode-electrolyte interface [42]. We have also performed the three-electrode cell 

measurements to better evaluate the potential of HC-VGS electrode materials 

(Supplementary Fig. 4) [43]. The resulting three electrode measurement was consistent 

with two-electrode-based results. Our supercapacitor performance result demonstrates 

that HC-VGS which was derived from natural wax may be a promising material for the 

future energy storage devices. This advantageous characteristic may result from the 

highly-dense network structure and thin graphitic edges, as suggested from the 

morphology of HC-VGS, and may also be utilized for a good biosensing platform, which 

will be discussed in the next section. 

 

Biosensing performance of HC-VGS electrodes. When considering the major life-

threatening and debilitating diseases prevalent in the modern society, 

neurodegenerative dementias such as Alzheimer’s disease (AD) present a widespread 

and rising incidence with far-reaching and detrimental socio-economic repercussions 

[44].  AD may be most effectively managed with therapeutics provided the disease is 

accurately diagnosed in the early stages. In order to identify and monitor the 

progression of AD in sufferers, the specific detection of biomarkers which hallmark the 

lesions associated with AD is required. One such biomarker is the aggregated form of 

the Aβ peptide, namely, the oligomeric Amyloid-beta (Aβ-O) which is present in the 
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cerebrospinal fluid (CSF) of AD sufferers [45,46]. The Aβ peptide exists in the CSF as 

unaggregated monomers (Aβ-M) and as aggregated oligomers, whereby the former is 

benign, and the latter is neurotoxic. Therefore, there is a need for a sensor which can 

reliably differentiate between Aβ-O and Aβ-M. 

 

Figure 4 | Biosensing performance of curcumin-functionalized HC-VGS. (a) Schematic for 

the sensing protocol of Aβ-M and Aβ-O. (b) and (c), EIS response in the presence of Aβ-M, and 

Aβ-O, respectively, at different concentrations of 0.1, 1, and 10 µg/mL.  (d) Charge transfer 

resistance, Rct, expressed as a percentage of the blank reference, at peptide concentrations of 

0.1, 1, and 10 µg/mL.   
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Recently, curcumin has emerged as a promising candidate which selectively binds to 

aggregated Aβ peptides [47]. Thus, by functionalizing our as-grown HC-VGS with 

curcumin, a selective sensing towards the neurotoxic Aβ-O may be enabled.  Fig. 4a 

illustrates the sensing principle and the fabrication process of our HC-VGS-based 

biosensor. In particular, with the integration of HC-VGS as a sensing platform, its thin 

reactive open edges and inherently large surface area enable the stable and chemical 

immobilization of curcumin (Supplementary Fig. 5). In addition, the high electrical 

conductivity of HC-VGS further enables a good sensitivity for the electrochemical 

detection of Aβ-O.  

Fig. 4b shows the EIS response of our biosensor in the presence of Aβ-M at different 

peptide concentrations. Overall, the radius of the semicircle region shows negligible 

shift from the reference. This indicates there is a negligible change in the charge 

transfer resistance, and may also suggest a weak interaction between the Aβ-M and 

curcumin bioreceptors.  

On the other hand, Fig. 4c demonstrates the EIS response in the presence of 

neurotoxic Aβ-O. A significant decrease in the radius of the semicircle region is evident 

for increasing concentrations of Aβ-O. This result may indicate that curcumin possesses 

a greater reactivity with the aggregated form of the Aβ peptide, namely, the reaction of 

curcumin with Aβ-O is more favourable than with Aβ-M. Additionally, this indicates a 

decrease in charge transfer resistance (Rct) as more Aβ-O binds to the surface-

immobilized curcumin biomolecules. Correspondingly, this decrease in Rct may result 

from a charge injection to the HC-VGS electrode by the Aβ-Os, in particular, due to the 

presence of electrochemically active residues in the Aβ peptide [48,49].  

Further, Fig. 4d summarizes the changing trends in charge transfer resistance for the 

oligomeric and monomeric species at different concentrations. Unlike the case with Aβ-

M, the presence of Aβ-O induces a significant decrease in the charge transfer 

resistance. Therefore, this result indicates that our sensor possesses a good selectivity 

towards Aβ peptide concentrations in the limit of 0.1 µg/mL. Moreover, we suggest that 

this specificity towards Aβ-O is enabled by a conformational recognition of curcumin to 

the secondary protein structures present in the aggregated Aβ peptide. In particular, as 
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curcumin is symmetrical molecule composed of two polar groups separated by a 

hydrophobic bridge, this allows an alignment of curcumin molecules along the axis of 

the stacked peptide strands present in oligomers. This in turn facilitates the electrostatic 

interactions between the polar groups of curcumin and the positive charges on the 

protonated antiparallel Aβ peptides [47].  

Thus, we have demonstrated the functionality of HC-VGS as a promising and versatile 

base material for integration in future biosensing devices. Importantly, the favourable 

morphological and electrochemical properties of HC-VGS facilitate a reliable and easy-

to-fabricate sensor with good sensitivity and selectivity towards the neurotoxic Aβ-O 

species. With future optimizations to explore the functionalization of HC-VGS and the 

loading of curcumin receptors, the performace of this HC-VGS-based biosensor may be 

further enhanced.  

 

Conclusions 

In summary, we have demonstrated an efficient plasma-enabled reforming of the 

natural by-product precursor, honeycomb, into VGS with excellent morphological and 

electrochemical properties. Furthermore, these unique and intrinsic properties of HC-

VGS enabled its excellent integration as a base material for energy storage and 

biosensing applications. In particular, we have assembled a reliable, simple-to-fabricate, 

and inexpensive biosensor which capitalized on the unique properties of HC-VGS, to 

enable a firm surface-immobilization of curcumin, and its novel function as a bioreceptor 

for a selective and sensitive capture of the neurotoxic Aβ biomarkers of AD. In addition, 

we have demonstrated a binder-free supercapacitor electrode, which exhibited a high 

specific capacitance up to 240 F g − 1 at a scan rate of 5 mV s − 1 and 100% capacitance 

retention after 2,000 cycles at a high scan rate. 

Importantly, these results are promising for future sustainable management of 

resources, through the reforming of natural by-products into carbon-based electrodes, 

and may also lead to better understanding of the elementary charge storage and 
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transfer processes, which remain critical for developments in the next-generation of 

energy storage and biomedical devices.  

 

Experimental Methods 

Plasma enabled growth of HC-VGS. The deposition of HC-VGS was carried out in a 

RF inductively coupled plasma CVD system. Flexible graphite paper and Ni foam was 

used as growth substrates for HC-VGS. The size of growth substrates was 6x1 cm2. In 

order to provide a uniform coating of honeycomb on graphite paper, the honeycomb 

was first melted by heating at 100 oC. Subsequently, the substrates were coated evenly 

with the liquefied honeycomb, prior to being loaded in the reactor. A gas mixture of 10 

sccm Ar and 10 sccm H2 was fed into the chamber, then the plasma was generated at 

2.0 Pa pressure and 1000 W RF power. Although no external substrate heating was 

used, during the 9 min deposition process the substrate temperature reached 400 oC 

due to the plasma-heating effects. 

 

Microscopy and microanalysis. Please refer to Section 1.4 of Chapter 1, “Raman 

Spectroscopy” and “X-ray Photoelectron Spectroscopy (XPS)” for their general 

experimental details. The mass of the electrode was determined by weighting a 10 cm 

long sample on an ultrasensitive balance (Δ±0.1 µg; Mettler Toledo UMT2) and 

calculating the fractional mass which was submerged into the electrolyte. 

 

Supercapacitor measurements. The electrochemical measurements were performed 

in 1 M Na2SO4 at room temperature. Both three-electrode and two-electrode cell 

configurations were employed. The three-electrode cell used the as-grown HC-VGS 

sample as the working electrode, a Pt foil as the counter electrode, and an Ag/AgCl 

reference electrode; while the two-electrode cell used two identical testing samples as 

the electrodes. Cyclic voltammetry (CV), galvanostatic charge/discharge, and 
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electrochemical impedance spectroscopy (EIS) measurements were conducted using a 

BioLogic VSP 300 potentiostat/galvanostat device. CV tests were performed in the 

potential range of 0 – 1 V at scan rates of 5 – 500 mV s-1. Galvanostatic 

charge/discharge curves were obtained at a constant current density of 3, 2, and 1 

mA/cm2. EIS measurements were performed in the frequency range from 0.01 Hz to 

100 kHz. The specific capacitance of single electrode Cs was calculated from the CV 

curves in two electrode measurement by integrating the discharge current against the 

potential V according to                 , where   is the scan rate (V s-1), m is the 

mass of the active material in single electrode, and ΔV is the operating potential window 

(1 V). Similarly, specific capacitance was calculated from the charge/discharge curve 

according to                , where I is the discharging current, m is the mass of 

active material, dV potential window (1 V) and dt is the discharge time. The surface 

mass density of active material was 0.4 mg/cm2 and 1x1 cm2 of the sample was used as 

the working electrode in the test.  

 

Biosensing measurements. The electrochemical measurements were conducted in 20 

mM phosphate buffer with 0.15 M NaCl at room temperature. A three-electrode cell 

configuration was employed. The three-electrode cell used the as-grown HC-VGS 

sample (size of 1x0.5 cm2) as the working electrode, a Pt foil as the counter electrode, 

and an Ag/AgCl reference electrode. 

Curcumin, from curcuma longa (SigmaAldrich), was dissolved to 2% w/v in DMSO and 

drop-cast onto HC-VGS, and left to dry overnight at room temperature and pressure. 

Monomeric and oligomeric Amyloid-beta 42 (Aβ) were prepared according the protocol 

outlined by Youmans et al. (Biosensis) [50]. Briefly, 45 µg of lyophilized Aβ peptide was 

reconstituted with 2 µL of DMSO, and 98 µL of F12K medium was added to give a total 

Aβ peptide concentration of 450 µg/mL. Monomeric Aβ (Aβ-M) was taken at this point, 

whereas oligomers (Aβ-O) were formed by incubating the solution for 24 hours at 4 oC. 

The curcumin functionalized HC-VGS was subjected to successive incubations with Aβ-

M or Aβ-O (at concentrations of 10, 1 and 0.1 µg/mL) for 20 minutes at room 

temperature and pressure for each concentration. Subsequently, EIS measurements 
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were conducted in the frequency range from 1 Hz to 5 MHz using a BioLogic VSP 300 

potentiostat/galvanostat device. The Rct (charge-transfer resistance) of the sensor 

following incubation with Aβ was expressed as a percentage of the Rct in the reference 

case, which was incubated in DMSO/F12K medium in the absence of Aβ. 
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Supplementary Figure 1 | Typical cross-sectional SEM image of HC-VGS with a height of 

~2 µm.   

 

 

Supplementary Figure 2 | Specific capacitance of VGS calculated from the 

charge/discharge curves. 
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Supplementary Figure 3 | EIS measurement for pristine HC-VGS in 1 M Na2SO4 at room 

temperature using the three-electrode configuration. 

 

Supplementary Figure 4 | Electrochemical performance of HC-VGS in a three-electrode 

cell configuration. CV curves of HC-VGS at different scan rates of 5, 10, 20, 50, 100 mV/s and 

500 mV/s, in 1 M Na2SO4 at room temperature. 
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Supplementary Figure 5 | CV characterization for the attachment of curcumin onto HC-

VGS. Measurements were performed in 20 mM phosphate buffer containing 0.15 M NaCl, at a 

scan rate of 25 mV/s, and at room temperature. The curcumin-functionalized HC-VGS was 

washed several times with 10% sodium dodecyl sulphate solution to remove non-specific 

binding.  
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Abstract 

Graphene nanostructures possess excellent physical properties such as high surface 

area, good mechanical stability and good electric conductivity, which make them 

attractive as electrodes for high-performance energy storage devices. However, 

graphene-based nanomaterials have yet to materialized into commercial energy storage 

devices, mainly due to the high cost in fabrication processes and the difficulty in 

achieving a high mass loading. In particular, the high mass loading of active materials 

on the electrode represents an important step towards the translation of excellent 

electrochemical activity seen in the microscopic regime into the practical applications. 

Here, supercapacitor electrodes made of vertical graphene nanosheets (VGNS) are 

fabricated from a range of commercially available cheese precursors via green, low-

temperature, plasma-based reforming processes. Taking advantage of the fast 

solidification of cheese molecules and the plasma-matter interactions, the produced 
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VGNS exhibit a high mass loading of 3.2 mg/cm2 and a high areal capacitance of 0.46 

F/cm2. These results demonstrate a single-step, scalable, environmentally-benign, and 

cost-effective approach for the transformation of natural precursors into high-quality 

graphene structures, which could be promising for a variety of advanced electronic and 

energy applications. 

 

Introduction 

Research in electrochemical energy storage has recently seen a drastic expansion due 

to the increasing energy demands for portable electronics, electric vehicles, and 

utilization of renewable energy resources [1-4]. Of the various energy storage devices, 

supercapacitors represent a particularly attractive option, as they offer high power 

density, rapid charge/discharge, and a long lifespan, which are critical for a number of 

energy storage applications [5,6]. Fundamentally, supercapacitors operate by storing 

ions within the electric double layer (EDL) or through redox reactions on the electrode 

surface [7]. Such mechanisms allow supercapacitors to have better cycling performance 

and power density as compared to other energy storage devices such as batteries [6]. 

Nevertheless, the widespread applications of current supercapacitors are impeded by 

their low energy density.  

The physical properties of electrode materials are known to dictate the performance of 

supercapacitors. In general, a large surface area with easily accessible sites and high 

electrical conductivity are required for an electrode to deliver high energy and power 

densities. The advent of carbon nanostructures such as carbon nanotubes and 

graphene has introduced materials with intrinsically high surface area and excellent 

electrical conductivity which are highly promising for energy storage applications [8,9]. A 

good example is the vertical graphene nanosheets (VGNS), which recently emerged as 

a promising electrode material owing to its highly favorable structural and 

electrochemical properties [10,11]. VGNS possess a unique morphology of few-layered 

graphene sheets self-organized in an open, interconnected, and three-dimensional (3D) 

array structure. While the open structure of VGNS can facilitate the rapid formation of 
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EDL, its structural rigidity enhances the stability by preventing the restacking of 

graphene nanosheets, a commonly observed problem in horizontal graphenes when 

immersed in liquid electrolytes [12-14]. Supercapacitor electrodes made of VGNS have 

shown many notable charge storage features, such as high specific capacitance, stable 

charge retention capability, and a low relaxation time constant τ0 [10,15]. 

However, the biggest challenge of implementing VGNS into practical supercapacitors is 

the low mass loading. VGNS grown by chemical vapor deposition (CVD) usually have a 

mass loading of <0.5 mg/cm2 (thickness <4 µm) [16]. As such, the high specific 

capacitance (Cs) of the materials do not always lead to a high areal capacitance (a more 

accurate measure for the practical supercapacitor devices) due to the limited quantity of 

active materials present on the electrodes [17]. This problem cannot be mitigated by a 

long growth time, as it often results in the formation of undesired amorphous carbons 

rather than thicker VGNS structure. On the other hand, a few chemical-based methods 

have recently reported a high mass loading of graphene-based materials [18]. However, 

in these chemical-based syntheses, the extraction of graphene-based materials from 

the natural graphite precursors is not only precursor-specific, but also expensive, 

complicated, as well as energy-, time- and resource-demanding. Moreover, these 

processes usually require additional materials, such as binders or gels, to integrate 

these nanostructures into functional electrodes, further complicating the process of 

device fabrication and reducing the scalability and sustainability [19-23]. Therefore, 

there is a need for developing a simple and green process which can directly produce 

high-quality VGNS at a high mass loading for supercapacitor applications. 

In our previous work, we have demonstrated the versatility and effectiveness of plasmas 

as a simple and green nanofabrication tool for the efficient transformation of natural 

precursors into VGNS electrodes [24-26]. Notably, by utilizing precursors such as butter, 

this enabled the growth of VGNS with a high Cs of ~200 F/g and an excellent stability of 

more than 8,000 cycles. However, the areal capacitance (CA) of these electrodes 

remained unsatisfactory due to the limited mass loading. In this work, we solve this 

problem by employing cheese as the natural precursor in the plasma-based fabrication 

process. We demonstrate a single-step, plasma-based reforming process to produce 
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VGNS electrodes with a high mass loading up to 3.2 mg/cm2 and an excellent areal 

capacitance, which are superior as compared to other graphene-based materials 

obtained by the conventional fabrication techniques such as chemical or thermal 

processing. Our results thus represent significant progress towards translating the 

excellent capabilities of graphenes into functional high-performance energy storage 

devices.  

 

Results and Discussion 

Fig. 1 shows the schematic of the single-step, plasma-enabled reforming of cheese into 

VGNS. Ni foam was chosen as the substrate for VGNS as it provides a porous 3D 

scaffold for the growth of VGNS. Furthermore, due to its good electrical conductivity, Ni 

foam also functions as the current collector. The VGNS were grown from the cheese 

precursors by a 10 min exposure to plasmas in an argon and hydrogen gas mixture to 

enable the growth of VGNS. Commercially available processed cheese was used as the 

carbon source. Processed cheese is made via blending natural cheese of different age 

and maturity [27]. As the production of processed cheese is a standardized industrial 

process, this will ensure that variation between different cheese cultures which might 

affect the experimental reproducibility can be minimized.  

 

Figure 1 | Schematic of the experimental process which transforms the cheese precursor 

into vertical graphene nanosheets (VGNS). The plasma process enables the breakdown of 

the cheese precursor (containing triglycerides, proteins, etc.) into hydrocarbon building units for 

the formation of VGNS. 
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Processed cheese consists of fats (i.e., triglycerides), proteins (i.e., mostly casein) and 

water in 30, 22, and 40 wt.%, respectively [27,28]. In contrast, cream cheese possesses 

a significantly higher water content; and the fat, protein and water content of cream 

cheese are 30, 10, and 55 wt.%, respectively [29]. In both cheeses, there exist a small 

quantity of salt, emulsifying agents and other addictives. During the early growth 

process, the cheese precursor was promptly dehydrated by the low pressure 

environment and plasma heating effects. Subsequently, the heterogeneous carbon 

precursors (i.e., fat and protein groups) were broken down into simple hydrocarbon 

building units by the rapid plasma dissociation of the material. These building units then 

self-organized into VGNS on the plasma-exposed surfaces. Such plasma-specific 

effects can be attributed to the strong plasma-matter interactions in the plasma sheath. 

The plasma process made it possible to achieve a high mass loading of VGNS which 

could also be extracted as high-quality graphene powder (Supplementary Fig. 1a – 1c). 

The typical SEM image also confirmed VGNS with the total coverage on the nickel foam 

substrate (Supplementary Fig. 1d). 

Owing to the above mentioned advantages, VGNS produced with the two cheese 

precursors, i.e., processed and cream cheeses, showed a mass loading of 3.2 and 0.8 

mg/cm2 respectively, which are higher than what is normally obtained from gaseous or 

other solid state precursors in a similar plasma process [24-26]. It was also noted that 

VGNS derived from liquid precursors such as honey and butter can enable a strong 

adhesion to the substrate. This removes the need for a binder and minimises the 

undesired formation of amorphous carbon [26]. However, due to their fluidic nature, this 

led to a significant loss of precursor material during the growth process. In particular, a 

large fraction of precursor material was lost during the initial growth stage when the 

precursor was undergoing a transformation from a liquid (precursor) to solid state 

(VGNS). Consequently, this leads to a significantly lower rate of mass conversion. 

Therefore, in order to fabricate an electrode with high mass loading while maintaining 

the favourable properties as inherited from liquid-based precursors, we required a liquid 

precursor material which rapidly solidifies upon losing its water content. In addition, a 

strong intermolecular bonding in the precursor would be highly desired, as this would 

minimize the sputtering and loss of precursor material during the plasma reformation 
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process. In such a circumstance, cheese represents a particularly promising candidate 

for the improved efficiency of reforming natural precursors into functional VGNS 

structures with a high mass loading, as cheese can quickly transform into the solid state 

after losing its water content and its strong protein matrix can minimize the loss of 

material during the transformation process.  

 

Figure 2 | Typical SEM images of VGNS produced from processed cheese (a) and 

cream cheese (d) precursors. Raman spectra of the VGNS obtained from processed 

cheese (b) and cream cheese (e). (c,f) XPS spectra of both cheese precursors showed 

that the resulting nanostructures were composed of carbon with a trace amount of 

oxygen.  

 

Fig. 2a and Fig. 2d show the high-resolution SEM images of VGNS derived from 

processed and cream cheeses, respectively. These images show a uniform, dense, 3-D 

network of thin graphene nanosheets. Such uniform transformation demonstrates the 

merits of plasma as a nanofabrication tool to build functional nanostructures from 

heterogeneous natural precursors [25]. Fig. 2b and Fig. 2e show the Raman spectra of 

VGNS derived from processed and cream cheeses, respectively. The Raman spectra 

reveal the high graphitic content of the VGNS. For both the processed and cream 

160



4. Plasma-Enabled Synthesis of Vertically-Oriented Graphenes for Energy Storage Devices 
 

 

cheese, three distinct Raman peaks were present, namely, the characteristic disorder 

peak (D-band) arising from the defects within the sp2 carbon materials at 1350 cm-1, the 

graphitic peak (G-band) from the in-plane vibrational E2g mode of the graphitic lattice at 

1579 cm-1, and the second-order 2D-band due to the three-dimensional interplanar 

stacking of hexagonal carbon networks at 2700 cm-1 [30-33]. By examining the ratios of 

intensities between the peaks, the quality of VGNS can be determined. Specifically, the 

ID/IG ratio reflects the degree of defects present within the graphene lattice, whereas the 

I2D/IG ratio indicates the thickness of the graphene sheets. VGNS from processed 

cheese showed an ID/IG ratio of 0.7 and a I2D/IG ratio of 1.2, whereas the one from 

cream cheese had an ID/IG ratio of 1.4 and a I2D/IG peak ratio of 0.95. The thickness of 

VGNS can also be deduced from the high resolution SEM (Supplementary Fig. 8) and 

Raman features. According to the Raman features, the I2D/IG ratios suggest that our 

VGNS derived from cheese consists of few-layer graphene sheets (bi-tri layer in the 

edge plane with a thicker basal plane) [34,35]. Moreover, the high transparency of 

VGNS as shown in the SEM image is usually observed for few-layer graphenes [36,37]. 

These results demonstrate the formation of high-quality VGNS from cheese precursors.  

Fig. 2c and Fig. 2f illustrate the XPS measurements of VGNS derived from processed 

and cream cheeses, respectively. In both spectra, a strong C 1s peak positioned at the 

binding energy (BE) of ~284.5 eV was observed, together with a small amount of 

oxygen at the BE of 532 eV [38]. This indicates that the cheese derived structures were 

predominantly composed of carbon atoms with a small amount of oxygen. Chemical 

composition analysis of VGNS derived from processed and cream cheeses revealed C 

atoms at 98.4 and 95.3 at.% and O atoms at 1.6 and 4.7 at.%, respectively. 

Supplementary Fig. 2a and Supplementary Fig. 2b show the C 1s narrow scans of 

VGNS derived from processed and cream cheeses respectively. Both C 1s spectra can 

be deconvoluted into three distinct peaks corresponding to the C-C (BE ~ 284.5 eV), 

oxygenated carbon (BE ~ 285.4 eV), and the shake-up energy-loss feature (BE ~ 290.2 

eV) [24,39,40]. Importantly, all VGNS samples featured a high fraction of sp2-hybridized 

carbon, suggesting high quality of the graphene sheets. To demonstrate the specific 

surface area and materials texture of VGNS electrodes, BET measurements were also 

performed. The results revealed a surface area of 448 m2/g with a typical mesoporous 
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structure (Supplementary Fig. 3). Also, there have been recent BET studies on plasma-

grown VGNS [16], demonstrating similar magnitudes of surface area.  In particular, few-

layered VGNS are deduced to have a surface area ranging from 430 m2/g [41] to 780 

m2/g [42]. Consequently, this favorable morphology is expected to facilitate the 

adsorption of ions for the EDL formation and enable the cheese-derived VGNS to 

deliver good electrochemical properties. 

 

Figure 3 | Electrochemical activity of the high mass loading VGNS as obtained 

from processed and cream cheeses in the two-electrode configuration. Cyclic 

voltammetry (CV) curves of both processed and cream cheeses at various scan rates 

are plotted in (a) and (c) respectively. Similarly, Galvanostatic charge/discharge curves 

are plotted in (b) and (d). 
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The electrochemical performance of VGNS derived from processed and cream cheeses 

was then investigated by potentiostat/galvanostat with the two- and three-electrode 

configurations. Fig. 3a and Fig. 3c show the cyclic voltammetry (CV) curves of VGNS 

derived from processed and cream cheeses in 1 M Na2SO4 aqueous electrolyte, 

respectively, measured in the two-electrode configuration. It is noticeable that the CV 

shapes were rectangular and symmetric at low scan rates (5 – 20 mV/s),  reflecting that 

both electrodes exhibited an efficient formation of EDL and fast ion transport. 

Nevertheless, the CV curves became skewed at high scan rates (e.g., >100 mV/s). Fig. 

3b and Fig. 3d show the galvanostatic charge/discharge curves of VGNS at different 

current densities from 1 to 6 mA/cm2. Both cheese-derived VGNS exhibited a linear 

dependence of charge/discharge potential with time, suggesting the dominance of EDL 

mechanism [43]. Correspondingly, the specific capacitance Cs was calculated from the 

CV curves at different scan rates, as shown in Fig. 4a and Fig. 4c. Both VGNS derived 

from processed and cream cheeses exhibited a high specific capacitance of 156 and 

151 F/g at 5 mV/s, respectively. For the calculation of specific capacitance, data from 

the two-electrode measurements was used to avoid potential overstatement of the 

device performances, which may arise from measurements conducted in a three-

electrode system [44]. However, three-electrode characterizations are also necessary in 

evaluating the full potential of a specific nanomaterial. Therefore, both two- and three-

electrode measurements were conducted. We have also calculated the specific 

capacitance for the three-electrode system, and it shows good agreement with the two-

electrode measurements (Supplementary Fig. 9). 

Typically, as the mass loading of electrode material increases, the specific capacitance 

of supercapacitor decreases due to the inaccessible surface areas and the impaired ion 

diffusion. However, this trend was not evident for VGNS obtained by the plasma 

reforming of cheese precursors in the present case. Despite a significant increase in the 

mass loading (from 0.8 to 3.2 mg/cm2), a relatively constant Cs was obtained (151 to 

156 F/g). As the graphene sheets are vertically oriented to the growth substrate, it 

maintains the accessible surface area and facilitates the diffusion of ions even at high 

mass loadings. This unique feature is important for future developments in high-capacity 

graphene-based supercapacitors. Furthermore, VGNS derived from cream cheese 
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showed a 53% capacitance retention when the scan rate increased from 5 to 100 mV/s 

(Fig. 4c), whereas the one derived from processed cheese also retained 41% (Fig. 4a). 

Such rate capabilities of cheese-derived VGNS remained superior as compared to other 

graphene-based electrodes. These results suggest that the ion accessibility and ion 

transport are greatly facilitated by the vertical alignment of graphene nanosheets in the 

electrode materials.  

 

Figure 4 | Specific capacitance (a, c) and areal capacitance (b, d) at different scan 

rates of the high mass loading VGNS electrodes derived from processed and 

cream cheeses.  

 

Fig. 4b and Fig. 4d show the areal capacitance of VGNS derived from both processed 

and cream cheeses at different scan rates. In particular, VGNS derived from processed 

cheese demonstrated a very high areal capacitance of 0.46 F/cm2 at 5 mV/s, whereas 

164



4. Plasma-Enabled Synthesis of Vertically-Oriented Graphenes for Energy Storage Devices 
 

 

the one from cream cheese also exhibited 0.12 F/cm2 at the same scan rate. The lower 

areal capacitance of the latter reflects the lower mass loading in that case. Notably, our 

results show that a 4-fold increase in mass loading leads to an approximate 4-fold 

increase in areal capacitance. Such linear increase in areal capacitance may be 

attributed to the vertical alignment of graphene sheets. The obtained areal capacitances 

are amongst the highest values achieved so far for pure graphene- and carbon-based 

supercapacitors (Supplementary Table 1) [16,18-21,45-48]. For instance, Zhou et al. 

reported a value of 0.152 F/cm2 for chemically processed graphenes [19]. 

 

Figure 5 | Cycle stability of the high mass loading VGNS electrodes. VGNS derived 

from processed (a) and cream (b) cheese precursors for 4,000 cycles at a scan rate of 

400 mV/s. 

 

The stability tests of VGNS-based electrodes are shown in Fig. 5a and Fig. 5b, where 

the electrodes were performed over 4,000 cycles at a scan rate of 400 mV/s. Notably, 

VGNS derived from cream and processed cheeses exhibited the capacity retention of 

99% and 94%, respectively. This stability is comparable to the many other graphene- 

and carbon-based supercapacitors with high mass loadings as reported elsewhere 

(Table S1) [20,49-51]. For instance, Maiti et al. reported a 97.8% retention after 5,000 

cycles for graphene-based supercapacitors [20]; Zhang et al. obtained a 98% stability 

after 1,000 cycles for CNT-integrated electrodes [46]; while Puthusseri et al. 

demonstrated a 90% retention after 5,000 cycles with 3D porous carbons [51]. 
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The electrochemical impedance spectra (EIS) for VGNS obtained from the plasma 

reforming processes are shown in Supplementary Fig. 4, where the frequency-

dependent impedance is plotted as the real (Z’) and imaginary (Z’’) components. Both 

samples displayed a pseudo-vertical curve at low frequencies, indicating a near ideal 

capacitive behavior. In the high-frequency range, a semicircle was observed to intersect 

with the real (Z’) axis in both spectra, which could be attributed to charge transfer at the 

electrode-electrolyte interface. This pseudo-vertical behavior may arise from the 

presence of amorphous carbon in the basal plane of VGNS. The equivalent series 

resistance can be extrapolated from the point of intersection, which was ~4 Ω for both 

VGNS electrodes. The good conductivity of electrodes can be attributed to the high 

quality of VGNS and the good binding of VGNS to the growth substrate, as enabled by 

the single-step plasma transformation process. In addition, we have also performed the 

three-electrode cell measurements to better evaluate the potential of cheese-derived 

VGNS electrode materials (Supplementary Fig. 5). Overall, our VGNS exhibit energy 

storage capabilities which are among the best for carbon-based devices 

(Supplementary Table 1). While the fabrication of carbon-based electrodes often 

involves complex and resource-consuming processes, this single-step plasma reforming 

of cheese precursors is clearly an energy-efficient, potentially scalable, and chemically 

green alternative for the direct assembly of high-performance VGNS-based 

supercapacitors. 

To further understand the effects of precursor composition on the resulting VGNS 

nanostructure, we also utilized fat-reduced processed cheese as the precursor. 

Compared to the normal processed cheese, fat-reduced processed cheese typically 

contains 8-10 wt.% water and includes fat substitutes and mimetics as replacers [52]. 

After the same single-step plasma process, fat-reduced processed cheeses were also 

transformed into VGNS with a mass loading of 2.8 mg/cm2. However, the resulting 

nanostructure contained more defects and thicker graphene sheets, as compared to the 

VGNS derived from processed cheese precursor (Supplementary Fig. 6). In addition, 

the fat-reduced cheese precursor resulted in VGNS with notable deposits of amorphous 

carbon. From the XPS elemental analysis, VGNS derived from fat-reduced processed 

cheese were comprised of carbon, oxygen and potassium at concentrations of 72.9, 
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15.5 and 11.6 at.% (Supplementary Fig. 6c). The high K and O contents of the structure 

were in contrast to the VGNS grown by either processed or cream cheeses. This 

difference most likely originated from the artificial additives and fat replacers used in the 

production of fat-reduced cheese. Electrochemically, VGNS derived from fat-reduced 

cheese exhibited a Cs of 153 F/g at 5 mV/s and an areal capacitance of 0.38 F/cm2, 

similar to those obtained from processed cheese precursors. However, only 34% 

capacitance retention was observed when the scan rate was increased from 5 to 100 

mV/s. This was significantly lower than those obtained from the processed and cream 

cheese precursors. Moreover, non-ideal capacitor behavior was observed, as 

evidenced by the skewed charge/discharge curves (Supplementary Fig. 6g). The 

resulting VGNS also demonstrated a higher equivalent series resistance, as compared 

to VGNS derived from the processed and cream cheeses (Supplementary Fig. 6h). 

These results reveal that the presences of artificial additives and fat-replacers in cheese 

precursor can reduce the graphitic content of VGNS and significantly impede their 

electrochemical performance. Overall, we demonstrated good supercapacitor 

performance using VGNS based structures derived from cheese. In addition, as VGNS 

is a very porous structure, it can act as a highly versatile platform material to 

accommodate hetero-nanostructures. Therefore, by synergizing these unused areas of 

VGNS with other nanostructures which exhibit good electrochemical properties, this 

may significantly enhance the performance of VGNS-based supercapacitors. 

We denote that in the conversion of natural precursors using plasmas, the plasma 

parameters also play a critical role in determining the resulting properties [53]. 

Therefore, to demonstrate the plasma-related control and understand the temporal 

dynamics of the transformation of cheese into VGNS, we performed many experiments 

to find the optimum conditions. Over the course of experiments, the plasma treatment 

time and hydrogen concentration were found to be critical for the growth of VGNS. 

When the plasma processing time was prolonged or an excessive hydrogen 

concentration was used, the presence of graphitic nanostructures dramatically reduced, 

as evidenced by the microstructural observations and Raman spectra (Supplementary 

Fig. 7). Similarly, when the plasma processing time was reduced beyond the threshold 

or the hydrogen concentration was too low, we observed the transformation process to 
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be incomplete (Supplementary Fig. 7). Therefore, our experiments show that the 

transformation of natural precursors into VGNS requires precise control over the plasma 

processing parameters. This is the key for obtaining good quality graphene sheets with 

favourable electrochemical properties for energy storage devices. 

 

Conclusions 

In summary, we have developed a single-step, low-temperature plasma process to 

produce high-quality VGNS structures with a high mass loading using cheeses as the 

precursors. Moreover, a direct integration of VGNS with the growth substrates was 

successfully demonstrated. As a result of the direct integration of high-quality VGNS 

with a high mass loading, one of the highest-to-date areal capacitance (0.46 F/cm2) of 

VGNS-based electrodes was achieved. VGNS also exhibited minimum degradation in 

electrochemical properties despite a significant increase in mass loading of the 

electrode. Furthermore, we have demonstrated that non-equilibrium low-temperature 

plasmas as an effective and versatile nanofabrication tool to effectively break down and 

rebuild diverse forms of precursors of different chemical compositions and states of 

matter into functional VGNS structures. These results thus provide a critical step in the 

development of graphene-based, high-performance energy storage devices.  

 

Experimental Section 

Fabrication of VGNS from the cheese precursors. The single-step, plasma-enabled 

transformation of cheese precursors into VGNS was carried out in a RF inductively 

coupled plasma CVD system. Commercially available processed cheese, cream cheese, 

and fat-free processed cheese were used as precursors. In order to provide a uniform 

coating on the Ni foam substrates, the cheese precursors were firstly melted at 80°C. 

This allowed the substrates to be evenly coated with the liquefied cheese. The cheese–

laden substrates were then removed from the heater so that the cheese can re-solidify 

prior to loading in the plasma reactor. A gas mixture of 5 sccm Ar and 20 sccm H2 was 
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then fed into the reactor, where the plasma was ignited at a pressure and RF power of 

2.0 Pa and 1000 W, respectively. Although no external substrate heating was used, 

during the 10 min plasma process the substrate temperature reached approximately 

400 °C due to the plasma-heating effects. To reduce the amount of amorphous carbon 

formed in the growth process, the as-grown samples were treated in air at 300 °C for 1 

hour.  

 

Material characterisation. Please refer to Section 1.4 of Chapter 1, “Raman 

Spectroscopy” and “X-ray Photoelectron Spectroscopy (XPS)” for their general 

experimental details. The mass of electrode was determined by weighing a 10 cm long 

sample on a ultrasensitive balance (Δ±0.1 µg; Mettler Toledo UMT2) and calculating the 

fractional mass submerged into the electrolyte. N2 adsorption–desorption isotherms of 

VGNS were measured by using a Micromeritics 3Flex analyzer at the temperature of 77 

K. Brunauer-Emmett-Teller (BET) analysis was used to determine the surface area and 

was calculated using the isothermal points at a relative pressure of P/P0 = 0.05 – 0.25 .  

 

Electrochemical measurements. The electrochemical measurements were performed 

in 1 M Na2SO4 electrolyte. Both three- and two-electrode cell configurations were 

employed. The three-electrode cell used the VGNS sample as the working electrode, a 

Pt foil as the counter electrode, and an Ag/AgCl reference electrode; while the two-

electrode cell used two identical VGNS samples as the electrodes. Cyclic voltammetry 

(CV), galvanostatic charge/discharge, and electrochemical impedance spectroscopy 

(EIS) measurements were conducted using a BioLogic VSP 300 

potentiostat/galvanostat device. CV tests were performed in the potential range of 0 – 

0.8 V at scan rates of 5 – 100 mV s-1. Galvanostatic charge/discharge curves were 

obtained at current densities of 6, 5, and 4 mA/cm2 for VGNS derived from processed 

cheese and 3, 2, and 1 mA/cm2 for VGNS derived from cream cheese, respectively. EIS 

measurements were performed in the frequency range from 0.01 Hz to 100 kHz. The 

specific capacitance of single electrode Cs was calculated from the CV curves of two-
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electrode measurements by integrating the discharge current against the potential V 

according to     
     

    
 , where   is the scan rate (V s-1), m is the mass of the active 

material in a single electrode, and ΔV is the operating potential window (0.8 V). The 

mass loading was 3.2, 0.8, and 2.8 mg/cm2 for VGNS derived from processed cheese, 

cream cheese, and fat-reduced cheese, respectively. Similarly, Cs was calculated from 

the three-electrode measurements by the equation,    
     

    
 . 
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Supplementary Figure 1 | Photographs of the precursor and VGNS electrodes 

transformed by plasma-based process (a-c) and a typical SEM image of VGNS on the Ni 

foam substrate (d). 
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Supplementary Figure 2 | The deconvoluted C1s peaks of VGNS derived from processed 

cheese (a) and cream cheese (b).  
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Supplementary Figure 3 | BET characterizations of VGNS. (a) N2 adsorption/desorption 

isotherm of VGNS derived from processed cheese at 77 K . The BET surface area is ~448 m2/g. 

(b) Pore size distribution of VGNS derived from processed cheese. 
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Supplementary Figure 4 | EIS spectra of the electrodes derived from processed (a) and 

cream (b) cheeses. 
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Supplementary Figure 5 | Cyclic voltammetry (CV) curves (a, c) and galvanostatic charge-

discharge curves (b, d) obtained from both VGNS electrodes measured in the three-

electrode setup.  
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Supplementary Figure 6 | VGNS derived from fat-reduced processed cheese and its 

electrochemical performance. Optical photo (a), SEM image (b), XPS (c), and Raman 

spectrum (d) of VGNS on Ni foam. Its electrochemical performance is measured by cyclic 

voltammetry (e), Cs at different scan rates (f), galvanostatic charge/discharge (g), EIS (h), and 

areal capacitance at different scan rates (i). 
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Supplementary Figure 7 | The results of non-optimal growth conditions. On the left the 

effects of elevated hydrogen concentration is shown, whereas the right demonstrates the effect 

of prolonged plasma treatment. 
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Supplementary Figure 8 | High resolution SEM image of VGNS derived from processed 

cheese showing highly transparent graphene sheets which are usually observed in few-

layer graphenes. 

 

 

Supplementary Figure 9 | Specific capacitance of cheese-derived VGNS as calculated 

from the three-electrode measurements. 
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Supplementary Table 1 | Comparison of supercapacitor performance of graphene and 

carbon based nanostructures with high mass loadings. 

Material Synthesis 

method 

Areal 

capacitance 

(mF/cm2) 

Specific 

capacitance 

(F/g) 

Mass 

loading 

(mg/cm2) 

Stability Ref 

VGNS Single-step 
PECVD 

460 156 3.2 94%  
(4,000 cycles) 

This 
work 

0.265  n/a n/a n/a [S1] 

n/a 180 0.45 n/a [S2] 

Graphene
/ 
RGO/ 
GO 

Chemical 
processing 
 

152 n/a n/a 96.4% 
(5,000 cycles) 

[S3] 

33.8 160 0.44 97.8% 
(5,000 cycles) 

[S4] 

n/a 286 0.5 94% 
(2,000 cycles) 

[S5] 

CVD 0.006 7.6 n/a n/a [S6] 

Thermal 
processing 

n/a 45 0.31 98 % 
(10,000 
cycles) 

[S7] 

CNT CVD 1.0 n/a n/a 94% 
(1,000 cycles) 

[S8] 

CVD, 
mechanical 
and 
chemical 
processing 

52 86.2 n/a 98%  
(1,000 cycles) 

[S9] 

AC Chemical 
processing 

n/a 98.7 5.0 n/a [S10] 

Graphene
/CNT 
composite 

Chemical 
processing 

4.97 31.5 n/a 99% 
(5,000 cycles) 

[S11] 

116.3 n/a n/a 93% 
(10,000 
cycles) 

[S12] 

3D porous 
carbon 

Chemical 
processing 

n/a 343 8.1 98% 
(2,000 cycles) 

[S13] 

Thermal 
processing 

n/a 254 2.0 90% 
(5,000 cycles) 

[S14] 
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5 

Outlook and Conclusion 

“You’re invited to come to see the Earth turn, tomorrow, from three to five,  

at Meridian Hall of the Paris Observatory.” 

– Léon Foucault, 1851. 

 

Graphene can be classified into two forms – large-area thin films and small flakes 

(powder). Indeed, the properties and functionalities of graphene are dependent on its 

morphology. Thus, graphene is promising to enable advancements in diverse areas, 

including but not limited to, preventative healthcare, energy storage devices, and clean 

water technologies. However, major technological challenges arise in the sustainable 

fabrication and its practical integration as active functional materials. In this thesis, we 

have designed, developed and implemented thermal- and plasma-based techniques to 

enable, enhance, and tailor the synthesis of hierarchical graphene nanostructures, for 

applications in bioelectronics and supercapacitors. Below, future directions of research 

are proposed based on the developments presented in this thesis.  

5.1. Outlook: Graphene Synthesis 

First and foremost, we demonstrated the reforming of diverse natural carbon-containing 

precursors into homogeneous, morphology-controlled graphene nanostructures by 

thermal- and plasma-based techniques. This enables numerous merits including 

reduced production costs, resource-efficient and green processing, and sustainable 

elemental lifecycles. For instance, the ambient-air thermal technique enables a single-

step reforming of natural precursors (e.g., soybean oil) into homogeneous graphene 

films, and avoids the use of resource-consuming ingredients such as purified gases and 
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a highly-controlled vacuum environment (necessary in thermal CVD). Further, non-

equilibrium plasma processes allow a low-temperature (200 oC), rapid (<10 mins) and 

controlled synthesis of graphene nanostructures with unique open, interconnected 

morphologies, demonstrating good electrochemical properties. These advancements 

surpass chemical exfoliation approaches on numerous fronts (Table 1 in Chapter 1). In 

particular, chemical techniques are multi-staged, and require long process durations (~3 

days), involve highly concentrated acids, and produce graphene flakes with poor quality 

and limited controllability (i.e., highly defective, prone to agglomeration, etc.).  

These advancements are central to help reform the most common and desired of all 

biomasses, lingo-cellulosic materials (i.e., plant matter and organic by-products). The 

transformation of cellulose into functional materials remains important to a future of 

advanced sustainable technologies. However, initial attempts remain limited to complex 

and energy-intensive processes which are used to produce biofuel. Indeed, as strong 

inter- and intra-molecular forces are present in the cellulose matrix structure, this 

necessitates high energies to breakdown cellulose into basic carbon building units for 

graphene. Further, cellulosic materials contain a high degree of oxygen. Consequently, 

the breakdown process may release reactive oxygen species which can detrimentally 

affect the graphene formation. In particular, this may result in uncontrolled etching, and 

the formation of lattice defects and amorphous carbon species. 

To this end, a combination of thermal- and plasma-based approaches is promising to 

enable the transformation of cellulosic biomasses into functional hierarchical 

nanomaterials. The ambient-air (thermal) technique is shown to promote controlled 

reaction pathways which effectively utilize oxygen (present in the ambient air), in order 

to facilitate the formation of crystalline carbon nanostructures at elevated temperatures. 

This enables the transformation of renewable precursors into homogeneous graphene 

films in an otherwise destructive (i.e., oxygen-rich) environment. Further, reactive 

plasma techniques are demonstrated to vastly accelerate and catalyze the growth of 

graphene nanostructures. The plasma processes are shown to enable low-temperature 

and rapid synthesis of graphene, with controlled multi-dimensional morphology and 

versatile physicochemical properties. Therefore, by designing an approach which 
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uniquely combines the characteristics of thermal (ambient-air) and reactive plasma 

processes, we may enable the reforming of cellulosic biomasses into hierarchical 

functional nanomaterials. 

5.2. Outlook: Graphene for bioelectronics 

Subsequently, we demonstrated plasma-based approaches for the synthesis of 

graphene micro-islands (GMs) which addresses notable challenges of functional 

nanomaterials in bioelectronics. Here, low-temperature reactive plasma enabled the 

synthesis of homoegenous GMs at 200 oC, and its water-mediated transfer onto 

arbitrary substrates. The GMs were realized to enable a biocompatible interface, which 

demonstrated sensitive and selective label-free biosensing through its controlled 

physicochemical properties. Future avenues of research in bioelectronics directed to 

address fundamental aspects such as the kinetics of binding and the diffusion/transport 

of species towards the sensor surface are desired. Importantly, more systematic 

investigations are required to evaluate the realistic performance limits of such sensors 

under practical and clinical conditions. An important challenge from an application 

standpoint includes the controlled engineering and optimization of such graphene-based 

devices to enable multiplexed detection. This is attractive for medical diagnostics, as 

often, more than one analyte species may serve as biomarkers for a single disease. 

Further, for the widespread adoption and application of graphene-based sensors, it 

requires improvements in device reproducibility, stability, and the reduction of signal drift. 

5.3. Outlook: Graphene for Energy Storage Devices 

Finally, we demonstrated plasma-based techniques for the synthesis of vertically-

oriented graphene nanosheets (VGNS), which addresses key challenges in energy 

storage devices. Here, reactive plasmas enable a single step growth of VGNS and its 

direct integration as active materials for supercapacitor electrodes. The VGNS feature a 

high surface area, an open and interconnected morphology of graphene nanosheets, 

thin reactive edges, and hence, attractive electrochemical properties for energy storage. 

Also, we demonstrate control in mass loading of VGNS by the plasma process (i.e., 

plasma-precursor matter interactions), while retaining good energy storage 
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performances. Indeed, graphene can be used as active or support materials in energy 

storage. From an application perspective, VGNS requires significantly higher mass 

loadings (i.e., comparable to activated carbon) in order to be utilized in practical 

supercapacitor devices. Therefore in future developments, engineered precursor 

materials should be investigated, together with plasma-matter interactions, to enhance 

mass loadings of VGNS as active materials. On the other hand, the morphological and 

hierarchical structure of VGNS facilitates its effective role as a support material. In 

particular, future developments should focus on the utilization and design of VGNS, to 

host heterogeneous hierarchical nanomaterials, metal oxide crystals, and functional 

groups, to enhance charge storage capabilities. The large surface area, combined with 

reactive edges, and open morphology of VGNS, may allow for homogeneous integration 

of such active materials in large quantity, while retaining good stability. This is promising 

to enable the next-generation of supercapacitor devices with high energy and powder 

densities, high specific and areal capacitance, fast rate capability, and long-term charge 

storage stability.   

5.4. Concluding Statement 

Indeed, the field of graphene research has progressed tremendously over the last 

decade. From isolated micrometer-sized flakes of graphene, we are now at the verge of 

practical graphene-enabled devices. Importantly, new insights and developments in 

nanoassembly processes have enabled unprecedented control in the morphology, 

functionality, and physicochemical properties of carbon nanostructures.  

In this thesis, new thermal- and plasma-enabled techniques have been developed to 

reform low-value, minimally-processed natural precursors into high-quality, 

multifunctional graphene nanostructures with controllable properties. In the thermal 

approach, natural precursors were transformed into homogeneous, large-area films of 

graphene in an ambient-air environment. Unlike conventional CVD, this technique is 

single-stepped, rapid, and does not require purified gases or vacuum operation. The 

thermally dissociated precursor fragments were found to promote 1) consumption of 

reactive oxygen species in the ambient-air, 2) a carbon-surplus environment, and the 3) 

formation of water vapor by-products that help maintain the catalytic ability of the growth 
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substrate, enabling the synthesis of graphene films in an otherwise destructive 

environment.  

In the plasma approaches, this enabled the single-step, rapid and controlled growth of 

GMs at low temperatures (200 oC). These GMs feature an interconnected morphology, 

reactive edges, and a high surface area. The plasma synthesis also enabled a water-

assisted transfer of GMs onto arbitrary substrates. This allowed the GMs to be 

integrated as functional materials to realize a sensitive and selective genosensor, and 

as a biocompatible coating for bioengineering applications. Further, the plasma process 

was developed to enable a single-step, low-temperature, controlled growth and direct 

integration of VGNS as an electrode material for supercapacitor application. Diverse 

natural precursors were reformed into homogeneous VGNS. The VGNS feature a high 

surface area, an open morphology, with interconnected arrays of vertically-oriented 

graphene sheets and reactive edges, which facilitate its excellent performance for 

supercapacitor applications.  

To this end, this thesis compounds a set of thermal- and plasma-based techniques 

which have been designed, developed, and implemented, to realize sustainable 

methodologies for nanoassembly. Moreover, these techniques may be adapted, tailored, 

and broadly incorporated, to effectively harness the unique functional properties of 

graphene, and a host of other hierarchical and heterogeneous advanced nanomaterials 

(i.e., 2D topological materials and van der Waals heterostructures). Consequently, 

these concepts may pave the emergence of sustainable nanotechnologies in renewable 

energy, clean water, and personalized healthcare, which promise to deliver positive and 

widespread socioeconomic impacts.  
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