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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 Q/sq, Raman
In/lc ratio of 0.15-0.25 and l2p/lg 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 °C) 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 1023 M is deduced, with selectivity to single-RNA-
base mismatched sequences.

Further, plasma enables a single-step, low-temperature (450 °C) 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/cm?, and a high areal capacitance of 0.46 F/cm?.

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 techniqgues 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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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



1. Literature Review

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].
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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 ym. 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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flms 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.).

[ A o= ¥

Hydroxyl  Epoxide Carbonyl Carboxylic

Graphite Graphene oxide Reduced graphene oxide

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 um. 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., HoSO4, NaNO3 and
KMnQy,) 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 HSO, / H,SO4 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).
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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, H,SO4
intercalants are introduced in the electrolyte [36]. At first, a low bias ~ +1V is applied to
introduce the intercalation of (negatively charged) SO4* ions into the grain boundary of
graphite. Then, a high bias of ~+10V is applied, and graphite is observed to expand (Fig.
5b - ¢), 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).
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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. 6¢) [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 sp®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., CHg, Ha, Oy,
Ar) are firstly introduced into the reaction chamber (i.e., quartz tube) [57]. Subsequently,
these gases undergo high-temperature annealing (~900 — 1100 °C) [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 Hy, and catalytic ability for the
dehydrogenation of hydrocarbons [63,64].
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Figure 8 | lllustration 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 O,/H,: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

10
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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.

Graphene on Etching of Graphene
Cu/Ni growth substrate on PDMS

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

11
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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].

Graphene on

/ Polymer support polymer support Released

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.

12
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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

13
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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 °C
[103-105].

A schematic for the PECVD setup is illustrated in (Fig. 12a) [106]. Precursor gases (i.e.,
CHg4, Hz, 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., CyH,, C-C).
Subsequently, these building units are delivered to the substrate surface by plasma

sheath effects, resulting in the formation of graphene nanostructures.
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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].
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Figure 13 | Plasma-enhanced chemical vapor deposition (PECVD) enables the growth of

vertically-aligned graphene nanostructures (VGNS). (a) lllustration 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].

Silicon

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:H; 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 °C), 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.,
CH,), carbon
containing
compounds (i.e.,

biomass)

Purified gases (e.g.,
CH,), carbon
containing
compounds (i.e.,

biomass)

Supplementary

materials

Highly concentrated
acids (e.g., H,SOy,
NaNO3;, KMnOy,),
intercalating
compounds and

solvents (e.g., NMP)

Etching gases (e.qg.,
Hz, O2)
Carrier gases (e.g.,
Ar, Ny)

Etching gases (e.g.,
Hz, O2)
Carrier gases (e.g.,
Ar, N,)

Processing time Up to 3 days Up to 3 hours ~ 10 minutes
Processing n/a ~ 1000 °C ~450°C
temperature

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 No Yes (Good quality No (Any electrically

dependence growth is limited to conductive substrate,
highly crystalline including amorphous
catalyst substrates) surfaces)

Graphene grain size | ~nm to um ~ dm to mm ~Hm

Graphene defect High Low Moderate

content

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 | Sensors, flexible and | Sensors, flexible and
storage devices, transparent transparent
functional inks electronics, electronics, energy

heterostructure storage devices,
junctions, water functional inks,
purification capacitive
membranes deionization
electrodes
References [28,29,32,46-49] [54-61,69,75- [103-

77,82,89,90,93]

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].
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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, R, denotes the resistance of the solution, Z,, denotes the Warburg impedance at
the diffusion layer, and Cq4 denotes the capacitance at the double layer. Nyquist plot reproduced
from [136], Copyright of OSA Publishing, 2015. lllustration 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 (Rc) 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].
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Hot draw
Cool draw

Contaminated Condensed
water fresh water

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 characte