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Abstract: The intrinsic properties of vertically aligned graphene (VG), such as high ratio of
exposed active edges compared to inert basal sites, non-stacking morphology and large surface-
to-volume ratio make it applicable to numerous advanced technologies such as sensors, flexible
electronics and fuel cells. Plasma-enhanced chemical vapour deposition (PECVD) has emerged
as a promising technique to synthesise graphene at lower temperatures than a conventional
chemical vapour deposition (CVD) process, providing a better control over the deposition

parameters to tailor graphene properties.

This study presents a cost effective, scalable, single step synthesis of a high quality VG at low
temperatures. The samples were synthesised in a microwave (MW) assisted CVD reactor,
allowing for decomposition of CH4 and H> gas mixtures in Ar as a carrier gas, and VG growth
directly onto Si wafer substrates without an additional heat applied to the substrate. Deposition
conditions, such as MW power, gas ratio, and substrate-to-plasma separation were optimized
to tailor the morphology, growth rate and electrochemical performance of the VG. The
physiochemical analysis revealed that the fabricated VG consisted of high quality vertically
aligned sp? graphene, whilst a cyclic voltammetry (CV) analysis confirmed that the structures
are electrochemically active and demonstrate a typical characteristics of quasi-reversible

processes.
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1. Introduction

The fabrication and utilisation of vertically aligned graphene (VG) become a prevalent research
topic due to the high conductivity of VG (resulting from its high number of exposed active
edge sites), large surface area and excellent chemical stability. An increased interest in the
synthesis of free-standing graphene structures is related to the amount of defects and ordering
in graphene based materials [1-5]. Vertically aligned graphene, also known as carbon
nanowalls or vertically oriented graphene, consists of multilayer graphene sheets arranged
perpendicular to the substrate, forming a mesh-like network. This unique branching shape
allows the well-known properties of graphene (such as high electron mobility [6], thermal
properties [7] and high strength [8]) to be combined with additional features that arise from the
vertical orientation, such as the exposed reactive edges, improved mechanical stability and

large surface area.

The controlled growth of VG leads to a porous three-dimensional structure of graphene,
resulting in an extremely high surface area [9]. This in turn benefits applications relying on the
storage of energy through charge accumulation at the electrode/electrolyte interface, such as
supercapacitors [10] and batteries [11]. The vertically oriented graphene films also present
abundant exposed edges. As presented by Brownson et al. [12], graphitic surfaces are
heterogeneous in nature, with different electrochemical activity in the basal and edge planes.
The latter has shown faster electrochemical reactions compared to the basal plane [13]. Thus,
the open and exposed edge structures observed in VG are particularly important for
applications depending on the edge activity (i.e. sensing [ 14] and fuel cells [15-17]). Moreover,
graphene nanowalls are typically synthesised by plasma-enhanced chemical vapour deposition
(PECVD) processes [1], which are a potential route to producing graphene materials at

relatively low temperatures and on a large scale.



PECVD has recently emerged in the synthesis of graphene as an alternative to thermal chemical
vapour deposition (CVD) [18], which is widely employed in the synthesis of high-quality
monolayer graphene [19]. Even though CVD-graphene has shown promising properties [20,
21], the process itself is limited to catalytic substrates (i.e. Cu and Ni) and the synthesis occurs
at high temperatures (1000°C). PECVD has been used in the synthesis of carbon-related thin
films, such as diamond-like carbon coatings [22, 23]. During the process, a glow-discharge
plasma is sustained in a chamber where vapour-phase chemical reactions and film deposition
occur. The plasma promotes the decomposition of carbon precursors such as CH4 or CoH» into
active species (i.e. atoms, ions, radicals) by electron impact dissociation and ion bombardment.
These events promote deposition at much lower temperature and higher rates when compared
to conventional CVD [24]. Therefore, the growth is catalyst-free and the synthesis of graphene
on temperature-sensitive substrates is feasible [25, 26]. Furthermore, another important
advantage of the PECVD process is the excellent control over ordering/patterning
nanostructures [27], which makes it possible to tune the physical properties of graphene, such
as spatial orientation and density, to meet specific applications [1, 28-30]. The growth
mechanism of VG is attributed to large concentrations of defects on the substrate surface due
to plasma bombardment, which serve as nucleation sites for graphitic films to grow. It has been
hypothesised that the VG rises from the curved area, i.e. defects or mismatches created by the
plasma, which serve as active sites for VG nucleation and growth, resulting in graphene layers
growing in the tangential direction. Open graphene edges formed at the top are also active sites
onto which following carbon atoms attach, supplied as a result of diffusion of carbon adatoms
on the surface of VG [5]. There are many benefits of the plasma environment affecting the
growth of graphene, such as the ability to focus energetic ions on the substrate surface, creating
a chemical potential gradient allowing for fast precursor delivery and film growth. Moreover,

plasma increases the synthesis temperature and creates the electric-field induced polarization



of the substrate surface, which reduces the bonding energy of atoms to the substrate surface
and increases the diffusion coefficient, all of which facilitate film growth [5]. The presence of
Ar carrier gas allows for plasma ionisation by providing high-energy electrons and helps the
formation of C; species, which increase the degree of graphitisation on the substrate. High-
energy species drive reactions, such as methane decomposition or molecular hydrogen
dissociation and formation of reactive radicals without the need for applied heat (other than
that created in the plasma bulk) [31]. In the work of Vishwakarma et al. VG growth mechanism
in the presence of a MW plasma was attributed to the catalytic activity of hydrogen, which
enables Cn,Hy species formation in the hot region of the plasma, as a result of the H-shifting
reaction [32]. These energetic species (i.e. positive ions, radicals) are accelerated towards the
grounded substrate, where the VG structures are grown. Due to the complexity of the process
and the diversity of plasma sources used in the deposition of VG (such as RF [33], inductively
coupled plasma (ICP) [4] and MW [34-37]) there are still controversial results reported in the
literature and remaining challenges in standardising the growth of carbon nanowalls.
Nevertheless, several authors have reported synthesis of VG at temperatures significantly lower
(i.e. ~300 — 600°C) than that of conventional CVD processes [18, 25, 32, 35, 38-42]. Herein
the synthesis of vertical oriented graphene by microwave-assisted chemical vapour deposition
(MW-CVD) is presented. VG samples were produced in a bespoke rector directly on non-
catalytic Si wafer substrates and the process was carried out without additional heating or bias
applied to the substrates, resulting in relatively low substrate temperatures (< 300 °C). The
versatile process developed in this study proves that it is possible to tailor VG properties by
adjusting the growth conditions, such as the plasma to substrate distance and deposition time.
Therefore, this study contributes to the development and standardization of VG synthesis,

aiming to advance the research of vertically oriented graphene nanosheets at a relatively low



temperature range, allowing the use of temperature sensitive substrates and, in turn, expanding

their potential applications.
2. Experimental
2.1 Chemicals and materials

The chemicals used in this work were of analytical grade and used as received from the supplier
Sigma-Andrich UK, this includes a solution of 1 mM [Ru(NH3)s]*"?>" and 0.1 M KCI and
Ag/AgClreference electrode . The coiled Pt wire counter electrode was purchased from Alvatek

Ltd.
2.2 Synthesis of vertically aligned graphene

VG was synthesised in a bespoke reactor equipped with a microwave power supply (MKS
Instruments Ltd.) having a maximum power output of 3.0 kW at 2.45 GHz frequency. Fig. 1

schematic illustrates the MW-CVD reactor used in this study.
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Prior to VG deposition, the chamber was pumped down to a base pressure of approximately
6.67x103 Pa. A UV light source was used to facilitate ignition of the plasma discharge and
provide stability during the synthesis. The pressure during the deposition was kept constant at
approximately 933 Pa by adjusting the pressure control valve. Methane (CHa4), hydrogen (H>)
and argon (Ar) gases were fed into the plasma head via set of mass flow controllers (MKS
Instruments Ltd.). The gases were broken down remotely by the supplied MW power to form
a plasma consisting of a high number of radicals that were delivered towards the substrate. The
silicon wafer substrates (P(Boron) <100>, ~0.7 mm thick, Pi-Kem Ltd.) were placed
underneath the plasma head on an adjustable height substrate holder made from anodised
aluminium, providing good thermal conductivity and electrical inertness. The adjustable
substrate holder allowed the distance between the substrate and the plasma to vary from 180 to
200 mm (see Fig. 1 for details). The operating temperature at the substrate holder was measured
using a K-type thermocouple, which was attached to the substrate holder next to the Si wafer
substrate, and VG was deposited directly onto Si wafer substrates. Prior to deposition the Si
wafer was cleaned in an Ar plasma for 15 minutes, allowing the Si substrate to heat up to the
operational temperature range. Table 1 summarises the conditions used during the cleaning and

deposition processes.

Table 1: Process conditions adopted in this study.

Step Synthesis MW Power Plasma to substrate  Gas flow rate Pressure
time (min.) (W) distance (mm) (sccm) (Pa)
Ar 15 2800 180 —200 Ar=1000 933
Cleaning
VG 5-40 2000 — 2500 180 —200 Ar=1000 933
Deposition H, = 800
CH4=80-200

2.3 Physicochemical characterisation



Raman spectroscopy (Renishaw inVia) was carried out using the 514.5 nm excitation
wavelength of an argon ion laser at 10 % of its full power to avoid damaging the samples. Each
spectrum is a record of three scans accumulated over 10 seconds exposure time at selected

points of the sample surface.

Scanning electron microscopy (SEM, Zeiss Supra 40VP) was used in this study to determine
the surface and cross-sectional morphology of the as-synthesised vertically oriented graphene.
The SEM is equipped with a field emission cathode as an electron source and two different
detectors (SE2 and InLens). The samples were analysed at an acceleration voltage of 3.0 kV
and a working distance of 3.0 mm. In order to characterize the sample cross section, the

coatings were fractured using liquid nitrogen.

A High-Resolution Transmission Electron Microscope (HRTEM, FEI Talos F200A) was used
to obtain the microstructure of VG synthesised by MW-CVD as well as number of layers in
the VG sheet. Graphene flakes were lifted out from the substrate, diluted in methanol,
ultrasonificated and pipetted onto copper grids with a carbon film (Agar Scientific). TEM

images were acquired under 200 kV acceleration voltage.

X-ray photoelectron spectroscopy (XPS) was performed to obtain the information about the
chemical state of the elements in the samples. VG samples were analysed using an Axis Supra+
X-ray photoelectron spectrometer (Kratos Analytical Ltd.) equipped with Al Ko X-ray source.
The binding energy values of XPS lines were calibrated using the C 1s peak of adventitious
carbon at 284.8 eV as a reference. Data interpretation was carried out using CasaXPS software

v2.3.18.

2.4 Electrochemical characterisation

Cyclic voltammetry (CV) was used to determine the heterogeneous electron transfer coefficient

(k°) and the electroactive area (Aactive) Of the fabricated VG samples, measurements were



carried out using an AUTOLAB PGSTATI101 driven by NOVA 2.0 software. Electrochemical
testing was conducted in a typical three-electrode system, which consisted of a coiled Pt wire
counter electrode, a saturated Ag/AgCl reference electrode and the synthesised VG as the
working electrode. Note that the geometric area of the VG working electrodes was delimited
to be 3.2 mm?. The electrochemical area of the VG working electrodes was determined using
a solution of 1 mM [Ru(NH3)6]*"*" and 0.1 M KCl, which was degassed with nitrogen before
the experiments. A potential window of -0.2 to -0.6 V was used for the CVs whilst 10 distinct

scan rates from 5 to 500 mV s™! were sequentially implemented.
The electrochemically active area (Aacive), Was calculated from the Randle-Sevcik equation:

Ipquasi = £0.436nF Agcrive C(NFDgyv / RT)%. In the equation the i, is the cathodic current
peak, n is the number of electrons involved in the reduction, C is the concentration of the
solution, D, is the diffusion coefficient for Ru(NH3)6*"?* (9.1x10°° cm? s™!), v is the scan rates,
F being the Faraday constant, R being the gas constant and 7" is the temperature in Kelvin [43-
46]. The Aactive 1s widely used in graphene-based materials research [47, 48], and it is calculated

from the slope of the i, versus v/2 curves.

In order to estimate the heterogeneous electron transfer (HET) constant £° of the VG
working electrodes, the Nicholson method was employed [49], allowing to determine ¢
(kinetic parameter): ¢ = k°[mDnvF/RT]~/2. In Nicholson equation D is the diffusion
coefficient of the analyte (in this case 9.1x107° cm? s™! for [Ru(NH3)s]*"%"). ¢ can be deduced
from the peak to peak separation (AEp) of a single electron transfer faradaic process (at 298 K)
given that : ¢ = (-0.6288 + 0.0021 X )/(1-0.017X), where X = AEp. A plot of
[mDnvF /RT]~'/? against ¢ yields a value for a standard heterogeneous rate constant, HET

(k°). If AEp exceeds 212 mV the following formula should be implemented:

1
[2.18 (aDnvF /RT)z]exp [- (a*nF /RT) x AEp], where a is assumed to be 0.5 [50, 51].



3. Results and discussion

3.1 VG growth and morphology

The synthesis of VG through MW-CVD did not require any catalyst and the remote plasma
allowed the deposition to take place at significantly lower temperatures when compared to
other studies [18, 52, 53]. It is believed that the plasma environment affects the growth of
graphene by influencing the energy (and therefore mobility) of active species like ions and
electrons at different pressures, gas composition or applied power. Moreover, the microwave
frequency promotes the formation of radicals within the plasma bulk, species, which are known
for being extremely reactive. Vishwakarma et al. attempted to explain the possible growth
mechanism of VG networks at low temperatures based on the hydrogen shifting reaction, which
due to its great catalytic activity forms C,Hy species in the hot region of the plasma [32].
Authors also pointed out the importance of the Ar carrier gas in plasma ionisation by providing
high energy electrons. Therefore, the VG was deposited directly on Si wafer with no additional
substrate heating or biasing, eliminating the transfer step employed in the growth of graphene
on catalytic substrates, such as Cu. To investigate the growth mechanism of the synthesised
VG, the effect of several parameters on the film structure, such as deposition time, power,
substrate distance from the plasma and gas ratio, were evaluated. Fig. 2 a-d) shows Raman

spectra obtained from VG samples deposited under variable operating parameters.
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Figure 2: Raman results for the time-dependent growth of VSG a); the effect of MW power b),
gas ratio c¢) and plasma to substrate distance d). Unless specified otherwise the remaining
parameters were kept constant: gas ratio 1:8, pressure 933 Pa and plasma to substrate distance
185 mm, MW power 2.5 kW, deposition time 15 min.

In Fig. 2 a) Raman spectra were obtained from the samples deposited for different times, from
5 up to 40 minutes, while the other parameters were kept constant (1:8 CH4:H», 933 Pa, 2.5 kW
and 15 mm, respectively). It is clear that the shape and intensity of the peaks change with
deposition time, and short-time synthesis (i.e. 5 min) is not sufficient to form VG. On the other
hand, if the deposition time is too long the samples start to become amorphous, which is
indicated by the broadening of the peaks. The effect of gas flowrate ratio on the growth
mechanism of the VG is illustrated in Figure 2 b). The CH4:H> ratios were adjusted to 1:4, 1:8
and 1:10, respectively. The intense peaks observed for the composition 1:8 indicate that this
sample has a higher degree of crystallinity than samples deposited under the remaining gas
ratios, 1:4 and 1:10, respectively. Fig. 2 ¢) shows Raman shifts from VG obtained for the three
powers tested: 2, 2.5 and 2.8 kW. The power applied affected the synthesis temperature
measured by the thermocouple at the substrate holder and resulted in intensity differences of
the G-band, related to the D-band, indicating that the defect content varies with MW power.
Moreover, at 2.8 kW power the D’-band is not visible, which could be explained by the merging

of G and D’ peaks at high defect concentration, due to the highest bombardment rates of the
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active species in the plasma, such as electrons or radicals, at higher power. Finally, adjusting
the height of the substrate allowed VG deposition at shorter sample-to-plasma distances, which
as a consequence increased substrate temperature from 275°C at 200 mm sample-to-plasma
distance to 336°C at 180 mm sample-to-plasma distance, under otherwise identical conditions.
As obtained from Raman analysis, reducing the sample-to-plasma distance from 200 mm to
185 mm and 180 mm, respectively, improves the crystallinity of the samples, as indicated by

the sharp peaks observed in Fig. 2 d).

The Raman spectrum for graphene has three prominent bands: G-band at 1582 cm™!, 2D-band
at approximately 2700 cm™! and D-band at 1350 cm™ [54] and the Raman results from VG
samples presented in Fig. 2 consists of five main peaks, namely: D (1350 cm™), G (1595 cm”
h, D’ (1620 cm™) 2D (2680 cm™) and G+D (2940 cm™). This is related to the introduction of
disorder (i.e. the graphene edges) that breaks the crystal symmetry of graphene and activates
vibrational modes that otherwise would be silent, such as the D-band, D’-band and D+G-band
[55]. The G-band indicates the graphitic characteristic of the material, i.e. its ability to conduct
electricity and the broadened line width observed for 2D can be attributed to the relaxation of
double resonance in Raman and is related to the random orientation of graphene sheets [56].
The D-band is attributed to the disorder-induced phonon mode and reflects the presence of
disorder in sp? hybridised carbon materials [57]. The high intensity peak observed at
approximately 1350 cm™ in most of the samples is due to the large fraction of carbon edges
breaking the symmetry of the lattice. These types of defect are correlated to the enhanced
adsorption and electron transfer process in graphene-related materials [12]. Thus, the presence
of defects attributed to the D-band is important for the electrochemical activity of VG. As stated
by Ferrari and Robertson [58], the Raman spectrum depends mainly on sp? content (i.e.
presence of sp® rings or chains), bond disorder and sp?/sp® ratio, also known as the

amorphisation model. The transformation of graphite to amorphous carbon is described
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through three stages: (i) graphite to nanocrystalline graphite (NG); (ii) NG to low sp’
amorphous carbon; (iii) low sp> amorphous carbon to high sp* amorphous carbon. The G peak
is just related to the relative amount of sp? carbons and therefore, it is assumed to be constant
as a function of disorder [59]. However, the D-band intensity is different in each stage and it
characterizes two regimes: low defect regime (attributed to stage (i)) and high defect regime
(attributed to stage (ii)). It is established that Ip is directly proportional to the amount of defects

in stage (1) and inversely proportional to defects in stage (ii).

Fig. 3 shows the evolution of the peak ratio Ip/Ig, which increases with deposition time up to
25 minutes of deposition, following by a significant decrease. The ratio between D and G
(In/Ig) provides information about the amount of defects and disorder in the films, therefore
this behaviour suggests that there are two disorder-induced mechanisms competing, and can be
explained by the amorphisation model of graphitic materials [58]. Long synthesis times lead to
the transformation of sp? content to sp> amorphous carbon, as found from Raman peak ratio
analysis. Hence, the increase of Ip/Ig ratio up to 25 minutes corresponds to stage (ii) and
samples deposited for 15 minutes demonstrate the highest defect content observed in the time-
dependent analysis. Longer deposition times (> 25 minutes) are described by stage (i), i.e. the
low defects regime. Moreover, the broadening of the peaks shown by the FWHM values in
Table 2 can be attributed to the relaxation of double resonance in Raman scattering due to the
random orientation of the graphene layers [27]. Therefore, based on Raman peak analysis the
optimum deposition time lies within 15 and 25 minutes with sample deposited for 15 minutes

contains the highest content of defects (i.e. largest Ip/Ig ratio).
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Figure 3: Ip/Ic Raman shift intensity evolution as a function of deposition time. The remaining
synthesis parameters were kept constant: gas ratio 1:8, pressure 933 Pa and plasma to substrate
distance 185 mm, MW power 2.5 kW.

Table 2: Full width at half-maximum (FWHM) and peak ratio analysis of D, G and 2D-Band
for the deposition time study. Except for deposition time, synthesis parameters were kept

constant: gas ratio 1:8, pressure 933 Pa and plasma to substrate distance 185 mm, MW power
2.5kW.

Peak position FWHM (cm™) In/I
Deposit?on time D G 2D D G 2D
(min.)

5 1333.33  1607.04 2667.72  78.12 39.01 237.02 0.88
15 1349.58  1598.96 2689.35 47.98 48.45 124.16 2.09
20 1350.41 159541 2689.93 46.78 4343 12395 2.06
25 1349.49 159491 1685.93  48.25 40.17 155.39 2.04
30 1335.00 1603.70 2659.82 9280  43.14 271.85 0.78
40 1335.34 1601.32 2659.44 140.15 55.63  244.19 0.70

The gas ratio study showed that for the 1:10 gas composition the low intensity of the G-band
indicates poor graphitic structure. For the CH4 rich gas composition (ratio 1:4), on the other
hand, black powders were observed on the substrate and the spectra recorded in the Raman
indicated the presence of amorphous carbon and in some areas of nucleation islands of VG, as
shown in the SEM image in Fig. 4 a). By adjusting the gas ratio to an intermediate composition

14



(i.e. 1:8 ratio), a significant improvement in the crystallinity of the samples was observed, as
indicated by the intense peaks in the Raman spectra presented in Fig. 2 b) and a typical flower-
like VG structure in Fig. 4 b). Excess of CH4 in the gas mixture facilitates amorphous carbon
formation with only several nucleation sites for VG, as shown in the form of graphene islands
in Fig. 4 a). It is believed that the growth of VG is a competing process between etching
amorphous carbon by H> and forming nucleating graphene islands. The synthesis involves three
critical steps, which are in brief: the adsorption of hydrocarbon building units and nucleation
of a graphene buffer layer on the substrate surface, the vertical growth directed by the electric
field within the plasma discharge, and a termination step due to graphene edges naturally

ceasing at a closed edge [5, 60, 61]. Thus, the composition 1:8 resulted in a balance between

these two events, leading to the growth of crystalline sp? carbon with vertical orientation.

Figure 4: SEM images for of the top view of VG deposited in CH4 — rich atmosphere, ratio 1:4
a) and at gas ratio 1:8 b), deposited for 15 min at pressure 933 Pa and plasma to substrate
distance 185 mm, MW power 2.5 kW.

Moreover, Raman spectra for VG synthesized using the composition 1:8 did not show the D’
peak. D and D’ bands are only active in the near vicinity of defects. Especially for the D’ peak,
there are only a few studies discussing its origin [57, 62]. In general this peak has a relatively

low intensity when compared to the D-band, and at sufficient high defect concentrations the
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D’ peak starts to merge with the G-band [57]. Thus, it becomes difficult to separate the
contribution of G and D’-bands, as observed for the ratio 1:8. However, the work carried out
by Eckmann et. al [57] showed that the Ip/Ip’ ratio can also give information about defect type,
such as hopping defects, on-site defects and charged impurities. These three types of defects
are produced by the deformation of the carbon bonding, out-of-plane atoms bonded to carbon
atoms (i.e. C with sp® hybridization) or charged species adsorbed on the graphene sheet,

respectively.

Fig. 5 a-d) presents the evolution of VG morphology with deposition time observed in the
SEM. It was found that when the deposition time was increased the exposed network of VG
was gradually compromised, until the organization was no longer observed after 30 minutes of
synthesis. The cross-section images shown in the insets also show the exposed edges and the
vertical orientation of the coating, however, no organisation was observed in the sample
synthesised for 30 minutes (Fig. 5 d)). This is due to the longer exposure of vertically growing
walls to high-energy ion bombardment sintering amorphisation. Moreover, the sample
deposited for 15 minutes exhibits the thinnest nanosheets and the highest content of defects,
which is indicated by the highest Ip/Ig ratio in the Raman analysis (see Table 2 and Fig. 3 for

details).
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Figure 5: SEM images for the time-dependent analysis, showing the top view of the samples
and the cross section (inset) deposited for 15 a), 20 b), 25 ¢) and 30 minutes d) at gas ratio 1:8,
pressure 933 Pa and plasma to substrate distance 185 mm, MW power 2.5 kW.

Fig. 6 a-c) shows graphene deposited at variable powers, but under constant remaining
synthesis parameters. Increasing the MW power from 2 kW to 2.5 kW caused a significant rise
in the thickness of the growing graphene film. At 2 kW power the thickness measured was
approximately 40 nm, whereas at 2.5 kW it was approx. 200 nm, which is a five-fold increase.
There was no additional heater coupled to the substrate holder, therefore the temperature
recorded by the thermocouple on the substrate holder shows the direct response to the applied
power. The substrate temperature increases with power, which favours the growth kinetics of
nanostructures and therefore the growth rate of VG increases with temperature, as shown in
Fig. 6 a-b). At 2.8 kW, on the other hand, the sample showed no organisation, as can be seen
in the cross sectional inset in Fig. 6 c). Since the applied MW power is responsible for the

degree of ionisation in the plasma and the heating of the substrate, it is believed that at higher
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powers the ionisation rate will increase causing faster film growth that will naturally cease at
closed edges over time, densify the film and start damaging the nanostructures formed. The top
surface in Fig. 6 c¢) also shows significantly thicker/denser nanosheets that appear to have a
‘noodle-like’ structures rather than thin flakes when comparing to remaining micrographs. The
cross-section image in the inset also shows rather dense structure without the sign of vertically
standing structures. The thick edges could be associated with the high intensity G-band

obtained from Raman analysis shown in Fig. 2 c).

Figure 6: SEM images obtained from samples deposited under 2 kW a), 2.5 kW b) and 2.8 kW
c) applied power, respectively. The remaining synthesis parameters were: gas ratio 1:8,
pressure 933 Pa and plasma to substrate distance 185 mm, time 15 min.

Fig. 7 shows the SEM results collected from the samples deposited at 185 and 180 mm distance
between the plasma and the substrate, respectively. It is noticeable that the distance from the

plasma greatly affected the thickness of the VG samples and their morphology. When the
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distance between the substrate and plasma head was reduced from 185 to 180 mm the sample
thickness increased from 180 nm to 596 nm, respectively, as shown in the insets in Fig. 7 a-b).
This fact can be related to the higher deposition rates achieved at higher temperatures due to
closer proximity to the plasma. However, decreasing the distance from plasma also resulted in
a cauliflower like structure, as can be seen in the top view images in Fig. 7 b). According to
Ostrikov et al. [61], the morphology of nanostructures formed in PECVD systems depends on
supply and consumption of precursors, whereby the consumption depends on the substrate
temperature. Since all the other parameters were kept constant, the substrate temperature is
determined by the distance from the plasma. Thus, the morphology and thickness of VG

synthesized through MW-CVD is influenced by the distance from the substrate to the plasma.

Figure 7: SEM images obtained from VG deposited at variable plasma to substrate distance of
185 nm a) and 180 mm b), respectively, at gas ratio 1:8, pressure 933 Pa, 2.5 kW applied power
and synthesis time of 15 min.

Fig. 8 a) shows full view TEM image of the graphene flakes deposited for 25 minutes. HRTEM
analysis depicted in Fig. 8 b-c) revealed that the graphene flakes consist of several (~5-20)
layers of graphene. Moreover, Fig. 8 ¢) shows a typical tapered edge of VG described in details
elsewhere [5]. It is believed that tapered edges are commonly observed in VG structures and
such arrangements between the layers could cease the growth mechanism of VG. This in turn,

could lead to VG growth termination according to the amorphisation model of graphitic
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materials, if the synthesis time increased beyond 25 minutes, which supports hypothesis

described in Fig. 3.

Figure 8: a) Full view TEM image of VG graphene flakes deposited by MW-CVD; b) HRTEM
image showing the edge of the VG consisting of a few layers of graphene; c) The inset of the
magnified edge in a) is a HRTEM image showing relatively thick (~20 layers) tapered edge of
VG. Sample was synthesised at gas ratio 1:8, pressure 933 Pa, power 2.5 kW, plasma to
substrate distance 185 mm and synthesis time of 25 min.

3.2 Electrochemical Characterisation

As described in the experimental section cyclic voltammetry (CV) was implemented to explore
the electrochemically active area of a VG working electrodes using the near ideal outer sphere
redox probe 1 mM [Ru(NH)¢]*" / 0.1M KCI. [63]. The obtained CVs were used to determine
the electrochemical area and the heterogeneous electron transfer coefficient (k°). The results
collected from samples deposited for 15 and 20 minutes at plasma to substrate distance of 185
and 180 mm were obtained from a range of voltammetric scan rates study, as presented in Fig.
9 a-d). Samples were synthesised at MW power of 2.5 kW, gas ratio 1:8 (CH4:H>) and a
pressure of 933 Pa. The insets present the analysis of the current peak as a function of scan

rate.
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Figure 9: CV profiles recorded using 1 mM [Ru(NH3)s]*"?* in 0.1 M KCl, at different scan
rates for VG grown at h = 15 mm for 15 minutes a) and 20 minutes b) and at h =20 mm for 15
minutes ¢) and 20 minutes d), respectively. The insets present the analysis of the current peak

as a function of scan rate. Remaining synthesis parameters were: gas ratio 1:8, pressure 933
Pa, power 2.5 kW.

It was previously observed that porous structures may give an apparent improvement in the
voltammetric response, which gives rise to misinterpretation of the electro-catalytic nature of
the sample [64]. This event is known as the “thin layer effect” and it happens when
electroactive species are trapped into electrodes with a porous structure, forming a ‘thin layer’
of solution that apparently increases the electrochemical response of the sample. To ensure that
the voltammetric response obtained in this study is diffusional in nature, and not due to the thin

layer effect, the peak current was monitored as a function of a scan rate. As seen in the inset
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graphs in Fig. 9 a-d), the linear response observed for these samples indicates that the

electrochemical response is purely diffusional.

The electroactive areas (Aactive) and k° values were calculated from the Randle-Sevcik equation
for quasi-reversible process and Nicholson’s method, respectively, as described in
Experimental section, and are shown in Table 3. The geometric area (Ageo.) of the working
electrode was fixed for all tests and corresponded to physical dimensions of 7.89x1072 cm?. By
dividing Aucive Obtained from Randle-Sevcik equation by the Ageo., it is possible to estimate
how much of the surface area of VG is electrochemically active (%oReal = Aactive/ Ageo.*100%)
[45]. However, a deeper investigation of the specific surface area of VG is required to correlate

the improved electrochemical properties with the porosity of synthesised films.

Table 3: Summary of the electrochemical properties of the VG synthesised in this study.
Remaining synthesis parameters were: gas ratio 1:8, pressure 933 Pa and power 2.5 kW.

Sample Plasma to Deposition AEp/mV HET Aactive %Real
number substrate time (min) (@100 mVs! ., (cm?)
. (k°cm™)
distance (mm)
VG-A 185 15 119.6 3.68E-03 3.22E-02  41%
VG-B 185 20 107.4 6.53E-03 3.49E-02  44%
VG-C 180 15 100.1 6.09E-03 4.68E-02 59%
VG-D 180 20 100.1 7.28E-03 4.51E-02 57%

As the sample to plasma distance reduces from 185 to 180 mm there was a corresponding
decrease in the obtained 4E,, suggesting that, as the VG gets larger in vertical height its ability

to effectively transfer electrons increases.

The lowest HET values obtained for the VG synthesized for 15 min at 185 mm away from the
plasma bulk can be explained by it having a smaller ratio of active edge sites to inactive basal

sites when compared to the remaining samples. VG grown for 15 and 20 min at a closer distance
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to the plasma present faster electron transfer kinetics when compared to the samples
synthesised at 185 mm distance from the plasma for the same time. The deposition times of 15
and 20 minutes, on the other hand, were found to have a smaller influence on the electron
transfer abilities of the samples. As shown in Table 3, the electroactive area in samples
deposited for 15 minutes consists of just above 40% of the total sample area subjected to the
cyclic voltammetry test, whereas samples synthesized for 20 minutes show electroactive areas
of nearly 60%. The average 20% difference in electroactive area in samples deposited at these
plasma-to-substrate distances could be attributed to the deposition temperature, which was
recorded to be approximately 60°C higher for the samples synthesised closer to the plasma.
The growth temperature of VG is a critical parameter and directly affects the surface reaction
kinetics [25, 65]. The temperature uniformity influences not only the nucleation rate, but also
the film crystallinity, composition, mechanical properties and electrical transport properties
[27, 66, 67]. For this reason, several authors have used external heaters coupled with the
substrate holder aiming to keep the growth temperature constant [68, 69]. Thus, faster
deposition rates are achieved at higher temperatures, which significantly increased the VG
thickness to 596 nm and the surface area displayed cauliflower-like structures in Fig. 7, which
could benefit the electrochemical transfer of the VG structures. However, Brownson et al. has
shown that increased mass of graphene results in increased AE, [70], which could imply that
the unhindered graphene networks and exposed electrochemically active edges could lead to

an improvement in the HET and Aactive in this study.

The synthesized samples selected for electrochemical characterisation were analysed by XPS
to further investigate the chemical states of the elements with respect to their functional groups.
Fig. 10 a-d) shows de-convoluted high resolution XP spectra for C s collected from samples
listed in Table 3, respectively. C 1s peaks show a typical graphite/graphene sp? structure with

a tail visible at the higher energy end in every sample. The de-convoluted C 1s peaks consist
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of C=C at a binding energy of 284.5 eV, C-O at 286.0 eV and n-n* satellite bonds at 290.9 eV.

The atomic concentrations of each corresponding carbon phase are assigned in the spectra.

Raw intensity C=C 73.29 at% Raw Intensit)
35000 4 @) C 18 (C20) ; ° 350004 b) hoiiived C=C 85.01 at%
——C1s(C-0) \ ——C1s(C-0)
30000 - C 1s nnx (Satellite) 30000 C 1s n-n' (Satellite)
o —— Background ) —— Background
I - - Peak sum E - - Peak sum
S 25000 4 S 25000
3 5]
8 e
> 20000 > 20000
3 g
2 15000 < 15000 4
£ c
= I =
[ I Cc-0
€ 10000 c-0 f S, 10000
= o 2 13.93 at%/,
7 23.26 at% 2 . N 7
5000 - " 3.45 at% / 5000 me 1.06at% g
0 T T T T T T T 0 T T T T T T T
294 292 290 288 286 284 282 294 292 290 288 286 284 282
B.E. (eV) B.E. (eV)
45000 Raw intensity 4d Raw intensity C=C
c) ——C1s(C=C) C=C 79.70 at% 40000 ) ——C 1s(C=C) 85.90 at%
40000 C1s(C0) ——C1s(C-0) - o
. C 1s n-n#(Satellite) = 35000 C 1s n—n* (Satellite)
K —— Background B —— Background
‘g 35000 — - Peak sum ‘g 30000 4 - - Peak sum
3 30000 - 8
KC "2 25000 4
> =
2 25000 - B
2 S 20000 4
£ 20000 £
£ =
5 T 15000
g 15000 4 5
P n 4
9 10000 c-0 10000 co
* o 14.73 at%/ * 8.63 at% /,
5000 - n—*n 5.56 at% < 5000 - KTI 5.47 at% NS
0 0

T T T T T T T T T T T T T T
294 292 290 288 286 284 282 294 292 290 288 286 284 282
B.E. (eV) B.E. (eV)

Figure 10: High resolution XPS spectra collected from sample VG-A a), VG-B b), VG-C ¢)
and VG-D d), respectively. Cls peaks have been de-convoluted and atomic concentration of
each phase have been ascribed in graphs.

The XPS results revealed that the VG mainly consists of graphene C=C bonds, relatively small
amount of graphene oxide on the surface indicated by C-O bonds and a n-n* shake-up satellite
peak characteristic feature of sp? hybridization of carbon. The conductivity of sp? carbon is
related to the availability of n-conjugate delocalized electrons, therefore it could be considered
that as the amount of n-n* increases, so does the electrical conductivity [71, 72]. This agrees
with findings obtained in this study, as the lowest concentrations of the satellite peaks were

detected in samples VG-A and VG-B synthesised for 15 minutes, which also showed the
24



slowest electron transfer (increased AE, calculated from electrochemical tests shown in Table

3).
4. Conclusions

In this study, it was demonstrated that the high-density plasma created by a microwave power
supply provides enough energy to heat the substrates, allowing direct deposition of VG on non-
catalytic substrates, such as Si wafers. The synthesis of the VG at temperatures in the range of
300°C opens up the possibility for direct synthesis of graphitic materials onto temperature-
sensitive substrates, such as polymers. Based on Raman and SEM analysis it was demonstrated
that deposition parameters, such as deposition time, gas ratio, power and substrate distance
from the plasma influence the growth of vertical graphene structures. The deposition
temperature, which is a result of the applied MW power, resulted in increased defect content
at higher MW power and thicker VG. This could be attributed to enhanced film growth at
higher synthesis temperature, which favours the growth kinetics of VG nanostructures.
Whereas the prolonged synthesis time in close proximity to the highly energetic plasma
(smaller substrate-to-plasma distance, increased synthesis temperature) could lead to
amorphisation of the structure and undesired sp? to sp? transitions. Finally, the CH4:H> gas ratio
plays an important role in VG formation, as the synthesis is a competition between the etching
process of amorphous carbon by H> and the growth of graphene. Therefore, the operating
conditions must be tailored to achieve a balance between these two events in order to grow

crystalline sp? carbon with vertical orientation.

The CV analysis showed that samples synthesized for 15 and 20 minutes at 185 and 180 mm
distance from the plasma are rather similar and characteristic of quasi-reversible processes. VG
grown for 15 and 20 min at smaller distances to the plasma showed faster electron transfer
kinetics and higher electroactive areas when compared to the samples synthesised at a larger

distance for the same time. The VG synthesised for 15 and 20 min at a distance of 185 mm

25



away from the plasma showed fewer active sites when compared to the samples grown for the
same time, but closer to the plasma, which is indicated by the reduction in the percentage of

available active sites.

Finally, XPS analysis revealed that the VG mainly consists of graphitic sp? hybridized C=C
bonds showing characteristic tail at higher energy levels. The atomic concentration of the
satellite peaks at 290.9 eV could affect the electrochemical performance of the samples, as

obtained from cyclic voltammetry test.
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