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ARTICLE INFO ABSTRACT

Keywords: In response to the growing demand for sustainable graphene synthesis methods, traditionally characterized by
Electrochemical behaviour harsh conditions and prolonged processing, we present an innovative approach. Here, graphene is synthesized
Graphene utilizing melaleuca alternifolia, a natural resource, under mild conditions of cold plasma. This method not only
Ascorbic acid . . . . . . . . .

Usic acid aligns with the increasing need for environmentally friendly processes but also boasts efficiency, producing
Dopamine graphene within seconds. Our investigation employs various analytical techniques, including Raman spectros-

copy, confirming the successful synthesis of graphene. The distinctive peaks identified in the spectroscopic
analysis validate the high quality of the graphene material produced. Beyond synthesis, our study delves into the
electrochemical properties of the synthesized graphene. Rigorous testing with real biomolecules reveals
enhanced current peaks, underscoring the potential applications of graphene in the realm of electrochemical
sensing. This work contributes to advancing sustainable and efficient graphene synthesis while exploring its

Atmospheric pressure microwave plasma
A sustainable precursor

promising properties for practical applications.

1. Introduction

Graphene, celebrated for its exceptional properties, is typically
synthesized using methods involving harsh conditions and non-
renewable resources. The traditional approaches, including modified
Hummers’ method and chemical vapor deposition, present challenges
such as environmental impact, extensive processing, and high costs [1,
2]. Graphene has previously been synthesized using solution-based
reduction methods, including photochemical, electrochemical, hydro-
thermal, and mechanochemical processes [3]. In response, the emerging
atmospheric pressure microwave plasma (APMP) method offers a dry,
sustainable, and scalable alternative for graphene synthesis. Unlike
conventional methods, APMP eliminates the need for pre-heating, high
vacuuming, and substrate dependence [4,5].

The choice of precursors significantly impacts sustainability.
Commonly used non-renewable sources like graphite and graphene
oxide are being replaced with regenerative alternatives. However, the
use of sustainable precursors in APMP remains unexplored [6-9]. A
potential solution lies in melaleuca alternifolia, known as tea tree, a
naturally occurring and hydrocarbon-rich resource. Cost-effective and
abundant, it has shown promise for graphene synthesis. While
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previously used in the PE-CVD technique, the process was
time-consuming and substrate-dependent [10,11]. The exploration of
melaleuca alternifolia in APMP for graphene synthesis could open new
avenues for sustainable and efficient production. Furthermore, the uti-
lization of such sustainably sourced graphene for the sensing of bio-
molecules including dopamine (DA), ascorbic acid (AA), and uric acid
(UA) has may not been reported.

DA serves as a vital catecholamine neurotransmitter within the
central nervous system, with its concentration typically measured in the
range of 10 nM-1 pM in biological systems. Deviations from normal DA
levels in biological fluids can serve as an indicative marker for various
neurological diseases, including Parkinson’s disease, schizophrenia, and
HIV infection [12]. Similarly, UA is a product of purine metabolism,
presenting itself within the range of 207-444 uM in the human body.
Elevated or insufficient levels of UA may contribute to several illnesses
such as kidney failure, gout, cardiovascular and chronic renal diseases,
pneumonia, hyperuricemia, etc [13]. Moreover, AA stands out as one of
the most essential vitamins in the human body, owing to its antioxidant
properties. It acts as a protective agent for cells and tissues against
oxidative stress, playing a crucial role in the metabolic processes of the
human body. Under normal conditions, the intracellular concentration
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of AA is estimated to be 1-2 mM. Abnormal levels of AA can lead to
various illnesses within the central nervous system [12]. Notably, AA
concentration generally surpasses the concentrations of DA and UA in
biological systems. Consequently, the swift and accurate measurement
of AA, DA, and UA concentrations in biological fluids is imperative for
the clinical diagnosis of relevant diseases.

A wide range of methods has been used for the detection of these
molecules. Among all those methods, electrochemical technique has the
advantages of detecting molecules in a simple, fast and cost-effective
way [14]. In the past, numerous studies were conducted for the elec-
trochemical detection of DA, AA, and UA. Graphene has appealed sci-
entists as an interesting material in the design of new electrochemical
sensors owing to its high electro-catalytic activity, great conductivity
and large surface area [15]. Graphene in its pristine form as well as its
types including nitrogen-doped graphene/oxide [16], reduced-graphene
oxide [17], or simply graphene oxide [18], and their composites with
metals [19-21] have been employed for DA, AA, and UA detection.
Graphene, synthesized particularly from a sustainable precursor has so
far may not been reported for the electrochemical determination of DA,
UA, and AA. It is crucial to use sustainable precursors since the depletion
of the resources can put challenges for the future synthesis of graphene.

The current study aims to emphasize the feasibility of producing
graphene from a sustainable source under mild conditions, such as low
temperature and ambient environments. The research will elucidate the
use of cold microwave plasma and define the optimal synthesis pa-
rameters utilized in the procedure. Additionally, we introduce the pio-
neering application of sustainably sourced graphene, derived from
melaleuca alternifolia extract, for the electrochemical detection of DA,
AA, and UA, signifying a notable advancement in this field.

2. Materials and methods
2.1. Materials

Tea tree oil was supplied by Australian Botanical Products (ABP,
Victoria, Australia). Sodium dihydrogen orthophosphate, sodium hy-
droxide (NaOH), di-Sodium hydrogen orthophosphate, potassium
chloride (KCl), potassium hexa-cyanoferrate (III) K3[Fe (CN)gl, DA. AA,
and UA were procured from Sigma-Aldrich. Milli-Q ultrapure water was
utilized throughout the experiments.

2.2. Synthesis of graphene

Graphene nanosheets were prepared in a downstream atmospheric
pressure microwave plasma, employing a methodology outlined in a
prior report [22,23]. The process involved introducing tea tree oil va-
pours into a plasma-ignited quartz chamber, with argon serving as the
carrier gas. The tea tree oil vapours navigated through distinct plasma
zones, undergoing a transformation into graphene. The extraction of
graphene for subsequent analysis was carried out from the open end of
the tube.

A critical exploration of the influential microwave power parameter
was conducted across three discrete levels: 150 W, 200 W, and 250 W.
This systematic investigation aimed to discern the optimal conditions for
graphene synthesis. Following this, the process parameters were finely
tuned, establishing 200 W as the optimal microwave power. This
meticulous optimization of parameters not only contributes to the
reproducibility of the synthesis process but also ensures enhanced con-
trol over the quality and characteristics of the synthesized graphene. In
addition to the careful exploration of the influential microwave power
parameter, the synthesis process was subjected to a comprehensive
investigation of various other key parameters to refine and optimize the
graphene production. Specifically, the effect of argon flow rate was
scrutinized. The systematic variation and analysis of the argon flow rate
proved to be a decisive factor in the graphene synthesis process. Ex-
tremes in flow rate, either excessively high or excessively low, resulted
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Fig. 1. Graphene fabrication scheme using downstream atmospheric pressure
microwave plasma.
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Fig. 2. Scheme for electrode preparation and detection.

in the failure to synthesize graphene. After a series of rigorous experi-
ments, the optimum condition was determined to be 3 standard liters per
minute (slm) for the argon flow rate.

Furthermore, the impact of synthesis time on the characteristics of
the synthesized graphene was thoroughly examined. Different time in-
tervals within the plasma environment were assessed to understand the
temporal evolution of graphene properties. Overall, this multifaceted
exploration of critical parameters, including microwave power, argon
flow rate, and synthesis time, not only enhances our understanding of
the synthesis process but also paves the way for establishing standard-
ized and reproducible conditions for the scalable production of high-
quality graphene nanosheets in downstream atmospheric pressure mi-
crowave plasma. The synthesis procedure is schematically shown in
Fig. 1.

2.3. Electrode preparation

Prior to each testing or electrode modification, glassy carbon elec-
trode (GCE) was passed through various cleaning stages, polishing using
0.3 pm and 0.05 pm alumina slurry, ultrasonication in ultrapure water as
well as propanol solution. After cleaning, 10 pL of graphene aliquot
(~1 mg/ml) was deposited on GCE and let it dry at atmospheric con-
ditions. The scheme is shown in Fig. 2.
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Fig. 3. Temperature profiles during synthesis at various microwave powers and the corresponding Raman spectrum.

2.4. Electrochemical experiment

Cyclic voltammetry (CV) responses of bare and modified GCE were
analysed for DA, UA, and AA in 0.1 M phosphate buffer solution (PBS)
(pH 7.0). For individual detection, 1 mM solution of each analyte was
prepared, whereas, in a simultaneous detection 1 mM of DA and 1 mM
of UA were mixed with 5 mM of AA. Following parameters were used for
CV measurement; potential range; —200-800 mV, scan rate: 50 mV/sec.

The as-fabricated graphene was examined by Raman spectrosc-
ometer using Witec, 532 nm laser instrument. The morphology and
transmission electron microscopy (TEM) images were obtained through
scanning electron microscope (SEM) (Hitachi SU 5000), and JEOL
2100 F machine respectively. Electrochemical measurements were
performed on the potentiostat device (PalmSens 4, Palm Instruments BV,
The Netherlands) using 3-electrode system. X-ray diffraction (XRD) was
conducted using Bruker, D8-Advance X-ray diffractometer, Cu Ko, A =
0.154 nm.

3. Results and discussions

Fig. 3 represents the temperature profiles during synthesis at various
microwave powers and the corresponding Raman spectrum. The tem-
perature is measured at the centre of the quartz tube, where the plasma
is most intense, resulting in the highest temperature. This hot zone is
where graphene synthesis primarily occurs. It is evident that as micro-
wave power increases, the temperature also rises. While the temperature
difference may not be significant, it does impact the characteristics of
the graphene structure. This is evident in the variations in the D peaks
observed in the Raman spectra. The D peak is most pronounced at
150 W, potentially indicating a higher oxygen content. However, there
is not a significant difference between the samples synthesized at 200 W
and 250 W. Given that 200 W is more energy-efficient, we have

Table 1
The Raman peaks designations corresponding to graphene synthesized under
different microwave power conditions.

Microwave Wave Wave Wave number In/ Iop/
power number of D number of G of 2D peak Ic Ig
w) peak peak (em™)
(em™) (em™)
150 1331 1569 2670 0.98 0.95
200 1339 1581 2673 0.87 0091
250 1336 1576 2671 0.85 0.92

considered it as the optimal parameter. Subsequent investigations and
discussions are based on the 200 W sample.

In the Raman of 200 W graphene, there are three typical feature
bands, i.e., D, G, and 2D bands. D peak around 1335 em s usually
related to the defects or functional groups [24,25], G peak at ~
1575 cm™ ! is due to stretch vibration mode [26], and 2D peak
~2675 cm™! is induced by Ezg mode [27]. Our graphene sample
showed vibrant three peaks (Fig. 3a). The specific peak designations are
provided in Table 1. The minimal shifting of the peaks is typically
ascribed to strain within the graphene lattice [28]. The correlation of D
and 2D peaks with G peak are ascribed to characteristic features in
graphene. Ip/Ig gives an indication of defects in graphene. Higher Ip/Ig
of 0.87 in our sample reveals the occurrence of either defects and/or
functional groups bonded with oxygen. The oxygen presence is due to
the ambient conditions for the synthesis of graphene. Iop/Ig along with
FWHM is generally linked to the number of layers, provided that its
value is above 2 [29]. In our sample, I5p/Ig of 0.91 and FWHM of
68 cm ! indicates the multi-layered graphene. Overall, the samples did
not exhibit significant variations in intensity ratio. Therefore, it can be
inferred that power does not exert a substantial influence on the
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Fig. 4. (a) SEM (b) TEM image and (c) XRD pattern of 200 W graphene synthesized from tea tree oil vapours.

structural properties of graphene. A similar observation was made by
Toman et al.[30], who associated power with production rate rather
than features in the Raman spectrum of graphene.

The TEM images shown in Fig. 4b revealed graphene as a multi-
layered. It matches with the interpretation made from Iyp/Ig and
FWHM analysis. The interlayer spacing of 0.40 nm obtained from TEM
images indicates the existence of oxygen functional groups. Thus, it is
more likely that the comparatively higher Ip/Ig value in Raman spec-
trum is because of the existence of oxygen-based functional groups
rather than defects or doping [31]. For instance, a study on graphene
derived from coconut waste demonstrated that doping could increase
the lattice spacings up to 0.36 nm [32]. Therefore, the higher spacings
observed in our sample are attributed to oxygen functional groups.

The SEM image in Fig. 4a resembles with the reported images where
graphene was synthesized from ethanol [33] or methane [7] in down-
stream microwave plasma. The graphene nanosheets have
crumbled-paper-like structure, spread randomly on the silicon substrate.
Crystalline materials exhibit characteristic XRD patterns that serve as
unique fingerprints for material identification. The presence of a distinct
peak cantered at 20=26.5°, as depicted in Fig. 4c, verifies the successful
synthesis of graphene. In another research study, graphene was syn-
thesized from rice husk using a conventional furnace, and it exhibited a
comparable XRD diffraction pattern at 26.3°. In contrast to our one-step
approach, their process involved the initial synthesis of amorphous
carbon. Subsequently, a chemical activation step was employed to
transform the amorphous carbon into a crystalline structure, ultimately
resulting in the formation of graphene [34].

3.1. Cyclic voltametric detection of dopamine, ascorbic acid, and uric
acid

The electrochemical activity of bare GCE and graphene/GCE for

concurrent determination of DA, AA, and UA was examined using CV.
Overall, it is clear from the Fig. 5 that the peak currents of the modified
electrode are significantly greater than bare GCE. We attribute this to
the high surface area feature of graphene material.

For DA, the redox peaks were noted at 121 mV and 176 mV, indi-
cating the DA oxidation to o-dopaminequinone and its reduction back to
DA [35]. A decreased peak to peak separation between the oxidation and
reduction i.e., 55 mV also indicates the superior electrochemical prop-
erty of graphene/GCE. Moreover, an enhanced anodic peak current of
graphene/GCE which is three times higher in comparison with bare
GCE, suggests an excellent electrocatalytic behaviour of tea tree-derived
graphene modified electrode towards dopamine.

In the instance of UA, a prominent peak of oxidation centred at
263 mV was noted; however, the reduction peak at 194 mV appeared
weak. The oxidation peak current of more than two folds higher than the
related peak at bare GCE signify the substantial electrocatalytic activity
of graphene/GCE towards UA. Similarly, graphene/GCE electrode
showed superior performance for AA by increasing anodic peak current
(at —16 mV) along with negatively shifting of the peak.

3.2. Simultaneous determination of DA, AA, and UA

CV response of bare and graphene/GCE in ternary mixture is shown
in Fig. 6. At the bare GCE only a broad and over-lapped oxidation peak is
acquired at 249 mV, and the potentials of biomolecules are indistin-
guishable. However, at graphene/GCE three sharp and distinct oxida-
tion peaks relating to the oxidation of AA, UA and DA can be observed.
The three oxidation peaks for AA, DA and UA are clearly distinguishable
at 41 mV, 169 mV and 300 respectively. It can also be observed that
peaks are slightly shifted in comparison with individual detection re-
sults. Similar phenomenon was observed by Jiao Du et al. [36], where
they have attributed it to the different oxidation properties at interface
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Fig. 5. CV of bare GCE (black), graphene/GCE (red) in 0.1 M PBS (pH 7.0) containing AA (5 mM), DA, and UA (1 mM each). Scan rate: 50 mV/s.
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Fig. 6. (a) CV of bare GCE (black), and graphene/GCE (red) in 0.1 M PBS (pH 7.0) containing the mixture of AA (5 mM), DA and UA (1 mM each). Scan rate: 50 mV/
s (b) DPV of bare GCE (black), and graphene/GCE (red) in 0.1 M PBS (pH 7.0) containing the mixture of AA (4 mM), DA (0.5 mM), and UA (1 mM). Scan rate 10 mV/
sec, amplitude 0.025.

when analytes are adsorbed on the surface of the electrode.

DPV detection of ternary mixture of DA, AA, and UA was performed
at bare GCE and graphene/GCE. The electro-oxidation of bare GCE
showed three peaks in which AA and DA in particular were indistinct. In
contrast, graphene/GCE revealed three peaks of AA, DA, and UA located

at —40 mV, 125mV, and 252 mV respectively. The graphene/GCE
peaks are clearly distinguishable and amplified. In this context, we
emphasize that the sensing behavior of our pristine graphene is com-
parable to past studies that utilized complex and expensive composite
materials [37,38], such as metal/covalent-organic frameworks [39],
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metallic and bimetallic nanoparticles (including precious metals) [40],
and artificially synthesized polymers like molecular imprinted polymers
[41]. This underscores the simplicity and cost-effectiveness of our
approach. Moreover, it demonstrates the significant potential of gra-
phene/GCE for further research into sensitivity and selectivity in the
real-time recognition of DA, AA, and UA.

4. Conclusion

This study explored facile, fast, and environmentally friendly method
to make graphene using downstream atmospheric pressure microwave
plasma. It was demonstrated that melaleuca alternifolia vapours could be
converted into graphene at comparatively low temperature with the aid
of cold plasma. The distinctive D, 2D, and G bands in the Raman spec-
trum confirmed the graphene’s creation. The TEM image revealed a
multi-layered graphene structure with interstitial spaces of 0.40 nm. The
as-synthesized graphene was drop-casted onto a GCE to test its potential
for detecting DA, AA and UA using CV and DPV techniques. The stronger
peak currents in individual detection and the accurate detection of the
ternary mixture indicated that graphene from tea tree extract has great
promise for this application.

In summary, the utilization of a novel graphene synthesis method
involving green precursor and cold plasma presents a logical and well-
supported alternative to traditional approaches. We highlight the
drawbacks of existing methods, emphasizing harsh conditions and
extended processing durations. In response, our method employs mild
conditions and achieves rapid synthesis within seconds, addressing key
concerns associated with conventional techniques. Additionally, we
conduct electrochemical tests, demonstrating enhanced current peaks.
These findings underscore the potential of the synthesized graphene for
applications in electrochemical sensing, suggesting its viability as an
alternative to existing therapeutics.
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