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and bottom–up approaches. The bottom-
up approach, that is, modified Hummers’ 
method, is a well-established chemical 
synthesis technique to synthesize gra-
phene. However, this technique, not only 
utilizes strong acids and oxidants[4,5] but 
also entails numerous steps of synthesis 
such as dilution, mixing, oxidation, reduc-
tion, washing, centrifuging, and intense 
stirring.[6] On the other hand, some of 
the bottom–up methods, in particular, 
chemical vapor deposition (CVD) and 
plasma-enhanced chemical vapor deposi-
tion (PE-CVD) are expensive and laborious 
methodologies comprising pre-synthesis 
and post-synthesis requirements, that 
is, high vacuum, pre-heating, and sub-
sequent transfer of graphene to other 
substrates.[7–9] Recently, a new bottom-up 
approach, so-called atmospheric pressure 
microwave plasma (APMP) is gaining 
popularity as it synthesizes graphene 
without the hassles of pre-heating, high 

vacuuming, and the need for a substrate. Most importantly, the 
graphene obtained through this method happens to be free-
standing and scalable.[10,11]

The precursors used for producing graphene have a sig-
nificant role in determining the sustainability of the syn-
thesis process. Often graphene is produced from commer-
cially available graphite,[12] graphene oxide (GO),[13] methane, 
or other unreplenishable hydrocarbons.[14] These resources 
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1. Introduction

Graphene has been greatly applauded in academia and industry 
owing to its extraordinary properties and myriad applica-
tions.[1,2] Characterized by a single layer of graphite, graphene 
is composed of sp2-bonded carbon atoms arranged in a honey-
comb lattice structure.[3] Multiple techniques have been devel-
oped to synthesize graphene, mainly classified as top–down 
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are generally non-renewable, expensive, and/or produce toxic 
chemicals during synthesis practice. This has driven scientists 
to replace these precursors with economical, regenerative, and 
environment-friendly raw materials. Considerable attempts 
have been made to derive graphene from a wide range of nat-
ural resources, for example, food materials, botanical hydro-
carbons, and biomass.[15] These include table sugar, honey, 
butter,[16] cookies, chocolate,[17] camphor,[18] tea tree essential 
oil,[19] Citrus sinensis oil,[20] soybean oil,[21] waste cooking palm 
oil,[22] nutshells,[21] Colocasia esculenta, and Nelumbo nucifera 
leaves.[23] However, the usage of these feedstocks is limited to 
certain methods, such as modified Hummers’ method, pyrol-
ysis, and CVD or PE-CVD techniques. On the other hand, 
for APMP, the use of sustainable precursors has not been 
reported yet. The APMP technique is mainly associated with 
ethanol[24–29] and methane resources.[30] These precursors are 
extracted from non-renewable bases and are mostly explosive 
or toxic. In addition, it has been observed that the increase in 
the feed of ethanol above a certain quantity causes an extinc-
tion of plasma flame,[31] which eventually limits the production 
rate of graphene.

A hydrocarbon-rich and naturally occurring resource, Mela-
leuca alternifolia, has the potential to be an excellent alterna-
tive precursor for graphene synthesis. Commonly known as 
tea tree, it is an abundant and cost-effective resource. It com-
prises more than 100 compounds, which include terpinen-4-ol 
(C10H18O, 30−48%), γ-terpinene (C10H16, 10−28%), α-terpinene 
(C10H16, 5−13%), and 1, 8-cineole (C10H18O, 0−15%) as primary 
constituents and some other compounds in trace amounts.[19] 
The chemical formula, that is, C28H60O4P2S4Zn, given by 
PubChem also shows the presence of an ample amount of 
hydrocarbons. Previously, this resource has been used for 
graphene synthesis in the PE-CVD technique; though the 
actual synthesis was quick, the overall synthesis was time-
consuming due to the heating and cooling required and was 
substrate-dependant.[19]

This study aimed to synthesize graphene through a facile, 
rapid, viable, and environmentally benign process. We synthe-
sized free-standing graphene from M. alternifolia extract using 
the APMP. To the best of our knowledge, this is the first report 
on the APMP synthesis of graphene from a sustainable parent 
material. The graphene was synthesized at a remarkably low 
microwave power of 200 W in ambient air. As the practical use 
of graphene synthesized through APMP is scarcely reported, 
herein we also demonstrate the employment of as-fabricated 
graphene for diuron herbicide detection.

2. Experimental Section
2.1. Materials

M. alternifolia was purchased from Australian Botanical Prod-
ucts (ABP, Victoria, Australia). Sodium dihydrogen orthophos-
phate (NaH2PO4.2H2O), disodium hydrogen orthophosphate 
(Na2HPO4), sodium hydroxide (NaOH), potassium hexacyano-
ferrate (III) K3[Fe(CN)6], potassium chloride (KCl), and diuron 
were obtained from Sigma–Aldrich, Australia. All chemicals 
were used as received without any further treatment. Ultrapure 
water was used throughout all the experiments.

2.2. Synthesis of Graphene

The graphene nanosheets were synthesized using a down-
stream APMP, schematically shown in Figure 1a. A 2.45 GHz 
microwave with a variable output power of maximum of 2 kW 
was used to generate plasma. The discharge took place inside a 
quartz tube having an external diameter of 30 mm. The investi-
gated microwave powers were set at the values of 200, 400, and 
600 W. A custom-made precursor delivery system was made to 
transport the carbon precursor, that is, tea tree oil vapors into 
the quartz chamber. The tea tree oil vapors were conveyed into 
the chamber along with argon gas (plasma gas) at the optimum 
flow rate of 3 slm. Upon exposure to the plasma, the tea tree 
vapors first decomposed into constituent elements and then 
started arranging in a graphene structure. The synthesis stages 
are shown schematically in Figure 1b. The graphene nanosheets 
were directly deposited on the silicon substrate for characteri-
zations. The synthesis parameters provided here were optimal 
values, obtained after a series of experiments. The reproduc-
ibility of the synthesis at optimum conditions was also verified 
through seven replicates.

The graphene’s morphology and structural investigation were 
carried out using scanning electron microscopy (SEM) (Hitachi 

Figure 1. a) A diagrammatic representation of atmospheric pressure 
microwave plasma reactor. b) Schematic illustration of steps involved in 
the synthesis of graphene inside the reactor.
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SU 5000) and confocal laser Raman spectroscopy (Witec, 532 nm 
laser). Rigaku Smart Lab X-ray diffractometer was used for X-ray 
diffraction (XRD). The X-ray photoelectron spectroscopy (XPS) 
studies were performed using a Kratos Axis Ultra XPS with an Al 
Kα X -ray source. The JEOL 2100 F machine operated at 200 kV 
was used for transmission electron microscopy (TEM) images.

2.3. Electrochemical Measurements

Electrochemical measurements were performed on Palm 
Sense 4 (Palm Instruments, Netherlands) potentiostat using the 
three-electrode system with a glassy carbon electrode (GCE) as 
a working electrode, a platinum wire as the counter electrode, 
and an Ag/AgCl as the reference electrode. Before each testing 
or modification, the bare GCE was first mechanically polished 
with 0.3 and 0.05  µm alumina slurry, followed by ultrasonic 
cleaning in ethanol and ultrapure water, respectively. To prepare 
a modified electrode, 10  µL of graphene (1  mg mL−1) aliquot 
was drop-casted on GCE and dried at room temperature. Such 
an electrode was denoted as graphene/GCE. The electrochem-
ical impedance spectroscopy (EIS) experiment was conducted 
in 0.1 m KCl containing 5 mm K3[Fe (CN)6] solution in the fre-
quency swept from 0.1 Hz to 100 kHz. Cyclic voltammetry (CV) 
and differential pulse voltammetry (DPV) were carried out in 
0.1 m phosphate buffer solution (PBS) (pH 7.0) containing a cer-
tain amount of diuron.

3. Results and Discussion

Raman spectroscopy is a non-destructive tool for the structural 
elucidation of carbon materials. Therefore, graphene samples 
prepared at 200, 400, and 600  W were analyzed using Raman 
spectroscopy. All Raman results showed three vibrational 
modes related to graphene materials. D peak at ≈1335 cm−1 cor-
responded to the defect mode, G peak at ≈1570 cm−1 implicated 
vertical vibration mode, and a 2D peak at ≈2677 cm−1 indicated 
two-phonon vibration mode.[32]

The Raman results exhibited in Figure 2a show the increase 
in the intensity of the D peak with the increase of microwave 
power. The D peak reflects the structural imperfections in the 
graphene materials. Mainly, it is associated with the functional 
groups attached to the basal plane of graphene.[33] However, it 
is also ascribed to the defects such as vacancies, edge defects, 
bond-angle disorder, and bond-length disorder.[34] In the cur-
rent work, the lowest power, that is, 200 W shows a compara-
tively smaller value of ID/IG in the sample (shown in Figure 2b); 
hence, indicating fewer disorders or higher oxygen content 
attached to the 200 W graphene structure.

Generally, the 2D peak is considered a significant feature in 
the Raman spectra of graphene-related materials. The intensity 
ratio between 2D and G peaks, that is, I2D/IG and full width at 
half-maximum (FWHM) of the 2D peak are normally associ-
ated with the number of layers in graphene. In literature, the 
I2D/IG ratio of 1 to 1.5 with FWHM ≈ 50 cm−1, and I2D/IG of 
2 or higher with FWHM ≈ 30 cm−1 are usually linked with 
the bilayer and monolayer structures, respectively.[35,36] In this 
study, the 200 W sample exhibited I2D/IG and FWHM values of 
1.04 and 56 cm−1, respectively, suggestive of few to multi-layer 
graphene. Slightly broader 2D peaks of 400 and 600  W sam-
ples, having FWHM of 62 cm−1 and 65 cm−1 respectively, and 
relatively smaller I2D/IG values were indicative of the higher 
number of layers in comparison to the 200  W sample. Thus, 
the remaining investigations and applications were studied 
using a 200 W graphene sample.

XPS was performed on the 200  W graphene sample to 
unravel their elemental composition and functional group spe-
cies. The XPS survey scans given in Figure  3a clearly exhibit 
the presence of C and O in the sample having the composition 
of ≈87% and ≈10% respectively. The peaks centered at 284 and 
531.5  eV were ascribed to C1s and O1s respectively. To under-
stand the bonding structures of C and O elements, the high-res-
olution spectra of C1s and O1s were analyzed comprehensively.

The high-resolution spectrum of C1s with deconvoluted 
peaks is given in Figure  3b. Overall, four component peaks 
were identified in the spectrum. The key peaks at 284.3 and 
285  eV corresponded to sp2C and sp3C, respectively. The 

Figure 2. a) Raman spectra and b) peaks’ intensity ratios of graphene samples synthesized at different microwave powers.
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peak at 286.4  eV reflects CO, whereas the smallest peak at 
289  eV represents COH bonding. The occurrence of sp2C 
is suggestive of the conjugated honeycomb lattice arrangement 
of graphene, while sp3C indicates substitution defects in gra-
phene or the edges of the graphene nanosheets.[37] The high-
resolution spectra of O1s (Figure  3c) showed contributions at 

531 and 532.1  eV arising from CO and COH respectively. 
Comparing our XPS results with that of Lambert et  al.,[38] 
where they also used atmospheric pressure microwave plasma, 
it was found that they obtained a fairly low amount of oxygen, 
that is, 3%. However, their synthesis was from graphene oxide 
at a quite high power of 900 W.
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Figure 3. a) Survey scan XPS spectrum of 200 W graphene sample, and deconvoluted peaks of high-resolution b) C1s and c) O1s XPS spectra.

Figure 4. SEM images of 200 W graphene sample at a) lower and b) higher magnification.
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The graphene yield as a carbon material was also determined. 
The theoretical yield of carbon, that is, 46.9% was calculated in 
the tea tree oil (chemical formula C28H60O4P2S4Zn). The break-
down of tea tree oil in the microwave plasma generated various 
carbon species, such as CO, CO2, and CH,[39] which contributed 
to ≈23% of the total yield of graphene.

SEM images of the 200 W graphene sample taken at lower 
and higher magnifications are given in Figure  4. Figure  4a 
shows the dense accumulation of graphene nanosheets at 
varying places, where nanosheets coalesce together to form an 
aggregate. The aggregation can be attributed to the continuous 
synthesis process in which nanosheets after formation tend to 
reside on existing graphene nanosheets. A higher magnification 
image in Figure 4b reveals a typical vertically standing petal-like 
structure where graphene nanosheets are curled, wrinkled, and 
overlapped. The size of individual nanosheets varies between 
50 and 150  nm. The morphology of the  graphene is in good 
agreement with previous reports on  graphene, where they have 
synthesized graphene from different resources.[40,41]

The low-magnification TEM images show a mix of regular 
nanoparticles and sheets. The TEM results agree with the idea 
of agglomerations of carbon nanostructures. The nanosheets 
are discernible in the TEM image (Figure  5a), supporting 
the SEM results presented in Figure 4. The sheets are poten-
tially agglomerations of single- or multi-layered graphitic 

structures formed during the plasma synthesis, which turn 
into multi-layer architectures as seen in high-resolution TEM 
(HRTEM) (Figure  5c). In the case of Figure  5c, the graphitic 
particles observed have ≈20 layers. Graphene sheets with less 
number of layers are also observed. However, in most cases, 
the graphene sheets are multi-layered. The particles showing 

Figure 5. Transmission electron microscopy of graphitic particles a) low magnification, b–e) HRTEM.

Figure 6. XRD pattern of 200 W graphene.
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regular structures are multi-layer graphitic architectures 
with a variety of structures such as nano-horns, nano-rods 
(Figure  5b), or nano-onions (Figure  5d,e). The d spacing in 
all the structures is larger than the typical 0.33  nm.[42–44] The 
measured d spacing varies from 0.37 to 0.4  nm. This larger 
d spacing has already been reported in other structures such 
as morphed graphene.[45–47] In the present work, the rather 
smaller d spacing is commonly seen in the graphitic sheets, 
while the larger d spacing is typical of regular structures such 
as nano-horns, nano-rods, and nano-onions. Potentially, the 
nano-sheets with a d spacing of ≈0.37 nm are due to potential 
agglomerations of graphene sheets. However, the d spacing on 
the regular structures is attributed to the potential bending of 
the graphene sheets or the functional groups (COH, CO, 
etc.) detected with XPS.

Crystalline materials have a unique XRD pattern that can 
be used as a fingerprint for materials identification. The dis-
tinctive peak centered at a diffraction angle (2θ) of 25.8° in 
Figure 6 XRD pattern confirms the successful formation of the 
graphitic lattice. The peak position is associated with the (002) 
basal plane and corresponds to an interlayer spacing of 0.37 nm 
which is also verified by TEM. The interlayer spacing is higher 
compared to the typical 0.33 nm reported for graphene.[42–44,48] 
We attribute this to intercalated CO and COH functional 

groups within the layers. Our XRD results are in good agree-
ment with the other reports,[49,50] where they synthesized gra-
phene using ultra-sonic exfoliation or hydrothermal methods. 
The comparable properties of tea tree-derived graphene (given 
in Table 1) make our synthesis approach a viable, cost-effective, 
and environmentally friendly strategy to replace unsustainable 
and harmful parent materials.

4. Application of Graphene in an Electrochemical 
Sensor
The electron-transfer kinetics of the graphene/GCE were inves-
tigated by comparing it with bare GCE using the EIS method. 
Figure 7 shows the typical Nyquist plots of both electrodes. A 
semicircle region at higher frequencies attributed to the charge-
transfer resistance (Rct) and a linear region at lower frequencies 
corresponding to the diffusion process was observed for both 
electrodes.[55,56] The Rct values could be estimated by fitting the 
plot with an equivalent Randles circuit (inset, Figure 7), which 
was 206 and 79 Ω on the bare GCE and graphene/GCE, respec-
tively. The substantial decrease in the Rct of graphene/GCE by a 

Table 1. Comparison of tea tree oil-derived graphene with others synthesized in atmospheric pressure microwave plasma.

Precursor Microwave power [W] Precursor flow rate 
[sccm]

ID/IG Number of layers Production rate  
[mg min−1]

Ref.

Ethanol 250 0.3 – Mono-and bi-layers 2 [10,25]

Ethanol 900 0.5–3.5 – Few layers 2 [51]

Ethanol 200 0.0036 0.6 Multilayers 0.07 [52]

Ethanol 300 0.33 0.24 Few layers 1.33 [24]

Ethanol 300 0.048 0.35 Few to multilayers 1.45 [53]

Methane 1000 2–8 0.62 Multilayers – [30]

Methane 1200–1400 – 1.57 or 1.77 Few to multilayers – [54]

Tea tree oil 200 0.3 0.83 Multilayers 1.37 Current work

Figure 7. EIS of bare and graphene-modified GCE in 0.1 m KCl containing 
5 mm K3[Fe (CN)6]. Frequency range 0.1 Hz to 100 kHz.

Figure 8. Cyclic voltammograms of bare and graphene-modified GCE in 
0.1 m PBS containing 2 mm diuron and graphene/GCE in blank 0.1 m PBS; 
the scan rate is 10 mV s−1.
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factor of ≈2.6 times suggests the fast electron-transfer kinetics 
due to the excellent electro-conductibility of the graphene 
material.

The electrocatalytic activity of the graphene material for the 
detection of diuron was investigated in 0.1 m PBS (pH 7.0) con-
taining 2 mM diuron using CV. Figure 8 indicates that the elec-
trochemical reaction of diuron at the bare GCE undergoes a slug-
gish charge-transfer kinetic process. However, the graphene/
GCE electrode improved the peak current substantially.  
The diuron undergoes an irreversible chemical reaction and 
forms a dimmer resultantly.[57] The graphene/GCE perfor-
mance in the absence of diuron showed a different voltammo-
gram with no peak formation. Similar cyclic voltammograms 
were observed by Wong et al.[58] and Morita et al.[59] in separate 
studies for diuron detection.

Differential pulse voltammetry (DPV) has led in high sensi-
tivity due to low capacitive current.[60] DPV of graphene/GCE 
was carried out in 0.1 m PBS to obtain the calibration curve of 
diuron. It could be observed that the peak currents increased 
upon increasing the concentration of diuron (Figure  9). A 
linear range (LR) was obtained in the range of 20 to 1000 µM 
with a regression equation of y = 0.0062x + 4.1039, (R2 = 0.998). 
A low limit of detection (LOD), that is, 5 µm was also recorded, 
which was comparable with values reported in the literature. 
As compared with the analytical performance of carbon-based 
diuron sensors reported previously (Table 2), our electrode has 
promising outcomes with the wider LR and comparable LOD. 
Moreover, it is noteworthy that we used graphene without any 
further modifications.

The graphene/GCE exhibited excellent repeatability in four 
successive measurements with a relative standard deviation 
(RSD) of 3.82% calculated using peak currents. Similarly, the 
electrode offered good reproducibility by showing 5.17% of 
RSD, investigated on three different electrodes. The stability 
test of the electrode was conducted for a period of 2 weeks, 
which showed 4.21% RSD, indicating a satisfactory outcome for 
the stability of the electrode.

5. Conclusion

This work presents the synthesis of graphene from tea tree 
essential oil vapors in atmospheric pressure microwave 
plasma. The synthesis has been carried out in one step at a 
reasonably low microwave power of 200 W. The Raman spectra 
showed that the increase in microwave power raises the values 
of ID/IG ratio and FWHM of the 2D peak. XPS results revealed 
≈87% of carbon and ≈10% of oxygen content, where oxygen is 
attached to the carbon in the form of hydroxyl and carbonyl 
functional groups. The signature of graphene was obtained 
using an XRD pattern, which showed 2θ at 23.6° and interlayer 
spacing of 0.37 nm. This is confirmed on HRTEM images as 
well. The impedance of graphene appeared to be less than 
half of bare GCE, indicating the fast electron-transfer kinetic 

Figure 9. a) DPV curves at graphene/GCE for different concentrations (20, 80, 120, 180, 300, 400, 500, 600, 700, 800, 900, and 1000 µm) of diuron in 
0.1 m PBS. b) Calibration plot from the DPV measurements.

Table 2. Comparison of different carbon-based modified electrodes for 
electrochemical detection of diuron.

Electrode Linear range Limit of 
detection 

[µm]

Ref.

Nanocrystalline cellulose carbon paste 
electrode

4.2–47 µm 0.35 [57]

Nafion/AuNPs/RGO/GCE 1.0 × 10−6–0.001 
µm

4.1 × 10−7 [61]

ITO-ppy-MWCNT-PSS polypyrrole – 0.26 [62]

rGO–AuNPs/Nafion/GCE 0.001–0.1 µm 0.0003 [63]

MWCNT-COOH/GCE 0.215–2.15× µm 0.0688 [59]

MWCNT-COOH-MIP/carbon paste 
electrode

0.052–1.25 µm 0.009 [64]

Organometallic complexes
and graphene oxide

50–1000 µm 20 [65]

GO-MWCNT/GCE 9–380 µm 1.49 [66]

Graphene/GCE 20–1000 µm 5 This 
work

Adv. Mater. Interfaces 2023, 10, 2202399
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behavior of graphene/GCE electrode. The graphene sensing 
performance for diuron herbicide was investigated by drop 
casting its aliquot on GCE. The graphene/GCE sensor showed 
a linear range from 20 to 1  mm, and a limit of detection of 
5 µm.

Collectively, the produced graphene was equivalent in its 
purity and properties to graphene synthesized through any 
other methods. However, our methodology is superior in a way 
that it paves the way for green, energy-efficient, and fast syn-
thesis route for graphene.
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