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In this work, we implement a dual frequency (24 kHz and 1174 kHz) ultrasonic assisted liquid phase exfoliation
(ULPE) technique in deionized water (DIW) and other eco-friendly solvents, to produce a variety of high-quality
few-layer graphene (FLG) solutions under controlled ultrasonication conditions. The resulting FLG dispersions of
variable sizes (~0.2-1.5 pm2) confirmed by characterisation techniques comprising UV-Vis spectroscopy, Raman
spectroscopy and high-resolution transmission electron microscopy (HR-TEM). For the first time we demonstrate
that high yield of FLG flakes with minimal defects, stable for 6 + months in a solution (stability ~ 70 %), can be
obtained in less than 1-hour of treatment in either water/ethanol (DIW:EtOH) or water/isopropyl alcohol (DIW:
IPA) eco-friendly mixtures.

We also scrutinized the underlying mechanisms of cavitation using high-speed imaging synchronized with
acoustic pressure measurements. The addition of ethanol or IPA to deionized water is proposed to play a central
role in exfoliation as it regulates the extend of the cavitation zone, the intensity of the ultrasonic field and, thus,
the cavitation effectiveness. Our study revealed that lateral sizes of the obtained FLG depend on the choice of
exfoliating media and the diameter of a sonotrode used. This variability offers flexibility in producing FLG of
different sizes, applicable in a wide spectrum of size-specific applications.

inkjet printing [5], conductive inks [6,7], thermal management pastes
[8], anti-corrosion coatings [9] etc., its stable dispersion either in

1. Introduction

To date, there is plethora of methodologies available in the literature
for producing graphene, specifically micro-mechanical exfoliation [1,2],
chemical vapour deposition (CVD) growth of graphene[2] and chemical
oxidation of graphite [4]. However, these methods have bottlenecks in
terms of yield and throughput to be scaled-up due to their inefficiency or
poor control of layers. Alternative route, i.e. ultrasound-assisted liquid
phase exfoliation (ULPE) has been recognized to be highly promising
due to being facile, cost-effective, potentially up-scalable and versatile,
in which final liquid dispersions can be further employed to deposit on
different substrates in a variety of environments [4]. In order to harness
the phenomenal properties of graphene in high-end applications such as
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aqueous or environmentally benign liquid media is a pressing require-
ment to the final applications.

To achieve this, the key strategy here is in the selection of potential
solvents or mixture of solvents either binary or ternary, which can
efficiently exfoliate and stabilize graphene. This can be achieved using
controlled ultra sonication conditions and when the surface energy of
solvent closely aligns with graphene (~68 mJ/m?) [1]. By some means,
if the yield/stability can be improved in a properly selected solvent or
solvent-mixtures under given experimental ULPE conditions, then the
chosen solvent-based exfoliation method will be greatly preferred over
harsh chemical-based methods that are currently most widely used, e.g,
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Hummers method [3], Lithium intercalation [11] etc. This is especially
important for bio-medical applications such as drug delivery, where
graphene needs to be of high purity and biocompatible. Besides, a sig-
nificant amount of ULPE produced graphene can be further exploited to
develop low-temperature processed electrically conductive graphene-
based pastes and inks replacing metal-based electrodes to be used in
perovskite solar cells and temperature-sensitive semiconductors [12].

Currently, the majority of LPE graphene is produced using 1-methyl-
2-pyrrolidone (NMP) or dimethylformamide (DMF) solvents due to their
effectiveness in chemically exfoliating graphite and generating stable
graphene dispersions [13]. However, their toxicity and difficulty in
removal from the final exfoliated product due to their high boiling
points present challenges in terms of eco-friendly and sustainable gra-
phene manufacturing.}?> Moreover, they are classified as carcinogenic
and reproductive toxins by environmental, health and safety consider-
ations (EHS) [13]. Therefore, industrial scale use of such solvents may
pose severe health issues and environmental risks. Besides, it needs
dangerous goods shipping certifications, which adds to the expense and
creates complications when it has to be transported. Furthermore,
health and safety rules require the use of expensive equipment such as
fume hoods and exhausts, which has a direct impact on production costs.
In view of the toxicity of solvents and scale-up of process, identification
of green solvents for ULPE is timely and necessary.

Our group has demonstrated that ethanol and isopropanol can
exfoliate graphite as effectively as NMP [15]. Recently, mixed-solvent
strategy has been introduced in which two or more eco-friendly sol-
vents are synergized to produce strong hydroalcoholic co-solvents for
direct ULPE of 2D materials [16]. The positives of using co-solvents to
that of single solvent are: (1) it avoids the use of toxic solvents (as
previously mentioned) by designing a new green co-solvent with similar
surface tension properties to the single toxic one; (2) it optimizes the
ULPE process of different 2D materials by simply altering co-solvent
volume ratios; (3) It prevents aggregation during the solvent evapora-
tion process, which is a case of organic solvents with high boiling points;
(4) it reduces cost and production complexity; and (5) it improves ma-
terial’s dispersibility, whereas similar neat solvents have little or no
solubility [17].

Recently, Hernandez and co-workers [10] have demonstrated the
criterion on the basis of Hildebrand solubility parameters, Hansen sol-
ubility parameters and surface tensions to compile a list of selected
solvents which are efficient in dispersing graphene. Their findings
indicate that for efficient solvents, it is essential to have surface tensions
that correspond to graphene, as this reduces the enthalpic cost of
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mixing. In addition to improve graphene dispersibility/wettability in a
given solvent, the other crucial requirement for a solvent is its ability to
stabilize suspended graphene. The interactions between graphene and
the solvent must possess enough strength to counterbalance the strong
van der Waals (vdW) attractive forces exerted by the graphene sheets
[4]. As a result, solvents that tend to remain contained between the
graphene sheets rather than in the bulk-solvent phase are considered to
be the best solvents for efficiently and steadily dispersing graphene. In
this direction, co-solvent approach is often applied by mixing two sol-
vents having dissimilar physical properties in appropriate volumes to
regulate the resultant surface tension of the solvent ideal for exfoliation
of layered materials [15,16].

This work demonstrates the exfoliation role of eco-friendly solvent/
co-solvents: deionized water (DIW), deionized water:ethanol (DIW:
EtOH) (1:1), and deionized water:isopropyl alcohol (DIW:IPA) (1:1) for
producing graphene using a novel dual frequency cavitation reactor
with the aid of systematic characterisation studies complemented with
acoustic pressure measurements whose schematic is given in Fig. 1.
There are several research studies that feature ULPE of graphite focus-
sing the effect of input power [18,19], sonication duration [20], initial
graphite structure [4], single solvent [21] etc. However, these studies do
not address the implications of utilizing two different ultrasonic fre-
quencies in conjunction with varying sonotrode sizes on the ultrasonic
liquid phase exfoliation of graphene in alcohol-based co-solvents. Our
group [20,23,26,37] previously addressed the positives of using high
frequency (Hf) and low frequency (Lf) sources where thinner (3-5
layers) and large sized graphene flakes (~1 pm?) were produced in DIW.
However, low yield and stability issues always remain bottleneck for
dispersing graphene in DIW [20]. Therefore, in this study, we take the
next step by introducing the previously identified green solvents for
efficient exfoliation [14,22,31] such as DIW:EtOH and DIW:IPA plus a
range of ultrasonication conditions including two different shape-type
sonotrodes with different surface area. Experiments were conducted
under synchronised acoustic pressure measurements with high-speed
imaging which allows us to optimise the parameters and look deeper
into the role of solvents in the cavitation induced exfoliation mecha-
nisms. Results demonstrate that the mixture of the green solvents within
this novel dual frequency reactor set up produce high-quality FLG flakes
(up to 1.5 pm?) with good yield (~6%) and high throughput, achieving
the desired quantity in less than 1 h while maintaining stable suspen-
sions for over 6 months (stability ~ 70 %).

PCI DAQ 1/0 system
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Fig. 1. An illustrative diagram showcasing the implementation of acoustic detection equipment in the dual frequency (Hf&Lf) ULPE of graphene.
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2. Methods
2.1. Materials

This initial step involves the identification and selection of specific
materials essential for the experiment as indicated in Table 1 below.

2.2. Experimental set-up

Fig. 1 shows the schematic diagram of our dual-frequency ULPE
system. The ULPE experiments were carried out in a double-jacketed
beaker (Cole Parmer, 50-mm diameter) filled with DIW (150 ml),
DIW:EtOH (1:1) (DIW (75 ml) + EtOH (75 ml)) and DIW:IPA (1:1) (DIW
(75 ml) + IPA (75 ml)). The rationale behind this specific choice of 50:50
ratio of DIW:EtOH/DIW:IPA is due to its surface tension (23.91 mN/m)
being close to the surface energy of graphite (23.93 mN/m), that pro-
motes wettability and dispersibility which provides more appropriate
physical properties beneficial for high exfoliation efficiency of graphene
as previously reported by our group [14,22,31]. A titanium horn (H)
sonotrode with a diameter of 22 mm (marked as x in the schematic
shown in Fig. 1) attached to a Heilscher UP400St piezoelectric trans-
ducer operating at a frequency of 24 kHz (identified as low frequency Lf-
H) was immersed 10 mm below the liquid surface. A bell-shaped (B)
sonotrode fixed to similar Lf transducer (designated as Lf-B) of 40 mm
diameter was also used for ULPE experiments. The another ultrasonic
(US) source of 1174 kHz (designated as high frequency, Hf) was oper-
ated from the bottom of the beaker (marked as y in the schematic) using
a multi-frequency membrane transducer (Meinhardt Ultrasonics) with a
Ti diaphragm (50 mm in diameter). The beaker was attached to a
recirculating chiller (Cole Parmer Stuart SRC5) through hose pipes
providing for temperature control. Once the desired temperature of 40
+ 2 °C was reached (monitored with an RS 52 digital thermometer)
based on our previous sono-exfoliation studies protocols [24], pre-
weighed GP (60 mg) was added to the studied solvents (DIW, DIW:
EtOH, and DIW:IPA) and stirred in manually for homogeneous disper-
sion. Continuous sonication was performed for 2-h with the horn-type
(cylindrical) sonotrode while the duration of sonication for the bell
shaped sonotrode was 1-h. It is to be noted that we had performed the
series of optimisation experiments with H/B sonotrodes that enabled us
to choose the specific sonication time durations of 1 and 2 h based on
their size and input power for the final set of experiments and results are
provided in Supplementary ((Figure S1-6, Figure S8, Figure S10)). Both
transducers were operated at 50 % of their maximum input power (The
optimization experiments for using 50 % power are given in Figure S1-
4). The maximum input power setting of Lf transducer is 100 % with
peak-to-peak amplitude 46 pm and 18 pm, operating with H and B
sonotrodes, respectively. However, the maximum input power (in W)

Table 1
List of required materials for experiments.

Material Specification Company

Graphite powder (GP) 300 mesh, particle size Alfa Aesar, UK

56 pm
De-ionized water (DIW) Ultra-Pure Hexeal
Chemicals, UK
Ethanol (EtOH) 99.9 %, ultra-pure Merck Life
Sciences, UK
Isopropyl alcohol (IPA) 99.9 %, ultra-pure Merck Life
Sciences, UK
Silicon wafers Diameter 7.6 cm, Pi-Kem, UK

Orientation (100)

Holey carbon coated copper grid 300 mesh Agar Scientific,
UK
Acetone 99.9 %, ultra-pure Merck Life

Sciences, UK
0.2 pym pore size, 47 mm Merck Millipore,
in diameter UK

Polytetrafluoroethylene (PTFE)
membranes
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differs from liquid to liquid and is estimated in Table S1 along with
acoustic intensity and sonication energy delivered during ULPE.

2.3. Characterisation

Subsequently, collected dispersions after ULPE were centrifuged at
1500 g (The relative centrifugal force (RCF) is calculated in gravity (g)
units, specifically as the g-force in m/s?) for 15 min using a SciSpin One
Benchtop centrifuge to separate un-exfoliated graphite particles/thick
flakes and retrieve supernatants. The process optimisation parameters
for centrifugation speeds can be found in our previous work?? Finally,
attained supernatants were designated as Hf&Lf-DIW:IPA (H), Hf&Lf-
DIW:EtOH (H), Hf&L{-DIW (H), Hf&Lf-DIW:IPA (B), Hf&Lf-DIW:EtOH
(B) and Hf&Lf-DIW (B), representing samples were processed in DIW:
IPA, DIW:EtOH, DIW respectively in dual-frequency (Hf & Lf) configu-
ration using H and B sonotrodes.

The UV-Vis absorption spectra of the freshly acquired supernatants
were then scanned in the wavelength range of 200-800 nm using (Cary-
60 spectrophotometer, Agilent Technologies) quartz cuvettes (volume
3.5 ml, optical path length 10 mm, Agilent Technologies). The mea-
surements were repeated three times to ensure the consistency in results.
After detecting graphene peaks in the UV-Vis spectra, the scanned su-
pernatants were drop-cast onto a cleaned silicon substrate and dried in a
vacuum oven. The drop-cast samples were then micro-Raman analyzed
using an InVia spectrometer (Renishaw) with a 514 nm laser excitation
wavelength (2.33 eV). To avoid damage to the sample and any potential
shifts in the peak, the laser power was maintained below 1 mW. Raman
spectra of 20-30 random graphene flakes were registered with a 50 x
magnification in the range from 1200 to 3100 cm ' and consistent
signal-to-noise ratio was achieved by adjusting the acquisition time
appropriately. Concurrently, 2-3 supernatant drops were applied to a
holey carbon-coated copper grid and then dried completely for trans-
mission electron microscopy (TEM) observations. A JEOL 2100F Field
Emission Gun running at 200 kV was used to conduct TEM investigations
(both low and high resolution) on individual 30-45 graphene flakes to
determine their area and number of layers (NLs). To generate mean-
ingful statistical data, image processing was performed using ImageJ
software for thickness and surface area estimations of each interrogated
flake. Consequently, the top part of the supernatants for each case
(approx. 100 ml) was vacuum filtered on 0.2 ym pore PTFE membrane
and dried completely. The membrane was weighed before and after
filtration to determine the mass difference for yield estimations, as
explained in [22].

2.4. Acoustic pressure measurements

Acoustic pressures were measured for each solvent using both the H
and B sonotrodes along with the high frequency membrane transducer
within the dual-frequency ULPE reactor. The pressures were measured
using a calibrated fibre optic hydrophone (FOH) (Precision Acoustics
Ltd) with a calibration range between 1 and 30 MHz in 1 MHz steps, with
a linear sensitivity particularly within the 1-5 MHz range indicating the
absence of structural resonance in the hydrophone. Detailed sensitivity
values for different frequencies can be found elsewhere [24,35]. This
frequency range is appropriate for detecting broadband shock waves
(SWs), which have already been established to be the driving mecha-
nism of exfoliation [23,24]. The maximum-recorded pressure (Ppax)
records the maximum acoustic pressure from each waveform, and then
averages it across all waveforms (giving insight into SWs generated by
the bubble clouds beneath the sonotrode). Root mean square pressures
(Prvs) were also calculated, considering all the generated acoustic
emissions. A structured process for signal processing, calibration and
pressure conversion can be found elsewhere [27].
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2.5. Synchronized audio-visual experiments

A Peripheral Component Interconnect (PCI) card was installed into
the PC unit to enable synchronized high-speed imaging and acoustic
pressure measurements (Fig. 1). Using recorded pressure measurements,
the experiment’s goal was to view the cavitation zone and generated
bubble clouds of each liquid in real time. A Photron- SA-Z 2100 K
camera was used at a frame rate of 100,000 fps over 256 x 376 pixels,
while using a shutter speed of 8.04 ps (Fig. 1). A light beam LED flash
lamp (GS Vitec) was positioned by the container to provide illumination
while recording. A titanium sonotrode (3-mm diameter, Hielscher
UP200S) with working frequency of 24 kHz was set to use a peak-to-
peak amplitude of 126 pm for observation of the cavitation zone.
Compared to the ULPE experiments, a smaller diameter probe was used
because it allowed for the best field of vision to resolve bubble dynamics
without obstructing the camera’s field of view due to populated bubbly
structures, resulting in more clear and correct data for analysis. Further
experimental details can be found in our recently published work [23].

3. Results and discussion
3.1. UV-Vis spectral analysis and yield estimations

Fig. 2 (a) presents the UV-Vis absorption spectra (normalized to
maximum peak intensity) recorded for Hf&Lf-DIW:IPA (H), Hf&Lf-DIW:
EtOH (H), Hf&L{-DIW (H), Hf&Lf-DIW:IPA (B), Hf&Lf-DIW:EtOH (B)
and Hf&Lf-DIW (B). First thing to note, typical graphene absorption
peaks centred at ~ 266 nm have been observed in each sample, ascribed
to n-n* transitions of C = C sp2 bonds [25]. The solid and dotted ab-
sorption curves present characteristic spectra acquired from samples
that were sonicated utilizing H and B sonotrodes respectively. However,
we can notice difference in the slopes of the absorption curves between
H and B samples. Specifically, samples Hf&Lf-DIW:IPA (B), Hf&L{f-DIW:
EtOH (B) and Hf&Lf-DIW (B) determine a stronger thinning effect in
flakes, according to [29] (indicated with downward arrow) in contrast
to Hf&L{-DIW:IPA (H), Hf&L{-DIW:EtOH (H) and Hf&Lf-DIW (H). The
bell-sonicated samples show comparatively sharper peaks for each sol-
vent, implying a better dispersion uniformity, an enhanced degree of
exfoliation, and an increased likelihood of obtaining few layer graphene
(FLG) [25]. After gaining qualitative impression about the exfoliated
graphene flakes, it is important to understand the quantitative insights
such as the amount of produced graphene (yield) and stability of sus-
pended flakes in each solvent for each ULPE process. The term “yield”
(%) refers to ratio of final concentration (Cg) of filtered graphene
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obtained after ULPE, followed by centrifugation to the initial concen-
tration of graphite (C;) and is a function of centrifugation speed and
initial concentration of GP.22 The amount of graphene that has sustained
in the supernatant over time is referred to as “stability” and has also
been used to assess the solvent’s ability to stabilize the graphene sus-
pension. This quantity was derived by noting the absorbance of the
suspension at 660 nm (as per Lambert-Beer’s law [25], then normalized
and converted to percentage). Fig. 2(b) shows stability investigations of
exfoliated flakes recorded after 180 days (left Y-axis) and the average
yield estimations (right Y-axis) of filtered graphene produced in DIW,
DIW: EtOH and DIW:IPA for both H and B sonicated samples. By ana-
lysing the graph displayed in Fig. 2(b), it can be determined that pro-
duced graphene (designated with red diamonds) in DIW:IPA (6.5 % (H),
5.5 % (B)) and DIW:EtOH (5.8 % (H), 5.75 % (B)) and is nearly twice as
much as that produced in DIW (3.75 % (H), 3.0 % (B)) (see Figure S11
for exfoliation efficiencies). In this study, yield ~ 6 % refers to ~ 0.025
mg/ml of graphene supernatant enriched with FLG, collected at the end
of the ULPE process from an initial graphite concentration of 0.4 mg/ml.
Furthermore, most research papers use the term “yield* qualitatively or
statistically, referring to how many FLG flakes were detected in a spe-
cific sample out of the total number of flakes scanned in microscopic
investigations (TEM, AFM). Accordingly, yield is also sensitive to
centrifugation speeds (apart from initial graphite concentration, exfo-
liation efficiency of solvent), supernatants obtained with lower centri-
fugation speeds are more likely to contain heavier bulky graphitic
material/large sized graphene flakes, which add up the weight of
filtered material at the cost of quality trade-off.

This is even more interesting compared to our previous study [22]
where graphene produced in single-frequency reactors yielded approx-
imately half (1.25 % and 3.75 % for 2-h Lf-ULPE in DIW and DIW:EtOH
respectively) the amount of graphene produced in this study utilising
dual-frequency set-ups. It should be noted that the yield obtained in
water and the other green solvents can be further increased by up to 3
times when green surfactants such as sodium cholate (SC) and dode-
cylbenzene sulfonic acid sodium salt (SDBS) are added.?® The effec-
tiveness of exfoliation with the B sonotrode can be attributed to its
double diameter of 40 mm, which results in an extended cavitation zone
evident in Figure S9. This configuration facilitates improved circulation
of GP particles within the treatment volume and a significant more
generation of shock waves (SWs), which act as the driving force behind
the exfoliation process [23]. Additionally, stability (indicated with black
spheres) of suspended graphene flakes in DIW:IPA (72 % (H), 69 % (B)),
DIW:EtOH (68 % (H), 70 % (B)) and is two times higher in contrast to
DIW (38 % (H), 30 % (B)) under 180 days of observation.

(b)

_ 100 — y . r —8
3 Q@ Stability (after 180 days) (%) Hf & Lf
@ O Yield (%) L7
5; 80- o 6
3 8§ o 9 S l'¢
- i -5 S
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Fig. 2. (a) Depicts the normalized UV-Vis absorption spectra of the graphene produced following ULPE (b) yield estimates of the graphene obtained after vacuum
filtration (on the right Y-axis) and stability investigations of suspended graphene flakes after 180 days (on the left Y-axis).
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Based on the findings from Fig. 2(b), it can be deduced that the
performance of B sonotrode in producing/stabilizing graphene in stud-
ied solvents is identical to H sonotrode in half ULPE duration, which
makes the potent case for energy efficient ULPE process using a bell
sonotrode or a large surface sonotrode. The present work claims 1-2 h of
sonication as a more energy-efficient method in comparison to operating
ULPE lasting for 48-400 h as reported in the existing literature [42-44].

This hypothesis, which was previously suggested in [23], appears to
be validated by the findings presented in this study. Therefore, based on
the UV-Vis absorption findings, we conclude that doubling the sono-
trode diameter (i.e. from 22 to 40 mm) reduces the treatment time by
half, i.e., from 2-h to 1-h to obtain the equivalent results. Interestingly,
the obtained data suggest that the addition of EtOH/IPA to DIW in equal
volumes plays a synergistic role of improving yield and stabilizing the
graphene flakes. It is also emphasized that alcohol-water mixtures are
not only environmentally preferable solvents; but also graphene sup-
plied in them will remain stable over considerably long periods of time
without compromising its quality.

3.2. Raman spectral analysis

Based on the obtained UV-Vis results, Raman spectroscopy was
further employed to evaluate the defects quantification of the exfoliated
flakes and qualitative estimates of their thickness [27]. Fig. 3 (a) exhibits
the typical Raman spectra of investigated graphene. The first thing that
stands out from each spectrum is the distinctive signature of sp? hy-
bridized carbon, i.e. D, G, D' and 2D bands centred on ~ 1350 cm’l,
1580 cm ™!, 1620 cm™! and 2720 ecm ™, respectively [27]. Specifically,
the spectra have been normalized to the G-band intensity and adjusted
for linear baseline to enable meaningful comparisons. The defect related
bands, D and D' provide information related to the existence of edges,
attached functional groups and structural defects in the flakes [28,29].
We recorded the intensity ratios of the D, D’, and 2D bands in relation to
the G band for each spectrum. The average values, along with their
corresponding error bars, are depicted in Fig. 3(b-d) for DIW, DIW:
EtOH, and DIW:IPA, respectively. These plots also contain the data for Lf
(H) from our previous work [22] with a single ultrasonic source at 24
kHz to compare the results. The dashed lines of identical color indicate
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the intensity ratio information of the original GP for comparison. The
quality estimates of exfoliated flakes have been evaluated from defect
ratios, Ip/Ig (indicated by black squares). From Fig. 3(b-d), we estimated
the decline in defect ratios values in interrogated graphene flakes
exfoliated in DIW (0.55 to 0.30), DIW:EtOH (0.37 to 0.30) and DIW:IPA
(0.43 to 0.36) in Hf&Lf ULPE configuration (second number) in contrast
to Lf only (first number). As can be seen from the defect ratios, the Hf-Lf
setup produces fewer defective graphene flakes compared to Lf. The
observed defect ratios surpass the GP level (Ip/Ig ~ 0.22, represented by
the black dashed line), indicating the emergence of structural defects
due to the reduction in thickness of GP crystallites following ULPE [30].
It is worth noting that the defect ratios (Ip/Ig) seem to stay consistent for
the flakes exfoliated using both H and B sonotrodes. This suggests that
the quality of Hf&Lf (H) ULPE-produced graphene flakes over a 2-hour
period is comparable to Hf&Lf (B) flakes treated for 1 h. Another
interesting feature that can help in evaluating the nature of defects in the
exfoliated flakes, is Ip/Ipy (indicated with red circles). The recorded
values of Ip/Ify are in the acceptable range, i.e. below 3.5, for each sol-
vent, which makes the case of edge defects rather than basal structural
disorders in accordance with Eckmann et al. [28], indicative of typical
ULPE produced graphene flakes. One can see from Fig. 3 (b-d) that the
average values of Ip/Iy follow the linear decreasing trend from Lf to
Hf&Lf for DIW (2.55 to 1.49), DIW:EtOH (2.24 to 1.50) and DIW:IPA
(1.86 to 1.50) with the smallest value registered in bell (B) sonicated
samples. The recorded values of Ip/Ijy for the registered flakes are higher
than those for GP (red dashed line, Ip/Iy ~ 1.3), which reflects the
variation in orientation of sheets, indicative of ULPE [30].

It is crucial to examine another significant parameter, which is the
ratio of intensity between the 2D and G bands known as Iop/Ig. These
values showcase the range in the number of layers and the extent of
exfoliation [28]. From Fig. 3 (b-d), the average values of Iop/Ig (indi-
cated with blue triangle) are increasing from Lf to Hf &Lf for DIW (0.65
to 0.99), DIW:EtOH (0.63 to 0.99) and DIW:IPA (0.84 to 1.32), which
corroborate the large population of thin flakes in Hf&Lf processed
samples. All the recorded Ip/Ig ratios for each flake are above the level
of GP (blue dashed line, Iop/Ig ~ 0.45) which suggests GP crystallites
exfoliate to thinner graphene flakes [30], typically FLG (less than 10
layers) with Iop/Ig ~ 1 for Hf&Lf configuration [20].
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The generation of exfoliated flakes with fewer defects using the dual-
frequency reactor can be credited to the effective combination of
different-sized cavitation bubbles and their respective dynamics. For a
more comprehensive understanding of the underlying mechanisms,
further details can be found in our previous studies [20,23,31,32]. In
short, the Lf acoustic emissions result in the formation of larger bubbles
or bubbly clouds, measuring a few hundred microns in size, with short
lifecycles. These bubbles emit strong shockwaves upon their collapse,
effectively loosening the tightly stacked graphite flakes. On the other
hand, the Hf source generates smaller bubbles (few microns in size) that
vigorously oscillate in a more stable (extended life cycles) manner.
These tiny bubbles infiltrate the loose flakes, providing a gentle exfoli-
ation of graphite by operating amidst the initial split and the expanded
layers. As a result, the collaboration between these two cavitation re-
gimes demonstrates its benefits for enhancing both the quantity and
quality of the exfoliated graphene. It is noteworthy that the values of
Iop/Ig exhibit colonization within a narrow range of 1 + 0.2, indicating
that the majority of FLG is produced in both Hf&Lf (H and B)-DIW and
DIW:EtOH (Fig. 3(b-c)). Clearly, there is no substantial variance in Ip/
Ig values for Hf&Lf-DIW(H) and Hf&L{-DIW(B), which is further dis-
cussed on the basis of recorded similar acoustic pressures (Fig. 5a).
Conversely, from Fig. 3(d) we notice that Iyp/Ig ratios span a longer
range of 1.3 = 0.6 for Hf&Lf-DIW:IPA(B) samples, identifying single
layer graphene (SLG) and bi-layer graphene (BLG) signatures in addition
to FLG amongst the registered flakes. However, consistency and absence
of significant variations in Iop/Ig propose the homogeneity of the exfo-
liated graphene flakes together with the role the physical properties such
as surface tension, viscosity and vapour pressure play for cavitation
development in investigated hydroalcoholic solutions (see additional
details in acoustic section) in agreement with previous studies
[33,34,35]. The results obtained from Raman spectroscopy are prom-
ising, as they indicate that the ULPE Hf&Lf processing technique, uti-
lizing a larger size bell sonotrode, can effectively reduce processing
times by half while maintaining the same quality and throughput of few-
layer graphene (FLG).
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3.3. Morphological analysis

To obtain data regarding the exfoliated flakes’ dimensions, quality,
and number of layers in the investigated solvents, both conventional and
high-resolution TEM (HR-TEM) investigations were carried out. Fig. 4
(a-c) demonstrates typical TEM images of graphene flakes exfoliated in
DIW, DIW:EtOH and DIW:IPA with both H and B sonotrodes. From the
collection of images, we confirm the sheet-like morphology of produced
graphene flakes as a consequence of ULPE in each case. The HR-TEM
images of flakes exfoliated in each sample reveal the number of layers
by edge counting method [36]. The corresponding information is given
in the insets of each figure. For every sample, the statistical data for the
thickness and area of the flakes under analysis is plotted in Fig. 4d. From
graph, it can be seen that the average area of exfoliated flakes in Hf&Lf-
DIW:IPA (H), Hf&L{-DIW:EtOH (H) and Hf&L{-DIW (H) is 0.7 pm2 (olive
diamond), 1.46 pmz (blue triangle) and 1.5 pmz (black square) with the
average number of layers 8, 10 and 4, respectively. On the other hand,
areas of exfoliated graphene flakes in Hf&Lf-DIW:IPA (B), Hf&Lf-DIW:
EtOH (B) and Hf&L{-DIW (B) lie lower with the average areas of 0.35
pm? (navy triangle), 0.27 um? (pink triangle) and 0.17 ym? (red sphere)
with average number of layers 5, 6 and 5 respectively. The bell
sonotrode-treated samples have thinner flakes with smaller areas, ac-
cording to the statistical plot shown in Fig. 4d of the TEM analysis,
compared to the horn sonotrode-treated samples. This is understandable
since the larger surface of the bell sonotrode promotes more SWs while
the larger clouds shield more SWs, resulting in a trade-off that registers
similar pressures (see acoustic section). At the same time, the bell
sonotrode is more powerful in chopping down and exfoliating the flakes.
As a result, size and thickness are better controlled, and quality is
comparable, yielding a favourable overall result. Table S3 contains the
summarized data for all the investigated parameters (with standard
deviation) of the final flakes produced in the studied solvents for both Lf
(referenced in our previous studies [21,22]) and Hf&Lf set-ups. Based on
the combined findings from UV-Vis, Raman and TEM data, it is clear
that employing the B sonotrode in the same Hf&Lf set-up and liquid
environment resulted in an enhanced level of exfoliation in half dura-
tion, but produced smaller FLG flakes as a trade-off.

3.4. Characterisation of cavitation phenomena in various eco-friendly
solvents

3.4.1. Acoustic pressure measurements

Following the characterisation of the produced graphene flakes,
further acoustic emissions and visual observations using high-speed
imaging were conducted for each ULPE scenario in order to acquire a
deep understanding of the role of solvents in the process. Prys and Pyax
pressures demonstrated some correlation with the ULPE performance of
the solvents (Fig. 5). The Lf pressures were all smaller than their Hf&Lf
counterparts, corresponding to the lesser yields produced during ULPE
as established in our previous work [22,37]. Interestingly, the Prys
values for both the H and B sonotrodes were approximately the same
(~30 kPa) (Fig. 5a), which is in-line with the similar measured yields
and Iyp/Ig values after Hf&Lf-ULPE (Fig. 2b & 3b-d). Additionally, the
Prys values for DIW in both Hf&Lf cases were less in comparison to the
DIW:EtOH and DIW:IPA (Fig. 5a) due to the enhanced cavitation activity
driven by the lower surface tension and viscosity of both the solvents
(Table S2). Alternatively, DIW (particularly for the H sonotrode with the
smaller diameter) generated larger pressures for Pyjax (primed to detect
SW contribution) (Fig. 5b) due to the smaller cavitation zone compared
to DIW:EtOH and DIW:IPA, enabling the propagation of a larger number
of SWs as a consequence of less shielding as explained in [35].

For DIW:EtOH, the larger measured pressure for the H sonotrode
only increased the yield by 0.05 % as compared to the B sonotrode
(Fig. 2b). The DIW:IPA solution also produced a marginally higher
pressure for the H sonotrode. These similar pressures explain why the B
sonotrode can produce comparable graphene yields in half the duration.
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As the bell (B) has the working surface approximately twice the diameter
of the horn (H) sonotrode, circulated GP is more likely to be exposed to
powerful SW emissions under the B sonotrode tip. Furthermore, the
additional exposure to more SWs directly in the cavitation zone con-
tributes to the smaller FLG cross-sectional areas (Fig. 4d & Table S3). We
have previously observed that the emission of SWs mainly arises from
the edges of a sonotrode as a result of a collapsing cavitation cloud [24].
As the B sonotrode has a larger periphery, the additionally generated
SWs lead to a larger number of interactions with the GP. It is to be noted
that despite the larger number of SWs generated via the larger diameter
of the B sonotrode, the Pyj.x measured is lower due to shielding reducing
the maximum pressure of individual SWs.

The Pyjax pressures were mostly in line with the Prys measurements
(Fig. 5b), however, the case of B configurations featured more sup-
pressed Py« pressures due to shielding of SWs as mentioned above. Lf-
only pressure readings were again smaller than the Hf&Lf setups as
expected due to lesser cavitation activity. However, DIW produced
larger pressures compared to other solvents partly due to the higher
propensity for cavitation to collapse, hence, generating powerful SWs
unimpeded by shielding (see physical properties such as a higher surface
tension Table S2). Although the H sonotrode demonstrated higher
pressures than B, we must also consider the size of the vessel and posi-
tion of the FOH (located at one position only). Due to the larger size of
the B sonotrode in comparison to the size of the sonicated environment
(vessel size), the edges are close to the vessel walls, hence, most of SWs
emitting from the edges may also be obstructed and decay at impact
with the nearby solid boundaries. However, despite these reasons
explaining why the position of the FOH may pick up lesser pressure
readings from the B sonotrode, the smaller sized FLG flakes measured
using the TEM (Fig. 4d) indicate the B sonotrode produces enough
cavitation and particularly SWs to be effective in breaking up and
exfoliating graphite flakes.

Further analysis of the acoustic spectra demonstrated the driving
frequency (1.174 MHz, for the Hf source) to generate the highest pres-
sures, followed by the third harmonic (Fig. 6). Interestingly, the majority
of the B-sonotrode acoustic pressure is spread out over the 1st and 3rd
harmonic (it should be noted this observation is excluding the Lf har-
monics as they are outside of the FOH calibration range and therefore
filtered out, however, a representative plot in the low frequency range is
also presented in Figure S7), with the 2nd harmonic largely suppressed
for all the studied solvents. The H-sonotrode gave rise to significantly
larger peaks (5 times more for the 1st harmonic), in corroboration with
the larger measured pressures and wide distribution of flake sizes
(Fig. 6a & 4d). DIW:EtOH demonstrated the most prominent peaks,
whereas DIW produced the smallest ones (2.5 times smaller for the H
and 2 times smaller for the B at the 1st harmonic), correlating to the FLG
yield results discussed comprehensively (Fig. 2b). The reason for this
higher-pressure regime in the DIW:EtOH solution has been previously
discussed [31] and related to the “mist” of tiny cavitation bubbles that
sustain vigorous oscillations, thereby promoting further cavitation ac-
tivity within the solution. This regime contributes to the exfoliation
efficiency as demonstrated in Fig. 4d (larger size flakes similar to the
case of DIW although featuring improved stability Fig. 2b). The B-
sonotrode spectra peaks were noticeably much smaller in magnitude,
indicating strong attenuation of the Hf standing waves as previously
reported [31]. This attenuation can be ascribed to the larger diameter of
the B-sonotrode that leads to the formation of a larger size cavitation
cloud. As the B has double size emitting surface compared to the H-
sonotrode, a larger cavitation cloud is formed (Figure S9), hence,
obstructing the formation of standing waves while providing a greater
contribution to shielding. However, and as expected, this is not the case
in the Lf range, where the B-sonotrode exhibits a dominant acoustic
signal, reaching up to 40 % (Figure S7).

The hump observed in the insets in Fig. 6 and previously related with
the SWs propagation [24] seems to be over twice the magnitude for the B
sonotrode as compared to the H sonotrode, indicating a higher SW
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activity from the larger cavitation clouds under the sonotrode. However,
due to cavitation shielding the attenuated SW pressures contributed to
an overall lower Py,x value than for the H sonotrode (Fig. 5b) as
explained previously. Interestingly, the spectra for both the H and the B
sonotrodes also produced ultraharmonics around the 1st, 2nd and 3rd
harmonics, in intervals of 24 kHz. An example of this can be seen in the
insets for both the H and B (Fig. 6) between the ranges 3.45-3.6 MHz,
whereby the frequency-domain spikes are separated via 24 kHz in-
tervals. This intriguing pattern observed in the MHz range may be
attributed to the influence of the fundamental frequency (24 kHz) of the
Lf transducer, as previously documented [31].

3.4.2. High-speed imaging synchronised with acoustic measurements

Fig. 7 presents synchronised high-speed imaging observations with
acoustic detection of the studied liquids without the addition of GP. DIW
was shown to generate the largest and most frequent SWs (indicated by
the sharp individual pressure spikes in the time domain, Fig. 7a), pro-
ducing a maximum pressure over 400 kPa with the majority peaking
around ~ 200 kPa (in line with the averaged Py.x values measured in
Fig. 5b). DIW:EtOH and DIW:IPA generated fewer pressure surges
reaching a maximum of ~ 200 kPa and ~ 350 kPa (Fig. 7b & ¢)
respectively. The majority of the pressure magnitudes reached ~ 100
kPa and ~ 150 kPa (Fig. 7b & c, respectively) corresponding to the
values recorded in Fig. 5b. However, the overall accumulation of pres-
sure magnitude was larger, indicated by the thickness of the corre-
sponding signal in the time-domain (Fig. 7d), due to the addition of the
Hf transducer enhancing the previously documented “mist” formation
and rapid bubble oscillation in DIW:EtOH and DIW:IPA. The presence of
the numerous tiny cavitation bubbles activated by the Hf source under
the large cavitation bubbly clouds in these cases indicates a higher
cavitation activity as recently explained.>! This further corroborates
with the significantly larger 1st and 2nd harmonics (from over imposed
cavitation bubble emissions at resonance size) demonstrated by the DIW
mixture spectra compared to pure DIW (Fig. 6), in agreement with the
earlier results.35 The larger pressures for DIW:EtOH and DIW:IPA also
correlate with the greater measured Prys pressures (Fig. 5a), in addition
to the larger graphene yields as demonstrated in Fig. 2b and Table S3.

Upon activation of the sonotrode (inset 1), DIW:EtOH and DIW:IPA
display a faster nucleation of cavitation bubbles under the sonotrode tip
(Fig. 7b & ¢) compared to DIW (Fig. 7a). The build-up of cavitation in-
tensity generates larger pressure spikes for all liquids (inset 2), whereby
DIW:EtOH and DIW:IPA produce the largest cavitation zone (54 and 59
mm? cross sectional area, respectively). However, DIW (26 mm? cross
sectional area) produced the largest SW pressures due to the proclivity of
localised bubble cloud collapse and, hence, a lesser detrimental effect
from cavitation shielding. The high vapour saturation pressures of EtOH
and IPA (around 6 kPa) compared to DIW (2.3 kPa) and significantly
lower surface tension facilitate the earlier cavitation threshold [34] with
increased number of small bubbles providing more spots for efficient
exfoliation [35]. Therefore, on the one hand we have the lesser
magnitude of SWs. On the other hand, the enhanced cavitation zone, in
conjunction with the tiny “mist” cavitation bubbles (smaller, spread-out
cavitation which have been previously shown [25] to be beneficial for
exfoliation due to their ability to penetrate in-between partially exfoli-
ated graphite layers, producing greater overall cavitation intensity)
leads to a higher yield of high-quality graphene (in line with Fig. 2b)
[37]. This is also evident from the presence of a stabilised cavitation
regime (>20 ms) where a larger cavitation zone (inset 3) is maintained
for DIW:EtOH and DIW:IPA and promotes effective exposure of GP to
cavitation activity. Consequently, this leads to a higher yield. It is worth
noting that the yield percentage (~6%) reported in the current work is a
characteristic of ULPE-produced graphene, which is even higher than
0.1 %, 0.3 %, and 2-5 % reported in the literature [38-40]. The exposure
to additional satellite bubbles is also portrayed (Fig. 7b, inset 3 and 2),
which further aids in providing oscillating forces to shear graphite layers
apart.
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Fig. 7. Acoustic pressure plots and synchronized high-speed images (insets) for each liquid under study are shown. (a) DIW (blue); (b) DIW:EtOH (red); (c) DIW:IPA
(green); (d) All liquids plotted collectively for comparison. Upon activating the LF source, a 30-millisecond period was recorded. The three representative moments of
the developing bubble dynamics for each solvent are shown in the insets. These moments are (1) the initial developing cavitation cloud upon activation of the
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(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

It is also worthy to discuss the credibility of DIW:EtOH and DIW:IPA
over using EtOH and IPA as individual solvents. In one of our previous
works, the low cavitation efficiency of ethanol [33,34,35] was demon-
strated, resulting in smaller amount of graphene (~0.01 mg/ml) pro-
duced [14]. The superior wettability, dispersibility, perfect surface
tension matching with surface energy of graphite [41] explains the
rationale behind why DIW:EtOH/DIW:IPA (note that IPA features

physical and chemical properties in line with EtOH) are superior can-
didates over EtOH and IPA. Exfoliation efficiency of each of the studied
solvents has been evaluated in terms of quality, size, yield and stability
of FLG, suggesting some sort of flexibility of obtaining FLG with different
lateral sizes and thicknesses, which finds its potential in wide spectrum
of cutting-edge applications, presented in Fig. 8.
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Fig. 8. The evaluation of DIW, DIW:EtOH and DIW:IPA in terms of producing FLG yield, processing time, quality, area, stability and yield in the purposed Hf&Lf-H/B
set-up for different areas of applications. Note for area: number indicates size differences in graphene flakes, lowest (1) and highest numbers (3) indicate small and

large sized flakes respectively.
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4. Conclusions

In this study, a novel dual-frequency reactor utilizing different
sonotrode sizes to produce graphene in environmentally friendly sol-
vents was deployed. The goal of this study was to comprehend how
solvents affect the formation of cavitation and the dynamics of bubbles.
Additionally, the produced eco-graphene was characterized based on
yield, quality, stability, thickness, and size.

The characterization results of the graphene samples, supported by
the bubble dynamics and acoustic pressure analysis, indicate that the use
of DIW:IPA and DIW:EtOH represent efficient, eco-friendly solvents for
producing high-quality FLG flakes with tailored thicknesses (4-10 Ls),
area of flakes (0.3-1.5 pm?) (DIW:EtOH produces significantly larger
flakes than DIW:IPA), good yield (~6%) and stable suspensions lasting
over six-months (~70 %) which offers flexibility in a wide-range of
applications.

The findings indicate that under the sonotrode tip, cavitation
development in DIW produces a more confined cavitation cloud and in
contrast to DIW:IPA and DIW:EtOH mixtures where both produce a
much larger spatial distribution of cavitation bubbles, including addi-
tional, and larger in size satellite bubbles. Furthermore, both DIW:EtOH
and DIW:IPA produce tiny “mist” cavitation bubbles which further aid in
enhancing the cavitation zone, in addition to faciliting exfoliation of
graphite. Further cavitation analysis revealed larger measured acoustic
pressures for dual frequency setups, particularly with the addition of
EtOH or IPA, corresponding to greater graphene yields.

The effect of the sonotrode diameter was also investigated, which
further controls and affects the exfoliation of graphene. It is shown that
the larger size sonotrode (twice the diameter) can reduce the processing
times by half while maintaining the same quality and yield levels. The
similar pressures for both liquids indicate that the bell (B) sonotrode
produces comparable yields to the horn (H) due to its double emitting
surface that enlarges the cavitation zone and increases the amount of
shock waves. This in combination with the role of the solvents can
further enhance the exfoliation efficiency of the cavitation zone.

Our study unveils novel insights into the production of stable gra-
phene dispersions in sustainable green solvents using our original dual
frequency ULPE set-up. This work paves the way for diverse applications
in cutting-edge technologies, including eco-graphene-based stable
conductive inks to develop low-temperature processed electrically
conductive graphene-based pastes and inks replacing metal-based
electrodes to be used in perovskite solar cells which will reduce
manufacturing costs and improve device recyclability, functionalized
eco-friendly graphene for water-splitting processes in hydrogen gener-
ation, gas sensors, composites and aqueous based bio-friendly graphene
is an excellent candidate for targeted drug delivery where biocompati-
bility is the primary concern. The importance of achieving stable dis-
persions is pivotal for graphene’s commercialization, where end-users
increasingly demand high-quality dispersions with high-throughput
capabilities and extended shelf lives.
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