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Nowadays, one of the promising methods for scalable graphene production is ultrasound-aided liquid phase
exfoliation (ULPE) of graphite. Two current limiting factors of ULPE are the use of harmful solutions (such as N-
Methyl-2-pyrrolidone or Dimethylformamide) and a relatively low graphene yield. In this study, we demonstrate
a new dual frequency (20 kHz and 1174 kHz) ULPE approach in various eco-friendly media, which enabled us to
produce various few-layer graphene (FLG) solutions of high quality. By implementing sophisticated character-
isation techniques consisting of Raman spectroscopy, UV-vis spectroscopy and high-resolution electron micro-
scopy, the final graphene flakes structure was confirmed to correlate the properties of each individual solution.
The thinner (~3 layers) and larger (~1.5 pm?) flakes were observed while using just water, with the highest yield
(11%) of smaller FLG flakes to be achieved in the mixture of water and a surfactant. In order to understand the
cavitation mechanism in different solutions, the ULPE process was investigated by acoustic measurements. This
study demonstrates the crucial role of ethanol (as a solvent) and surfactants as it regulates the cavitation power
and intensity of the ultrasonic field and, thereby, the cavitation effectiveness. It is suggested that the mixture of
water, ethanol and a surfactant is the best medium for ULPE process where a high yield of low-defective FLG
flakes can be obtained in a solution stable at least for 3 months (around 80%).

1. Introduction challenges with much larger yield and scalability, although the pro-

duced few-layer graphene (FLG) flakes remain of even smaller size and

The ability to obtain a material in two-dimensional (2D) form,
emerging from the isolation of graphene in 2004 [1], opened up the
necessity for studying the 2D science phenomena and applying them in
our daily lives. Mechanical exfoliation, allowing the separation of a
single layer of graphite (SLG) or the so-called graphene, was the first
top-down approach and still remains best in terms of obtained graphene
characteristics: superior optoelectrical, quantum properties and super-
conductivity [2-4]. The drawbacks of the above-mentioned method
include small size, high cost, extremely low yield and almost impossi-
bility to scale up. Another top-down method widely popular today is the
liquid phase exfoliation (LPE). It helps to overcome some of those

concede the superior optoelectrical and quantum properties to those
obtained by bottom-up approaches like chemical vapor deposition or
epitaxial growth [5]. Nevertheless, interest into LPE is still growing
nowadays due to its rather lower cost, higher yield, scalability, possi-
bility to be eco-friendly and, finally, it does not require a complicated
route of transferring the final graphene product to a substrate of choice
[5]. In addition, the LPE produced graphene has significantly widened
its application areas to biosensors/markers, conductive ink, water
treatment, chemical, gas and air separators, seawater desalination, food
processing, package engineering, CO, capture and storage to name but a
few [6,7].

* Corresponding author. Brunel Centre for Advanced Solidification Technology, Brunel University London, Kingston Lane, UB8 3PH, UK.

E-mail address: Dmitry.Eskin@brunel.ac.uk (D.G. Eskin).

https://doi.org/10.1016/j.carbon.2023.01.062

Received 18 November 2022; Received in revised form 18 January 2023; Accepted 31 January 2023

Available online 3 February 2023

0008-6223/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Dmitry.Eskin@brunel.ac.uk
www.sciencedirect.com/science/journal/00086223
https://www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2023.01.062
https://doi.org/10.1016/j.carbon.2023.01.062
https://doi.org/10.1016/j.carbon.2023.01.062
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2023.01.062&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A.V. Tyurnina et al.

Currently, there are three main ways of performing liquid exfoliation
to obtain graphene. The LPE can be performed via ultrasonication (US)
(further called ULPE), shear mixing and by micro fluidization in pres-
surised microchannels. The last approach (developed a few years ago) is
promising to be highly efficient with the recently reported graphene
nanosheet yield of 100% [8-10]. Thickness of those sheets was not
uniform (from 5 to 200 nm) and above 10 nm (dozens of layers (Ls)) on
average, only 4% of the resulting flakes were <4 nm thick (could be
considered as FLG [11]). However, the 100% yield of the process was
reached by cycling the process (100 cycles, ~3 h). LPE by a shear mixer
can provide more uniform and much thinner flakes (5-7 Ls), but of a
smaller area (<0.5 mmz) and with a very poor yield below 1% [9,12]. In
recent years, ULPE where the cavitation bubbles play a crucial role in
exfoliation under a controlled ultrasound field has attracted a lot of
attention [13,14].

First of all, and foremost, any LPE method depends on the exfoliation
medium [15]. There is a large volume of literature on the efficient
exfoliation of graphite in N-Methyl-2-pyrrolidone (NMP) using different
LPE approaches including shear mixer and microfluidization mentioned
above. For the last decade the LPE users were challenged by the diffi-
culties in removing harsh chemicals in the graphene production [16].
Green solvents and surfactants came into focus of LPE graphene man-
ufacturers [9,17-19]. Water is not typically considered as an effective
dispersant for exfoliation nor as a good stabiliser due to the mismatch in
water and graphene Hansen solubility parameters [20], surface tension
[21] and high graphite hydrophobicity [22]. However, there are several
publications suggesting that the interaction between water and the
graphitic surface had been underestimated [23-25]. Previously, we have
also demonstrated the possibility of ULPE in pure water and have found
out the key US parameters for the ULPE in terms of the final flake quality
and yield [14,26,27]. The low and high frequency (Lf and Hf) ultrasound
combination was one of the important conditions to obtain less defective
FLG flakes of smaller thicknesses and larger sizes (3 Ls and 1 pm? on
average, respectively). The dual frequency effect to ULPE of graphite
was also explained in detail based on the acoustic analysis [26].

In order to further improve the yield and stability of as-produced FLG
samples, in this paper we expand the use of the dual frequency ULPE to
some basic green surfactants and solvents to reveal their effect on the
final FLG characteristics. The impact of different green solutions to the
final FLG flakes characteristics was analysed by means of Raman and
UV-vis spectroscopies, and by high resolution transmission electron
microscopy (HRTEM). Additionally, to understand the role of cavitation
in graphite exfoliation, spectrum analysis was performed by in-situ
measurements of acoustic emissions in a broad range of frequencies.
Results revealed a promising combination of green solvents with sur-
factants that can significantly enhance the production of ULPE FLG and
shift the paradigm from the use of harmful chemical solutions towards
environmentally friendly solvents.

2. Methods and materials

As the initial source for graphene, commercially available graphite
powder (GP) from Alfa Aesar was used. The average size of the initial GP
particles was about 70 pm as per manufacturer’s specification. Green
chemicals such as ethanol (99.9% absolute grade) from Merck Life Sci-
ence UK, dodecylbenzene sulfonic acid sodium salt (SDBS) and cholic
acid sodium salt (SC) from Fisher Scientific were used as the eco-friendly
[19] solvent and surfactants, respectively, mixed with pure deionized
water (DIW) supplied by Lab Unlimited Carl Stuart group. The choice of
the surfactants was based on the literature survey [18,20,28-31] and
their concentration was adopted to our dual frequency ULPE process
based on the yield measured after each exfoliation session.

The ULPE was performed in a dual frequency configuration as
described elsewhere [26]. Briefly, a Lf 20-mm Ti sonotrode excited at 20
kHz was applied from the top of a beaker. A photo and a scheme of the
set-up are shown in Supplementary Information, Fig. S1. The driving
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transducer (Sonic system, model L500/5-20) had 500 W power at 100%.
It was immersed into the beaker center, 5-mm under the liquid surface.
At the same time a Hf membrane transducer (Meinhardt Ultrasonics,
multifrequency high power system E/805/T) made of a Ti diaphragm
(50 mm in diameter, equal to the beaker diameter) created the US field
from the beaker bottom at a working frequency of 1174 kHz (162 W for
50% power). The use of Ti tools can potentially add some Ti nano-
particles to the solution. This was tested in our previous work [26]and
the amount of Ti nanoparticles was found to be negligible.

The ULPE procedure started with heating and degassing of the sol-
vent in a 50-mm diameter clear PVC beaker (150 ml of DIW or a mixture
of DIW and ethanol (WEt), 75 ml each [32]) by ultrasonicating it with
the Lf sonotrode at 50% of input power for 15-20 min. The water or
water-ethanol mixture temperature was stabilized at 50 °C for another
10 min. In the case of surfactant assisted ULPE, 15 mg of surfactant were
added into the stabilized solvent (depending on the surfactant: in just
DIW further names as WSC or WSDBC, in WEt — WEtSC) prior to GP. In
all experiments, 60 mg of GP was added into the beaker and stirred
gently by a Teflon spoon prior to US treatment. Both US sources were
working at 50% of their maximum input power for 2 h at the stabilized
temperature of around 50 °C (this temperature range is beneficial for
ULPE as shown in Ref. [45]). To maintain the as-prepared mixture at the
same temperature, a cooling arrangement was used around the beaker.
The temperature was monitored by a K-type standard thermocouple
with an RS 52 Digital Thermometer.

Based on the previous study of different possible regimes of US
treatment [26] performed in DIW only, we have chosen to use the one
when both sources worked simultaneously. The previous research
showed that such a configuration provided the highest yield (9.7%), the
lowest thickness (3 Ls) and relatively large final FLG flakes (1.5 pmz).
Results obtained earlier using the same settings but with a single, either
Lf or Hf, source were used for comparison [14].

The as-prepared solution was divided straight after ULPE in 3 glass
vials (50 ml each) and centrifugated (CF) at 1500 rcf for 30 min using a
Sigma 2-7 Compact Benchtop Centrifuge. The upper part of the CF so-
lution (about 30 ml) was immediately collected in cleaned glass vials in
order to prepare several different supernatant samples for further
advanced characterizations. Consequently, a drop of the CF solution was
cast onto a precleaned Si/SiOy (300 nm) surface and dried at room
temperature within a ducted fume cupboard prior to Raman investiga-
tion. Another 3 drops were put onto holey-carbon-coated copper grids
(300 mesh) for HRTEM investigation and also dried at room tempera-
ture. Both dried samples were stored in plastic wafer-trays to be
measured some days later.

UV-vis spectroscopy was carried out immediately after CF to prevent
measuring the spectra when FLG flakes in the solution started agglom-
erating. A Hewlett Packard 8453 instrument was used to collect the
spectra in the wavelength range 220-800 nm, which was enough to
detect the graphene and potential graphene oxide related peaks ex-
pected at 270 [33] and 230 nm [34], respectively. For that, a certain
amount of the CF solution was poured into a Cole-Palmer quartz cuvette
(3.5 ml), with a path length of 10 mm, and measured with an acquisition
time of 10 s.

An InVia Raman (Renishaw) spectroscopy system with Modu-Laser
working at an excitation wave length of 514 nm was used to confirm
the FLG structure, to verify the number of layers (NLs) by checking the
2D/G intensity ratios, presence of defects from the intensity ratios D/G
and D/D’ (Fig. 1), and to trace the FLG structure quality after US process.
The laser spot size was ~ 2 pm and the laser power was 0.2 mW. Raman
spectra of 20-30 random flakes from each sample were registered in the
range from 1200 to 3100 cm™". Data collection was made under 50 x
magnification, the acquisition time was adjusted to have a reasonable
signal/noise ratio.

A HRTEM 200-kV JEOL 2100 F Field Emission Gun was used to
investigate individual FLG flakes in terms of their area and NLs. 30 to 45
representative flakes were investigated for each of the ULPE conditions.
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Fig. 1. Raman characterisation of as-produced FLG flakes samples. (a) Representative spectra from ULPE with different solutions; (b) average data of the Raman
intensity ratios (left Y axis) for the Raman peaks shown in Fig. 1a (a - 2D/G; @ - D/D’ and ll - D/G) for each of the ULPE produced sample of FLG flakes; these data for
the original GP are shown by dashed lines of the same colour as the data for ratios. The data of the yield of the corresponding ULPE process are shown by blue open
stars with numbers on the right Y axis. (A colour version of this figure can be viewed online.)

Further image processing was performed with ImageJ software in order
to estimate the surface area and thickness of each flake. Statistical
analysis of the measurements was performed.

After centrifugation, the top part of the solutions (about 100 ml) was
vacuum filtered and dried in a vacuum overnight to determine the final
concentration of the FLG flakes. The 0.2 pm pore PTFE membrane was
used to collect the FLG flakes during filtration. The membrane was
weighed prior and after filtration. The mass difference gave us the idea
of final concentration of as-prepared FLG flakes and was used for yield
estimation.

A calibrated (between 1 and 30 MHz, Precision Acoustics Ltd) fibre
optic hydrophone was used to collect acoustic pressure measurements
and acoustic spectra from ultrasonic cavitation clouds generated by the
Lf sonotrode and Hf source transducer [35]. The sensor was positioned
~ 8 cm above the Hf source and ~ 2 cm below the sonotrode tip, in a
location suitable for detecting high energy cavitation and shock waves
(SWs) [35] that were previously identified as the prominent exfoliation
mechanism during ULPE [27].

3. Results
3.1. Raman characterisation of all samples

As-prepared samples of the exfoliated GP were investigated by means
of Raman spectroscopy to determine the structure of the flakes, to es-
timate their thickness and quality in terms of defects types and amount.
All samples demonstrated the Raman spectra typical of sp? hybridized
carbon materials. Fig. 1a contains the spectra examples of the FLG flakes
samples produced in different studied solutions. For easier comparison
all spectra were normalized to the intensity of the G peak around 1580
cm ! related to the in-plane vibrational G mode. As it can be seen from
Fig. 1, in addition to the G band of similar shape and full width at half
maximum (FWHM) for all spectra, plots also demonstrate 3 additional
defect related peaks at 1350, 1620 and 2700 cm ™! - so called D, D’ and
the second order of the Raman scattering 2D modes, correspondingly
[36]. Among the studied spectra these bands are slightly varied in in-
tensity but significantly differ in the average intensity ratios between the
bands for different ULPE set-ups as shown in Fig. 1b. Those ratios are
typically used to analyse the quality and the thickness of FLG flakes [37].

The number of defects is proportional to the value of D/G intensity
ratio (black squares in Fig. 1b). As one can see the average value of D/G
is the lowest for the spectra of the original GP (black dashed line). This

ratio is doubled for the ULPE in DIW with surfactants (WSDBS and WSC
cases). With the addition of ethanol, the ratio reduces to the level lower
than the level of defects observed in DIW ULPE. Thus, adding the sur-
factants increases the number of defects, but adding the ethanol helps to
reduce them. At the same time according to Refs. [13,38,39] D/D’ in-
tensity ratio (red circles for samples and red dashed line for GP in
Fig. 1b) can be used to predict the type of those defects. For all the
conditions used the average of that value was below 3.5, which is
characteristic of the graphite edge-type defects rather than some planar
disorders. Therefore, the apparent rising in the amount of defects hap-
pens likely due to the FLG flake size reduction to the dimensions smaller
than the laser spot size diameter (2 pm) so that the edges contribute to
the spectrum.

The other ratio 2D/G (green triangles in Fig. 1b) is commonly used
for FLG flakes thickness estimation [13,38]. According to the data pre-
sented in Fig. 1b, the 2D/G intensity ratio increases compared to that of
the original graphite source, which indicates the thickness reduction of
the original GP (green dashed line). The highest average value of 2D/G
intensity ratio (around 1) is registered for the samples obtained in the
ULPE process in the WEtSC solution. Such a Raman characteristic is
typical of FLG flakes with the thickness below 5 Ls [39]. Examples of
some Raman spectra with characteristics corresponding to 1-2 Ls gra-
phene are given in the Supplementary Information (Fig. S2) for each of
the processes. The 2D peak shape analysis has shown that half of the 2D
bands obey asymmetrical shape typical to Bernal stacking graphite [36].
Another half can be easily fitted with only one Lorentzian peak and the
averaged FWHM of those is around 50 cm ™!, which can be a sign of
turbostratic graphite [40]. Nevertheless, our detailed HRTEM investi-
gation detected the layer spacing being in the range of 0.333-0.337 nm,
while for turbostratic graphite its typical value would be 0.34 nm [41].
The observed 2D band widening is likely to be caused by flakes folding
and overlapping with other flakes on the Si substrate during the drop
casting and drying step.

The yield data (at the right Y axis in Fig. 1b) for each tested ULPE
setting are shown by the open blue stars. Based on the correlation with
the Raman characteristics, samples produced in WSC or WEtSC show
effective exfoliation process with a yield higher than 8.5%. The WSC
sample demonstrates the highest yield (11%) but also a higher defect
level, while the WEtSC sample has significantly less defects at a slight
expense of the yield.
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3.2. TEM characterisation of all samples

To further understand the real thicknesses of the exfoliated material,
a detailed investigation was performed by means of low and high-
resolution TEM. One of the representative FLG flakes, obtained in the
ULPE dual frequency set-up in the WSC solution, is shown at a low
magnification in Fig. 2a, while the number of its layers (4 Ls) is shown in
the high-resolution TEM image in the inset. The TEM results of all
investigated flakes are summarized in Fig. 2b as an average data for the
number of layers against the average area for all tested ULPE conditions.

The TEM data for DIW ULPE from the previous work [26] was used
here for comparison, and is indicated by blue open star in Fig. 2b. The
flakes produced in DIW using dual frequency ULPE were of a larger
averaged size with the average thickness of 3Ls, but the yield of the
process was very low (3.75%). Adding the ethanol or surfactant to the
DIW helps to overcome this drawback. As it is shown in Fig. 1b the yield
is rising up to 11% when SC is added to DIW. While the average thick-
ness of the WSC flakes (4 Ls, red open star in Fig. 2b) is close to those
obtained in just DIW ULPE (3 Ls, blue open star), the former are
significantly smaller in size (average area is ~0.5 pm?). When SDBS is
mixed with DIW, the yield is almost doubled (6.5%) compared to the
DIW sample (Fig. 1b), but also the average flake thickness doubles up
and the flake area is reduced to 1 pm? (black open triangular in Fig. 2b).
The addition of ethanol (to DIW) has the same effects on yield, size and
thickness of the final FLG flakes, but the size is slightly larger (green
circle in Fig. 2b) and the thickness is closer to 6Ls (on average). It is
worth to note that ethanol also decreases the defects level as it has been
already shown in the Raman results (Fig. 1b). This observation was also
registered for Lf ULPE set-up and described elsewhere [42] as the
consequence of the cavitation bubble size reduction, which led to
gentler exfoliation. Interestingly, the dual frequency ULPE using the
combination of ethanol and SC in DIW seems to be a good compromise
between other studied ULPE settings. As one can see from Figs. 1b and
2b (grey open square), FLG flakes produced in WEtSC solution are
thinner than those prepared in WEt, larger than those exfoliated in WSC
and deliver a significantly higher yield, 3 times more compared to the
yield in DIW exfoliation process; also demonstrating the lowest level of
defects.

3.3. Stability of FLG in the studied solutions

Another important parameter of the as-produced samples of FLG
flakes in different ULPE settings is the final suspension stability. Four of
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the described above samples were stored carefully for UV-vis charac-
terisation at a later time. The UV-vis analysis was difficult in the case of
SDBS surfactant as the SDBS related absorbance peak was wide and
overlapped with the graphene related one [43], see also Supplementary
Information Fig. S3. Additionally, the yield of the FLG flakes solution in
the WSDBS medium was similar to the WEt sample and not as good as
that in the WSC mixture. FLG flakes exfoliated in DIW are known to form
a weakly stable solution [21,22]. In our ULPE experiment in DIW the
flakes concentration dropped 50% after the 1st week of preparation. Its
stability was monitored by the sample’s UV-vis signal at 660 nm
(Fig. 3a, black circles). Absorbance at this wavelength is proportional to
flakes’ concentration [44]. Then the UV-vis intensity of that sample
mixture continuously reduced down to 1% after 2 more months and
became almost zero one more month later. Addition of SC and ethanol
can improve the stability (red squares and blue stars, respectively, in
Fig. 3a). As one can see, after 50 days the concentration of the FLG flakes
in both solutions stayed around 60% of the 1st day concentration
measured right after CF. The WEt solution stabilized the FLG flakes
concentration even above 70%, at least during the first 4 months
(Fig. 3a, blue stars). Finally, the mixture of water/ethanol with the SC
surfactant (Fig. 3a, open grey squares) increased the stabilized
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Fig. 3. Stability of the FLG flakes in different tested solutions. UV-vis absor-
bance at 660 nm vs days, normalized to the UV-vis absorbance measured on the

day of the solution preparation. (A colour version of this figure can be
viewed online.)
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Fig. 2. TEM characterisation of as-produced FLG flakes: (a) TEM image at low and high resolutions (HR, inset) of a typical FLG flake obtained after ULPE process in
the WSC solution; (b) the average data of the FLG flakes area and thickness obtained in different ULPE conditions. (A colour version of this figure can be

viewed online.)
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concentration up to almost 80% from the initial concentration. The
exact percentage of concentration of the solution left after 4 months is
shown in Table 1.

We can conclude that mixing ethanol and SC with DIW improved not
only the ULPE yield and quality (lowest level of defects), but also the
stabilisation of the FLG flakes concentration in the solution.

4. Discussion
4.1. Surfactant role in the exfoliation efficiency (yield)

Based on the TEM results presented in Fig. 2, one can conclude that
the ULPE in DIW gives good results in terms of the small thickness (3Ls)
and large area (1.5 pm?) of as-produced FLG flakes. Unfortunately, the
ULPE performed only in water is not effective from the viewpoints of
both the yield, which is very low (about 3.75%), and the suspension
stability (Fig. 3). A surfactant can promote the exfoliation process by
assisting the dispersion in water or any other mildly volatile solvents
[16,45]. The effect of surfactants has been well described in the litera-
ture. Coleman and Lotya were among the first to demonstrate in 2009
[20,28] the stabilisation effect of FLG flakes in water with added sur-
factants. Due to the effect of a surface charge, surfactants adsorbed by
the graphite sheets produce Coulomb repulsion between them, acting
against their reaggregation. It was noted that the surfactant concentra-
tion is a crucial factor for the stabilisation effect, but can be a limiting
factor in some cases due to high concentrations required.

In order to improve the exfoliation efficiency in our unique dual
frequency ULPE process 2 different eco-friendly surfactants were tested,
SDBS and SC. As shown in Figs. 1-3 we have registered not only the
stabilisation improvement and the number of defects’ rising (rather due
to the smaller flakes’ size), but also a drastic increase of the yield. As we
expected, both surfactants have improved the final concentration of the
FLG flakes. Notley [46] has shown that the surfactants actually play a
dual role. Firstly, being absorbed onto the exfoliated flakes surfactant
molecules prevent their reaggregation, providing better solution stabi-
lisation. Secondly, the liquid-vapor interfacial energy is lowered to the
optimum level that is still enough to separate the sheets beyond the
range of the van der Waals forces. While the stabilisation effect is rather
clear and in accordance with the 1st role of the surfactant, the significant
increase in exfoliation efficiency (yield) observed in our study could be
explained by the combination of the optimum surfactant-induced
interfacial energy and the specific pattern of US cavitation created by
dual low and high frequency US fields. In our case the effect of the SC
surfactant was much stronger for the yield than for the stabilisation. To
the best of our knowledge, such a high yield of FLG flakes obtained in a
WSC solution was not previously reported (except the cases where
recirculation was involved [10]). We link that observation to the specific
acoustic field created by the unique dual frequency set-up.

An additional acoustic investigation was carried out to clarify the
influence of US parameters onto the dual-frequency ULPE efficiency in
the solution with SC surfactant. As it was demonstrated before [26,27]
the cavitation is the driving force for ULPE and can be characterised by
acoustic emissions. In the current study, we measured acoustic spectra
and pressure using acoustic sensors calibrated in a high-frequency
range, capable of capturing the acoustic emissions associated with
cavitation noise and shock waves (Section 2). Acoustic spectra of the

Table 1
The percentage of retained FLG flakes in DIW-based mixtures after 3+
months for different solvent compositions.

ULPE conditions Percentage of the left material

DIW
WSsC
WEt
WEtSC

1%

57%
71%
78%
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four different solutions in the dual frequency configuration were
measured (Fig. 4a and b) and the corresponding root-mean-square
(RMS) acoustic pressures were then compared in Fig. 4c. The experi-
mental procedure was described in detail elsewhere [26]. The four
acoustic spectra in the range from 1 to 5 MHz, corresponding to four
different tested solution mixtures (indicated in the legend of the figure
by different colours) with their corresponding pressure-time profiles
(shown by the inset waveforms) are presented in Fig. 4a.

DIW exhibits a more homogeneous waveform with less pressure
fluctuations (this is typical of cavitation in water) though with multiple
distinguished peaks (prominently emerged from the main waveform
pattern) as indication of SWs. WSC solution follows a similar behaviour
with prominent peaks visible on the waveform around the first 10 ms,
though the pressure signal looks more chaotic with enhanced cavitation
noise (up to 200 kPa). An extended cavitation zone with various cavi-
tation clouds and myriads of vibrating bubbles produces pressure fluc-
tuations over-imposed onto the incident frequencies as previously seen
in Ref. [42]. The parts of the waveform that does not show prominent
shock wave peaks (e.g. first 5 ms as well as towards the end after 15 ms)
maybe indicative of blockage/shielding effects by the suspended
clouds/bubbles diminishing SWs intensity as has been also reported in
Ref. [47]. In the case of WEt the addition of ethanol forms a significantly
wider pressure waveform (about 2 times larger in magnitude than in
water, e.g. the section after 18 ms) indicating the development of an
extended cavitation zone (with multiple emissions from a range of
bubbly clouds). Prominent peaks apparent in the beginning become then
hidden by the enlargement of the cavitation noise. This is expected as
the formation of a bubbly mist can absorb shock waves intensity while
expanding significantly the cavitation zone [42,48]. In the case of
adding ethanol in the WSC the waveform also shows broadening of the
cavitation noise due to more bubbles/clouds oscillations but also pre-
sents sharp peaks attesting for the SW propagating in the liquid solution.
In general, after the cavitation becomes developed (as a function of the
liquid properties), all tested liquids show the development of SWs with
their intensity being a function of shielding by the bubbly clouds [49]
and non-collapsing deflations [50].

It is also obvious that the solutions with ethanol demonstrate much
more vigorous cavitation (broader white noise in the waveforms) but
with lesser intensity of the generated SWs indicated by the rise of the
hump in the range of 3.2-3.5 MHz (Fig. 4b) as has been previously
explained in Ref. [35]. On the other hand, the sharp peaks observed in
the same range for all the ethanol-based solutions, for example see
prominent green line peaks in Fig. 4b, correspond to the harmonics of
the incident wave (source of 1174 MHz) that are over-imposed by the
vigorously vibrating water/ethanol bubbles with a resonance size of a
few microns as also has been previously seen in Ref. [51]. Due to the Hf
source, the 3rd harmonic also lies near this SW region and is likely to
promote bubble oscillation at this frequency, lessening the effect of the
SWs in ethanol-based solutions and perhaps promoting more uniform
and gentle US exfoliation through smaller but vigorously oscillating
cavitation bubbles. This could explain less defects of the as-obtained FLG
flakes as compared to those of the samples from ULPE process in WSC
medium. Thus, in the case of WEt solution we have a less aggressive
cavitation regime occurring in a wider cavitation zone (as previously
seen with the mist formation [42,48]), which promotes a gentler exfo-
liation in a larger area, in line with the results in Ref. [26]. This is also
reflected by Fig. 4c where the RMS pressures (the mean square of the full
waveform that represents the cavitation noise at the frequency range of
1-5 MHz) are higher for the ethanol- and SC-containing solutions. There
is also a good correlation between the RMS data (Fig. 4c, left vertical
axis) and the yield (right vertical axis — round symbols). In addition, it is
interesting to note that the addition of SC in water forms a sharper hump
compared to water alone, indicating a higher intensity of the propa-
gating SWs. However, the more powerful the SWs, the less the quality of
the flakes due to the induced defects. This is in a very good agreement
with results in Figs. 1 and 2 where the exfoliation in WSC produces the
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Fig. 4. Examples of spectral acoustic measurements for the ULPE in different solutions (a) and their corresponding waveforms for the general cavitation noise
intensity (insets). Spectra were obtained using a fibre-optic sensor sensitive only to MHz-part of the spectra in a wide range from 1 to 5 MHz; (b) Zoomed in spectra
from (a) in a smaller range around 3.5 MHz to highlight the area of SWs signals. Based on the spectral data in (a), the RMS acoustic pressures were estimated and
plotted with error bars in (c) along with the measured yield (grey spheres, right axis). Note the different Y-axis scales for (a) and (b), the top parts of some peaks in (b)
were truncated to emphasize the shape of the main SWs peak. (A colour version of this figure can be viewed online.)

smallest area (as in general the more powerful the SWs, the more
chances to break/fragment the graphite powder) with the highest
number of defects for the produced graphene samples. Results clearly
show the effectiveness of understanding the acoustic emissions in con-
trolling cavitation quality of the produced 2D samples.

Hence, overall, it seems that the WEtSC with an extended cavitation
zone (Fig. 4a), prominent shockwaves, vigorously oscillating bubbles
(green peaks, Fig. 4b) and higher RMS pressure (Fig. 4c) provides the
gentle exfoliation that is important for obtaining high quality graphene
flakes [14]. The right combination generates the bubbly mist as seen in
Ref. [48], that can cushion the aggressiveness of travelling SWs (the
governing mechanism of exfoliation [27]) but at the same time promote
vigorous vibration of the tiny bubbles [51] that can infiltrate in-between
the loose interlayers of graphite [27] or generate shear stresses in the
vicinity [52] that can promote gentle exfoliation. We can conclude,
based on the above analysis, that the role of the ethanol and surfactants
in ULPE efficiency is through their synergetic effects on the cavitation
intensity and produced shockwaves.

4.2. Stabilisation role of ethanol

The fact that DIW ULPE process for graphene production suffers from
the weak stability of the FLG flakes is well described in literature [21,
22]. We have also observed that as-produced suspension with FLG flakes
tend to be unstable (Fig. 3), most likely due to the FLG flakes restacking,
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leading to more than 50% sedimentation in a week and almost 100% in 2
months. In theory, surfactants are expected to prevent restacking by
making flakes-medium interaction more attractive than the weak van
der Waals forces between FLG sheets [16,45,46,53,54]. In our experi-
ments we have seen that surfactants drastically improve the stability
(57% in 3 months) of the FLG suspension compared to those prepared in
DIW. Nevertheless, even better stabilisation effect was achieved in
co-solvent of DIW and ethanol (71% in 3 months) and in the co-solvent
DIW-ethanol-SC (almost 80%) (see Fig. 3a and Table 1). In the case of
SC, ethanol additions boosted the stability from 57 to 78%. Given that,
ethanol commands a crucial role in stabilisation of the FLG flakes so-
lution in our dual frequency ULPE.

There are a few reports on the ULPE with ethanol solution, but the
mechanisms of ethanol on LPE have not been clarified. For example,
similar effect of the ethanol was observed previously in the LPE process
with NMP [55], where ethanol showed better stability than some other
tested solvents, including methanol, dichloromethane and toluene.
However, it was reported that the use of ethanol alone actually
decreased the stability of the suspension. It was demonstrated [56] that
LPE in some low boiling point solvents could produce a high stabilisa-
tion effect >75%, but it was not possible with pure ethanol. Another
interesting observation was made by Bose et al. [57] where they showed
that due to the polarity difference between water and ethanol and
non-covalent functionalization, a better dispersibility and stability of
exfoliated flakes were reached in the water-ethanol solution.
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Several other papers about surfactant assisted LPE of graphite have
shown that the exfoliation process efficiency is drastically increased
when water—ethanol co-solvents are used instead of pure ethanol [15,
58]. Recently, based on these reports Wang et al. [45] have demon-
strated a high-yield LPE for producing graphene in the co-solvents of
ethanol and water without any surfactants, but they used an easy-to-peel
electrochemically expanded graphite as the graphite source. However,
the stabilisation mechanism of ethanol and its relation to cavitation are
still unclear, and need further study.

It was suggested that the reason for the observed stabilisation effect
of the water-ethanol medium for ULPE FLG flakes is the modified sur-
face tension, which is decreased from unfavourable 67 mN m™' for
water down to ~30 mN m ™! for a water—ethanol solution (1:1) at 50 °C
[59]. This is consistent with previous reports on the important role
played by the liquid surface tension value for LPE of graphite [60,61].
Another possible mechanism [15] involves electrostatic repulsion of
graphene in the solution, and it is an essential factor for stabilising
graphene. Enhancing electrostatic repulsion mitigates restacking of FLG
in the liquid. When both organic co-solvent and surfactant were mixed
together to provide the stable liquid medium for graphene ULPE process
even better stabilisation effect was observed (Table 1). It is worth noting
that when Arao et al. (2017) added SC to the water-organic co-solvent
FLG dispersion, most of the flakes agglutinated and sedimented in one
day. That difference in the results with our experiments highlights the
important role of the cavitation process.

Recently in our group [42] it was shown that addition of ethanol to
water has a pronounced effect on stability of graphene suspension,
although for the Lf ULPE. It was demonstrated through in situ
high-speed imaging that the cavitation zone expands drastically with
addition of ethanol to water and, moreover, it shows more uniform
distribution of the bubbles of even smaller size. In our case, looking at
the waveform in the inset of Fig. 4a, we could notice that in the
ethanol-related cases it becomes inhomogeneous in shape. We assume
that the waveform gets broader and inconsistent due to the cavitation
bubbles behaviour. When we do not see sharp prominent SW peaks in
Fig. 4b, these fluctuations and enlargements could be due to the bubbles
that do not collapse but rather vigorously vibrate, amplifying the cavi-
tation noise. These differences in cavitation spread and behaviour may
play role in affecting the surface properties as well as the dimensions and
shape of the graphene flakes, improving thereby the stability of the
dispersion. As it was mentioned above, ULPE in ethanol-containing so-
lutions produces more vigorous cavitation (Fig. 4a insets), which could
promote the balancing between ethanol’s and surfactant’s effects on the
stability as well as on the quality of FLG dispersion.

Based on the above analysis, we suggest that adding the ethanol to
the water-surfactant medium not only helps to match the surface tension
but also improves electrostatic repulsion of the flakes exfoliated through
ULPE.

5. Conclusion

Different combinations of water, ethanol and green surfactants were
used to produce FLG flakes in our original dual frequency ULPE set-up to
investigate the effect of the medium onto the cavitation mechanism,
which controls and affects the exfoliation of graphene. It was shown that
different solutions promoted different cavitation patterns, which in turn
influenced the final FLG flakes size, thickness, concentration and sta-
bility (Table S1). The structural peculiarities of as-obtained FLG flakes
were confirmed in complex characterisation by Raman and UV-vis
spectroscopies and HRTEM.

The main conclusion of this study is that the mixture of water-
—ethanol and SC represents a very efficient green medium for dual fre-
quency ULPE configuration with the high-yield (9%) production of high-
quality graphene (equal or less than 5Ls; reduced defects and at least 1
pm? area) with a very stable solution that retains 78% of flakes in the
suspension after 3 months. An even higher yield of 11% could be
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achieved using the WSC solution for the production of thinner FLG flakes
(4Ls in average) but twice smaller in area and with a higher level of
defects.

An acoustic characterisation revealed a new dependency between
the ultrasound parameters and the characteristics of graphene produced
by dual-frequency ULPE. It was shown that the RMS acoustic pressure of
the different solutions is proportional to the yield of the exfoliated FLG
flakes.

The presence of SC increased the intensity of shock waves emissions
identified by the sharper SW peak around 3.35 MHz. As a result, the
more powerful shocks fragmented the flakes into smaller but also more
defective pieces.

Important results were obtained in regard to the ethanol presence.
From the analysis of the acoustic emissions, ethanol decreased the
overall cavitation aggressiveness providing gentler treatment of flakes.
It also facilitated the enlarging of the cavitation zone, leading to the
improved exfoliation efficiency. It is suggested that adding ethanol to
water (1:1 mixture) not only changed the solution surface tension, but
also enhanced the electrostatic repulsion, sustaining more vigorous
cavitation with secondary tiny ‘mist’ bubbles, which in turn also pro-
moted a gentler FLG exfoliation with a lower level of defects.

A combination of ethanol and SC in the water solution worked even
better as it, on the one hand, supported the gentle treatment to open up
flakes due to the water/ethanol cavitation mist and, on the other hand,
sustained the powerful shockwaves to initiate exfoliation and loosen the
bonds as has been reported elsewhere [27]. Also, the effects on surface
tension and electrostatic repulsion properties provided better stabilisa-
tion of the FLG flakes dispersion in WEtSC ULPE process.

We can conclude that the role of a proper eco-friendly combination
of water with ethanol and surfactant is crucial in the dual frequency
ULPE process for graphene production.
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