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Abstract 
Ultrasonic assisted liquid phase exfoliation (ULPE) is a promising method for the large scale 

production of 2D materials. Currently, toxic solvents such as N-Methyl-2-pyrrolidone (NMP) 

are commonly used for the production of graphene. In this paper four solvents; three green 

solvents (water, ethanol and water/ethanol) plus NMP for comparison, were sonicated and 

examined in terms of their bubble dynamics and acoustic emissions. Advanced fundamental 

analysis was conducted using high-speed imaging synchronised with acoustic pressure 

measurements complemented by shadowgraphic photography of the emitted shockwaves, in 

order to determine a suitable eco-friendly solvent medium from a cavitation bubbles dynamics 

perspective. Thereafter, ULPE of graphite in the optimum solvent took place for 2 h under 

controlled ultrasonication parameters. The produced graphene samples were characterised by 

employing a series of techniques consisting of Ultraviolet–visible (UV-Vis) and Raman 

spectroscopy as well as transmission electron microscopy (TEM). A mixture of deionised water 

and ethanol was shown to produce a yield twice that of pure water, comprising of high quality 

few layer graphene (3-5 Ls) with an average area of ~1.15 (µm)2 and stability of ~78 % for the 

duration of six months. This combination is a promising eco-friendly substitute for future 

commercial manufacturing of graphene.   

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

1. Introduction  
Graphene was first isolated in 2004 by Novoselov et al. [1], which brought about an exciting 

new research field for the development and applications of two dimensional (2D) materials 

[2]–[7]. One effective method for producing 2D materials is liquid phase exfoliation (LPE), 

which has the capability for producing high quality 2D materials with large surface areas, 

appropriate for a wide range of applications [8]. This method was first tested by Coleman et al. 

in 2008 [9], and since then has gained success with additional complementing techniques such 

as high-shear mixing [10] or ultrasonication (ULPE) [11, 12]. In most cases these 

complementary techniques are used for dispersion of chemically exfoliated graphene, although 

ULPE was demonstrated to be a powerful means for exfoliation by itself [13]. 

ULPE utilises energetic cavitation bubbles to facilitate material exfoliation. Powerful shear 

forces are provided via transient cavitation (generating shock waves (SW) and liquid-jets from 

bubble implosions) and stable cavitation (generating rapid oscillating forces). Our group 

recently demonstrated using in situ, high-speed imaging that different sono-exfoliation 

mechanisms occur during sonication [14]. SWs with a pressure magnitude up to 5 MPa and 

liquid-jets in the range of 80 ms-1 were revealed to initiate and propagate layer delamination. 

Additionally, stable cavitation bubbles were shown to vigorously oscillate between the split 

layers, expediting exfoliation in a fatigue manner. Other key findings showed that bulk layered 

graphite flakes within the cavitation zone (i.e. under a sonotrode tip) were subject to 

proliferation of layer tearing. 

Recent development in the research of ULPE has led to high quality few-layer graphene (FLG) 

produced in relatively short periods of time (2 h) while using water as an environmentally 

friendly liquid medium [11, 13]. Despite these advances, graphene yield and nano material 

stabilisation (as a consequence of water’s surface tension promoting re-agglomeration) still 

impose limitations for broad exploitation and upscaling. Currently, N-Methyl-2-pyrrolidone 

(NMP) is considered the optimum exfoliating agent for generating 2D materials via LPE [14, 

15] due to its chemical properties facilitating the dismantling of the Van der Waals bonding 

holding the stacked layers together. However, in addition to its toxic nature and difficulty of 

removal of NMP from the final exfoliated product, the energy consumption due to long 

sonication periods also poses an issue. Previous research has been able to produce increasing 

yields of graphene, but at the cost of numerous hours of sonication, which also decreases the 

size of the graphene sheets (smaller than 1 µm) [17], [18].   
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One solution to overcome the drawbacks that NMP presents is to use eco-friendly solvents in 

combination with water that could exhibit appropriate cavitation behaviour while promoting 

high quality exfoliation and stability optimisation. Therefore, this study focused on 

investigating the effect of solvent selection and comparing eco-friendly solvents with NMP for 

ULPE. Deionised water (DIW), ethanol (EtOH), NMP and DIW:EtOH in a 50:50 (v/v) mixture 

were observed using high-speed imaging in situ for bubble dynamics and their respective 

cavitation zones generated under sonication with an ultrasonic horn. The rationale behind this 

specific choice of 50:50 DIW:EtOH ratio is due to its surface tension (23.91 mN/m) being close 

to the surface energy of graphite (23.93 mN/m), that promotes wettability and dispersibility as 

shown recently [19] and hence provides more appropriate physical properties beneficial for 

high exfoliation efficiency of graphene than water or even NMP.  

These imaging observations were synchronised with real-time parallel acoustic pressure 

measurements using a calibrated fibre-optic hydrophone (FOH). Additionally, shadowgraphic 

ultra-high-speed imaging was taken to analyse SW generation in the solvents under 

investigation, as SWs have previously been identified as the primary exfoliating mechanism 

upon ULPE [14]. The resulting data enabled us to define sonication parameters for a promising 

eco-friendly solvent to produce high-quality graphene. In light of the obtained acoustic pressure 

measurements and high-speed images, ULPE of graphene in DIW (as a reference liquid used 

in many previous studies [13, 15, 17–19]) and DIW:EtOH (found to be the most promising 

candidate) was performed, followed by its in-depth spectroscopic and microscopic 

characterization to assess the quality of the final product. The experiments were conducted at 

40 °C as this temperature was found to enhance ULPE results [23], [24].  

This research consists of two main sections. The first section comprised data acquisition and 

in situ high-speed imaging for the investigated solvents. The second section demonstrated 

ULPE processing of graphene in the identified solvents, i.e. DIW and DIW:EtOH, and their 

characterizations together with a comprehensive comparison of dispersed graphene in terms of 

its degree of exfoliation, quality and stability in both solvents.  

 

 

2. Method 
2.1 Synchronised High-speed Imaging & Data Acquisition Experimental Setup 
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The solvents chosen to analyse for this study were DIW (Hexeal chemicals), EtOH (99.9%, 

Merck Life Sciences), NMP (Sigma-Aldrich), and a 1:1 ratio mix of DIW and EtOH. The 

mixture was investigated to establish an environmentally friendly replacement for NMP, a 

commonly used solvent for exfoliation of graphite. As such, the physical properties of 

DIW:EtOH were more alike to NMP (Table S1) i.e. a closer surface tension and viscosity, 

hypothesised to prevent re-agglomeration of exfoliated nano-sheets and reduce structural 

damage. A rectangular glass chamber (75×100 cm) was filled with 150 ml of the liquid medium 

under investigation.  

A Hielscher UP200S with a 3-mm diameter titanium sonotrode and an operational frequency 

of 24 kHz was used for observation of generated bubble clouds and the cavitation zone. The 

peak-to-peak amplitude was set to 126 μm corresponding to an operating power of 60 W (60 

%), respectively. A smaller diameter probe was used than that of the long-term sonication probe 

(Section 2.3) as the 22-mm sonotrode/entire cavitation zone cannot be observed at suitable 

quality to resolve in situ, in-depth bubble dynamics using high-speed imaging. In addition, the 

3-mm prevents blocking of the camera field of view from the populated bubbly structures 

ensuring more clear and accurate data for analysis. As the fundamental frequency is the same 

for both transducers, qualitative information on the bubble dynamics was reliable.  

The solvent temperature was set to 40±2 oC without the need for temperature control as only 

short ultrasonic pulses (∼ 250 ms) were generated from the sonotrode. This temperature was 

selected as our group has previously found it to enhance ULPE results [23], and would aid in 

the specific solvent selection used to carry out long-term sonication in Section 2.2.  

A calibrated FOH (Precision Acoustics Ltd) was used to measure acoustic pressures emitted 

from the cavitating bubbles and bubbly clouds. The calibration of the hydrophone was between 

1 and 30 MHz, hence, within a frequency range ideal for detecting broadband SWs [25], which 

have  previously been demonstrated to be the driving exfoliation mechanism [14].  

The FOH sensor was positioned and fixed 3 mm below the sonotrode tip (to detect high energy 

cavitation activity ideal for exfoliating graphite). A Peripheral Component Interconnect (PCI) 

card was installed into the PC, with the high-speed camera and FOH connected to enable 

synchronisation of the imaging and pressure measurements (Fig. S1).  

Cavitation intensity was captured using a digital oscilloscope (Picoscope 3000 series) 

connected to the calibrated FOH device, where 60 waveforms of cavitating emission signals 

were recorded and averaged. A bandpass filter was applied to disregard everything outside the 
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calibration range and below 1 MHz. The corresponding readings were then converted to 

acoustic pressures using fast Fourier transform over a 2-ms time period with sampling rate 

of 500×106 samples/s. Intrinsic background noise was removed, by means of subtraction from 

the initial voltage signal. Both the Root means square pressure (PRMS) and maximum pressure 

(Pmax) were obtained and used to analyse the acoustic emissions. A step by step procedure on 

the calibration, signal processing and pressure conversion can be found elsewhere [25], [26]. 

A Photron- SA-Z 2100K camera was used to record high-speed images in conjunction with the 

measured pressures, using a frame rate of 50,000 fps over 512×712 pixels with a shutter time 

of 16.25 μs. A powerful front light beam LED flash lamp (GS Vitec) was used to provide 

illumination.  

In order to measure acoustic pressures emitted from the sonotrode ideal for ULPE (Section 

2.3), a Hielscher UP400St with a 22-mm diameter titanium sonotrode and an operational 

frequency of 24 kHz was used. The peak-to-peak amplitude was set to 9.2, 23 and 46 μm, 

corresponding to an operating power of 40, 200 and 400 W (20, 50 and 100%), respectively 

(acoustic intensity calculations for these powers can be found in Table S3). In this instance the 

FOH was positioned 22 mm below the sonotrode tip, with both PRMS and PMax calculated. 

Temperature conditions were set to 40±2 C° for the solvents under investigation.  

2.2 Shadowgraphic High-speed Imaging Experimental Setup 

The same solvents and chamber dimensions specified in Section 2.1 were used for 

shadowgraphic imaging.  

To observe cavitation and SW generation for the solvents we opted for using the Hielscher 

UP200S (described in Section 2.1), this time with a 7-mm diameter titanium sonotrode 

attachment. This allowed for the best combination of observing cavitation activity in 

conjunction with the widest field of view available for imaging. High-speed shadowgraphic 

videos were taken using a Shimadzu (HPV X2) camera capturing at 1 million frames per second 

(Fig. S2). For each recorded image sequence the camera generated 256 frames, producing 

shadowgraphic images with a resolution of 400×250 pixels. Instead of visible light 

illumination, collimated laser pulses enabled observation of propagating SWs from transient 

cavitation collapses. Synchronised 10 ns laser pulses through a collimating lens provided the 

illumination (CAVILUX Smart UHS system) and effective temporal resolution to observe the 

generated SWs.  
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2.3 Ultrasonic Exfoliation of Graphite & Characterisation  

Materials and solvents used in this study are listed below  

• Graphite powder (GP) (Alfa Aesar 300 mesh, maximum 56 μm) was used as received 
without any further modification. 

• Ultra-Pure De-ionized water (DIW) (Hexeal Chemicals, UK). 
• Ethanol (EtOH) (99.9%) (Merck Life Sciences, UK). 
• Silicon wafers (Diameter 3”, Orientation <100> from Pi-Kem, UK). 
• Holey carbon coated copper grid (300 mesh, purchased from Agar Scientific, UK). 
• Acetone (99.9%, Merck Life Sciences, UK), Isopropanol (99.9%, Merck Life Sciences, 

UK) for cleaning silicon wafers.  
• Polytetrafluoroethylene (PTFE) membranes (Millipore, 0.2 µm pore size, 47 mm in 

diameter).  
 

Herein, we have addressed a strategic methodology with illustrations and discussions of the 

protocols developed in our lab to optimize ULPE parameters for graphene exfoliation and 

resultant size selection followed by basic spectroscopic analysis and characterization of the 

optimized samples with state of art microscopic techniques.   

To start with, 150 ml of DIW was filled in a double walled borosilicate glass beaker (Cole 

Parmer, 250 ml, 50 mm-diameter). The beaker was integrated to a recirculating cooler (Cole 

Parmer Stuart SRC5) through hose pipes allowing for temperature control. We performed the 

series of ULPE experiments in DIW and DIW:EtOH with different input powers of 33% (peak 

to peak amplitude ~ 15 μm), 50% (23 μm), 60% (27 μm), 80% (37 μm) and 100% (46 μm) at 

temperatures of 10 oC, 20 oC, 40 oC and 60 oC to optimize the processing parameters prior to 

executing the final experiment. The results are provided in Appendix A. Based on the outcomes 

of the results, we found that using an input power of 50% at 40 oC was the best suitable 

combination parameter among all; in part, based on our group’s previous research [13, 20]. For 

DIW:EtOH, 75 ml of DIW was homogeneously mixed with 75 ml of EtOH to make 50:50 v/v 

mixture. First, ultra-sonication was performed in DIW with a Heilscher UP400St (as described 

in Section 2.1) at 50% input power for 5-10 minutes with the cooler on, to achieve the constant 

solution temperature of 40±0.1oC (The additional details on power settings can be seen in 

Section 2.1 (Appendix A) of the Supplementary material). The probe tip was kept 10 mm below 

the liquid surface throughout the duration of the experiments. After attaining a constant solvent 

temperature of 40±0.1oC (verified with RS 52 Digital Thermometer),  60 mg of GP was added 

to the DIW and stirred with a glass stirrer until well mixed, followed by its ultra-sonication for 

an uninterrupted 2 h duration.  
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This experiment was further executed with the solvent DIW:EtOH mixture under the same 

experimental parameters (the additional details on power settings can be seen in Section 2.2 

(Appendix A) of the Supplementary material). After sonication, dark graphene poly-

dispersions of approx. 10 mℓ were pipetted from the upper part of the solution and near the tip 

of the sonotrode as one of our recent studies demonstrated proliferation of exfoliation within 

this region due to multiple, close range SW interactions with graphite particles [14]. 

Dispersions were then centrifuged at 1500 g RCF for 30 minutes using SciSpin One Benchtop 

centrifuge to sediment un-exfoliated graphite particles/thick flakes to obtain supernatants. The 

purpose for choosing 1500 g is that we have optimized this RCF value beforehand based on 

UV-Vis absorption results for analogous conditions and results are presented in Appendix B. 

After centrifugation, the top two-thirds of the supernatants were decanted via careful pipetting 

and retained as a final product for further characterizations, and labelled as DIW and 

DIW:EtOH samples.  

Firstly, UV-Vis absorption spectra of the obtained supernatants were recorded in the 

wavelength range of 200-800 nm with Cary-60 spectrophotometer (Agilent Technologies) 

using quartz cuvettes (volume 3.5 ml, Agilent Technologies) with an optical path length of 10 

mm. Dual-beam mode and baseline correction were used throughout the measurements to scan 

the samples. The spectra were recorded immediately after collecting supernatants to 

circumvent the agglomeration of flakes and  scans were repeated a minimium of five times to 

obtain consistency in results. After getting reasonable findings from preliminary UV-Vis 

measurements, the examined supernatants were drop-casted onto a cleaned silicon substrate 

and dried in a vaccum oven prior to Raman investigations. Furthermore, micro-Raman analyses 

of the drop casted samples were performed with InVia spectrometer (Renishaw) at an excitation 

wavelength of  514 nm laser (2.33 eV). The laser power was kept below 1 mW in order to 

prevent sample damage and peak shift induced by the laser. Data collection was performed 

with 50× magnification and acquisition time was adjusted accordingly to have a coherent 

signal/noise ratio. To obtain reliable results, Raman spectra of at least 20-30 random flakes 

were recorded for each sample in the range from 1200 to 3100 cm-1. Simultaneouly, 2-3 drops 

were put onto holey carbon coated copper grid placed on a filter paper to wick away excess 

solvent and dried completely for TEM investigations. TEM analyses (both low magnification 

and high resolution) were performed to interrogate the individual flakes using a JEOL 2100F 

Field Emission Gun operating at 200 kV. Additionally, image processing was performed with 
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ImageJ software to evaluate the quality and dimensional analyses of registered flakes to 

generate meaningful statistical data. 

3. Results & Discussion  
3.1 Characterisation of Cavitation Phenomena in Different Solvents 

3.1.1 High-speed Imaging Synchronised with Acoustic Measurements 
For clarity, the nomenclature used to describe the cavitation activity should first be defined. 

For this study, the “primary” cavitation cloud refers to the large bubble cluster formed directly 

under the sonotrode tip. The “secondary” cavitation cloud refers to bubbles that separate from 

the primary cavitation cloud. These consist of satellite bubbles and bubble clusters. The 

“cavitation zone” refers to the overall spatial distribution of the cavitation bubbles.   

The use of the FOH synchronised with high-speed imaging allowed for precision acoustic 

pressure measurements mapped to cavitation activity. Figure 1 shows this synchronisation 

technique for the various solvents under investigation, whereby the cavitation intensity has 

been converted into acoustic pressure. We can see from observing the ultrasonication in DIW 

(Video 1 in Supplementary materials) that once the sonotrode was activated the first batch of 

acoustic emissions were detected from the FOH. During the first 2 ms after the activation, low 

cavitation intensity (represented by only a few spikes in the time domain signal) was measured, 

with no visible cavitation bubbles (Fig. 1(a)). However, after ∼ 2.5 ms bubble nucleation 

occurred and coincided with the rise in cavitation intensity (represented by prominent spikes 

in the time domain signal) on the graph (Fig. 1(a)). During the next ∼ 5 ms the camera footage 

(Video 1) showed an increase in size of the primary cavitation cloud, which again occurred in 

accordance with the increase in the measured cavitation intensity (as indicated by the red 

arrow). We have previously reported this phenomenon, noting that upon sonotrode activation, 

a higher intensity is recorded until a stabilised period is reached where the cavitation under the 

sonotrode tip remains stable, after which little variation in size occurs [14]. This rise in acoustic 

pressure can be seen for all plots in Fig. 1, where thereafter, a stable period was observed with 

generally lower acoustic pressures. Interestingly, the EtOH solution took longer to generate 

observable cavitation bubbles (∼ 6 ms, Fig. 1(b)), in addition to giving rise to the smallest 

pressure peaks than the other solvents under investigation. For DIW:EtOH, we observed more 

pressure peaks than EtOH, with larger intensities (Fig. 1(c)). NMP produced a pressure-time 

plot alike to DIW, with higher intensity peaks than EtOH and DIW:EtOH and also gave rise to 

the largest measured peak for all the solvents (Fig. 1(d), ∼ 7.5 ms).  
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The recorded collapse of a bubble cloud under the sonotrode tip can be seen to produce a 

pressure spike on the graph. For instance, the highest measured acoustic pressure of EtOH (Fig. 

1(b), next to the red arrow) at ∼ 7.5 ms (generating ∼ 300 kPa) coincided with the cavitation 

zone just after collapse (Video 2 in Supplemental materials). Images in Figure 1 display four 

representative moments of developing bubble dynamics (specified in the caption). At ∼ 7.5 ms 

for EtOH the image captures the large primary cloud formed under the sonotrode tip just before 

this collapse. After the cavitation cloud collapsed, multiple SWs were generated and detected 

by the FOH (indicated by the large pressure spikes, Fig. 1(b)). Often, a larger bubble cloud 

collapse will trigger transient bubble collapses sporadically from the secondary clouds and, 

hence, a higher measured intensity is registered via the FOH. However, this is not always the 

case due to acoustic shielding [27], as well as the position of the FOH under the sonotrode 

which influences the recorded pressure [25]. 

The visual observation of a large bubble cloud collapse in conjunction with a large spike can 

be seen for each tested solvent in Fig. 1 (the third image in the sequence). For each solvent the 

maximum area of the developed cavitation zone was measured using the high-speed imaging. 

Salient observations from the DIW cavitation activity showed a localised primary cavitation 

cloud at the tip of the sonotrode, measured to be ∼ 1.13 mm2  in cross-section (Table S2) at 

20% sonication power. The satellite bubbles underneath were small in size (65-250 µm 

maximum diameters, Table S2) and vigorously oscillated mostly in stable cavitation modes. In 

contrast, EtOH, DIW:EtOH and NMP all generated much larger cavitation zones. The cross-

sections of the primary cavitation cloud formed under the sonotrode tip for EtOH, DIW:EtOH 

and NMP were measured to be ∼ 3.19, 3.17 and 2.33 mm2, respectively. As DIW has a 

significantly higher surface tension compared to the other solvents (Table S1), it is less likely 

to nucleate bubbles at such a low input power (20%); therefore, the primary cavitation cloud 

was expected to be smaller in size [21, 23]. Table S1 and 2 shows this trend in solvents with a 

decreasing surface tension producing a larger cavitation cloud. Additionally, the viscosity of 

the liquid medium influences the cavitation zone size. A larger viscosity can contribute to 

increasing the cavitation zone [29], hence, producing a larger cavitation zone formed under the 

sonotrode tip.  

These tendencies were also observed for the secondary cavitation clouds produced by each 

solvent, with more satellite bubbles extending the overall cavitation spatial distribution. For 

instance, satellite bubbles generated in EtOH were measured to have diameters approximately 

twice the size of those in DIW at the same input power (Table S2). The larger primary and 
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secondary cavitation zone formed under the sonotrode for NMP (coinciding with the proclivity 

for bubble collapse demonstrated by the large pressure spikes in Fig. 1(d)) is likely a 

contributing factor for its exfoliation efficiency. We have previously demonstrated using 

synchrotron X-ray phase-contrast imaging that the bubble density under the sonotrode for NMP 

was nearly twice that of DIW [30]. The synchronised imaging and pressure measurements 

provide additional evidence that the bubbles produced in NMP are more effective in terms of 

delamination of layered materials such as graphite.  

It is important to note that despite producing a larger cavitation zone, or more bubbly clouds, 

larger acoustic pressures are not necessarily generated. Increased intensity of cavitation activity 

is determined by the level of detectable prominent peaks and SWs within the emission signal 

[26, 27]. We can observe from Fig. 1 that during the initial period upon the sonotrode activation 

(<15 ms) ultrasound produced higher acoustic pressures than afterwards, when the primary 

cloud reached its stable size (the fourth image in the sequence). This short ultrasonic period 

giving rise to higher pressures makes a case for using pulsed ultrasound. The higher measured 

pressure amplitudes could be due to the phenomenon that pulsed ultrasound can promote nuclei 

replenishment, hence generating more cavitation and transient cavitation collapses detectible 

via the FOH [28, 29]. Employing a short, powerful ultrasonic burst may be beneficial for a 

variety of applications such as preventing reactor clogging and reducing energy usage [35]. 

However, for ULPE, further testing would need to be conducted. The “pause” during 

deactivation of the sonotrode may decrease the time that flakes require to sufficiently exfoliate, 

as well as affecting sustained acoustic flow and recirculation. 

The appearance of the cavitation activity for DIW was very different due to the reduced 

nucleated bubbly clouds. EtOH and NMP were similar (Video 2 & 3 in Supplemental 

materials), producing darker clouds demonstrating the larger area occupied by the bubbles. 

Interestingly, the addition of EtOH to the DIW significantly changed the appearance and 

bubble dynamics. Activation of the sonotrode was seen to generate “mist” of cavitation 

bubbles, producing an extended, very dark cavitation cloud (observed in Fig. 1c and Video 4). 

Due to the largely dispersive nature of the bubbles (where clouds appeared to be comprised of 

tiny cavitation bubbles spread out homogeneously, which made it difficult to distinguish 

between primary and secondary cavitation clouds), measuring the secondary cavitation cloud 

posed a problem. We can, however, suggest that this type of bubble dynamics may be more 

useful for exfoliating layered material by in-layer penetration, producing a gentler exfoliation 

as reported previously [14].   
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General observations from the data in Table S2 demonstrated that an increase in sonication 

power for each solvent generated a larger primary cavitation cloud. We observed DIW to show 

the greatest percentage increase in primary cavitation area, of ∼ 270%, when changing 

sonication power (equivalent to the generator power) from 20 to 100%. Interestingly, the 

increase in acoustic power was less effective at generating a larger primary cavitation cloud for 

solvents with lower surface tensions (the increase measured as 82, 67, 45% for NMP, 

DIW:EtOH and EtOH, respectively).  

 

 

 

 

 

Figure 1. Synchronised high-speed images (insets) with acoustic pressure plots from 0-40 ms for each solvent; 

(a) DIW, (b) EtOH, (c) DIW:EtOH & (d) NMP. The insets display four representative moments (indicated via 

the red arrows) of the developing bubble dynamics for each solvent; (1) initial activation of the sonotrode, (2) 
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cavitation cloud development, (3) maximum cavitation cloud before collapse (thereafter, a large corresponding 

pressure spike is induced), (4) stabilised cavitation period. Imaging was taken at 50 kfps, with intensity measured 

via a FOH and converted to acoustic pressure. The transducer input power was set to 60% with the solution 

temperature at 40 °C. 

Figure 2 presents the measured acoustic pressures for each solvent using a larger sonotrode 

(Section 2.1) ideal for ULPE, which was used for prolonged experiments in Section 3.2. A 

stabilised cavitation regime for the solvents revealed the same trend (as seen in Fig. 1). The 

highest recorded PRMS pressures arose from NMP and DIW, followed by the DIW:EtOH 

mixture and EtOH (Fig. 2(a)). This observation once again confirms the effect of physical 

properties. NMP has a significantly lower vapour pressure than all the solvents under 

investigation (Table S1, ideal for more bubble collapse). This may explain the high acoustic 

pressures measured. However, the significantly higher surface tension of DIW (Table S1) 

promotes more powerful bubble implosions, hence, producing a larger number of SWs 

interacting with the FOH tip than in NMP. EtOH producing the lowest acoustic pressures can 

also be explained by the physical properties [27]. The cavitation strength is directly affected 

by the surface tension at the liquid-gas interface, as well as the initial bubble radius, therefore, 

we can also expect the large pressure difference between DIW and EtOH (having the highest 

and lowest surface tension, respectively). Due to the ability of EtOH to reduce cavitation 

bubble impact [36], we can hypothesise that a bulk-layered material exposed to repeated SWs 

(of smaller acoustic pressure, Fig. 2) would suffer lesser deleterious effects such as structural 

defects. EtOH has a significantly higher vapour pressure that promotes bubble formation but 

also impedes bubble implosion (Table S1) [27]. The mixture of DIW and EtOH was, in-part, 

proposed to balance generating sufficient SW impacts to exfoliate layered materials, as well as 

ensuring minimal surface damage. It has been previously reported that DIW as a liquid medium 

can induce defects due to the greater impact of SW interactions [15]. Lowering defects 

promotes production of pristine graphene, and would increase applicatory uses of the exfoliated 

nano-sheets. This defect reduction is also later confirmed in Section 3.2. 

Before optimizing our experimental setup for ULPE at 40 °C, preliminary testing was also 

conducted at 20 °C. The acoustic pressure plots demonstrate the same trend for most of the 

solvents, albeit higher measured pressures at 40 °C (Fig. 2 & Fig. S3). Interestingly, NMP 

pressure measurements at 20 °C (Fig. S3) were significantly lower than those at 40 °C, and 

also in comparison to the temperature change in the other solvents. Some previous research has 

opted to use NMP at 40 °C during ULPE, without presenting specific, fundamental justification 
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[37]. It is possible that from a physical perspective, increased cavitation activity facilitates of 

exfoliation at this temperature. A higher temperature solution can often increase the production 

of cavitation bubbles [38]. Non-dimensional analysis of NMP at both 20 °C and 40 °C revealed 

an increase in the Reynolds number (Table S3), indicating the temperature rise enhanced 

inertial forces leading to bubble collapses [27].  

 

Figure 2. Pressure measurements taken with the FOH for solvents under investigation; (a) PRMS; (b) Pmax. The 

acoustic intensity (×10-4 W/m2) corresponding to the sonication input powers are as follows: DIW; 9 (20%), 13 

(50%), 37 (100%); EtOH; 3 (20%), 10 (50%), 30 (100%); DIWEtOH; 3 (20%), 17 (50%), 34 (100%); NMP; 8 

(20%), 20 (50%), 40 (100%) (calculations in Table S4). Data was recorded from 60 waveforms of cavitating 

emission signals using a 2-ms time period, and averaged for each case (Section 2.1). The temperatures of the 

solvents were maintained at 40 °C.  
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To our knowledge, this is the first time NMP has ever been investigated quantitatively in terms 

of acoustic pressure in conjunction with cavitation dynamics under ultrasound. The analysis of 

the data implies that NMP can produce strong cavitation that varies distinctly with temperature 

(Fig. 2 comparison with Fig. S3). NMP needs lesser agitation to break apart layered materials 

than other solvents, largely a consequence of its chemical properties (i.e. Hansen’s solubility 

parameter) [39]. This research indicates the proclivity to exfoliate so effectively is a 

combination of chemical and physical properties, whereby cavitation bubbles play a larger role 

than previously thought. The higher temperature increases the number of these bubbles, hence, 

increasing the SW generation and aligns with our previous camera observations and 

measurements of the large cavitation zone for NMP at 40 °C. The introduction of ultrasound 

increases the exfoliation efficiency, in addition to assisting in the dispersion of material within 

the liquid medium (Section 3.2). Despite these benefits, due to the large acoustic pressures 

measured, the ultrasonic cavitation in this case may increase the chance for deleterious effects 

on the nano-sheets. It is also noteworthy to recall the hazardous and contaminating nature of 

NMP.   

The scope of this study was to focus on eco-friendly liquids as a viable alternative to NMP; 

hence, we chose not to carry out our own NMP ULPE experiments. Our recent study [19] 

investigating LPE in NMP was carried out to compare the exfoliation efficiencies and 

dispersibilities of eco-friendly solvents under investigation such as (DIW), Isopropyl alcohol 

(IPA), EtOH, DIW:EtOH etc. with NMP. Interestingly, the findings of this work suggest that 

the exfoliation efficiencies of both IPA and EtOH, exceeds that of NMP for GR150 (Graphite 

flakes, 100 mesh) whereas for GR50 (Graphite powder, 300 mesh), the exfoliation efficiencies 

of IPA and EA (Ethyl Acetate) are comparable to that of NMP, which makes the robust case 

of utilising and harnessing the potential of eco-friendly solvents as opposed to toxic NMP. In 

addition, flakes exfoliated in NMP are highly defective with D/D’ ratio ~ 4.5, indicating NMP 

improves the dispersibility and yield (0.40±0.05 mg/ml) at the expense of producing disordered 

graphene flakes. In addition to the toxicity, NMP has a high boiling point (202 ˚C) which is 

challenging to remove after LPE, therefore resulting in degradation of material quality, and is 

well documented in the literature. Hence, for all the aforementioned reasons ULPE in NMP 

was not conducted. However, for comparison purposes with this work we have also provided 

information on the exfoliation degree, yield, quality and stability of graphene in NMP, as 

documented by other researchers in Table S5 in the Supplementary Section.  

Dmitry Eskin (Staff)
Added a reference!
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As SWs appear to be the primary mechanism to facilitate exfoliation of layered materials in 

DIW [14], we must also consider the Pmax pressure (Fig. 2(b)). The calibration of the FOH (1-

30 MHz) is primed to detect SWs, and the data on the maximum acoustic pressure assists our 

analysis to detect the role of SWs generated in each solvent (i.e. SWs generally induce the 

highest cavitation intensity). We observed that NMP, DIW and DIW:EtOH behave similarly, 

despite some variation due to sonication power. From our previous study, we have identified a 

moderate generator power (50%) to provide appropriate acoustic flow [40] in conjunction with 

the necessary cavitation intensity to promote exfoliation of graphite [23], [24]. Interestingly, 

conditions set at 40 °C and at 50% input power demonstrated very similar acoustic pressure for 

NMP and DIW:EtOH in the range of 0.5 MPa (Fig. 2b)). We could hypothesise from this data 

that these conditions may ensure exfoliation in DIW:EtOH through similar bubble dynamics 

and SW interactions as in NMP.   

Another positive aspect of using DIW:EtOH may arise from an increased wettability. For the 

case of DIW (with the highest surface tension), a poor wettability with the source graphite leads 

to floating particles on the liquid surface (even when acoustic energy is introduced), therefore, 

promoting an inefficient use of the material. Additionally, a higher wettability for DIW:EtOH 

aids to disperse the layered material into the solvent, facilitating exfoliation as graphite 

particles can be re-circulated into the primary cavitation zone under an acoustic flow.   

These data, along with the high-speed imaging are indicative that the combination of 

DIW:EtOH would be a promising candidate for ULPE. As previously mentioned, the surface 

tension of DIW is not ideal for stabilisation of exfoliated nano-sheets, therefore, re-

agglomeration occurs over short periods. Due to the DIW:EtOH mix decreasing the surface 

tension disparity between DIW and NMP (considered to have close to optimum surface tension 

for exfoliating graphene) we can hypothesize that the exfoliated material suspension would 

remain stable, and in turn increase the yield (as later demonstrated in Section 3.2 Fig. 4(c) and 

(d)). Furthermore, we suggest that due to the increase in size of the cavitation zone (Fig. 1), the 

localisation of cavitation would pose less of an issue, and lead to increased layered material 

exfoliation throughout the liquid medium due to extended shearing forces introduced via larger 

and more distributed satellite bubbles and cavitation bubble “mist”. Finally, due to the size of 

cavitation “mist” bubbles induced within the DIW:EtOH mix, a gentler exfoliation may be 

promoted (similar to the high-frequency (~ 1.2 MHz) exfoliation mechanism [15]) with these 

cavitation bubbles fitting in-between inner flake layers, hence, reducing structural defects 

whilst expediting layer delamination.  



17 
 

The use of the high-speed camera revealed the behaviour of bubbles in the studied liquids with 

different properties. For example, it is shown that bubbles in EtOH with low surface tension 

coalesce and generate large bubbly structures with less tendency to collapse (also indicated by 

the pressure waveform in Fig. 1). However, bubbles in DIW:EtOH with a surface tension closer 

to NMP and higher viscosity produce a stable “mist” of bubbles that has been previously 

identified [36] as a potential mechanism to enhance exfoliation via the interaction with partially 

exfoliated graphene flakes [14]. Thus, high quality exfoliation was predicted, and also later 

confirmed by the outcomes of this study (Section 3.2).  

 

3.1.2 Shadowgraphic Ultra-high-speed Imaging  

Although the analysis on the bubble dynamics in conjunction with synchronised acoustic 

pressure measurements gave us some indication as to the mechanisms through which 

sonication in different solvents may affect exfoliation, more specific features of this exfoliation 

can be analysed through detailed observation of SW generation and propagation for each 

solvent. Previous research from our group had demonstrated SW analysis from the perspective 

of acoustic spectra [25], [36], however, to gain a better insight shadowgraphic photography 

was utilised to evaluate the evolution and propagation of SWs in real-time. This was taken as 

a pre-condition experiment before we undertook ULPE for extended durations (Section 3.2). 

Figure 3 shows representative, in situ image sequences of SW generation with varying input 

power for each tested solvent.   

Figure 3. Shadowgraphic images showing representative frames of SW generation for solvents; (a) DIW, (b) 
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EtOH, (c) DIW:EtOH and (d) NMP. Sequences 1-3 show an increasing generator power of 20, 60 and 100 %, 

respectively.  

In the duration of 255 µs of sonication (corresponding to ~ 6 acoustic cycles) we registered the 

solvents to produce six “bursts” of SWs, i.e. multiple SWs generated upon collapse of the 

primary cavitation cloud. These bursts were fairly periodic and hence, bubble clouds were 

collapsing harmonically consequently to the sonotrode operational frequency (24 kHz). 

Despite the number of these bursts remaining constant irrespective of the liquid medium, the 

duration of the release of SWs, as well as the approximate number of generated SWs varied 

with the sonication power and solvent (Videos 5-8). We observed that an increase in sonication 

power generally produced more SWs. Figure 3 displays this tendency with the number of 

visible SWs increasing from images 1 through 3. We observed additional SW generation 

particularly for DIW (Fig.3(a)) with increasing the power to 100%. However, it was also 

evident from the imaging that using 100% power could heavily supress some SW bursts due to 

the larger induced primary cavitation cloud (i.e. shielding effect) [31]. This was especially 

evident for EtOH (Fig. 3(b3)) where the large extended cavitation cloud failed to collapse 

entirely, and hence, SW propagation was impeded by subsequent portions of the cavitation 

cloud which did not collapse. Although DIW:EtOH also produced an expanded cavitation 

cloud compared to pure DIW, the proclivity of the cavitation bubbles to collapse was greater 

than EtOH. The smaller “mist” cavitation enabled the propagation of SWs more freely (Fig. 

3(c3)), similar to DIW. This appears consequentially of the dark and opaque large aggregated 

bubble clouds observed in EtOH, as opposed to the light and transparent nature of the “mist”, 

with tiny dispersed bubbles in DIW:EtOH.  

Calculating SW velocities for each solvent using the high-speed image sequences revealed no 

change with sonication power as expected [25]. All the solvent SW velocities were in the range 

of 1400-1550 ms-1 with the exception of EtOH, generating lower velocities between 1100-1200 

ms-1. This correlates to the known speeds of sounds for these liquids (e.g EtOH is ~ 1100 ms-1 

[41]–[43]. These weaker generated SWs are likely a contributing factor as to the lower recorded 

acoustic pressures for EtOH (Fig. 2). 

Our group has previously investigated the frequency spectra related to SW generation for DIW 

[25] and EtOH and DIW:EtOH [36]. The findings for DIW revealed a characteristic pressure 

peak at ~ 3.3 MHz predominantly generated via SWs. Interestingly, further results identified 

this peak for DIW:EtOH. Our analysis revealed that NMP also produced this inherent SW peak 

(Fig. S4), additionally confirming that transient cavitation is a prominent feature in NMP that 
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aids exfoliation (consistent with generating large SW-induced peaks in Fig. 1d and large Pmax 

pressures in Fig. 2(b)), in addition to its chemical properties. However, for EtOH, this SW-

induced pressure peak was only generated at higher sonication powers indicating suppressed 

transient bubble collapses, whereby shielding decayed the SW impact before its interaction 

with the FOH (aligning with EtOH’s physical properties). The data also corresponds with the 

lower measured acoustic pressure for EtOH (Fig. 2), along with the lower propagation speed 

of SWs throughout the medium.   

All solvents were seen to produce SWs close to the sonotrode tip. Despite a larger number of 

secondary cavitation bubbles formed by EtOH, they demonstrated fewer transient collapses, in 

addition to having oscillations of reduced amplitude. For the case of DIW, secondary cavitation 

collapses appeared to occur more frequently (Fig. 3(a3)), demonstrating the solvent capability 

to generate higher acoustic pressures. This property was also noticeable for DIW:EtOH (Fig. 

3(c3)). It is possible that due to the heightened ability to produce secondary cavitation (adopted 

through the addition of the EtOH) in a “mist” cloud formation, DIW:EtOH may work as a more 

efficient exfoliator, able to shear layers of flakes at further distances from the sonotrode tip. 

This hypothesis was tested in the next section. 

 

3.2 Ultrasonic Exfoliation of Graphite & Its Characterisation  

3.2.1 UV-Visible spectral analysis 

Following the investigation of cavitation activity and bubble dynamics for each solvent, 

analysis could now be carried out to determine the benefits of using DIW:EtOH as an eco-

friendly liquid medium for ULPE. The experiments were conducted using the optimized 

ultrasonication parameters based on previous research (and as identified in Section 2 of 

Appendix A in the Supplementary); a sonication power of 50% and solution [15], [23], [24] 

temperature of 40 oC over a 2 h sonication period.     

Figures 4(a) and (b) demonstrate obtained supernatants post sonication for 2 h followed by 

centrifugation at a relative centrifugal force (RCF) of 1500 g as explained in Section 2.1 of 

Appendix B in the Supplementary and their recorded UV-Vis absorption spectra for DIW and 

DIW:EtOH, respectively. From the spectra, the absorption peak around ~ 266 nm certifies the 

graphene characterstics, pertaining to π-π* transitions of C=C sp2 bonds [44]. In respect of the 

absorption spectrum of precursor graphite powder (GP) (as shown in inset of Fig. 4(b)), it 

appeared that the successful exfoliation of graphene had been achieved in both the samples. 
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Crucially, incidence of a prominent and sharp peak in the DIW:EtOH sample advocates the 

enhanced degree of exfoliation, dispersion-uniformity and the likelihood of few layer graphene 

(FLG) flakes, while the DIW sample giving imprints of polydisperse behaviour [44]. From Fig. 

4(b), it was evident that the concentration of graphene flakes (qualitative estimate of 

concentration i.e. A/ℓ as per Lambert–Beer’s law, A/ℓ (at 660 nm) = αC where A is measured 

absorbance, ℓ is optical path length, α is extinction coefficient and C is concentration of 

dispersion [9]) was found to be higher in DIW:EtOH in contrast to the DIW sample as indicated 

with the dotted line.  For quantitative a insight, yield estimations for the produced graphene 

were carried out based on the experimental investigations. It was established that exfoliation 

in DIW:EtOH produced a yield twice that of DIW at 1200-1500g (see Section 2.4 in the 

Supplementary for further details).  

To investigate the stability of suspensions, sedimentation curves were plotted with the 

progression of time, which are displayed in Fig. 4(c) and (d). The term “Stability” can be 

defined as the amount of retained graphene in the supernatant over a period of time, which has 

also been considered as a relative measure of the ability of the solvent to stabilize the graphene 

suspension. This amount was estimated by recording the absorbance of the suspension at a 

wavelength of 660 nm (as per Lambert–Beer’s law), followed by its normalization and 

conversion to percentage [45]. The sedimentation plots revealed that graphene dispersed in 

DIW:EtOH exhibited improved stability; ~ 81% and 78% of graphene remained suspended 

after one and six months, respectively, whilst for DIW, only ~ 40% and 8% after one and six 

months, respectively. These data clearly suggest the addition of EtOH to DIW played a 

significant role in stabilizing the graphene dispersion.    
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Figure 4 (a) Photograph of obtained supernatants in DIW and DIW:EtOH post sonication-centrifugation process. 

(b) UV-Vis spectra of obtained supernatants. The inset displays a UV-Vis spectrum of the starting material GP. 

(c) & (d) sedimentation plots of graphene suspension in DIW and DIW:EtOH, respectively.  

3.2.2 Raman spectral analysis 

Raman spectroscopy was deployed for characterization of the graphene flakes produced by 

sono-exfoliation in the solutions under investigation, which provides information on a variety 

of their properties ranging from defect density, layer-count and evidence of exfoliation [46]. 

Figure 5 (a) depicts the Raman spectra of representative graphene flakes found in DIW and 

DIW:EtOH, establishing characteristic signatures of graphene, i.e. D, G, D’ and 2D bands. The 

spectra are labelled as single-layer graphene (SLG), bi-layer graphene (BLG) and FLG in 

accordance with their intensity ratios (I2D/IG) which is discussed comprehensively below. The 

D and D’ bands centred on ~ 1350 cm-1 and 1620 cm-1 respectively manifest the structural 

defects in sheets arising due to disruption in regular aromatic sp2 networks that are so called 

non-sp2 or sp3 defects [46]. The G peak at ~ 1580 cm-1 governs in-plane motion of sp2 bonded 

carbon atoms together with its upshift towards higher wavenumbers indicating both disorder 

in regular structure and increasing sheet thickness [46].  Finally, the 2D peak around ~ 2720 

cm-1 features a second-order overtone of in-plane vibration of the D band [47]. Principally, the 

variations in line-shape, intensity, peak-position and width of the 2D band reveal information 



22 
 

related to the number of graphene layers [46], [47]. To serve this purpose, the qualitative layer-

count estimations can be accomplished by performing Lorentzian fitting to the 2D band for its 

deconvolution into sub-peaks. For SLG, the Raman 2D band can be fitted with only single 

Lorentzian peak with full width half maximum (FWHM) ~24-30 cm-1 which arises due to the 

single electronic excitation between π valence band and π* conduction band [48]. It is evident 

from [46]–[48] that the FWHM of the 2D band widened with an increase in number of layers. 

For the case of FLG, due to π-electron interaction under AB stacking, the electronic bands split 

into dispersive configurations allowing more resonant phonons with diverse frequencies which 

contribute, to both widening and lowering of the 2D band intensity [49]. Another important 

parameter is the ratio of intensity of 2D to G band i.e. I2D/IG whose values reflect the variation 

in the number of layers [47]–[49].  

It is critical to assess the quality of the obtained exfoliated graphene sheets. According to 

studies of Ferrari et al. [47], defect stages can be monitored by estimating the FWHM of the G 

band which states that a higher degree of disorder corresponds to a broader G band. 

Furthermore, another significant parameter is the defect ratio, i.e. ratio of the intensity of the 

D band to G band (ID/IG), which is a quantitative index and can also be employed to gauge the 

degree of disorder in carbon based materials. For a better understanding, it is of great 

importance to investigate the nature of defects whether basal plane or edge defects. 

Nevertheless, the existence of edge defects is unavoidable as the ultra-sonication process 

induces reduction in flake sizes through fragmentation. Additionally, the ratio of intensity of 

the D’ band to G band, i.e. ID’/IG furnish information related to the presence of edge defects in 

crystal structure [48], [49].  
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Figure 5 (a) Representative Raman spectra (normalized to the G-band intensity) of SLG, BLG and FLG found in 

DIW and DIW:EtOH featuring the characteristic signals of graphene: D, G and 2D bands. The spectra are labelled 

SLG, BLG and FLG in accordance with I2D/IG intensity ratios (note SLG was only found in the DIW:EtOH 

samples). (b) and (c) highlight intensity ratios (ID’/IG (black squares), ID/IG (red spheres) and I2D/IG (blue triangles) 

of graphene related peaks found in DIW and DIW:EtOH, respectively. Each point corresponds to parameters 

extracted from an individual spectrum of a registered flake. Intensity ratios for the original GP are shown by the 

dashed lines of the same colour as data for intensity ratios.  

Based on the above-mentioned criteria, parameters such as defect ratio ID/IG (red dots), ID’/IG 

(black squares), I2D/IG (blue triangles) had been extracted from each recorded spectrum and 

plotted in Fig. 5(b) and (c) for graphene flakes found in DIW and DIW:EtOH, respectively. It 

should be noted that each point corresponds to the parameters extracted from a recorded 

spectrum, corresponding to a Raman spectrum of an individual flake under investigation. 

Graphene sheets in the DIW:EtOH sample were constantly falling within the low defect regime 

(ID/IG ~ 0.23-0.58) in comparison to the DIW sample which demonstrated a more erratic 

behaviour (ID/IG ~ 0.24-1.34). This consistency and reduced variation in the defect ratios of 

DIW:EtOH also reflects the homogeneity of dispersed graphene flakes. The increased ID/IG 

intensity ratio likened to the original GP (as indicated with the dashed line in both Fig. 5(b) 

and (c)) is understandable in terms of incorporation of defects resulting from a thinning of 
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graphite after LPE processing.  In addition, ID’/IG ratios for graphene in DIW posed a rather 

wider range of ~ 0.12-0.51 in contrast to DIW:EtOH with a narrower range of ~ 0.13-0.25, 

indicating less defective exfoliated sheets in DIW:EtOH. Moreover, I2D/IG ratios of ~ 0.55-1.01 

and ~ 0.60-1.30 corroborate the formation of FLG sheets in DIW and DIW:EtOH, respectively, 

with apparent SLG signatures (I2D/IG ~ 1.3) found in the DIW:EtOH sample.  It is evident from 

Fig. 5(b) and (c) that the majority of registered flakes are in the range of FLG with identification 

of few SLG and BLG graphene signatures (I2D/IG ~ 1) accompanied by sheets displaying a 

more consistent pattern across all the intensity ratios in DIW:EtOH. However, BLG signatures 

were also found in DIW samples. It can also be deduced from the above observations that the 

presented processing technique works well for the systematic production of FLG.  

For further clarity, the correlation between the defect ratio (ID/IG) and FWHM of the G band 

have been plotted in Fig. 6(a). From the graph, it was observed that values of FWHM of the G 

band are densely populated in the range of 20-25 cm-1 for DIW:EtOH, while for DIW there is 

a sparse variation of FWHM ranging from 20-45 cm-1, which might be due to instigation of 

bulk defects in some flakes coupled with edge defects. 

In other words, both the range of defect ratios and the relatively reduced broadening range of 

the G band in the DIW:EtOH sample constitute persuasive evidence that defects induced in 

sheets are attributable to the edge defects rather than basal defects. However, in the DIW 

sample with ID/IG ratios of 0.24 -1.34, there are some flakes for which the ID/IG ratio exceeded 

1, possibly suggestive of basal defects, or alternatively an indication of the fineness of flakes.  

For a deeper analysis, another crucial parameter, i.e. the ratio of intensity of the D band (ID) 

over D’ band (ID’), has been evaluated and plotted in Fig. 6(b) to verify the nature of those 

defects. In accordance with Eckmann et al. [50], ID/ID’ ratios of ~ 13, ~ 7 and ~ 3 indicate the 

presence of sp3 defects, vacancy defects and edge defects, respectively. From Fig. 6(b), ID/ID’ 

values of less than 3.5 were found (highlighted with the yellow shaded area) which indicated 

the presence of edge defects rather than basal defects in graphene sheets obtained in both DIW 

and DIW:EtOH.  

To obtain quantitative information about the layer-count, Eq. (4) suggested by Backes et al. 

[44] was employed and the graph of I2D/IG versus number of layers is depicted in Fig. 6(c). The 

graph illustrates that the majority of layer-count values are located within 3-5 layers 

(highlighted with the yellow shaded area), associated with FLG sheets. Results are also in 
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accordance with [15] where a similar technique demonstrated that FLG in the range of 3-5 

layers thick were systematically produced in sonicated water. 

<N> = 1.04× M(-2.32)                                                                                                                (4) 

where <N> is the average number of layers per sheet and M is I2D/IG .  

 

Figure 6 (a) Plot of defect ratio (ID/IG) vs FWHM of the G band. (b) ID/ID’ ratios for investigated flakes confirming 

edge defects. (c) Co-relation between mean I2D/IG intensity ratios (M) as a function of layer number. (d) Histogram 

showing layer-count distribution in DIW and DIW:EtOH, respectively.   

Histogram data (Fig. 6 (d)) revealed that the majority of registered flakes in DIW and 

DIW:EtOH were FLG (3-5 Ls). However, the maximum population of thinner flakes were 

found in DIW:EtOH. In order to further validate the above-mentioned argument, deconvolution 

of the 2D peaks was performed using a Lorentzian fitting (R2 ~ 0.98-0.99) after applying a 

linear baseline subtraction to obtain qualitative information of layer-count, and representative 

fitted curves (given in Fig. B7 (a) and (b), Section 2.4 of Appendix B in the Supplementary 

file). From the deconvolution graphs, sub-components of the 2D band were found suggestive 

of FLG in both DIW and DIW:EtOH. The average values of ID/IG, ID’/IG, I2D/IG, ID/ID’ identified 

from Raman measurements for the investigated flakes in DIW and DIW:EtOH are provided in 

Fig. 9. To summarise, Raman results showed the existence of FLG sheets in both DIW and 
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DIW:EtOH, with exfoliation in DIW:EtOH giving somewhat thinner and higher quality flakes. 

High-resolution microscopic techniques have been further conducted for validation.  

3.2.3 Morphological analysis 

To assess the quality and size-metrics of the obtained graphene flakes after ULPE, TEM 

investigations were performed. Figure 7(a-c) gives representative TEM images of graphene 

sheets exfoliated in DIW with Fig. 7(c) indicating measurements of length, <L> and width 

<W>. It should be noted here that flakes that have a visible outline have been considered for 

dimensional analyses. Some of the recorded images exhibit folded and wrinkled regions which 

can be assumed as the intrinsic nature of graphene sheets after ULPE [51]. 

Fig. 7(e-g) feature representative TEM images of graphene sheets dispersed in DIW:EtOH. For 

measurement accuracy the area of each flake had been exemplified in Fig. 7(d, h). High-

resolution TEM (HR-TEM) images were recorded to estimate the layer-count by means of the 

edge counting method [52] as clarified in Fig. 7(i-l). Correspondingly, layer-count has been 

confirmed from respective plot profile diagrams (using ImageJ software) given in the inset of 

Fig. 7(k).   
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Figure 7 (a-c) Representative TEM images of graphene sheets exfoliated in DIW, indicating measurement of 

average length (<L>) and width (<W>). (d) & (h) Illustrative measured area of investigated flakes designated 

with coloured regions. (e)–(g) Representative TEM images of graphene flakes exfoliated in DIW:EtOH. (i)-(l) 

HR-TEM images of examined FLG flakes (highlighted with black dotted rectangles). The inset of (k) displays a 

plot-profile of the highlighted portion, indicative of interlayer distances and layer-count performed using ImageJ 

software. 

Statistical data from the recorded set of TEM images of the exfoliated graphene nanosheets 

was generated (Fig. 8). Fig. 8(a) and (b) demonstrate statistical analysis for the average values 

of length (<L>) and width (<W>) for the investigated graphene sheets found in DIW and 

DIW:EtOH, respectively. These data reveal the formation of FLGs several microns in cross-

section and several µm2 in area after ULPE in DIW:EtOH. Fig. 8(c) features the estimations of 

the mean aspect ratios (<L>/<W>) of flakes which are found to be in the ranges of 1.04-2.85 

and 1.03-3.28 for DIW and DIW:EtOH, respectively. <L>/<W> ≠ 1 suggests the formation of 

elongated flakes which is a typical feature of LPE graphene flakes. Therefore, our TEM studies 

demonstrate the production of large sized graphene sheets in DIW:EtOH, fortifying the fact 

that the size of FLG flakes depends upon the nature of the dispersing medium, which in turn, 

controls both exfoliation efficiency and stability of flakes [17]. Fig. 8(d) advocates the 

occurrence of large sized graphene sheets in DIW:EtOH (area ~ 0.02-4.70 (µm)2) as compared 

to DIW (area ~ 0.07-1.76 (µm)2). Fig. 9 features the average values of parameters ID/IG, ID’/IG, 

I2D/IG, ID/ID’, L/W and Area (µm)2 identified from Raman and TEM measurements for 
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interrogated graphene flakes found in DIW and DIW:EtOH. From the statistical information 

related to the lateral sizes of graphene sheets recorded by TEM (see Fig. B8 in section 2.4 of 

the Supplementary material), we can deduce that the population of large sized graphene sheets, 

i.e. for the range of 500-1000 nm in DIW:EtOH is ~ 66% higher in comparison to DIW.  

 

Figure 8 (a), (b) Statistical histograms for dimensional analyses of observed 50 graphene flakes found in DIW 

and DIW:EtOH, respectively. (c) Statistical histogram showing mean aspect ratios (<L>/<W>) of the investigated 

flakes. (d) Statistical histogram of observed flakes for area measurements.  
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Figure 9. The average values of ID/IG, ID’/IG, I2D/IG, ID/ID’, L/W and Area (with error margins) identified from 
Raman and TEM studies for the interrogated graphene flakes observed in both DIW and DIW:EtOH.  

4. Conclusions  
This study presents the first in-depth analysis comparing fundamental physical properties and 

in situ observations of bubble dynamics for a range of solvents used for ULPE, including NMP 

(currently most commonly used efficient solvent for exfoliation of graphene). Through the 

combination of high-speed imaging synchronised with acoustic pressure measurements 

recorded via a FOH, in conjunction with high-speed shadowgraphic imaging elucidating SW 

generation, a promising eco-friendly substitute (DIW:EtOH) was identified. ULPE for 2 h was 

carried out at various input powers for DIW and DIW:EtOH with resultant flakes analysed 

using a range of characterisation techniques. The mixture of DIW and EtOH was shown to 

produce higher quality few layer (3-5) graphene with a yield twice that of DIW, average flake 

area (~ 1.15 µm2) and reaching a stability of ~ 78% for the duration of six months. Future 

developments will include further optimisation of experimental parameters and upscaling of 

the ULPE process.  

Data Availability  
The data that supports the findings of this study are available upon request from the 
corresponding author. 
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