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SUMMARY 12

Conventional exfoliation relies on stabilizers or harsh solvents, limiting scalability and requiring 13

post-processing. We present a low waste, stabilizer-free method for exfoliating 2D materials us- 14

ing high pressure homogenization (HPH) in isopropyl alcohol (IPA). We optimize HPH with MoS2 15

and benchmark it against ultrasound-assisted liquid phase exfoliation (LPE) method. The opti- 16

mized HPH process achieves a 20% yield, significantly higher than the 1.2% yield of LPE, while 17

generating only 10% of the solvent waste. Life cycle assessment (LCA) confirms the lower en- 18

vironmental footprint of HPH. We further demonstrate this method’s applicability to other layered 19

materials. To evaluate the suitability of exfoliated materials for printed device fabrication, we for- 20

mulate HPH-exfoliated MoS2 ink and fabricate inkjet-printed memristors, which show enhanced 21

performance and reduced variability compared to LPE-based devices. These results highlight 22

the advantages of HPH in producing high quality 2D materials ink with reduced environmental 23

impact and better processability for scalable printed electronics. 24
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INTRODUCTION 28

Solution-based exfoliation of 2D-materials is established as the method with the most potential 29

to obtain mono-/few-layer nanoflakes from bulk crystals on a large scale. This is because these 30

methods are low-cost, more easily scaled and faster when compared to others, such as me- 31

chanical exfoliation1 and even bottom-up approaches such as chemical vapour deposition2. The 32

quality of the exfoliated material is often compromised but is still sufficient for use in a wide range 33

of applications, including in electronics3–5, photonics5–7 and sensing8,9. The key advantage of 34

solution-based exfoliation is that it facilitates formulation into inks10, which can be deposited on 35

a wide range of flexible substrates by employing mature printing methods11. This enables the 36

whole process, from bulk nanomaterial to exfoliated nanoflakes in devices, to be scaled up. 37

Solution-based exfoliation can take many forms, most notably chemically-assisted12, molecule 38

intercalation-assisted13,14, ball milling15, shear mixing16, electrochemical exfoliation17 and ultrasound-39

assisted18–20 processes, which are all capable of exfoliating large amounts of material. However, 40
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despite the possibility of solvent recovery in principle21, conventional solution-based exfoliation 41

methods often involve significant solvent loss during solvent exchange, centrifugation, and pu- 42

rification steps. These wastes can take the form of surfactant/polymer stabilisers which play no 43

role in the final deposited material and can even hinder the desired performance11. They can 44

also take the form of reactive acids/oxidants or particularly harsh solvents such as N-methyl-2- 45

pyrrolidone (NMP), all of which complicates the scaling up of such processes. In the literature, 46

the type and the amount of waste are not usually considered, especially when the yield of such 47

exfoliation methods is reported, with only the unexfoliated material considered waste. However, 48

to get a true representation of the efficiency of an exfoliation process, the amount of the starting 49

materials, including solvents used in various stages of these processes must be considered. We 50

have coined this term as the ‘process yield’ which offers a clearer understanding of the amount of 51

waste associated with a certain exfoliation technique. In turn, this allows a more valid evaluation 52

of the process which becomes significantly more apparent when scaled to commercial levels. 53

The most commonly reported solution-based exfoliation technique is ultrasound-assisted liq- 54

uid phase exfoliation, which we will hereon refer to as LPE. This is most frequently conducted 55

using an ultrasonic bath and has been demonstrated for a plethora of 2D-materials5,13,18. The 56

basic principle of the technique is to exfoliate atomically thin flakes from the bulk by shear forces 57

generated by the collapsing bubbles created by ultrasound in a liquid medium. This is typically a 58

pure or mixed solvent system with favourable interaction with the 2D material (matching Hansen 59

solubility parameters)13 or may contain surfactants or polymers to stabilise the exfoliated flakes. 60

By optimizing ultrasonication protocols and selecting suitable stabilizers, several LPE studies 61

have achieved excellent exfoliation efficiencies. For instance, the use of bovine serum albu- 62

min (BSA) as a bio-surfactant enabled a MoS2 exfoliation yield of up to 27.2%22, while natural 63

saponin-based surfactants have been shown to achieve a 33% yield for h-BN21. In addition, 64

aromatic dispersants such as bis-pyrene derivatives have demonstrated strong stabilizing capa- 65

bilities23, promoting long-term colloidal stability of exfoliated nanoflakes in aqueous media. 66

Despite these advances, LPE still faces several intrinsic limitations. High-yield protocols typ- 67

ically require prolonged sonication times, which may range from several hours to days, resulting 68

in low throughput and high energy consumption. More critically, these methods often rely on 69

surfactants or stabilizing agents that are difficult to fully remove after exfoliation (see Table S1). 70

When stabilising agents are used, they can interfere with the performance of the final deposited 71

material11. Therefore, they are commonly removed or burned off through thermal annealing24. 72

However, this process is not viable for many flexible substrates that cannot tolerate temperatures 73

substantially above 100 °C. As a result, many researchers have turned to solvents with more 74

closely matched Hansen solubility parameters to avoid the use of stabilisers25. These solvents 75

often take the form of harsh, toxic, high boiling point (BP) solvents such as NMP and dimethylfor- 76

mamide (DMF), which are typically exchanged in later stages for lower BP solvents to facilitate 77

material processing and deposition. Yet, this solvent exchange step adds cost and complexity 78

and introduces additional solvent waste, leading to a larger environmental footprint. Although 79

studies have employed IPA or water as exfoliation agents to produce 2D materials (see Table 80

S2), challenges such as low process yield, poor solvent utilization, and prolonged processing 81

time remain unresolved. 82

The inefficiency of the LPE method can be attributed to the non-uniform distribution of ul- 83

trasound through the sample. For bath sonication, the intensity is low and more concentrated 84

around the ultrasonic transducers26,27 whereas for tip sonication, the initially high intensity expo- 85

nentially decays as we move away from the tip28. Therefore the material is not uniformly exposed 86

to the exfoliating shear forces. A similar non-uniform exposure to shear forces is seen in the high 87

shear mixing technique, where it peaks in the gap between the stator and the rotor29,30. This was 88

overcome by Ref.31 which demonstrated a sodium deoxycholate (SDC) assisted, graphite exfoli- 89

ation via an in-line cyclic high-shear mixing system. This periodically subjects the entirety of the 90
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sample to shear forces, vastly improving the yield weight (Yw, ratio of dispersed material mass 91

and initial mass) and throughput (ϕ, mass exfoliated per hour). As this process can be up-scaled 92

easily, this is a huge step towards achieving efficient, larger scale exfoliation of 2D-materials. 93

High-pressure homogenisation (HPH) through microfluidisation is a promising technique as it 94

is inherently cyclic, allowing the application of high shear forces across the entirety of a sample. 95

In this process, a material is homogenised and dispersed by forcing it through microchannels (87 96

µm - 200 µm) under high pressure. This technique has been demonstrated for the exfoliation and 97

dispersion of nanomaterials32–34. In particular, high concentration (up to 100 g.L−1) graphene 98

dispersions have been reported with a Yw, = 100 % using carboxymethyl cellulose (CMC) sodium 99

salt as a stabiliser,33 demonstrating the viability of this strategy as an efficient, scalable exfoliation 100

of graphite in water. 101

However, there has been little to no investigation for other 2D materials. More importantly, 102

stabiliser-free exfoliation of any 2D material directly in pure solvents has never been consid- 103

ered. Herein we present a stabiliser-free exfoliation and dispersion of MoS2 via HPH directly 104

in IPA, a biocompatible35 and low-cost solvent which is commonly used in the laboratory and 105

lends itself to simple formulation into inkjet printable inks5. We evaluate the key metrics of this 106

exfoliation alongside ultrasound-assisted LPE, starting with the same amount of 2D material 107

powders (small crystals) and initial concentration to allow for a direct comparison. Memristors 108

have emerged as promising components for next-generation storage and neuromorphic com- 109

puting due to their non-volatility, high density, and low power consumption36. 2D materials, with 110

their unique layered structure and tunable electrical properties, enable low-power operation and 111

high-density integration in 2D material-based memristors.37,38 The performance of memristors is 112

highly dependent on the size, uniformity and vacancies of the 2D materials used as the switching 113

layer.37 To evaluate the impact of different exfoliation methods on printed device performance, 114

we use inkjet printing to fabricate memristors from MoS2 nanoflakes obtained via both HPH 115

and LPE methods. We also compare HPH and LPE exfoliation methods with a range of other 116

2D-materials (MoSe2, h-BN, In2Se3 and Bi2Te3) to allow for a more rounded evaluation of their 117

exfoliation ability, highlighting the clear overall advantages of HPH. 118

RESULTS and DISCUSSION 119

Optimization of HPH Parameters for MoS2 120

Based on previously reported microfluidisation of graphite33,34, we begin the optimisation of the 121

MoS2 dispersion. A key difference in our process is the absence of a stabiliser, allowing for the 122

final product to consist solely of the material and solvent, mitigating the need for the additional 123

stabiliser removal step. The HPH system we use is schematically depicted in Figure 1A. The pro- 124

cess involves the preparation of a mixture of solvent and the starting material to be exfoliated. 125

A high pressure pump draws in this mixture and forces it through a microchannel (87 µm). This 126

process generates intense mechanical forces, including high shear rates, turbulence, and cavita- 127

tion effects, which are crucial for effective exfoliation of layered materials. The rapid acceleration 128

through the microchannel produces high shear rates, generating sufficient stress to overcome 129

the van der Waals forces binding the layers30,39. Additionally, turbulent flow enhances particle 130

mixing and collisions, further facilitating exfoliation40. Rapid pressure fluctuations also trigger 131

cavitation, where microbubbles form and collapse violently, producing localized shockwaves that 132

assist in layer separation41. These combined forces enable efficient delamination of bulk mate- 133

rials into few-layer nanoflakes without stabilising agents, thereby preserving the intrinsic prop- 134

erties of the 2D materials. The mixture then passes through a second channel (200 µm) which 135

acts as a pressure backdrop. In this wider channel, the sudden expansion and corresponding 136
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pressure drop help stabilize the flow and reduce the temperature rise induced by high-pressure 137

processing. Additionally, the abrupt change in channel size can further enhance turbulence and 138

promote the formation of microjets and shockwaves. These phenomena contribute to additional 139

mechanical disruption of the layered structure, thereby assisting in the delamination process. It 140

then passes through to a condenser to dissipate the heat generated due to the high pressure 141

processing. The material at the outlet can be collected or fed directly back into the inlet for the 142

next cycle. Multiple cycles enhance the exfoliation efficiency, ensuring that the entire sample 143

undergoes sufficient mechanical processing to achieve uniform nanoflake production. 144

Our HPH process (outlined in Figure S1) begins by mixing powdered 2D material crystal 145

into IPA. It is a widely used, inexpensive, low boiling point solvent and has been exploited for 146

2D-material ink formulations5,6,42–51. IPA is also safer to handle and easier to dispose of in 147

comparison to other commonly used solvents for LPE such as NMP and DMF. The crystal-IPA 148

mixture is processed through the HPH for the desired number of cycles and once collected, 149

is centrifuged at low speed to remove any unexfoliated material; see Experimental section for 150

details. 151

For this study, we first optimise the initial concentration of powdered crystal-MoS2 (PC-MoS2), 152

by establishing a suitable compromise between the concentration and the yield (Yw) of the re- 153

sulting dispersions. The Yw accounts for the efficiency of the exfoliation, taking into account 154

the initial mass of PC-material and the amount of material dispersed in the final product. We 155

process all samples (with 2.5-12.5 mg.mL−1 PC-MoS2 concentration) for 150 cycles and cen- 156

trifuge them under the same conditions to separate unexfoliated materials. Figure 1B shows the 157

UV/Vis absorption spectra from these samples and the corresponding estimated concentration. 158

For this, we use the Lambert-Beer law, A = αλcl, where A is the absorbance, c is the concen- 159

tration (g.L−1), l is the path length (m) and αλ is the extinction coefficient at wavelength λ13,18. 160

We use α345 = 6820 L.g−1.m−1 52,53 as it lies in the region of the spectrum that has the lowest 161

contribution from scattering, which varies according to the size and thickness of the flakes in 162

the dispersion. We find a consistent increase in the final concentration as the initial amount of 163

PC-MoS2 is increased, except for 12.5 mg.mL−1 which shows a considerably smaller increase. 164

We believe this is due to the capacity saturation of the IPA to disperse MoS2 without stabilisers. 165

With only a marginal increase in the concentration and significant decrease in the percentage of 166

the initial PC-MoS2 in the final dispersion for the 12.5 mg.mL−1 (Figure 1D(i)), we conclude that 167

the 10 mg.mL−1 is the optimal initial concentration for stabiliser-free dispersion of MoS2 via HPH. 168

An imperative process parameter for HPH that dictates both material properties and the time 169

taken to exfoliate is the number of cycles the mixture is processed. We probe this by using 170

the optimised 10 mg.mL−1 initial concentration mixtures and cycling for 50-250 cycles (50c - 171

250c). Using the UV/Vis data displayed in Figure 1C, we see that the concentration of the 172

resulting dispersion increases with an increasing number of cycles. We see a plateau in the 173

final concentration between 200c-250c as observed between the initial concentrations of 10 174

mg.mL−1 - 12.5 mg.mL−1. For our HPH process, the rate of processing is 26.6 L.h−1. Assuming 175

we are processing 1 L, 50 cycles would amount to ∼2 hours of additional processing time for 176

250c. Factoring this, we consider 200 cycles a suitable compromise between the time taken 177

and the yielded dispersion concentration. Also, as seen in Figure 1D(ii), the percentage Yw 178

increase every 50 cycles gets smaller with increasing number of cycles. It is a 4.49 % increase 179

from 50c-100c, 3.29 % increase from 100c-150c, 2.97 % increase from 150c-200c and 1.17 % 180

increase from 200c-250c. Although any increase in Yw is desirable, we deem the added time 181

more important when compared to 200c. We therefore consider 200c an optimal number of 182

cycles for the stabiliser-free dispersion of MoS2 using HPH. 183

The Yw for 10 mg.mL−1 initial concentration for 200c is 17 %. This is relatively high when 184

compared to other solution-based exfoliation of MoS2 (< 5 %)13,15,54. However there is still a 185

considerable amount of MoS2 sediment that is collected during centrifugation. To determine if 186
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the unexfoliated material could be reused, we collect the sediment after centrifugation and repro- 187

cess the material with an initial concentration of 10mg.mL−1 for 50c-200c. The characterisation 188

of these “recollected” HPH samples is shown in Figure S2. We find that 200c yields the highest 189

concentration of all the recollected samples, but it is lower than the concentration yielded from 190

the original process. The Yw for 200c recollected HPH sample is 13.4 % compared to 17 % for 191

the original dispersion. We believe this is a result of the material already being partially exfo- 192

liated/deagglomerated from the first round of HPH, leading to a lower proportion of bulk MoS2 193

which is more readily exfoliated. This is supported by the lower increase in Yw between 50c- 194

100c for the recollected dispersion, 2.2 % increase, in comparison to 4.49 % increase in the 195

original HPH trial. We suggest that the lower Yw for the recollected dispersion could potentially 196

be improved by increasing the initial concentration or with a greater number of cycles. Nonethe- 197

less, recollecting the unexfoliated material and processing it through the HPH for a second time 198

provides a path to reduce the amount of waste from the initial process and has the potential for 199

further recollection and waste reduction. 200

The concentration of the dispersions cannot be used as the sole metric to optimise the exfo- 201

liation process, the material properties must also be evaluated. We probe the flake height and 202

lateral dimensions using atomic force microscopy (AFM), with the results for the varying number 203

of cycles shown in Figure 1E. The mean flake height is consistently around 3 nm, corresponding 204

to approximately 4–5 MoS2 layers. However, the variation of the flake height decreases consid- 205

erably with increased cycling. It is clear that the average flake lateral size and the distribution 206

decreases with a greater number of cycles, 85 nm ± 66 nm, 75 nm ± 41 nm, 67 nm ± 30 207

nm, 64 nm ± 25 nm, and finally 53 nm ± 22 nm from 50-250 cycles, respectively. From this 208

data, we conclude that 150c-200c is a suitable number of cycling, as we find further processing 209

starts to reduce the size of the already dispersed flakes without a justifiably large corresponding 210

improvement in the homogeneity of the dispersion. 211

We also probe the recollected-MoS2 samples with AFM to evaluate the properties of the 212

recycled MoS2 (Figure S2C). We find that the mean flake height shows a similar trend to the 213

original HPH sample, while exhibiting smaller variation. The average lateral size also shows 214

a similar trend, with an average flake size of 72 nm ± 41 nm, 56 nm ± 31 nm, 54 nm ± 22 215

nm, and 44 nm ± 16 nm from 50-200 cycles, respectively. For the recollected sample, we find 216

that the significant drop in lateral size occurs at 200c, with the flakes already relatively small for 217

the 100c and 150c samples. Despite taking into consideration the Yw and concentration, the 218

optimal number of cycles for the recollected MoS2 is therefore 100c-150c. Optimisation of the 219

exfoliation of recollected MoS2 is beyond the scope of this work. However, a natural next step 220

would be to increase the initial concentration and process for fewer cycles, to try and improve 221

the Yw without considerably reducing the average size of the flakes. Therefore, it is possible to 222

utilise the unexfoliated MoS2 from first round of HPH cycling through recollection and processing. 223

This provides a pathway to make the HPH process more efficient, especially when scaling up is 224

considered. 225

Benchmarking HPH Against LPE 226

To evaluate the viability of HPH as a stabiliser-free exfoliation technique, it must be compared 227

to other established methods. Ultrasound-assisted LPE is the most commonly reported strategy 228

for 2D material exfoliation5,6,11. We use a previously developed, tried and tested LPE protocol to 229

achieve stabiliser-free dispersions in IPA. However, ultrasonication of 2D-materials directly in IPA 230

yields little to no exfoliation without a stabiliser. We therefore first exfoliate the powdered crystals 231

in NMP, with better matched Hansen solubility parameters, followed by a solvent exchange into 232

IPA to yield the final dispersion (Process outlined in Figure S1). Such solvent exchange protocol 233
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is a widely used strategy to obtain stabiliser-free dispersions in printing-friendly solvents5,6,55–57. 234

Fourier Transform Infrared (FTIR) spectroscopy confirms the effective removal of NMP from the 235

LPE MoS2 sample following solvent exchange. As shown in Figure S3, the LPE sample (red 236

curve) exhibits no detectable absorption at ∼ 1665 cm–1 and ∼ 1295 cm–1, which correspond 237

to the characteristic C=O and C–N stretching vibrations of NMP, respectively.58 We then design 238

an experiment to allow a direct comparison between the two exfoliation methods by starting 239

with the same amount (2 g) of powdered MoS2 crystals (Figure 2A) and 200 mL of starting 240

solvent. For the HPH process, this is in a single container, while for LPE, this is split equally 241

over 5 sonication vials for optimised exfoliation. We depict the dispersion at different stages of 242

the processing, outlining the products that move forward in the process and highlight solvents 243

that are discarded during the exfoliation of MoS2 for HPH (Figure 2B) and LPE (Figure 2C) (See 244

Figure S1 for a more complete process breakdown). This confirms considerably more waste for 245

the LPE exfoliation of MoS2. However, to get a better comparison of the processes, we continue 246

to evaluate the differences by characterising the materials obtained. 247

We first characterise the material yielded from HPH and LPE by UV/Vis spectroscopy to 248

allow for an estimation of the concentration in the dispersions. In Figure 2D, the characteristic 249

spectrum for MoS2 is observed for both dispersions with Abs345 being very similar. This is by 250

design, due to the nature of the final steps of the LPE process, we are able to concentrate 251

the LPE sample and bring it closer to the concentration yielded from the HPH exfoliation. We 252

estimate the concentrations of the HPH sample to be 2.52 mg.mL−1 and the LPE sample to be 253

2.42 mg.mL−1. The differences in the two spectra are the result of varying size and thickness 254

properties of the flakes within the dispersions53. The sharper peaks of the HPH sample suggest 255

more mono-disperse flake properties. Peak-A for the HPH sample is blue shifted which suggests 256

presence of smaller and thinner flakes. By yielding inks with similar concentrations, we are able 257

to make more direct comparisons of the two processes. 258

The HPH- and LPE-MoS2 are compared using six different metrics, displayed in the radar 259

plot in Figure 2E. These metrics encompass key factors for effective exfoliation of 2D materials 260

and are explained as follows. (i) Concentration: How much material is exfoliated and stabilised 261

in the final dispersion after centrifugation. (ii) Production rate: Volume of dispersion that is 262

produced within a certain period of time. (iii) Yield weight: Yw, is ratio of dispersed material 263

mass and initial mass of PC-material input. (iv) Process yield: A value that better evaluates the 264

efficiency of the exfoliation process by taking into account the complete dispersion yielded and 265

evaluating it against all of the input. It is the percentage value of the mass of the final dispersion 266

over the entire mass of the input PC-material and all of the solvent used during the process. 267

(v) Percentage solvent discarded: Assesses the amount of solvent that is discarded (A) as a 268

percentage of the total amount of solvent used in the entire process (B) to obtain the dispersion. 269

The equation for percentage solvent discarded can be expressed as follows: A
B
× 100. Note that 270

this is the only metric where a lower value is desired. (vi) Volume obtained: This shows the 271

amount of dispersion obtained from the process with a starting volume of 200 mL. 272

The HPH dispersion is superior in every metric, except concentration where it is matched by 273

design. Both the HPH and LPE uses bench top systems and are of comparable dimensions. The 274

dispersion production rate (or throughput) is much higher for HPH (160 mL in ∼160 min) than for 275

LPE (10 mL in ∼1000 min). This indicates that the process is faster. The Yw for LPE is 1.2 %, 276

compared to close to 20 % for the HPH. This does not consider potential for further improvement, 277

as shown through successful dispersion of recollected MoS2 by HPH, Figure S2. The proportion 278

of solvent discarded in the processes are ∼97 % for LPE and 20 % for HPH, indicating a much 279

greater efficiency of solvent utilisation. The process yield takes into account all of the reagents 280

used and is 2.2 % for the LPE dispersion and 79 % for the HPH process. From these values, it 281

is clear that the HPH process is considerably more efficient at utilising the input materials (PC- 282

MoS2 and solvent) and hence is less wasteful. In addition, HPH exfoliation of MoS2 is faster, 283
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has a higher throughput and is more efficient than the analogous binder-free LPE process; see 284

Figure 2E. This coupled with the simpler procedure or HPH exfoliation with fewer steps (Figure 285

S1) and avoidance of harsh solvents (NMP) make the process more scalable. To quantify the 286

sustainability and environmental impact of LPE and HPH, we conduct a Life Cycle Assessment 287

(LCA) study. LCA is a systematic tool for evaluating the environmental impacts of a product or 288

service throughout its life cycle. It provides a basis for improving sustainability. Recognised under 289

the ISO 14040 series, this methodology is standardised with principles and guidelines detailed 290

in ISO 14040:200659 and ISO 14044:200660. In this study, we adopt a gate-to-gate approach, 291

focusing on the exfoliation process of MoS2. The scope includes all steps from the beginning 292

of the exfoliation process to the point where 2D MoS2 is obtained, covering solvent usage and 293

waste disposal. Hazardous waste incineration of spent solvents is also considered within the 294

system boundaries. However, the upstream production of chemicals (e.g., MoS2 powders, IPA, 295

NMP) and the downstream application are excluded. The results show that the HPH method 296

significantly outperforms LPE in terms of sustainability, with a carbon footprint that is 73.6% 297

lower per batch and 98.4% lower per gram of product (See Supplementary Note 1). 298

One key consideration when contemplating large scale exfoliation of 2D-materials is the sta- 299

bility of the resulting dispersion. This is because unstable inks are usually unsuitable for printing 300

and coating as large aggregates lead to printing issues such as nozzle clogging. The issues 301

are compounded with poor material distribution in the printed pattern which can have adverse 302

effects on the performance. We therefore evaluate the stability of the HPH and LPE MoS2 disper- 303

sions. In undisturbed dispersions, material concentrations can be used as a means to evaluate 304

their stability as material sedimentation progresses over time. To conduct this test, 5 mL of 305

each dispersion is isolated and kept in vials which remained undisturbed for the duration of the 306

test. On each day, 100 µL of dispersion was carefully removed from the top of the dispersion 307

and diluted by a factor of 100, and the UV/Vis spectrum is measured. On the eighth day, the 308

samples are subjected to vortex mixing (1 min) and ultrasonication (3 min) and a final UV/Vis 309

measurement is collected. The results from the stability test are shown in Figure 2F. Through the 310

change in measured concentrations, we observe faster sedimentation for the HPH sample over 311

the seven day period. Under the same initial mass concentration, the smaller and thinner MoS2 312

nanoflakes in the HPH sample exhibit a higher number concentration per unit volume, leading to 313

an increased collision frequency and aggregation rate61, thereby accelerating the sedimentation 314

process. However, by day seven, we observe almost complete sedimentation of both the sam- 315

ples. Note that without stabilisers, this is expected in unfunctionalised 2D material dispersions in 316

IPA. 317

The true indication of long term use of the dispersion is the ease of re-dispersion of the 318

sediment. This property is critical in practical applications where storage and re-use of large- 319

volume dispersions are required. We find that upon mild vortex mixing and short sonication, the 320

concentration of the LPE sample is lower than the starting point, indicating partial irreversible 321

sedimentation. For the HPH sample, the concentration increases, which is explained by the re- 322

dispersion of the sediment at the bottom of the vial into the remaining solvent. At the end of 323

the test there is 4.2 mL of the original 5 mL of dispersion remaining after small amounts of the 324

dispersion are taken, diluted and measured throughout the test. According to DLVO Theory62, 325

the smaller size of MoS2 nanoflakes in HPH samples results in weaker van der Waals forces due 326

to reduced inter-flake surface contact area. This makes the formed aggregates more easily re- 327

dispersible under vortex mixing and ultrasonic treatment. Therefore, the HPH sample lends itself 328

more to large scale production of dispersions, as mild agitation is sufficient to re-establish the 329

dispersion. This in turn allows for the dispersion to have a longer shelf life, which is required, es- 330

pecially for larger volumes of dispersions where they are unlikely to be used instantly. The need 331

for more thorough agitation to attempt to re-establish the LPE dispersion signifies the formation 332

of larger agglomerates which are more likely to cause issues further in the printing/deposition 333
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process. 334

Extending HPH to Diverse 2D Layered Materials 335

We conduct stabiliser free HPH exfoliation of other 2D-materials (MoSe2, h-BN, In2Se3 and 336

Bi2Te3 ) to demonstrate the versatility of the method and compare the observations made be- 337

tween HPH and LPE exfoliation of MoS2. The comparison summary of these dispersions is 338

presented in Figure 3, with the UV/Vis spectra Figure S4. Figure 3A shows five radar plots, all 339

comparing the same metrics used for the comparison of HPH and LPE for the materials tested. 340

Similar trends that are seen for the exfoliation of MoS2 (Figure 2E) by HPH and LPE are seen 341

across all of the other materials. 342

The evaluation of the metrics for MoSe2 and h-BN concur with the notion that HPH is a su- 343

perior exfoliation technique. For MoSe2, the key observations are the Yw and the volume of 344

dispersion obtained for the LPE sample, which are 5.4 % and 36 mL, respectively. These are 345

better in relation to LPE-MoS2, but still inferior to the HPH-MoSe2. The h-BN dispersion via LPE 346

produces the largest volume (∼100 mL) of all LPE samples, leading to the best values observed 347

for the other metrics for an LPE sample. Namely, Yw (∼15 %), process yield (∼18.3 %), and per- 348

centage solvent discarded (∼80 %). Despite this, the HPH counterpart is superior with a larger 349

volume (160 mL), a better Yw (∼24 %) and process yield (∼79 %) with less solvent discarded 350

(20 %). This shows that even for the best performing LPE dispersion, the HPH counterpart is 351

still better across all of the metrics. 352

For the exfoliation of In2Se3 and Bi2Te3, the concentrations obtained via HPH are lower 353

than those obtained for the other materials. The concentrations of the LPE dispersions are 354

still matched and the metrics compared. For LPE In2Se3 the Yw is 3.3 %, the process yield is 355

12.8 %, the percentage solvent discarded is 85.4 % with a total volume of dispersion obtained at 356

65 mL. The HPH In2Se3 dispersion showed consistently better values for these metrics, 7.7 %, 357

82.5 %, 16.5 % and 167 mL, respectively. This is the highest volume obtained for all of the HPH 358

samples which led to the highest process yield and lowest amount of solvent discarded during 359

any of the dispersion processes in this work. The final material tested in this work is Bi2Te3, 360

which showed Yw of 1.6 %, process yield of 12.3 %, percentage solvent discarded of 86.0 % and 361

a total dispersion volume obtained of 37 mL for the LPE dispersion against 4.28 %, 80.5 %, 18.5 362

% and 163 mL, respectively, for the HPH dispersion. 363

All of the data from Figure 3A concur and show that faster, higher yielding and more efficient 364

exfoliation of different layered materials are achieved consistently using HPH over conventional 365

ultrasound-assisted LPE dispersion techniques. The process yield of the LPE dispersions of all 366

the materials exfoliated is <20 %, with the highest reported for h-BN at 18.3 %. On the other 367

hand, for the HPH dispersions, the process yield is always >75 %, with a high of 82.5 % reported 368

for In2Se3. This is clear evidence that stabiliser-free HPH exfoliation of 2D-materials is more 369

efficient than the LPE analogue, while consisting of a simpler, faster process with less waste 370

generation. We note that the optimised HPH parameters for MoS2 are used for all the other 371

materials. Therefore, further improvements could be made in their exfoliation with individual 372

optimisation. A detailed discussion on how HPH parameters can be tailored for different 2D 373

materials is provided in Supplementary Note 2. 374

We next determine any changes to the material during the exfoliation process by conducting 375

Raman spectroscopy on the powdered crystal, HPH and LPE exfoliated material; Figure 3B. 376

The Raman spectra of the MoS2 samples show characteristic E1
2g and A1g peaks around 383 377

cm−1 and 408 cm−1, respectively, indicating that the material is not adversely affected by the 378

exfoliation63. Note that although we expect a shift in peaks for mono-/bi- layer sheets63 but as 379

we drop-cast our Raman samples, we are unlikely to single out individual flakes which would 380
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make any such shift more apparent. Complementary structural analysis by X-ray diffraction (Fig- 381

ure S5) further confirms the preservation of the crystalline phase. All diffraction peaks can be 382

indexed to the hexagonal 2H-MoS2 structure (JCPDS No. 37-1492)64, and no additional reflec- 383

tions or shoulders are observed, ruling out oxidation (e.g., MoO3) or phase transformation during 384

high-pressure homogenization. Additionally, HRTEM reveals a distinct 0.27 nm lattice fringe cor- 385

responding to the (100) plane of 2H-MoS2, confirming the preservation of its hexagonal crystal 386

structure after HPH exfoliation (Figure S6). These results collectively indicate that the exfoliation 387

process retains the intrinsic crystal structure of MoS2. 388

We see similar results for MoSe2 samples which express E1g and A1g at 168 cm−1 and 242 389

cm−1, respectively65. For h-BN the characteristic E2g peak at ∼ 1366 cm−1 is observed for all 390

of the samples66. There is a small shift (∼1 cm−1) of the HPH h-BN spectrum, which centres at 391

1367 cm−1, shifting in the direction expected for mono-few layer h-BN67. However, we note that 392

this shift alone cannot be used to make a clear conclusion of greater exfoliation as it is within the 393

measurement error margin. The spectrum for In2Se3 exhibits a high signal to nose ratio for the 394

bulk material, but noisier spectra for the exfoliated samples. However we are still able to identify 395

the characteristic peaks68,69: E2 (∼89 cm−1), A1
1 (∼104 cm−1), E4 (∼180 cm−1), A2

1 (∼182 cm−1) 396

and A3
1 (∼193 cm−1). Despite the noisier spectra, we conclude from the similarity of the spectra 397

that the material is not adversely affected by the exfoliation process. 398

Our final Raman spectra set is that of Bi2Te3. All of the spectra exhibit characteristic E1
g (∼40 399

cm−1), A1
1g (∼62 cm−1), E2

g (∼101 cm−1) and A2
1g (∼140 cm−1) modes70. However, only the 400

spectra of the exfoliated Bi2Te3 contain the A1u (∼118 cm−1) mode. The omission of the A1u 401

from the bulk spectrum is characteristic, and so serves as clear evidence from Raman for the 402

exfoliation of Bi2Te3 by both HPH and LPE. We can get some more information from the spectra 403

of the HPH and LPE samples by evaluating the value of I(A2
1g)/I(E2

g) and I(A1u)/I(E2
g), which have 404

a higher value with thinner material i.e. better exfoliation70. The I(A2
1g)/I(E2

g) is 0.95 for HPH and 405

0.91 for LPE exfoliated Bi2Te3, similar for the two methods. The I(A1u)/I(E2
g) gives more insight 406

into the differences in the processes with values of 1.15 for HPH and 0.98 for LPE, indicating 407

that the degree of exfoliation with HPH is marginally better. We again note that the Raman data 408

gives an insight into the exfoliation, but without a definitive conclusion. Therefore, to verify the 409

differences further, we conduct AFM statistical analysis of both HPH and LPE exfoliated samples. 410

In Figure 3C, we plot the data from our AFM studies as bar charts showing the average and 411

standard deviation of the lateral flake size and height. We observe that the HPH exfoliated ma- 412

terial is always statistically smaller and thinner, with smaller variations in both lateral size and 413

height across the measured flakes. This is explained by the material in the HPH samples be- 414

ing subjected to shear forces applied uniformly across the entirety of the mixture repeatedly as 415

opposed to more localised forces in the sonication assisted LPE dispersion. From this compar- 416

ative study of HPH and LPE exfoliation for a range of 2D-materials, we determine that stabiliser 417

free exfoliation via HPH is a faster, less wasteful method to exfoliate 2D-materials that yields 418

material that is more consistent in size/thickness. This translates to a more desirable method for 419

large scale exfoliation for a range of materials, offering scope to exploit their varied properties 420

for target applications. While our HPH exfoliation method is demonstrated at laboratory scale, 421

we emphasize that HPH is inherently a continuous and industrially scalable technique. Com- 422

mercial HPH systems operating at comparable pressures and capable of handling flow rates 423

exceeding hundreds of liters per hour are already widely adopted in the pharmaceutical and 424

food industries71,72. Unlike batch-based exfoliation techniques, the flow-through nature of HPH 425

enables straightforward scale-up by increasing the cycle number or employing higher-capacity 426

chambers. Moreover, the use of low-toxicity solvents (e.g., IPA) and the absence of stabiliz- 427

ers simplifies post-processing and mitigates the environmental impact. We acknowledge that 428

scale-up introduces engineering challenges, such as flow stability, microchannel erosion, and 429
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temperature control. However, these factors are well managed in existing industrial HPH plat- 430

forms. These issues have been extensively studied and addressed in industrial practice, and we 431

suggest that the associated techniques could be translated to the exfoliation of two-dimensional 432

materials.71,73 The exfoliation of the material is the first step to implementing it for its intended 433

purpose. The final step of the process is the deposition of the exfoliated material into a device 434

configuration. We select inkjet printing to deposit our exfoliated material, as it allows reliable 435

and repeatable small scale prototyping with binder free ink formulations unlike the majority of 436

the other printing processes11,74,75. Indeed, inkjet printing is a non-contact, direct writing tech- 437

nology that has been used extensively in the accurate deposition of 2D materials for a range of 438

electronic and optoelectronic devices and sensors3,5,6,9,57,76,77. With the absence of a stabiliser, 439

we use a binary solvent ink formulation, consisting of IPA and 2-butanol in a 9:1 ratio, designed 440

to facilitate uniform inkjet printing avoiding the non-uniform coffee ring depositions5. Since the 441

MoS2 is already dispersed in IPA, our ink formulation requires addition of 2-butanol in the correct 442

ratio and stirring for 5 minutes. Using this step, we formulate ink from the HPH and LPE dis- 443

persions to be used as the active material in Ag-MoS2-Au memristors, to evaluate performance 444

differences of the resultant devices. The differences in exfoliated MoS2 flakes obtained via HPH 445

and LPE, such as flake size, uniformity, and defect density, directly influence the ink properties 446

and subsequently the printed memristor performance. 447

Performance of HPH- and LPE-Exfoliated MoS2 Memristors 448

As an emerging next-generation memory device, memristors are attracting a lot of interest from 449

researchers. A memristor is a passive circuit element, whose function cannot be replicated by 450

any combination of fundamental circuit elements78. They are two-terminal “memory resistors” 451

that retain internal resistance states based on previously applied voltage and current that can 452

behave as a resistive switch79. The SET-RESET operation allows individual memristors to switch 453

between low resistance state (LRS) and high resistance state (HRS), enabling the conversion 454

and storage of logic 1’s and 0’s. As the reverse of the SET process, the RESET operation through 455

the application of a suitable negative voltage returns the device to high resistance state (HRS). 456

Memristor arrays empower in-memory computing80, avoiding the time delays and energy con- 457

sumption associated with the repeated movement of data between storage and computing units. 458

They show potential to become a core technology to support emerging AI and IoT applications. 459

One possible memristor architecture is based on a conductor/insulator/conductor thin film 460

stack, where the insulating switching material is traditionally in the form of a metal oxide. State 461

of the art metal oxide memristor devices exhibit nanosecond programming times, high switching 462

ratio, low energy consumption, high cycling endurance and retention times of several years81. 463

Compared to traditional CMOS manufacturing processes, inkjet printing technology offers the 464

potential for low-cost, large-area manufacturing and the ability to deposit materials on confor- 465

mal and flexible substrates, making it ideal for the smart wearables and robotics. However, 466

flexible and printable metal oxide memristors exhibit poorer characteristics, with high operating 467

voltage (>2 V), small dynamic range and low electrical and mechanical reliability82–85. As the 468

switching layer, 2D-materials and their composites show great promises, with the potential to 469

exhibit memory features that can outperform conventional bulk material oxides.86–88. Specifi- 470

cally, defect-induced conductive pathways in 2D materials can lower the switching voltage and 471

provide more consistent and stable switching pathways, thereby enhancing the overall reliability 472

and endurance of memristor arrays.37. 473

The preceding sections establish qualitative differences between the HPH and LPE exfoliated 474

MoS2 flakes. To identify the process better suited for printed devices, we next fabricate mem- 475

ristors with MoS2 switching layer on flexible substrates by inkjet printing, which provides a solid 476
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basis for cost-effective fabrication of neuromorphic systems. We start with the Au bottom elec- 477

trode which is deposited by evaporation on PEL P60 inkjet paper. We next inkjet print the MoS2 478

active layer and then the Ag top electrode perpendicular to the Au bottom electrode. Schematic 479

and photograph of an array of 32-memristors are shown in Figure 4A,B, respectively. The in- 480

set in Figure 4A shows a micrograph of a single memristor, with a 10-layers of MoS2 uniformly 481

deposited between the electrodes. We next characterise performance of the memristors made 482

from HPH and LPE exfoliated MoS2. We aim to demonstrate how the exfoliation method impacts 483

device performance such as switching voltage, ON-OFF ratio, and reliability. 484

We carry out I-V characterization on 50 memristor devices from each set. The median I-V 485

operation of each memristor (SET) and corresponding statistical distribution are shown in Figure 486

4C,D respectively for HPH and Figure 4E,F, respectively for LPE MoS2 based devices. Note 487

that the RESET curves for all of the devices are plotted in Figure S7. From Figure 4C,D, it is 488

apparent that the HPH MoS2 based memristors possess >103 ON/OFF ratio at an operation 489

voltage centred at ∼ ±1 V, with ∼0.5 V - ∼1.5 V range across the 50 memristors. In comparison, 490

although the LPE MoS2 based memristors show a smaller ON/OFF ratio, they exhibit a greater 491

variability in operation voltage ranging from ∼ 0.25 V-∼ 2.25 V (Figure 4E,F) across the 50 de- 492

vices. The standard deviation of the distributions are calculated, 0.22 for HPH and 0.44 for LPE, 493

underscoring lower performance variability for HPH based memristors. In addition, we evaluate 494

the endurance (Figure S8) and retention (Figure S9) characteristics of the HPH-based devices. 495

The results demonstrate stable resistance states over 100 switching cycles and retention ex- 496

ceeding 5000 seconds, further validating the operational reliability. We attribute this statistically 497

significant difference to the greater uniformity and higher defect density of flakes in the HPH 498

dispersion. Firstly, HPH requires multiple processing cycles, applying high mechanical forces, 499

shear rates, cavitation effects, and frequent collisions and friction, significantly enhancing the ex- 500

foliation efficiency of 2D materials30,39–41. Simultaneously, these processes introduce structural 501

defects, such as dislocations and vacancies, thereby increasing the defect density. This is sup- 502

ported by Figure S10. The XPS results reveal the stoichiometry of Mo/S with a ratio of 1:1.83, 503

indicating the generation of sulfur defects during the HPH process. We further demonstrate that 504

defect introduction during exfoliation can be modulated by controlling the number of processing 505

cycles (Figure S11). We observe a progressive generation of sulfur vacancies with increasing 506

HPH cycles. These results suggest that HPH provides a promising route for defect engineering 507

of MoS2 nanoflakes through fine-tuning of processing parameters. 508

Furthermore, smaller and thinner MoS2 nanoflakes produced via HPH exhibit a higher sulfur 509

defect density due to the increased edge-to-basal plane ratio37. This facilitates the formation 510

of defect-induced conductive pathways and consequently enables lower switching voltages by 511

enhancing the percolation of conductive paths within the memristor. Moreover, the uniformity of 512

the HPH-exfoliated flakes ensures a consistent average sulfur defect percolation length, thereby 513

reducing cycle-to-cycle switching voltage variations and enhancing device reliability. These ob- 514

servations align with insights into defect engineering in memristive systems. A moderate density 515

of atomic defects is generally beneficial for facilitating conductive filament formation, resulting in 516

lower SET voltages and improved energy efficiency89. It also contributes to increased conduction 517

channels in the low-resistance state (LRS), lowering effective resistance. However, excessive 518

defect densities can lead to elevated leakage current in the high-resistance state (HRS), narrow- 519

ing the resistance window and compromising data retention and off-state reliability.90 Therefore, 520

both the defect density and its spatial distribution must be carefully optimized, as an intermedi- 521

ate density with a uniform distribution can achieve an optimal balance between reliable switching 522

and device endurance. 523

We also fabricate 50 memristors from our recollected-MoS2 samples to evaluate any differ- 524

ences in performance from the original HPH and LPE based memristors. The median I-V oper- 525

ation of each recollected MoS2 memristor (SET) is shown in Figure S12A (RESET curve shown 526
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in Figure S7). These devices have a lower ON/OFF ratio than both HPH and LPE based mem- 527

ristors. We attribute this poor performance to the concentration of the ink, which is considerably 528

lower for the recollected MoS2, leading to a smaller amount and hence thinner active material 529

layer being deposited between the electrodes. The distribution of the SET voltage (Figure S12B) 530

is considerably narrower than LPE memristors and slightly narrower than HPH memristors, with 531

a standard deviation of 0.20. This again is attributed to a smaller distribution of flake size within 532

the ink (Figure S2C). This data shows that the recollected MoS2 from the first round of HPH 533

could be recycled and used as a functional material in printed devices. 534

We note that the optimisation of the device structure/performance fabricated from the HPH 535

and LPE MoS2 inks is beyond the scope of this work, with the device fabrication conducted with 536

the aim of allowing a fair comparison between the material obtained from both processes. With 537

optimisation of the ink concentration and the number of layers printed, the performance of the 538

MoS2 memristors can be improved.91 On the other hand, the printing of HPH exfoliated material 539

serves as proof that HPH can be implemented as a mature, scalable production method to obtain 540

directly exfoliated nanomaterial for functional devices. To further demonstrate the versatility of 541

HPH-exfoliated materials for inkjet-printed memristors, we fabricate 2D heterostructure memris- 542

tor with an Au/h-BN/MoS2/Ag architecture (Figure S13). The device exhibits excellent threshold 543

resistive switching characteristics, including a low operating voltage of ∼0.2 V and an ON/OFF 544

ratio exceeding 104. These results further highlight the potential of using tailored HPH-exfoliated 545

2D materials to engineer diverse high-performance memristive devices. 546

In summary, the HPH process demonstrates a simple, fast, high throughput method of exfoli- 547

ation that utilises relatively benign, commonly used IPA as the solvent. The resulting dispersion 548

is stabiliser-free, with a considerably high concentration of 2D-materials with recoverable sta- 549

bility. The HPH has a process yield of >75 % as opposed to <20 % for LPE for a range of 550

2D-materials. Crucially, the HPH process produces a fraction of the waste compared to the LPE 551

process, which uses harsh/toxic solvents to achieve stabiliser-free exfoliation. The use of these 552

solvents complicates the LPE process, with potential scale up impacts on cost, safety and en- 553

vironmental footprint. Furthermore, a Life Cycle Assessment (LCA) analysis reveals that, using 554

MoS2 as an example, the HPH process achieves a 98.4% reduction in emissions per gram of 555

product compared to LPE. This significant reduction in carbon emissions highlights the potential 556

of HPH in promoting low-carbon manufacturing practices, making it a more sustainable approach 557

for large-scale exfoliation of 2D materials. The uniformity of HPH exfoliated materials over LPE 558

counterparts is also reflected in the narrower statistical performance variation of corresponding 559

inkjet printed memristors. Although there is scope for further process optimisation for HPH, we 560

have set the foundation and shown the viability of this process as a low-waste and stabiliser-free 561

method for large-scale exfoliation of 2D-materials. 562
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METHODS 563

Material Dispersion 564

All chemicals and nanomaterial powders are purchased from Sigma Aldrich and used as re- 565

ceived. MoS2, MoSe2, h-BN, In2Se3 and Bi2Te3 are all exfoliated using both LPE and HPH. 566

Ultrasound assisted liquid phase exfoliation, LPE 567

10 mg.mL−1 of nanomaterial powder and NMP is mixed and added to a glass sonication vial. The 568

solution is sonicated for 12 hours using a Fisher FB15050 ultrasonic bath and then subjected to 569

1 hour of centrifugation at 1000 rpm for 1 hour. The top 95% of the dispersion is collected 570

and further centrifuged in a Beckman Coulter Proteome XL-A, with a SW32 Ti rotor, at average 571

g-value of ∼50,000 (20,000 rpm) for 1 hour. The supernatant is discarded and the remaining 572

sediment is collected and redistributed in 60 mL of IPA, completing the solvent exchange. The 573

high speed centrifugation (∼50,000 g) and dispersion in fresh IPA is repeated twice more to 574

remove any residual NMP. A final, high-speed centrifugation step to wash the sample for a final 575

time is conducted and the sediment is dispersed in a smaller amount of fresh IPA, yielding the 576

final, concentrated dispersion. 577

High pressure homogenisation, HPH 578

A premix is prepared by dispersing the 2D material powder in isopropyl alcohol (IPA) at the 579

desired concentration, with 10 mg mL−1 identified as optimal. This premix is then directly fed 580

into the high-pressure homogenizer (HPH) and processed for the desired number of cycles. 581

The homogenization pressure is set to 1500 bar unless otherwise specified, and the selected 582

microchannel diameter is 87 µm. Upon completion of the HPH process, the exfoliated dispersion 583

is collected from the homogenizer outlet and subjected to low-speed centrifugation at 1000 rpm 584

for 1 hour. The resulting supernatant is collected and used as the final exfoliated dispersion. 585

UV/Vis spectroscopy 586

All optical absorption measurements of the dispersions are carried out in a Cary 7000 UV–vis- 587

NIR Spectrometer under absorption mode, using a 10 mm quartz cuvette. 588

Atomic force microscopy 589

AFM measurements of the exfoliated flakes are taken with a Bruker Dimension Icon in scan 590

assist mode. Samples are diluted at least 100 times and then drop cast on to pre-cleaned 591

(acetone/IPA) Si/SiO2 substrate. The sample is heated to 80 ◦C. 592

Raman spectroscopy 593

Raman measurements are performed using a Horiba LabRAM Evolution Raman spectrometer 594

with 532 nm laser excitation at a laser power of 400 µW. The confocal hole is set at 100 µm. The 595

measurements are obtained with an acquisition time of 15 s and 3 accumulations. 596
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Fabrication of memristors 597

A stencil mask is used to deposit 5 nm chromium and 20 nm gold on the paper substrate using 598

an E306A thermal evaporator. The paper substrate used is PEL P60 inkjet paper. The substrate 599

is then placed on the platen of the Dimatix Materials Printer at 60°C. The MoS2 ink is diluted to 600

2 mg.ml−1 and printed with a drop spacing of 25 µm as active layer. The silver top electrode is 601

printed using a silver nanoparticle ink (Sigma) with a drop spacing of 25 µm. The printed silver 602

ink is transformed into conductive electrode by annealing the samples at 100 ◦C for 1 hour in a 603

nitrogen glove box. 604

Electrical characterisation 605

Room-temperature electrical measurement is conducted in a Suss MicroTec Probe Station con- 606

nected to semiconductor parameter analyser (Keysight B2902A). During all electrical measure- 607

ments, the bottom electrode is kept grounded while the top electrode is biased. 608

XPS 609

XPS analysis is performed using a Thermo NEXSA G2 XPS equipped with a monochromated 610

Al Kα X-ray source (1486.7 eV), a spherical sector analyzer, and three multichannel resistive 611

plate 128-channel delay line detectors. All data are recorded at 19.2 W with an X-ray beam size 612

of 400 × 200 µm. Survey scans are acquired at a pass energy of 200 eV, and high-resolution 613

scans at a pass energy of 50 eV. Electronic charge neutralization is achieved using an ion source 614

(Thermo Scientific FG-03) with an ion gun current of 150 µA and an ion gun voltage of 40 V. All 615

measurements are conducted at a pressure below 10−8 Torr and a room temperature of 294 K. 616

Sample surface cleaning is carried out using a 2 keV cluster source for 30 seconds. Data are 617

analyzed using CasaXPS v2.3.26rev1.0N. Peaks are fitted with a Shirley background prior to 618

component analysis, and LA(1.53,243) line shapes are employed to fit the components. 619
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MAIN FIGURE TITLES AND LEGENDS 648

649

Figure 1. Overview of the HPH system and optimization of exfoliation pa- 650

rameters for MoS2 dispersions 651

(A) Schematic of a HPH system, with an inset detailing the inner structure of the micro-channel. 652

(B) UV/Vis spectra of the dispersions obtained during the optimisation of the initial concentration 653

for MoS2 exfoliation by HPH, inset shows the effect on the final concentration. 654

(C) UV/Vis spectra of the dispersions obtained during the optimisation of the number of cycles for 655

MoS2 exfoliation by HPH, inset shows the effect on the final concentration. (D) Graphs showing 656

the effect on the yield of MoS2 dispersed, Yw, of (i) the initial concentration and (ii) the number of 657

cycles the sample is processed. (E)Graphs presenting the AFM statistics obtained for samples 658

yielded from 50-250 cycles of processing. 659

660
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661

Figure 2. Comparison of HPH and LPE processes for MoS2 exfoliation 662

(A) 3D structure of MoS2 monolayer with a photograph of bulk MoS2 powder. 663

(B) Schematic representation of the HPH process, outlining the product and any waste from each 664

step of the process. 665

(C) Schematic representation of the LPE process, outlining the product and any waste from each 666

step of the LPE process. 667

(D) UV/Vis of the MoS2 samples dispersed by HPH and LPE with a photograph of the samples 668

in the inset. 669

(E) Radar plot comparing key process metrics for HPH and LPE exfoliation of MoS2. 670

(F)Scatter plot showing the results of a seven day stability test conducted on HPH and LPE MoS2 671

obtained. 672
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673

Figure 3. Comparison of HPH and LPE for the exfoliation of different mate- 674

rials. From top to bottom, the materials are MoS2, MoSe2, h-BN, In2Se3 and 675

Bi2Te3 676

(A) Radar plots displaying the comparison of HPH and LPE for (i) concentration (mg.mL−1) (ii) 677

production rate (mL.min−1) (iii) yield weight, Yw, (%) (iv) process yield (%) (v) solvent discarded 678

(%) and (vi) the volume of dispersion obtained (mL). 679

(B) Raman spectra of the bulk, HPH exfoliated and LPE exfoliated samples of each material. 680

(C) Bar graphs depicting the AFM statistics for the HPH and LPE samples, comparing the lateral 681

size and thickness of the flakes yielded from both processes. 682
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683

Figure 4. Device performance statistics of inkjet-printed memristors based 684

on HPH- and LPE-exfoliated MoS2 inks 685

(A) Schematic of the 32-device array Au-MoS2-Ag memristor structure used in this work. Inset is 686

an optical microscope image of a single device, scale bar = 100 µm. 687

(B) Photograph of the 32-device array on a fingertip, the inset is a zoomed photograph of the 688

array on paper (scale bar = 1 mm). 689

(C) Median I-V operations of 50 memristors fabricated using the HPH MoS2 ink as the active ma- 690

terial. (D) The histogram is the statistical distribution of the set voltage in the the I-V operations 691

for HPH MoS2 devices. 692

(E) Median I-V operations of 50 memristors fabricated using the LPE MoS2 ink as the active 693

material. 694

(F) Statistical distribution of the set voltage in the I-V operations for LPE MoS2 devices. 695

696
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