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Electrical, Mechanical &Morphological Characterisation of
Nanosheet Networks

Abstract

Networks of two-dimensional nanosheets have demonstrated significant promise across a
host of applications that span the breadth ofmaterials science. While this has driven research
into nanosheet-based devices at a remarkable pace, a prevailing observation has been that the
superlative physical properties of nanosheets do not naturally translate to their networks. To
begin to address this dichotomy and realise their full potential, the electrical, mechanical and
morphological properties of nanosheet networks are investigated in this work.

Composites of 2D nanosheets mixed with 1D single-walled carbon nanotubes (SWNTs)
represent an exciting class of materials for electrochemical applications. Active material is
supplied by the nanosheets while SWNTs provide mechanical reinforcement and enhanced
electrical conductivity. Although charge transport in these systems has been studied, their
mechanical properties have not yet been quantitatively examined. Here, both themechanical
andmorphological character of SWNT /MoS2 1D:2D nanocomposites are investigated as a
function of SWNT volume fraction, φ. Microscopic analysis reveals the reinforcing SWNT
network to evolve from a loosely connected structure for φ < 1 vol % to an entangled and
continuous architecture for φ > 1 vol %. This transition has a considerable effect on the
composite mechanical properties. Below 1 vol %, the composite modulus and failure-strain
exhibit short-fibre composite behaviour. However, above 1 vol % both increase with φ in a
manner consistent with fibrous networks. The composite tensile strength similarly evolves
from a regime limited by the matrix-fibre interface at low-φ, to one limited by the strength
of the nanotube ropes for φ > 1 vol %. Crucially, while the composite tensile toughness
is constant at low-φ, it increases rapidly for φ > 1 vol % consistent with percolation theory.
Quantitative models are presented to describe this mechanical evolution, which renders the
composites robust at additive levels as low as∼ 5 vol % SWNTs.
Owing to the diverse electronic properties of their constituent nanosheets, 2D networks

are well-placed to feature prominently in the growing field of printed electronics. While it is
known that electrical performance in printed 2D networks is impeded by inter-nanosheet
junctions, work to characterise this effect has been limited. To address this, the electrical
conductivity of printed nanosheet networks is investigated as a function of constituent
nanosheet length, lNS. A family of size-selected WSe2, graphene and silver 2D inks, each
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spanning an order of magnitude in lNS, are synthesised and printed. The in-plane
conductivity of spray-coated WSe2 networks is observed to decrease by an order of
magnitude as lNS is reduced from 462 nm to 62 nm. Significantly, the conductivity in both
graphene and silver nanoplatelet networks exhibits the opposite response, scaling with lNS

−1.
A model to describe this length-dependent conductivity scaling in networks of
solution-processed nanosheets is developed. This allows inter-nanosheet resistances of ∼ 9
Ω, 31 kΩ and 120MΩ to be approximated for silver, graphene andWSe2, respectively.
To conclude, focused ion beam and scanning electron microscope nanotomography

(FIB‐SEM NT) is presented as a novel technique to assess the morphology of
nanostructured systems. This is demonstrated through a length-dependent investigation of
printed graphene networks for lNS = 947, 630 and 215 nm. The network porosity is
observed to steadily decrease from∼ 49 % to∼ 40 % as the constituent nanosheet length is
reduced from 947 nm to 215 nm. Interestingly, the pore volume in each network is found
to be highly contiguous with > 99 % of the total pore volume contained in a single open
pore. A reduction in nanosheet size is seen to increase the specific surface area of the printed
networks from ∼ 14 m2 g−1 to ∼ 23 m2 g−1 as lNS is decreased from 947 to 215 nm.
Notably, both pore size and shape are found to be a function of nanosheet length. Finally,
the alignment of each printed network is evaluated using Fourier transforms, where
networks comprising larger nanosheets demonstrate enhanced alignment.

ii



Publications

1. Gabbett, C., Boland, C.S., Harvey, A., Vega-Mayoral, V., Young, R.J. and Coleman,
J.N. (2018). The effect of network formation on the mechanical properties of 1D:2D
nano:nano composites. Chemistry ofMaterials, 30(15), pp.5245-5255.

2. Abdul-Jabbar, N.M., Poerschke, D.L., Gabbett, C. and Levi, C.G. (2018). Phase equi-
libria in the zirconia–yttria/gadolinia–silica systems. Journal of the European Ceramic
Society, 38(9), pp.3286-3296.

3. Harvey, A., Backes, C., Boland, J.B., He, X., Griffin, A., Szydlowska, B., Gabbett, C.,
Donegan, J.F. and Coleman, J.N. (2018). Non-resonant light scattering in dispersions
of 2D nanosheets. Nature Communications, 9(1), pp.1-11.

4. Biccai, S., Boland, C.S., O’Driscoll, D.P., Harvey, A., Gabbett, C., O’Suilleabhain,
D.R., Griffin, A.J., Li, Z., Young, R.J. and Coleman, J.N. (2019). Negative gauge
factor piezoresistive composites based on polymers filled with MoS2 nanosheets. ACS
Nano, 13(6), pp.6845-6855.

5. Boland, J.B., Tian, R., Harvey, A., Vega-Mayoral, V., Griffin, A., Horvath, D.V., Gab-
bett, C., Breshears, M., Pepper, J., Li, Y. and Coleman, J.N. (2020). Liquid phase exfo-
liation of GeS nanosheets in ambient conditions for lithium ion battery applications.
2DMaterials, 7(3), p.035015.

6. O’Suilleabhain, D., Kelly, A.G., Tian, R., Gabbett, C., Horvath, D. andColeman, J.N.
(2020). Effect of theGate Volume on the Performance of PrintedNanosheetNetwork-
Based Transistors. ACS Applied ElectronicMaterials, 2(7), pp.2164-2170.

7. Tian, R., Griffin, A.,McCrystall,M., Breshears,M.,Harvey, A., Gabbett, C.,Horvath,
D.V., Backes, C., Jing, Y., Heine, T., Park, S.H., Coelho, J., Nicolosi, V., Nentwig,
M., Benndorf, C., Oeckler, O. and Coleman, J.N. (2021). Liquid Exfoliated SnP3

Nanosheets for Very High Areal Capacity Lithium‐Ion Batteries. Advanced Energy
Materials, 11(4), 2002364.

iii



Acknowledgements

I would like to begin by thanking Johnny for giving me the incredible opportunity to be a part of
his group. When this PhD started and I was told that the fun was only beginning, I had my doubts.
However, four Pavinars and innumerable “firings” later, it seems he was a man of his word. I would
especially like to thank him for the encouragement and guidance that he has patiently provided me
with throughout the PhD - his optimism in the face of appalling results was always a source of solace.

I am immensely grateful to the Coleman group for the support and friendship that they have given
me over the last four years. I want to thank Andrew for mentoring me and consistently sharing his
encyclopedic knowledge of all things nano. Our victory in the 2016 exfoliation-off still dwarfs all
scientific achievements that followed. While I owe a significant debt to Adam for his countless pep
talks and scientific guidance, I am most thankful to him for being the focal point of degeneracy and
taking the heat off of me. ToDan and Aideen, I have been remarkably fortunate to share the last four
years with both of you, we changed the glühwein game. To Sonia, JB, Domhnall, Yash and Mark in
Westland Row; I’ve heard that “real” offices don’t have holes in their microwaves or a constant stream
of projectiles, so thank you for keeping me on my toes and for making work seem like it wasn’t. To
the rest of the group past and present; Conor, Dave, Victor, Beata, James, Shixin, Dominik, Ruiyuan,
Harneet, Seb and Tingting, thank you for putting up with me for a wonderful four years.

I would also like to thank the staff in the School of Physics and CRANN for their help along the way.

Tomy friends whowere wise enough to get real jobs, thank you for the good times and great company
over the last few years - and for nodding along as we both pretended to knowwhat I was talking about.

I am immensely thankful to my Mam and Dad for the support, belief and encouragement that they
have always selflessly given me. I’d like to thank Ellen for always keeping me going and for the weekly
updates on Bob and Doug. To my Nana and Grandad, the weekly fry was an island of respite away
from research that I am hugely grateful for, while I oweMaeve a debt for looking out forme in the big
city and ensuring that I never fully sobered up.

Finally, I’d like to express my gratitude to Siobhán, without whom this would not have been possible.
Thank you for putting up with me for 11 years of adventures - and for your patience, kindness and
boundless positivity along the way. Someday when I grow up and leave college, I’ll make it up to you.

I will get this research group to Tipperary.

iv



Contents

1 Introduction &Outline 1

2 Low-Dimensional Nanomaterials 5
2.1 Graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 TransitionMetal Dichalcogenides . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Carbon Nanotubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Nanomaterials Synthesis 18
3.1 Solution-Phase Production . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Stabilisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3 Size-Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4 Deposition & Characterisation 36
4.1 Printed Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.1.1 Spray Coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.1.2 Aerosol Jet Printing . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2 Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2.1 Spectroscopic Characterisation . . . . . . . . . . . . . . . . . . . . 43
4.2.2 ElectronMicroscopy . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2.3 Focused Ion BeamMicroscopy . . . . . . . . . . . . . . . . . . . . 53

5 Solution-Processed Nanosheet Networks & Their Applications 57
5.1 Electrical Transport in Nanosheet Networks . . . . . . . . . . . . . . . . . 58

5.1.1 NetworkMobility and Interfacial Junctions . . . . . . . . . . . . . 60
5.1.2 Routes to Optimisation . . . . . . . . . . . . . . . . . . . . . . . 64

5.2 Nano:nano Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.2.1 1D:2DNano:nano Composites . . . . . . . . . . . . . . . . . . . 67
5.2.2 Nanotube Networks . . . . . . . . . . . . . . . . . . . . . . . . . 69

6 Mechanical &Morphological Properties of 1D:2DNano:nano Composites 71
6.1 Materials &Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.2 Composite Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.3 Electrical Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.4 Network Formation and Composite Morphology . . . . . . . . . . . . . . 80
6.5 Mechanical Measurements andModels . . . . . . . . . . . . . . . . . . . 87

v



6.5.1 Young’s Modulus . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.5.2 Tensile Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.5.3 Strain-at-Break . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.5.4 Tensile Toughness . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

7 Electrical Transport in PrintedNanosheet Networks 104
7.1 Materials &Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
7.2 Ink Preparation & Characterisation . . . . . . . . . . . . . . . . . . . . . 108
7.3 Network Deposition &Optimisation . . . . . . . . . . . . . . . . . . . . 112
7.4 Conductivity Scaling with Nanosheet length . . . . . . . . . . . . . . . . 114

7.4.1 Semiconducting Networks: WSe2 . . . . . . . . . . . . . . . . . . 115
7.4.2 Semi-Metallic Networks: Graphene . . . . . . . . . . . . . . . . . 117
7.4.3 Metallic Networks: Silver Nanoplatelets . . . . . . . . . . . . . . . 120
7.4.4 Nanosheet Network Conductivity Model . . . . . . . . . . . . . . 121

7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

8 FIB-SEMTomography of Nanosheet Networks 130
8.1 Materials &Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
8.2 Sample Preparation & Characterisation . . . . . . . . . . . . . . . . . . . 133
8.3 FIB-SEMTomography of Printed Nanosheet Networks . . . . . . . . . . . 135
8.4 Morphological Properties of Nanosheet Networks . . . . . . . . . . . . . . 141

8.4.1 Porosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
8.4.2 Specific Surface Area . . . . . . . . . . . . . . . . . . . . . . . . . 147
8.4.3 Pore Connectivity . . . . . . . . . . . . . . . . . . . . . . . . . . 148
8.4.4 Pore Size and Shape . . . . . . . . . . . . . . . . . . . . . . . . . 151
8.4.5 Nanosheet Alignment . . . . . . . . . . . . . . . . . . . . . . . . 154

8.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

9 Conclusions & FutureWork 161

A Appendix 168
A.1 Porosity in 1D:2DNanocomposites . . . . . . . . . . . . . . . . . . . . . 168
A.2 SEM Fibre-Length Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 171
A.3 Elastic Modulus Derivation: High-φ . . . . . . . . . . . . . . . . . . . . . 173
A.4 Nanotube Pull-out Model for Composite Toughness . . . . . . . . . . . . 175
A.5 Nanosheet Network Conductivity Model . . . . . . . . . . . . . . . . . . 180
A.6 Pore-Ellipse Approximation . . . . . . . . . . . . . . . . . . . . . . . . . 187

References 189

vi



List of Figures

2.1 Graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 TransitionMetal Dichalcogenides . . . . . . . . . . . . . . . . . . . . . . 11
2.3 MoS2 Band Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4 Carbon Nanotubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1 Top-Down & Bottom-Up Synthesis of Graphene . . . . . . . . . . . . . . 19
3.2 Intercalative Exfoliation . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Liquid Phase Exfoliation . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4 Liquid Cascade Centrifugation . . . . . . . . . . . . . . . . . . . . . . . 34

4.1 Spray Coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2 Aerosol Jet Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3 UV-Vis Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.4 Raman Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.5 Electron Beam-Sample Interactions . . . . . . . . . . . . . . . . . . . . . 49
4.6 SEMColumn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.7 FIB-SEMMicroscope . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.1 0D, 1D& 2DThin Films . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.2 1D:2D and Polymer Nanocomposites . . . . . . . . . . . . . . . . . . . . 66
5.3 Nanotube Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.1 Materials Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.2 MoS2:SWNTComposite Characterisation . . . . . . . . . . . . . . . . . 77
6.3 Composite Electrical Conductivity . . . . . . . . . . . . . . . . . . . . . 79
6.4 Mechanical Reinforcement with φ . . . . . . . . . . . . . . . . . . . . . . 81
6.5 Network Evolution with φ . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.6 Nanotube Network Evolution . . . . . . . . . . . . . . . . . . . . . . . . 83
6.7 Composite Elastic Modulus . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.8 Composite Tensile Strength . . . . . . . . . . . . . . . . . . . . . . . . . 92
6.9 Composite Strain-at-Break . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.10 Composite Tensile Toughness . . . . . . . . . . . . . . . . . . . . . . . . 99

7.1 Solution-Processed 2D Inks . . . . . . . . . . . . . . . . . . . . . . . . . 109
7.2 Size-selected Extinction Spectra . . . . . . . . . . . . . . . . . . . . . . . 110

vii



7.3 2D Ink Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
7.4 Sprayed Nanosheet Networks . . . . . . . . . . . . . . . . . . . . . . . . 113
7.5 PrintedWSe2 Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
7.6 Graphene Network SEM . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
7.7 Printed Graphene Networks . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.8 Printed Silver Nanoplatelet Networks . . . . . . . . . . . . . . . . . . . . 120
7.9 Nanosheet Network Conductivity Model . . . . . . . . . . . . . . . . . . 122

8.1 Ink Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
8.2 Length-dependent SEM& FIB Characterisation . . . . . . . . . . . . . . . 135
8.3 Nanotomography Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
8.4 SEMAutotune & 3D Tracking . . . . . . . . . . . . . . . . . . . . . . . 138
8.5 3DNetwork Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . 140
8.6 Image Classification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
8.7 Segmented Nanosheet & Pore Volumes . . . . . . . . . . . . . . . . . . . 145
8.8 Network Porosity & Specific Surface Area . . . . . . . . . . . . . . . . . . 146
8.9 Pore Connectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
8.10 Dominant Pore Fraction & Connectivity Volume . . . . . . . . . . . . . . 150
8.11 Length Dependent Pore Morphology . . . . . . . . . . . . . . . . . . . . 151
8.12 FFTs of Network Cross-sections . . . . . . . . . . . . . . . . . . . . . . . 156
8.13 Length Dependent Network Alignment . . . . . . . . . . . . . . . . . . . 158

9.1 Ridge Detection Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 167

A.1 Nanotube Bundle Length Analysis . . . . . . . . . . . . . . . . . . . . . . 172
A.2 Nanotube Bundle Cross-Section . . . . . . . . . . . . . . . . . . . . . . . 175
A.3 Network Conductivity Model . . . . . . . . . . . . . . . . . . . . . . . . 180
A.4 Equivalent Ellipse Approximation . . . . . . . . . . . . . . . . . . . . . . 187
A.5 Equivalent Ellipse Area and Perimeter Distributions . . . . . . . . . . . . . 188

viii



Tomam and dad.



“ Scientific progress goes “boink”? ”

Hobbes



In the beginning the Universe was created. This has made a lot

of people very angry and been widely regarded as a bad move.

Douglas Adams

1
Introduction &Outline

Many of humanity’s greatest advances have been predicated on the discovery and manipulation of

novel materials. While this has facilitated our remarkable progression from flint tools to the brink of

nuclear fusion, the pace of advancement only continues to accelerate. As digital technologies become

increasingly integrated into the fabric of society, be it through smart toasters or satellite constellations,

this will need to be matched by improvements in both material performance and sustainability. It

is fortunate then, that this latest technological upheaval has coincided with the emergence of low-

dimensional nanomaterials.
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Nanoscience represents an interdisciplinary effort on the grandest scale, to study the properties of

materials at the smallest. Nanomaterials are classified using their dimensionality, where at least one

of their spatial dimensions are limited to be < 100 nm in size.1 At this length scale the fundamental

properties of materials can be investigated and manipulated. Indeed, while the field of nanoscience

is only in its infancy, it has already revealed a cornucopia of new physics and extended the frontier of

possible material properties. The characteristics of the low-dimensional nanomaterials used in this

work will be discussed in Chapter 2.

While the term “nanoscience” may induce images of science-fiction, nanomaterials are historically

pervasive.2 Hair dyes comprised of galena nanocrystals have been traced as far back as Greco-Roman

times,3 while metallic nanoparticles have been utilised to colour glasses since the Bronze age.4 Mayan

artists even inadvertently exploited nanomaterials to synthesise blue pigments, which have stood the

test of time for over 18 centuries.5 The first true “nanoscientist”may have beenMichael Faraday, who

synthesised a colloidal solution of gold nanoparticles in 1857.6 However, it would take another 100

years of scientific advancements and the advent of electronmicroscopy for theworld of nanomaterials

to come into sharp focus.

While the low-dimensional family was initially limited to nanoparticles, these were soon joined by

fullerenes and carbon nanotubes towards the end of the 20th century.7,8 However, it was the 2004

isolation of monolayer graphene that demonstrated both the existence and incredible properties of

two-dimensional (2D)materials.9The intervening 16 years have seen remarkable leapsmade, and now

an entire library of 2D materials have been identified and synthesised.10 While the seminal work was

performed using scotch tape, a collection of diverse strategies now exist to produce 2D materials.11

These will be discussed in Chapter 3, with an emphasis on exfoliation, stabilisation and size-selection

in the solution phase.
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Although the 2D “Gold-rush” arose from the properties of individual nanosheets,12 it is their

nanostructured networks that form the central motif of this thesis. Networks of nanosheets have

already demonstrated significant promise across myriad applications from thin-film electronics to

energy storage. This has catalysed considerable research into the deposition and characterisation of

solution-phase nanosheets and their networks. A discussion of this forms the basis ofChapter 4, while

a brief summary of the current limitations of 2D networks and their nanostructured composites is

provided in Chapter 5.

As global energy demands continue to grow and diversify from electric cars to wearable electronics,

the need for improved batteries and supercapacitors is quickly becoming apparent. Networks of 2D

materials are well-placed to play a central role here due to the immense specific surface area and pore

volume they present. However, such 2D networks are mechanically weak, which limits their device

performance. Ameans to address this is presented inChapter 6, where 1D carbon nanotubes are used

to reinforce a 2D nanosheet matrix, forming a 1D:2D nano:nano composite. An initial study on the

mechanical performance andmorphological evolution in these composites is performed as a function

of nanotube additive level.

Improvements in the solution-phase production of 2D materials have coincided favourably with

developments in the field of printed electronics. As the 2D family comprises conductors, insulators

and semiconductors, an array of all-printed nanosheet devices have been demonstrated. However, a

consistent observation has been that the exceptional properties of nanosheets do not naturally confer

to their networks. Indeed, research into printed 2D networks remains in its nascent phase and both

the transport andmorphological properties of these systems are not fully understood at present. Work

to address this forms the basis of Chapters 7 & 8.
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Thedichotomy in electrical performancebetweennanosheets and their networks is often attributed

to the presence of interfacial junctions. While these interfaces are known to stifle the progression of

charge carriers through the network, fewquantitative studies have beenperformed. Before printed 2D

networks can compete with printed organics or silicon technologies ameans to optimise these systems

must be developed. To address this, the conductivity of printedWSe2, graphene and silver nanosheet

networks is investigated as a function of nanosheet size in Chapter 7. By considering semiconducting,

semi-metallic and metallic 2D materials, this work aims to inform on the transport mechanisms in

these disordered networks.

Though the morphology of a nanosheet network is known to play a dominant role in determining

its resultant properties, methods to quantitatively assess this remain limited. Network properties such

as porosity, specific surface area and nanosheet alignment heavily influence the physical and chemical

attributes of 2Dnetworks. Thus, ameans to characterise and tailor these properties would open a rich

parameter space for optimisation. By using focused ion beam and electron microscopy in tandem, a

novel technique to assess each of these characteristics is presented in Chapter 8. This is performed

using printed networks of size-selected graphene nanosheets. Here, the morphological properties of

these architectures are again characterised as a function of constituent nanosheet length.

This work will then conclude by evaluating the central findings and propose avenues to expand

upon the results presented. It is hoped that this thesis will make a contribution to the growing body

of knowledge on nanosheet networks and facilitate further progress in this emerging field.
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Plainly there is no way back. Like it or not, we are stuck with

science. We had better make the best of it. When we finally come

to terms with it and fully recognise its beauty and its power, we

will find in spiritual as well as practical matters, that we have

made a bargain strongly in our favour.

Carl Sagan

2
Low-Dimensional Nanomaterials

Low-dimensional nanomaterials represent a paradigm shift in materials science. By constraining a

bulk material to its zero, one or two-dimensional form, its material properties can be significantly

altered. Indeed, aside from revealing an array of fundamental physical processes, low-dimensional

nanomaterials have exhibited some of the most remarkable physical attributes ever observed.13 The

nascent roots of modern nanoscience can be traced back to late 20th century, when carbon

nanotubes supplanted fullerenes as the preeminent topic in materials science.14,15 However, it was

the 2004 experimental isolation of monolayer graphene that demonstrated both the possibility of

purely two-dimensional materials and their superlative properties.9 The subsequent scramble to
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characterise these remarkable attributes was soon extended to other layered crystals, catalysing the

rapid progression of nanoscience into the scientific behemoth it is today.

Two-dimensional (2D)materials arise from an anisotropy in the bonding of their parent crystal. In

layered materials, such as graphite, the constituent carbon atoms in each plane are covalently bonded

while individual layers are weakly bound by van der Waals (vdW) forces. This discrepancy in bond

strength allows for pristine layers to be delaminated, or exfoliated, from the parent crystal to produce

2D nanosheets. Within such nanosheets, electron wavefunctions experience quantum confinement

and electron motion is restricted to a 2D plane. This has significant implications for the optical and

electrical properties of the material, while the absence of interlayer attractions has a considerable

influence on the electronic band structure. Owing to their covalently-bonded and planar geometry,

2D materials similarly demonstrate remarkable chemical and mechanical properties. Spurred on by

this, a comprehensive toolkit for the synthesis and manipulation of nanosheets was soon developed.

2D materials could now be isolated as individual monolayers, or en masse in the solution phase, for

an array of applications that rapidly spanned the breadth of materials science. This has seen a library

of over 150 materials beyond graphene exfoliated and their constituent nanosheets characterised.16

This chapter serves as a brief introduction to the primary nanomaterials studied in this work, with an

emphasis on their electrical, mechanical and chemical properties.

2.1 Graphene

Though the seminal work on graphene was published in 2004,9 the concept of a graphitic monolayer

has been a source of scientific interest for over 100 years. In 1859, Benjamin Brodie remarked on the

lamellar structure of chemically reduced graphite, noting its composition of “minute flat plates”.17At

the turn of the 20th century the structure of graphitewas examinedusing x-ray diffraction byDebye,18
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Hull,19 and Bernal independently. Bernal even described how the “atoms of carbon lie in planes in

which they form nets of hexagons”.20 We now know these nets to be graphene sheets; atomically-flat

monolayers of sp2 hybridised carbon atoms that are tightly packed into a 2D honeycomb lattice, as

shown in Fig. 2.1A. The concept of graphenewas first explored by PRWallace in 1947, where he used

graphitic monolayers to model the tight-binding band structure of graphite.21 Here, both the linear

dispersion relation of graphene and its semi-metallicity were first predicted.

In the following decades, the graphitic monolayer was primarily used as an academic material to

model the properties of other graphitic allotropes.22 Both theoretical predictions and experimental

observations suggested that purely 2D materials were thermodynamically unstable and could not

exist unsupported.23,24 Thus, graphene remained a conceptual crutch until its unlikely experimental

demonstration by Geim and Novoselov in 2004.9 Prompted by the remarkable electronic properties

reported in this seminal work, it was soon found that graphene is not perfectly flat, but exhibits ∼

nanometre-scale wrinkling off axis.25 This gentle crumpling serves to suppress the thermal vibrations

that would otherwise destroy the 2D lattice.26 With this existential crisis averted, the superlative

properties of graphene were soon characterised, precipitating the 2Dmaterials “Gold Rush”.27

The remarkable physical properties of graphene stem fromboth its twodimensional nature and sp2

hybridised honeycomb structure. This is shown schematically and from scanning probe microscopy

in Fig. 2.1A-B. Each sp2 hybridised carbon atom forms three σ-bonds of length 1.42 Å in the plane

of the lattice.20 These σ-bonds are responsible for the remarkable mechanical properties of the 2D

lattice and preserve the basal plane against crystallographic defects and dislocations.30 The solitary pz-

orbital, orthogonal to the honeycomb lattice, covalently binds with neighbouring atoms to form the

half-filled π-band of delocalised electrons. This is responsible for the exceptional basal plane transport

properties of graphene.21
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Figure 2.1: Graphene: A) Schema c and B) High-resolu on scanning probe microscope image showing the hexagonal honeycomb
la ce of graphene. [Adapted from Ref. 28] C) Tight-binding band structure of graphene π-bands, considering only nearest-neighbor
hopping. Ek is energy, and kx and ky are the x- and y-components of the wave vector. [Adapted from Ref. 29]

Both graphene and its bilayer are semi-metallic as a result of their band structure at the vertices

of the honeycomb lattice, shown in Fig. 2.1C. Electrons interacting with the periodic potential of

the hexagonal lattice experience a linear dispersion relation at these points, known as Dirac points,

shown expanded in Fig. 2.1C. This results in a zero effective electronmass at low excitations, whereby

the electrons behave as relativistic quasiparticles known as Dirac fermions.31 In the vicinity of the

Dirac points, these massless fermions are now described by the (2+ 1)-dimensional Dirac equation,

in place of the Schrödinger equation.32 This leads to the demonstration of quantum electrodynamics

(QED) phenomena in graphene, but with a Fermi velocity of νF = 1 × 106 ms−1 or ∼ 0.03 c for

charge carriers.33 The suppression of charge carrier back-scattering for Dirac fermions, coupled with

high-quality crystallinity along the basal plane, results in ballistic transport over micron distances and

exceptional carrier mobilities.34 Indeed, charge carrier mobility in graphene is only weakly dependent

on temperature, meaning μ is primarily limited by impurity scattering and substrate interactions.33
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By mounting graphene on hexagonal boron nitride (h-BN), deleterious electronic interactions with

the substrate can be screened. This has led to the demonstration of μ-values of 125,000 cm2 V−1 s−1

at room temperature, and 270,000 cm2 V−1 s−1 at 4.2 K where extrinsic scattering is eliminated.35

Complementary to its remarkable electronic properties, graphene is among the strongest materials

ever tested. Owing to its sp2 hybridised σ-bonds, the tensile strength and elastic modulus of graphene

have been reported to be∼ 130GPa and∼ 1 TPa respectively.36 For comparison, the tensile strength

and elastic modulus of carbon fibres are∼ 3 GPa and∼ 300 GPa.37,38 Coupled with an exceptional

specific surface area of ∼ 2600 m2 g−1,39 this has seen graphene extensively used to mechanically re-

inforce composite materials due to superior stress-transfer.40 Despite its tensile strength, graphene

is also remarkably supple and forms ripples when compressed.41 This is the foundation of strain-

based graphene electronics, where geometrically induced carrier scattering alters its transport proper-

ties.42However, themechanical prowess of graphene is likely best demonstrated by its peerless specific

strength. When announcing the 2010 Nobel prize it was remarked that a 1 m2 graphene hammock

could comfortably support a 4 kg cat, despite being only a single atom thick and weighing less than

one of its whiskers.43

In the 16 years since its experimental demonstration, graphene has matured from “an unwelcome

newcomer” to precipitate the entire field of 2D nanomaterials.27 While graphene has many other

superlatives to its name,44 its electrical and mechanical properties are of primary interest in this work.

Notably, graphene-based inks have demonstrated promise as a printable conductor for thin-film

electronics. However, a common observation is that the remarkable properties of the monolayer do

not naturally translate to their networks and strategies to address this are an active area of research.
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2.2 TransitionMetal Dichalcogenides (TMDs)

Though currently undergoing an academic resurgence, the transition metal dichalcogenide (TMD)

family has captured the interest of materials scientists for the best part of a century. The structure of

the archetypal TMD, MoS2, was determined to consist of “hexagonal crystals with a very complete

basal cleavage” by Dickinson and Pauling in 1923.45 In the ensuing 40 years around 60 TMD

compounds were described, with at least 40 of them having a layered vdW crystal structure.46 Indeed,

few-layerMoS2 nanosheets were first delaminated from a parent crystal using adhesive tape as far back

as 1963 by Frindt et al.47 Within a year, the same group had isolated bilayer MoS2 and even char-

acterised the exitonic response as a function of layer number.48 Though a monolayer suspension of

MoS2 nanosheets was produced through lithium ion intercalation in 1986,49 it was the unveiling of

graphene in 2004 that catalysed a level of research into 2D TMDs commensurate to their superlative

electronic,50 optical,51 thermal,52 mechanical,53 and tribological properties.54

Group IV-VII TMDs crystallise as vdW-stacked crystals with a MX2 stoichiometry, where M is a

transition metal and X is a chalcogen (S, Se or Te). The multiple possible M-X configurations for the

layered TMDs are shown in Fig. 2.2A, which give rise to a host of diverse of physical properties. Most

notably, the TMD family encompasses the entire electronic spectrum, from true and semi-metals like

VSe2 and TeS2, to semiconducting MoS2 and insulating HfS2. The structure of a layered TMD is

shown in Fig. 2.2B, where a monolayer is comprised of a hexagonal plane of transition metal atoms

sandwiched between two displaced hexagonal layers of chalcogen atoms. Due to this stacked X-M-X

configuration, TMDmonolayers demonstrate thicknesses of 6 - 7 Å.56 As with graphene, the metal-

chalcogen bonds in the plane of the TMD monolayer are primarily covalent and stabilised against

thermal fluctuations by a corrugation of their structure.57,58 However, individual layers are weakly
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Figure 2.2: Transi on Metal Dichalcogenides: A) Periodic table showing the possible combina ons of group IV-X transi on metals
with chalcogens. [Adapted from Ref. 55] B) Typical structure of a TMD monolayer. Possible monolayer configura ons showing the C)
Triagonal prisma c and D) Octahedral coordina on geometries.

coupled through vdW bonds, leading to an anisotropy in the material properties and facilitating

delamination of the bulk crystal.59

Owing to theirmore complex crystal structure, layeredTMDs occur as different polymorphs (metal

coordination geometry) and polytypes (monolayer stacking).60 Each transition metal atom in a TMD

monolayer is six-fold coordinated with chalcogen atoms to give either a triagonal prismatic (1H) or

octahedral (1T) geometry. Here, one phase is thermodynamically preferred depending on both the d-

electron count of the transition metal and the relative size of theM-X atoms. The triagonal prismatic
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geometry exhibits AbA stacking in themonolayer, while in the octahedral arrangement the chalcogen

atom positions are staggered to give AbC stacking. The capital and lower case letters denote chalco-

gen (S, Se and Te) and metal (W and Mo) atoms respectively. Both polymorphs are shown in Fig.

2.2C-D. As monolayer TMDs exhibit two possible polymorphs, this facilitates a variety of available

stacking polytypes for bulk TMDs. The most commonly encountered polymorphs are 1T (triagonal),

2H (hexagonal) and 3R (rhombohedral), where the numbers denote the number of monolayers in

the stacking sequence. Polymorphism or metal coordination can have a significant influence on the

electronic properties of TMDs. As an example, MoS2 is commonly found in the semiconducting 2H

phase, where the stacking sequence is AbA BaB. However, its octahedrally coordinated polymorph,

1T-MoS2, is semi-metallic and demonstrates conductivities∼ 107 greater than its 2H phase.61

The electronic band structure of TMD materials is a function of both the coordination environ-

ment and d-electron count of its transition metal atoms. The orbital filling of the non-bonding d-

bands for a group VI TMD is shown in Fig. 2.3A. Here, the d-orbitals are split into three groups

as a result of their triagonal prismatic symmetry, showing a gap on the order of∼ 1 eV between the

first two groups of orbitals.55 Octahedrally coordinated transition metal centres form degenerate or-

bitals that can accommodate up to 6 d-electrons. Thus, as the non-binding d-bands are progressively

filled moving from group IV to group X, the TMD family exhibits a plethora of diverse electronic

properties. When the highest orbitals are partially filled the TMD exhibits metallic conductivity (1T-

ReS2), however, if the bands are fully occupied the TMD behaves as a semiconductor (2H-MoS2).

Moreover, the transition metal d-electron count determines the preferred phase adopted by a TMD.

Group IVTMDs display d0 transitionmetal centres and are all octahedrally coordinated, while group

VI TMDs exhibit d2 transitionmetal centres and are primarily found in triagonal prismatic geometry.

Indeed, manipulation of the d-electron count through alkali metal intercalation has been shown to
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induce phase changes in some TMDs, most notably in MoS2.62 Here, the transfer of a valence elec-

tron from the alkali metal to the MoS2 d-band induces a destabilization of the original semiconduct-

ing 2H phase and transformation to the semi-metallic 1T-MoS2 polymorph.63 Interestingly, experi-

ments have shown that this is not a simple binary process, and that intermediate polymorphic 2H-1T

phases canbe formed to createmetal-semiconductor hybrid structures.64Though the transitionmetal

plays the dominant role in determining the electronic band structure, the chalcogen atoms also con-

tribute. This manifests as a broadening of the d-bands and concomitant narrowing of the bandgap as

the chalcogen atomic number is increased.65 Thus, moving from bulk 2H-MoS2 to 2H-MoTe2 the

bandgap is seen to decrease from 1.3 to 1.0 eV.46

Figure 2.3: MoS2 Band Structure: A) Typical band structure and filling of the non-bonding d-orbitals for a 2H phase TMD. [Adapted
from Ref. 60] B) DFT calculated band structure of Bulk, 4 layer, bilayer and monolayer MoS2. The horizontal dashed lines indicate the
Fermi level. The arrows indicate the fundamental bandgap (indirect and direct). The top of the valence band and bo om of conduc-
on band are coloured blue and green respec vely. [Adapted from Ref. 66]

Changes in the crystal symmetry, interlayer coupling and degree of quantum confinement as lay-

ered TMDs are thinned towards their 2D limit have led to the demonstration of some remarkable

properties.67 The evolution of the band structure of MoS2, as it progresses from bulk to monolayer,

is shown in Fig. 2.3B. Bulk MoS2 is an indirect-gap semiconductor with a bandgap of ∼ 1 eV. Its
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valence band maximum (VBM) is located at the Γ-point and its conduction band minimum (CBM)

is situated at midpoint of the Γ-K symmetry lines. However, monolayer MoS2 is a direct-gap semi-

conductor with both the VBM and CBM coincident at the K -point. This arises from a shift in the

hybridization of the sulfur pz-orbitals and molybdenum d-orbitals, driven by quantum confinement

and layer coupling effects about the Γ-point.68 In the groupVITMDs this transition has considerable

effects for the optical and electronic properties. Most notably, the monolayer exhibits a 104 increase

in the photoluminescence (PL) intensity and ∼ 50 % increase in bandgap when compared with its

parent crystal, as shown in Fig. 2.3B.69 Crucially, this confers a tunable bandgap of 1 - 2 eV to the

group VI TMDs as the crystal is thinned, which is compatible with modern silicon technologies.

As with graphene, the layered TMD family exhibits a breadth of remarkable properties beyond

the scope of a single thesis. Among these, the energy storage and electrical transport properties of

the group VI TMDs are of central interest in this work. Owing to their high theoretical capacity, cy-

cling ability and specific surface area, networks of TMD nanosheets have been intensely investigated

as electrode materials for lithium ion batteries.70 However, the limiting factor in many cases is that

disordered nanosheet networks demonstrate poor cycling stability and conductivity.71 Methods to

address this are an area of active investigation, with the addition of graphene or carbon nanotube ad-

ditives demonstrating promising electrical and mechanical enhancement.72 Alternatively, owing to

the ease of exfoliation and diversity of electronic properties across the TMD family, inks comprised of

TMD nanosheets are uniquely poised to play a central role in the field of printed electronics. In par-

ticular, the semiconducting group VI TMDs have demonstrated reasonable performance in printed

thin-film transistors and photodetectors.73,74
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2.3 CarbonNanotubes (CNTs)

Figure 2.4: Carbon Nanotubes: A) Schema c representa ons of single- and mul -walled nanotubes, as well as a single-walled nan-
otube fibre. [Adapted from Ref. 75] B) Rolling of a graphene sheet to form zigzag, armchair and chiral SWNTs. [Adapted from Ref. 76]

Carbon nanotubes are the archetypal one dimensional nanomaterial and can be considered as a

seamless cylinder of rolled up graphene.77 Though first experimentally observed in 1991 by Iijima et

al.,14 carbon nanotubes were unwittingly used by Syrian blacksmiths to produce enhanced

blade-steel over 400 years ago .78 Depending on the number of concentric cylinders of rolled

graphene, carbon nanotubes can exist in single-walled (SWNT) or multi-walled (MWNT)

configurations, as shown in Fig. 2.4A. SWNTs exhibit walls a single carbon atom thick, with

diameters on the order of a nanometre and lengths ranging from tens of nanometres to ∼ 55 cm

long.79 MWNTs are comprised of an array of such cylinders formed concentrically and spaced by

0.35 nm, similar to the basal plane separation in graphite.80 Carbon nanotubes are commonly

synthesised using arc discharge,81 laser ablation,82 chemical vapour deposition,83 and high-pressure

carbon monoxide disproportionation (HiPCO).84 Owing to their one dimensional nature and sp2

hybridised bonds, carbon nanotubes demonstrate superlative physical properties and remain among

the most-researched low dimensional nanomaterials.
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A graphene sheet may be rolled up infinitely many ways to form a carbon nanotube, as shown in

Fig. 2.4B.However, each configuration can be uniquely identified by its chiral vector, c = nâ1+mâ2,

where â1 and â2 represent the graphene lattice vectors and (n,m) are integers. Theproperties of a given

carbon nanotube can vary dramatically with c, such as its spatial symmetry group or band structure.

Depending on the (n,m) indices, a given nanotube can be either metallic or semiconducting: where

(n−m)/3 is an integer the nanotube ismetallic, otherwise it is semiconducting.85 As shown in Fig. 2.4B,

carbon nanotubes can be broadly classified into 3 spatial symmetry groups depending on their (n,m)

indices. Armchair nanotubes have indices such that n = m and are alwaysmetallic. Zigzag nanotubes

are given by (n, 0) and are semiconducting, unless the index n is an integer multiple of 3. All other

combinations of indices are classified as chiral nanotubes and are semiconducting.86

This electronic behaviour arises from “cutting” 1D slices from the 2D band structure of graphene.

By confining electron wavefunctions to one dimension, the allowed electronic states now constitute a

line of points or “band”.87Here, one of the electronwave vectors remains quasi-continuous while the

two wave vectors perpendicular to the nanotube axis become strongly quantised. This confinement

and quantisation has a dramatic effect on the electronic properties of nanotubes. Electron states in a

SWNT can only scatter into a very limited number of empty electronic states and such events require

a large momentum transfer.88 This facilitates ballistic transport, whereby the inelastic electron mean

free path can be on the order of tens of microns in metallic nanotubes.89 In this limit, delocalised π

electrons are coherent along the entire length of a SWNTand electron-phonon scattering is essentially

absent. As a result of this, the electrical conductivity of individual carbon nanotubes can reach values

of 106 - 107 Sm−1 (cf. silver ∼ 6 × 107 Sm−1).90,91 Furthermore, metallic SWNTs can sustain cur-

rent densities of∼ 4× 109 A cm−2 and are insusceptible to electromigration due to the stability and
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excellent thermal conductivity of the covalently bonded carbon lattice.87,92 Semiconducting SWNTS

(s-SWNTs) exhibit similarly exotic electronic properties, such as theoretical mobilities of ∼ 120000

cm2 V−1 s−1 93 and diameter-dependent bandgaps.94 Asmost synthesis strategies produce nanotubes

of varying diameter and chirality, this can result in an inhomogeneity in their electronic and optical

properties.95 However, a means to sort nanotubes by their diameter and chirality is provided through

density gradient ultracentrifugation, which allows homogeneous fractions to be isolated.96

Much like their 2D analogue, carbon nanotubes demonstrate exceptional mechanical properties

as a result of their sp2 hybridised σ-bonds.97 In the absence of sufficient quantities for mechanical

measurements, Overney et al. simulated the rigidity of a short SWNT to be 1.5 TPa in 1993.98

The first experimental measurements onMWNTs followed four years later and determined their elas-

tic modulus to be ∼ 1 TPa.99 However, what truly distinguishes carbon nanotubes is their tensile

strength. Theoretical calculations predict that defect-free SWNTs may exhibit tensile strengths of∼

100 GPa. Indeed, the largest experimentally demonstrated tensile strength of ∼ 63 GPa exceeds its

macroscopic analogue, the carbon fibre, by over an order of magnitude.80 More recently, individual

shells inMWNTshave displayed strengths on the order of 100GPa.100Whencombinedwith reported

densities of 1300 – 1400 kgm−3,101 this means that the specific strength of SWNTs surpass values for

ultra-strong steels by two orders of magnitude.102

Carbon nanotubes have demonstrated promise across a diverse range of applications including

transparent conductors,103 sensors,104 and as filler materials in composites.105 Of particular interest

is the aggregation of individual SWNTs to form nanotube bundles, as shown in Fig. 2.4A. These bun-

dles are comprised of vdW-bonded SWNTs in a close-packed array and their utility in nanocomposite

reinforcement will be discussed in Chapter 5. Metallic SWNTs are used in this work to provide both

mechanical reinforcement and conductive pathways in novel nanocomposite materials.
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That’s the whole problem with science. You’ve got a bunch of

empiricists trying to describe things of unimaginable wonder.

Bill Watterson

3
Nanomaterials Synthesis

The experimental demonstration of graphene and its superlative properties marked the arrival of two

dimensional nanomaterials on the global stage.9 However, a key obstacle stifling the establishment of

the 2Dhegemony is the controlled synthesis of defect-free nanosheets on an industrial scale. To realise

the potential of 2Dnanomaterials andmount a challenge againstmature technologies, the economical

production of pristine nanosheets with tightly-controlled dimensions is prerequisite. Synthesis meth-

ods can be broadly classed into two groups depending on how the monolayer is isolated. Bottom-up

methods such as chemical vapourdeposition106 (CVD) and atomic layer deposition107 (ALD) involve

synthesising atomically-thin films using elemental precursors. Top-downmethods, generally referred
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to as exfoliation, involve delaminating layers from the bulk parent crystal and include mechanical,108

chemical,109 and liquid phase exfoliation.110 To this point, no one technique has presented itself as a

panacea for the mentioned requirements, meaning the above techniques are interchanged depending

on the application. For proof-of-concept measurements on the intrinsic properties of monolayers,

micromechanical cleavage remains the preferred choice. However, for nanoscale electronics, CVD is

often chosen due to precise growth it affords. Though bottom-up methods produce pristine mono-

layers, they are limited by their scalability and yield.

Figure 3.1: Top-Down & Bo om-Up Synthesis of Graphene: Schema cs of both the A)Micromechanical cleavage and B) Chemical
vapour deposi on techniques for graphene synthesis. [Adapted from Ref. 111]

Micromechanical Exfoliation

Though famously first used to demonstrate a graphene monolayer in 2004,9 micromechanical cleav-

age has been used for decades by crystallographers.112 Frindt et al. demonstrated peeling of ∼ 100

Å thick layers from a MoS2 crystal as far back as 1962,113 while Lu et al. postulated that “extensive

rubbing of the graphite surface against other flat surfaces” could result in few or single layer graphite in

1999.114 The experimental process is shown schematically in Fig. 3.1A. Adhesive tape is placed onto

and then peeled from the surface of a graphite crystal. The graphite flakes are preferentially cleaved

along the basal plane due to the weaker van der Waals bonding present here. By repeated peeling
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steps it is possible to isolate few and single-layer graphene sheets that are only limited in dimension

by the lateral size of the parent single crystal. These flakes, reaching millimetres in length,27 can then

be transferred to a desired substrate for characterisation. This method has since been extended to

hexagonal boron nitride,115 TMDs,59 and even layered superconductors.116 Micromechanical cleav-

age arguably remains the best method to obtain high-quality and few-layer 2Dmaterials for academic

purposes. However, its low throughput and yield does not lend it to scalable industrial applications.

Chemical Vapour Deposition (CVD)

Chemical vapour deposition is a bottom-up process that has been used to deposit thin films in the

semiconductor industry for several decades.117 This process has since been refined in order to grow

wafer-scale films of layered materials such as graphene,118 MoS2,119 WS2 and WSe2 120 by changing

the growth conditions and precursors. Indeed, the first CVD synthesis of graphene may have been

inadvertently performed by Kholin et al.121 in 1984, while investigating the catalytic properties of

indium. A process for CVD growth of graphene is shown in Fig. 3.1B. At temperatures of ∼ 1000

◦C inside a furnace, the precursor hydrocarbon gas decomposes and carbon atoms nucleate on the

metal foil, ultimately forming large single-crystal or polycrystalline domains. These films can then be

transferred to a desired substrate, though often with the introduction of defects.122 By virtue of its

compatibility with the technologies used in semiconductor manufacturing, monolayer CVD growth

is predominantly geared towards high-end electronic and optical applications.123 Here, the degree of

control over crystal dimension and quality is unhindered by the need for equipment overhaul and its

associated costs. However, as with other bottom-up growth methods such as ALD, the scalability of

CVD is its Achilles’ heel. Intrinsically limited by substrate material and dimension, as well as furnace

size,124 the low yields afforded by CVD render it unsuitable for most high-mass applications.
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3.1 Solution-Phase Production

The demonstration of monolayer materials through CVD or micromechanical exfoliation served to

catalyse research into more scalable methods of 2D materials synthesis. This led to the development

of a suite of techniques to produce nanomaterials in the solution phase, which confers numerous

advantages. Firstly, solution-phase production is broadly scalable, resulting in drastically improved

yieldswhen compared to bottom-up techniques ormicromechanical cleavage.110 Further, dispersions

of nanosheets can be rapidly characterised using spectroscopic techniques, with numerous metrics

to assess the dispersed nanosheet lengths and thicknesses in the literature.125 Finally, liquids are the

optimummedium for further processingwhereby the suspended nanosheets can be readily sorted and

selected for desired applications. These advantages lend solution-processed nanomaterials to myriad

different applications including printed electronics, composites, energy storage and catalysis.

Intercalative Exfoliation

Chemical exfoliation is likely the most seasoned of the liquid phase exfoliation strategies. In 1859

Benjamin Brodie oxidised graphite by exposing it to amixture of nitric acid and potassium chlorate to

form“graphic acid” - or graphite oxide - noting its composition of “minute flat plates”.17Thismethod

was refined in the early 20th century byHummers andOfferman, employing a considerably less lethal

cocktail of oxidisers. This eponymous method remains the preferred approach to synthesise graphite

oxide.126The oxidation of graphite results in basal plane functionalisationwith hydroxyl, epoxide and

carboxyl groups. The resultinghydrophillicity promoteswater intercalation and swelling of the parent

crystal. Upon agitation, bymeans of ultrasonication or thermal shock, the bulk crystal is delaminated

into graphene oxide (GO) nanosheets, with the dispersed flakes stabilised against aggregation by their
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induced negative surface charge.127 The produced GO nanosheets are primarily monolayers with di-

mensions on the order of∼ 1 µm.128 By subsequent reduction of the GO nanosheets in dispersion,

the oxides can be removed to produce reduced graphene oxide (rGO).Hans Boehmmay have been the

first to isolate and image few and single-layer rGO in a TEM in 1961.129 It was the same author who

formally defined a single graphitic layer as graphene in 1994.130 Oxidation of graphite is currently the

most cost-effective manner to exfoliate bulk graphite to few and single-layer species, with its one-pot

oxidation and reduction of particular appeal to industry. However, structural defects and vacancies

arising from the oxidation are inimical to the crystal electronic mobility. This renders rGO unsuit-

able for applications where the superlative transport properties of graphene are required.110However,

rGO remains highly promising for applications where its mechanical strength and thermal properties

can offset its mobility shortcomings, such as in filters for water purification or nanocomposites.131,132

The manipulation of a parent crystal through the formation of inclusion complexes, known as

ion intercalation, has also been employed to exfoliate numerous layered materials.133 The process is

shown schematically in Fig. 3.2A. Adsorption of guest molecules, generally ionic or covalent species,

serves to dilate the interlayer spacing as a function of the intercalant size. This distension weakens the

interlayer adhesion and lowers the barrier for subsequent exfoliation, generally via thermal shock134

or ultrasonication.135 Additionally, intercalants such as iodinemonobromide (IBr) or n-butyllithium

can facilitate charge transfer to the layers, further reducing the interlayer adhesion.134 Ion intercala-

tion has been demonstrated to well-exfoliate bulk crystals of TMDs,136 TMOs,137 clays,138 and as far

back as 1841, graphite.139 The resulting nanosheets, often negatively charged, are stabilised against

aggregation by the electrostatic surface charges140 or surfactants.141
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Figure 3.2: Intercala ve Exfolia on: Illustra on of the A) Ion intercala on and B) Ion exchange exfolia on techniques.

A similar concept is employed in the ion exchange technique, shown in Fig. 3.2B. Here, layered

materials such as layered double hydroxides,142 clays,143 and metal oxides144 already contain an ex-

changeable interlayer of cationic counterions to balance the layer charges. By supplanting these ions

withmore bulky equivalents, the parent crystal is again dilated and primed for subsequent exfoliation.

TiO2nanosheets, tens ofmicrons in lateral dimension, have been experimentally demonstrated in this

manner by replacing the Cs+ counterions with more substantial tetrabutylammonium cations.145

While intercalationmethods have been widely used to exfoliate myriad layered crystals, some issues

remain. This technique is quite sensitive to ambient conditions,146 and material specific, with ionic

intercalants applied to a given material on an ad hoc basis. The procedural complexity is increased

by the need to remove the ionic species post-exfoliation.147 Finally, as with chemical exfoliation, the

produced nanosheets can be quite distinct from their pristine counterparts. Ion intercalation inMoS2

has been observed to induce defects in the form of sulfur vacancies,148 while charge imbalances from

lithium intercalation can precipitate a rearrangement of the atomic structure and induce a transition

from the semiconducting 2H to metallic 1T phase.135
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Liquid Phase Exfoliation

The liquid phase exfoliation (LPE) technique arose from the need for a more simple and versatile

means to isolate twodimensional nanomaterials. First demonstratedbyColeman et al. in 2008,110 the

LPEmethod is used tomechanically delaminate the parent vdW crystal in the presence of a stabilising

fluid. By overcoming the vdW interlayer attractions using shear or ultrasonic energy, LPE offers a

universally applicable and low-cost means for the scalable production of nanosheets that are defect-

free and unfunctionalised.149 Indeed, the versatility of the technique was recently demonstrated by

Harvey et al. where 2D nanosheets were successfully produced from cat litter and sand.150 The LPE

process is generally considered as having three steps; exfoliation of the parent crystal, stabilisation of

the nanosheets in solution, and size-selection of the dispersed nanosheets. Each of these steps will be

addressed in the coming sections.

Ultrasonication

Initially developed as a means to detect submarines during the first world war,151 the field of ultra-

sonics has since be adapted for applications including medicine, communications and sonochemistry.

In ultrasonic exfoliation, a transducer is used to convert high-frequency mechanical oscillations into

ultrasonic waves in solution. These waves promote exfoliation of layered crystals through two main

energetic inputs; vibrations and cavitations.152Themechanismof probe-driven ultrasonic exfoliation

is depicted in Fig. 3.3A. A transducer drives the probe to vibrate at frequencies of∼ 20 kHz with an

amplitude of∼ 100 µm. This generates high intensity ultrasonicwaves at the probe tip that propagate

through the liquid.153 This transmission of ultrasonic energy causes molecules in the liquid to oscil-

late about their mean position. With sufficient negative pressure the intermolecular distance exceeds
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the limit required to hold the liquid intact and voids or cavitations are formed. These bubbles then un-

dergo expansion across a few acoustic cycles, before collapsing into high-energy jets.154 This generates

a highly energetic local environment that exerts tensile and shear stresses on the bulk crystal, leading

to exfoliation and fragmentation.155–157 A similar but lower-energy process is utilised in bath sonica-

tion, where ultrasonicwaves propagate through the tank establishing standingwaves. Thesewaves can

induce vibrational modes within the parent crystal with enough energy to delaminate nanosheets.152

Figure 3.3: Liquid Phase Exfolia on: Schema cs depic ng the exfolia on mechanism for both the A) Tip ultrasonica on and B)Wet
jet milling techniques.

Ultrasonication is the ubiquitous technique for lab-scale LPE as it is both accessible and has been

shown to reliably produce mono- and few-layer nanosheets from a host of layered crystals.158,159 Tip

sonication results in nominally high concentrations, however, as the intensity under the probe decays

rapidly in both the axial and radial directions it has limited scaling potential.160 An inhomogeneous

intensity field throughout the sample volume is an affliction shared by bath sonication. Here, the pres-

ence of constructive and destructive interference regions in the tank are detrimental to the technique

reproducibility.161 It is worth noting that this can be largely mitigated by the ensemble characterisa-
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tion afforded by spectroscopic techniques and subsequent size-selection to isolate desired fractions.

Though the highly-energetic tip sonication process has been observed to inducing basal plane scission

in some nanosheets,161 it has widely been determined that the produced nanosheets are pristine.155

Interestingly, it has been suggested that basal plane defects are primarily a function of the quality of

the parent crystal.162 From an applications standpoint, ultrasonic exfoliation offers a means to pro-

duce unfunctionalised and defect-free nanosheets at a reasonable throughput. Though the technique

is the most prominent of the solution-processing methods for 2Dmaterials, there is still a rich param-

eter space for optimisation. For example, Turner et al. have recently demonstrated in situ control

over the produced graphene flake size by controlled sonication, achieving ∼ 20 % yields of few-layer

graphene after 3 h sonication time.154 Probe sonication is used throughout this work to produce 2D

dispersions.

Shear-based Exfoliation

In order to address the scalability shortcomings of ultrasonication, alternative methods to delaminate

layered crystals in solution have been explored. This culminated in the exfoliation of graphite by high-

shear laminar flow using a rotor-stator shear mixer in 2014.163 Interestingly, it was demonstrated that

the sole requirement to exfoliate a parent crystal is a minimum shear rate of ∼ 104 s-1, which was

soon followed by the unlikely trinity of a kitchen blender, household detergent and graphitic mono-

layers.164 Crucially, both of these methods are highly scalable, with some of the highest production

rates in the literature achieved using high-shear mixing.165

More recently, techniques such as wet jet milling (WJM) have emerged as promising candidates

for the defect-free exfoliation of layered materials on an industrial scale.166 The procedure, adopted

from its conventional usage in pharmaceutical167 and ceramic processing,168 is shown in Fig. 3.2B.
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The solvent and bulk crystal are pressurised and driven to the processor by a hydraulic mechanism

and piston. Here, the initial stream is divided into two highly pressurised jets, which are then col-

lided and forced through a smaller aperture generating turbulent flow.169 A similar action is utilised

in microfluidisation, where turbulent flow occurs as a result of the suspension being forced through

the microchannel.170 The agitated flow results in a high velocity gradient orthogonal to the flow di-

rection. This generates shear stresses on the layered crystal and precipitates sliding of the layers along

the basal plane, leading to exfoliation. The most salient difference betweenWJM and microfluidisers

versus other LPE techniques is the sample process time. Here, the exfoliation takes place at the noz-

zle over a fraction of a second, instead of hours in ultrasonication or shear mixing.171 What follows

are nanosheet production rates as large as 24 g h−1, among the highest in the literature.172 While the

procedural complexity is increased by the need for sequential piston passes to improve the degree of

exfoliation, this technique is in its nascent phase and holds much promise.

3.2 Stabilisation

Successful exfoliation of a layered crystal is contingent not just on the disruption of the interlayer

adhesion, but also the stabilisation of the subsequent dispersion. An appropriate stabiliser will

perform this role, while simultaneously reducing the energetic cost of exfoliation through

stabiliser-nanosheet binding.162 The preeminent strategies employed are solvent173 and

surfactant174 stabilisation, though steric repulsion using polymers has also been demonstrated.175

These methods work through independent mechanisms to prevent reaggregation and enhance the

dispersion stability.
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Solvent Stabilisation

Solution thermodynamics predicts that efficient stabilisation will occur when the net energetic cost

of mixing a solvent and solute is minimised.176 This is achieved when the solvent and solute solubility

parameters arematched. Initial work on solvent-stabilised carbonnanotubes demonstrated that stable

dispersions could be achieved bymatching the solvent and nanomaterial surface energies.177Within a

year, this was extended to 2D nanosheets stabilised inN-methyl-2-pyrrolidone (NMP) byHernandez

et al.110 Subsequent solvent studies demonstrated that the concentration of dispersed graphene could

be tuned over an order of magnitude by appropriate surface energy matching - unfortunately with a

correlation between solvent performance and toxicity.178 NMP and dimethylformamide (DMF) are

the prototypical LPE solvents due to their matching of surface tension and solubility parameters with

dispersed nanomaterials.179 However, while observed to broadly apply, Hernandez et al. proposed

that a more comprehensive model considering multiple intermolecular interactions was needed to

fully describe the stabilisation process.178 This is most simply elucidated through consideration of

the Gibbs free energy of the system, ΔGmix, which determines whether the spontaneous mixing of

nanosheets and solvent is favourable through

ΔGmix = ΔHmix − TΔSmix (3.1)

where T is the absolute temperature and ΔHmix, ΔSmix are the enthalpy and entropy ofmixing respec-

tively. To advocate mixing, ΔGmix must be minimised.180 Due to their dimensions and rigid shape,

the entropy component is restricted to be small for nanomaterials.181 This means that ΔHmix must

be minimised. This is primarily achieved through manipulation of the Flory-Huggins interaction pa-

rameter, χ, on which ΔHmix depends.182 For χ < 0, solvent-solute interactions dominate, resulting

28



in a stable dispersion. However, solute-solute interactions reign for χ > 0, which induces aggregation.

A form of this parameter relevant to the colloidal dispersions encountered in LPE is given by Eqn. 3.2

χ =
ν0
kT

(δA − δB)2 (3.2)

The interaction is described through the molecular volume, ν0, the absolute temperature, T, and

theHildebrand solubility parameters of both components of the system, δi. The solubility parameter,

δ, was developedby JoelHildebrand in 1936 andprovides a numerical value indicating solvency behav-

ior.183 This is given by the square root of the cohesive energy density, EC,T/V. Here, EC,T is the total

molar cohesive energy and V is the molar volume of the solvent. Matching of the δ components in a

system has been shown to be largely effective for non-polar solutes,184 though it appeared additional

criteria had to bemet for polar solutes. This was addressed byCharlesHansen in 1967 by breaking the

solvent-solute interaction, expressed in terms of cohesive energy density, into its dispersive, D, polar,

P, and hydrogen bonding, H, components185

EC,T
V

=
EC,D
V

+
EC,P
V

+
EC,H
V

⇌ δ2 = δ2D + δ2P + δ2H (3.3)

where the square root of each of these components δD, δP and δH is a Hansen solubility parameter

describing the dispersive, polar and hydrogen bonding interactions respectively. For polar solutes, it is

necessary to match each of the Hansen solubility parameters for a stable dispersion.185 Replacing the

Hildebrand parameters in Eqn. 3.2 with their Hansen Solubility components in Eqn 3.3, we arrive at
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the general expression for χ in Eqn. 3.4186

χ =
ν0
kT

[
(δD,A − δD,B)

2 +
(δP,A − δP,B)2

4
+

(δH,A − δH,B)
2

4

]
(3.4)

By reducing χ through Hansen parameter matching, the enthalpy and free-energy of the system

can be minimised to result in a solvent-stabilised dispersion.187 It is worth remarking that dynamic

processes during exfoliation also play a role in the solvent stabilisation mechanism. The archetypal

solvents, NMP and DMF, are known to be susceptible to sonochemical polymerisation and degrada-

tion during exfoliation.188,189 These polymeric by-products have been observed to further stabilise

the exfoliated nanosheets through solvation and steric repulsion.190 This has led to increased yields

for LPEMoS2 189 and enhanced resistance to degradation for environmentally sensitive materials like

black phosphorous.173 Importantly, these effects are not transient in nature. TMD nanosheets that

were exfoliated in NMP, but transferred to isopropanol (IPA), exhibit enhanced stability at elevated

concentrations when compared to IPA exclusive processes.191 However, despite the proliferation of

NMP as a solvent, it is not a panacea – least of all in the corporeal sense due to its teratogenic and

toxic effects.192,193 With this in mind, efforts to develop more environmentally and personally be-

nign solvents are beingmade. This work includes using aqueous solvents at elevated temperatures,194

or co-solvent blends to tune the rheological properties and surface energy.195

Surfactant Stabilisation

As an alternative to high-boiling point and potentially toxic solvents,196 exfoliated nanosheets can

also be stabilised by non-covalent adsorption of surfactant molecules in water.174 As is the case with

many aspects of 2D materials research, this is built on the knowledge gained from preceding work
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on solution-processed carbon nanotubes.197 Surfactants are amphiphilic organic compounds. The

hydrophobic tail group interacts with the nanosheet basal plane by London interactions, while a

hydrophilic head group interacts with the polar aqueous environment to drive the dispersion stabil-

ity.198 Re-aggregation of the stabilised nanosheets is prevented by electrostatic and / or steric repul-

sion, depending onwhether the surfactant is anionic, cationic, zwitterionic or non-ionic.199 Prevalent

surfactants include sodium dodecylbenzenesulfonate (SDBS)200 and sodium cholate (SC),201 which

have been used to exfoliate myriad layered crystals including graphene,125 TMDs,202 and h-BN.203

Surfactant stabilisation works through the formation of an electrical double layer (EDL) that en-

velops the exfoliated nanosheets and electrostatically inhibits re-aggregation.198At room temperature,

polar head groupsmigrate away from the tail groups by Brownianmotion, remaining electrostatically

bound in the vicinity as a diffuse cloud of charge. This disassociation leads to an effective negative

charge on the nanomaterial from the bound tail groups, meaning surfactant-coated nanomaterials

will electrostatically repel each other. The conditions where this repulsion exceeds the attractive vdW

interactions were investigated by Derjaguin and Landau,204 and independently by Verwey and Over-

beek,205 to give the eponymous DVLO theory of stabilisation.206 By considering the attractive and

repulsive potential energies of model spherical particles of radius, r, and separation, D, an expression

for the potential energy of the system, V, can be derived207

V =
ε0 εr r 2 ζ 2

D
e−κD − A r

12D
(3.5)

where ζ is the zeta potential of the colloidal dispersion,208 A is theHamaker constant,209 and ε0 and εr

are the vacuum and liquid permittivity respectively. Ameasure of the effective thickness of the EDL is

given by the Debye screening length, κ−1.210 As surfactant coated nanomaterials approach, the total
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potential energy of the system rises to form a potential barrier, as shown in Eqn. 3.5. However, if

this is overcome, there is a deep potential well at closer separations that quickly causes re-aggregation.

Crucially, themagnitude of this barrier, and thus the dispersion stability, can be tuned using both κ−1

and ζ. Increasing ζ has been demonstrated to increase the barrier magnitude, with values of± 30 mV

(depending onwhether surfactant is anionic or cationic) identified as theminimumpotential required

for long term stability.211 The stabilising barrier can also be augmented by increasing κ−1. This is

achieved by increasing the surfactant concentration to its critical micele concentration (CMC).207

From an industrial, economical and safety perspective, exfoliation of nanomaterials in water would

appear to grant the keys to the kingdom. Furthermore, surfactant assisted delamination of the parent

crystal has been shown to produce smaller andmore thin nanosheets when compared to solvent-based

LPE.212 However, the benefits in stability are heavily countered by limitations for further processing.

In applications where pristine nanosheets are required, such as in printed electronics, a nanosheet-

surfactant-nanosheet interface is detrimental to the transport properties. Furthermore, the viscosity

of aqueous solutions is prohibitive for certain printing strategies, such as inkjet printing, while more

volatile solvents are preferred for the aerosol jet printing process. Potential strategies to mitigate this

include surfactant-assisted exfoliation followed by a solvent transfer, or by using liquid surfactants

such as Triton-x. This allows the surfactant to be removed from a deposited network by annealing at

temperatures above 270◦C or via mechanical calendering.213

3.3 Size-Selection

Dispersions of solution-processed nanosheets are inherently polydisperse in both length and thickness.

This can arise from the intrinsic properties of the parent crystal or exfoliation-driven mechanisms. It

is known that sonication does not always yield complete delamination of the parent crystal, leading
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to broad distributions in the exfoliated nanosheet thicknesses. The energetic environment can also

induce scission along the basal plane of exfoliated nanosheets, further compounding the polydisper-

sity.214 Finally, in ultrasonic processing the energetic distribution is not homogeneous throughout

the sample volume. This polydispersity must be addressed as many applications require particular

nanosheet sizes: larger nanosheets offer enhanced mechanical reinforcement in nanocomposites,215

while smaller nanosheets are ideal for catalysis.216 This is further elucidated in the case of printed elec-

tronics, where the material bandgap scales with the number of monolayers.

The two preeminent methods for size-selection of solution-processed nanosheets are density gradi-

ent ultracentrifugation (DGU) and liquid cascade centrifugation (LCC). Adapted from its origins in

pharmaceutical research, DGU works by exploiting subtle differences in buoyant density. The nano-

materials are loaded into a density graded medium (DGM) and will sediment towards their isopycnic

point under the action of a centrifuge. This technique was initially applied by Hersam et al. to sep-

arate SWNTs by diameter,217 but has subsequently been applied to separate exfoliated nanosheets

by thickness.218 However, the applicability of the DGU technique is constrained by its low yields,

involved procedure and the potential for residual DGM on the size-selected fractions.

Liquid cascade centrifugation works through the principle of sedimentation-based separation. By

applying a centrifugal force it is possible to isolate different nanosheet fractions as a function of their

mass, shape and size. The rate at which a nanosheet fraction sediments is described by the Svedberg

equation,219 and is given by its sedimentation coefficient, s. This represents the velocity of the particle

per unit gravitational acceleration and is described through Eqn. 3.6

s =
m (1− νρ)

f
(3.6)
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wherem is the particle mass, ν is the volume of one gram of the material in solution, ρ is the density

of the solvent and f is the frictional coefficient. Under the action of a centrifugal force, large and

thick nanosheets will sediment fastest, leaving small and thin nanosheets suspended in the dispersion.

Taking inspiration from the iterative nature of gas-separation centrifugation cascades, this technique

was augmented to size-select multiple nanosheet fractions from a stock dispersion by Backes et al. in

2016.220 The LCC process is shown through an illustrative cascade in Fig. 3.4.

Figure 3.4: Liquid Cascade Centrifuga on: Size-selec on of nanosheets by sequen al centrifuga on runs. [Adapted from Ref. 220]

Starting with a dispersion of nanosheets, an initial centrifugation step is performed at 1.5 krpm in

order to confine any unexfoliated crystallites to the sediment. This sediment is then discarded, or can

be subjected to a second exfoliation to produce more nanosheets. The supernatant now comprises

a stock dispersion of well-exfoliated nanosheets having a broad distribution of sizes and thicknesses.

This is then subjected to a further centrifugation step at a higher speed, 2 krpm in this case, and the

sediment collected. This sediment is labelled as 1.5 - 2 krpm in Fig. 3.4, as it was trapped between

these centrifugation speeds and contains the larger sized nanosheets from the distribution. The super-
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natant, now containing all but the largest nanosheets, can then be iterated though sequential cascades,

collecting the sediment at each step as shown in Fig. 3.4. As the trapping speeds of the LCC bands

increase, the length and thickness of the nanosheets in each fraction decrease. Crucially, the trapped

sediment at eachpoint canbe easily redispersed in solutionwith onlymild sonicationbeingneeded.221

The intrinsic benefits of the LCC technique are its versatility, accessibility and efficiency. As ma-

terial is collected after each cascade, it is a very low-wastage process while simultaneously achieving

increased mass yields when compared to DGU.222 Furthermore, with each subsequent cascade the

monolayer content in the supernatant increases, reaching∼ 75 % in the inaugural work.220 Finally, if

nanosheets of a specific size distribution are required, LCC can be combined with published spectro-

scopicmetrics to isolate desired fractions through appropriate selectionof the upper and lower rpm. A

crucial disadvantage of the LCC technique, and LPE in general, is that monolayer enriched fractions

contain very small nanosheets∼ 50 nm in length. Indeed, as LCC essentially separates nanosheet frac-

tions by their mass, and the thickness and length of LPE nanosheets are intrinsically coupled through

energetic constraints, this appears to be a fundamental problem.223 A further complication is that

folded or crumpled nanosheets will sediment more quickly than their pristine counterparts due to

changes in the sedimentation coefficient. This can cause smaller folded sheets to be trappedwith com-

paratively larger nanosheets and broaden the distribution of lengths in a given size-selected fraction.

Considerable work is being undertaken to improve both the degree of selectivity LCC offers and to

increase the lateral dimension of LPE producedmonolayers. Liquid cascade centrifugation is used ex-

tensively in this work to produce size-selected 2D dispersions for composite formation and printing.

*Anote on nomenclature: As discussed in this chapter, LPE produced nanosheets are polydisperse in

both length and thickness. To improve readability, the term “graphene” is used to refer to bothmono-

and few-layer nanosheets in this thesis.
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Your assumptions are your windows on the world. Scrub them off

every once in a while, or the light won’t come in.

Isaac Asimov

4
Deposition & Characterisation

The ability to produce 2Dmaterials in the solution-phase has catalysed their rapid proliferation across

modern materials research. Networks of nanosheets can now be deposited using a suite of diverse

strategies, with each technique influencing the resultant properties. Crucially, these advancements

have coincided with the development of comprehensive characterisationmethods, which has enabled

optimisation of both the precursor dispersions and fabricated networks. The primary deposition and

characterisation techniques used in this work are outlined in this chapter.
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4.1 PrintedNanomaterials

4.1.1 Spray Coating

First conceived in 1876 as a means to retouch photographs, the airbrush took its recognisable form

in 1883.224 An inherently simple and scalable method, spray coating found use in the domains of art,

cosmetics and manufacturing throughout its first century of operation. It was during investigations

into alternatives to theubiquitous transparent conductor, ITO, that carbonnanotubeswere first spray

coated in 2004.225 Stemming from its diverse applicability, the spray coating technique soon became

a workhorse for the large-area deposition of carbon nanotube, metallic nanowire, quantum dot and

2D nanosheet inks, where precise patterning is not necessary.226–229

Figure 4.1: Spray Coa ng: A) Schema c of the spray coa ng process for a func onal 2D ink. B) Cross-sec on of the sprayer nozzle
showing the needle ac on and aerosol forma on. [Adapted from Ref. 230]

The spray coating process is shown schematically in Fig. 4.1A. A functional ink is gravity-fed from
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its reservoir into the spraying nozzle, shown expanded in Fig. 4.1B. Engaging the airbrush trigger has

a two-fold effect – it simultaneously retracts the needle and activates the N2 back pressure, causing

liquid ink in the nozzle to be released. Ligaments and droplets tens of microns in size are then sheared

from the bulk fluid by the velocity gradient in the nozzle to generate an aerosol. This is then guided to

the heated substrate by the flowofN2 gaswhere the dispersing solvent is evaporated, leaving a uniform

colloidal deposit. For large area deposits the airbrush is rastered in the xy-plane with repeating passes

until a desired film thickness is achieved. The compatibility of this method across many different

solvents231 and substrates232 arises from the aerosol generation. This relaxes the need for ink additives

and allows for the decouplingof various constraints imposedbyother commondeposition techniques,

such as inkjet printing.233

Though there is a procedural simplicity to the mechanism, the spray coating technique offers con-

siderable scope for optimisation. Tunable parameters include the airbrush stand-off distance and

raster speed, the N2 flow rate and back pressure, the substrate temperature and nozzle diameter. The

stand-off distance determines the area of impact of the spray plume and the deposited mass per unit

area, while the flow rate and nozzle diameter determine the droplet density. Through multivariate

analysis on sprayed silver nanowire (AgNW) networks it was found that the parameter with most in-

fluence on the uniformity of the resultant network is the N2 backpressure.227 An enhanced N2 back-

pressure serves to increase the fluid velocity through the nozzle, precipitating the formation of smaller

droplets. Further work determined that increased backpressures serve to tighten and skew the overall

droplet size distribution to smaller values.234 The combined result is a more homogeneous distribu-

tion of smaller droplets when compared to lower backpressures. Smaller droplets result in expedited

solvent evaporation, which leads to reduced droplet coalescence and “coffee ring” staining to give in-

creased network uniformity.235 Indeed, by increasing the backpressure from 15 to 30 psi a significant
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reduction in the average droplet size was observed by Scardaci et al., with a corresponding reduction

in deposit aggregation and improved AgNW film uniformity.227 Complementary to this, both sub-

strate temperature and solvent volatility considerably effect the drying and droplet coalescence rates.

Elevated substrate temperatures (∼ 70 ◦C for IPA) are employed to expedite solvent evaporation and

increase uniformity.236

While the simplicity andhigh-throughput of the spray coating technique is useful for the indiscrim-

inate deposition of thin films over large areas, it is not a direct-write process. Thus, fine-feature traces

can only be spray coated with the help of masks or stencils. This is largely acceptable for applications

where scalability is paramount such as displays, solar cells and electrochromic devices.237 However, as

demands for increased functionality and component density intensify, the need for higher resolution,

direct-write and digitally-driven printing methods has become apparent.

4.1.2 Aerosol Jet Printing

Aerosol jet printing (AJP) is an emerging technique for the selective and non-contact deposition of

functional inks onto an array of non-planar and conformal substrates.238 The AJP process is shown

schematically in Fig. 4.2. A nanomaterial ink is first atomized to form an aerosol mist comprised of

micron-scale liquid droplets entrained in an inert carrier gas. This mist is then transported to the de-

position head where it is focused and manipulated into a highly-collimated jet for deposition onto a

substrate. AJP offers drastically improved versatility and resolution when compared with other more

mature printing strategies, including the ubiquitous inkjet printing (IJP)method. By aerosolising the

ink, the viscosity component can be decoupled andmany of the rheological constraints of other print-

ing techniques can be avoided. While IJP is generally limited to ink viscosities in the 8 - 20 cP range,

the AJP technique can pattern inks having viscosities ranging from 1 - 1000 cP.239 Coupled with this

39



enhanced material compatibility, the use of a collimated aerosol jet confers increased printing resolu-

tion at enhanced stand-off distances. This enables consistent patterning over non-planar samples and

existing structures at substrate-nozzle distances in the 1 - 5 mm range.

Figure 4.2: Aerosol Jet Prin ng: Schema cs illustra ng the key physical processes in aerosol jet prin ng. A) Ultrasonic atomiza on of
the 2D ink to form an aerosol mist. B) Aerosol jet focusing, collima on and deposi on. [Adapted from Ref. 240]

The generation of an ideal aerosol for jetting is contingent on both the atomization process and

the rheological properties of the ink. The interplay between the physical process and the ink viscosity,

surface tension and volatility must be carefully tailored to produce a high-density and monodisperse

aerosol. The ultrasonic atomization process, shown schematically in Fig. 4.2A, is used to produce

aerosols from small volumes (1 - 2 ml) of low viscosity inks (1 - 20 cP). An ultrasonic transducer sub-

merged in a reservoir of coupling fluid, typically distilled water, oscillates in the ∼ MHz frequency

range to generate pressure waves. These waves are coupled to the ink vial through the distilled water,

where they generate capillarywaves at the ink surface by constructive superposition. Ink droplets with

diameters on the order of 2 – 5 µm are then detached from the bulk fluid through local shear at the

peaks of these waves to form a dense aerosol mist.241
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Both the size and quantity of the atomized ink droplets are a function of process and rheological pa-

rameters. The size distribution of generated droplets is dependent on the capillary wavelength, which

itself is determined by both the ink surface energy and density, as well as the transducer output.242

Furthermore, the power required to atomize an ink, dictating the droplet generation rate, is restricted

by viscous damping of the pressure waves.243 This is amultifaceted process, but it can be optimised by

tailoring the rheological properties of the inks both before atomization and in situ. With respect to the

latter, temperature control of the water reservoir not only ensures a consistent process environment

for atomization, but also allows for modulation of the ink viscosity for more favourable atomization.

Once a suitable aerosol has been produced, it is acted upon by an inert N2 carrier gas, which drives

the aerosol towards the deposition head through a PTFE mist tube. The droplet size is largely sta-

bilised in transit to the deposition head as the dry carrier gas quickly becomes saturated with solvent

vapour. This stability can be further ensured through the use of low-volatility cosolvent blends,244 or

by pre-saturating the N2 carrier gas with solvent vapour using a bubbler. However, even accounting

for drying effects the aerosol composition can drift in the few seconds it takes to reach the print head.

The primary culprit is transport losses, which through gravitational settling and diffusion serve to re-

move the largest and smallest droplets from the aerosol respectively.245 Aside from altering the aerosol

composition, condensation of these droplets in the mist line can lead to the deposition of macroscale

liquid droplets - much to the detriment of the sample and the operators emotional well-being.

Upon its arrival to the deposition head, the aerosol mist is acted upon by an annular N2 sheath gas

and focused using both a virtual and physical nozzle, as shown in Fig. 4.2B. The high-velocity sheath

gas accelerates, collimates and aerodynamically focuses the aerosol jet, while preventing accumulation

of material on the walls of the deposition nozzle.246 This sheath-driven collimation is characteristic

of the AJP process, enabling consistent deposition onto complex substrate topographies at stand-off
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distances in the 1 - 5 mm range. Furthermore, the sheath flow forms a virtual nozzle within the phys-

ical deposition nozzle, with an aperture size dependent on the gas flow rate. Coupled with the jet

collimation, this allows the AJP process to pattern traces with lateral dimensions ∼ 1/10 the size of

the physical nozzle aperture, on the order of 10 µm (cf. IJP resolution> 20 µm).247

There aremyriad factors that can determine the final AJP deposition profile. However, the ratio of

the sheath and carrier gas flow rates, known as the focusing ratio, has been proposed to be particularly

important. Taken in isolation, the carrier gas flow rate determines the amount ofmaterial reaching the

deposition head, while the sheath flow rate influences the impinging velocity and deposited linewidth.

However, these two flows dynamically interact within the deposition head and somust be considered

in tandem, with a focusing ratio of ∼ 2 reported as the sweet spot.248 A common artefact of AJP

is overspray around the central deposit via small satellite droplets. Here, solvent evaporation drives a

reduction in the suspended droplet size until they do not have enough inertia to impinge the substrate

along the focusing axis. As discussed, low volatility cosolvents have provenuseful to alleviate this effect

and preserve the aerosol composition.

A final factor to discuss is the substrate-aerosol interaction. The resultant filmmorphology is heav-

ily dependent on the wetting of the substrate and matching of aerosol-substrate surface energies. A

wet film is expected to flow, fill voids, and reduce porosity, while the deposition of dry particles is

associated with more aggregated and granular structures.245 However, surface energy mismatches or

excessive wetness in the deposited aerosol can lead to surplus solvent on the substrate, resulting in

macroscopic droplets, flow and increased line spreading.249 Once again, this can bemanaged through

the use of high / low volatility cosolvent blends, or through pre-treatment and heating of the substrate.

Though the AJP technique holds significant promise for the rapid and precise patterning of 2D

inks, this work is only in its nascent phase. With a paralysing choice of process parameters to vary, the

42



AJP process remains heavily guided by user intuition. However, work is underway to develop quan-

titative models and establish operating windows analogous to theZ-number framework employed in

inkjet printing.250 In the interim, the AJP technique has been used to pattern devices from silver, ce-

ramic, polymer, carbon nanotube and 2D inks.251–255 Conductive silver nanoparticle electrodes and

2D nanosheet traces were patterned using an Optomec Aerosol Jet Printer (AJP300) in this work.

4.2 Characterisation

4.2.1 Spectroscopic Characterisation

UV-Vis Spectroscopy

Ultraviolet-visible spectroscopy is among themost prevalent characterisation techniques for solution-

processed nanomaterials. A simple, non-destructive and analytical technique, UV-Vis measurements

provide information on the electronic structure of the dispersed material.256 In recent years the util-

ity of this method has been expanded to provide in-situ information on the concentration, length

and thickness of dispersed nanosheets through the development of spectroscopic metrics.203 Here,

the information garnered from an extinction spectrum is extracted from the ensemble of billions of

nanosheets. This contrasts with the statistical subsets of a few hundred measurements used in the

more expensive and time-consuming TEM and AFM techniques.212

The experimental setup of a dual beamUV-Vis spectrometer is shown in Fig. 4.3. The dispersion is

first diluted to a suitable optical density and added to a matched quartz cuvette of known path length

(4 mm). A companion cuvette containing only solvent is used to provide a baseline reference, which

is subtracted from the sample spectrum. This separates the material and solvent contributions, while

also accounting for intensity losses due to reflections and scattering from the cuvette. The visible-
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Figure 4.3: UV-Vis Spectrometer: Schema c of a dual-beam UV-Vis spectrometer. [Adapted from Ref. 257]

infrared and ultraviolet light are generated from tungsten halogen and deuterium arc lamps respec-

tively.258 This is then selectively filtered into discreet wavelengths by a monochromator comprising

slits,mirrors and a diffraction grating. Depending on the system, the finely tunedbeam is either passed

through both the sample and reference simultaneously using a beam splitter, as shown in Fig. 4.3, or

alternates betweenbothusing a chopper. In both cases, the transmitted beams are incident on InGaAs

photodiodes, where the difference between the transmitted reference (I0) and sample intensities (IT)

are recorded as a function of wavelength to generate an extinction spectrum.258

The reduction inbeam intensity post-specimen arises due to absorption and scatteringmechanisms

within the sample. In molecular solutions it is often sufficient to consider only absorption, however,

dispersions of nanosheets are known to induce considerable scattering as a function of their lateral

size.259 Thus, spectra of nanosheet dispersions are often discussed in terms of extinction, ε(λ), which
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is the sum of absorption, α(λ), and scattering, σ(λ), contributions

ε (λ) = α (λ) + σ (λ) (4.1)

The sample absorption and extinction can be decoupled by inserting an integrating sphere into the

spectrometer. The sphere has a rough, white, and reflective internal coating that diffuses light, causing

the intensity level inside to reach a steady state. By collecting both the transmitted and scattered light

in this manner, the absorption component, α (λ), can be determined. Through characterising both

ε(λ) and α(λ), the scattering contribution can then be readily extracted through Eqn. 4.1.

Absorption occurs in a sample when the incident photon energies are sufficient to excite electronic

transitions in the material. The corresponding decrease in irradiance is measured as an increase in the

absorbance by the spectrometer. Semiconducting 2D materials, such as MoS2, display rich absorp-

tion spectra once the incident photon energies exceed the bandgap. Absorption peaks, representing

the relative strength of a transition, offer insight into the joint density of states through Fermi’s golden

rule.260 However, it is important to note that other effects play a role in the spectrum. As mentioned,

suspended nanosheets reduce the transmitted beam intensity through inelastic and elastic scattering

mechanisms, broadening the absorption peaks. Further spectral broadening occurs when suspended

nanosheets / molecules are densely packed, influencing each others energy levels.256 Finally, vibra-

tional and rotational statesmay be superimposed onto the electronic states, which further contributes

to the peak broadening.256

Beam attenuation in the sample is described through the Beer-Lambert Law (though the initial

observationwasmade on a glass of redwine by Pierre Bouguer some 30 years earlier).261–263As shown

in Fig. 4.3, if the beam intensity through the sample is IT and the intensity through the reference is I0,
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the beam has been attenuated by the sample with the extinction given by Eqn. 4.2

Ext = − log (T) = − log

(
IT
I0

)
= εCl (4.2)

where T is the transmittance. Beer and Lambert stated that extinction will scale proportionally with

both the path length of the sample, l, and the amount of attenuatingmaterial - given by the dispersion

concentration, C. Furthermore, each material will have a different wavelength dependent extinction

coefficient, ε. These are combined to give the recognisable form of the Beer-Lambert law in Eqn. 4.2.

Recent work byHarvey et al. has shown that the scattering coefficient, σ (λ), for 2D dispersions in the

non-resonant regime exhibits a power law dependence on nanosheet size.264 Here, it was found that

nanosheets larger in lateral dimension will scatter more light at longer wavelengths than their smaller

counterparts. This has been exploited to develop further spectroscopic metrics, which can be used to

infer the nanosheet dimensions in a dispersion from its scattering spectrum. UV-Vis extinction spectra

are used throughout this work to characterise the size-selected nanosheet fractions and measure their

concentration. These spectra were recorded using Varian Cary 6000i (175 - 1800 nm) and 50 (190 -

1100 nm) UV-Vis-NIR spectrometers.

Raman Spectroscopy

Named in honour of Sir. Venkata C. Raman, the eponymous Raman effect was discovered in 1927

and has since developed into one of the most important techniques for nanomaterial characterisa-

tion.265 Based on the inelastic scattering of light by matter, Raman spectroscopy is used to probe

sample lattice vibrations in the form of optical phonons. These displaced atoms can be modelled as

harmonic oscillators where the quantized vibrations are a function of the bond strength, and thus
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a signature of the material. By studying energy shifts in the inelastically scattered photons, Raman

spectroscopy offers an accessible and non-invasive means to characterise the physical and chemical

properties of materials, as well as environmental stimuli that may alter them.266

Figure 4.4: Raman Sca ering: Diagram of the energe c transi ons involved in Raman sca ering. [Adapted from Ref. 267]

When a monochromatic beam is scattered by a sample, the energy exchange between the radiation

field and sample is considered as two single-photon transitions. Initially, the oscillating electric field

of an incident photonmay interact with the sample’s electron cloud, inducing a dipole moment. The

strength of this interaction is determined bypolarizability of the samplematerial.266Through this per-

turbation of the electron cloud the photon is said to be absorbed to a virtual transition state, shown

in Fig. 4.4. This constitutes a brief distortion in the electronic distribution, as opposed to a station-

ary state.268 Upon relaxation, the electron cloud then scatters energy into a second photon, which is

emitted as a scattered photon. In the perfectly elastic case, the scattered and incident photons have

equivalent energies and the process is known as Rayleigh scattering.269 Most incident photons are

Rayleigh scattered, as the wavelength of photons is much larger than atoms or molecules.
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However, for one in every ten million photons the induced dipole moment also drives vibrations

of the atomic lattice. Such photons are said to be Raman scattered as they will have lost / gained

energy by creating / absorbing an optical phonon. In the case of the former, the photon creates a

phonon in thematerial leaving the sample atom in an excited vibrational state. The resultant scattered

photons will be red-shifted by the process, known as Stokes scattering. If the sample atom is already

in an excited vibrational state, the scattered photon may absorb a phonon, returning the atom to its

ground state. These scattered photons are blue-shifted by a process known as anti-Stokes scattering.

Both mechanisms are shown schematically in Fig. 4.4. The frequency shift of the scattered light, ν, is

indicative of the energy gained or lost by the material in the interaction268

ν =
1
λi

− 1
λs

(4.3)

where λi and λs are the wavelengths of incident and scattered light. The intensity distribution of ν

forms the basis of the Raman spectrum. The peak positions and their relative intensities are used

to identify specific bond vibrations, which when combined across the spectrum establish a chemical

fingerprint for amaterial. For 2Dmaterials, Raman shifts also provide information ondoping, defects,

stress and the degree of interlayer coupling in nanosheets.270 This is complimented by compositional

information on nanostructured composites.271 TheRaman spectroscopy in this workwas performed

by Dr. Victor Vega using a Horiba LabRamHR800 spectrometer.

4.2.2 ElectronMicroscopy

Developed to overcome the resolution limits of optical microscopy (∼ 200 nm), electron microscopy

is a ubiquitous technique for the characterisation of both isolated nanomaterials and their networks.
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Figure 4.5: Beam-Sample Interac ons: Schema c depic ng the poten al beam-sample interac ons in both a scanning (SEM) and
transmission (TEM) electron microscope. [Adapted from Ref. 272]

By modulating the electron velocity in an applied electric field its de Broglie wavelength, λ, can be

reduced to values in the picometre range. This occurs via λ = h/mv,273 where h is Planck’s constant

and m, v are the electron mass and velocity respectively. Modern instruments can produce electron

wavelengths in the 1- 40 pm range, facilitating analysis of the position and chemistry of individual

atoms.274 Furthermore, the reduced wavelength and charged nature of electrons vastly increases the

number of beam specimen interactions and information carrying signals.275 The origin of these sig-

nals within the interaction volume are shown schematically in Fig. 4.5 and will be discussed in the

coming sections.
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Scanning ElectronMicroscopy (SEM)

Due to its comparatively lower resolution, the demonstration of the scanning electron microscope

in 1942 was met with a degree of indifference by the already established TEM community.276 For-

tunately, its potential for surface characterisation of bulk samples was recognised and in the ensuing

80 years the technique has matured to become “the monkey wrench on the garage wall” of sample

characterisation.277 Amodern SEM facilitates morphological and compositional characterisation of

bulk powders, nanostructured networks and their composites across many length scales.

Figure 4.6: SEM: Schema c of a SEM Column. [Adapted from Ref. 272]

A representative schematic of the Carl Zeiss Ultra Plus SEM used in this work is shown in Fig. 4.6.

The probe electrons are generated by field emission from a negatively biased single-crystal tungsten

tip. The emitted electrons, having energies in the range of 0.1 – 30 keV, are then accelerated down the

column where the beam profile and intensity are modulated by the electromagnetic condenser lenses
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and aperture. An optimised electron probe then passes through the electromagnetic objective lens

where it is focused into a spot a few nanometres in diameter on the sample surface. This beam is then

rastered across the sample using the xy-scan coils, where the probe-sample interaction at each point is

recorded and mapped into a surface image.

The primary signals generatedwhen an electron beam interacts with a sample are shown in Fig. 4.5,

and include secondary electrons (SE), backscattered primary electrons (BSE) and x-rays.278 BSE are

probe electrons that undergoRutherford scatteringwith atomic nuclei in the sample and are scattered

through 90 - 180◦.272 These are useful for phase identification in composite and bulk samples as the

repulsive power of the nucleus, and so the intensity of BSE, is a function of atomic number. Thus, ele-

ments in a sample having different atomic numbers can be distinguished by their relative brightness in

BSE imagingmode. Further compositional analysis is achievable through energy dispersive x-ray spec-

troscopy (EDS). Materials generate both Bremsstrahlung and characteristic x-rays when bombarded

with electrons of sufficient energy. Characteristic x-rays are generated when primary electrons dis-

place an electron from an atomic shell in the sample. The subsequent transition of an electron from

a higher energy state to fill the vacancy causes emission of an x-ray with an energy characteristic of the

transition. As characteristic x-ray energies can be directly attributed to the specific elements in the

sample that generated them, EDS can be used to identify the elemental composition of a sample (to

within a few wt %) in a non-destructive manner.

Secondary electrons are of themost relevance to the imaging performed in this work. SEs are gener-

ated via inelastic scattering mechanisms with atoms in the sample, whereby a primary probe electron

ionizes electrons in the specimen.272 These low energy electrons (< 50 eV) are then emitted from the

sample as secondary electrons. Depending on where in the interaction volume the SEs emerge, they

are collected by a different detector. Secondary electrons that leave the specimen at the probe-sample
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incidence point are known as SE1 electrons. These are collected by the in-lens detector located inside

the pole piece.279 Secondary electrons that undergo multiple scattering events before emerging away

from the point of incidence are known as SE2 electrons. These are collected by an Everharte-Thornley

detector to the side of the chamber.280 As SE1 electrons are generated by direct interaction with the

probe, they carry the most spatial resolution and surface information. Due to their low kinetic en-

ergies, only SEs generated within ∼ 20 nm of the sample surface have enough energy to overcome

inelastic collisions and the specimen work function to escape. Thus, SE imaging is remarkably sen-

sitive to the local sample topography, with slopes, ridges and edges exhibiting enhanced SE emission.

For high resolution images that give 3D information on the topography of a nanostructured network,

the imaging mode of choice is secondary electron mode.

Transmission ElectronMicroscopy (TEM)

The elder sibling of the SEM, the transmission electronmicroscope was first demonstrated in 1931 by

Knoll and Ruska.281 The TEM utilises significantly higher electron energies (80 – 300 keV) to pass

them through electron transparent samples< 100 nm thick. The transmitted electrons are then col-

lected by a detector to create a 2Dprojection of the 3D sample, with resolutions inmodern aberration-

corrected systems approaching 1 Å.282

As in the SEM, an electron probe is first generated by the illumination system. The source used is

dependent on the desired resolution; thermionic emission from a LaB6 or tungsten filament source is

used for routineTEM,while Schottky or cold field emission guns are used for high resolution imaging.

The electrons in the probe, having energies of 80 – 300 keV (cf. SEM 1 – 30 keV), are then focused

into a beam of controlled diameter and convergence on the sample by the condenser system of elec-

tromagnetic lenses and apertures. Here, the TEMproducesmany of the same interactions as with the
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SEM.However, electrons can also be transmitted through the sample, either directly or through elastic

and inelastic scattering mechanisms. These interactions are summarised in Fig. 4.5. The transmitted

electrons then pass through the imaging system, which determines the magnification and spatial reso-

lutionof the image. An initial image anddiffractionpattern are formedby thepost-specimenobjective

lens, which is then magnified onto the detection system, generally a cooled CCD.283

Through the use of post-specimen apertures, a TEM can operate inmany different imagingmodes

including bright-field, dark-field and diffraction.280 All TEM imaging in this work was performed

in the bright-field mode, where an image is formed exclusively from unscattered electrons. Scattered

electrons that have been transmitted are filtered out using an objective aperture in the back focal plane

of the objective lens. In a bright-field image, areas of the specimen which are scattering will transmit

fewer electrons meaning regions of increased thickness, mass, atomic number and grain boundaries

will appear with darker contrast.280 The TEM measurements in this work were performed by Dr’s

AndrewHarvey and JB Boland using a JEOL 2100 TEM system at a 200 kV accelerating voltage.

4.2.3 Focused Ion BeamMicroscopy (FIB)

Initially developed in the 1970s,284 the focused ion beam (FIB) microscope is broadly similar to the

SEM, only with a beam of accelerated ions taking the place of electrons in the probe. This confers

additionalmicromachining functionalities to the tool for samplemilling, lamella preparation,material

deposition andmicrostructural analysis.285Modern FIB systems are generally operated in a dual beam

FIB-SEM configuration, as shown in Fig. 4.7A. Here, the sample is manipulated using the ion beam

while its interaction with the sample is imaged in situ by the SEM.

In themajority of modern FIB systems probe ions are generated using a gallium-based liquidmetal

ion source (LMIS). The LMIS is comprised of a gallium reservoir attached to a tungsten needle of
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Figure 4.7: The FIB-SEMMicroscope: A) Cross-sec onal schema c of a FIB-SEM showing the FIB, SEM and GIS geometry for sample
milling, imaging and deposi on respec vely. B) Ion-beam milling of the sample showing removed material and sca ered ion species.
C) Ion beam assisted deposi on of a molecular film from molecules released from the gas-injec on needle. [Adapted from Ref. 286]

radius 2 - 5 µm. During operation, the gallium is heated, flows, and wets the tungsten needle. An

extractor just below the tip is held at a negative potential of∼ 6 keV, which generates a large electric

field at the tip and ionizes the gallium. The balance between electrostatic forces and surface tension

draws the liquid gallium into a fine tip of radius∼ 5 nm, named a Taylor-Gilbert cone.287 Ga+ ions

are then emitted from the apex of this cone by field evaporation and accelerated down the column by

applied voltages of 5 - 50 kV.288

In order to define, focus and raster the ion probe, the beam is acted upon by a series of apertures,

electrostatic lenses and deflection plates. In practical terms, the most relevant component is the beam

limiting aperture. By changing the aperture size, the beam current can be adjusted from a few pA to

tens of nA, determining the image quality or sample milling / deposition rate.289 Reduced beam cur-

rents are used for increased imaging and milling resolution, while larger apertures promote enhanced

milling rates. As in the SEM column, the ion beam is initially defined and focused onto the sample

using condenser and objective lenses, where it is then scanned over the surface using deflection plates.
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However, as the focusing strength of electromagnetic lenses used in a SEM are proportional to the

charge per unit mass of the particle, they are unsuitable for considerablymoremassive ions. Thus, the

focusing and steering of probe ions in the FIB column is performed using electrostatic components,

which depend only on the ion’s charge. To prevent unwanted sample milling, a high-speed beam

blanker, such as a Faraday cup, is used to deflect the beam from the sample. The imaging / milling

resolution ofmodern FIBmicroscopes, such as the Zeiss Auriga used in this work, is primarily limited

by beam-sample interactions to∼ 10 nm.290

A FIB can also be used to deposit metallic or dielectric materials via ion beam induced deposition

(IBID). For the metallic depositions in this work, a gas injection system (GIS) is used to introduce

precursor organometallic molecules to the sample surface where they are adsorbed. In the presence

of an ion beam, these molecules can be disassociated such that the volatile organic components are

sputtered from the sample, leaving a non-volatile metallic deposit on the sample surface. This process

is shown in Fig. 4.7C. Conductive deposits are essential for high-quality sample milling, especially in

the case of disordered nanosheet networks. A homogeneous deposit over the region of interest serves

to smooth the sample surface, which prevents the formation ofmilling artefacts such as curtaining.289

Furthermore, the deposited film acts as a sacrificial layer that protects the sample from destructive

milling by the beam. A similar process utilises the electron beam in place of the ion beam and is often

performed before the IBID process as it is comparatively more gentle. This allows an initial protective

deposit to be formed before the ion beam is used, reducing the chances of sample damage.

Ion-solid interactions are what underpin the imaging and milling functionalities of the FIB micro-

scope. Ions incident on a sample lose their kinetic energy through a variety of elastic and inelastic

interactions with the sample atoms. Through inelastic interactions, known as electric energy loss, the

ion loses energy to the sample electrons. This causes ionization and emission of both electrons and
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electromagnetic radiation from the sample in the form of secondary electrons, x-rays, phonons and

cathodoluminescence.291However, it is the elastic interactions, known as nuclear energy loss, that are

most relevant to sample milling. Here, energy is transferred as translational energy to sample atoms,

leading to their displacement and potential sputtering from the sample surface. According to the col-

lision cascade model, if the energy transferred to a target atom exceeds a critical value known as the

displacement energy (∼ 20 eV), the atom is knocked from its original site leaving a vacancy.292 This

primary recoil atom may have sufficient energy to displace further atoms, generating a volume where

considerable numbers of atoms have excess kinetic energy. If these collisions occur near the sample

surface, these atoms may be emitted from the solid, leading to sputtering. Though the majority of

nuclear energy loses manifest as atomic vibrations and sample heating, a single incident 30 keV Ga+

ion can sputter between 1 - 20 atoms.293 This is the basis of FIB milling, shown in Fig. 4.7B. Sample

sputtering is a highly complex process that depends not only on the beam parameters, such as current

and accelerating voltage, but also on the sample type, orientation, incidence angle and redeposition

of sputtered material. A recent development in the characterisation of nanostructured samples is the

sequential milling and imaging of sample cross-sections to extract three dimensional information on

the samplemorphology and composition. This is known as FIB-SEM tomography and its application

to printed nanosheet networks will form the basis of Chapter 8.
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To achieve great things, two things are needed; a plan, and not

quite enough time.

Leonard Bernstein

5
Solution-Processed Nanosheet Networks &

Their Applications

Networks of solution-processed nanosheets and their composites are undeniably attractive building

blocks for a variety of electronic, optical, thermal andmechanical applications.294–296This stems from

their superlative physical properties, as addressed in Chapter 1. However, as myriad examples in the

literature will demonstrate, the remarkable properties of the constituent nanosheets do not naturally

translate to their networks. This arises from the fact that the electrical transport and mechanical

stability of such networks is now limited by the presence of vdW interfacial junctions between the

nanosheets.297 This is not a fatal indictment, as even in these wholly unoptimised systems nanosheet
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networks demonstrate comparable transport properties to amorphous silicon, organics and nanotube

networks in large-area applications.298 Further, though nanosheet networks display vastly inferiorme-

chanical properties to their constituent nanosheets,299 carefully designed nanocomposites are now

suitably robust such that their excellent storage and catalytic properties can be capitalised upon. This

coming section aims to briefly discuss charge transport in solution-processed 2D networks, followed

by an introduction to nano:nano composites and their potential for electrocatalytic applications.

5.1 Electrical Transport in Nanosheet Networks

The explosion of interest in flexible and wearable consumer electronics has provoked a commensu-

rate level of research into solution-processed thin-film electronics. The unsuitability of silicon due to

restrictive substrate sizes, high costs and prohibitively large processing temperatures has necessitated

the emergence of high-throughput solution-processed films. Networks of organics are at a relatively

mature stage and present the current benchmarks in many applications.300 However, their sensitiv-

ity to environmental conditions means they are predisposed to rapid performance degradation in an

ambient setting.301 This has precipitated significant interest into large area thin-films comprised of

inorganic nanomaterials, owing to their stability, versatility and device performance.

Solution-processed networks of 2D nanosheets offer a variety of advantages over networks of zero-

(0D) or one-dimensional (1D) nanostructures, as shown in Fig. 5.1. Electrical transport in thin films

constructed from 0D nanomaterials, such as quantum dots, is limited by grain boundary densities on

the order of 105 µm−2. Such interfaces are associated with chemical disorder that arises from a termi-

nation of the bulk lattice, surface species and misalignment between randomly oriented crystals.298

These disordered interfaces are detrimental to charge transport, forming trapping sites and transport

barriers,302 as shown in Fig. 5.1A.
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Figure 5.1: Low Dimensional Thin Films: Schema c illustra on of thin films based on A) zero-dimensional (0D), B) one-dimensional
(1D) and C) two-dimensional (2D) nanostructures. The band diagrams reflect both the frequency and amplitude of energe c barriers
to charge transport in each system. [Adapted from Ref. 298]

Films comprised of 1D metallic nanowires have been widely researched due to their potential as

flexible transparent conductors,303 while networks of semiconducting SWNTS have demonstrated

promising performance in biologically friendly integrated circuits.304 However, 1D films are often

limited by relatively incomplete surface coverage, shown schematically in Fig. 5.1B.305 Networks of

2Dnanosheets canpotentially address the shortcomings of their 0Dand1Dcounterparts and thus rep-

resent the ideal geometry for solution-processed electronics.305As shown in Fig. 5.1C, 2Dnanosheets

can be uniformly tiled upon each other solely through vdW forces with atomically-clean interfaces.

Here, the vdWforces that attract adjacent crystals effectively squeeze out trapped contaminants,306,307

which in the optimised limit can mimic the natural interfaces of the parent crystal.308 This network
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geometry is driven by the large aspect ratio of 2D nanosheets and serves to increase the surface cov-

erage and reduce the grain boundary density, while facilitating improved charge transport through

large-area conformal contacts.

5.1.1 NetworkMobility and Interfacial Junctions

Despite their inherent advantages over other lowdimensional nanostructures, a persistent observation

has been the dichotomy between the transport properties of 2D nanosheets and their networks. A

clear demonstration of this was performed by comparing the carrier mobility of printed networks

with the mobility of their constituent nanosheets by Kelly et al. in 2017.191 The network mobility

was found to trail the nanosheet mobility by a factor of 102 − 103 for printed networks of MoS2,

WS2, WSe2 and MoSe2, with the disparity increasing as the mobility of the constituent nanosheets

increased. More generally, while TMD and graphene nanosheets demonstrate mobilities on the order

of 10 - 200 cm2(Vs)−1 and 10,000 cm2(Vs)−1 respectively,9,309 their corresponding networks exhibit

mobilities in the 0.01 – 10 cm2(Vs)−1 range for TMDs and∼ 100 cm2(Vs)−1 for graphene.310,311 As

this discrepancy exists across a variety of preparation and depositionmethods, solvents and nanosheet

types, it is suggestive of an underlying global mechanism.

Charge transport in solution-processed nanosheet networks is limited by interfacial junctions be-

tween adjacent nanosheets. These junctions represent areas where nanosheets are in close contact,

with charge transport across the vdW gap occurring via quantum tunnelling or hopping mechanisms

at low temperatures, and thermal activation above∼ 100 K.312 The deleterious impact of interfacial

junctions on the network mobility can be crudely demonstrated through Matthiessens’ rule by con-

sidering the network mobility as a combination of both the intra- and inter-nanosheet mobilities313
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1
μNetwork

≈ 1
μNanosheet

+
1

μJunction
(5.1)

It is clear fromEqn. 5.1 that a reducedmobility at these junctions has the potential to dominate the

carrier mobility of the overall network. This is of particular relevance to solution-processed networks

where the 2D inks are often polydisperse in nature.314 The resultant networks are often reasonably

well-aligned in the plane of the film, but contain significant porosity and limited basal plane overlap

as a result of the inhomogeneous packing.315 This leads to a broad distribution of junction types and

the formation ofmany point like contacts between nanosheets. In this scenario, the limited nanosheet

overlap is expected to increase the junction resistance and reduce the network mobility.

The role of junctions in the electrical transport of nanosheet networks was recently demonstrated

for networks of MoS2 nanosheets. Published conductivity values for both printed and filtered MoS2

primarily lie in the 10-5 - 10-6 Sm−1 region.316However, Lin et al. have recently reported a spin-coated

networkofhighly-alignedMoS2 nanosheetswith a conductivity of 0.1 Sm−1.308Cross-sectional SEM

images of the networks revealed tiled nanosheets with basal plane contacts that were nearly indistin-

guishable from the natural vdW interfaces. This would be expected to drastically reduce the junction

resistance, leading to the exceptional conductivity mentioned above, as well as a network mobility of

10 cm2(Vs)−1 - approaching that of the nanosheets themselves.308Asimilar improvement in electrical

transport has beendemonstrated in spray coated graphenenetworks throughmechanical compression

of the network by calendering.213 Compression of the deposited networks by a factor of∼ 2 served

to reduce the porosity, while increasing the alignment and basal plane overlap of the nanosheets. The

corresponding decrease in junction resistance (among other surfactant effects) produced a six-fold in-

crease in the network conductivity. Though it is clear that junction effects are a fundamental issue
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limiting electrical transport in 2D networks, they are currently not fully understood. However, we

can look to more mature low-dimensional systems for strategies to mitigate their adverse effect on

charge transport in nanosheet networks.

Semiconducting-SWNT and Colloidal Nanocrystal Networks

Owing to their potential for low-cost macroelectronics, the selective isolation and deposition of semi-

conducting singlewallednanotubes (s-SWNTS)has been an area of intense research for someyears.317

As such systems are broadly analogous to nanosheet networks, some parallels can be drawn to inform

the 2Dcase. Electrical transport in s-SWNTnetworks iswell-reported to be limited by inter-nanotube

junctions, where the transport bottleneck arises from the hopping of charges from one nanotube to

another. This results in s-SWNT networks exhibiting junction resistances that are orders of magni-

tude greater than the resistances of the nanotubes themselves, with charge transport in such systems

often modelled as a random resistor network of inter-nanotube junctions.318,319 What follows is a

length-dependent mobility scaling in s-SWNT networks,320 and thermally activated behaviour that

is associated with inter-nanotube hopping.321 Notably, the junction resistance, and correspondingly

the overall network mobility, is found to be a function of both the junction morphology and the in-

trinsic nanotube properties. As with nanosheet networks, junction morphology and overlap area are

key parameters, with larger area junctions associated with reduced junction resistances and increased

inter-nanotube mobilities.322 Additionally, the network carrier mobility in mixed SWNT networks

has been shown to depend on the nanotube density of states (DOS). Thismanifests as inter-nanotube

junction resistances that varywith nanotube type, from250 kΩ formetallic-metallic junctions to 500

kΩ for junctions between semiconducting nanotubes.323 It follows from this that the carriermobility

in a s-SWNT network will scale with the carrier density, as recently shown by Schießl et al.318 This is
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in agreement with reported nanosheet network data, whereby semiconducting networks with carrier

densities< 1022 m−3 display inferior mobilities to metallic / semi-metallic networks, which generally

exhibit carrier densities≫ 1023 m−3.191,324

Aswith nanotube andnanosheet networks, the carriermobility in colloidal nanocrystal networks is

often limited by inter-crystal hopping.325 However, through the promotion of inter-crystal coupling

by atomic necking, essentially increasing the inter-nanocrystal contact area, the network mobility is

found to increase asymptotically towards that of the individual nanocrystals.326 This result, coupled

with the 2D analogue of large-area tiledMoS2 junctionsmentioned above, offers compelling evidence

as to the importance of junctionmorphology in these disordered systems. However, as with networks

of s-SWNTs, it has been shown that junction effects alone are not sufficient to fully describe charge

transport in these systems. The intrinsic nanocrystal properties must also be accounted for. To probe

this, charge transport in colloidal nanocrystal systems has been widely investigated as a function of

temperature, generally reporting the network conductivity to display Arrhenius-like scaling with tem-

perature, T, such that327

σNet = σ0 exp

−
EA
kBT


(5.2)

where σNet and σ0 are the network conductivity and a constant pre-exponential factor respectively. EA

is the activation energy for the disordered network and can be considered as the energy required to

thermally excite charge carriers to participate in transport. Recent work on sprayed networks of sili-

con nanocrystals by Aigner et al. is of particular relevance here.328 Through temperature-dependent

field effect transistor (FET)measurements, both the network carrier density andmobility were found

to display Arrhenius-like behaviour, each with its own activation energy. Thus, the total activation

energy of the network, EA, can be decomposed into carrier density and carrier mobility components
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as

EA = EA,n + EA,μ (5.3)

where EA,n is related to the thermal excitation of carriers from the Fermi level. The EA,μ term is pro-

posed to describe thermally-activated charge transfer across energy barriers at the nanocrystal inter-

faces.328 An interesting observation is that the charge carrier activation energy, EA,n, is found to be

similar for each of the sprayed silicon networks, even under different testing conditions. Furthermore,

the network carrier density is found to be reasonably similar to the nanocrystal carrier density inmost

networks, but reduced by some scaling factor to account for porosity and percolation pathways.328

In contrast, the mobility activation energy, EA,μ, was found to depend on the specific film and the

experimental conditions. What follows is that, in the simplest case, the network properties that are

material specific are described by the carrier density, while the extrinsic junction related properties

are contained within the mobility. Thus, to rapidly improve the electrical performance of nanosheet

networks, especially TMD networks who share Arrhenius conductivity scaling with temperature,73

the tailoring of their network properties such as alignment, porosity and junction overlap will be key.

5.1.2 Routes to Optimisation

Fortunately, solution-processed nanosheet networks offer a rich parameter space for optimisation.

Though charge transport through the network can be improved by tuning both the nanosheet and

network properties, it appears that alleviating the network-imposed transport bottlenecks offers the

most reward at this point. Numerous strategies are currently being investigated to this end, with

some promising results. As mentioned, post-deposition treatments such as mechanical compression

have demonstrated considerable improvements in the network mobility by increasing the nanosheet
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alignment and basal plane overlap.213 However, though such strategies are compatible with roll-to-

roll processing, it is unclear if the method is applicable to printed devices and vertical heterostacks.

Thermally-driven phase inversion is another post-treatment that has demonstrated potential to tailor

the microstructure of printed graphene films, whereby the network conductivity can be tuned over

an order of magnitude.329 Direct efforts to engineer improved inter-nanosheet contacts are also being

vigorously explored. Solution-phase decoration of TMD nanosheets with gold nanoparticles holds

potential to improve network mobilities, as the nanoparticles preferentially bind at nanosheet edges

and basal plane defect sites.330 A similar molecular approach involves healing sulfur vacancies along

both the nanosheet basal plane and edge sites using thiol molecules.152

One crucial parameter that has received only limited attention is the effect of nanosheet dimension

on the electrical and morphological properties of the resultant network.331 This is especially critical

for printed films, where in the absence of monodisperse inks there will be inhomogeneous packing

and porosity present in the printed traces. Such data could inform on how to deposit well-aligned

and pinhole-free films, with the potential to tune the film morphology as a function of nanosheet

size. Further, changing the constituent nanosheet size will affect both the quantity and nature of the

junctions in the network. For liquid phase exfoliated 2D inks, which are easily prepared and readily

size-selected, this offers a simple means to tune the network properties over an order of magnitude

of nanosheet lateral dimensions. More generally, due to the importance of network morphology and

the plethora of parameters that are known to contribute including; depositionmethod,251 ink formu-

lation,236 processing and post-processing conditions,332 it is essential that a means to quantitatively

characterise these 2D architectures is developed.
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5.2 Nano:nano Composites

Figure 5.2: Nanocomposites: Representa ve schema cs of a A) Tradi onal polymer-matrix nanocomposite reinforced with SWNTs
and B) 1D:2D SWNT-Nanosheet nano:nano composite, showing the discon nuous and porous nature. [Adapted from Ref. 333]

Though nanocomposites have been intensively studied for decades, their nascent roots can be

traced back to the Lycurgus cup in the fourth century AD.334 Comprised of a matrix phase

combined with a nanoscale filler, nanocomposites have infiltrated most facets of modern materials

research. By incorporating trace amounts of nanostructured additives, the physical properties of a

host matrix can be tailored for a desired application. Among the most well-studied nanoscale filler

materials are graphene nanosheets335 and carbon nanotubes,336 which have been used to

significantly improve the electrical, mechanical, and thermal properties of the original

matrices.337–339 The traditional nanocomposite family includes an array of different matrix

materials including polymer, ceramic and metal-matrix composites.340 A property common to each

of these systems is that the additives are embedded in a continuous-phase matrix, as shown in Fig.

5.2A. This paradigm has recently been disrupted by the emergence of a new class of composite,

known as the nano:nano composite.
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5.2.1 1D:2DNano:nano Composites

Nano:nano composites are mixtures of two different nanomaterials, such as carbon nanotubes and

nanosheets, and they present fundamentally different properties to their traditional nanocomposite

counterparts. A model 1D:2D nano:nano composite comprised of SWNTs and nanosheets is shown

in Fig. 5.2B. As both constituents are nanostructured and neither are continuous, the definition of

matrix and filler is no longer determined by structural conditions. Thus, these composites are remark-

ably porous, which lends them to electrochemical applications where electrolyte can be introduced

into the considerable pore volume.341 Indeed, in recent years a menagerie of different nano:nano

composite subclasses have been reported including 0D:1D,342 0D:2D,343 1D:2D,344 2D:2D345 and

even 0D:1D:2D systems,346 primarily for use in applications such as battery or supercapacitor elec-

trodes347,348 or electrocatalytic systems.349

Solution-processed nanosheets represent an ideal candidate for such applications due to the ease

of processing and high material throughput. Owing to their remarkable lithium storage potential,

2D materials are primed to play a role as next-generation anode materials in lithium ion batteries,

with SnP3 nanosheets demonstrating theoretical capacities of 1670 mAh g−1 (c.f graphite 372

mAh g−1).350 The porosity that these networks exhibit is advantageous for applications where

increased accessible surface area is needed for electrolyte insertion or catalysis. However, battery

performance in these networks is often electrically limited by their constituent nanosheets351 and

mechanically limited by their weak vdW bonds.352 Taking MoS2 networks as a model system, one of

the most common approaches has been the addition of conductive graphene nanosheets to form

2D:2D composites. Such systems have demonstrated improved battery performance by augmenting

the network conductivity while preserving the high lithium storage capacity of MoS2.353
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However, it has been proposed that the introduction of metallic SWNTs to form a 1D:2D

nanocomposite will offer significant advantages. It is thought that SWNTs will form conductive

pathways at much lower additive levels than nanosheets, owing to their 1D geometry and flexibility.

Furthermore, by entangling in three dimensions and preventing atomically-clean nanosheet tiling,

1D fillers will increase the network porosity when compared to their 2D:2D counterparts. By

increasing the network conductivity, the limitations on charge transfer between lithium storage sites

and the external circuit are relaxed and markedly improved battery performance is observed.105

Thus, the dominant role played by filler nanomaterials to this point has been to facilitate charge

distribution by augmenting the matrix conductivity. However, it is becoming apparent that

mechanical reinforcement of the network is equally as important.347

Mechanical Reinforcement of Nano:nano Composites

The need for mechanical reinforcement in nano:nano composites is best demonstrated in the case

of electrode materials. An upper limit is imposed on the thickness of solution-processed particulate

electrodes by a phenomenon known as the critical crack thickness (CCT).354 When a thin film of wet

colloidal particles is dried on a rigid substrate, evaporationof the solvent concentrates the particles into

a close-packed array. Further evaporation causes liquid menisci along the top layer of the network to

exert compressive capillary forces on the network. As the film is adhered to the substrate, it resists

deformation in the transverse direction, leading to transverse tensile stresses. In the case of the rigid

nanoparticles in these networks, the film eventually cracks in order to relieve these stresses.355 Theme-

chanical instabilities above this well-defined thickness are clearly an issue to be addressed for battery

and catalytic electrodes, as the thicker the particulate film, the more storage / active sites that are ac-

cessible.356 Similarly, nano-particulate electrode films suffer from mechanical degradation caused by
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repeated cycling. This manifests as electrode fragmentation in battery and supercapacitor electrodes

due to repeated charge / discharge cycles, while gas evolution in catalytic electrodes displays similar

mechanical degradation.357 Traditionally the deterioration of these films has been addressed using

polymer binders.358 However, it has recently been shown that drastically improved mechanical per-

formance can be achieved at significantly lower additive levels by employing nano:nano composites

with mechanically robust fillers, such as carbon nanotubes.359

5.2.2 Nanotube Networks

Figure 5.3: Nanotube Networks: Hierarchical microstructure of the reinforcing nanotube network showing the nature of the network,
the cons tuent bundles, and their junc ons at different length scales. [Adapted from Ref. 360]

Though improved mechanical performance has been demonstrated through the use of robust 1D

fillers such as SWNTs, the underlyingmechanisms are not fully understood. However, some parallels

can be drawn between the reinforcingmechanism in 1D:2D composites and nanotube-only networks

to gain some insight. A network of carbon nanotubes, often referred to as a “buckypaper” in homage

toRichardBuckminster Fuller,361 comprises a network of entangled, branched and randomly aligned

nanotube ropes, as shown in Fig. 5.3A. Both the composition and assembly of the network are known
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to influence the resultant properties.362 As individual SWNTS are very difficult to isolate, a typical

buckypaper is made up of entangled bundles of SWNTs, as shown in Fig. 5.3C.

These bundles comprise close-packed SWNTs bound together by vdW forces. Through a similar

mechanism these bundles can then combine to form entangled nanotube ropes many orders of mag-

nitude longer than the constituent nanotubes, as shown in Fig. 5.3A-B.363 Owing to the superlative

mechanical properties of their SWNTbuilding blocks, these ropes and their entangled networks boast

remarkable mechanical properties, provided the network is dense enough.364 This is the key for me-

chanical reinforcement of 1D:2D nanocomposites. It is known that electrical conductivity in such

systems follows percolation theory, whereby a crucial volume fraction of nanotube additives must be

present before a complete current carrying path spans the sample.340 It is thus plausible that at some

increased nanotube additive level a mechanically robust nanotube network will span the composite

and dominate its mechanical response. Thus, insight into the evolution of the composite mechanical

properties as a function of nanotube additive level will be pivotal to their development as genuine

contenders for energy storage and catalytic applications. Work to address this forms the basis of the

coming chapter.
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Of course it’s exhausting, having to reason all the time in a

universe which wasn’t meant to be reasonable.

Kurt Vonnegut

6
TheMechanical &Morphological Properties of

1D:2DNano:nano Composites

The concept of employing high aspect ratio additives as a reinforcing component can be traced as far

back as 4000 BC.365 Though some 6000 years have passed and the place of mud and straw has been

taken by low-dimensional nanostructures, this strategy remains valid today. Mixtures of 1D carbon

nanotubes and 2Dnanosheets, known as 1D:2Dnano:nano composites, represent an exciting class of

materials for electrochemical applications.270 Comprised solely of nanotube fillers in a nanosheet ma-

trix, 1D:2D composites constitute a paradigm shift from traditional nanocomposite materials as they

contain significant pore volume. As described in Section 5.2.1, the nanosheets provide active material
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for energy storage or catalysis, while carbon nanotubes provide conductive pathways and mechanical

reinforcement. Though the electrical attributes of such composites have been studied,341 the crucial

role their mechanical properties play has only recently become apparent.347 Here, the addition of 1D

fillers was found to drive improved cycling stability in nanosheet-based battery, supercapacitor and

catalytic electrodes.366 However, only a limited number of papers have reported performing mechan-

ical measurements on 1D:2D nano:nano composites,294,345 while none have engaged in mechanistic

analysis. This chapter aims to address this gap by performing detailed mechanical measurements and

analysis on a model 1D:2D nano:nano composite comprising carbon nanotubes in a matrix of MoS2

nanosheets. MoS2was chosen as thematrixmaterial due to its significant potential for electrochemical

applications,367 while single-walled carbon nanotubes (SWNTs)were selected due to their superlative

physical properties.368Crucially, it was also envisioned that nanotube entanglementwould lead to the

formation of fibrous networks and substantial mechanical reinforcement within the composite.369

6.1 Materials &Methods

The bulk powders used in this work were commercially sourced. MoS2 powder was purchased from

Sigma Aldrich (<2 µm, 98%) and P3-SWNTs (1 – 3 atomic % carboxylic acid groups) were acquired

from Carbon Solutions Inc. HPLC N-Methyl-2-pyrrolidinone (NMP) and dimethylformamide

(DMF) were purchased from Sigma Aldrich. Polyester track-etched membranes (PETE, pore size 0.1

µm, 47 mm diameter) and Whatman Anodisc alumina membranes (pore size 0.02 µm, 47 mm

diameter) were purchased from Sterlitech and GEHealthcare respectively.

Nanomaterial dispersions were prepared using liquid phase exfoliation, as outlined in Section 3.1.

MoS2 bulk powder was dispersed in 80 ml of NMP at a concentration of 100 g.l−1. This initial dis-

persion was then tip sonicated for 1 h using a Sonics Vibra-cell VCX-750 ultrasonic processor at 60
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% amplitude. The process temperature was maintained at 7 ◦C using a chiller and the tip action was

pulsed at a 6 - 2 on / off ratio to prevent solvent evaporation and overheating of the horn probe. The

resultant dispersionwas then centrifuged for 1 h at 4900 rpmanddecanted. This step serves to remove

any potential contaminants from the starting powder.221 The retained sedimentwas redispersed in 80

ml of fresh NMP and sonicated for 8 h at 60 % amplitude, with a 4 - 4 tip pulsing action. The pro-

duced dispersion was then centrifuged for 1 h at 1000 rpm to remove unexfoliated material, which

could be subjected to further exfoliation steps to produce additional material. The supernatant was

centrifuged for a further 2 h at 4900 rpm to trap all but the smallest nanosheets in the sediment. The

NMP supernatant was then decanted and theMoS2 sediment in each vial was redispersed in 10 ml of

DMF using an ultrasonic bath (Thermo Fisher Scientific, FB11201, 37 kHz). The concentration of

the MoS2 dispersion was found by filtration onto an alumina membrane and weighing.

P3-SWNT powder was dispersed in DMF at a concentration of 1 g.l−1 using tip sonication. A 20

ml dispersion was sonicated for 2 h using a tapered-probe sonic tip at 25 % amplitude and pulsed at a

6 - 2 on / off ratio. As both the MoS2 nanosheets and P3-SWNTs were dispersed in the same solvent,

composite dispersions of any desired SWNT:nanosheet ratio could be formed by mixing predeter-

mined amounts of each dispersion. In this manner, a series of SWNT:MoS2 composite dispersions

were formedwith SWNTcontent ranging from 0 - 6wt%. Each composite dispersionwas vacuumfil-

tered onto a PETEmembrane and dried overnight at room temperature. Free-standing SWNT:MoS2

composite films were then peeled off and cut into strips 2.5 mm wide. Film thicknesses in the range

of 20 - 50 µm were measured using a digital micrometer with a torque-limiting ratchet stop.

High-resolution images of the prepared films were obtained using a Zeiss Ultra Plus SEM ( 2 - 3 kV

accelerating voltage, 30 µm aperture). ThemeanMoS2 nanosheet length was found using bright field

TEM as described in Section 4.2.2 using a JEOL 2100 TEMoperated at 200 kV. Statistical analysis of
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the TEM-measured flake dimensions was performed by measuring the longest axis of each nanosheet

and assigning it as its length. Raman spectroscopy was performed on the composite films using a

Horiba LabRAM spectrometer with a 632.8 nmwavelength under ambient conditions (0.2 mW, 1.5

µm spot size). A 600 grooves per mm grating was using to achieve a spectral resolution of∼ 1.2 cm−1.

Mechanical measurements were performed using a Zwick-Roell tensile tester (Xforce P, 100 N load

cell) at a strain rate of 0.5 mm.min−1 and 5 mm gauge length. Four-terminal electrical measurements

were performed by patterning equally spaced electrodes onto composite strips using conductive silver

paint. The I-V curve for each sample was then measured using a Keithley 2400 source meter. Each

electrical and mechanical data point is the average of 4 measurements.

6.2 Composite Characterisation

An initial survey was performed to characterise both the SWNTs and MoS2 nanosheets used in this

work. A representative TEM image of the MoS2 nanosheets is shown in Fig. 6.1A, demonstrating

the nanosheets be well-exfoliated two-dimensional objects. The measured mean lateral dimension

of the exfoliated nanosheets was found to be 340 nm using statistical TEM, with the distribution of

measured lengths given in the inset of Fig. 6.1A.Following exfoliation, thenanosheetswere transferred

to dimethylformamide (DMF) to facilitate the blending of composite dispersions and further solution

processing. SEM analysis of vacuum filteredMoS2 networks revealed disordered arrays of nanosheets

that are partially aligned in the plane of the film, as shown in Fig. 6.1B-C. Consistent with previous

reports, these networks appear to contain significant porosity.162

A vacuum filtered network of the commercially sourced P3-SWNTs is shown in Fig. 6.1D. Such

networks are often referred to as “buckypapers” and the heavily entangled and bifurcated character

shown here is well-reported.370 This image is emblematic of the type of reinforcing network pro-

74



Figure 6.1: Materials Characterisa on: A) Representa ve TEM image of liquid phase exfoliated MoS2 nanosheets. Inset: Lateral size
distribu on. B-C) Planar and cross-sec onal SEM images of vacuum filtered MoS2 nanosheet networks. D) SEM image of a vacuum
filtered network of SWNTs.

posed to form in 1D:2D nano:nano composites at large SWNT additive levels, only with larger pores

wherein theMoS2 nanosheets will reside. Dispersions of nanosheets and nanotubes, both suspended

in DMF, were mixed to give composite dispersions for a range of nanotube mass fractions,Mf, from

0 to 6 wt %. The composite mass fraction is given by Eqn. 6.1

Mf =
MNT

MNT +MNS
(6.1)

whereMNT andMNS are themass contributions of the nanotubes and nanosheets respectively. These

composite dispersions were then vacuum filtered to create free-standing films of thickness 20 - 50 µm,
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as shown in Fig. 6.2A. Each film was then cut into strips 2.5 mm wide for electromechanical charac-

terisation, as shown for both a SWNT:MoS2 composite and SWNTbuckypaper in Fig. 6.2B. Raman

spectroscopic analysis on a 6 wt % SWNT:MoS2 composite, shown in Fig. 6.2C, demonstrates the ex-

pected modes associated with both MoS2 and SWNTs. Furthermore, the composite uniformity and

composition can be quantitatively assessed by comparing the relative intensities of the characteristic

SWNT and MoS2 Raman peaks across each sample. Assuming that the Raman signal intensity, or

peak height, for a sample mode is proportional to the mass of that sample under the beam, the ratio

of MoS2 and SWNT intensity peaks can be related to the SWNTmass fraction through Eqn. 6.2

IMoS2
ISWNT

∝ 1
Mf

− 1 (6.2)

where IMoS2 and ISWNT are the peak heights for a given mode of MoS2 and SWNTs in the composite

sample.371 For uniformly mixed SWNT:MoS2 composites it is expected that the peak intensity ratio

will scale linearlywith (M−1
f −1).371This relationship canbe seen to hold in Fig. 6.2D,where the ratio

of the MoS2 (A1g) and SWNT (2D) peak intensities scale linearly with (M−1
f − 1) using values from

20 randomly selected regions across each sample. This demonstrates that the produced composites

were well-mixed with tightly-defined additive loading levels.

The 1D:2D composites in this work differ from more commonly studied systems as they contain

significant porosity. For this reason, the filler volume fraction, φ, is a more meaningful parameter for

analysis. The most simple definition for the SWNT volume fraction is φ = VNT/VFilm, where VNT

andVFilm are the total nanotube and film volumes respectively. As the film volume has contributions

from nanosheets, nanotubes and pores, we can define the film volume asVFilm = VNS + VNT + VP.

Here, VNS and VP denote the total nanosheet and pore volumes. Within this definition the matrix
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Figure 6.2: MoS2:SWNT Composite Characterisa on: Photographs of a A) Vacuum filtered SWNT:MoS2 composite film (6 wt %,
20 µm thick) as well as B) SWNT:MoS2 and SWNT-only strips used for measurements. C) Raman spectrum of a 6 wt % composite
showing modes associated with both MoS2 (E2g and A1g) and SWNTs (RBM, D, G and 2D). An excita on wavelength of 632.8 nm and
spot size of 1.5 µm were used. D) Intensity ra o of A1g and 2D modes showing linearity when plo ed versus (Mf

−1 − 1). E) SWNT
volume frac on plo ed versus SWNT mass frac on. The line is a fit to Eqn. 6.4, which yields a mean film porosity of 56± 1 %.

consists of nanosheets and pores. Under these conditions the SWNT volume fraction can be related

to the mass fraction through Eqn. 6.3, where ρNT and ρFilm are the nanotube and film densities

φ =
VNT

VFilm
=

MNT

MFilm

ρFilm
ρNT

= Mf
ρFilm
ρNT

(6.3)

By measuring the density of all composite films, a mean value of 2080 ± 30 kgm−3 was found.

When combined with the known value of ρNT = 1400 kgm−3, the SWNT volume fraction can be

calculated for each sample, which is plotted against the mass fraction in Fig. 6.2E. By consideration
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of the constituent masses and volumes, as well as the film porosity, φP = VP/VFilm, a relationship

between φ andMf in terms of experimentally measurable quantities and φP can be determined. This

is derived in Appendix A.1 and given by Eqn. 6.4

φ =
(1− φP)

1+
((

Mf
−1 − 1

)(ρNT
ρNS

)) (6.4)

By taking ρNS = 5060 kgm−3,372 and fitting Eqn. 6.4 to the data in Fig. 6.2E amean film porosity

ofφP = 56± 1% is found. This value is similar to those found for both solution-processed nanosheet-

only191 and nanotube-only373 networks. Crucially, the porous nature of these composites primes

them for electrochemical applications, where electrolyte can be introduced into the pore volume.

6.3 Electrical Characterisation

To fully exploit the exceptional charge storage capacity of nanosheet networks for energy storage ap-

plications, it is essential that conductive pathways for charge transport are present. To quantify this

for 1D:2D nano:nano composites, the electrical conductivity of the composite films was measured

as a function of SWNT loading. The effect of nanotube additive level, given in terms of its volume

fraction, φ, is immediately apparent in Fig. 6.3A. An increase from∼ 10-5 Sm−1 for the MoS2-only

network to∼ 8000 Sm−1 for the φ = 9.4 vol % sample is shown.

The dramatic scaling in conductivity with φ shown in Fig. 6.3A is usually described using per-

colation theory. This is a mathematical framework where the network conductivity increases only

above the percolation threshold, φc,e. This corresponds to the critical volume fraction where the first

complete nanotube path spanning the sample appears. Below φc,e there are not enough nanotubes to

form a continuous pathway through the composite and theMoS2 conductivity will dominate. How-
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Figure 6.3: Composite Electrical Conduc vity: A)MoS2:SWNT and MoS2:graphene composite conduc vity as a func on of addi ve
volume frac on, φ. B) Percola on plot of the in-plane MoS2:SWNT electrical data with a fit to Eqn. 6.5.

ever, above this critical threshold a contiguous nanotube network spans the sample and the composite

conductivity, σ, will scale with nanotube volume fraction, φ, as

σ = σe,0(φ− φc,e)
n (6.5)

where σe,0 is related to the conductivity of a nanotube-only network and n is the electrical percolation

exponent. As shown in Fig. 6.3B, this equation fits the data well. The value for the conductivity

of an MoS2-only network is in agreement with previous studies, as is the fitted value of σe,0 ∼ 105

Sm−1 for a SWNT network.371 The value of φc,e = 0.16 % for the percolation threshold is consistent

with theory, which predicts φc,e to be approximately given by the ratio of mean nanotube length to

diameter.374 Such a low value for φc,e also suggests that very little active material needs to be sacrificed

to form a conductive pathway spanning the composite. Notably, the percolation exponent, n = 2.07

± 0.01, is remarkably close to its universal value of 2.0.375 In composites with a continuous phase

matrix, such as a polymer, this exponent is often≫ 2.374 This deviation is attributed to a broad range
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of junction resistances arising from the presence of polymer chains in the vicinity of the nanotube-

nanotube junctions.376,377 Here, the discontinuous nature of the MoS2 nanosheet matrix facilitates

intimate contact of nanotubes at junction sites. This narrows the distribution of junction resistances

and the percolation exponent tends towards 2.0.

To investigate the alignment and orientation of the SWNTnetworkwithin the composite, the out-

of-plane conductivity of aφ ≫ φc,e compositewasmeasured. As shown in Fig. 6.3A, the out-of-plane

conductivity of the 5.8 vol % SWNT:MoS2 composite was found to be∼ 1 Sm−1. This is over three

orders of magnitude less than its corresponding in-plane conductivity, showing these composites to

be highly anisotropic with the nanotubes predominantly aligned in the plane of the nanosheets. In

addition, the in-plane conductivity of a 5 wt % graphene:MoS2 composite was measured to be ∼

10-4 Sm−1. As shown in Fig. 6.3A, graphene additives provide drastically inferior improvements

in conductivity at comparable loading levels to nanotubes. This is consistent with graphene-filled

2D:2D composites exhibiting increased percolation thresholds, on the order of 20 wt %,371 when

compared with nanotube-filled 1D:2D composites. By offering enhanced composite conductivities

at greatly reduced additive levels, this primes 1D:2D nano:nano composites for use in applications

such as catalysis and energy storage.

6.4 Network Formation and CompositeMorphology

Due to the importance of mechanical robustness from an applications standpoint, the unexplored

mechanical properties of 1D:2D nano:nano composites pose a significant gap in the literature. The

MoS2-only filmwas found to be so delicate that it was not possible to extract reliable mechanical data

from it. In fact, it was non-trivial to produce free-standing films of appreciable thickness without the

film fracturing upon drying, as shown in Fig. 6.4A.
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Figure 6.4: Mechanical Reinforcement with φ: Photographs of a A)MoS2-only film and B) 5 wt % SWNT:MoS2 composite. C) Repre-
senta ve stress-strain curves for a subset of 1D:2D nano:nano composites at four different SWNT loading levels.

However, upon addition of just 5 wt % (6.3 vol %) SWNTs, the composite became mechanically

robust to the point that it could be handled and bear a load. This is shown in Fig. 6.4B, where the

film is shown supporting a 30 mg polyurethane cube. Such a transformation would suggest that the

SWNT additives are augmenting the composite mechanical properties. To address this, tensile tests

were performed on a number of composite strips for each volume fraction. A subset of representative

stress-strain curves for four different composite volume fractions are shown in Fig. 6.4B. The com-

posite stress-strain curves are slightly sublinear, displaying a clear increase in stress at all strains as the

nanotube content was increased. By analysing themeasured stress-strain curves it is possible to extract

the composite elasticmodulus, Ec, tensile strength, σc, breaking strain, εc and tensile toughness,Tc, for

each composite volume fraction, φ. This data will be discussed in detail in Section 6.5.

To investigate the mechanism driving this change in the mechanical properties with φ, extensive

SEM characterisation was performed on composite planar surfaces (i.e. top and bottom surfaces of
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Figure 6.5: Nano:nano Composite Evolu on with φ: SEM images of different composite regions at low (top row) and high (bo om
row) SWNT loading levels. A schema c depic ng the region of the composite film being imaged is shown below each pair of images
and marked with an arrow. A-B) Composite planar (i.e. top and bo om) surfaces. C-D) Fracture surfaces, taken perpendicular to the
direc on of applied stress to highlight the thickening and bundling of nanotube fibres. E-F) Surface cracks in the composite films
bridged by nanotubes. G-H) Cross-sec onal images of fracture surfaces to reveal the internal network morphology.

the films) and fracture surfaces for a range of loading levels. Representative images comparing low-φ

(Fig. 6.5 A,C,E,G) and high-φ (Fig. 6.5 B, D, F, H) composites are shown in Fig. 6.5. These images

are arranged into those collected from planar surfaces (A-B), fracture surfaces (C-D), surface cracks

(E-F) and cross-sections (G-H). A representative schematic is shown below each set of images, with an

arrow highlighting the region being imaged. In all cases these images follow a similar narrative.

At the lowest loading levels (Fig. 6.5 A,C,E,G), the images exhibit relatively small numbers of iso-

lated 1Dobjects. Individual nanotubes are rarely found in liquid exfoliated sampleswithout elaborate

centrifugation cascades so these objects likely represent individual bundles of nanotubes.378However,
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for the higher loading level samples (Fig. 6.5 B, D, F, H), all bundles now appear to exist within a

dense network that spans the sample. This high-φ network appears to be comprised of more thick

one-dimensional ropes than those observed for φ < 1 vol %. While it is impossible to determine the

true length of such one-dimensional objects directly from SEM images, it would also appear that the

bundles in the φ > 1 vol % composites are significantly longer than their low-φ counterparts.

Figure 6.6: Nanotube Network Evolu on: A) Schema c of a nanotube bundle showing both its length, LF , and diameter,DF. B)Mean
nanotube bundle length as a func on of volume frac on, φ. Inset: Bundle diameter as a func on of φ. The mechanical percola on
threshold, φc,m , is denoted by the dashed line. C) Schema c of the proposed nanotube network morphology above and below φc,m.

To quantify this transition from isolated individual bundles to a collective network of entangled

fibres, itwasnecessary tomeasure how thedimensions of the imaged1Dfibres scaledwithφ. ASWNT

fibre and its relevant dimensions are shown schematically in Fig. 6.6A. The mean fibre diameter,DF,

was directlymeasured fromSEMimages for anumber ofφ-values above andbelowφ =1vol%. This is

plotted as a function ofφ in the inset of Fig. 6.6B and is initially seen to be invariant withφ, displaying

a value ofDF ∼ 5 nm. However, a smooth increase in the bundle diameter with φ is observed above 1

vol %, withDF reaching 15 nm in the 6.4 vol % composite. This implies that aggregation of individual
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nanotube bundles into thicker fibres becomes important above 1 vol% SWNTs. Directmeasurements

of the fibre lengths were non-trivial as very few fibres were found with both ends visible in a given

SEM image. However, it is possible to indirectly measure the length of the 1D fibres by noting that

the number of fibre ends per unit area on the composite surface, (Nends/A), can be given by

Nends
A

= 2
(
NF

A

)

where (NF/A) is the areal density of fibres. Moreover, we can express the total fibre length per unit

area, (LF,T/A), in terms of this areal density of fibres as

LF,T

A
= LF

(
NF

A

)

where LF is the mean length of the one dimensional fibres in the image. By combining the above

definitions we arrive at Eqn. 6.6

LF = 2
(
LF,T

A

)(
Nends
A

)−1
(6.6)

Crucially, this expresses the mean fibre length, LF, in terms of readily measurable quantities. This

process is described in detail in Appendix A.2. The evolution of LF with increasing nanotube volume

fraction, φ, is shown in Fig. 6.6B. At low values of φ, the mean fibre length is seen to be∼ 1 µm. This

value is typical of small bundles of nanotubes and matches the manufacturer-quoted bundle length.

Interestingly, for φ > 1 vol % the mean fibre length increases sharply with φ, reaching values on the

order of ∼ 70 µm for nanotube loadings of 6.4 vol %. This dramatic increase in LF, coupled with

the comparatively modest increase inDF, has implications for the fibre aspect ratio, (LF/DF). Indeed,
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this parameter is seen to increase from ∼ 200 for composites where φ < 1 vol %, to ∼ 4700 for the

φ = 6.4 vol % sample.

Such an evolution of the reinforcing fibre network would be expected have a considerable effect on

the mechanical properties of the composites. Based on the qualitative SEM evidence and measured

increase in the fibre length with φ, the following narrative is proposed. At nanotube volume fractions

below the electrical percolation threshold, φc,e = 0.16 vol %, the nanotube bundles are either isolated

or exist in small network fragments. In line with percolation theory, it is only when the nanotube

volume fraction reaches φc,e that a connected, current-carrying nanotube network first spans the sam-

ple. However, though conducting nanotube networks exist just above φc,e, they are not thought to be

mechanically robust as the average number of inter-bundle junctions is too low. While a minimum of

two connections per bundle are required to transfer charge, it has been proposed that aminimumof 4

junctions per bundle are necessary for mechanical stability of the network as a whole.379 Thus, there

are a range of volume fractions just above φc,e where the nanotube network is effectively embedded

in the nanosheet matrix. Here, the nascent SWNT network would rely on the nanosheet matrix for

stability, behaving analogously to polymer- or ceramic-matrix composites.

The nature of the nanosheetmatrix in 1D:2D nanocomposites is expected to play a novel part here.

Its ability to constrain reorganization of the nanotube additives during film formation is limited by

its mechanically weak and discontinuous character. Thus, when compared to composites having a

continuous matrix phase, new behaviours are expected to emerge as the nanotube volume fraction is

increased in these systems. It is proposed that a critical value of φ exists where the nanotube network

transforms from a poorly connected and sparse state, to a heavily interconnected, entangled and me-

chanically robust framework. This critical volume fraction is denoted as the mechanical percolation

threshold, φc,m, and the transition can be seen at φ = 1 vol % in the fibre length and diameter data Fig.
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6.6B. This complete network will consist of extremely long fibres comprised of entwined bundles. A

schematic depicting the nature of the network above and below φc,m is shown in Fig. 6.6C.

It is proposed that for φ > φc,m, the mechanical properties of the system are dominated by the

nanotube network, with minimal contribution from the nanosheet matrix. The reinforcing

networks would resemble a nanotube buckypaper, only with larger inter-nanotube pores wherein

the nanosheets and pore volume reside. The data shown in Fig. 6.6B implies that this transition

occurs at ∼ 1 vol %, which will be seen to correlate with the mechanical data in the coming section.

Interestingly, the electrical conductivity data in Fig. 6.3 is completely unperturbed by this

morphological transition at φc,m. This suggests that, although the transition from sparsely

connected bundles to an entangled network has significant mechanical implications, the

current-carrying capability of the network is unaffected.

It is difficult to directly characterise this morphological transition using SEM, as the network struc-

ture is obscured by the presence of MoS2 nanosheets (95 - 99.5 wt % ). However, the morpholog-

ical evolution of dip-coated nanotube networks has been reported by Song et al.380 Here, a flexible

polyethylene terephthalate (PET) substrate was repeatedly dipped into a SWNT dispersion and the

evolution of the deposited SWNT network was observed as a function of the number of dips. After

100 dips, the nanotube networks are sparse and comprised of axially-crossed bundleswhose individual

character is clearly visible. However, after 400 dips the networkmorphology has dramatically changed.

A continuous and entwined network of thick ropes where individual bundles and their ends are no

longer visible now exists. These ropes display crossing, threading and Y-shaped bifurcations that act

like inter-rope junctions, but would be expected to be more robust. It is proposed that a similar evo-

lution in the SWNT network occurs in 1D:2D nano:nano composites as a function of φ.
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6.5 MechanicalMeasurements andModels

Tensile stress-strain curves were measured for each 1D:2D nano:nano composite sample. From these

curves the composite elastic modulus, strength, stress-at-break and tensile toughness can be deter-

mined as a function of SWNT volume fraction, φ. While each of these properties will be discussed, a

central theme across themechanical data is the presence ofφ-dependent discontinuities. These will be

shown to coincide remarkably well with the SWNT network evolution about φ = 1 vol % observed

in Section 6.4. With this transition from weak and sparse to robust and entangled networks in mind,

simple, yet quantitative, models can be developed to describe the mechanical properties of 1D:2D

nano:nano composites.

6.5.1 Young’s Modulus, Ec

The composite elastic modulus, Ec, is plotted as a function of φ in Fig. 6.7. This parameter is given by

the ratio of the tensile stress to tensile strain in the elastic (or linear) region of its stress-strain curve. A

near-linear increase in the composite modulus can be seen up to φ ∼ 1 vol %, while the reduction in

Ec at φ ∼ 1 vol % is indicative of a change in the aggregation state of the filler.381 As φ is increased, the

modulus then trends upwards to reach a value of∼ 1 GPa for the highest volume fraction composite

at 9.4 vol %. Interestingly, the elastic modulus data exhibits a well-defined discontinuity in the region

ofφc,m. This suggests that themechanisms responsible forEc followdifferent regimes above andbelow

this critical nanotube volume fraction.
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Figure 6.7: Composite Elas c Modulus: Plot of the 1D:2D nano:nano composite elas c modulus as a func on of φ. The black oc-
tagon represents a graphene:MoS2 composite, while a SWNT buckypaper is denoted by an orange star. The dashed black line is a fit
of Eqn. 6.9 to the modulus data for φ < φc,m , which yields a mean nanotube bundle aspect ra o of 175± 30. The solid black line is
a fit of Eqn. 6.10 to the modulus data above φc,m and provides a value of EF = 29± 4GPa for the nanotube fibre modulus.

Low-φ ElasticModulus: φ < φc,m

At low SWNT loading, the composite can considered as a sparse network of either isolated or weakly-

connected nanotube bundles suspended in aMoS2 nanosheet matrix. Assuming that some stress can

be transferred at the nanosheet-nanotube interface, themodulus of such a composite can bemodelled

using a version of the rule ofmixtures adapted to incorporate shear-lag theory, as given by Eqn. 6.7340

Ec = η0 ηL EF φ+ EM (1− φ) (6.7)
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where η0 is the filler efficiency factor, ηL is the filler length efficiency factor, EF is the filler modulus

and EM is the matrix modulus. The filler orientation factor describes the orientation and alignment

of the reinforcing fibres throughout the composite.382 The filler efficiency factor is described by Eqn.

6.8 and accounts for the finite length of the reinforcing fibres and the efficiency of stress transfer from

the matrix to the fibres340

ηL = 1− tanh (nLF/DF)
nLF/DF

where : n =

[
2EM

EF (1+ νM) ln (1/φ)

]1/2
(6.8)

where n is a dimensionless constant that is related to the stress distribution along the fibre and νM

is the Poisson ratio of the matrix. By assuming that the modulus of the nanotube fibres far exceed

that of the MoS2 nanosheet matrix, such that EF >> EM, the hyperbolic tangent in Eqn. 6.8 can

be Taylor expanded.383 Through this expansion and substitution of the expressions in Eqn. 6.8 back

into Eqn. 6.7, an expression for the Young’s modulus of a fibre-reinforced 1D:2D composite in the

low-φ regime can be derived

Ec = EM
(
1− φ+

2L2
F

3D2
F

η0
(1+ νM)

φ
ln (1/φ)

)
(6.9)

Eqn. 6.9 is expected to apply to composites with low modulus matrixes, as is the case for 1D:2D

nano:nano composites. It is noteworthy that the composite modulus, Ec, is independent of the fibre

modulus, EF, in this regime. This is in agreement with models developed by Young et al. to describe

the reinforcement of polymericmatrixeswith stiff graphenenanoplatelets,383 aswell as theGuth-Gold

relationship that is often used to model the effect of stiff fillers on the modulus of elastomers.384,385

This can be seen to fit the data well in Fig. 6.7 for φ < 1 vol %. Taking νM = 0.5 and η0 = 3/8

(appropriate when the fillers are aligned in-plane),386 the fit to the data yields a bundle aspect ratio of
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LF/DF = 175 ± 30. This value is in strong agreement with both the SEM-measured values in Fig.

6.6A, and the average bundle aspect ratio given by the manufacturer of∼ 200. Furthermore, this fit

gives a matrix modulus of 16± 2MPa, which is reasonably in line with a previously reported value of

26± 7MPa for the stiffness of a MoS2 nanosheet network.347

High-φ ElasticModulus: φ > φc,m

For composites in the φ > 1 vol % regime, the reinforcing nanotubes are expected to have formed an

entangled network. Analogous to a scaffold, this network is envisioned to bear load independent of

the nanosheet matrix. Clearly, the model developed for the low-φmodulus regime is not appropriate

to such a system. However, the original version of shear-lag theory was designed to describe simi-

lar networks.387 Paper is the archetypal example of a bonded-fibre network and has been extensively

modelled in the literature using shear-lag theory.388 Furthermore, the stiffness of entangled polymer

networks is known to scalewith network density, analogous to increasingφ in these composites.389,390

Provided that a fibre network is adequately dense, its elastic modulus can be modeled by Eqn. 6.10.

This model is fully developed in Appendix A.3.

Ec = η0 EF
(
φ− φc,m

)
(6.10)

where φc,m is the mechanical percolation threshold. This model is fitted to the modulus data for φ >

2 vol % in Fig. 6.7. By taking φc,m = 1.2 vol % and η0 = 3/8, the modulus of the reinforcing fibres was

found to be EF = 29 ± 4 GPa. This value may initially appear low when compared to the reported

modulus of an individual SWNT, on the order of 1 TPa.391 However, the SWNT-networks in this

work are comprised of nanotube ropes or fibres, where the individual SWNTs are nowweakly bound
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to each other through van derWaals forces.392 It has been shown that the Young’s modulus of a given

nanotube fibre strongly decreases with its diameter, with values in the literature ranging from 20 - 100

GPa for SWNT ropes having a diameter of ∼ 15 nm.393,394 Though the fitted value of ∼ 29 GPa

lies within this range, it is worth noting that this model is thought to potentially underestimate the

true fibre modulus.395 The SWNT-only data point sits close to the fitted line in Fig. 6.7, as would be

expected for amodel describing fibre-networks. Themeasuredmodulus of 6.1± 0.7GPa for this free-

standing P3-SWNTbuckypaper is in strong agreementwith similarly prepared buckypapers byWang

et al.396 Interestingly, the graphene:MoS2 2D:2Dcompositemoduluswas similar to the SWNT:MoS2

value at a similar additive level.

6.5.2 Tensile Strength, σc

The tensile strength is a key performance indicator for composite materials that will experience tensile

loads or stretching. The 1D:2D nano:nano composite ultimate tensile strength (UTS) is plotted as

a function of φ in Fig. 6.8. The composites with the lowest additive levels display modest tensile

strengths, on the order of∼ 0.5 MPa. However, the composite tensile strength improved with each

increase inφ, reaching a value of∼ 5.5MPa for the 9.4 vol % sample. Themeasured tensile strength of

∼ 35 MPa for the SWNT-only film is well in-line with published SWNT buckypapers.397 However,

the fact that this value doesn’t lie on the composite trend is quite interesting. When compared to a

buckypaper, the presence of the nanosheet matrix likely increases the mean inter-nanotube distance

and reduces both the selection of available nanotube-nanotube interactions and the total inter-fibre

bonded area. Finally, it is interesting that the tensile strength of the 2D:2D graphene:MoS2 composite

is notably inferior to its 1D:2D equivalent in Fig. 6.8. This is attributed to geometric effects, whereby

SWNT entanglement in the 1D:2D composite dominates its mechanical response.
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Figure 6.8: Composite Tensile Strength: Plot of the 1D:2D nano:nano composite tensile strength as a func on of φ. The black oc-
tagon represents a graphene:MoS2 composite, while a SWNT buckypaper is denoted by an orange star. The dashed black line is a fit
of Eqn. 6.15 to the strength data for φ < φc,m , which yields a matrix:fibre interfacial shear strength of τMF = 4.5± 0.2MPa. The
solid black line is a fit of Eqn. 6.16 to the strength data above φc,m and provides a value of σF = 1.3± 0.1GPa for the strength of
the reinforcing nanotube fibres.

While the composite strength data in Fig. 6.8 demonstrates a slight kink at φ ∼ 1 vol %, what is

equally unusual is thewell-defined sublinear dependence onφ. In continuous-matrix nanocomposites

onewould expect to see the tensile strength increase linearlywithφ forwell-dispersedfillers, or decrease

with additive content if they are poorly dispersed.398 Alternatively, the strength of fibrous networks

is usually described using models developed by Page.399 However, the Page equation implies a near-

linear σc − φ dependence and so is inconsistent with the strength data presented in Fig. 6.8.

Following a comprehensive survey of the literature, a family of models that predict a sub-linear
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σc − φ for fibre-reinforced composites were found.400,401 Within this framework composite failure

can occur via three distinct processes, with each process being dominant for a given angular range, θ,

between the reinforcing fibre and the applied load. These are: (i) fibre failure for low-θ, (ii) interfacial

shear failure for intermediate-θ and (iii) transverse matrix failure in a plane parallel to the fibre axis

at high-θ. To obtain an expression that provided a good fit to the data in Fig. 6.8, the approach of

Lees et al.402 was modified to initially consider only two failure mechanisms. The fibre failure, σFB,

and transverse matrix failure, σMF, components were considered, while the shear failure component

was introduced in an alternativemanner. The two strength expressions considered are associatedwith

failure stresses of

σFB =
σ∥
cos2θ

σTF =
σ⊥
sin2θ

where σ∥ is the strength of a fibre-reinforced composite containing only fibres aligned parallel to the

direction of the applied stress and σ⊥ is the strength of that composite in the transverse direction.

The composite strength, σc, can then be found by averaging these contributions over the appropriate

θ-range to arrive at Eqn. 6.11

σc =
4√σ∥σ⊥

π
(6.11)

This expression can bemade experimentally testable by approximating that the composite strength

in the transverse, or high-θ, direction is equal to the matrix strength, σ⊥ ∼ σM. Furthermore, for an

aligned-fibre composite the in-plane, or low-θ, tensile strength is described by Eqn. 6.12386

σ∥ = ηL,S σF φ+ (1− φ) σM (6.12)
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Here, σF is the nanotube bundle strength and ηL,S is the strength efficiency factor. The efficiency

factor takes one of two values, depending onwhether the fibre length is above or below a critical value,

Lc. The critical length is given by Lc = σFDF/2τMF,403 whereDF is the fibre diameter and τMF is the

shear strength of the matrix-fibre interface. Fibre lengths where LF < Lc will not carry the maximum

load and will result in a reduced value of ηL,S. Thus, we arrive at two separate expressions for ηL,S,

depending on the length of the fibres in the nano:nano composite.404 It is expected that both of the

ηL,S regimes will be relevant for 1D:2D nano:nano composites due to the φ-dependent evolution of

the nanotube network and they are described by Eqns. 6.13 - 6.14

ηL,S (LF < Lc) =
LF

2Lc
(6.13) ηL,S (LF ⩾ Lc) = 1− Lc

2LF
(6.14)

Low-φTensile Strength: φ < φc,m

According to Fig. 6.6B, when the composite volume fraction is below 1 vol % the fibres comprising

the network are nanotube bundles of length ∼ 1 µm. This length is equivalent to the length of the

individual SWNTs, meaning that the constituent nanotubes span the entire bundle. These bundles

would be exceptionally strong, likely having strengths comparable to individual SWNTs. The critical

length for such fibres would then be enormous and the fibre lengthwould be expected to fall far below

this value, such that LF ≪ Lc for φ < 1 vol %. By combining the appropriate form for the length

efficiency factor, given by Eqn. 6.13, with Eqns. 6.11 & 6.12, we arrive at an expression that describes

the tensile strength of 1D:2D nano:nano composites in the low-φ regime

σc (LF < Lc) =
4
π

[
σM τMF φ

(
LF

DF

)
+ σ2M (1− φ)

]1/2
(6.15)

This model is fitted to the composite tensile strength data in Fig. 6.8 for φ < 1.2 vol % and finds
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reasonable agreement. It is notable that Eqn. 6.15 now incorporates the initially omitted interfacial

failure strength component through τMF, the shear strength of the matrix-fibre interface. By fixing

the filler aspect ratio to the value of LF /DF = 175 found in Fig. 6.6B, a value for the interfacial shear

strength of τMF = 4.1 ± 0.2 MPa can be extracted from the fit. While this is in the reported range

formatrix-filler shear strengths,405 it is considerably lower than values of 20 - 60MPa normally found

in polymer-nanotube composites. This is not wholly unexpected for a discontinuous nanosheet ma-

trix. The reduced intimacy between bundle and nanosheet surfaces would be anticipated to result in a

weakermatrix-fibre shear strength.406 Indeed, the τMF presented here ismore comparable to the value

of∼ 2MPa reported for the interfacial shear strength of aMWCNT sliding on a graphite surface.407

The extracted value of σM = 0.14± 0.05 MPa is also reasonably consistent with previous work that

measured the tensile strength of a MoS2 network to be 0.24± 0.06MPa.347

High-φTensile Strength: φ > φc,m

Based on the evidence in Fig. 6.6B, the reinforcing network is now expected to comprise long ropes of

entwined bundles. These ropes will have much lower tensile strengths than individual nanotubes,408

and the fibre length is proposed to greatly exceed its critical value for φ > 1 vol %. In this scenario,

ηL,S ∼ 1, which leads to an expression for the tensile strength of a 1D:2D nano:nano composite in

the high-φ regime

σc (LF > Lc) ≈
4
π
[
σM σF φ+ σM2 (1− φ)

]1/2 (6.16)

Eqn. 6.16 was fitted to the composite strength data in Fig. 6.8 for φ > 1.2 vol %. This yields a

matrix strength value of σM = 0.13± 0.05MPa, consistent with the value of 0.14± 0.05MPa found
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by fitting Eqn 6.15 to the low-φ data. Furthermore, a value of σF = 1.2 ± 0.1 GPa was determined

for the fibre tensile strength. This value is in line with literature reports that show SWNT bundles to

have tensile strengths of a few GPa.409 Combining the fitted values for the fibre strength and matrix-

fibre shear strength shows that the nanotube ropes found in the composite for φ > 1 vol % have

critical aspect ratios of ∼ 200. With reference to the data in Fig. 6.6B, this implies that composite

failure will begin to occur via fibre failure once the volume fraction exceeds 1 vol % and ropes where

LF/DF > 200 are formed. Furthermore, the credibility of the fitted σF value can be tested by using it

to calculate the nanotube-nanotube interfacial shear strength, τNT. This was performed following a

method developed by Vilatela et al.410 Due to the strength of its constituent nanotubes, a nanotube

bundle tends to fail by nanotube pullout or interfacial frictional sliding. Here, under an applied axial

load individual nanotubes will be pulled from their sockets inside a bundle until the bundle fails. By

considering this failure mechanism for a nanotube bundle, a simple expression can be used to relate

its strength, σF, to the nanotube-nanotube interfacial shear strength, τNT. This is given in Eqn. 6.17

σF =
τNTLNT

4DNT
(6.17)

Taking σF = 1.2 ± 0.1 GPa, LNT ∼ 1 µm and DNT ∼ 1 nm yields an interfacial shear strength of

τNT ∼ 4.8 MPa. This value agrees well with the results of Vilatela’s literature review, finding values

centered on∼ 5MPa for graphitic systems.410

6.5.3 Strain-at-Break, εc

The data for strain-at-break as a function of φ is given in Fig. 6.9 and offers compelling evidence for a

change in the nanotube network architecture at φ ∼ 1 vol %. Initially the composite breaking strain
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Figure 6.9: Composite Strain-at-Break: Plot of the 1D:2D nano:nano composite breaking strain as a func on of φ. The black octagon
represents a graphene:MoS2 composite, while a SWNT buckypaper is denoted by an orange star.

is seen to fall-off with φ, decreasing from∼ 2 % at low-φ to∼ 0.5 % at φ = 1 vol %. The composite

strain-at-break is then observed to rise again above φ = 1 vol %, reaching∼ 2 % for the samples in the

4 - 8 vol % range. Interestingly, the composite breaking strainmay fall-off above this nanotube loading

level, with the breaking strain of the SWNT-only film having a value of∼ 1 %, in line with published

values.397

It is difficult to develop quantitative models for the breaking strain in composites, however, some

points can be made based on the data. In the low-φ regime, where the nanotube network is expected

to be weak and poorly connected, a clear falloff in εc is observed with increasing φ. Such behaviour

is typical of polymer-nanotube composites and has been attributed to a number of mechanisms.101
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As an example, the presence of stiff filler particles can constrain the matrix and significantly reduce its

ability to deform.340 This has been demonstrated especially well in the case of soft matrixes, where

the breaking strain of SWNT-elastomer composites has been observed to fall exponentially with in-

creasing nanotube addition.411,412 It is proposed that a similar mechanism is occurring in 1D:2D

nano:nano composites for φ < 1 vol %. As the fraction of rigid nanotube bundles suspended in

the disordered matrix increases, it increasingly constrains its ability to deform.

On the other hand, the increasing breaking strain observed for φ > 1 vol % is extremely unusual

in composite systems. Such behaviour is more commonly observed in networks of one-dimensional

fibres, such as the cellulose fibres found in paper.413A review of themechanical properties of cellulose

fibre networks reveals that the most dense networks, analogous to the highest filler volume fractions

here, exhibit the largest breaking strains.414 This has been shown to be a general phenomenon and

is linked to an increase in the total inter-fibre bonded area with increasing φ.415 Taken together, this

interpretation of the strain-at-break data strongly supports the narrative of a transition between a

short-fibre reinforced composite at low-φ, to a robust and entangled fibrous network at high-φ.

6.5.4 Tensile Toughness, Tc

The composite tensile toughness is the volumetric work done in stretching a sample to failure. The

majority of this work goes towards increasing the elastic potential energy of the stretched sample, and

upon fracture a portion of this energy is used to create a fracture surface. For brittle materials most

of this energy is recoverable if the material is unloaded prior to failure. However, for materials like the

composites studied here, inelastic deformation can occur through irreversible nanotube reorientation

or viscoelastic dissipation.364 In this regime, the work of fracture per unit area,W/A, can be related

to the composite toughness via the sample gauge length, L0, asW/A = f (φ,L0)Tc L0. The sample
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gauge length represents the initial sample length between the clamps of the tensile tester, before any

stress is applied. The fraction of the elastic energy used to create the fracture surface, f (φ,L0), is

expected to depend on both φ and L0, as well as the structural properties of the composite.

Figure 6.10: Composite Tensile Toughness: Plot of the 1D:2D nano:nano composite toughness as a func on of φ. The black octagon
represents a graphene:MoS2 composite, while a SWNT buckypaper is denoted by an orange star. The dashed black line below φc,m is
the average tensile toughness for φ < φc,m. The solid black line is a fit of Eqn. 6.22 to the tensile toughness data for φ > 1 vol %.

The macroscopic composite toughness is plotted as a function of φ in Fig. 6.10. The low-φ data

is roughly invariant with nanotube loading, showing values of ∼ 5 kJm−3. This is interesting as it

suggests that any increases inW/A associated with increasing nanotube content for φ < 1 vol % are

balanced by changes in f (φ,L0). However, above 1 vol % the toughness increases rapidly, reaching

a value of ∼ 45 kJm−3 for the 9.4 vol % sample. It is proposed that W/A increases much faster

than f (φ,L0) in the φ > 1 vol % regime. This is of considerable importance from an applications
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standpoint, where improvements in tensile toughness have been linked to enhanced cycling stability

in 1D:2D battery electrodes.347 While the primary failure mechanism in nanosheet-based electrodes

is crack formation driven by repeated expansion / contraction from charging / discharging cycles, the

tensile toughness is proposed as a reasonable descriptor of the overall durability of these systems.

From the fracture surface images shown in Fig. 6.5D, it is clear that composite failure occurs via

failure of nanotube ropes for φ > φc,m. The most likely mechanism is the pullout of individual

nanotubes from their bundles through a mechanism similar to that described in Eqn. 6.17.416 To

describe the composite toughness,Tc, amodel that considers the total energy associatedwith frictional

sliding of nanotubes from their sockets in bundles is presented. This follows the method of Wagner

et al.417 and is fully developed in Appendix A.4, but the key points will be discussed here. The work

of fracture for nanotubes pulling out from a single bundle can be given by Eqn. 6.18

WBun =
πD2

F L2
NT τNT

96DNT

[
1− DNT

DF

(
1− τMF

τNT

)]
(6.18)

where τMF and τNT are the shear stresses at the matrix-nanotube and nanotube-nanotube interfaces.

The totalwork of fracture canusually be foundbymultiplying this quantity by the number of bundles

crossing the fracture surface, N/A. However, in the vicinity of φc,m not all of these bundles will be

connected to the global nanotube network. These unconnected nanotubes will not fully contribute

to the work of fracture. Accounting for this, the work of fracture for the network, (W/A)Net, can be

expressed as

(
W
A

)
Net

= P (φ)
(
N
A

)
WBun (6.19)

where P (φ) is the fraction of all nanotube bundles connected to the global network. P (φ) is known
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as the percolation probability and scales from P (φ) = 0 at low-φ to P (φ) = 1 at φ = 1. An

expression for the number of bundles crossing the fracture surface is derived in Appendix A.4 as

(N/A) = (4φ) /
(
πD2

F
)
and when combined with Eqns. 6.18 and 6.19, yields the exact expression

given in Eqn. 6.20

(
W
A

)
Net

= P (φ)φ
L2
NT τNT

24DNT

[
1− DNT

DF

(
1− τMF

τNT

)]
≈ P (φ)φ

L2
NT τNT

24DNT
(6.20)

However, from the strength data in Section 6.5.2 itwas found that τMF ≈ τNT, while the nanotube

fibre diameter is expected to exceed the diameter of single nanotubes such that DF >> DNT. This

allows (W/A)Net to be approximated in the form shown to the right of Eqn. 6.20. Though there is

no analytical expression for P (φ) within the percolation theory framework, it can be approximated

as P (φ) = ((φ− φc,m)/(1− φc,m))
k,418 where k is taken as the mechanical percolation exponent.

This form fulfils the boundary conditions onP (φ)mentioned above and allows the composite tensile

toughness to be expressed by Eqn. 6.21

Tc ≈
φ

f (φ,L0)

(
φ− φc,m
1− φc,m

)k
L2
NT τNT

24DNTL0
(6.21)

By fitting the toughness data in Fig. 6.10 for φ > 1 vol %,Tc was found to be directly proportional

to (φ − φc,m)
k. This implies that the fraction of elastic potential energy used to create the fracture

surface is dependent only on φ, at least over the examined φ-range. This produces f (φ,L0) = Cφ,

whereC is a dimensionless constant. Substituting into Eqn. 6.21, a final expression for the composite
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tensile toughness can be derived

Tc ≈
1
C

(
φ− φc,m
1− φc,m

)k
L2
NT τNT

24DNTL0
(6.22)

Eqn. 6.22 is fitted to the 1D:2D composite toughness data in Fig. 6.10 for φ > 1 vol % and finds

strong agreement. Notably, the tensile toughness of the SWNT-only sample is in-line with the φ >

1 vol % trend, as would be expected for a model describing fibre-networks. Taking LNT ∼ 1 µm and

DNT ∼1nm, the fitted line yields values of k =0.47 andφc,m =1.2 vol% respectively. By substituting

the τNT value of∼ 4.8MPa found in Section 6.5.2, it is possible to estimateC ∼ 0.22. As an example,

this implies that at φ = 10 vol %, only 2.2 % of the stored elastic energy is used to create a fracture

surface. Indeed, repeated zipping and unzipping of van derWaals bonds at nanotube-nanotube inter-

action sites, as well as reorientation of entangled nanotubes as the sample is strained has been linked to

strong energy dissipation in nanotube buckypapers.419 Both the toughness data andmodel described

above are particularly interesting froman applications standpoint. The data in Fig 6.10 clearly exhibits

percolation-like behaviourwhereby the composite tensile toughness only increases once the nanotube

volume fraction exceeds 1.2 vol %. Thus, meaningful increases in toughness can only be achieved once

this percolation threshold is surpassed. Crucially, this value is quite low for 1D:2D nano:nano com-

posites. This means that in applications such as battery electrodes where toughness is known to be a

key parameter,347 very little active material must be sacrificed to dramatically enhance the composite

mechanical properties.
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6.6 Conclusions

The electrical, mechanical and morphological properties of a SWNT:MoS2 nano:nano composite

have been studied as a function of SWNT volume fraction, φ, in this chapter. These composites

were found to comprise interpenetrating disordered networks of nanosheets and nanotubes, with φ-

invariant porosities of ∼ 56 %. When coupled with the remarkably low percolation threshold for

conduction of φc,e = 0.16 vol %, this primes these composites for energy storage and catalytic ap-

plications. Comprehensive SEM analysis revealed the reinforcing nanotube network to undergo a

φ-dependent morphological evolution. For nanotube volume fractions below 1 vol %, the nanotube

networkwas found to comprise small bundles with aspect ratios of∼ 200. However, forφ > 1 vol % a

transformation to a more continuous network dominated by extremely long ropes with aspect ratios

of up to 4700 occurs. This transition was found to significantly affect the mechanical response of

the composites. The composite modulus and failure-strain exhibited short-fibre composite behavior

for φ < 1 vol %, while both increased in a manner consistent with fibrous networks for φ > 1 vol %.

The composite tensile strength similarly evolved from a regime limited by the matrix-fibre interface at

low-φ, to one limited by the strength of the nanotube ropes for φ > 1 vol %. Significantly, while the

composite tensile toughness was constant at low-φ, it was found to increase rapidly for φ > 1 vol %,

consistent with percolation theory. Compared to the nanosheet matrix, addition of 5 wt % (9.4 vol

%) nanotubes leads to increases in modulus, strength, and toughness by factors of∼ 55, 70, and 10,

respectively. These increases transform the properties of the material, rendering it robust and suitable

for a range of applications.
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Life is full of doors that don’t openwhen you knock, equally spaced

amid those that open when you don’t want them to.

Roger Zelazny

7
Electrical Transport in Printed Nanosheet Networks

The explosion in demand for wearable and low-cost consumer electronics has catalysed research into

thin-film electronics at a frenetic pace.420 Fortunately, this has coincided with notable developments

in both the solution-phase production of 2D materials and a suite of printing techniques to deposit

them.421 Owing to their unique geometry, processability and diverse electronic properties, networks

of 2D nanomaterials are particularly well-placed to play a central role.298 Indeed, an array of printed

nanosheet devices have already been demonstrated including capacitors, thin-film transistors and solar

cells.422,423 However, despite significant advances the field is still in its nascent phase and considerable

challenges remain before a printed 2D hegemony can be established. Chief among these is that the re-
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markable properties of the constituent nanosheets do not naturally confer to the network, with carrier

mobilities in printed networks often lagging their constituent nanosheets by factors of 102 - 103.191

This dichotomy has been primarily attributed to presence of interfacial junctions between adjacent

nanosheets. Here, charge carriers must tunnel or hop across the vdW gap, stifling their progression

through the network.424 Potential routes towards engineering and optimising these interfaces were

discussed in Section 5.1.2, while a means to augment the electrical conductivity of nanosheet net-

works with SWNT additives was demonstrated inChapter 6. However, fundamental information on

these interfacial junctions in purely 2D networks remains a significant gap in the literature.

The electrical properties of spray-coated LPE nanosheet networks are investigated as a function

their constituent nanosheet length in this chapter. The prevailing narrative is that conductive path-

ways comprised of larger nanosheetswill exhibit fewer junctions and increased network conductivities.

However, any dependence of conductivity on nanosheet length has only been reported in a limited

number of papers and the underlyingmechanisms are not quantitatively understood at present.213,425

This work aims to characterise the electrical conductivity of semiconducting WSe2, semi-metallic

graphene and metallic silver nanoplatelet networks as a function nanosheet length. Networks with

diverse electrical properties were chosen with the expectation that intersheet interactions would vary

as the electronic structure of their nanosheets was altered. Any length-dependent effects would be

of great interest from an applications standpoint, but also to inform future network optimisation.

Further, a simple, yet quantitative model is presented to describe the conductivity response of such

networks in terms of both intrinsic nanosheet and global network properties.
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7.1 Materials &Methods

All bulk powders used were commercially sourced. Graphite powder was purchased from Asbury

(Grade 3763) and WSe2 powder from Alfa Aesar (10 - 20 µm, 99.8 %). Silver nanoplatelets (AgNP)

were bought from Tokusen Nano (N300 and M13). HPLC grade isopropanol, sodium cholate hy-

drate (> 99 %) and a silver nanoparticle dispersion (< 50 nm diameter, 30 - 35 wt % inmethyltriglycol)

were purchased from Sigma Aldrich. Deionised (DI) water was produced in-house (18.3 MΩ.cm).

2D inks were prepared using liquid phase exfoliation, as outlined in Section 3.1. For each material,

the bulk powder was dispersed in 80 ml of deionised water at a concentration of 35 gl−1. This initial

dispersionwas then tip sonicated for 1 h using a Sonics Vibra-cell VCX-750 ultrasonic processor at 60

% amplitude. The process temperature was maintained at 7 ◦C using a chiller and the tip action was

pulsed at a 6 - 2 on / off ratio to prevent solvent evaporation and overheating of the horn probe. The

resultant dispersion was then centrifuged for 1 h at 4900 rpm and decanted to remove any potential

contaminants from the starting powder.221 The retained sediment was redispersed in 80 ml of DI

water and sodium cholate at a concentration of 2 gl−1. This dispersion was then sonicated for 8 h at

60 % amplitude, with a 4 - 4 pulsing action. Exfoliation was performed in water-surfactant as it has

been reported to produce smaller and thinner nanosheets than solvent exfoliated dispersions.212

Each stock dispersion of nanosheets was then size-selected using liquid cascade centrifugation, as

outlined in Section 3.3, using a Hettich Mikro 220R centrifuge (fixed angle rotor). The parent poly-

dispersion was first centrifuged at 500 rpm for 2 h to isolate any unexfoliatedmaterial in the sediment.

Crucially, this can be subjected to a second exfoliation step to producemore nanosheets. The retained

supernatant was decanted and subjected to a second centrifugation at 1000 rpm for 2 h. The trapped

sediment, comprising the largest nanosheets from the dispersion, was then collected and redispersed
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in fresh DI water and sodium cholate (2 gl−1). As these nanosheets were trapped between 0.5 and 1

krpm, the central rpm of this nanosheet fraction was 0.75 krpm. The supernatant was then subjected

to iterative centrifuge cascades, removing the sediment at each step, to isolate the other size fractions.

Nanosheet fractions were trapped at central rpm values of 0.75, 1.25, 1.75, 2.25, 2.75, 3.5, 4.75 and

7.75 krpm. Each size-selected fraction was then redispersed in a reduced volume of DI water and

sodium cholate (2 gl−1). These inks were then transferred to IPA for spraying. To remove the sodium

cholate, each dispersionwas centrifuged for 2 h at 6 krpm (or 15 krpm for nanosheet fractions trapped

above 3 krpm). The supernatant was discarded and the sediment redispersed in fresh IPA. This step

was repeated twice. Extinction spectrawere recorded post-transfer to determine the ink concentration

for each size using previously developedmetrics.125 Thesemeasurements were performed using a Var-

ian Cary 50 UV-Vis spectrophotometer in 1 nm increments using a 4 mm quartz cuvette. The mean

nanosheet length for each size-selected ink was determined using TEMmeasurements performed on

a JEOL 2100 TEM system operating at 200 kV.

Inks were spray coated onto ultrasonically cleaned glass slides at temperature of 70 ◦C using a

Harder and Steenbeck Infinity Airbrush attached to a Janome JR2300N mobile gantry. A N2 back

pressure of 45 psi, nozzle diameter of 0.4 mm and stand-off distance of 100 mm were used. Each

sprayed trace was patterned into 1× 4.5 mm bars using stainless steel masks and annealed overnight

under vacuum at 80 ◦C to remove residual solvent. Silver nanoparticle top electrodes were patterned

onto each printed trace using an aerosol jet printer (Optomec AJP300). The samples were again an-

nealed overnight at 80 ◦C to sinter the silver nanoparticle electrodes. Electrical characterisation was

performed under ambient conditions using a Keithley 2612A source meter connected to a probe sta-

tion. Two-terminalmeasurementswere used on all samples, except the printedAgNPs, where 4-probe

measurements were employed. Trace thicknesses were measured using a Bruker Dektak stylus pro-
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filometer (19.6 µN force). To ensure stylus contact was not damaging the printed networks, thickness

measurements were repeated over the same trace to ensure successive values were comparable and rule

out stylus burrowing. Raman spectroscopy was performed on the deposited traces using a Horiba

LabRAM spectrometer with a 532 nm wavelength under ambient conditions. SEM was performed

using a Zeiss Ultra Plus SEM at an accelerating voltage of 2 - 3 kV.

7.2 Ink Preparation & Characterisation

Solution processed inks for each of the materials studied in this work are shown in Fig. 7.1A-C. An

initial TEM survey was performed on each 2D ink, with representative images shown below their

parent ink in Fig. 7.1. The nanosheets, indicated by regions of darker contrast, were found to be

well exfoliated two-dimensional objects in all cases. The AgNPs shown in Fig. 7.1C were synthesised,

rather than delaminated from a parent crystal. This confers a triangular shape and increased thickness

when comparedwith themore thin and rectangularWSe2 and graphene nanosheets in Fig. 7.1A-B.426

An intrinsic feature of the liquid phase exfoliation (LPE) process is that the produced dispersions

are highly polydisperse, with broad distributions in both lateral size, lNS, and thickness, tNS.330 To

characterise the influence of nanosheet dimension on the electrical properties of their printed

networks, it is necessary to sort the nanosheet fractions into tightly selected bands in both length and

thickness. For each material, the stock dispersion was subjected to liquid centrifugation cascades

(LCC) to produce a subset of size-selected inks. As nanosheet length and thickness are intrinsically

coupled in LPE through nanosheet mechanics, nanosheets that are smaller in lateral dimension will

also be more thin.223 This is important from a printed electronics standpoint as the electronic

bandgap scales with layer number in semiconducting TMDs.427 Here, any distribution in nanosheet

thickness will lead to local spatial variations in bandgap, which can cause charge carrier trapping and

108



Figure 7.1: Solu on-Processed 2D Inks: Photographs and representa ve TEM images of A)WSe2 , B) Graphene and C) Silver
nanoplatelet inks and nanosheets respec vely.

adversely affect reproducibility.428 Thus, it is essential to trap nanosheet sizes into tightly confined

bands. Extinction spectra were recorded for each size-selected ink to assess both the nanosheet

dimensions and ink concentrations. As shown in Fig. 7.2, the effect of nanosheet size has a

considerable effect on its electronic properties.

TMDs are rich in excitonic features, as can be seen for the size-selectedWSe2 inks in Fig. 7.2A. As

nanosheet edges and basal planes are electronically distinct, they exhibit different absorbance coeffi-

cients at a given wavelength. This allows the nanosheet length, lNS, to be inferred from different peak

intensity ratios.429 Furthermore, themeannanosheet thickness in a given ink, tNS, can be correlated to

energetic shifts in excitonic transitions. This arises from quantum confinement and screening effects

as the number of layers is reduced.430 The lowest energy energy transition, known as the A-exciton,

is of particular relevance in this work and is seen to blue-shift with decreasing nanosheet size in Fig.
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Figure 7.2: Size-selected Ex nc on Spectra: UV-vis ex nc on spectra for size-selected inks of A)WSe2 nanosheets, normalised to
the local minimum at 275 nm and B) Graphene nanosheets normalised to the dimension independent plateau at 800 nm

7.2A. In graphene, the absorption response in the longwavelength region (> 550 nm) is independent

of nanosheet dimension, depending only on the mass of graphene present.431 However, at higher en-

ergies the π−π∗ peak appears and it is well-reported that the ratio of this peak to the long wavelength

plateau increases with decreasing nanosheet thickness, as shown in Fig. 7.2B.125 While the UV-vis

data in Fig. 7.2 is indicative of families of size-selected inks for each material, the nanosheet length for

graphene cannot be determined without Ramanmeasurements. Furthermore, though spectroscopic

metrics for WSe2 have recently been published, they are only applicable for nanosheet thicknesses≤

10monolayers.432Thus, statistical TEMwas used to determine themean lateral nanosheet dimension

in each size selected ink, with the results for WSe2 and graphene given in Fig. 7.2.

A set of size-selected WSe2 inks is shown in Fig. 7.3A, where the rich colour is indicative of the

formation of relatively thin, semiconducting nanosheets.259 The concentration of each of these inks

was determined from its extinction spectrum using the Beer-Lambert law and metrics developed by

Harvey et al.433 Both the nanosheet length and yield for each trapping band is plotted as a function of

central rpm in Fig. 7.3B.Here, the total nanosheetmass sedimented at each step of the LCCprocess is
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seen to fall approximately with rpm-1. A similar trend is shown for nanosheet length, lNS, as predicted

by theory.219 This demonstrates the LCC process to facilitate selective production of 2D inks with

nanosheet lengths spanning an order of magnitude: WSe2 inks exhibited lNS values of∼ 450 - 50 nm,

while the graphene nanosheet fractions were∼ 950 - 100 nm in lateral dimension.

Figure 7.3: Ink Proper es: A) Photograph of a family of size-selected WSe2 inks. B) Plots of the mean nanosheet yield and length
for each size-selected ink as a func on of trapping speed. C) Plot of nanosheet length, lNS , and thickness, tNS. Inset: TEM-measured
lateral size-distribu on for a WSe2 ink. D) Representa ve Raman spectra for sprayed traces of WSe2 and graphene.

As centrifugation separates by mass, graphene will generally demonstrate larger nanosheet lengths

than TMDs at a given trapping speed. Graphene sheets have a lower density than WSe2 and will be

thinner for a given length. Furthermore, the conjugated C-C bonds along the graphene basal plane
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reduce sonication-induced scission.223,434 The data in Fig. 7.3B is important from an applications

standpoint as it serves to inform ink formulation for two of themost commonly used 2Dmaterials (as-

suming 2.4 g of bulk powder). The nanosheet thickness, tNS, was inferred for a subset of the graphene

and WSe2 inks using spectroscopic metrics.125,432 A number of the nanosheet fractions used in this

work had thicknesses that exceeded 10 monolayers, which is beyond the scope of the metrics. The

nanosheet thickness is plotted against its length for the samples within the range of the metrics in Fig.

7.3C.Here, a well-defined relationship between nanosheet length and thickness can be seen across the

size-selected inks, as predicted for LPEnanosheets through nanosheetmechanics.223This implies that

the nanosheet aspect ratio, k = lNS/tNS, is well-defined for both graphene andWSe2, demonstrating

values of ∼ 50 and ∼ 30 respectively. A representative distribution of TEM measured lengths for

a size-selected WSe2 ink is shown in the inset of Fig. 7.3C. Raman spectroscopy was performed on

sprayed traces of each ink for compositional and environmental analysis. The Raman peaks for each

material, shown in Fig. 7.3D, were as expected and exhibited minimal oxidation effects or degrada-

tion. With the properties of the inks and their constituent nanosheets characterised, each sample was

then prepared for deposition. To ensure dispersion stability and consistent deposition, each ink was

diluted to a concentration of 0.35 gl−1. This concentration was found to prevent aggregation within

the ink while facilitating repeatable and homogeneous trace deposition.435,436

7.3 NetworkDeposition &Optimisation

With an optimised set of size-selected inks for eachmaterial, nanosheet traces could then be deposited.

Spray coating was used due to the reduced procedural complexity when compared with other preva-

lent techniques, such as inkjet (IJP) and aerosol jet printing (AJP). Crucially, this allowed each ink to

be deposited under identical process parameters; IJP is limited to smaller nanosheet sizes to prevent
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nozzle clogging,251whileAJP is amultifaceted process where it is difficult to ensure a constant process

environment across samples.239 By optimising the deposition process, uniform traceswere printed for

each ink, as shown for a sprayedWSe2 network in Fig. 7.4A. Each of the printed films were found to

be homogeneous and continuous on a macroscopic length scale.

Figure 7.4: Sprayed Nanosheet Networks: A) Op cal microscope image of a sprayed WSe2 nanosheet network. B) Representa ve
profilometry scan across the printed trace showing a trace height of 1.1 µm and width of 1mm C) Silver nanopar cle electrodes,
aerosol jet printed onto the WSe2 network. D) SEM images of a printed WSe2 network and a sintered Ag nanopar cle electrode.

It is important to note that despite this macroscopic uniformity, printed nanosheet networks are

well-reported to exhibit local disorder and porosities on the order of 50 %.191 Following deposition,

each tracewas annealedunder vacuumat80 ◦Cto remove any residual solvent fromthenetwork. Glass

was chosen over flexible substrates, such as PVA / Al2O3-coated polyethylene terephthalate (PET), as

part of an attempt to alleviate the contribution of substrate roughness to the network morphology.

Furthermore, a rigid substrate facilitated more accurate profilometry measurements on the sprayed
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traces. This is reflected in Fig. 7.4B, were a representative profilometry trace is shown for a 1.1 µm

thickWSe2 network.

To assess the in-plane conductivity, silver nanoparticle electrodes were aerosol jet printed onto

each of the 2D traces, as shown in Fig. 7.4C. This facilitated in situ control over the electrode di-

mensions for each sample. Top electrodes were employed to closely follow the surface topography

and improve the contact interface, as interfacial effects are known to influence the performance of

printed heterostacks.437 By optimising the deposition parameters and ink viscosity, the printed silver

linewidth was reduced to∼ 15 µm for electrode thicknesses of∼ 1 µm. This enabled interdigitated

silver nanoparticle electrodes (IDEs) of varying channel dimensions to be designed and printed on

demand. For theWSe2 trace shown in Fig. 7.4C, a channel length of 70 µmwas used. SEM images of

a printedWSe2 network and silver nanoparticle electrodes are shown in Fig. 7.4D. The 2D network is

seen to comprise nanosheets primarily aligned in the plane of the film, and exhibits significant poros-

ity. The effect of electrode annealing is also clearly shown, where at temperatures as low as 80 ◦C the

individual Ag nanoparticles are seen to coalesce. This enhances the electrode conductivity by a factor

of∼ 50, towards values of∼ 106 Sm−1, but also improves the network-electrode interface.

7.4 Conductivity ScalingwithNanosheet length, lNS

To fully optimise the electrical properties of solution-processed 2D networks, it will be necessary to

characterise the influence of both the constituent nanosheets and global network. While these are

distinct sources, their contributions are likely intertwined. Changing the nanosheet dimensions will

alter the number of interfacial junctions along a given path, and likely themorphology of the network

as awhole. Further, as nanosheet thickness and length are intrinsically coupled inLPEnanosheets, any

changes in lNS will also modify tNS.223 Thus, characterising the conductivity response as a function
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of nanosheet length represents an initial, but required, step towards understanding these complex

disordered systems. Crucially, any dependence on nanosheet length would open immediate avenues

for network optimisation, owing to the ease withwhich nanosheets can be size-selected through LCC.

The coming sectionswill brieflydescribe the length-dependent conductivity response inprintedWSe2,

graphene and silver nanoplatelet networks. Thiswill be followedby the development of a conductivity

model and a more detailed discussion of the electrical transport in these 2D networks.

7.4.1 SemiconductingNetworks: WSe2

WSe2was chosen as the initialmaterial as it is among themost conductive of the layeredTMDs andhas

demonstrated promise in device applications.438 Traces on the order of 1 µm thick were printed for

each size-selected ink and patterned with silver electrodes as shown in Fig. 7.4A & C. Representative

I-V curves for a subset of the sprayed WSe2 networks are shown in Fig. 7.5A. The in-plane electrical

conductivity of sprayedWSe2 networks is plotted as a function of nanosheet length, lNS, in Fig. 7.5B.

The data is striking, showing the network conductivity to fall significantly as the length of the con-

stituent nanosheets is reduced. Indeed, as lNS is reduced from 462 nm to 62 nm, the conductivity of

the printed network is seen to decrease by a factor of∼ 10 from∼ 1× 10-3 Sm−1 to 2× 10-4 Sm−1.

Notably, the conductivity data for the largest nanosheet sizes is in agreement with values on the or-

der of∼ 10-3 Sm−1 reported for similarly prepared films.191 In this work, the authors removed all but

the largest WSe2 nanosheets such that the mean dimensions were lNS ∼ 330 nm and tNS ∼ 13 layers.

Though no directly comparable data is available for smaller WSe2 nanosheets, Higgins et al. reported

transport in similar semiconductingWS2 networks to become impaired as nanosheet size is reduced.73

Toensure that the trend exhibited by the sprayed datawas not an artefact of the depositionprocess, the

studywas repeated by aerosol jet printing theWSe2 traces. As shown in Fig. 7.5B, networks deposited
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Figure 7.5: Printed WSe2 Networks: A) Representa ve I-V curves for a subset of sprayed WSe2 traces. B) Plot of the in-plane conduc-
vity of printed WSe2 networks as a func on of mean nanosheet length, lNS. The red line is a fit to Eqn. 7.2. C) Plot of the in-plane

conduc vity as a func on of mean nanosheet thickness, tNS.

from the same inks show reasonable agreement between the two deposition techniques, suggesting

the dependence to be material-driven. As mentioned, lNS and tNS are intrinsically coupled for LPE

nanosheets through an equipartition of the energies required to peel nanosheets from a parent crystal

and to induce nanosheet scission by breaking intralayer bonds.223 Thus, the conductivity data shows

a similar trend with nanosheet thickness, tNS, in Fig. 7.5C.

Interestingly, the data in Fig. 7.5B falls in linewith the axiom that a reasonablywell-alignednetwork

of large nanosheets will be more conductive than a similar network comprised of smaller nanosheets.

This is generally attributed to the reduced number of interfacial junctions that a charge carrier will ex-

perience when crossing the network.331 However, it has also been reported that the WSe2 nanosheet

mobility increases by over three orders ofmagnitude as the nanosheet thickness increases from 1 to 10

monolayers.439 Indeed, a degree of scatter in Fig. 7.5B&Ccan likely be attributed to thickness-driven

mobility and bandgap scaling.427 TheLCCprocess traps a distribution of nanosheet sizes in each frac-

tion, meaning inks comprised of few-layer nanosheets will demonstrate a distribution of nanosheet

thicknesses and correspondingly, bandgaps. This can lead to spatial variations in bandgap across a

printed trace, which has been linked to charge trapping and increased interfacial energy barriers.440
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Crucially, this suggests that the dimension-dependent conductivity scaling in Fig. 7.5B &C is driven

by both intrinsic and interfacial effects.

7.4.2 Semi-Metallic Networks: Graphene

Following WSe2, the length-dependent conductivity of printed graphene networks was investigated.

An initial SEM survey was performed on each sample to assess the character of both the interfacial

junctions and global network as a function of nanosheet length, lNS.

Figure 7.6: Graphene Network SEM: High resolu on images of spray coated graphene nanosheet networks comprised of A) 947 nm,
B) 630 nm, C) 241 nm, D) 215 nm, E) 185 nm and F) 105 nm long nanosheets.

As shown in Fig. 7.6, printed nanosheet networks exhibit a disordered morphology with consider-

able porosity. This leads to an array of different nanosheet / nanosheet interfaces and a broad range

of junction resistances. Each image in Fig. 7.6A - F was captured at the same scale to give a qualitative

idea of how the network changes as the nanosheet dimension is changed from large to small.
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Figure 7.7: Printed Graphene Networks: A) Sprayed graphene trace with AJP silver nanopar cle top electrodes. The various channel
lengths used to measure the network conduc vity are denoted by green arrows. B) SEM image of the network / electrode interface.
C) Representa ve I-V curves for printed graphene networks of each nanosheet size. D) Plot of the network resistance as a func on of
channel length, where the network / electrode contact resistance,RC , is given by the y-intercept. E) Plot of the in-plane conduc vity
of printed graphene networks as a func on of mean nanosheet length, lNS. The red line is a fit to Eqn. 7.2.

For electricalmeasurements on graphene networks the interdigitated electrodes used forWSe2were

replaced by parallel electrodes spaced over a few millimetres, as shown in Fig. 7.7A. This stems from

the inherently higher conductivity of graphene.441 A high resolution SEM image of the electrode /

network interface is shown in Fig. 7.7B to highlight both the intimacy of the interface and resolution

of the printed silver lines. Representative I-V curves for each of the size-selected graphene networks are

shown in Fig. 7.7C. The measured network resistance at each inter-electrode separation, or channel

length, was found from its I-V curve for each sample. This is plotted in Fig. 7.7D, where the sample

resistance is seen to decrease linearly as the channel length is reduced. From the y-intercept a mean
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contact resistance value ofRC = 31± 4Ω is extracted. When normalised to the area of the electrode /

network interface, this translates to a specific contact resistance of 14± 2mΩ.cm2. This suggests that

the AJP silver nanoparticle electrodes are in intimate contact with the graphene network. The length-

dependent in-plane conductivity for sprayed graphene networks is plotted in Fig. 7.7E. Crucially, this

data appears to refute the narrative that longer nanosheets lead to fewer junctions and an increased

network conductivity - at least for LPE nanosheets over the considered length range.

The conductivity data in Fig. 7.7E exhibits a clear trend with lNS
−1, increasing from∼ 767 Sm−1

to ∼ 3574 Sm−1 as the nanosheet length is reduced from 947 to 105 nm. Though the conductiv-

ity data in Fig. 7.7E may initially seem counterintuitive, a number of physical mechanisms are likely

contributing to this lNS
−1 scaling. The conductivity of graphene nanosheets is known to fall with

increasing nanosheet thickness,442 while the inter-nanosheet junction resistance has been observed to

increase with tNS.443 Indeed, the carrier mobility in printed networks of electrochemically exfoliated

(EE) graphene nanosheets has been reported to scale inversely with the constituent nanosheet thick-

ness.444Here, the increasednetworkmobility is attributed to superior flexibility in thinner nanosheets.

As the nanosheet bending modulus scales with tNS,445,446 thin nanosheets are more supple and will

facilitate conformal overlap with neighbouring nanosheets and improved junction quality. Notably,

while sprayed networks of LPE graphene exhibit a lNS
−1 conductivity scaling in this work, the inverse

has been reported for printed networks of electrochemically exfoliated r-GO, where lNS and tNS are

not intrinsically coupled.425 Similarly, screen printed networks of LPE graphene have demonstrated

both behaviours as the nanosheet length is changed.213 This suggests that though nanosheet length

is an important parameter, the aspect ratio and junction quality also hold considerable influence over

charge transport through the network.
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7.4.3 Metallic Networks: Silver Nanoplatelets (AgNP)

Finally, an initial study on the length-dependent conductivity in printed silver nanoplatelet networks

was performed. Silver nanoplatelets (AgNPs) have emerged as a more economical and device-friendly

alternative to silver nanoparticles for printed conductors.447 This arises from their 2D geometry,

which facilitates both reduced printing passes and annealing temperatures (∼ 150◦C) to form a

conductive trace. Two stock AgNP dispersions were commercially sourced from Tokusen nano

(N300, lNP ∼ 300 - 500 nm and M13, lNP ∼ 1 - 3 µm). These stock samples were redispersed in DI

water and size-selected using a shortened centrifugation cascade. The size-selected inks are shown in

Fig. 7.8A, where a clear colour change can be seen as the size of the constituent nanoplatelets is

reduced due to light scattering.264

Figure 7.8: Printed Silver Nanoplatelet Networks: A) Size-selected vials of AgNP inks. B) SEM images of two size-selected networks
(lNP = 890 nm and 330 nm) taken at same scale. C) Plot of the in-plane conduc vity of printed AgNP networks as a func on of
mean nanoplatelet length, lNP. The red line is a fit to Eqn. 7.2.

Each size-selected AgNP ink was diluted to a concentration of 5 gl−1 for spraying and owing to

the unsuitability of glass substrates for water-based dispersions, PET was used. Here, the substrate
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temperature was increased to 90 ◦C to expedite solvent evaporation. To compensate for the increased

substrate roughness, each trace was printed∼ 3 µm thick to improve the signal-to-noise ratio in pro-

filometry measurements. Comparative SEM images of sprayed AgNP networks for nanoplatelets of

different lengths are shown in Fig. 7.8B. The images were captured at the same scale to highlight the

changes in both the average nanoplatelet size and network character. In both cases theAgNPs are seen

to be primarily aligned in the plane of the film. However, both networks display a significant degree

of porosity and a broad range of junction types, in line with the WSe2 and graphene networks.

As with graphene, the AgNP data in Fig. 7.8C exhibits a clear scaling with lNP
−1, increasing from

∼ 4× 105 Sm−1 to∼ 3× 106 Sm−1 as the averageAgNP lengthwas reduced from880 nm to 128 nm.

While the AgNPs used here are not layered materials, initial AFM data suggests that the AgNP aspect

ratio remains broadly constant as their length is reduced. This may suggest that the nanoplatelets

conform to each other more favourably as they are thinned or that the packing uniformity increases

with decreasing lNP. Thus, while theWSe2 networks conform to the narrative that longer nanosheets

will result in fewer interfacial junctions and produce higher network conductivities, the conductive

graphene and AgNP networks diverge from this. To address this, a simple yet quantitative model

was developed to describe the dimension-dependent scaling in terms of both nanosheet and network

properties. This model is fully derived in Appendix A.5 but the key points will be discussed here.

7.4.4 Nanosheet Network ConductivityModel

It is first assumed that charge carriers flow alongwell-defined conductive paths through the nanosheet

network, as shown in Fig. 7.9A. Such a path can be considered as a series of voltage drops across both

nanosheets and their interfacial junctions. Thus, the fundamental unit of this current path is the

nanosheet / junction pair, where for every nanosheet that an electron traversing the network crosses,
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Figure 7.9: Nanosheet Network Model: A) Schema c of a current path through a nanosheet network. B) This path represented as a
series of of voltage drops across nanosheet / junc on pairs. Each pair consists of a nanosheet and interfacial junc on, each with a
resistance ofRNS andRJ respec vely.

itmust also pass through a junction. Acurrent path through thenetworkwill be comprisedofmanyof

these nanosheet / junction pairs in series, as shown in Fig. 7.9B.Here, a voltage is dropped across both

the nanosheet and junction, each having resistances of RNS and RJ respectively. Thus, the network

conductivity, σNet, is limited by both the conductivity of individual nanosheets, σNS, and by parasitic

junction resistances as the electrons tunnel or hop across the vdW gap between nanosheets.312 By

equating the time taken for an electron to traverse the entire network with the time taken for it to

cross every nanosheet / junction pair in a current path that spans it, a simple model for σNet can be

derived. This is shown explicitly in Appendix A.5 and its form is given by Eqn. 7.1

σNet ≈
σNS φβ[

1+
RJ

RNS

] [
1+

k
lNS

3 nNS

(
RJ

RNS

)α] (7.1)

where φ is the nanosheet volume fraction, β is a percolation exponent, k = lNS/tNS is the nanosheet

aspect ratio and nNS is the nanosheet carrier density. The term
(
k/nNS lNS

3)−1 represents the average

number of charge carriers per nanosheet. Crucially, this model describes the conductivity response
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of a LPE nanosheet network in terms of both material and network properties. While the network

conductivity will clearly exhibit a dependence on the conductivity of the constituent nanosheets, σNS,

it will similarly depend on the volume fraction of nanosheets in the network, φ. Printed nanosheet

networks arewell-reported to contain significant porosity, whichwill affect the nature of the junctions

in a network.191 For low-φ values the network is likely to be disordered and exhibit a wide range of

different junction types. However, as φ approaches ∼ 1 the network will tend towards well-aligned

nanosheets with large-area and conformal basal plane junctions. Such a transitionwould likely reduce

the junction resistance, RJ, and increase the network mobility, μNet. Indeed, this effect was recently

demonstrated by Lin et al. where a highly-aligned network ofMoS2 nanosheets was shown to exhibit

carrier mobilities approaching the nanosheet value, μNS.
308

The interplay of the nanosheet and junction resistances, RNS and RJ, plays a similarly significant

role. For highly conductive materials, such as graphene, the junction resistance is proposed to greatly

exceed the nanosheet resistance such that RJ ≫ RNS. Networks from the TMD family may exhibit

different behaviours, depending on the doping level and intrinsic resistance of the nanosheets. The

exponent α determines the degree of influence that the ratio RJ/RNS has on the network. Crucially,

nanosheet-specific properties such as nanosheet length, lNS, carrier density, nNS, and aspect ratio, k,

are used. The nanosheet resistance,RNS, is a difficult quantity to find published values for. However,

by approximating the nanosheets as squares, RNS can be expressed in terms of intrinsic nanosheet

properties asRNS = k/
(
nNS e μNS lNS

)
. This allows Eqn. 7.1 to be expressed as

σNet ≈
nNS e μNS φ

β[
1+

RJ nNS e μNS lNS

k

] [
1+

k
lNS

3 nNS

(
RJ nNS e μNS lNS

k

)α] (7.2)

It must be noted that this model is currently an approximation as it only considers a single current
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path through the nanosheet network. Charge carriers in disordered 2D networks will likely travel

through a number of different current paths simultaneously in parallel. This more complex network

topology is neglected by Eqn. 7.2 in its present form. However, in the absence of quantitative data on

the internal morphology of these 2D architectures, it is hoped this simplified approximation can be

used to provide insight into the mechanism of conduction.

ConductivityModel: WSe2

This model is fit to the sprayed WSe2 data in Fig. 7.5B and finds reasonable agreement. Significantly,

given the just themeannanosheet length, lNS, thickness, tNS, andnetwork conductivity, σNet, estimates

for the nanosheet mobility, carrier density or junction resistance can be extracted. To fit the data

the nanosheet carrier density was fixed at nNS = 3 × 1019 m−3, which is well within the range of

reported values of 1018 - 1022 m−3 for WSe2.448,449 Furthermore, the nanosheet aspect ratio was set

to be k = 30 based on the data in Fig. 7.3C. Finally, the nanosheet volume fraction was fixed to

be φ = 0.5, in line with values generally reported for nanosheet networks.349 The fitted nanosheet

mobility of μNS = 13 ± 2 cm2 (Vs)−1 is in line with published values for few-layer WSe2 of ∼ 5 -

100 cm2 (Vs)−1.450–453 However, experiments to both expand the dataset and assess this fitted value

directly using independent techniques are underway.

To this point there have been very few reports on the interfacial barriers betweenTMDnanosheets,

which represents a significant gap in the literature. The fitted value of 100 ± 20 MΩ for the inter-

nanosheet junction resistance inWSe2 is clearly a limiting factor in these networks (cf. s-SWNTRJ ∼

500 kΩ.323) Interfacial barriers of this magnitude likely contribute to the large variance in reported

σNet values for a similar TMD, MoS2. Here, published values span a range of 10-6 Sm−1 − 1 Sm−1

as the network morphology, and nature of the nanosheet junctions, is changed.308,454 This clearly
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demonstrates the scope for optimisation in these networks. Interestingly, Eqn. 7.1 predicts similar

behaviours across the semiconducting members of the TMD family, which are expected to exhibit

large junction resistances and low carrier densities. This is shown explicitly in Appendix A.5A. In

the limit of this scenario where RJ/RNS ≫ 1 and
((
k/nNS lNS

3)α (RJ/RNS)
)
≫ 1, the network

conductivity can be approximated as

σNet,SC ≈ φβ lNS k
eμNSRJ

2 (7.3)

Using values reported by Kelly et al. for printed LPE WSe2 networks ( μNS ∼ 91 cm2 (Vs)−1,

lNS ∼ 320 nm, φ ∼ 0.4 and k∼ 38) produces RJ ∼ 600 MΩ.191 While this is a simple approxima-

tion, it is interesting that it is both comparable to the fitted RJ value of∼ 120 MΩ in this work and

presents such a large resistance. Furthermore, this simplification of the conductivity model would

suggest that semiconductingmaterials such asMoS2, MoSe2 andWS2 will show a similar dependence

with lNS. While temperature-dependent conductivity data is limited, carrier transport in nanosheet

networks has been reported to occur via variable range hopping at low-temperatures with a transition

to thermally-activated behaviour as temperature is increased.455 The activation energy, EA, in these

networks appears to scale with increasingmaterial bandgap, Eg, ranging from∼ 0.15 eV for graphene

to∼ 0.85 eV for BiOCl.456,457While data for 2DTMDs ismore scattered, EA is seen to increase from

0.21 eV for WSe2 (Eg ∼ 1.64 eV) to 0.32 eV for MoS2 (Eg ∼ 1.85 eV).191 Drawing an analogy with

the nanocrystal networks discussed in Chapter 5.1, EA can be decomposed into an intrinsic compo-

nent based on the nanosheet carrier density, nNS, and a mobility activation energy associated with

inter-sheet hopping. Thus, increases in EA with Eg in 2D networks are likely driven by changes in

both nNS and the magnitude of the interfacial barrier,RJ. These parameters are accounted for in Eqn.
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7.2 and while distinct for a given material, they are expected to be similar across the group VI TMDs.

ConductivityModel: Graphene

When the network conductivity model is applied to the graphene data, as shown in Fig. 7.7E, it again

finds broad agreement. Interestingly, α was again found to be ∼ 1, which suggests that the relative

magnitude ofRJ/RNS has a comparable effect across both semiconducting and conductive nanosheet

networks. Owing to the increased number of reports on graphene, the fitted parameters can be readily

compared with published values. As LPE graphene nanosheets exhibit enhanced aspect ratios when

compared to LPE TMDs,223 the nanosheet aspect ratio was fixed to be k = 50, in agreement with

the data in Fig. 7.3C. Furthermore, the nanosheet volume fraction was again fixed at φ = 0.5, while

the nanosheet carrier density was set as 5× 1024 m−3.458,459 By fitting Eqn. 7.2 to the graphene data

in Fig. 7.7E values for the nanosheet mobility of μNS = 11000 ± 6000 cm2 (Vs)−1 and junction

resistance RJ = 31 ± 4 kΩ can be extracted from the data. The former is well within the range

of 5000 - 18000 cm2 (Vs)−1 predicted by Fang et al. for multi-layer graphene nanosheets at room

temperature.442 Similarly, the extracted value of RJ ∼ 31 kΩ agrees well with values of ∼ 10 kΩ

reported for CVD-grown graphene nanosheets.443 The variation in RJ likely arises from a range of

junction types in solution-processednanosheet networks, comparedwith vertical stacking in theCVD

work. Significantly, even in this unoptimised system RJ compares favourably to values of∼ 250 kΩ

reported for metallic - metallic carbon nanotube junctions due to the increased interfacial area.323

While the lNS
−1 scaling in the conductivity data in Fig. 7.7E may seem counterintuitive, such a

dependence is again predicted by the conductivity model in Eqn. 7.1. This is shown explicitly in

Appendix A.5B. For materials that are junction limited and exhibit large carrier densities such that,

RJ/RNS ≫ 1 and
((
k/nNS lNS

3)α (RJ/RNS)
)
≪ 1, the network conductivity model in Eqn. 7.1 can
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be approximated to scale as

σNet ≈
kφβ

RJ lNS
(7.4)

This formpredicts the lNS
−1 scaling seen for graphene in Fig. 7.7E, andwould be expected to apply

to similar networks of highly conductive nanosheets. Applying Eqn. 7.4 to published data on printed

graphene networks produces junction resistance values in the range of RJ ∼ 5 - 100 kΩ.454,460,461

This is in strong agreement with the fitted value ofRJ ∼ 31 kΩ. An estimated value for the resistance

of a graphene nanosheet, RNS, can be found by approximating that RNS ≈ (lNS) / (σNS lNS tNS) =

(σNS tNS)
−1. Using values of σNS ∼ 8× 106 Sm−1 and tNS ∼ 5nm,442 produces a nanosheet resistance

of RNS ∼ 25 Ω. The corresponding ratio of (RJ/RNS) is in the 200 - 1000 range, showing these

networks to be heavily junction limited.

ConductivityModel: AgNPs

The lNS
−1 conductivity scaling for silver nanoplatelets shown in Fig. 7.8Cmay seem counterintuitive

at first - charge transport in these networks can reasonably be expected to be limited by inter-sheet

junctions, and smaller platelets would lead to more junctions along a given current path. However,

when this RJ ≫ RNS behaviour is combined with the large carrier density of silver∼ 5× 1028 m−3,

the network conductivity model again predicts a lNS
−1 conductivity scaling through

σNet ≈
kφβ

RJ lNS
(7.5)

As the data points in Fig. 7.8C are preliminary results, the fit of Eqn. 7.2 is intended to be a qual-

itative demonstration until more data is added. However, a reasonable value for the inter-platelet
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junction resistance of RJ = 9 ± 2Ω can be extracted by fixing μNP and nNP to their bulk values of

μNP = 50 cm2 (Vs)−1 and nNP = 5.86× 1028 m−3 respectively.462,463 The exponent α was fixed at

α = 1, while initial AFMresults suggest theAgNP aspect ratio to be∼ 15. However, as theAgNPs are

synthesised and not constrained by LPE mechanics, a thorough AFM study is required to verify this

across each size fraction. Calculating the AgNP resistance using RNP ≈ (σNP tNP)
−1 yields RNP ∼

0.3 Ω. This demonstrates these networks to be heavily junction-limited through the ratio of their

junction and nanoplatelet resistances of (RJ/RNP) ∼ 30. Though these initial results are promising,

significant work remains to complete this study and quantitatively fit the data. Furthermore, the ef-

fect of annealing at sub-sintering temperatures on the conductivity response is of interest. This would

offer a simple means to modulateRJ and characterise the length dependent response.

The conductivitymodel presented in this chapterwill hopefully informroutes tooptimise solution-

processed printed 2Dnetworks going forward. It would seem that tomaximise electrical performance

it will be necessary to engineer the network morphology so that it is limited by the material itself. In

the regime whereRJ ≪ RNS, the network conductivity model given by Eqn. 7.2 simplifies to predict

a material limited conductivity of σNet,M ≈ σNSφ. By reducing the network porosity and increasing

the nanosheet alignment the quality of these interfaces can be improved to reduce RJ, while simulta-

neously increasing φ towards its optimal value of 1. This is likely the case in the highly-aligned MoS2

networks demonstrated by Lin et al.308 Here, the improved nanosheet interfaces and near-perfect

alignment combine to create a regime where the network mobility approaches that of its constituent

nanosheets.
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7.5 Conclusions

The electrical properties of printed WSe2, graphene and AgNP networks have been investigated as

a function of constituent nanosheet length, lNS, in this chapter. A family of size-selected 2D inks,

each spanning an order of magnitude in lNS, were produced using liquid cascade centrifugation. The

resultant inks were then spray coated and electrically characterised. The in-plane conductivity of

spray-coated WSe2 networks was observed to decrease by an order of magnitude as the length of the

constituent nanosheets was reduced from 462 nm to 62 nm. Interestingly, the conductivity of both

graphene and silver nanoplatelet networks was found to exhibit the opposite response, scaling with

lNS
−1. Here, the printed network conductivity was found to increase by a factor of∼ 10 as lNS was

reduced from∼ 1 µm to 100 nm for both materials. While these results are interesting in their own

right, they are also of immediate relevance for device optimisation and demonstrate a route to tune

the electrical properties of solution-processed 2D networks.

Perhaps more significantly, a model is presented to describe the conductivity response of the

printed networks in terms of both nanosheet and network properties. Crucially, this model predicts

the diverse electrical behaviours observed experimentally by considering the interplay of the intra-

and inter-nanosheet resistances in each network. However, though the model capability has been

initially demonstrated using three electronically diverse 2D materials, much work remains.

Additional data for each of the studied materials would enable improved fitting accuracy, while

verifying the fitted values independently using THz spectroscopy or TFT measurements will be

important. By considering additional materials, such as MoS2 and WS2, the model can be further

tested and improved. It is hoped that this work may provide insight into the electrical properties of

printed 2D networks, while illuminating pathways to optimise their device performance.
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What sane person could live in this world and not be crazy?

Ursula K. Le Guin

8
FIB-SEMTomography of Nanosheet Networks

As the field of nanoscience matures it is becoming increasingly clear that the morphology of a 2D

networkplays a dominant role in determining its resultant properties.424This has led to a shift in focus

towards assessing and optimising network attributes including porosity, pore tortuosity, nanosheet

alignment and connectivity. It is well-reported that the mechanical properties of aligned nanosheet

networks greatly eclipse their more disordered analogues,464 and in Chapter 7 the morphology of a

2D network was shown to have a dominant effect on its electrical transport characteristics. Thus, in

order to capitalise on the superlative properties of the constituent nanosheets and ensure they confer

to the ensemble, methods to quantitatively analyse the morphology of these systems will be essential.
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Important properties such as porosity are rarely reported for 2D networks in the literature. When

reported, methods such as mercury intrusion porisometry (MIP),465 Brunauer–Emmett–Teller

(BET) nitrogen adsorption / desorption analysis,466 and sample weighing are employed.352

However, each of these techniques have well-documented limitations and do not provide

information on network alignment or morphology. This has led to the emergence of FIB-SEM

nanotomography (FIB-SEM NT) for the assessment of nanostructured networks. Single FIB-SEM

cross-sections are routinely used to probe the internal character of such networks.467 However,

individual cross-sections may not be representative of the global network and do not provide any 3D

information. In FIB-SEM NT, the slice and image process is automated whereby a sequence of

interpolated cross-sectional slices through a network can be compiled into a high-fidelity 3D

reconstruction. For a standard FIB-SEM NT run this can include hundreds to thousands of

cross-sectional images, encompassing volumes of tens to hundreds of µm3. The generated sample

volumes are similar in nature to those produced by x-ray computed tomography and although the

FIB-SEM NT process is destructive it offers significantly higher resolutions on the order of ∼ 5 nm

(cf. x-ray CT resolution> 500 nm).468

FIB-SEM NT has been utilised to characterise the morphology and composition of fuel cells,469

the pore shape and connectivity in oil shale,470 and even joints in acorn barnacles.471 However, to

this point disordered networks of nanosheets have not been considered. This is addressed in the

coming chapter, where spray-coated graphene networks are characterised as a function of constituent

nanosheet length, lNS. Graphene networks were chosen due to their inherently high conductivity

and to build upon the length-dependent electrical study in Chapter 7. While a preliminary length-

dependent investigation is performed, the principal aim of this chapter is to demonstrate the viability

of the FIB-SEMNT technique and to lay the foundations for more comprehensive studies.

131



8.1 Materials &Methods

Graphene inks were synthesised using graphite powder purchased from Asbury (Grade 3763).

HPLC grade isopropanol and sodium cholate hydrate (> 99%) were purchased from Sigma Aldrich.

Deionised water (18.3 MΩ.cm) was produced in-house. The silver nanoparticle dispersion was

purchased from Sigma Aldrich (< 50 nm diameter, 30 - 35 wt % in methyltriglycol).

Graphite powder was added to 80 ml of DI water at a concentration of 30 gl−1. This dispersion

was initially probe-sonicated for 1 h using a Sonics Vibra-cell VCX-750 ultrasonic processor at 60 %

amplitude. The process temperature was maintained at 7 ◦C using a chiller and the tip action was

pulsed at 6 s on and 2 s off to prevent solvent evaporation and overheating of the horn probe. This

initial dispersion was then centrifuged for 1 h at 4900 rpm using a Hettich Mikro 220R centrifuge

(fixed angle rotor) to isolate purified graphite in the sediment. The supernatant was discarded and

the graphite redispersed in 80 gl−1 of DI water and sodium cholate at a concentration of 2 gl−1. This

dispersionwas then sonicated for a further 8 h at 60 % amplitude, with the tip pulsed 4 s on and 4 s off.

The resultant dispersion was then centrifuged at 500 rpm for 2 h to remove any unexfoliatedmaterial,

leaving a stock polydispersion of exfoliated graphite.

The stock dispersion was size-selected using the liquid cascade centrifugation technique described

in Section 3.3 and employed in Chapter 7. The nanosheet size fractions isolated in this work were

trapped using 500 - 1000 rpm, 1000 - 1500 rpm and 1500 - 2000 rpm bands to isolate the largest (L),

intermediate (M) and smallest (S) flakes in the sediment, respectively. In each case the sediment was

redispersed in fresh DI water and sodium cholate (2 gl−1). These inks were then transferred to IPA

for spraying. To remove the sodium cholate, each dispersion was centrifuged for 2 h at 6 krpm. The

supernatant was discarded and the sediment redispersed in fresh IPA. This step was repeated twice.
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Extinction spectra were recorded post-transfer to determine the ink concentration for each size using

previously developedmetrics.125Thesemeasurementswere performedusing aVarianCary 50UV-Vis

spectrophotometer in 1 nm increments using a 4 mm quartz cuvette. The mean nanosheet length for

each of the dispersions, L,M and S, was determined using TEMmeasurements performed on a JEOL

2100TEMsystemoperating at a 200 kV accelerating voltage. Each inkwas diluted and drop-cast onto

holey carbon grids forTEManalysis. The nanosheet lengthswere found bymeasuring the longest axis

of each sheet in an image. Each ink was then diluted to a concentration of 0.35 gl−1 for spraying.

Inks were spray coated onto ultrasonically cleaned glass slides at temperature of 70 ◦C using a

Harder and Steenbeck Infinity Airbrush attached to a Janome JR2300N mobile gantry. A N2 back

pressure of 45 psi, nozzle diameter of 0.4 mm and stand-off distance of 100 mm were used. Each of

the sprayed traces were patterned into 1× 4.5mmbars using stainless steel masks. The FIB-SEMmea-

surements in this work were performed using a dual beam Zeiss Auriga FIB-SEM. Each printed trace

was mounted on a SEM stub using conductive carbon tabs (PELCO®, 12 mm diameter). To ensure

system stabilitywhen imaging /milling, a conductive path to ground from the samplewas addedusing

silver paint purchased from Ted Pella Inc. To render three-dimensional image stacks from a sample,

commercial software was used (Zeiss ATLAS 5). All SEM imaging was performed in both SE2 and

Inlens mode at an accelerating voltage of 2 kV.

8.2 Sample Preparation & Characterisation

Each of the size-selected graphene inks used in this work are shown in Fig. 8.1A. The inks were first

characterised in theUV-Vis spectrometer. As before, the nanosheet thickness in a given fraction is seen

to decrease as the trapping rpm is increased. The change in nanosheet size is shown in Fig. 8.1B, where

the relative intensity of the π − π∗ peaks can be used as a marker of the nanosheet dimensions. This
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Figure 8.1: Ink Characterisa on: A) Image of the size selected graphene inks. B) Ex nc on spectra of the inks showing the changing
nanosheet thickness with centrifuga on speed. C) A spray coated network of graphene nanosheets for FIB-SEM tomography. D-F)
Representa ve TEM images of nanosheets from each of the 3 size-selected frac ons on holey carbon grids.

shift in nanosheet thickness corresponds to changes in the nanosheet length, as length and thickness

are intrinsically coupled through nanosheet formation mechanics for LPE samples.223

A representative printed graphene trace is shown in Fig. 8.1C. The 4.5 × 1 mm bars were spray

coated onto glass slides with thicknesses of 1 - 2 µm. These sample thicknesses were chosen to provide

as much of a cross-sectional area as possible for FIB-SEM analysis. Glass substrates were used due to

their surface flatness, to remove substrate contributions to the network morphology. A TEM survey

was performedon eachof the inks to assess both the degree of exfoliation and tomeasure thenanosheet

dimensions. Representative TEM images of the large, medium and small size-selected nanosheets are

shownonholey carbongrids inFig. 8.1D-F. In all cases thenanosheetswere found tobewell-exfoliated

two-dimensional objects and their lengths were measured by statistical counting. The size-selection
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parameters and nanosheet dimensions for each of the graphene inks studied are given in Table. 8.1.

Ink Trapping Band (krpm) Nanosheet Length (nm)

Large 0.5 - 1 947± 58
Medium 1 - 1.5 630± 40
Small 1.5 - 2 215± 22

Table 8.1: Size-selected Nanosheet Dimensions: Centrifuga on trapping speeds and their corresponding nanosheet lengths for each
of the inks used. The nanosheet lengths were measured in the TEM.

8.3 FIB-SEMTomography of PrintedNanosheet Networks

Figure 8.2: Length-dependent SEM & FIB Characterisa on: Planar SEM and FIB-SEM cross-sec onal images of sprayed graphene
networks with average nanosheet lengths of A) 947 nm, B) 630 nm and C) 215 nm.

While SEM is a versatile method to characterise the morphology of 2D networks, it is generally

limited to surface regions. Similarly, while FIB microscopy facilitates imaging of the internal network

structure, it is limited in scope to single ormultiple isolated cross-sections. As a reference, planar SEM

and FIB-SEMcross-sections for each graphene network studied are shown in Fig. 8.2A-C. Each of the
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imageswere recorded at the same scale to highlight differences in the network character as the length of

the constituent nanosheets is changed. While the nanosheets in each FIB-SEMcross-section appear to

be quite thick, each of these fractions were size-selected at the lowest rpms and so will be comprised of

the thickest sheets in the parent dispersion. Additionally, these nanosheets have been subjected to two

high speed centrifugation steps to transfer them fromH2O/ SC to IPA, potentially inducing a degree

of aggregation. It has also been proposed that aggregation occurs during film formation, with a ∼

5-fold decrease in the mean nanosheet aspect ratio reported pre- and post-deposition.472 While some

qualitative observations can be made from the images in Fig. 8.2, it is difficult to assess if this picture

is representative of the network as a whole or extract meaningful quantitative information. FIB-SEM

nanotomography provides a means to assess the character of these networks on a more representative

scale in three-dimensions, while retaining the the resolution of these 2D techniques.

Sample preparation for FIB-SEM tomography is broadly similar to the standard FIB-SEM process.

However, as sample processing times can exceed 12 hours and span volumes of hundreds of µm3 some

additional steps are required. The sample is mounted on the stage and tilted to 54 ◦ so that the FIB

and SEM probes are coincident at the 5 mm working distance. The gas injection system (GIS) is

then introduced in close proximity to the sample. An initial protective platinum deposit is formed

on the sample region of interest through electron beam induced deposition (120 µm aperture and

an accelerating voltage of 2 kV). This step is crucial for printed nanosheet networks, which display

increased roughness when compared to crystalline samples. Here, the platinum deposit both reduces

the potential for ion beam damage and decreases the sample roughness to alleviate beam interaction

effects such as curtaining.289

A schematic overview of a printed graphene networkwith the regions relevant to the FIB-SEMNT

process is shown in Fig. 8.3A. The region of interest for imaging is the volume directly below the pro-
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Figure 8.3: Nanotomography Setup: A) Schema c showing the relevant regions of the nanosheet network including the region of
interest (yellow), spu ering area (green) and viewing trench (red). B)Milling of the 3D tracking and Auto-tune lines in the pla num
protec ve pad and C) the deposi on of high-contrast tungsten to fill the etched marks.

tective platinum pad, highlighted yellow in Fig. 8.3A. The region of interest was on the order of∼ 15

× 20 µm for each of the printed networks studied. A second platinumpad has already been deposited

on top of the initial deposit here, this time through ion-beam induced deposition (1 nA beam current

and an accelerating voltage of 30 kV). The area to be milled is represented by the green box and is

larger than the region of interest to increase the field of view. The red-shaded trapezoid represents

the trench, which is region of the sample that is sputtered to allow the network cross-sections to be

imaged by the SEM. This region is generally milled at larger currents,∼ 10 nA, while the blue region

in the vicinity of the sample is sputtered at∼ 240 pA to protect the region of interest.

SEMAuto-Tune and 3D Tracking

The critical step in preparing a sample for nanotomography is the addition of the SEM auto-tune and

3D trackingmarks. These aremilled into the platinum deposit using a highly-focused 50 pA beam, as

shown in Fig. 8.3B. These etched traces are then filled in or highlighted using a different metal, in this
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case tungsten, that will offer contrast when imaged in the SEM, shown in Fig. 8.3C. Following this,

an additional layer of platinum is deposited onto the protective pad to enclose the tungsten tracking

in the ion beam deposited platinum.

Figure 8.4: SEM Autotune & 3D Tracking: A) FIB image showing the 3 parallel SEM autotune reference marks and angled 3D tracking
lines. B) SEM view of the calibra on marks demonstra ng the approach of the 3D tracking marks as the sample is milled.

TheATLAS system stays focused and calibrated throughout themilling and imaging byusing SEM

auto-tune reference marks. These are the three parallel lines shown in Figs. 8.3 and 8.4. At regular

intervals the SEMsystemwill attempt to find the tungsten autotunemarks shown inFig. 8.4B andwill

then adjust both the focus and stigmation of the SEMprobe until they are in sharp focus. This ensures

that the cross-sectional images of the nanosheet networks remain in focus throughout the milling /

imaging process as the sample working distance increases and the system drifts. The autotune marks

were used to calibrate the system between each frame in this work.

3D tracking is performed using the diagonal lines shown in Figs. 8.3 and 8.4. These lines aremilled

and highlighted at a well-defined angle with respect to the system coordinates. As each cross-section

is milled the tungsten tracking marks will approach each other when imaged by the SEM. This is

shown in Fig. 8.4B, where two slices have been selected from the milled stack, one 10 nm into the
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sample and the other 3 µm into the milling. As the approach angle is known, the horizontal shift of

these lines towards each other between each frame can be used to determine the depth of the mill and

slice thickness. This value is essential to interpolate the image stack and reconstruct a high-fidelity

3D volume. The slice thickness chosen in this work was 10 nm. The system uses the first few slices

to calibrate a 10 nm milling depth and then uses the approach of the 3D tracking lines to measure

the thickness of each subsequent slice and correct any system drifts during the process. Once the

calibrationmarks have been established, the primary viewing trench is sputtered from the 2Dnetwork.

Network cross-sections at the region of interest can now be imaged and the system is ready for a run,

as shown in Fig. 8.4A. Cross-sectional images of the nanosheet networks are acquired using both SE2

and Inlens detectors with a pixel size of 5 nm to extract as much spatial information as possible.

Reconstruction of Nanosheet Networks

Following a completed FIB-SEMNT run, a stack of images is interpolated using the thickness value

measured for each slice and aligned using the SEMautotune calibrationmarks. Anetwork volume can

then be reconstructed by stitching the image stack together, as shown in Fig. 8.5A. Sample volumes

of 22, 31 and 127 µm3 were milled, sliced and generated for networks comprised of nanosheets with

lengths of 215, 630 and 947 nm respectively. The reconstructed volumes are limited in size by both

the printed trace thickness, which at∼ 1 µm is characteristic of the dimensions used in printed thin

film electronics, and the feature sizes for each network. A representative volume for the intermediate

lNS = 630 nm network is shown in Fig. 8.5B.

Crucially, the volumes shown in Fig. 8.5B-D are entirely reconstructed from 10 nm thick slices in

the xy-plane as shown in Fig. 8.5A. Thus, the yz- and xz-planes of the generated volumes were not

directly imaged and are entirely reconstructed. As can be seen in Fig. 8.5B, when the slices have been
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Figure 8.5: 3D Network Reconstruc on: A) Demonstra on of how the image slices are interpolated and s tched together in the z-
direc on to generate a 3D volume. B-D) Representa ve volumes of the lNS = 630 nm sprayed graphene network. Cross-sec onal
planes, highlighted by yellow boxes, are passed through the volume at different depths to reveal the internal structure.

correctly interpolated and aligned, high-fidelity reconstruction of the real nanosheet network is possi-

ble through the FIB-SEMNT technique. To highlight this, a cross-sectional planewas passed through

the network to reveal the internal character at different distances into the reconstructed volume. This

plane is outlined by a yellow box in Fig. 8.5C-D. Though the internal network structure it reveals is

entirely reconstructed, the morphology of individual nanosheets and pores can be clearly observed.

The rich morphological information provided by FIB-SEM NT is comparable in nature to x-ray

computed tomography. However, FIB-SEM tomography offers vastly superior resolution, with pixel

sizes of 5 nm (cf. x-ray CT pixel size≫ 50 nm).473 Network volumes like those shown in Fig. 8.5B-

D can be used to qualitatively assess the network character or pore tortuosity. For example, it is clear

that this 2Dnetwork is comprised of nanosheets primarily aligned in the plane of the film. However, a
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considerable degree of disorder is also apparent. This leads to the formation of a large number of pores

as shown in Fig. 8.5B - D. To extract quantitative information on key parameters such as porosity,

network connectivity and alignment, it is necessary to process the image stacks and separate the pore

and nanosheet volumes.

8.4 Morphological Properties of Nanosheet Networks

Segmentation

Image segmentation represents a pivotal step in the analysis pipeline by replacing pixel intensity values

with region labels, in this case pore volume and nanosheets. Traditional classification techniques are

based on the intensity and spatial relationships of pixels. However, a researcher performing manual

segmentation will use many additional factors such as previous knowledge. This has precipitated the

emergence of trainable machine learning techniques for image segmentation, whereby the algorithm

can first be taught what constitutes a pore / nanosheet to aid the classification process. Segmenta-

tion of the nanosheet networks was performed using theWEKA trainable segmentation module in

FIJI.474 Wherever possible, published and open-source methods such asWEKA segmentation were

used. This was due to the added control that could be exerted over the procedure, as it was found

thatmany commercial softwares employed overly-simple or “black-box” processes. The segmentation

pipeline is demonstrated using cross-sectional images from the lNS = 215 nmnetwork in Fig. 8.6A-C.

The WEKA classifier is initially trained on a representative cross-sectional image of the nanosheet

network. Regions of the image are manually assigned as either pore volume or nanosheets to train

the model, as shown in Fig. 8.6A. Once these initial definitions have been made by the operator, the

algorithm then attempts to classify the image using both the manual definitions and the selected clas-

sification features. Three different classes of feature were chosen to classify the nanosheet networks:
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Figure 8.6: Image Classifica on: Segmenta on of a printed graphene network into its nanosheet and pore volume components using
trainable machine learning. The cross-sec on shown is from the lNS = 215 nm network.

edge detectors, texture filters and noise reduction filters. As nanosheet-pore boundaries were crucial

to the classificationprocess a number of edge-detecting filterswere employed, includingLaplacian and

Sobel filters, Hessianmatrix eigenvalues and the difference of Gaussians.475,476 Textural features were

used to calculate themean, variance andmaxima of pixels within a given radius of a target pixel and set

the pixel to that value. Finally, noise reduction filters such as Gaussian blurs serve to reduce imaging

artefacts and local intensity variations in the image. By appropriate selection of training features, the

classifier can be fed training information with 105 different features for segmentation.

The classification algorithm is amulti-threaded random forest classifier with 200 decision trees and

two random features per node.477 Each decision tree is comprised of a series of binary nodes, which

are essentially points where the decision tree splits in two to try and segment the image. Each of the
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200 decision trees in the random forest will thenmake a prediction onwhether the region in question

is a nanosheet or a pore. The class with the most predictions out of the 200 becomes the model’s

prediction. Each decision tree is trained on a different, random dataset and classified using a random

subset of training features, thus the forest of decision trees are uncorrelated and protect each other

from individual error.478 Aclassified cross-section of the lNS= 215 nmnetwork is shown in Fig. 8.6B.

To quantitatively assess the reconstructed nanosheet volumes, correct segmentation is the decisive

step. A poorly trainedmodel can significantly skew the analysis that follows. Thus, it is crucial to help

the model by first capturing images that are suitable, with as much contrast between the pores and

nanosheets as possible. Further, it is essential to repeatedly train and assess the model before applying

it to the image stack. Only regions of the nanosheet network that are at the cross-section face should be

assigned as “nanosheet” by the model, otherwise the network porosity will be underestimated. While

the classifier performance can be visually inspected by the operator, the validity of the random forest

model is numerically assessed through the out-of-bag (OOB) score. Here, a subset of the training

data known as the OOB sample is passed through each decision tree in the random forest that did not

contain the OOB sample data. Each of these decision trees will then make a prediction and the OOB

score is the percentage of correct predictions made. The out-of-bag error was used to assess the model

performance in this work, where the OOB error is simply (100− OOB score) %. In each case the

model was run and training features were added until the OOB error was reduced below 8 %. Finally,

for comparative FIB-SEMNT as in this work, it is crucial that each sample is classified using the same

features. Though image classification is a non-trivial process, with sufficient training images can be

classified and binarised with a spatial resolution approaching that of the original image (∼ 5 nm), as

shown in Fig. 8.6B-C.
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8.4.1 Porosity

The porosity of 2D networks is a significant quantity across many potential applications including

printed electronics, energy storage and catalysis.352 The total network volume in these systems, VT,

is comprised of both nanosheet, VNS, and pore volume, VP, contributions such that VT = VNS +

VP. As before, the nanosheet volume fraction is given by φ = VNS/VT and the network porosity is

simply (1 -φ). While sample-weighing has been used to determine the porosity of printed and vacuum

filtered networks, this does not provide any information on the nature of the pores.191 Brunauer–

Emmett–Teller (BET) nitrogen adsorption / desorption analysis and mercury intrusion porosimetry

(MIP) have been used to determine the pore volume, size-distribution and specific surface area of 2D

networks.424 However, both of these techniques require restrictively large samples (∼ 0.5 g or> 100

µm thick) and considerable sample preparation.479 These sample dimensions are prohibitively large

for the characterisation of most printed devices, which display thicknesses< 10 µm. Here, FIB-SEM

tomography presents an in-situ means to identify and characterise each pore in the network. This

means properties such as porosity, specific surface area and pore connectivity can be directlymeasured

on a voxel-by-voxel basis using segmented network volumes. A lNS = 215 nm network that has been

classified into its nanosheet and pore volume components is shown in Fig. 8.7.

The pore volume of the reconstructed networks was characterised using 2-pass “connexity” anal-

ysis.480 For each voxel in the network the neighbourhood of its 26 nearest neighbours is inspected

(those sharing a common face, edge or point). All adjacent voxels with intensities above the threshold

limit are considered to be a part of the same pore. As each image stack was binarised, this threshold is

any voxel with a non-zero value. This is shown for the reconstructed network pore volume in Fig. 8.7,

where any volume that hasn’t been classified as pore volume has been removed from the network.
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Figure 8.7: Segmented Nanosheet & Pore Volumes: Reconstructed volumes of the lNS = 215 nm network following classifica on
showing the segmented nanosheet (white) and pore volume (blue) contribu ons. The voxel size in each classified volume is 250 nm3.

Each voxel in this volume is then tagged with a number, with all of the voxels in a given pore having

the same tag. Any voxel missing at least one of its nearest neighbours is defined to be at the edge of

a pore. Crucially, this requires no a-priori knowledge of the pore dimensions and unlike techniques

such as BET is scale invariant. Once this operation is completed the pore dimensions can bemeasured

by counting the constituent or edge voxels for each of the tagged pores. As this is performed on a

voxel-by-voxel basis, this process theoretically has a resolution on the order of ∼ 250 nm3, however,

this is contingent on accurate segmentation and binarisation.

The porosity was found for each sample by summing every voxel in the network volume that was

tagged as a pore and dividing it by the total number of voxels. This is plotted as a function of lNS for

each of the graphene networks in Fig. 8.8A. The porosity values of 40 - 50 % found here are in broad

agreementwith values of 40 - 70% reported for vacuumfiltered and printed nanosheet networks using

weighing, BET andMIP.191,352,424 Though primarily intended as demonstration of the FIB-SEMNT

technique, the nanosheet length in a sprayed coated network can be seen to have a clear effect on its

porosity in Fig. 8.8A. The network porosity is seen to fall with decreasing nanosheet size, from 49±

2 % for the network of 947 nm long nanosheets to 40± 2 % for the lNS = 215 nm network (the error

estimates are based on the OOB error from the segmentation process).
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Figure 8.8: Network Porosity & Specific Surface Area: Plots of the A) Porosity and B) Specific surface area of the printed nanosheet
networks as a func on of nanosheet length, lNS.

Significantly, this decrease in porosity as lNS is reduced correlates to an increase in the in-plane

conductivity from∼ 800 to 3000 Sm−1 over the same lNS range, as measured in Chapter 7. This may

be due to packing effects, whereby larger and thicker nanosheets are more rigid and jamwhen packed.

Smaller andmore thin nanosheets aremoremechanically flexible andmay conform to each othermore

favourably.481 This would both reduce the porosity and improve the nanosheet interface quality.

That the network porosity can be tailored by altering the size of the constituent nanosheets may

not seem surprising, however, it has not been reported to this point. Indeed, the network porosity is

rarely quoted in many of the available publications. This preliminary data suggests that size-selecting

nanosheets prior to deposition offers a potential means to tailor the porosity of printed 2D networks.

When compared with techniques such as phase inversion or post-deposition mechanical treatments,

this could offer drastically reduced procedural complexity.213,482 A reduction in porosity with de-

creasing lNS would be expected to have implications for printed 2D networks beyond conductivity

enhancement. Decreases in network porosity would potentially reduce the prevalence of pinholes in
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vertically stacked devices, whichwill be discussed in a coming section. While it would be premature to

describe any trends based off such a limited dataset, these initial results both demonstrate the viability

of FIB-SEM NT for porosity measurements on 2D networks, while outlining a potential means to

tune their morphological properties.

8.4.2 Specific Surface Area

The specific surface area of the printed networks is plotted as a function of nanosheet length in Fig.

8.8B. The total pore surface area is measured by summing the number of voxels that have at least one

of its nearest neighbours in contact with the background (i.e. nanosheets). This can then be related

to the volume or mass of the network to calculate the specific surface area, as shown in Fig. 8.8B.

Again, though the dataset is limited, it is clear that the network specific surface area increases as the

constituent nanosheet dimensions are reduced, growing from14± 1m2 g−1 for the network of largest

nanosheets to 23± 1 m2 g−1 for the lNS = 215 nm network (cf. graphite∼ 0.6 m2 g−1).483 The data

is also represented geometrically in Fig. 8.8B, where the accessible nanosheet area is given as a function

of sample volume, showing a similar length dependence. This is in agreement with reports that pro-

pose the specific surface area of a nanosheet network will scale inversely with nanosheet thickness.484

Furthermore, a reduction in nanosheet thickness can reduce its rigidity, leading to phenomena such

as nanosheet bending or crumpling, which are known to increase the network specific surface area.484

Reported values for the specific surface area of printed nanosheet networks are limited. However,

a range of specific surface areas in the region of 10 - 102 m2 g−1 have been published for networks

created through a variety of other deposition techniques. Vacuum filtered networks of LPE graphene

(lNS = 260 nm, tNS ∼ 8monolayers) have been recently reported with specific surface areas in the 30 -

60 m2 g−1 range, as measured by both BET andMIP.424 Nicolosi et al. measured the specific surface
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area of a sprayed film of LPE vanadium oxide nanosheets to be 25m2 g−1, which is in close agreement

with the values for sprayed graphene networks presented here.485 This reduction in available surface

area from theoretical values of 2600m2 g−1 for graphene is likely due to severe restackingofnanosheets

when deposited, reducing the accessible surface area of the network.486

8.4.3 Pore Connectivity

Though porosity is an important network parameter, the nature of the pore volume is equally, if not

more, significant. The pore connectivity determines the amount of nanosheet surface area that is

accessible for gas sensing or catalysis,487 while for battery and supercapacitor applications it can deter-

mine the degree of electrolyte infiltration and ion kinetics.488 In excess of 1000 pores were identified

and characterised in each of the three samples studied. Interestingly, it was found that the pore vol-

ume in each network was dominated by a single, contiguous macropore spanning the entire volume.

While it has been reported that the pore volume in 2D networks is dominated by such open pores,424

more than 99 % of the entire pore volume was found to be contained in a single pore for each of the

studied networks. Considering an isolated cross-section, as in Fig. 8.2, it is clear that isolated pores

exist independently of each other. This suggests that there is a minimum sample depth (number of

interpolated network slices) or volume at which the individual pore chambers connect to each other.

To investigate this, each network was broken down into distinct sections and analysed. Starting

with a single network cross-section the sampled volume was increased in 10 nm increments by adding

sequential slices, given by the sample depth, z. The dominant pore fraction, γp, was thenmeasured for

each volume. This parameter represents the fraction of the total pore volume contained in the largest

pore. The process is shown schematically in Fig. 8.9 using the lNS = 215 nm network, where each

isolatedpore is assigned adifferent colour. As thenetwork volume is increasedby addingnetwork slices
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Figure 8.9: Pore Connec vity: Reconstructed pore volume for the lNS = 215 nm network at depths of A) 50 nm, B) 100 nm, C)
200 nm and D) 1 µm. In each image the sampled volume is increased by adding 10 nm thick cross-sec ons in the z-direc on. Each
individual pore is marked by a different colour and for each network volume the frac on of the total pore volume contained within
the largest pore is given by the dominant pore frac on, γp.

in the z-direction, isolated pores are seen to coalesce into a single contiguous monochrome volume.

This corresponds to an increase in dominant pore fraction γp from 30 % for a 50 nm thick section to

96 % for a 200 nm deep network section. At a depth of z = 1 µm the network pore volume is clearly

dominated by a single continuous red pore, shown in Fig. 8.9D. As the network cross-sectional area

was kept fixed in the xy-plane, this implies that there is a sample depth where the individual pores

coalesce and connect to each other.

To quantify this “connectivity length”, the dominant pore fraction was plotted as a function of

sample depth for each network in 20 nm increments. This is shown for the lNS = 215 nm network in

Fig. 8.10A, where each line (A-D) is taken from a different region in the sample. Here, γP is seen to
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Figure 8.10: Dominant Pore Frac on, γP: A) Plot of the dominant pore frac on, γP , as a func on of network depth for the lNS = 215
nm network. The solid line marks where γP first reaches 90 % for each sample. B) Plot of the connec vity volume for each network.
This is the average minimum sample volume for each network where 90 % of the total pore volume is contained in the dominant pore.

increase asymptotically towards 1 as the sample depth is increased. However, the difference between

the trends across the sample would suggest that these networks are not homogeneous. This is an

important result. Further, the plateaus in γP followed by significant increases are interesting. This

implies that in these network sections the pore volume is dominated by 2 distinct macropores, which

at some depth combine to give the huge increases in γP shown in Fig. 8.10A.

The depth at which 90% of the total pore volumewas found to be contained in this dominant pore

ismarkedby the solid line in Fig. 8.10A, andwas in the region of 200 - 400nm for each of the networks

studied. More generally, this can be expressed as a minimum connectivity volume, which is plotted

as a function of nanosheet length in Fig. 8.10B. This was found to be on the order of a few µm3 for

each of the networks measured, increasing from ∼ 1.5 µm3 to ∼ 6 µm3 going from the lNS = 215

nmnetwork to the lNS = 947 nmnetwork. Again, while this is primarily a demonstration of themor-

phological insight FIB-SEMNT can provide, this initial data suggests that the pore volume in printed

2D networks exhibits some dependence on nanosheet dimensions. Furthermore, the pore volume is
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found to dominated by an accessible and contiguous macropore comprised of many interconnected

chambers. Work to assess the validity of these findings, and build upon them, will hopefully further

contribute to our understanding of these networks.

8.4.4 Pore Size and Shape

Figure 8.11: Length Dependent Pore Morphology: A) Pore cross-sec onal area distribu ons for each network. The mean area for
each is marked by a solid coloured line. Inset: Pore iden fica on. B) Plot of the characteris c pore length for each network. C) Pore
circularity and D) Pore aspect ra o versus pore cross-sec onal area for each network. The solid ver cal lines mark the largest pore
area measured for each network. E) Approximated mean pore volume and surface area as a func on of nanosheet length. F) SEM
images showing the infiltra on of silver nanopar cle top electrodes for the lNS = 630 nm and 215 nm networks.

Due to the contiguous nature of the network pore volume, 3D pore size and shape distributions

would be unrepresentative as most of the volumetric information is contained in a single data point.

However, this open pore is comprised of thousands of interconnected chambers of different size and

shape. By breaking the network up into its 2D cross-sections, it is possible to assess the geometric

properties of these chambers and evaluate how they change with nanosheet size. For each network,
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a cross-section was taken every 100 nm through the volume and the pore chambers were analysed in

two-dimensions. As with the volumetric analysis, this was done on a pixel-by-pixel basis to measure

the cross-sectional area, perimeter and shape of each pore chamber in a network slice. Individual pores

were found, numbered and outlined, as shown in the inset of Fig. 8.11A. This allows the connected

nature of the pores to be circumvented and the properties of the pore chambers can be assessed.

The frequency distributions of pore cross-sectional area are shown for each network in Fig. 8.11A

and exhibit a decrease in frequency as the pore size is increased. This suggests that the network pore

volume is comprised of a large number of reasonably small pore chambers, with the dominant contri-

bution being made by a few extensive caverns. The mean pore cross-sectional area for each network

is marked by a solid line in Fig. 8.11A and can be seen to fall as lNS is reduced. This is likely due to a

combination of packing effects and scalingwith nanosheet dimension.481 Such a decrease in themean

chamber cross-sectional area, from∼ 86000 nm2 for the lNS = 947 nm network to∼ 17000 nm2 for

the lNS = 215 nm network, would be expected to have significant implications for the network as a

whole. To highlight this length dependent effect, the average pore characteristic length is plotted as

a function of nanosheet length in Fig. 8.11B. This parameter is given by the square root of the pore

cross-sectional area and is seen to increase with nanosheet length to the power of ∼ 0.72. That this

parameter increases from∼ 167 nm for the lNS= 215 nmnetwork to∼ 493 nm for the lNS= 947 nm

sample is an interesting result. While more data is clearly needed to draw anymeaningful conclusions,

this further adds to the narrative that the networkmorphology is dependent on nanosheet dimension.

The shape of the pore chambers is another quantity of interest. The pore circularity, fcirc, is a

dimensionless parameter that measures how close in form a given pore is to a circle, and is plotted as a

function of its cross-sectional area in Fig. 8.11C.Circularity is defined by fcirc = (4πA) /
(
P2
)
, where

A and P are the measured area and perimeter of the pore. As a perfect circle is defined by fcirc = 1,
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any values below this suggest that the pore shape is deviating into irregular geometries. The general

trend shown by each network in Fig 8.11C is that as the pore size increases, the pore chamber cross-

section deviates from circular to irregular and extended shapes. While the circularity can be directly

calculated from the images, a less abstract parameter is the pore aspect ratio, k. By approximating

each pore as a rectangle, the pore aspect ratio can be calculated using only the circularity where k =

(−2fcirc + π+
√

π2 − 4πfcirc )/2fcirc. The approximated pore aspect ratio is plotted against its cross-

sectional area in Fig. 8.11D and shows k to increase with the size of the pore chamber. This is simply

the inverted trend shown for circularity in Fig. 8.11C, but shows that as the pore size is increased the

chambers become more elongated. Furthermore, the majority of pores in Fig. 8.11D exhibit aspect

ratios larger than 1, which suggests that the chamber cross-sections have slit-like openings. This is

in agreement with BET measurements on vacuum filtered graphene networks.424 To emphasise the

effect of nanosheet length on the network properties, the largest pore for each network is marked by

a solid line in Fig. 8.11C &D. This shows that the maximum pore size decreases as nanosheet length

is reduced. Furthermore, it can be seen that the shape of the most extreme pores in each network

become more irregular as nanosheet length is increased.

By taking each individual pore and rotating it aboutoneof its axes, this two-dimensional data canbe

used to approximate how the volume and surface area of these chambersmay scalewith nanosheet size.

This is described in detail inAppendixA.6, but briefly, each pore ismodelled as an ellipse of equivalent

surface area to themeasured value fromFig. 8.11A.Themajor andminor axes of the equivalent ellipse

are also forced to match the measured height and width of the pore as closely as possible. By then

rotating each ellipse about its major-axis both the surface area and volume of revolution for each pore

chamber can be approximated, as shown in Fig. 8.11E. Here, both the average volume and surface

area of the modelled pore chambers exhibit power law increases with nanosheet length, scaling with
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lNS to the power of∼ 1.92 and∼ 1.09 respectively. This corresponds to∼ 16× and∼ 5× increases in

both chamber volume and surface area with a corresponding∼ 4-fold increase in lNS. While further

data is needed, this again shows the pore dimensions to scale with lNS in these networks.

These length-dependent changes in the network pore volume are of particular relevance to printed

heterostacks. A significant problem in printed nanosheet networks is the presence of pinholes, which

lead to electrical shorting in vertically printed devices.489 The porosity data in Fig. 8.8A, coupledwith

the results in Fig. 8.11A-E, suggests that printed networks comprised of larger nanosheets are more

open. To test this from a device perspective, silver nanoparticle ( ∼ 50 nm diameter) top electrodes

were aerosol jet printed onto the 630 nm and 215 nm networks. As shown in Fig. 8.11F, the nanopar-

ticles penetrate up to 1.3 µm into the lNS = 630 nm sample. This is clearly an issue for printed vertical

heterostacks where the benchmark thickness for discrete layers is 100 - 500 nm. By using nanosheets

or nanoplatelets in place of nanoparticles the potential for electrical shorting can be mitigated.489

However, even in purely 2D systems shorting between conductive layers remains a major issue for in-

termediate layers that are ≤ 500 nm thick.422 Interestingly, the network comprised of 215 nm long

nanosheets showsminimal incorporation ofAgnanoparticles. Coupledwith the data in Fig. 8.11A-E,

this suggests that printed networks of smaller nanosheets formmore densely packed and pinhole-free

networks, which presents a simple and effective means to improve printed device performance.

8.4.5 Nanosheet Alignment

The alignment of nanosheetswithin a network influencesmany of its resultant properties. It is known

that well-aligned networks lead to enhanced basal plane overlap between nanosheets, which improves

the network conductivity,308 mechanical properties,490 and lithium storage capabilities.491 To this

point, the alignment of these disordered networks has been evaluated using techniques such as small-
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angle x-ray scattering (SAXS) and single FIB-SEM cross-sections. These techniques assess either the

ensemble or a single image, respectively.492 However, by applying fast Fourier transforms (FFT) to

slices throughout the image stack, the network alignment can be assessed both locally and globally.

The FFT process works by taking the spatial pattern represented by grey values in each pixel of

a network cross-section, f (i, j), and converts them into direction-dependent frequency components

in the Fourier domain, F (k, l). This technique was initially employed to measure the alignment of

electrospun biological fibres,493 but has recently been applied to mechanically compressed graphene

networks.213 Each 2D slice in the network is initially divided into square sections ofN×Npixels. The

Fourier power spectrum for each is then calculated by transforming to the spatial frequency domain

according to Eqn. 8.1. This is performed using theDirectionalitymodule in ImageJ. Representative

cross-sectional images of each of the analysed network volumes are shown in Fig. 8.12A-C.

F (k, l) = 1
N2

N−1∑
i=0

N−1∑
j=0

f
(
i, j
)
e−i2π(ki/N+li/N) (8.1)

The generated frequencyplot canbe used to assess the directionality and alignment of objects in the

spatial domain image. A representative FFT frequency plot for the lNS = 947 nm network is shown

in Fig. 8.12D. Low frequency pixels are placed at the centre of the plot and correspond to domains

in the real image that contain pixels of similar intensity values. The majority of this information orig-

inates from the overall shape and background of the spatial domain image and is known as the DC

component, F (0, 0).494 High-frequency pixels are radially distant from the centre and correspond to

regions in the spatial domain that exhibit abrupt changes in pixel intensity, such as edges and features.

Structures with a preferred orientation in the original image generate high intensity values that are

clustered along the highest degree of directional anisotropy in the FFT power spectrum. This results
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in lines of increased intensity through the origin in the frequency plot. The direction of these intensity

bands are shifted by 90 ° with respect to the original image.

Figure 8.12: FFTs of Network Cross-sec ons: A-C) Representa ve SEM cross-sec ons of the lNS = 947, 630 and 215 nm networks.
D) FFT frequency plot of a cross-sec onal image from the lNS = 947 nm network. E) Schema c showing the principle of the angular
filter used to assess the nanosheet alignment in each network cross-sec on.

The frequency spectrum shown inFig. 8.12Ddemonstrates a clear vertical bandof intensity, which

suggests that thenanosheets areprimarily aligned in theplaneof thefilm. This corresponds to0 ° or the

horizontal direction in the SEM images. An angular filter can be applied to the generated frequency

plot to quantitatively assess the directionality of objects in the spatial domain image.495 This filter is

comprised of a circular projection on the frequency plot, as shown in Fig. 8.12E. Here, the entire

image is covered except a 2 ° wide band that spans its diameter. The total pixel intensity contained

in this 2 ° slice is found in each instance as it is swept from 0 – 180 ° in 2 ° increments. The process

is shown schematically in Fig. 8.12E. By plotting the total intensity measured for each 2 ° band as a

function of angle from 0 - 180 ° an alignment plot can be generated for each network cross-section.

Areas of increased intensity in the frequency domain imagewill have a greater summed intensitywhen

compared to the background. These regions will appear as peaks in the 2D FFT alignment plot. A
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tall and narrow peak (reduced FWHM) represents a more uniform degree of alignment about a given

angle, while a broad peak or shoulder indicates that more than one axis of alignment may be present.

FFT alignment plots for each of the networks are shown in Fig. 8.13A - C. The distributions were

generated by calculating the directionality of network cross-sections in 50 nm increments, or every

5 slices, through the volume. The angular intensity values for each individual slice are shown (grey

squares), while the average intensity across the entire network for each angle is denoted by the red

spheres. The averaged intensity distribution for each network was then fitted with a Cauchy-Lorentz

distribution of the form

y = y0 +
2A
π

(
w

4 (x− x0)2 + w2

)
(8.2)

where x0 represents the angle corresponding to the peak of the distribution or primary axis of align-

ment and w is the FWHM of the peak. The networks in Fig. 8.13A - C were found to be primarily

oriented in the plane of the film, with each distribution centered on ∼ 0 °. However, by using the

FWHM of each peak to quantify the network alignment, these initial measurements imply that the

size of the constituent nanosheets plays a role. The results are summarised in Fig. 8.13D where spray-

coated networks of larger nanosheets are seen to exhibit enhanced alignment in the plane of the film.

The lNS = 947 nm network displays a FWHM about its primary axis of alignment of 33± 1 °, while

the dispersion of the lNS = 215 nm network is 125 % this value with a FWHM of 41± 1 °. Though

the network of lNS = 630 nm nanosheets broadly agrees with this trend of increased alignment with

nanosheet size, the distribution is not as clean as reflected by the increased fitting error.

A trend of enhanced alignment with increasing nanosheet length has been reported for solution-

processed networks of graphene oxide (GO).GO sheetswith increased aspect ratios are known to pref-
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Figure 8.13: Length Dependent Network Alignment: A-C) FFT angular intensity distribu ons for the lNS = A) 947 nm, B) 630 nm
and C) 215 nm nanosheet networks. The grey squares represent the data for each slice in the network. The red spheres represent
the average intensity across the en re network for each angle. The blue line is a fit of Eqn. 8.2 to the average intensity data. D) Plot
of the distribu on FWHM as a func on of cons tuent nanosheet length to quan fy the network alignment.

erentially align parallel to the GO basal plane in solution, leading to enhanced alignment in prepared

GO papers.496 Furthermore, Lin et al. propose that the alignment and stacking behaviour of GO

sheets of different sizes is driven by their aspect ratio, which facilitates improved alignment through

excluded volume interactions as it is increased.464 Indeed, the authors employed the FFT technique

described here on vacuum filtered GO papers of different nanosheet sizes, finding the network align-

ment to increase with GO nanosheet size. However, this analysis was performed using only a single

image from each network. As shown in Fig. 8.13A - C, there is considerable variability in the align-
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ment data from slice to slice (grey squares) in a given network. This alludes to the inhomogeneity

of these networks and suggests that single cross-sectional images may not be sufficient to characterise

the alignment of a network. Furthermore, both of these studies were performed on ultra-large GO

nanosheets that were either vacuumfiltered or drop-cast. Spray coating is amore dynamic process and

the nanosheets used in this work are an order of magnitude smaller. Though it is almost a truism that

larger nanosheets lead to improved network alignment, when the porosity data is factored in this is an

interesting result. The lNS = 215 nm network exhibits the lowest network porosity, but the largest

dispersion about its primary axis of alignment. This may be attributed to the increased conformity

of the smaller and thinner nanosheets,481 which leads to a reduction in the network porosity while

increasing their angular dispersion. However, the results presented here are only preliminary and sub-

sequent measurements will need to be made. Most importantly, this work serves to demonstrate the

potential of FIB-SEMNT for the quantitative characterisation of nanosheet networks.

8.5 Conclusions

In this chapter, FIB-SEM NT has been presented as novel means to characterise the morphology of

nanostructured networks. Nanosheet network volumes of 22, 31 and 127 µm3 were reconstructed by

serialmilling and imaging of 10 nm thick network cross-sections in a FIB-SEMmicroscope. These vol-

umes were then segmented into their nanosheet and pore components for quantitative analysis using

trainable machine learning. Methods to comprehensively assess network properties such as porosity,

specific surface area and nanosheet alignment were then presented and applied to the reconstructed

volumes. This was demonstrated through an initial study of three printed graphene networks, each

comprised of nanosheets of different dimensions (lNS = 947, 630 and 215 nm).
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The porosity of the printed graphene networks was found to steadily decrease from 49± 2 % to 40

± 2 % as the constituent nanosheet length was reduced from 947 nm to 215 nm. Notably, the pore

volume in these networks was found to be highly contiguous, with> 99 % of the total pore volume

contained in a single open pore. A reduction in nanosheet size was seen to increase the specific surface

area of the printed networks from 14± 1 m2 g−1 to 23± 1 m2 g−1 going from the largest to smallest

nanosheets. Interestingly, both pore shape and size were found to be a function of nanosheet length.

Here, a network of lNS= 947nmnanosheets exhibited ameanpore cross-sectional area thatwas∼ 5×

as large as the value found for the lNS = 215 nm network. Finally, the directionality and alignment of

eachnanosheet networkwas evaluatedusing fast Fourier transforms,where itwas found that networks

comprised of larger nanosheets demonstrated enhanced alignment.

This chapter is primarily a demonstration of the FIB-SEM NT technique for characterisation of

2D networks, with a focus on developing quantitative methods to assess the network morphology.

Crucially, the results presentedhere are only aprelude to themorphological information this approach

may provide going forward. Though preliminary, some of the initial length-dependent findings are of

considerable interest from a network optimisation and applications standpoint, which attests to the

significant potential of this technique.
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And following our will and wind

Wemay just go where no one’s been

We’ll ride the spiral to the end

And may just go where no one’s been

Spiral out, keep going.

9
Conclusions & Future Work

While the stratospheric rise of 2D materials has catalysed research at a frenetic pace, the remarkable

properties of nanosheets and their networks remain largely restricted to the lab at present. To make

the transition to widespread device applications the ability to characterise and tailor the properties of

these networks will be prerequisite. This is no small-undertaking. However, if the pace of progress

over the last decade is any indicator, it is conceivable that 2Dnetworkswill begin to deliver state-of-the-

art applications in the coming years. This work hopes to make a small contribution by investigating

some of the fundamental properties of these systems.
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While 2D networks are promising materials for electrochemical applications, their performance is

limited bymechanical instabilities. Enhanced electrical andmechanical performance has been realised

through nanotube addition. However, a quantitative study of reinforcement with nanotube volume

fraction, φ, had yet to be performed. In this work, the mechanical and morphological properties

of 1D:2D nanocomposites were investigated using a model SWNT:MoS2 system. These composites

were found to comprise disordered networks of nanotubes and nanosheets, exhibiting φ-invariant

porosities of∼ 56 %. The reinforcing 1D network was found to evolve from loosely connected bun-

dles at low-φ, to an entangled and fibrous architecture forφ > 1 vol %. This morphological transition

transforms the mechanical properties of the composites. Below 1 vol % the composite modulus and

failure-strain exhibited short-fibre composite behavior, while both increased in a manner consistent

with fibrous networks forφ > 1 vol %. The composite tensile strength similarly evolved from a regime

limited by thematrix-fibre interface at low-φ, to one limited by the strength of the nanotube ropes for

φ > 1 vol %. Significantly, while the composite tensile toughness was constant at low-φ, it was found

to increase rapidly for φ > 1 vol % consistent with percolation theory. Compared to the 2D matrix,

addition of 5 wt % SWNTs led to increases in the composite modulus, strength, and toughness by

factors of ∼ 55, 70, and 10, respectively. These increases transform the properties of the material,

rendering it mechanically robust and suitable for a range of applications.

Owing to the unique geometry and diverse electronic properties of their constituent nanosheets,

2D networks are similarly well-placed to feature in the field of printed electronics. Although it is

known that electrical performance in 2D networks is limited by inter-nanosheet junctions, work to

characterise this effect has been limited. To begin to address this, the electrical conductivity of an array

of printed nanosheet networks was investigated as a function of constituent nanosheet length, lNS.

By modulating lNS the character and quantity of interfacial junctions, as well as intrinsic nanosheet
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properties, can be altered. A family of size-selectedWSe2, graphene and silver 2D inks, each spanning

an order of magnitude in lNS, were produced using liquid cascade centrifugation and characterised.

The in-plane conductivity of spray-coated WSe2 networks was observed to decrease by an order of

magnitude as lNSwas reduced from462nmto62nm. Interestingly, the conductivity of both graphene

and silver nanoplatelet networks was found to exhibit the opposite response, scaling with lNS
−1. As

lNS was reduced from ∼ 1 µm to 100 nm the printed network conductivity was found to increase

by a factor of ∼ 10 for both materials. While these trends are of considerable interest in their own

right, a model to describe this length-dependent conductivity scaling in printed 2D networks was

developed. By considering the interplay of the intra- and inter-nanosheet resistances in each network,

thismodel predicts the diverse electrical behaviours observed experimentally. Crucially, it also presents

a framework for network optimisation. Inter-nanosheet resistances of ∼ 9Ω, 31 kΩ and 120 MΩ

were approximated for silver, graphene andWSe2 nanosheets, respectively.

By studying charge transport in printed 2D networks the influence of morphology on network

performance became highly apparent. If these systems are to deliver on their applications potential

the ability to characterise and tailor their morphological properties will be essential. A possible means

to address this is provided though FIB-SEM nanotomography. By milling and imaging huge num-

bers of consecutive network cross-sections a 2D image stack can be reconstructed into a high-fidelity

3D volume for analysis. The viability of this technique was demonstrated through an initial length-

dependent investigation of printed graphene networks for lNS = 947, 630 and 215 nm. The network

porosity was found to steadily decrease from∼ 49 % to∼ 40 % as the constituent nanosheet length

was reduced from 947 nm to 215 nm. Interestingly, the pore volume in each network was found to

be highly contiguous, with> 99 % of the total pore volume contained in a single open pore. As lNS

was reduced from 947 to 215 nm the specific surface area of the printed networks was seen to increase
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from∼ 14 m2 g−1 to∼ 23 m2 g−1. Notably, both pore shape and size were found to be a function of

nanosheet length. The network of lNS = 947 nm nanosheets exhibited a mean pore cross-sectional

area thatwas∼ 5× as large as the value found for the lNS = 215 nmnetwork. Finally, the alignment of

each nanosheet network was evaluated using fast Fourier transforms, where printed traces comprised

of larger nanosheets demonstrated enhanced alignment.

Mechanical Reinforcement of Nanosheet Networks

The work presented in Chapter 6 demonstrated reinforcement of 2D networks at SWNT additive

levels as low as 2 - 5 wt %. This compares favourably with polymer binders, which are often required

in larger amounts and have been shown to have a deleterious effect on both electrical transport and

storage capability. Indeed, 1D:2D battery electrodes comprised of SWNTs and GeS nanosheets have

recently displayed state-of-the-art lithium storage capacities of 1523 mAh g−1 (cf. Graphite ∼ 370

mAh g−1).270Crucially, thismechanical enhancement is not limited to conducting SWNTs. Vacuum

filtered 1D:2D nanocomposites comprised of insulating 1D boron nitride nanotubes (BNNTs) and

2D BiOCl nanosheets have demonstrated similar reinforcement effects, though this work is ongoing.

An interesting study would be to investigate composite 1D:2D BNNT:BiOCl inks for printed traces.

Any reinforcement similar to the vacuum filtered nanocomposites would be significant. More robust

networks would likely prevent redispersion in thin BiOCl layers and reduce the minimum required

thickness for printed dielectric layers. This would translate to immediate improvements in vertically

printed devices, such as 2D capacitors. Furthermore, the effect of these fibrous networks on the 2D

network morphology could be observed using a conductive 2Dmaterial and BNNTs. By performing

electrical tests and FIB-SEM NT on comparable networks with and without BNNTs, the effect of

these 1D binders on the network conductivity and morphology could be discerned.
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Conductivity Scaling in Nanosheet Networks

As the era of the “internet of things” descends, the ability to selectively engineer and optimise printed

2Dnetworkswill be vital. The conductivity data andmodel presented inChapter 7 aims to contribute

to our understanding of printed LPE nanosheets. However, considerable work remains to be done.

Experiments to expand the data set for both graphene and AgNPs are currently underway. Further,

it will be necessary to performmeasurements on additional materials to both expand the scope of the

study and further evaluate the model. Work to address this is currently ongoing with printed WS2

networks. This would extend the study to encompass a range of network conductivities that spans

from∼ 10-5 Sm−1 for WS2 to∼ 106 Sm−1 for AgNPs.

It will be important to independently verify network properties predicted by the model. Terra-

Hertz (THz) spectroscopy on sprayed traceswill allow the nanosheetmobility to be directlymeasured.

Similarly, thin-film transistormeasurements will enable both the networkmobility and carrier density

to be extracted as a function of nanosheet length for the semiconducting networks. Recent work by

collaborators and Yanase et al.497 has shown that annealing 2D TMDs in the presence of selenium

/ sulfur leads to improved network conductivity and vacancy healing. Thus, it would be interesting

to determine the effect of doping on the length-dependent conductivity in semiconducting networks.

Finally, with an optimised method to produce size-selected 2D inks established, a study on the out-

of-plane conductivity of these printed networks would be of significant interest. This would further

inform our understanding of charge transport in these systems, while being of immediate relevance

to printed device applications.
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Morphology of Nanosheet Networks

The work presented in Chapter 8 is in its nascent phase and additional experiments are underway to

build upon it. The values for network porosity, pore-connectivity and nanosheet alignment are in

broad agreement with published values for similar networks analysed using independent techniques.

However, it will be crucial to provide a direct comparison. This will be performed through a compar-

ative porosity study using mercury intrusion porosimetry (MIP). As MIP requires sample volumes

far beyond the scope of printed traces (> 100 µm thick), this will be achieved using filtered graphene

networks. Similarly, it will be important to test and compare FIB-SEMNT to other techniques such

as x-ray computed tomography and scanning confocal microscopy. These large-area characterisation

techniques may compliment the high-resolution information provided by FIB-SEMNT.

Experiments are underway to bolster the length-dependent graphene data presented in Chapter

8. Any trend in properties such as porosity or nanosheet alignment with lNS would make a signif-

icant contribution to our understanding of these systems and illuminate pathways to optimisation.

Printed graphene networks of different nanosheet length are in preparation to build upon the initial

results presented. This will also compliment the length-dependent conductivity study in Chapter 7

and inform the network conductivity model. In addition, it will be interesting to assess deposition-

drivenmorphological effects. Such an investigation would involve characterising thin-films deposited

from the same ink using an array of printing techniques including AJP, IJP, spray-coating and screen-

printing. Finally, it will be essential to expand the scope of this technique beyond conductivematerials

to assess semiconducting nanosheets and their devices. While this is a non-trivial problem, protocols

for FIB–SEMNT of soft, porous, and poorly conducting materials have recently been reported.498
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Figure 9.1: Ridge Detec on Algorithm: A) Cross-sec onal SEM image of the lNS = 215 nm network. B) Binarised image with a ridge
detec on algorithm applied. Junc on nodes are given by circles, nanosheet contours are marked by red lines, while their thicknesses
are es mated by the green lines.

Futureworkwill focus on nanosheet connectivity in 2Dnetworks. This would allow current paths

and their junctions to be both visualised and quantified. A simple example of this is shown in Fig.

9.1, where a ridge detection algorithm is applied to a 2D network cross-section.499 These algorithms

are generally used to identify roads and their junctions in aerial photographs. However, as shown in

Fig. 9.1B, they can be applied in a similar manner to nanosheet network cross-sections. While more

elegant and elaborate three-dimensional models are in development, the simple 2D approximation in

Fig. 9.1B displays reasonable performance in identifying nanosheets (red contours), their thicknesses

(green lines) and their junctions (hollow circles). Applying this algorithm to each image in a stack

would allow a 3Dmodel of the nanosheets and their junctions to be generated by interpolation. While

this is currently a crude approximation, information of this kindwould significantly contribute to our

understanding of these complex systems. Crucially, though the network properties assessed in this

work are already of considerable interest, they are only a prelude to the capabilities of this technique

in the near future.
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A
Appendix

A.1 Porosity in 1D:2DNanocomposites

The 1D:2Dcomposites used in thisworkdiffer frommore commonly studied systems in that they con-

tain significant porosity. This, combined with the density variation across different materials, means

that the filler mass fraction is not the most informative metric for such networks. The mass fraction

can be converted to the more useful volume fraction by first considering that the total volume of the

film is the sum of its components such that

VT = VNT + VNS + VP (A.1)
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where VT is the total volume andVNT, VNS andVP are the volumes of the nanotubes, nanosheets and

pores respectively. The volume fraction is thus

φi =
Vi

VT
=

Mi

MT

ρT
ρi

= Mf,i
ρT
ρi

(A.2)

where i =NT, NS, P andMf,i is the corresponding mass fraction. We can now restate Eqn. A.1 as

φNT + φNS + φP = 1 (A.3)

By substituting in for the φNS term through Eqn. A.2 we attain

φNT +Mf,NS
ρT
ρNS

+ φP = 1 (A.4)

By then considering individual components of the film mass fraction Mf,NS + Mf,NT = 1 we can

alter Eqn. A.4 such that

φNT + (1−Mf,NT)
ρT
ρNS

+ φP = 1 (A.5)

By rearranging Eqn. A.2 in terms of the total film density, ρT, we arrive at

ρT =
φNT ρNT
Mf,NT

(A.6)

which can then be substituted into Eqn. A.5 to derive

φNT + φNT
(1−Mf,NT)

Mf,NT

ρNT
ρNS

+ φP = 1 (A.7)
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Rearranged in terms of the nanotube filler volume fraction, φNT

φNT =
(1− φP)

1+
((

Mf,NT
−1 − 1

)(ρNT
ρNS

)) (A.8)

Furthermore we can express the film porosity as a function of known and experimentally measurable

quantities as

φP = 1− φNT

((
Mf,NT

−1 − 1
)(ρNT

ρNS

))
(A.9)
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A.2 SEM Fibre-Length Analysis

The length of a fibre in a network, LF, can be related to the number of observable ends,NEnds. For a

network of rods on a surface it is self-evident that the areal density of rod ends is equivalent to twice

the areal density of rods

NEnds
A

= 2
NRods
A

(A.10)

However, the rod number density is unknown. To find an expression for it we note that for a given

SEM image, the total length of all visible rods, LT, is an experimentally measurable parameter. The

total length of visible rods per unit area can then be related to the rod number density and the true

rod / fibre length, LF, as

LT

A
= LF

(
NRods
A

)
(A.11)

Combining the two above expressions gives an expression for the true length of a rod / fibre on the

composite surface, LF, in terms of experimentally measurable parameters from SEM images

LF = 2
(
LT

A

)(
NEnds
A

)−1
(A.12)

Thus, by counting both the number of visible rod ends and the total visible rod length per unit area,

a value for the true rope length can be found using SEM images of the composite surface. While the

measurement of the number of rod ends visible per unit area is a matter of counting as shown in

Fig. A.1C, determining the length of all visible rods per unit area in a heavily entangled network is

non-trivial. This can be simplified by limiting the field of view to a circle as shown in Fig. A.1A.
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Figure A.1: Nanotube Bundle Length Analysis: A-B) Demonstra on of the circular field of view approxima on on a 2.9 vol % com-
posite, where the visible chords are marked in B). C) Representa ve image of a φ < 1 vol % composite where the individual bundle
character is apparent and bundle ends can be seen.

If the bundles are roughly straight, the length of visible rods per unit area can be given by summing

the individual rod lengths enclosed in the circle

LT

A
=

∑
LRod

ACirc
(A.13)

However, if there are many straight rods crossing the circle, we can use the result that the average

length of a chord to a circle of radius r is 4r/π. Thus, by simply counting the number of rods acting as

chords to the circle, as shown in Fig. A.1B, and multiplying by the average length we can find a value

for the length of all visible rods per unit area

LT

A
= No.Chords×

(
4r
π

)(
1

π r2

)
(A.14)

To build a representative statistical distribution, each SEM image for a given composite volume

fraction was split into a 3 × 4 grid, with each grid containing one circular field of view. This was

repeated for 4 images for each studied volume fraction.
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A.3 ElasticModulus Derivation: High-φ

A number of publications have reported that the modulus of a 2D fibre network can be described by

an equation having the following form500

E2D = η0EFw
2(q− Kqc) (A.15)

where EF is the fibre modulus, w2 is the cross-sectional area of the fibre, q is the total fibre length

per unit area of composite (in a 2D plane) andKqc is a constant parameter analogous to a mechanical

percolation threshold,φc,m.
501 η0 is once again the filler orientation factor, which is 3/8 for fibres orien-

tated randomly in-plane. By recognising that the above equation describes the 2D modulus, relating

the applied force per unit filmwidth, w, to the strain, ε, we can create an analogous expression for the

3D case by dividing the 2Dmodulus by the film thickness, t.

2D :
F
w

= E2Dε 3D :
F
wt

= E3Dε

giving

E3D =
E2D
t

(A.16)

The total fibre length per unit area, q, can also be re-expressed for the nanotube fibres used in our

case. We can simply relate the total length per unit area to the nanotube length, l, multiplied by the

areal density of nanotubes,N/A, such that q = Nl/A. By considering a film cross-sectional area ofA

and thickness, t, and using the definition of the fibre volume fraction, φ, we can get an expression for

q as follows
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φ =

(
N
A

)
w2l
t

where :
(
N
A

)
=

q
l

giving

q =
φt
w2 & qc =

φc,mt
w2 (A.17)

By now converting the 2D modulus to a 3D modulus using Eqn. A.16 and substituting in our

derived expressions for the total and critical fibre lengths per unit area, q and qc,m, we arrive at the final

modulus equation for our high-φ composites

Ec = η0EF(φ− φc,m) for : φ > φc,m
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A.4 Nanotube Pull-outModel for Composite Toughness

The following derivation is based on a model developed by Wagner et al.417 For a single nanotube

pulling out of a matrix, the work of pull-out is given by340

WNT = π RNT L2
Emb τeff

where RNT is the radius of the nanotube, LEmb is the initial embedded length of the nanotube and

τeff is the effective interfacial shear stress. If above φc,m, an applied load is predominantly carried by a

continuous network of entangled bundles and failure can only occur by bundle failure. This is most

likely to occur via pullout of the nanotubes from their sockets within bundles as shown in Fig. A.2.

Figure A.2: Nanotube Bundle Cross-Sec on: Composite cross-sec on showing a nanotube bundle and its individual nanotube com-
ponents. The green nanotubes have only nanotube neighbours, while those coloured orange have interfaces with the nanosheet
matrix.

We consider those tubes in the centre of nanotube bundles as having only nanotube neighbours
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while those at the bundle edge have interfaces with the nanosheet matrix. This infers that τeff is the

weighted mean of the shear stresses associated with both nanotube-nanotube and nanotube-matrix

interfaces, given by τNT and τMF respectively. Thus, the effective shear-stress can be broken down

into components as follows

τeff = Fs τMF + (1− Fs) τNT (A.18)

where Fs is the fraction of the total number of interfaces associated with the bundle surface. This

can be found by expressing the circumference of a nanotube bundle as a fraction of sum of the cir-

cumferences of each of the nanotubes contained within it. The number of nanotubes in a bundle, n,

can be simply found by dividing the bundle cross-sectional area by the cross-sectional area of a single

nanotube.

Fs =
2 π RF

n 2 π RNT
where : n =

(
RF

RNT

)2

By subbing this expression for Fs into Eqn. A.18 and factorising we get an expression for the weighted

mean of shear stresses, τeff, in terms of the radii of the nanotubes and bundles / fibres,RNT andRF

τeff = τNT

(
1− RNT

RF

(
1− τMF

τNT

))
(A.19)

On fracture, the nanotubes that get pulled out from the matrix are displaced from a range of initial

embedded lengths ranging from 0 to some maximum length, LEmb,max. The mean work of pull-out

per nanotube is then given by
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⟨WNT⟩ =
∫ LEmb,Max
0 WNT d (LEmb)∫ LEmb,Max

0 d (LEmb)
=

πRNTL2
Emb,Maxτeff
3

where : LEmb,Max =
LNT

2

By now multiplying the work of pull-out for a single nanotube by the number of nanotubes in a

bundle we can derive an expression for the work of pull-out of a single nanotube bundle, WB. We

must also account for double counting of nanotube-nanotube interfaces. The second factor of 2 takes

into account that on average, only half of the nanotube neighbours of a nanotube undergoing pullout

are associated with the other side of the fracture and so contribute to the frictional sliding.

WB =
n

2× 2
⟨WNT⟩ =

πR2
FL2

NTτNT

48

(
1− RNT

RF

(
1− τMF

τNT

))
(A.20)

In order to work out the number of bundles crossing the fracture surface, we consider a slice of

composite having an area equal to the composite cross-section and of depth equal to that of the nan-

otube length. Now consider a fracture plane running through the centre of this slice and approximate

all nanotubes as being perpendicular to this plane. Thus, all nanotubes with centre points in this slice

will intersect the fracture plane and will be involved in the pull-out mechanics. By taking N to be the

number of bundles crossing the fracture surface, we can get a simple expression the nanotube volume

fraction, which can also be rearranged to give the number of nanotubes per unit area

φ =
NπR2

FLNT

LNTA
rearranging :

N
A

=
φ

πR2
F

(A.21)

However, not all of these bundles will be connected to the network in the bulk sample and so will

not contribute to themechanical reinforcement. We introduce a termwhich expresses the probability
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that a given bundle is connected to the network, P(φ). An expression for the number of bundles per

unit area crossing the fracture plane, that are connected to the network, is given by Eqn. A.22

(
N
A

)
Net

= P(φ)
N
A

= P(φ)
φ

πR2
F

(A.22)

This is readily converted to the work of fracture per unit area by multiplying Eqn. A.22 by the work

of pull-out for each bundle,WB, as given by Eqn. A.20.

(
W
A

)
Net

= φP(φ)
L2
NTτNT

24DNT

[
1− RNT

RF

(
1− τMF

τNT

)]

We can now use percolation theory in order to derive an expression for the percolation probability.

P(φ) behaves as follows: P(φ) = 0 at low-φ and P(φ) = 1 at φ = 1. While the analytical form is

still unknown, we can use the ansantz that a function such as the one presented in Eqn. A.23 is of the

correct form, where k is an exponent

P(φ) =
(φ− φc,m

1− φ

)k
(A.23)

Subbing in our ansantz for the percolationprobabilityP(φ) gives the complete expression for thework

of fracture for a network of bundles

(
W
A

)
Net

= φ

(
φ− φc,m
1− φc,m

)k
L2
NTτNT

24DNT

[
1− RNT

RF

(
1− τMF

τNT

)]
(A.24)

A final approximation allows us to vastly simplify this expression. If the radius of the bundle of

nanotubes is much greater than the radius of a single nanotube, which was observed to be the case

using scanning electron microscopy, then the term in square brackets in Eqn. A.24 tends to unity.

178



Thus, the final expression for the work of fracture for a network of nanotube bundles failing by pull-

out is given by

(
W
A

)
Net

= φ

(
φ− φc,m
1− φc,m

)k
L2
NTτNT

24DNT
for : RF ≫ RNT (A.25)

179



A.5 Nanosheet Network ConductivityModel

Figure A.3: Nanosheet Network Model: A) Schema c of a current path through a nanosheet network. B) This path represented as
a series of of voltage drops across nanosheet / junc on pairs. Each pair consists of a nanosheet and interfacial junc on, each with a
resistance ofRNS andRJ respec vely.

Consider a current path through a reasonably aligned nanosheet network, as shown schematically

in Fig. A.3. By representing such a path as a series of voltage drops across both nanosheets and their

interfacial junctions, a simple, but robust, transport model can be developed. In the simplest case, the

time taken for an electron to cross a nanosheet network, τNet, is given by the quotient of the distance

travelled and electron velocity. These are given by the sample length, L, and drift velocity, νd, respec-

tively. This transit time can also be expressed in terms of the network mobility, μNet, and applied

potential,V, as

τNet =
L
νd

=
L2

μNetV
(A.26)

An equivalent expression to Eqn. A.26 can be derived in terms of the fundamental unit of the

current path through the network, the nanosheet-junction pair. That is, every time an electron passes

through a nanosheet, it must also pass through a junction in order to reach the next nanosheet. It is
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proposed that a current path is made up of many of these pairs in series, as shown in Fig. A.3. The

minimum number of nanosheet-junction pairs in a conductive path,N, is simply given by

N =
L

(lNS + lJ)
(A.27)

where lNS and lJ are the average nanosheet and junction lengths respectively. Assuming conduction

is dominated by such minimised path lengths, the overall transit time for an electron through the

network can be related to the time taken to traverse a nanosheet, τNS, and junction, τJ, as

τNet ≈ N (τNS + τJ) =
L

(lNS + lJ)
(τNS + τJ) (A.28)

This reduces the problem to one of estimating τNS and τJ. To do this, it is necessary to consider how

the applied voltage, V, is divided among voltage drops across both nanosheets and junctions. In a

given path, the applied voltage will be dropped over the set of contributingNS / junction pairs. Then,

in a current path of minimum length, the voltage drop across a single NS / junction pair is

VP =
V (lNS + lJ)

L
(A.29)

However, the voltage drop across the NS / junction pair can be decomposed into its nanosheet and

junction components. The voltage drop across a junction,VJ, and nanosheet,VNS, can be given by

VP =
RNS

(RJ + RNS)
VNet

(lNS + lJ)
L︸ ︷︷ ︸

VNS

+
RJ

(RJ + RNS)
VNet

(lNS + lJ)
L︸ ︷︷ ︸

VJ

(A.30)
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The time taken for an electron to traverse a nanosheet, τNS, can now be expressed as

τNS =
l2NS

μNSVNS
=

lNS
2

μNS

(RJ + RNS)

RNS

L
V (lNS + lJ)

(A.31)

The time taken for an electron to traverse an inter-nanosheet junction, τJ, can be crudely estimated

from the current flowing across the junction, IJ. The time interval between charges passing through

the junction is given by τinterval =
e
IJ
. This interval has contributions from both the actual time to

pass through the junction, τJ, and the waiting time between a charge exiting the junction and the next

charge arriving, τw. The interval time can then be written in the form τinterval = τw+
τJ
m
, wherem >

1 only when, on average, more than one charge passes through the junction at the same time. This

can only be the case when the wait time, τw, is much shorter than the time to cross the junction, τJ.

The interval can now be written in the form

τinterval = τw +
τJ
m

=
e
IJ

=
eRJ

VJ
(A.32)

Rearranging Eqn. A.32 in terms of the time to cross the junction, τJ

τj =
peRJ

VJ
where :

1
p
=

τw
τJ

+
1
m

(A.33)

Here, p is a parameter that reflects whether the rate-limiting step is the junction or not. For τw > τJ,

the junction is not limiting andm = 1 and p < 1. However, if the wait time is less than the time taken

to traverse the junction, such that τw < τJ, electrons are delivered to the junction effectively and

their progression is limited by transport across the junction. In the case that more than one charge

carrier can pass through the junction in parallel, where m > 1, this will generally result in p > 1,

182



which defines the junction limiting regime. While it is non-trivial to directly calculate p, its form

can reasonably be assumed to depend to the relative magnitudes of both the nanosheet and junction

resistances. Junction limited networks exhibit p > 1, while those that aren’t have p < 1. Transport in

these networks would be expected to be limited by either the nanosheets themselves, or a combination

of nanosheets and junctions. With this in mind, an ansantz can be made that p =

(
RJ

RNS

)α
, where

α > 0. Finally, the time taken for a charge carrier to cross an interfacial junction can be written as

τJ =
(

RJ

RNS

)α eRJ

VJ
=

(
RJ

RNS

)α
eRJ

RJ + RNS

RJ

L
(lNS + lJ)V

(A.34)

By combining the equations for τNS and τJ, given byEqns. A.31 andA.34 respectively, and comparing

it with the time taken to cross the nanosheet network, τNet, yields

L2

μNetV
≈ L

(lNS + lJ)

[
l2NS
μNS

RJ + RNS

RJ

L
(lNS + lJ)V

+

(
RJ

RNS

)α
eRJ

RJ + RNS

RJ

L
(lNS + lJ)V

]
(A.35)

This can be rearranged in terms of the mobility of the nanosheet network, μNet

μNet ≈
(lNS + lJ)2

(
μNS
l2NS

)
[
1+

RJ

RNS

] [
1+

eRNSμNS
l2NS

(
RJ

RNS

)α] (A.36)

Thankfully, this equation can be simplified by reasonably assuming that lNS ≫ lJ. Furthermore, it

has been shown that the network carrier density approximately scales with nanosheet carrier density

according to percolation theory, whereby nNet = nNSφβ.310 Here, φ represents the nanosheet volume

fraction in the network while β is the percolation exponent. Using σ = neμ, both sides of Eqn. A.36
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can be converted into expressions for conductivity

σNet ≈
σNSφβ[

1+
RJ

RNS

] [
1+

eRNSμNS
l2NS

(
RJ

RNS

)α] (A.37)

The derived expression in Eqn. A.37 describes the conductivity of a network of objects that contains

porosity, without specifying their geometry. To apply this equation specifically to nanosheets, we

can approximate their shape to be squares of side lNS and thickness, tNS. This allows the nanosheet

resistance to be defined as RNS = (lNS/σNS lNS tNS). Combining this expression with the definition

of nanosheet aspect ratio k = (lNS/tNS) and subbing in for σNS, the nanosheet resistance term can

be expressed asRNS =
(
k/e nNS μNS lNS

)
. This allows a final expression, specific to nanosheets, to be

derived

σNet ≈
nNS e μNS φ

β[
1+

RJ nNS e μNS lNS

k

] [
1+

k
l3NS nNS

(
RJ nNS e μNS lNS

k

)α] (A.38)

The term
(
k/nNS lNS

3)−1 represents the average number of charge carriers per nanosheet. Crucially,

when the junction resistance is set to zero and the volume fraction is set to 1, this equation returns

the nanosheet conductivity. This model aims to approximately describe the conductivity response of

a nanosheet network in terms experimentally known and measurable parameters. Interestingly, the

network conductivity expression given by Eqn. A.37 can be simplified to give approximate versions

that apply under limited circumstances.
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A) Semiconducting TMDNetworks

In networks where the junction resistance is predicted to be large while the carrier density of the

nanosheets is relatively low, it is expected that

RJ

RNS
≫ 1 &

(
k

lNS
3 nNS

)α( RJ

RNS

)
≫ 1

This would be anticipated to be the case for many networks of semiconducting TMDs, such asWSe2

in the main text. In this scenario, Eqn. A.37 can be simplified to give

σNet ≈
σNS φβ[(

k
lNS

3 nNS

)(
RJ

RNS

)α+1
] For α = 1−−−−−→ ≈ φβ lNS k

eμNSRJ
2 (A.39)

By fitting the WSe2, graphene and AgNP data in the main text α was found to be equal to 1. This

allows the equation to be simplified as shown in Eqn. A.39 to the form used in the main text.

B) Semi-metallic andMetallic Networks

In networks where the junction resistance is again predicted to be large but the carrier density of the

nanosheets is now also sizable, it is expected that

RJ

RNS
≫ 1 &

(
k

lNS
3 nNS

)α( RJ

RNS

)
≪ 1

This is anticipated to be the case for the silver and graphene networks in the main text, which are

likely to be junction limited but also exhibit carrier densities> 1024 m−3. Here, the average carriers

per nanosheet term
(
k/nNS lNS

3)−1 will be huge, which will satisfy the above conditions. In this
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scenario, Eqn. A.37 can be simplified to give the form used in the main text

σNet ≈
kφβ

RJ lNS
(A.40)

C) Highly-alignedNetworks

Finally, in the case where the junction resistance is dramatically reduced and the network conductivity

is limited solely by the material

RJ

RNS
≪ 1 &

(
k

lNS
3 nNS

)α( RJ

RNS

)
≪ 1

This is expected tobe the case for highly-aligned2Dnetworks,where large-area junctions are facilitated

by the conformal overlap of nanosheet basal planes. In this scenario, Eqn. A.37 can be simplified to

give

σNet ≈ σNS φβ (A.41)

Here, the network conductivity is equal to the conductivity of the constituent nanosheets scaled by

the network volume fraction (which will likely be approaching∼ 1 in these aligned networks).
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A.6 Pore-Ellipse Approximation

In this approximation, each individual pore in a 2Dcross-section ismodelled as an ellipse of equivalent

surface area. This is shown schematically in Fig. A.4A. When each pore is first characterised using

the 2-pass “connexity” analysis, its longest dimension is designated as the width, w, while the largest

dimension perpendicular to this is designated the height, h. To convert each pore into an equivalent

ellipse, the ellipse area is forced to match the measured pore area, while the ellipse major and minor

axes, 2a and 2b, are fixed to be as close to w and h as possible. Furthermore, the direction of w is used

to inform the ellipse orientation, as shown in Fig. A.4A.

Figure A.4: Equivalent Ellipse Approxima on: A) Schema c showing a 2D network cross-sec on and an approxima on where each
pore is modelled as an ellipse. B) Equa on of an ellipse and diagram showing the semi-major and semi-minor axes.

The volume of revolution for each ellipse can then be found by rotating its cross-sectional area

about its semi-major axis from zero to π. For an ellipse of the form shown in Fig. A.4B, its volume of

revolution when rotated about the x-axis is given by

VRev =
4
3
πab2 (A.42)
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In a similarmanner, the surface area of revolution for an ellipse about its semi-major axis can be shown

to be

ARev = 2πb2
(
1+

a
b
arcsin(ε)

ε

)
where : ε =

√
1−

(
b
a

)2
(A.43)

where ε is the eccentricity of the ellipse. Though the ellipses shown in Fig. A.4A are reasonably ac-

curate representations of their corresponding pores, this approximation loses accuracy as the shape

the pore becomes more irregular. To check this, the measured 2D surface area and perimeter of every

pore in each network was divided by the area and perimeter of its equivalent ellipse (EE). As shown in

Fig. A.5A, themeasured and EE surface areas are essentially identical, as reflected by their ratio being 1.

Due to the nature of the EE approximation, themeasured and EE perimeters are not expected to be as

close. However, as shown in Fig. A.5B, the majority of pores in each network have similar perimeter

lengths to their equivalent ellipses. That the measured perimeter exceeds the ellipse approximation in

many cases is no surprise due to the irregular nature of the pores.

Figure A.5: Equivalent Ellipse Area and Perimeter Distribu ons: A) Ra o of measured cross-sec onal area to the area of its equivalent
ellipse and B) measured perimeter to the perimeter of its equivalent ellipse for each pore in each network.
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