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Piezoresistive Properties of 2D based

Nanocomposites for Strain Sensing Applications

ABSTRACT

The superlative piezoresistive properties of nanomaterials and their composites have
attracted great interest in the area of strain sensing. The field has grown exponentially over
the past decade, benefiting from the maturity of liquid phase processing of layered crystals
and other nanomaterials. The development and application of nanomaterial strain sensors
face a number of challenges that must be overcome, if they are to proliferate the next
generation of technologies. This work looks to address some of the issues around the
stability and sensitivity of the resistance-strain response in piezoresistive nanocomposites,

hoping to further optimise strain sensor development.

Piezoresistive nanocomposites show exceptional promise due to their robust, stretchable
nature coupled with a high strain sensitivity. A caveat is that the electrical properties of
nanocomposites are known to suffer from hysteresis effects and a high strain rate
dependence. In an effort to suppress these undesirable effects, a highly strain-sensitive
nanocomposite known as G-putty was fabricated into nanocomposite thin films through
various printing techniques. The thin films show a marked increase (x10°) in conductivity
compared to the bulk due to a partial phase segregation of the network. Despite this
morphological change, the G-putty thin films maintain a high strain sensitivity. In
addition, the preparation of thin films on PDMS substrates frustrates the viscoelastic
relaxation observed in bulk G-putty, leading to a significant reduction in the resistance
hysteresis and strain rate dependence. The properties of the thin films make them
promising candidates for integration in strain sensing devices, with a number of use cases

demonstrated.



Following on from the work on G-putty thin films it became clear that a strong
relationship exists between the piezoresistive and conductive properties of
nanocomposites. Surprisingly the mechanisms underlying this behaviour are not well
understood and development has been hampered by the absence of physical models that
could be used to fit data and optimize sensor performance. To address this, a model was
developed relating strain sensitivity to the filler loading and nanocomposite conductivity.
The model was used to fit experimental and literature data, which outputs figures a merit
to characterise the piezoresistive response. Importantly the model also provides insight
into the piezoresistive mechanism, demonstrating that the effect of strain on the filler

network structure dictates the resistance response.

While the initial work of this thesis focuses on polymer nanocomposites, the properties of
2D materials offer an opportunity to study mixtures insulating, semiconducting and
conducting phases. Such mixtures are much more difficult to obtain in polymer
nanocomposites and thus lie relatively unstudied. The piezoresistive properties of
nanocomposite films comprised solely of 2 dimensional nanosheets where explored,
displaying a wide range of percolative properties on account of the diverse properties
offered by 2D materials. This rich set of behaviours leads to a unique set piezoresistive
properties depending on the nanocomposite type. In each case, percolation theory was
used to develop models for nanocomposite strain sensitivity as a function of both
conductor volume fraction and nanocomposite conductivity. This approach yields
equations which can be used to fully describe the experimental data. These results open

the way to the future design of improved strain sensing systems.



Publication List

. D.P.O'Driscoll, S. McMahon, J. R. Garcia, S. Biccai, C. Gabbett, A. G. Kelly, S. Barwich, ,
M. Moebius, C. S. Boland, J. N. Coleman (2021). Printable G-Putty for Frequency- and
Rate-Independent, High-Performance Strain Sensors. Small, 17, 2006542.
10.1002/smll.202006542
[BASIS FOR CHAPTER 5]

. J. R. Garcia, D. O’Suilleabhain, H. Kaur, and J. N. Coleman (2021). A Simple Model
Relating Gauge Factor to Filler Loading in Nanocomposite Strain Sensors, ACS Applied
Nano Materials, 4(3), 2876-2886. 10.1021/acsanm.1c00040
[BASIS FOR CHAPTER 6]

. J. Liu, L. Mckeon, J. R. Garcia, S. Pinilla, S. Barwich, M. Mobius, P. Stamenov, J. N.
Coleman, V. Nicolosi (2022). Additive Manufacturing of Ti3C2-MXene-Functionalized
Conductive Polymer Hydrogels for Electromagnetic-Interference Shielding. Advanced
Materials, 34,2106253. 10.1002/adma.202106253

. E. Caffrey, J. R. Garcia, D. O’Suilleabhain, C. Gabbett, T. Carey, and J. N. Coleman (2022).
Quantifying the Piezoresistive Mechanism in High-Performance Printed Graphene Strain
Sensors, ACS Applied Materials & Interfaces, 14(5), 7141-7151. 10.1021/acsami.1c21623

. J. Maughan, P. J. Gouveiaad, J. G. Gonzaleza, L. M. Leahy, I. Wood, C. O'Connor, T.
McGuiread, J. R. Garcia, D. G. O’ Shea, S. F. McComish, O. D. Kennedy, Maeve A.
Caldwell, A. Dervan, J. N. Coleman, F. J. O'Brien (2022). Collagen/pristine graphene as an
electroconductive interface material for neuronal medical device applications, Applied
Materials Today, 29, 101629. 10.1016/j.apmt.2022.101629

. T. Carey, O. Cassidy, K. Synnatschke, E. Caffrey, J. R. Garcia, S. Liu, H. Kaur, A. G. Kelly,
J. Munuera, C. Gabbett, D. O’Suilleabhain, J. N. Coleman (2023). High Mobility Flexible
Transistors with Low Temperature Solution Processed Transition Metal Dichalcogenides,
ACS Nano, 17, 3,2912-2922. 10.1021/acsnano.2c11319

. J. R. Garcia, M. McCrystal, H. Kaur, T. Carey, J. N. Coleman. Tuneable Piezoresistance in
Graphene-Based 2D:2D Nanocomposite Networks, Accepted to Advanced Functional
Materials.

[BASIS FOR CHAPTER 7]


https://doi.org/10.1016/j.apmt.2022.101629

Acknowledgments

It goes without saying, that the first thanks must go to Johnny for providing me with the
opportunity to be apart of this incredible group. His support and guidance across four
years of research (with a pandemic thrown in for good measure) has been invaluable — it
is still a source of amazement that he turns even the most dire looking results into new

shoots of optimism.

To the fine people of the Coleman group it has been a privilege to share the last four years
whether that has been in the lab, pub or park with cans in hand. A special thanks goes to
Dan who introduced me to the dark arts of the Fitz and whose stories on his latest diets
and mountaineering adventures were never to be missed. To Cian and Adam for their
perspectives and willingness to share a wealth of knowledge on all things scientific and
pint related. To Eoin, Dom and Tian; two words will suffice — ‘Shaka, Shaka’. To the rest
of the group past and present; Sonia, JB, Aideen, Conor, Ruiyuan, Domhnall, Yash, Shixin,
Mark, Jack, Luke, Kev, Harneet, José, Bharathi, Emmett and Oran. I am deeply grateful to

have shared this adventure with you all.

To friends who saw the light and got proper jobs and to those still in the trenches. Thank
you for laughs, fond memories and for just generally putting up with me. You were there

when I needed reminding there’s life beyond a PhD.

Finally to my family, who have been my rock throughout this PhD and beyond. Words
cannot adequately express how much I appreciate you all. Your support through the ups
and downs always made things easier and this thesis would not have been possible without

you.



Table of Contents

1.  INTRODUCTION ...ttt snesss e ssess s essssessssssssesssenes 1
2. 2D MATERIALS AND THEIR SYNTHESIS........cooccvviiniiniiniinniiniintineenecneennees 5
2.1.  CHARACTERISTICS OF 2D MATERIALS ....couvurmrriimceiaencenaeateensessesessessesesessssessesenses 6
2,101 GIAPRENIE .ttt s 7
2.1.2. Hexagonal BOTon NItTide ........ocveeveneeirinieirieeinieeietceiseee e 9
2.1.3.  Transition Metal DichalCOZENIAES .........c.cvveevereeererieeireerieeeieeeeee e 11

2.2. SYNTHESIS OF 2D MATERIALS .evuttiieiieieieteieneeeeiesieseeeseeeerestesessesse st e e stesesseseesesnenes 15
2.2.1. Chemical VApOUr DePOSItiON......c.occueerveueereeereirieirieieiniecieineieieiseiessisieiesaeaensaens 16
2.2.2.  Micromechanical EXfOliQtION ..........ccvweueuneeuvinieirineciricieieeceiseeeieeeveie s 17
2.2.3. Solution Processing of 2D MaAterials..........occvveeeeeneeerereerineesieereesseecseene 17
2.2.4. SEADILISATION .ottt 22

3. 2D NETWORKS AND THEIR COMPOSITES .......cccccevinvinninniiniinieneinnensnennnees 30
3.1. LOW-DIMENSIONAL NETWORKS ....coectruireetrierieteesieteiesteteseseesesseseessesessessesesseneesenes 32
3.2. COMPOSITES ..vtventeiinrenteierteteestetesestete e ssetssesse st ssestestesessentesessentesessentesessestesessensesenes 36
3.2.1. NANOCOMPOSILES.......ouueeiiiririeieiieicieeiccrteteiete ettt snes 38

3.3, PERCOLATION ..ottt sssse st ssae st saes 43
3.4.  FABRICATION AND DEPOSITION METHODS........covurrueuiuemecriiencnsienenssienesensessesenaens 49
3.4.1. Preparation of bulk polymer nanoCoOMPOSItes .........cwvwerneerereerereerrrrecenenene 49
3.4.2. DepOSition MEHOMS .........c.wucuveeueurieeeieieieinieieeeeeeeetee et 53

4.  STRAIN SENSING AND PIEZORESISTANCE........ccecevirrriiinririniinienciisnenenens 62
4.1. CAPACITIVE SENSING ....ceutrtetrierieirienieteiestetesessestesessestesessensesessestesessensesessensesessensssenes 63
4.2.  PIEZOELECTRIC SENSING ...c.oviuriiiritniinninisietessiste st sssssss s ssas st sansns 66
4.3.  PIEZORESISTIVE SENSING ..c.cvuiuurummiuraemiuensesstansessaessessssesscssssessssessessssessesssessessssensens 68
4.4.  METRICS FOR STRAIN SENSING .....curviiuriniimnininintissntssssassssssas s ssss s sssss s sssasans 75

5. BULKTO 2D SENSING .......cocviirtiiiriiitiiiiiiiiciicnnsesesesnssessssesssssssssessssessssens 81
5.1. EXPERIMENTAL METHODS ....covetiuirietenirieteesietestssestesessesesessessensssensesessessesessessenessens 83
5.2. RESULTS AND DISCUSSION ....coueiiuirieienirieteisietestseestesessestesessessesessessesessessesessessenessens 86
5.2.1. Materials CRATACIETISATION .....eueveeeeeerieirieeeieisteisit ettt 86

5.2.2

. Electromechanical CRaATACIETISALION co.ueueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieeseeeeesesseeeeens 92



5.2.3. Hysteresis, Strain rate and Frequency Dependence................cvcccevvvceeunace. 95

5.2.4. Strain Sensor APPLICALIONS ........cvuvweuverecuvinieieiieirieeieeceeeee e 100

5.3, CONCLUSIONS ..ottt se s bbb snaes 101

6. RELATING PIEZORESISTANCE TO PERCOLATION SCALING.........ccoeueneee. 103
6.1.  EXPERIMENTAL METHODS .....oovtiiiurieiiieiiicteteeieieisis st 105
6.2.  RESULTS AND DISCUSSION .....couiimiiiiimiiiiiiciinisiss s ssssssssssssssssssssanes 107
6.2.1. Liter@tUTe TTEMAS ....ccuveiciiiiciiciiiicic s 107
6.2.2.  Model DeVelOoPIent .........c.cweeurveueinicieieieieieieieieieissesiesiee e ssaens 108
6.2.3. Factors Contributing to the Gauge FACLOT ........cveuvmeveevneerrecricerecenenen 110
6.2.4. Fitting EXperimental DAtA.............covwceuviuvioeuneerieirieieirieiscisieiseseieeeassaenacans 113
6.2.5. Optimising the GAUZE FACLOT ........weuveeueereeeeirieieieeeeiseereee st 126

6.3. CONCLUSIONS «.cuttuteitrteteitstenteteitstestesestetssessestesessetestssetesessestesessensensesessensesessensesenss 129

7. PIEZORESISTIVE PROPERTIES OF 2D:2D NANOCOMPOSITES................... 130
7.1. EXPERIMENTAL METHODS ...ccutruirieirienieieiesietesestetesesseseeessesseessessesessesseseesessensesenes 131
7.2. RESULTS AND DISCUSSION ...cutiriiruiriieuteieieniesiesiesieeteteseessessesesatentestesessessessesaeeneens 134
7.2.1.  Nanomaterial ChAracteriSAtION ........oeeueuveeueureecerineerireereeestceseee e 134
7.2.2. NetWork MOTPROLOZY .....covueeeeeeieieieieicereee ettt 137
7.2.3.  Percolative CONAUCTIVIEY ....c.ouveuveeueericieiieieiecieieieisieeiesiee e seaens 138
7.2.4. Piezoresistive Properties of Nano:Nano Composites..........ccomecerereeenence 145
7.2.5. Modelling 2D:2D Nanocomposite PiezOTeSiStanCe...........cwveerereerrereeernenns. 147
7.2.6. Relationship Between Gauge Factor and Conductivity..........ccovneveenence. 152

7.3 CONCLUSIONS ..ottt bbb s snaes 160

8. CONCLUSIONS AND FUTURE WORK .....coocevvirrirnriiniiniinniinnnicnienniennesneennes 163
8.1. ENGINEERING THE PIEZORESISTIVE PERFORMANCE OF NANOCOMPOSITES.......... 165
8.2. ENHANCING THE LINEARITY ..uveuteuirieirieneetsienieteesteteseseesesesteessesseseesessesessessesessenes 167
APPENDIX ..ottt ss e s bbb s esssnebssnens 171
A.  ANCILLARY TECHNIQUES ....crtiiririiinteiiintsisie sttt saans 171
AL UV-ViS SPECLTOSCOPY cvvvvrveieiieesiririeieieieieeeeseststsieeeseaeseieettsesen e eseaens 172

A2 RamMan SPECETOSCOPY .....ccvuuvmvririniiuiiiieieisisiiisisieieisisisistsissie et 174

A.3.  Transmission Electron MICTOSCOPY c..c.cveueureeueereeeeineeunieeeirecieineacaseeecaseseaeene 176

A4, Scanning EIectrOn MiCTOSCOPY .....cweueuneeueineeerireieiricusineecisineacsseseaesneeasaneeans 178

B.  DERIVATIONS AND FITTING ..uovtitiirieieirieteesiete ettt sttt see s ste st et et e ssens 180
B.1.  Relating the Gauge Factor to Material Conductivity ..........ocoeeveverveununne. 180

B.2.  Fitting the Gauge FActOr MOdeL..............ccoveeeuvenivoniirnieiriniesiseeseeeseesene 181

B.3.  Gauge Factor Response in 2D:2D NANOCOMPOSILES ......cceureveeeeueuereuerceeererenenns 187



REFERENCES

.................................................................................................................



Table of Figures

Figure 2.1 — GIaPRene .....ccviueiiciriccieiceetcirie ettt ettt en 9
Figure 2.2 — BOron NItIIAe c..c.cuevcueuiciriiceicceicicisecieiecie et 11
Figure 2.3 — Transition Metal Dichalcogenides...........ccoccvunieuninicinincninicniniceiciriccn. 13
Figure 2.4 — TMD Electronic StrucCtUre........occceeeiriiueinicieiieieiicisiceieseienee s 14
Figure 2.5 — 2D Material Synthesis ........cccccvierieiniiniicicececeeeee e 15
Figure 2.6 — Chemical Exfoliation. Schematic of exfoliation by intercalative methods....18
Figure 2.7 — Liquid Phase EXfOlIation .......ccccoceureeirinienicieccnecnecesecicseiceeeeseeseeeeeene 22
Figure 2.8 — Surfactant StabiliSation ........ccecueuriceiriceiccccec e 26
Figure 2.9 — Size Selection of Nanosheets via Liquid Cascade Centrifugation .................. 28
Figure 3.1 — Assembled Nanosheets and Nanosheet Networks..........ccccocceuvecernccerincecnnn. 32
Figure 3.2 — Nanomaterial NetWOTIKS ........ccocoeerireueiriiiriniceeccieiecseceeseseseesesesesesesseseseeene 34
Figure 3.3 — CompPOSIte SYSTEIMS ....c.cuuiuiiiiiriiiicicicccc e 37
Figure 3.4 — Nanocomposite Reinforcement ........cooceuveeueinecueinecenincenneeienecreeeesseeecnenne 40
Figure 3.5 — Electrical Percolation in Graphene Nanocomposites. ..........cccceeccueurecuruncecnnc. 44
Figure 3.6 — Percolation NEetWOIKS ..ot 47
Figure 3.7 — In-situ POlymeriSation .......cocceuiueurieueiricieinicieiceieeicneceeeeseiesese e sesesenene 50
Figure 3.8 — Melt PrOCESSING......cucueurimierieieieicicrecietreceesiee ettt 51
Figure 3.9 — SOIution BeNdiNg ......cceveueiicuniiciniieiriccceccieeceece e naeeeaeae 52
Figure 3.10 — Screen Printing ... s 54
Figure 3.11 — InK Wettability ......occeuvicuiiicecccr e 56
Figure 3.12 — SPray Coating.....ccceeueueueeerenenerinirieieieieieieieette et seseseseseseesesesseseseseseseseneneaes 58
Figure 3.13 — Aerosol Jet PIiNting......ccocoeveeeerinninceeeieieesiseecicieiestsesceeieseseseeseseseeseaenes 61
Figure 4.1 — Capacitive SENSING ..o 65
Figure 4.2 — Piezoelectric MechaniSm........ccccceuvirininerecicininninireccccieieintnceccieeeeeeseeeseaenes 67
Figure 4.3 — Metal FOil Strain GaUZES ........cccvueurieueirineieirieieineeireeietseeieiseseiesseseseeesesssaesesens 68
Figure 4.4 — PiezZoresistive SENSING ......cccovrerririririeieeiceeinirrieeeeerercieseseeetsesese e seseseenenes 72
Figure 4.5 — Evolution of 0D and 2D Networks Under Strain ..........cccoecoevcuvirivcuricincenenn. 74
Figure 4.6 — Hysteresis in Strain SENSOTS ... 77

Figure 4.7 — Cycling Dependence of Strain SEnsors.........ccccuccvicucuricinicincinieieerieicisenns 79



Figure 5.1 — Graphene Characterisation..........cccoovieuiininiiiniiciicncccecns 86

Figure 5.2 — Ink Characterisation. .........cccceieuriieinincniniciececrce e 89
Figure 5.3 — Thin Film Characterisation........ccoeceurerceuneceeinccineccnieeiseeeesescseesescsseeseneene 91
Figure 5.4 — Electrical and Electromechanical Characterisation ...........cccoeveecuvenecurencecenn. 94
Figure 5.5 — Gauge Factor RESPONSE .....ccovviririririireieiiiiiireeeeeeteseieeeees e esenes 95
Figure 5.6 — Step Strain ReSPONSE. .....c.cciiiiviiiiiiiiiicciii s 96
Figure 5.7 — Strain Rate and HYSteresis........coccveurieinicieinicniecniceeceeesecesseceennne 98
Figure 5.8 — Oscillatory Resistance-Strain ReSponse. .........ccocceueeurenieinicinineerninecrsicennn. 99
Figure 5.9 — Biomedical SENSING ......ccccurueueirieerinicieiecircicirecieei e eesenene 101
Figure 6.1 — Review of Literature Data.........ccccccviiivinicininiciiicsicsccccisensiines 107
Figure 6.2 — Composite Characterisation. ..........cceeeeureeueuricueinierenreeineeereesesecseesesennne 114
Figure 6.3 — Electrical and Electromechanical Characterisation. .........c.cccoveeueerecerencecenne. 116
Figure 6.4 — Gauge Factor Characteristics........ocoeuniumieiniurincinieiciricircieiciseieieieceeeeiesieenes 117
Figure 6.5 — Fitting Literature Data ..........ccccoiiiiiininiiiiiiicccceees 119
Figure 6.6 — Strain Dependent Percolation ..........cccoccevccnicinnicrniccinccinceneceeeennne 120
Figure 6.7 — Strain Dependence of Percolation Parameters ........c.ccocceevccrrecuvenecurencncnnne. 123
Figure 6.8 — Model PrediCtions ......c.ccceueeuiciriniceniiccciccecieieienecieseese s eeseesesenene 125
Figure 6.9 — Fitting the Strain Dependent Derivatives ..........c.ccocerreeurincecirecrneneceneneenen. 126
Figure 6.10 — Optimising the Gauge FACtOT. ......ccccoveueuricueiricirirccircceccreee e 128
Figure 7.1 — Nanosheet Characterisation ... 135
Figure 7.2 — Nanosheet IMaging .......ccccocvceurieerirecininieincicineciesece e ssesesseesesene 136
Figure 7.3 - 2D:2D Nanocomposite SEM Characterisation. ...........cccceeeueureeurerecereneennn. 137
Figure 7.4 — Nanocomposite Electrical Properties. ........cocooeeveeueineecinencininecreencceneeenene 142
Figure 7.5 — Resistance-Strain ReSPONSe. ........ccccccueiiiinininininiiciciccccccee s 145
Figure 7.6 — Gauge factor as a Function of Nanocomposite Volume Fraction ............... 146
Figure 7.7 — Percolative BERaviOUT. ... 153
Figure 7.8 - Gauge factor as a Function of Nanocomposite Conductivity. .........c.ccoeuunee. 154
Figure 7.9 — A Wider CONLEXL ...uiuriiueirieieirieirireieieieieieieietees ettt seseeae 160
Figure 8.1 — Enhancing the LIN€Arity .......ccccoccviuiiiiniinicininiiciiciciscsicsciccecsciciines 168

Figure 8.2 — Highly Overlapped NetWorks.........ccevieurieieinieininienieeiseceineeieeseeeneseseene 169



‘I think it's much more interesting to live not knowing than to have answers which might be
wrong. I have approximate answers and possible beliefs and different degrees of uncertainty
about different things, but I am not absolutely sure of anything and there are many things I
don't know anything about, such as whether it means anything to ask why we're here. I don't
have to know an answer. I don't feel frightened not knowing things, by being lost in a

mysterious universe without any purpose, which is the way it really is as far as I can tell.”

- Richard Feynman

‘Talking nonsense is the sole privilege mankind possesses over the other organisms. It's by

talking nonsense that one gets to the truth!I talk nonsense, therefore I'm human.’

- Fyodor Dostoevsky



Chapter 1

- Introduction

Piezoresistive materials transduce mechanical deformations into a change in a materials
electrical properties. The discovery of this effect dates back to 1856, with Lord Kelvin’s
first observation of electrical resistance changes in iron filaments placed under tension.'
The 20™ century saw a rapid proliferation of piezoresistive materials for strain sensing
applications, which has led to piezoresistive strain gauges becoming the method of choice
for deformation monitoring in industry. For decades the strain gauge market has been
dominated by metal foils and semiconductors which are widely employed to monitor the
structural health of materials under load or to measure the residual stress that occurs
during manufacturing. It is surprising to learn how commonplace strain gauges are, being
found in everyday household appliances such as weighing scales (loadcells) and washing

machines (vibration sensors).



The ubiquitous use of strain gauges has resulted in a thriving industry worth billions of
euros and a market which will continue to expand as new technologies become available.
However, the current commercial strain gauges have some significant drawbacks.
Semiconducting based strain gauges offer excellent sensitivity, however, they are brittle
with a maximum working range of 0.2% strain,” while also being expensive to produce
and highly sensitive to temperature. Metal foil strain gauges are a cost efficient alternative
with a wider working range, however, even here strain measurements are limited to ~ 3%
strain and this improvement in working range comes at a cost of a ~98% loss in sensitivity

compared to their semiconductor counterparts.

The evolution of the internet of things has brought forth a whole range of potential
technologies with which humans can interface. Here, skin-mounted devices have
garnered particular interest, which could be utilised for a host of different applications
such as biomedical sensing,* human-computer interfacing,” robotics,’ and virtual reality
devices.” Thus, a preeminent goal is to achieve functional devices that can transduce
deformations of the skin into electrical signals.® These wearable sensors have a number of
requirements such as, flexibility/stretchability, electrical stability, and high sensitivity,
which will enable the monitoring of both minute and large deformations across a wide
strain range. The problem here, is that the properties of metal foil and semiconducting
technologies do not meet these demands and so there is a clear need to develop new highly
sensitive and flexible/stretchable sensors which will be the foundation of the next

generation of sensing technologies.

Nanomaterials and their composites offer an attractive solution, where the overlapping of
conductive nanomaterials allows current to flow through hopping or tunnelling
mechanisms forming conductive nanostructured networks which can be prepared on the
surface or embedded within, elastomeric polymers.” These networks tend to be highly

sensitive to mechanical deformations leading to large changes of resistance upon



straining, making them ideal as strain sensing elements.”” Furthermore, nanomaterial
networks allow sliding and slippage of adjacent particles on account of the relatively weak
van der Waals, vdW, forces which bind the networks together. This means that electrical
pathways can still be maintained at strains far larger than what is achievable with

traditional sensors.!

The high sensitivity and stretchability of nanomaterial networks and their composites
show immense promise. However, nanocomposites display a number of characteristics
which hinder their ability to provide quantitative strain measurements in real world
settings. For example, strain sensors should display negligible hysteresis, while it is
paramount that identical deformations must in turn give identical responses regardless of
the rate or frequency with which they are applied. A possible solution to this is presented
in Chapter 6 by forming printed thin films from a bulk nanocomposite. The production
of thin films means the mechanics are primarily described by the backing substrate, while
the piezoresistive response is subject to the properties of the nanostructured thin film.
This allows for the development of highly sensitive and patterned sensor geometries that

can be tailored to the requirements of the strain measurements.

The preparation of novel nanomaterial based strain sensors is primarily based on
empirical trial and error. This uncertainty is compounded by a lack models that provide
analytical evaluation and thus, researchers have been left with little understanding of the
physics underlying strain sensor performance. In particular sensor sensitivity remains
somewhat of a mystery with networks comprised of similar components displaying vastly
varying strain dependence. In Chapter 7, a model is proposed to describe sensitivity
performance in terms of the filler loading and conductivity of nanocomposite strain
sensors. The aim here is to provide some insight into the primary factors effecting strain

sensor performance, with the ultimate goal of optimising nanocomposite sensitivity.



Piezoresistive nanocomposite systems have been widely explored for their potential as
strain sensors. Traditionally, these composites are limited to an insulating polymer matrix
and conductive nano filler. This requires a sufficient filler loading to ensure a conductive
composite and limits the scope of investigations. A new class of nanocomposites
comprised solely of 2-dimensional nanosheets are relatively unexplored in terms of their
piezoresistive response. The diverse properties offered by 2D materials allows for the
exploration of a variety of nanocomposite types, which may yield novel behaviours.
Chapter 8 explores several nanocomposites comprised of combinations insulating,
semiconducting and conducting 2D nanosheets, with the aim of studying and developing

models for the piezoresistive response.

This thesis will conclude with a review of the significant findings and propose a future
direction for investigations. It’s hoped that the work presented here will add value to the
existing literature and facilitate further development and optimisation of piezoresistive

nanomaterial devices.



Chapter 2

2D Materials and their
Synthesis

Layered crystals are a diverse set of materials with a broad range of electronic, optical and
electrochemical properties.”” Although interesting in the bulk, the true potential of these
materials are unlocked once they are exfoliated into 2D sheets.'*'* The experimental
isolation of monolayer graphene'® marked the dawning of a new age in materials science,
with the possibility of purely 2D materials and their remarkable properties realised. This
discovery was a catalyst, and the subsequent scramble led to whole host of materials being

exfoliated and characterised. By now, over 150 unique layered materials have been



exfoliated and their potential in areas such as electronic devices, energy storage and

sensing explored."”

2.1. Characteristics of 2D Materials

Layered materials can be readily exfoliated due to the anisotropic nature of their crystal
structure. This is characterised by strong covalent intra-layer bonding between atoms yet
comparatively weak van der Waals bonds between the stacked planes. The asymmetry in
bonding allows for the isolation of monolayer or few-layer sheets which often show vastly
different properties to their bulk counter parts. Changes in electronic properties are
attributed to the quantum confinement of electrons to a 2D plane altering the electronic
band structure, while the removal of layer-layer interactions greatly enhances the
mechanical and thermal properties. Furthermore, the surfaces of layered materials are
terminated by electron pairs and are free from dangling bonds, which tends to make them
stable against chemical reactions.'® These qualities have made 2D materials attractive to
researchers in terms of the new physics they offer as well as their potential applications.
All that is needed are methods to delaminate the layers from their parent crystals to yield

2 dimensional sheets.

Exfoliation is by now a loaded term encompassing many, often complex, mechanical,
chemical and solvent assisted procedures. However at its core, exfoliation is a simple
concept whereby energy is applied to overcome the van der Waals (vdW) bonds between
layers, yet leaving the basal plane intact. This is exemplified in the seminal graphene paper
by Geim and Novoselov who used adhesive tape to delaminate monolayers of graphene

from the parent graphite crystal.'®

While this method is still relied upon for producing high-quality nanosheets, the low

throughput is a glaring drawback, making its use in the scalable production of graphene-



based devices impractical. This stumbling block has plagued other bottom-up synthesis
routes which offer high quality 2D material but at low yield and high cost. As such, there
was a need to fill the demand for high quality 2D materials, while maintaining a yield that
is compatible for scalable manufacturing. Here solution processing offers an attractive
alternative with the ability to process layered crystals into monolayer and few-layer

nanosheets at scale.

The remainder of this chapter will build on the characteristics and properties of the
materials used in this work, while additionally describing how these materials can be

processed in a liquid medium to produce 2D nanosheets.

2.1.1. Graphene

Carbon is the building block of life and forms the basis of all organic chemistry. This
flexibility in bonding means carbon-based materials can come in many forms, and with
an abundance of physical properties. Graphitic structures can be arrived at by first
considering graphene which is a 2-dimensional material consisting of carbon atoms
arranged in a honeycomb hexagonal structure, as shown in Figure 2.1A. From there,
graphene can be rolled, folded or stacked into shapes of different dimensionality such as
oD-fullerenes, 1D-carbon nanotubes and 3D-graphite (Figure 2.1B). While conceptually
straightforward the synthesis of these materials has proved somewhat more challenging

and it was not until the 90s that fullerenes and nanotubes were isolated.!**

Graphene is most commonly encountered as graphite which consists of stacks of graphene
sheets bonded together by van der Waals forces. Graphite and its crystal structure have
been a curiosity for more than a century starting with Sir Benjamin Collins Brodie
comments on the highly lamellar nature of thermally reduced graphite oxide in 1859.”
Graphene was also considered in a theoretical context in 1947 by P R Wallace as he

endeavoured to develop a theory for the electronic properties of bulk graphite.?” Despite



the academic interest, free-standing graphene eluded researchers throughout the 20™
century and was instead grown epitaxially on monocrystals with matching crystal
lattices.” In fact, strictly 2D materials were argued not to exist, with Landau and Peierl’s
demonstrating that thermal fluctuations should lead to atomic displacement on par with

interatomic distances, thus rendering 2D materials thermodynamically unstable.**

The isolation of freestanding monolayer graphene in 2004 demonstrated that the
existence of 2-dimensional materials was indeed possible and theory was reconciled by
the fact that graphene sheets contain spontaneous ripples in the 3 dimension which
suppresses thermal vibrations.” The patterning of hall bars helped elucidate some of

graphene’s superlative electronic properties which stem from the two dimensional sp®

hybridised bonding structure.'® Here the 2s, 2px and 2py orbitals mix to form sigma, o;
bonds between carbon atoms separated by 1.42 A. This leaves the p,-orbitals, which are
orientated perpendicular to the lattice, to bond covalently with neighbouring carbon
atoms to form a m-band. These bands are half-filled with delocalised electrons allowing

conduction across the basal plane.

The unique band structure at the vertices of the honeycomb lattice, gives rise to the semi-
metallic character observed in single- and bi- layer graphene, shown in Figure 2.1C. As
electrons interact with the periodic potential of the hexagonal lattice they experience a
linear dispersion relation at the Dirac points. A consequence of this linear dispersion is a
zero-effective electron mass, which creates an enormous electron/hole mobility across the
lattice, such theoretical mobilities have been shown to be achievable experimentally with
values as high as 140,000 cm*/Vs at room temperature and 1,000,000 cm*/Vsat 1.7K where
quasi-ballistic transport occurs over lengths of 15 mm due to minimised phonon

scattering.”
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Figure 2.1 — Graphene. A) Direct TEM image of single layer graphene. Image
from ref?® B) Graphene is a 2D building block for carbon materials of other
dimensionalities: OD — Buckyballs, 1D — Carbon nanotubes, 3D — Graphite.
Image from ref?° C) Electronic dispersion relation of p-bands. Image from ref.>°

2.1.2. Hexagonal Boron Nitride

While the impressive electron transport and current modulating properties of 2D
materials may grab the headlines, to realise fully 2D electronic components, insulating
materials are also required. Hexagonal boron nitride (h-BN) has an almost identical
crystal structure to graphite, with a layered honeycomb hexagonal structure arranged in
alternating atoms of boron and nitrogen, earning it the title of ‘white graphite” (Figure

2.2A).

h-BN is characterised by sp” hybridised atoms which form strong c-bonds in the basal

plane, while there exists weak covalent bonding of the p, orbital perpendicular to the



lattice.*® The similarity in structure with graphene leads to many of the physical properties
also being similar, with h-BN displaying impressive mechanical properties and high
thermal conductivity.'®* However, it is well known that BN has a wide indirect bandgap
(~ 6 eV), which is in stark contrast to semi-metallic character of graphene despite the
similarity of crystal structure and bonding. This is explained by nitrogen’s strong
electronegativity which leads to a transfer of electrons from boron to nitrogen.** The basal
plane therefore comprises of strongly polarised bonds where electrons are essentially

‘fixed’, resulting in a wide band gap.

h-BN does not occur naturally and in fact there is only one deposit of a naturally occurring
BN polymorph discovered to date. Instead, h-BN produced synthetically and has found
ubiquitous use in industry with wide ranging commercial applications ranging fillers in
cosmetics to advanced cooling systems for aerospace.’*** The similar crystallographic
structure of h-BN and graphene, meant it was a natural candidate for exfoliation and in
the immediate aftermath of the seminal paper on free-standing graphene, the mechanical
exfoliation of h-BN nanosheets was demonstrated.*> Nowadays, boron nitride nanosheets
can be produced at scale by a variety of synthesis routes (Figure 2.2B).** As with many
layered materials the reduction of h-BN thickness to a single layer facilitates a transition
from indirect to direct band gap of 6.1 eV (Figure 2.2C).¥ As a consequence, BN
nanosheets exhibit a strong UV absorption peak about 215nm, however in the visible
range absorption is extremely low and films of h-BN exhibit a high degree of optical

transparency, which are promising properties for designing compact UV lasers.*

Much of h-BN’s success has been achieved when used in conjunction with other
nanomaterials. h-BN is chemically inert and atomically flat which makes it ideal as a
substrate on top of which devices can be prepared. In fact, adding an additional layer of
BN, such that a sandwich structure is created, can dramatically improve the stability of

materials such as black phosphorus® and NbSe,.* Confinement of 2D materials between
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BN layers also has implications for the morphology and electrical properties of the active
layer which is particularly true in the case of graphene where the lattice mismatch is only
1.7%. Graphene devices prepared on BN show a factor of 3 decrease in roughness
compared to the same devices on SiO,."* This has yielded atomically thin multi-layered

graphene-BN structures with enormous mobilities of 500,000 cm?/Vs.*
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Figure 2.2 — Boron Nitride. A) Atomic structure and layer structure. Image
from ref.”* B) TEM images of exfoliated nanosheets. Image from ref>® C) Band
structure of single layer Boron Nitride. Image from ref.”’

2.1.3. Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) are a subclass of 2D layered materials which
have seen quite the academic resurgence in recent years due to the novel physical
phenomena they display coupled with their suitability towards nanoelectronic* and
nanophotonic devices.”® Perhaps the most widely studied of the TMDs is MoS,, and

studies of the material date back to 1920s when the crystal structure and curious
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anisotropy was first reported.* Since this time, over 60 TMD compounds have been

discovered, at least 40 of which have layered structures.*

The stoichiometry of TMDs is described as MX,, where M is a transition metal and X refers
to a chalcogen such as sulphur, selenium or tellurium (see Figure 2.3A). TMDs have
garnered particular attention through the disparate electronic properties that can be
achieved by varying the atomic makeup and structure, from insulators such as HfS,,
semiconductors such as WSe, and MoS,, semi-metals such as WTe, and metals such as
VSe,. Each layer of a TMD comprises of three atomic layers with a hexagonally packed
plane of transition metal sandwiched between two planes of chalcogens in a X-M-X
structure (Figure 2.3B). The tri-plane structure of TMDs layers are thicker (~0.7nm) than

graphene and have an interlayer distance of approximately 0.6nm.*

The additional complexity in the layer means TMDs can have several structural phases as
a result of the differing coordination of the transition metal. The most common
thermodynamically stable phases are trigonal prismatic (2H) or octahedral (1T). These
phases are known as polymorphs and can be viewed as different stacking orders of the
atomic planes. The 2H phase is characterised by an ABA stacking where the chalcogen is
in an identical position above and below the transition metal plane. By contrast, the 1T
phase corresponds an ABC stacking order such as the one shown in Figure 2.3B. Here, the
integer defines the number of individual layers that make up the unit cell. This is
important, as a material’s phase strongly defines the electronic character. For example, the
naturally occurring 2H-MoS, is semiconducting (bulk band gap ~ 1.3eV),"” whereas the
1T phase is metallic. Moreover, phase transitions between the 2H and 1T phases can be

induced via intercalation of lithium and other alkali ions.*®
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Figure 2.3 — Transition Metal Dichalcogenides. A) Periodic table highlighting
the elemental make up of transition metal dichalcogenide crystals. Image from
ref.** B) Atomic structure of 2H and 1T phases. Image from ref-*®

Apart from the coordination environment another consideration to the electronic
structure of TMDs is the d-electron count. Moving from group 4 to 10 results in a
progressive filling of the non-bonding d bands and depending on the filling procedure
TMDs can exhibit different electrical characteristics. When orbitals are partially filled ,
TMDs exhibit metallic conductivity as is the case for 2H-NbSe,. Fully occupied orbitals,
such as 1H-HfS, give rise to semiconductors, where the fermi level is located between

bands (Figure 2.4A).%

The transition of bulk TMDs to their 2D counterparts was a topic of curiosity throughout
the 20™ century with the first reports of ultra-thin MoS, obtained using adhesive tape* in
1963, while the isolation of free standing MoS, monolayer>® was reported a few decades
later in 1986. On the coattails of the graphene ‘gold rush’ a revival of research in 2D TMDs
began in earnest. Of particular promise to electronic and optoelectronic applications are

group VI TMDS which display a dramatic change in band gap as the thickness is reduced
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to a monolayer (Figure 2.4B), where the monolayer bandgap is typically 50% larger than
the bulk counterpart.®' Interestingly, the bulk and monolayer also differ in the nature of
the bandgap. In the bulk TMDs contain an indirect bandgap, however, as the layer number
is reduced to a monolayer, a direct bandgap occurs which increases the efficiency of
electron-hole recombination. This manifests as an extreme enhancement of
photoluminescence, of the order of 107.#7** These direct bandgaps tend to occur in the
visible spectrum which makes them ideal candidates for use in photovoltaics, LEDs and

displays.>
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Figure 2.4 — TMD Electronic Structure. A) Orbital filling of group 6 transition
metals in trigonal prismatic coordination. Image from ref>* B) Transition of
indirect to direct bandgap as MoS.-2H is scaled down from bulk to monolayer
thickness. Image from ref.*
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2.2. Synthesis of 2D materials

2D materials offer an attractive alternative to silicon-based electronics not only in terms
of performance but also because of the flexibility they offer. In order for 2D materials to
realise commercial success there must be methods to produce high quality 2D nanosheets
at scale with fine control of dimensionality and defect level. Furthermore, these methods
must be economical so that they can compete with existing technologies.® In its current
state 2D materials synthesis can be broadly separated into bottom-up and top-down

methods.
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Figure 2.5 — 2D Material Synthesis. Various bottom up and top down synthesis
routes for graphene. Image from ref.>®

As the names suggest, bottom-up methods involve growing atomically thin nanosheets
from elemental precursors, common processes for growth are chemical vapour
deposition®” (CVD) and pulsed laser deposition® (PLD). In contrast, top-down methods

involve the creation of nanosheets through the delamination of bulk parent crystals, and
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include techniques such as mechanical®’, chemical® and liquid-phase exfoliation.® (see

Figure 2.6).

To date no one method has proven to be the ‘holy grail” of nanosheet production with a
trade-off between quality and yield remaining a significant hurdle. This means that
processes are interchanged to suit their end applications and so each process is still a topic

of research and refinement.

2.2.1. Chemical Vapour Deposition

Chief among the bottom up methods is chemical vapour deposition (CVD) which has
shown great promise for high quality monolayer growth. Here powder precursors are
sublimated at high temperature to form a vapour which can then be condensed as single-
crystal monolayers. For example. MoS, can be produced from a MoOj; precursor which is
reduced in the presence of sulphur vapour to form volatile suboxides.*” These suboxide
compounds can diffuse into the substrate and further react with the sulphur to form
triangular single layers of MoS,. This technology has matured rapidly and now offers
precise yet wafer-scale growth of layered materials such as graphene,> MoS,,* WS, and
WSe,. CVD also offers good compatibility with current semiconducting manufacturing,
which reduces the barrier to entry for commercial scale processing. These features mean
CVD shows promise for use in high performance electronics and optical applications.
However, there are significant limitations the process. Scalability is subject to furnace and
substrate size, while many of the precursors and by-products can be hazardous or toxic.®
In addition, the process necessitates high temperatures which are energy intensive and
limit substrate choice. These drawbacks means CVD is a process for high-end applications
where nanosheet quality is paramount, therefore alternatives are needed for large scale,

high mass manufacturing.
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2.2.2. Micromechanical Exfoliation

The process of mechanical exfoliation is an inherently simple concept whereby adhesive
tape is used to peel nanosheets from the parent crystal. Through iterative peeling steps
nanosheets down to the monolayer can be isolated.” Cheap and effective, this method had
much success in producing large and high quality sheets for proof of concept studies
elucidating the properties of 2D materials as far back as the 1960s.#*° Of course the glaring
bottleneck here is the low throughput and tedious nature of the process which inhibits its
use in scalable applications. However to this day, mechanical exfoliation remains the best

method of obtaining thin high quality layered materials for academic research.*

2.2.3. Solution Processing of 2D materials

The methods described above have a common theme. That is, they are capable of
producing high quality nanosheets but at high cost and low yield. This limitation means

alternative methods are needed for the facile preparation of nanosheets at scale.

Solution processing is an umbrella term which describes the processing and dispersion of
2D materials in a liquid media. Solution processing is a useful technique which allows
grams of material containing unfathomable numbers of nanosheets to be processed even
in research laboratory environments. Despite the gigantic number of nanosheets to be
characterised, a range of robust spectroscopic techniques have now been developed which
can the yield information on the ensemble nanosheet dispersion in terms average
nanosheet size, thickness and quality.”” Nanosheet dispersions can be deposited on
substrates through a range of well-established techniques such as spin coating,*® inkjet
printing® and spray coating,” while blending dispersions with polymer dispersions can

facilitate the production of homogeneous nanocomposite systems.”* These characteristics
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lend solution processed materials to a myriad of applications in electronics, mechanical

reinforcement and energy storage.”
Chemical Exfoliation

Intercalative exfoliation involves the insertion of molecules between the layers of the
crystal. The presence of molecules induces an expansion in the crystal, weakening the van
der Waals forces between adjacent layers. The degree of layer expansion depends on the
diameter of the intercalating molecule. The creation of wide interlayer distance lowers the
energetic cost to nanosheet delamination and allows for layer exfoliation by either mild

sonication or thermal shock, as shown in Figure 2.6.

Agitation

——

Intercalation 1

Figure 2.6 — Chemical Exfoliation. Schematic of exfoliation by intercalative
methods. Image adapted from ref '*

The processing of layered crystals has been a chemists playground for more than a century
and in 1859 the first synthesis of graphite oxide (GO) was demonstrated.?! This involved
intercalating graphite with concentrated acids before exfoliation with aggressive bases,
producing large thin sheets of GO in addition to some less welcome explosive by-
products. Thankfully, the less hazardous Hummers method is now common place for
graphene oxide production, using a combination of sulphuric acid, sodium nitrate and
potassium permanganate to introduce hydroxyl (-OH) and epoxy (-COH) groups to the
basal plane.”” The addition of such groups functionalise the surface of the nanosheets

rendering them strongly hydrophilic.”* This can be advantageous, preventing re-
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aggregation and allowing the resulting nanosheets to be dispersed in water and organic
solvents. GO is electrically insulating; however, reduction can remove oxygen atoms to
yield an electrically active material. While successful at restoring the electrical properties,
defects and the presence of residual oxygen means that the superlative properties of

graphene cannot be recovered despite extensive efforts.”

Beyond GO, chemical exfoliation can be applied to a whole host of other layered materials,
including TMDs,”® black phosphorous,” layered double hydroxides”™ and metal
chalcogens.” These processes utilise intercalants to expand the distance between layers,
thus facilitating exfoliation. Some intercalants such n-butyllithium can also charge
transfer to the layer, while this facilitates good dispersion of nanosheets in solution, due
to electrostatic repulsion, the nanosheet properties tend to be distinct from their pristine
counterparts. This occurs in MoS,, where nanosheets experience a semiconductor to

metallic transition through changes in the structural phase.*®

Recent developments have shown layered hexagonal metal carbides and carbon nitrides
can also be chemically exfoliated.®* These materials demonstrate metallic electrical
conductivities and display rich chemistries which show promise for energy storage
applications.®' The bulk, also known as MAX phase, takes the form M,.,AX, where M is
an early transition metal, A is a group 13 or 14 element and X is carbon and/or nitrogen.
In these structures the M., X, layers are interweaved with layers of A atoms. The layers
are bonded together covalently rather than by vdW bonds as is the case in most other
layered crystals. However, selective etching of the A layer can be achieved by hydrofluoric
acid, resulting in the production of thin single layer sheets of micron sizes. These new

exfoliation methods are a testament to the versatility of solution processing.
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Liquid-Phase Exfoliation

Clearly, a space exists to isolate nanosheets at high yield through a simple and versatile
process that requires limited post-processing steps. Just four years after the mechanical
exfoliation of graphene, liquid-phase exfoliation (LPE) was to developed for exfoliating
layered crystals.”’ LPE involves the mechanical delamination of sheets from layered
crystals through ultrasonic energy or shear forces in a stabilising solvent environment.
The stabilisation of the dispersion depends on the solvent minimising energetic effects
between neighbouring nanosheets which prevents reaggregation. Thus, stable colloidal

dispersions of nanosheets can be produced upon choice of an appropriate solvent.

LPE builds on decades of research in the field of chemical exfoliation, now allowing the
production defect-free nanosheets without the requirement for covalently bonding
molecules to the basal plane.®” Crucially, monolayer and few-layer nanosheets produced
by LPE have properties distinct from their bulk counterparts. The technique itself is rather
versatile and appears to be applicable to any layered material.'* Recently the approach has
even been extended to non-layered materials with the preparation of quasi-2d
nanoplatelets.® At first glance, these non-layered materials appear to have anisotropic
covalent bonding schemes which results in preferential cleavage normal to the weakest
bonds, however there are reports of exfoliation of isotropic materials to 2D platelets® and

research is ongoing to understand this phenomena.

The resulting dispersions tend to be polydisperse in nature with a broad distribution of
nanosheet lateral sizes and thicknesses present. This poses a problem as the band gap for
materials is highly dependent on thickness, however, these distributions can be narrowed
by applying centrifugal forces to dispersions allowing nanosheets of desried dimensions

to be preferentially selected.
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While the initial studies on LPE where carried out in the solvent N-Methyl-2-pyrrolidone,
it was found that by sonicating layered crystals in water with additional salts or polymers,
high aspect ratio nanosheets dispersions can similarly be achieved.®* Nanosheets
exfoliated in surfactants tend to thinner but of smaller length when compared to
exfoliation of the same materials in organic solvents.” Upon exfoliation ions or polymers
adsorb non-covalently onto the sheet surface, here, they act as stabilisers preventing
reaggregation through electrostatic or steric repulsion. While the use of water is clearly
preferable to harmful organic solvents, the removal of stabilisers is not straightforward
and residuals are likely. Surfactants can be removed by a series of washing steps whereas

adsorbed polymers can be decomposed through annealing.®
Ultrasonication

Ultrasonication involves the conversion of high frequency mechanical oscillations in
acoustic waves (Figure 2.7A). These waves generate cavitation bubbles that collapse into
high energy jets and induce intense shear and normal forces to act on the layered crystal,
as shown in Figure 2.7B.% As numerous bubbles collapse, the sum of the kinetic energies
isenough to overcome the VAW bondingleading to exfoliation. The high tensile and shear
stresses generated will lead to ruptures in the basal plane, and so fragmentation of
nanosheets also occurs.”>' Two methods of ultrasonication are generally employed, bath
sonication which is a low energy process setting up standing waves in a small tank. The
low intensity along with interference and damping of the ultrasonic waves within the tank
means reproducibility can be difficult and yield is poor.*””> Sonic probe sonication is an
alternative high energy process whereby the probe is inserted directly into the dispersion.
This means that the intensity experienced by crystallites is strongly dependent on the
distance to the probe, which again means reproducibility can be challenging. However,
yields are much improved and simple post centrifugation steps can limit batch to batch

variations.
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Given the intensity of the mechanical process, one might assume that this is deleterious to
the quality of the basal plane, however, studies how found the basal plane to remain

relatively pristine with defects confined to the nanosheet edge.*>**
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Figure 2.7— Liquid Phase Exfoliation. A) layered crystals delaminated via probe
sonication. B) Exfoliation mechanisms associated with microjets during
sonication. Image from ref®® C) In ‘good’ solvents — those with matching
surface energies, nanosheets are stabilised against re-aggregation. In ‘poor’
solvents - those with mismatched surface energies, nanosheets tend toward
re-aggregation. Image adapted from ref?. D) Examples of stabilised and
reaggregated dispositions. Image from ref.**

2.2.4. Stabilisation

The success of LPE is contingent on the ability to stabilise dispersions of nanosheets in
liquid medium post-exfoliation. This is important not only for characterisation of the
nanosheets themselves but in terms of applications where the long-term stability of inks
throughout printing or composite preparation processes is vital, particularly in a
commercial context. Considerable efforts have gone into understanding and applying
theory to nanosheet dispersions allowing suitable solvents, surfactants and polymers to be

identified.?> '
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Solvent stabilisation

The key to liquid-phase exfoliation does not rest solely upon overcoming the interlayer
bonding of crystallites, the liquid environment also plays a crucial role by lowering the
energetic cost of exfoliation through solvent-nanosheet interactions and stabilising the

subsequent dispersion against re-aggregation (Figure 2.7C&D).

Due to their earlier discovery, carbon nanotubes was the initial guinea pig used to tackle
solvent-stabilised dispersions, with N-methyl-pyrrolidone (NMP) and dimethyl
formamide (DMF) identified as particularly effective at producing stable dispersions.'”*
Drawing inspiration from decades of work on polymer stabilisation, this was formalised
by Bergin et al.” who showed that stable dispersions could be achieved when the surface
energies of the solvent and nanotube closely match. This was extended to 2D nanosheets
in 2008 with an extensive study showing that solvents with surface energies close to 40 m]
m? were found to maximise the concentration of dispersed nanosheets, but had

unfortunate characteristics such as high boiling points and toxicity.”

Thermodynamics tells us the a stable dispersion occur when the free energy of mixing,

AG,ix is negative.' The free energy of mixing is given by:

A(Bmix =AH mix _TASmix

(2.1)
Where T is the temperature and AH i, ASyix are the enthalpy and entropy of mixing. Due
to the dimensionality and high rigidity of nanosheets, AS,..is small and hence the goal is

to minimise AH,;, such that a negative value of free energy can be obtained. Strategies to

achieve this depend on consideration of the Flory-Huggins interaction parameter'®
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Where z is the coordination number between of both solvent and solute, & represents the
strength of the inter-molecule pairwise interaction, and the subscripts A and B represent
the solvent and solute, respectively. For stable dispersions solvent-solute interactions
must dominate and this is realised when } < 0. When solute-solute or solvent-solvent
dominate y > 0, which leads to solute aggregation. ¥ can also be approximately related

to the Hildebrand solubility parameters,'® ¢; which the square root of the cohesive energy

density, such that:

V
Zzﬁ(é‘m _5B,T)2 , 6, =B IV

(2.3)
Where Er is the total molar cohesive energy and V is the molar volume of the solvent.

The enthalpy of mixing can then be given as:

AH mix
V

= xp(L=P)KT /v,

mix

(2.4)

Here V. is the total volume, ¢is the solute volume fraction and v, is the solvent molecular
volume. This equation illustrates that minimising the difference in solubility parameters
will yield a smaller value of AH,,;; and so, more favourable mixing.'** Matching &;has been
an effective strategy for non-polar systems where the only interactions are dispersive,
however, in reality most systems also contain polar and hydrogen bonding interactions.
To account for this Hansen expressed the total cohesive energy density in terms of is

dispersive, D, polar, P, and hydrogen bonding, H, components'®
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Ecr =Eco+Ecp+Ec = 8% =0° +87% +67,

(2.5)
With this in mind equation 2.3 can be re-written as
V, 2 2 2
A= ﬁ[(aD,A ~0pg ) +(5P,A _5P,B) +(5H,A _5H,B) }
(2.6)

Thus careful matching of all solubility parameters is required to realise small values of Z.
Surfactant Stabilisation

As an alternative to toxic organic solvents, exfoliation of 2D materials has also been
demonstrated in water, however given the high surface energy of water additional
surfactants are required to facilitate exfoliation. Surfactants are amphiphilic molecules,
that is, they have a hydrophobic tail consisting of a long hydrophobic alkyl chain and a
hydrophilic ionic head. The hydrophobic tail adsorbs to the nanosheet basal plane by
London dispersion forces, while the ionic head interacts with aqueous environment. An
ion becomes dissociated from the hydrophilic head group and acts asa counter ion. These
counter ions are subject to Brownian motion but remain electrostatically bound in the
vicinity of the tail group, creating an electric double layer (Figure 2.8 A). The diffuse nature
of the counter ions results in an effective net surface charge around the nanosheet from
which similarly charged colloids are repelled by coulomb forces, inhibiting re-

aggregation.

The physics of the competing double layer and vdW forces was first studied by Derjaguin
and Landau,'” and independently by Verwey and Overbeek,'®® giving rise to the eponym,
DVLO theory. This concept was adapted for two dimensional nanosheets and the overall

potential energy as a function of the distance between the sheets, D, is given by*
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V; (D) ~ Ax¢ % — B/ D"
(2.7)

Where A & B are constants of the system, k' is the Debye screening length (a measure of
the double layer thickness) and {is the zeta potential. This expression is strictly valid for
|{] < 25 mV, however it serves as an approximation for colloidal behaviour and can
provide rough, numerical estimates. It is clear from the equation that two approaching
particles will experience a repulsive potential barrier, if the potential is not of sufficient
magnitude attractive vdW forces will overcome the repulsive forces leading to coagulation
of the particles (Figure 2.8B). The magnitude of the potential barrier and thus effective
dispersion stability can be achieved by tuning x'and &. A zeta potential of | {'| > 30 mV
is considered sufficient to achieve long-term dispersion stability and can be varied by

changing surfactant type and concentration.®
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Figure 2.8 — Surfactant Stabilisation. A) Surfactant stabilisation of particles
within solution via amphiphilic molecules. Image from ref.’°” B) Interaction
energy as a function of nanosheet separation. Contributions due to Coulomb
repulsion (Vpy0) and attractive vdW forces (V,4) are shown as dashed lines.
The sum of the interaction (V;) is a solid line. Adapted from ref?®

From an economical and safety perspective exfoliation in water is far more attractive than
organic solvents. The glaring obstacle here is the presence of surfactant. Although it has

been shown that nanosheet electronic devices can be prepared from water/surfactant
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dispersions, the nanosheet-surfactant-nanosheet interface must be detrimental to the
transport properties of the network. Furthermore typical printing substrates and
techniques are often not compatible with water-based solutions due to the high boiling
point, surface energy and viscosity. It is therefore preferable to exchange exfoliated

nanosheets into a more suitable solvent for final processing.
Liquid Cascade Centrifugation

Although top-down exfoliation methods effectively delaminate layers from their parent
crystal, the manner of delamination is not a precise affair. At the same time, high-energy
sonication can also induce scission along the basal plane of already exfoliated layers. This
means that the resulting nanosheet dispersions are polydisperse in nature with nanosheets
comprising of a broad range of lengths and thicknesses. This can have significant
implications in terms of applications. Electronic devices may require well defined band
gaps, while larger sheets are optimal for mechanical reinforcement. With this in mind,
having a degree of control over the lateral size and thickness of the final dispersion is
necessary in order to optimise their application. This has been addressed by implementing

centrifugation strategies to narrow the size distribution of nanosheet dispersions.

Two techniques have generally been employed for size selecting of nanosheets: density
gradient ultracentrifugation (DGU) and liquid cascade centrifugation (LCC). DGU
exploits to subtle differences in nanosheet density, whereby a medium of graded density
(DGM) is used to separate out certain sizes of nanosheets when the nanosheet density is

equal to that of the surrounding medium.'*®
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Figure 2.9 — Size Selection of Nanosheets via Liquid Cascade Centrifugation.
Nanosheets of specific size distributions can be trapped by centrifuging in
iterative steps. Image from ref.’*®

LCCis a sedimentation based approach where nanosheets can be size selected through the
application of centrifugal forces. The rate of sedimentation is described by the Svedberg

equation

_ m(l-pV)

(2.8)

Where s is the sedimentation coefficient, m is the mass, p is the solvent density, V is the
volume a gram of material occupies in the solvent and f is the frictional coefficient. The
key here is the mass dependence of the sedimentation where larger and thicker nanosheets
will sediment faster than their smaller and thinner counterparts. Centrifugation acts to
catalyse this sedimentation process and can be exploited to extract particular size fractions
of nanosheets. This is achieved by applying increasing centrifugal forces in iterative steps.
Removing the sediment between each step captures a certain size fraction of nanosheets.
After a final high speed centrifugation step, the final dispersion is enriched with small
monolayer sheets.'” The sediment from previous steps can be simply be redispersed under

mild sonication to yield nanosheet dispersions of discrete sizes (Figure 2.9). The simplicity
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and versatility of the technique makes it an attractive post-processing step for nanosheet
dispersions however there are some considerations to bear in mind. Primarily, the
mechanism of sedimentation results in nanosheet dimensions being intrinsically coupled,
that is, nanosheets of large lateral sizes are thicker and contain multiple layers whereas
monolayer rich dispersions can only be isolated at lateral sizes less than 50 nm.""® The
inability to obtain large monolayers is a significant drawback of LPE, however, in this
work, the isolation of monolayers is not of primary importance and LCC is a useful

method to broadly define the distribution of nanosheets present.

29



Chapter 3

2D Networks and their
Composites

With the isolation of 2D materials and their superlative properties now realised, attention
has turned towards their utilisation for functional devices and materials."' One approach
is to isolate single 2D nanosheets and directly stack/arrange the nanosheets on other 2D
materials or deposited metal contacts, as shown in Figure 3.1A. This has shown success in
preparing heterostructures and single nanosheet devices for applications such as strain
sensors,''” transistors''* and photovoltaic devices.''* The drawback here, is that the process

is slow and cumbersome, however, a degree of scalability has been achieved in the form of
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layer-by-layer growth of heterostructures utilising bottom up processes such as MBE and
CVD. This method, broadly termed vdW epitaxy,'" is still in its infancy and faces critical
challenges to implementation in particular, control over layer thickness and a lack of
understanding on the mechanisms underlying growth and performance.'*® Furthermore,
the previously discussed limitations of bottom-up processes still remain, and so it appears

unlikely that vdW epitaxy will be the source of low cost, mass market devices.

A B Nanosheet Networks

Mechanically Assembled
Nanosheets

Figure 3.1 — Assembled Nanosheets and Nanosheet Networks. A) Schematic
of mechanically stacked nanosheets from which functional heterostructures
can be obtained. The process requires precise placement of nanosheets in
order to obtain well-defined reproducible devices. Adapted from ref’’’ B)
Schematic of networks formed from overlapping of adjacent nanosheets. This
type of assembly leads to large area, continuous nanostructured networks.
Adapted from ref.’’®

Solution processed nanosheets offer an enticing alternative in terms of both cost and ease
of processing. The simplicity lies in the fact that nanosheet dispersions are essentially inks
and are compatible with conventional printing methods for large area electronics.'’” The
advantage here is that processing temperatures are relatively low which allows for direct
deposition on a wide array of substrates, in particular flexible and stretchable polymers.
Additionally, nanosheet dispersions can be readily dispersed into polymer solutions for
the preparation of functional polymer nanocomposites."'®'"” In comparison to vdW

epitaxy, devices from solution processed dispersions are not limited to interactions
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between a few nanosheets and their electrical contacts. Instead devices comprise of vast
networks of nanosheets (Figure 3.1B) and performance is, more often than not, limited by
the presence of vdW junctions between the sheets and by extension the connectivity of the

networks.!'®

While this may complicate network performance it can also offer an
opportunity, as networks can be sensitive to external stimuli, which is realised through the
change in electrical properties of the network. This means that networks show exceptional
promise in terms of sensing applications. This chapter will briefly discuss some of the
common properties of networks comprised both solely of nanosheet networks and

nanosheet/polymer blends, before moving to the percolation type behaviour these

materials display.

3.1. Low-Dimensional Networks

As the Internet of Things has garnered increasing interest, there is a palpable need to
develop technologies which can be seamlessly integrated into everyday life. Conventional
silicon technologies are bulky, inflexible and costly, which limit their integration in areas
such as health monitoring where devices will be imbedded in clothing or adhered to the
skin and comfort is paramount. Here printed networks of nanomaterials (Figure
3.2A,B,C) show much promise owing to their stability, versatility and device performance.
0D, 1D and 2D inks have seen rapid growth and have been adapted to a variety printing
techniques. Since each strategy has a distinct set of characteristics, the morphology of
nanomaterial films can vary by printing process. However, there are common features in

all printed networks which are pertinent to device performance.

A feature of nanomaterial networks is that their conductivities are orders of magnitude
lower than the intrinsic conductivity of the constituent material, furthermore, there can

be a high dependence on the geometry of the constituent nanoparticles.””' This points to
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some rather complex interactions during network formation. Conductive nanomaterials
deposited on a substrate form a disordered array of particles which yield a macroscopic
conductive network. Within the network, its constituents are separated by junctions
where adjacent particles are in close proximity and are separated by a narrow vdW gap.
Although it should be noted that in the case of metallic nanomaterials these gaps are
bridged by disordered grain boundaries.''” This means that electrical conduction through
the network typically occurs via hopping or tunnelling of electrons across the junctions.
Hopping, denotes the excitation of charge carriers into available, delocalised states. From
there electrons can then ‘hop’ to free states at other conducting sites to transport
charge.®'? Tunnelling, on the other hand refers to quantum mechanical effects where
carriers have a finite probability of tunnelling across an energetic barrier or gap.
Regardless of the mechanism the probability of electron transport is exponentially
dependent on the distance between two conducting sites and so one can expect the
junctions between the network constituents to play an important role in the overall

networks properties.

Nanomaterial networks can be thought of as an arrangement of parallel in-series
resistances, whereby the resistances experienced by an electron travelling through a
particle (R;) are also accompanied by transit across a junction between two particles, R;
(Figure 3.2D). This means the network resistance is dependent on both R,and R;. Junction
resistances can vary dramatically, for example conducting nanosheets display rather large
junction resistances of the order 10° - 107 Q.* While studies on silver nanowires report
junction resistances between 10° - 10*."** The broad distribution of junction resistances
points to the complex nature of charge transport in nanomaterial networks and further

worKk is required to better understand these mechanisms.*
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Figure 3.2 — Nanomaterial Networks. Schematic of nanostructured thin films
A) zero-dimensional, B) one-dimensional, C) two-dimensional. Images adpted
from ref'** D) Schematic of a nanosheet network, purple line defines the
electron path across grey nanosheets, where it encounters series resistances
associated with the resistance of the nanosheet and of inter nanosheet
Junction. A conductive atomic force microscopy measurement showing a large
step as the atomic force microscope tip crosses an inter-sheet junction (inset).
Image from ref® SEM images of D) highly aligned spin coated and E) obliquely
aligned spray coated nanosheet networks. Image in D) is from ref.'?*

While Ry will depend on the distance between particles, another consideration is the
geometry of the nanoparticle and how this will affect the nature of the junction. We can
envisage that for 0D particles such as silver nanoparticles, there is little overlap between
adjacent particles. The intrinsic nanoscale dimensionality of the particles leads to a high
areal density of grain boundaries, ~ 10° um™. These interfaces tend to be highly disordered
arising from bulk lattice termination, surface species and misalignment between
randomly oriented particles.'”” This leads to the presence of transport barriers and
trapping sites which can severely limit charge transport.”® This is in contrast to 2D

nanosheets or entangled nanotubes where the overlap area between adjacent particles is
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far larger, facilitating improved charge transport and thus superior network
conductivities. Moreover, it has been demonstrated conductivity scales with aspect ratio
(AR) in conductive nanosheet networks, where high aspect nanosheets create large area

and conformally contacted junctions.*'*®

A printed nanomaterial film will contain a certain amount of free volume, otherwise called
porosity, which is present regardless of the deposition method used. This arises because
of packing considerations and it is well known that geometric objects cannot occupy all
the space in a finite volume. For example, solid spheres packed randomly into a cylindrical
volume have a packing efficiency of 64% meaning the porosity of the configuration is
36%."”” This idea of has been extended to ellipsoids of various alignments and aspect
ratios. However, even in an optimized case (aligned and high AR), numerical simulations
yield porosities of ~30%."**'* A drawback of this porosity is that it prevents networks from
realising the performance of the intrinsic material, this is particularly relevant for 2D
nanosheets where large porosities will hinder conformal overlap of the basal planes, thus
limiting charge transport.'** Depending on the deposition method, the alignment and
hence packing efficiency may change drastically. For example, spray coated films tend to
be highly porous (~50%) and are aligned obliquely due to the blanket deposition of inks, "'
whereas spin coated films can show a higher degree of basal plane alignment and hence
more efficient packing, as shown in Figure 3.2E&F. Recent advancements have shown
exceptional basal plane alignment can be achieved through the preparation of ultra-thin
high AR nanosheets which form tiled conformal networks with properties approaching

that of single flakes.%*

As indicated above, the average orientation of particles with respect to the direction of
current is an important aspect of nanomaterials networks. As a general rule of thumb
alignment of nanosheets leads to much higher network conductivities.'* This is because

high basal plane alignment leads to large area conformal junctions, significantly
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enhancing charge transfer. Theoretical work on nanosheet orientation appears to be thin
on the ground, however, there are reports of anisotropic electrical properties in silver
nanosheet networks which is the result of partial alignment of nanosheets during
processing."*® Similar results have been reported for graphene-only networks where in-
plane conductivity increases dramatically, and shows a conductivity ratio (in-plane/out-
of-plane) of 1000 once alignment is induced.'*”> An interesting note here is that composites
and thin films containing CNTs show some very different behaviour, as CNTs rotate the
number of intersections with other CNTS per unit length varies strongly as a function of
average orientation angle. Hence perfectly aligned CNTs will display no network
conductivity at all while the highest conductivities are observed when nanotubes are iso-

tropically or close to iso-tropically orientated.'**%

As a final note, it is important to not only consider the properties and geometries of the
constituent nanomaterials but also the environments in which nanomaterials and their
networks are formed. Starting powders will inevitably contain some amounts of
contaminants which are sure to effect network performance. A common strategy to limit
contamination in LPE involves mild sonication of the precursor dispersion before
sedimenting out the powder via centrifugation.”® This serves to remove soluble
contaminants, however the total removal of contaminants is a challenging endeavour and
therefore careful selection of the starting powders is necessary. Additionally, solvent
molecules and surfactant adsorb to the nanomaterial surface, which become trapped
within pores of the networks during deposition. Thermal annealing can be used to remove
volatiles and decompose additives however substrate choice can limit annealing

temperatures and hence the efficiency with which volatiles and additives are removed.*
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3.2. Composites

For almost the entirety of its history, mankind has made use of composite materials. The
earliest examples date back millennia when straw was used to reinforce mud and clays, to
improve the performance of structural bricks. This primitive technology has quite literally
stood the test of time and even today straw reinforced mud is the primary component of

massive structures like the Great Mosque of Djenné in central Mali (Figure 3.3A&B).

Composites are materials which comprise of two or more distinct phases where the final
properties differ from those of the original components. The phases of two component
composites are described as the matrix and filler. The matrix is the continuous component
of the material which binds the filler and defines the material’s shape. While the filler
component can be thought of as an additive that is incorporated into the continuous
matrix phase (Figure 3.3C&D). Composites now encompass many classes of materials,
however, traditional matrices include materials such as polymers, ceramics, clays and
metals.”’® The filler can imbue the matrix with additional functionality according to the
properties of filler and the interaction between the two phases. Various fillers have been
used to achieve mechanical reinforcement, conductivity enhancement, gas barrier and

sensing capabilities in composite systems.
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Figure 3.3 — Composite Systems. A) Image of the Great Mosque of Djenné,
Mali. B) Mud and straw composites that can be used as structural materials. C)
Carbon fibre filler embedded with in a continuous matrix phase. Image from
ref.”?” D) Simulation of filler sheets embedded within a polymer matrix
comprised of interwoven polymer chains. Image from ref.’*®

The genesis of modern composite technologies began with the development of plastics as
an alternative to natural resins derived from plants at the beginning of the 20" century.
Strong, flexible and cheap to produce, plastics truly have transformed the world and are
now ubiquitous to daily life. The versatility of plastics means they can be found in
practically any application and have supported all of the key developments of the last
century such as the transition to electrification through insulating wires, the proliferation
of computers and cell phones, as well as lifesaving advances in modern medicine. Plastic
composites have played a vital role in shaping the modern world, usually in the form of
reinforcement of existing materials. In 1936 plastic resins were combined with glass fibres
and thus fibreglass composites were born. At the time fibreglass displayed properties far

exceeding any available plastic. Stronger than common metals, non-magnetic, insulating
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and chemically inert, fibreglass soon found itself being used in a vast array of applications

from windows and thermal insulation to circuit boards and anti-slip flooring.

In the late 50s and 60s carbon fibres were introduced as new fillers for composites owing
to their high strength, low weight, temperature stability and low thermal expansion.'®
Carbon fibres (CNFs) are graphitic structures in the order of 10s of microns in diameter.
While not possessing the high performance properties of carbon nanotubes, their general
characteristics are broadly the same and after decades of research they have found
applications in a variety of industries where low weight and high strength are paramount,
including the wings of passenger planes, wind turbine blades and high performance

automotives.

3.2.1. Nanocomposites

Nanocomposites are defined as composite systems where the filler component is a
nanomaterial. They offer advantages over traditional composites due to the enhanced
properties of nanomaterials compared to the bulk, in addition, the increase in surface area
improves the interfacial interaction between the nanomaterial and matrix per unit mass.
This means that comparatively smaller amounts of nanomaterials are required, which

keeps costs low and decreases the probability of defects.
Mechanical Properties

The impressive mechanical properties of layered 2D nanosheets and 1D nanotubes makes
them ideal candidates as reinforcing agents in nanocomposites. The reason for this is the
sp’sigmabonding and hexagonal lattices which characterise these materials making them
resilient to in-plane deformations.'** Graphene is a standout in this department, with an
elastic modulus, E = 1 TPa and an intrinsic strength, or = 130 GPa for individual

monolayers.'* This gives it the grand title of ‘the strongest material ever measured’. Due
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to these incredible mechanical properties graphene has been intensively studied as a

reinforcement filler for composite systems with great success.'*

The mechanics of materials are generally evaluated via stress-strain curves obtained from
tensile measurements. In Figure 3.4A, typical stress-strain curves of polyethylene oxide
at various nanosheet loadings are shown. From these curves, measures of several
mechanical properties can be obtained and plotted as a function of filler loading (Figure
3.4B) : Elastic modulus, E,, is the slope of a linear approximation of the stress-strain curve
about 0 strain. Tensile strength, oy, the maximum stress which the composite can
withstand. Tensile toughness, which describes the materials robustness and is a measure

of the area under the stress-strain curve.

A simple description of reinforcement by a high-modulus filler (graphene) in a low

modulus matrix is given by the ‘rule of mixtures’'+
E.=E¢+E,(1-9)
(3.1)

Where E., Ej; E,, are the elastic modulus of the composite, filler, matrix and ¢ is the filler
volume fraction. The rule of mixtures makes a number of assumptions, principally, that
the filler is uniformly dispersed within the matrix, there is perfect bonding between the
filler and matrix, and that the composite is absent of voids. Realising composites with these
properties is not so trivial and it is well known that aggregation of fillers is an issue in
nanocomposite systems, resulting from vdW interactions between fillers which can be
greater than the filler-polymer affinity. At higher filler contents, aggregation becomes
unavoidable leading to degradation of the mechanical properties which not predicted by

equation 3.1. Thus, the rule of mixtures is generally only applicable at low filler content.'*°
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Figure 3.4 — Nanocomposite Reinforcement A) Stress-Strain curves at various
filler loadings demonstrating a significant increase in strength and elastic
modulus. Data from ref.’** B) Elastic modulus plotted as a function of filler
volume fraction, the solid line is behaviour predicted by the rule of mixtures,
which deviates at higher filler loadings. Data from ref.’** Schematic of C)
randomly distributed and D) aligned filler nanocomposites.

While the simplicity of equation 3.1 is attractive, it does not account for the geometry or
orientation of the filler particles within the matrix. For this reason a modified version has

been proposed:'*

E.=n:mE¢+E (1-9)

(3.2)
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Where 77, and 7, are the filler dependent length and orientation factors. 7, takes a value

of 1 for aligned nanosheets and it has been shown that for randomly orientated nanosheets
170 = 8/15." The length factor (0 < 77, < 1) encompasses the efficiency of the matrix-filler

stress transfer and reflects its dependence on both the shape of the filler and the strength

of the filler matrix interface.'* 77, takes the form:
ns
tanh| —
3 e
Ny =l-———m>"—=, n= ——F—
ns E,1+v)

Where s is the aspect ratio of the filler and vis Poisson’s ratio. This yields an intuitive

(3.3)

understanding that fillers with a high aspect ratio will lead to an improved elastic modulus.
A further consideration is that the commercial production of layered 2D materials will
likely yield nanosheets of a few layers rather than monolayers. This has implications for
the magnitude of the filler modulus, as E; depends on the nanosheet layer number and
will have a smaller modulus compared to the monolayer.'** Much like a deck of cards, the
relatively weak vdW forces between the monolayers will allow graphene sheets to slide in
response to an applied shear force. Thus, the overall nanocomposite reinforcement

depends on the strength of the vdW bonding between the layers of nanosheets.'*

The elastic modulus is the most widely studied aspect of nanocomposite reinforcement,

however, the addition of filler can have a profound effect on several other mechanical
properties. The tensile strength, or, can show significant increase upon the addition of

small amounts of filler, however, or tends to be more sensitive to aggregation and
improvements saturate at lower loadings than in the case of E.. Aggregated nanosheets can

act as failure points during elongation of a nanocomposite material. This not only results

in a deterioration of ot but also reduces the ductility of the material and so there is often
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a trade-off between nanocomposite strength and ductility.”*® Extending this idea means

that the tensile toughness also varies with ¢ and there typically exists an optimised loading

for which the maximum toughness can be obtained.
Electrical Properties

Plastics display an abundance of useful properties, this along with their versatility and ease
of processing means that there is normally a suitable plastic to meet a desired application.
One aspect where plastics struggle is in the fact that they are typically insulating. This can
be resolved by the addition of conductive fillers to the polymer matrix to form an
electrically conducting nanocomposite. A mechanically robust yet flexible conductive
material is extremely attractive and has a wide breadth of possible applications such as
electromagnetic interference shielding,'* flexible electrodes™ and conductive
adhesives.””" Traditionally, carbon black (CB) has been used to imbue plastic with
conductive properties, however, composite conductivities using graphene and CNT fillers
can be orders of magnitude higher at the same loading levels and under identical
processing conditions.”” This is attributed to the fact that graphene and CNTs display
much higher intrinsic conductivity and aspect ratios (AR) than CB. The higher AR
facilitates better overlap of the conducting particles and thus better transport properties.
These advantageous features have resulted in graphene and CNTs already being used on

a large scale as a substitute for CB in static dissipation.'

In terms of their electrical properties nanocomposites can be thought of as almost
identical to the nanomaterial networks discussed earlier, where instead of air being
present in the pores there is a matrix material such as polymer. The additional
consideration here is that instead of a vdW gap between adjacent nanomaterials a thin
layer of polymer now exists. This polymer increases the distance between the

nanomaterials and hence, the junction resistances tend to be much larger, with reports of
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R ~ 400 M2 for MoS;:Polymer composites.'** Nonetheless, tunnelling and hopping are
still the dominant mechanism for electron transport and junction-junction transport has
been directly observed in carbon nanofiber composites, which were investigated using
conductive-tip atomic force microscopy.”* As in the case of nanomaterial networks,
changes in composite electrical properties can be induced through the alignment (Figure
3.4C&B) of nanomaterials within the matrix or by increasing the aspect ratio of the filler.
These phenomena have been both experimentally and computationally for graphene
nanocomposites, which display significant increases in composite conductivity with

increasing aspect ratio and nanosheet alignment.'>>'%

3.3. Percolation

In the section above, the electrical characteristics of nanomaterial networks and their
composites was discussed. This was a general discussion and paid no heed to the loading
of conducting particles within a film or material. Intuitively one can expect some scaling
of conductivity with an increase in the number of conducting particles and as we have
previously discussed, mechanical reinforcement predicts a linear increase in the Young’s
modulus with filler volume fraction. However, the electrical properties are not linearly
dependent on ¢ and instead extreme, abrupt transitions from insulating to conductive
behaviour are observed. This is because the onset of electrical conductivity is related to the
connectivity of the conductive particle network rather than the interface between the

matrix and the filler.
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Figure 3.5 — Electrical Percolation in Graphene Nanocomposites. Schematic
depicting the variation in conductivity as filler content is increased. This results
in a characteristic 'S’ shape behaviour which can be modelled by equation 3.4.
Image from ref?.

The effect of introducing a conductive filler into a less conductive matrix has attracted
interest for decades and is by now well understood. The model composite comprises of a
random distribution of filler inside an insulating matrix. When filler loadings are small,
the insulating matrix dominates and isolated conductive particles ‘decorate’ the matrix.
Since there is no long range connectivity across the material the conductivity increases
marginally. As progressively more conductive material is added clusters of conductive
material form and increase in size, leading to a further increase in conductivity. At a
critical point known as the percolation threshold, ¢@. the first conductive path is formed
and the distance between conductive particles is such that electrons can travel across the
entire material by hopping or tunnelling mechanisms through adjacent conductive
particles. This transition is characterised by a sharp jump in conductivity. About ¢
composite conductivity is highly sensitive to ¢ and will continue to rise as additional

connected conductive pathways are established and begin to intersect. As ¢ — 1,

conductivity begins to saturate toward some ultimate value (Figure 3.5).
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This kind of behaviour is commonly observed in conductive composites regardless of the
type of filler or matrix used and is described within the framework of percolation theory.'*
Percolation is a mathematical model which goes back to Flory and Stockmayer,'® who
used it to describe gelation processes in polymers and it is used widely to describe
connectivity and transport in complex systems. Originally, site and bond percolation
models based on square lattices (large enough to negate boundary conditions) were
proposed.’® The square sites have an occupation probability of p. A small occupation
probability results in isolated sites with occasional nearest neighbour pairs bonded
together forming a cluster. As p increases the size of the clusters grow, with the mean
distance of two points in the same cluster defined as the correlation length. At a critical
occupancy, p., the correlation length diverges such that it traverses the entire lattice and

from this point connectivity increases, reaching a maximum at p = 1 (Figure 3.6A).

The similarity between this graphical model and the conductivity behaviour of composites
is striking. Percolation like behaviour in composites was first reported on in 1966 when
spherical silver particles where added to Bakelite.'®> This discovery fascinated both
experimentalists and theoreticians alike, and percolation theory was quickly adapted to
explain this phenomenon. '#16:1631¢ Conductivity percolation models are obtained by
considering resistor networks from which resistors are removed at random. By assessing
the connectivity of these resistor networks general models applicable to many systems can
be generated.'®® The utility of this theory lies in the fact that a number of network

properties can be obtained from relatively simple algebraic descriptions
0 =0, (¢ - ¢c )t
(3.4)

Where o is the network conductivity, o: is a scaling constant and ¢ is the percolation

exponent. Moreover, the equation above is not limited by the microstructure of the
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composite. This simplifying property means percolation theory is now widely used to
describe conductive behaviour in nanocomposite materials comprising of a vast array of

fillers, matrices and morphologies.'%

The classical theory of lattice percolation, discussed earlier, predicts that f is universal and
is determined only by the dimensionality of the space and not by factors such as structure
or inhomogeneity.'* Of relevance here is that in 3 dimensions, t = 2, while in 2 dimensions
t ~ 1.3.'% However, this universality was called into question as reports, particularly of
polymer composites, found some ¢ values to be far larger than 2, with values as high as t =
9 reported.'®®'® The physical reason for this is that continuum percolation systems will
contain a distribution of junction resistances, where the distribution is broad and has a
larger weighting towards poorer conductors. Due to the distribution of the network, the
average resistor value diverges as the percolation threshold is approached which leads to
larger divergences in conductivity than would ‘normally” be expected and hence larger
values of t are observed.'#'® The presence of polymer between conductive particles is
highly likely to lead to the scenario described above and thus, non-universal values of t are

expected for polymer nanocomposites in general.

The percolation threshold, ¢, has none of the universal constraints associated with the

percolation exponent. That is, ¢ expected to be dependent on factors such as the
geometry, orientation and morphology of the filler within the conducting matrix. Due to

the vast number of reports in the literature it is impossible to cover all the possible

interacting dependencies of @, however some salient points can be extracted.

A computational study of ellipsoids by Garboczi'”®, showed that aspect ratio and geometry

of the filler has a dramatic effect on the percolation threshold. A value of @ ~ 29% is

predicted for spherical fillers, whereas large aspect ratio ellipsoids, such as LPE

nanosheets, ¢, is predicted to vary as 1.27(d; /l) where d; is the sheet thickness and [ is the
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sheet length. Similarly, for high aspect ratio rods, such as 1D nanotubes @. = 0.6(r/]) where
r is the rod radius and [ is the length. Common ratios of nanosheets (AR = 50) and
nanotubes (AR = 100) give values of @eeipsoid = 2.54% and @.,.a = 0.6% respectively. These
trends fit well with what is observed experimentally in the case of carbon fillers which
display different geometries and dimensionalities. A number of studies show similar
decreases in ¢ as fillers are changed from CB — Graphene — CNTs, although the actual

values can vary from those mentioned above.'7"'”
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Figure 3.6 — Percolation Networks A) Classical site-bond percolation model,
here the black dots denote the site, while connected paths through the lattice
are shown as hollow connected dots. p denotes the probability of a random
site being occupied. Image from ref.’”?> B) Network connectivity in percolating
2D thin film networks. As material is added in iterative steps i) — iv) connected
paths of nanosheets form allowing current to flow.
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Morphology can also play an important role in determining ¢.. Typically the orientation
of the filler and degree of aggregation are considered. Several reports both computational
and experimental show that alignment of nanosheets leads to a increase of @ in the
direction of alignment.'*>'#'7> For example, highly aligned nanosheet networks display
percolation thresholds greater than 10 vol%,'**'”* while, homogeneously dispersed
graphene/polymer composites display values of ¢. ~ 1 vol%.'> When considering
nanotubes, the lowest percolation thresholds are attained from random orientations and
alignment leads to increases in ¢, in fact no percolative behaviour will be observed at
moderate CNT loadings for highly aligned nanotubes."**'* This is the result of a dramatic

reduction in overlap area with increasing CNT alignment.

Aggregation is a common occurrence in nanocomposites and while this may be
deleterious to the mechanical properties, it can have the advantage of significantly
reducing the percolation threshold. In such instances, rather than being uniformly
dispersed within the matrix, conductive particles coalesce into filler rich and filler depleted
regions. Since the filler is essentially confined to a smaller volume within the material, @
values are reduced compared to the homogeneously dispersed case.’””*” This behaviour
is analogous to what is observed in highly porous media or segregated networks where the

filler must aggregate in the regions not occupied by voids or large impenetrable solids."®

182

Similarly, percolation type behaviour can also be observed in thin films deposited on
insulating substrates. Here, one can imagine an ink containing nanosheets, where the ink
is deposited in an iterative number of steps through passes of a spray coater or inkjet
printer. The build-up of the network over successive passes is shown in Figure 3.6B. After
the first pass the network is discontinuous between the electrodes and the substrate is

decorated in islands of nanosheets. As more material is deposited there is eventually a
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point where a single continuous pathway will form, this is known as the critical thickness,

t.. Above t., conductivity scales in a percolative manner according to
n
0 (fyy L)

(3.5)
where ty.: is the network film thickness and n is a new percolation exponent. Naturally this
thickness scaling dependence does not continue indefinitely and conductivity will saturate

towards a bulk value, at an approximate thickness of ~300 nm for LPE nanosheets.'®3

3.4. Fabrication and Deposition Methods

The solution phase processing of 2D materials and other nanomaterials opens the door to
a multitude of opportunities in printed electronics and functional materials. However,
creating stable dispersions is just the beginning, as nanosheets must be assembled as
networks or combined with other materials to produce devices. This area has been the
subject of intensive efforts as researchers search for the most effective strategies for
developing nanomaterials into the next generation of technologies. In the following
section, we will consider some fabrication techniques of bulk nanocomposites and printed

nanomaterial networks.

3.4.1. Preparation of bulk polymer nanocomposites

Incorporating nanomaterials into polymers is highly advantageous, allowing for
improved mechanics and additional functionalisation in the form of electrical and sensing
properties. There are several strategies used to insert nanomaterials into polymer
matrices. Although each technique is inherently different, they all seek to achieve the same
end goal: the homogenous dispersion of nanomaterials within the matrix. This is actually

somewhat of a challenge as the high specific-surface area, and strong self-affinity through
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vdW forces, means nanomaterials have a tendency to aggregate. The most popular
methods for nanocomposite preparation are solution blending, melt blending, and in-situ
polymerisation. While recently, some more innovative methods have been proposed, such

as infusion of nanosheets by swelling of polymers in nanomaterial dispersions.'**

3.4.1.1. In-situ polymerisation
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Figure 3.7 — In-situ Polymerisation. Schematic of a nanocomposite formed by
in-situ polymerisation. Polymer and nanomaterials are dispersed into a

homogenous mixture. Crosslinking is then initiated by a catalyst or curing

yielding a nanocomposite. Image from ref.’®>

In-situ polymerisation can be achieved by first introducing nanomaterials into a polymer
solution and dispersing via mixing and sonication. Once a homogenous dispersion has
been achieved, a curing agent is added, which crosslinks the polymer chains with the filler
in-situ to form the final composite (Figure 3.7). In-situ polymerisation has proved
remarkably successful in forming well-dispersed nanocomposites and was the first
method used commercially by Toyota in 1991, where nanoclays were mixed with nylon
fibres for the manufacturing of timing belts.'® The nature of the process creates an
improved polymer-nanomaterial interface as covalent bonds are formed between
monomers adsorbed to the nanomaterials surface and the matrix.’” This is highly

beneficial for the mechanical properties as a good interface facilitates better stress transfer
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between the polymer and nanomaterial."* On the other hand, this can hamper the
electrical properties, as covalent bonds hinder contact between fillers and reduce the

effective aspect ratio.'”

3.4.1.2. Melt processing
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Figure 3.8 — Melt Processing. Schematic of melt compounding process where
Nanocomposite and polymer pellets are fed are mixed by a screw under
heating creating a viscous liquid mixture. Upon cooling a solid nanocomposite
forms. Image taken from ref.’%®

Melt processing is often preferred when large volume fractions of nanomaterials are
required. The process offers simplicity and high throughput, which is widely applied in
large-scale manufacturing. During the process, polymer pellets are melted into a viscous
liquid, and nanomaterials are dispersed into the liquid polymer by shear mixing or
extrusion (Figure 3.8). The challenge here, is that adding large quantities of nanomaterials
significantly increases the mixture viscosity and can lead to polymer degradation in high-
shear environments. This means that empirical optimisation of processing parameters is
required, with a new set of parameters needed each time filler loading is changed.'®’
Furthermore, homogeneity of small volume fractions of filler is often challenging to

achieve, and melt processing nanocomposites typically show higher percolation
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thresholds and lower conductivities than nanocomposites fabricated by other

methods.”-12218

3.4.1.3. Solution blending
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Figure 3.9 — Solution Bending. Schematic of a nanocomposite formed by
solution blending. Polymer and nanomaterials are prepared separately in
common solvents. They are then mixed by blending and ultrasonication.

Finally, the solvent is evaporated to form the final nanocomposite. Image from

ref'%°

Solution blending involves polymer dissolution and dispersion of nanomaterials in a
common solvent. Typically the polymer solutions and nanomaterial dispersions are
prepared separately before being mixed under a combination of mechanical stirring and
ultrasonication. Nanocomposites can then be formed through filtration of solutions onto
filter membranes or solvent evaporation under mixing before casting into moulds (Figure

3.9). This method has proven particularly useful since the low viscosity nature of the
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solutions facilitates good dispersion of nanomaterials, leading to lower percolation
thresholds, compared to other methods, and enhanced nanocomposite performance.'®
One problem which exists is finding solvents that are compatible with both polymer
solubility and nanomaterial dispersion. This is particularly true for thermoplastic
elastomers, which are typically only soluble in high boiling-point and toxic solvents such

as DMEF 429! and THE.!¥?

3.4.2. Deposition Methods

Developing nanomaterials for flexible electronics requires a refinement of deposition
techniques, enabling dispersions to be transformed into networks in a low complexity and
cost-efficient manner. The relative ease with which the rheological properties of 2D
dispersions can be tuned allows for formerly graphical printing techniques, such as inkjet
printing, spray coating, and screen printing, to be used as deposition methods for
functional inks. This compatibility with mature and well-established techniques has seen
the rapid proliferation of printed nanomaterial networks across materials research and

industry.

3.4.2.1. Screen Printing

Screen printing is an ancient technique dating back to 200 AD in China, where stencils
were used transfer inks onto fabrics. Over the preceding centuries, refinement of the
process has allowed the printing of more intricate designs, and deposition on virtually any
substrate is now possible. During the 20th century, screen printing evolved from its
graphical origins and is now the technique of choice for mass production of printed
electronics, photovoltaics, and organic displays. Screen printing is an inherently simple
technique that benefits from being easily compatible with a wide array of inks, while

continuous films can be deposited in a single pass with proper ink optimisation. In
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conjunction with easily integrated roll-to-roll processes, these properties allow screen

printing to realise an exceptionally high throughput of 80 m/s.'**

Generally, a squeegee transfers ink through a patterned mesh onto a substrate. The mesh
comprises silk, fibre, or metal threads, with the mesh pore size defined by the thread
diameter and the spacing between threads. Mesh size is the primary parameter for
determining resolution; however, the rheological properties of the ink also play a role and
with proper tuning of these parameters print feature sizes of 100 pm are readily achievable.
Patterned stencils are prepared by first coating the screen in a photo-polymerised resin.

Masking the desired pattern with a film positive during the curing process, yields the final

stencil.
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Figure 3.10 — Screen Printing. A) A schematic of the screen printing process
used to print viscous nanomaterial ink. The squeegee exerts a shear force
which pushes ink through the patterned mesh to deposit on a substrate. A
spacer is used to create a gap between the screen and substrate allowing for
smoother deposition. Image adapted from ref.’** B) Desirable properties in
screen printing inks which display both shear thinning and thixotropic
behaviour. Image from ref.’®®

A schematic of the printing process is shown in Figure 3.10A. As the squeegee applies

shear, the ink undergoes a decrease in viscosity and flows through the screen. During the
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printing process, the paste experiences a significant variation in strain rate (1 — 100 s™).
At the highest shear rates, the paste is at its most liquid-like and flows easily through the
screen to deposit on the substrate. As the shear rate is reduced, the ink approximately
recovers its original viscosity and holds the deposited pattern. This means that the
rheological behaviour of an ink is essential to its printability, with the key requirement

that the ink is thixotropic and shear thinning (Figure 3.10B) in nature.

The screen printing process requires inks that are highly viscous and are usually described
as pastes. These pastes have viscosities of 1 — 10 Pa s. This requirement for higher
viscosities is not generally suited to as-prepared LPE dispersions, and therefore inks need
to be thickened in some way. One route to higher viscosities is increasing the loading of
nanomaterials; ink rheology strongly depends on the volume fraction, @, of nanoparticles
present within the liquid. Nanoparticles dispersed in a liquid affect their flow field due to
energy dissipation from particle-liquid and particle-particle interactions.'*® The number
of these interactions increases with ¢ which restricts particles to smaller diffusion
domains. The net result is a decrease in the diffusion coefficient according to the Einstein-
Stokes relation, D = (ksT/6¢nr), which links the diffusion coefficient, D, with ¢ taken up
by the solid in a liquid medium. Here, T is the absolute temperature, kz is the Boltzmann
constant, 77is the liquid viscosity and r is the particle’s radius. The Einstein-Stokes relation
predicts D for dilute solutions, however developing equations for high concentration
pastes have proved far more challenging. Several models”'* have been proposed to
describe the relationship between @and 7. While precise predictions have proved elusive,

the salient point here is that ink viscosity diverges with increasing ¢.**

An alternative method to increase ink viscosity is found through the introduction of
polymeric binders to ink dispersions. This has the advantage of lowering the mass of

conductive material required to make a viscous ink while facilitating greater stability and
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printability than nanomaterial and solvent alone.” Ethyl-cellulose has proven
particularly popular with researchers, owing to its rheology and solvent compatibility
being well suited to screen printing processes.”®> However, the presence of polymer
between particles can hamper network performance, and high-temperature annealing is
generally required to remove polymer species and recover binder-free network

properties.®*?°?
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Figure 3.11 — Ink Wettability. A) Schematic of the formed contact angle, q,
between ink and substrate. B) As the surface tension of the ink increases
relative to the surface energy of the substrate, the contact simultaneously
increases which results in poorer wetting. Images taken from ref*?

In order to achieve fine resolution and good film quality, there must be appropriate
wetting between the ink and the substrate. Poor wetting arises from a mismatching of
surface energies between the ink and substrate.?*® This results in the inability of the ink to
maintain contact to the surface, forming droplets in order to reduce surface contact. This
results in uneven and discontinuous films. In contrast, good wetting arises from well
matched surface energies, where the ink spreads across the surface and yields smooth,

continuous films. Wetting is defined by Young’s equation®*
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(3.6)
Where %., % and ., are the interfacial surface tensions between the surface, ink, and
vapour, while @is the formed contact angle. As shown in Figure 3.11, contact angles of <
90° result in favourable wetting, and a general criterion of . > . holds to achieve good
print quality. Within the print industry, it is accepted that appropriate wetting can be
achieved when ink surface tension is about 7 - 10 mN m™ lower than the surface energy
of the substrate.'?® This is particularly relevant for printing on polymer substrates which
typically display relatively low surface energies of 20 — 50 mN m™ and require a careful
choice of solvent for ink formulation. The final solvent choice will also need to take into
consideration the solvent boiling point. This is because solvents with low boiling points
tend to evaporate quickly, resulting in dried material clogging the screen mesh, which is
deleterious to print quality. As a rule, solvents with boiling points above 100 °C are

appropriate for screen printing.

3.4.2.2. Spray Coating

Aerosol deposition is found in everyday life, with almost every household containing a
spray-can of some variety. Aerosol printing techniques are extremely attractive since they
are not limited by the rheological constraints of other printing techniques. Spray coating
is the simplest form of aerosol printing and has been used for at least 150 years. The key
selling point is low cost and scalability, when fine resolution is not required. This is
exemplified by the use of airbrush techniques in a wide array of industry settings for the
deposition of polymers and pigment inks, where it is favoured for the versatility, and high
throughput offered. These properties make airbrushing an useful technique for printed
electronics as large area, and highly uniform films are easy to prepare. It is also ideal for

studying the fundamental properties of nanomaterial networks since inks generally only
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comprise of a nanomaterial and low boiling point solvent, without the need for additional

additives, and a vast array of nanomaterials have been studied with this method to date®*>

208

A schematic of the spray coating process is shown in Figure 3.12A&B. The airbrush body
is separated into two distinct chambers. The first chamber is filled with compressed N.,.
The second contains the ink, which is gravity fed from an external reservoir into the spray
nozzle. Engaging the trigger retracts the needle and simultaneously actuates the flow of
N, and ink. The high-velocity N, shears the ink into an aerosol comprised of micron-sized
droplets. The spray flume is then directed onto a substrate, which is usually heated to
ensure efficient evaporation of the solvent and to avoid coalescing droplets on the
substrate surface. Films of different thicknesses can be achieved by controlling the number
of deposition passes, while patterned films can be prepared through bonding of shadow

masks to the substrate, with a resolution of approximately ~ 50 um.

Although the mechanism of spray coating is relatively simplistic, the parameter space is
rich and leaves plenty of scope for optimisation.”®” Factors such as stand-off distance, flow
rate, and nozzle diameter play a role in determining the uniformity and reproducibility of
films. However, N, back pressure is found to have the most profound effect on final film
formation, as higher pressures yield aerosols of smaller droplet size. **°These smaller
droplets allow a more uniform deposition of material on the substrate while the reduced
droplet volume significantly reduces evaporation time, leaving less scope for liquid-liquid

and surface-liquid interactions, which can hamper film formation.
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Figure 3.12 — Spray Coating. A) A schematic demonstrating the typical spray
coating process using an airbrush. The blanket deposition of ink necessitates
the use of shadow masks to define print patterns on the substrate. Image
adapted from ref?’’ B) A schematic of the nozzle head in an airbrush system.
The trigger actuates the withdrawal of the needle which allows ink and N- to
mix forming an aerosol.

Perhaps the most attractive aspect of spray coating is the versatility it offers, as it is
compatible with a wide array of organic solvents without the need for additives or complex
deposition procedures. Generally, the only parameters that need to be tuned are the
substrate temperature and ink flow rate, which will depend on the boiling point of the
solvent in question and the limitations of the substrate. This means efforts can be focused
on producing stable nanomaterial dispersions rather than on the rheological properties of

the ink.
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3.4.2.3. Aerosol Jet Printing

A recent addition to the printing toolbox, Aerosol jet printing (AJP) is a more
sophisticated aerosol printing technique that allows ultrafine patterning of functional inks
onto substrates. Its compelling capabilities have attracted great interest from the research
community on account of the high resolution and ability to interface with both 2D and

3D surfaces. '2

A nanomaterial ink is first ultrasonically atomised into a fine, dense mist of micron-sized
droplets (Figure 3.13A). An inert carrier gas transports the aerosol to the deposition head
where a sheath gas collimates the aerosol producing a jet that can be directly deposited
onto a substrate (Figure 3.13B). This collimation gives AJP its fine resolution, with feature
sizes down to 10 um readily achievable. Again, the simple description belies the true
complexity of the process, and in order to realise uniform and reproducible films, each
new nanomaterial ink requires rigorous empirical optimisation. This is partly due to the
interplay between the physical processes of atomization and transport with the rheology

of the ink (surface tension, viscosity, boiling point, etc.).

AJP offers a high degree of flexibility and typical ink viscosities range between 1 — 10 mPa
s, although it is possible to atomise inks of much higher viscosities (~1000 mPa s) with the
use of pneumatic atomisers. This contrasts nicely against other direct write methods, such
as inkjet printing which are limited to viscosities of 8 - 20 mPa s. Ultrasonically atomised
aerosols are achieved by subjecting the ink to MHz frequency ultrasound, generating
capillary waves on the ink's surface. At the peak of these waves, the liquid is sheared from
the bulk,*? resulting in the formation of well-defined distributions of aerosolised droplets,
typically 2 - 5 um in diameter. As has been already noted for spray coating, the

distribution and size of the droplets are key aspects of film formation and can be optimised
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by tuning a number of parameters such as ink viscosity, surface tension, density, and the

inputted ultrasonic energy.”*

Once atomised, the aerosol is transferred to the deposition head via carrier gas flow, where
it is focused by N, sheath gas into a collimated jet through both a virtual and physical
nozzle. There are a myriad of factors that can affect the print formation, such as solvent
drying in the N, gas or transport losses through gravitational settling. However, it is
generally accepted that the most pertinent parameter to print resolution and uniformity
is the focusing ratio.>® In addition to collimating the aerosol, the sheath gas accelerates it
into a jet through the deposition nozzle. The focusing ratio defines the relationship
between the carrier gas flow, that is, the amount of material carried to the deposition head,
and the sheath flow rate, which determines the impinging velocity and deposited line
width. Several reports demonstrate that a focusing ratio of 2 gives optimum print

resolution and uniformity.
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Figure 3.13 — Aerosol Jet Printing. Schematics outlining operating principles
of the process. A) Atomisation of ink via ultrasonic energy, the ink is then
transferred to the deposition head by N- carrier gas. B) Focusing, collimation
and deposition of aerosol onto a target substrate. Image adapted from ref?’®
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Finally, aerosol-substrate interactions must be considered. As with spray coating, heating
of the substrate is typically used to efficiently evaporate solvent and reduce droplet
coalescing. However, due to the deposition velocity, this may not be sufficient, and an
additional matching of the surface energies is required to ensure proper wetting of ink

droplets to the substrate surface.
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Chapter 4

Piezoresistance and
Strain Sensing

Strain sensors operate by transducing an externally applied strain into electrical signals.
Traditionally, they have been used to measure the structural health of buildings, bridges,
and railway lines.*'” However, the Internet of Things (IoT) evolution has generated much
interest in developing ubiquitous sensing platforms, and there is now a prescient need to
develop flexible and stretchable strain sensors for use in healthcare monitoring and

robotics.?!®

Nanomaterials have proven to be highly effective here, where electrically conductive
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220 and

networks act as active sensing elements for piezoresistive,”® piezoelectric
capacitive' type strain sensors. New strain sensors technologies are not limited to
nanomaterials however, with optical,”* and triboelectric’”® sensors also showing potential.
Regardless of the sensing mechanism these newer technologies generally offer superior
sensitivity compared to commercial strain gauges that are currently available.
Furthermore, it is possible to integrate these new sensor types with elastomeric polymers
allowing much wider strain ranges than are currently possible. A materials sensitivity is

defined by a metric known as the gauge factor, which is a measure of the linear change in

a materials electrical properties about zero strain, for example for piezoresistive materials

the gauge factor, G, is defined as G& = AR/R,.

In order to give a general overview of the field, this chapter will briefly discuss the different
mechanisms for strain sensing mentioned above. However, the primary focus will be on

the piezoresistive mechanism as it is the most pertinent to this work.

4.1. Capacitive sensing

Capacitive strain sensors operate by sandwiching a dielectric layer between two
conductive electrodes. Under an applied voltage, current cannot flow through the
dielectric layer and opposite charges build up on the electrode surfaces forming a
capacitor. For a parallel plate capacitor the initial capacitance is given as:

loWo
v
do

C, =¢&,¢

(4.1)
Where & and & are the dielectric constants of vacuum and of the dielectric material
respectively, while, [, is thelength, w is the width and d, is the distance of the plates. Under

stretching the geometry of the plates and the distance between them changes. The
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resulting increase in capacitance can be measured as a function of applied strain, yielding

a strain sensor. Consider the capacitive sensor shown in Figure 4.1A. Under an applied

tensile strain, & the sample length changes according to /=1 (&+ 1), while the width and

thickness vary according to the Poisson ratio, v, such thatw=w_(1-&v, Jandd=d,(1-

lectrode

&V

dielectric

). Assuming that the dielectric and electrode Poisson ratio are approximately

equal, the strain dependence capacitance will vary as:
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(4.2)
This predicts a simple linear relationship between strain and capacitance, C/C, = (1 + &).
The gauge factor is defined by the relative change in capacitance such that G = AC/C,.
This means a gauge factor of 1 is expected for parallel plates of equal area. It is worth
noting however, that at large strains the Poisson ratio is no longer constant and hence the

linear relationship breaks down.

Clearly the high stiffness and rigidity of conventional capacitors are not suitable for strain
sensing applications. Therefore, the tactic here is to use flexible and stretchable polymers,
such as polydimethylsiloxane (PDMS), as a dielectric layer with conductive electrodes
prepared as nanomaterial thin films encased in an additional PDMS layer (Figure 4.1A).
This yields capacitive sensors close to the theoretical limit of parallel plate capacitors (G
= 1).!1224226 An example of this is shown in Figure 4.1B where AC/C, is plotted as a

function of strain, which displays a doubling of capacitance at 100% strain.

While capacitive strain sensors offer an exceptional linear response, the geometrical
constraints severely limit their sensitivity compared to what is achievable with
piezoresistive sensors. Recently Nur et al.**” have proposed modifying the electrode

geometry via pre-straining. Here a conductive layer is deposited on a pre-strained PDMS

66



substrate, ripples are induced in the conductive layer on release of the pre-strain breaking
the simple parallel plate geometry. This yields a capacitive sensor with a much improved
sensitivity of G ~ 3, although this is still far below the state-of -the-art of other sensor
types.””® Another approach is to alter the geometry of the sensor such that two electrodes
are constructed into a 2D interdigitated electrode pattern** (Figure 4.1C), however,

regardless of the design gauge factors are limited to less than 2.7
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Figure 4.1 — Capacitive Sensing. A) A typical parallel plate capacitor sensor. A
dielectric elastomer is sandwich between to conducting CNT electrodes to form
the sensor. Straining the material reduces distance between the two electrodes
according to the Poisson ratio and an increase in capacitance is observed.
Image from ref?>’ B) Typical capacitance — strain response with a gauge factor
very close to the theoretical value of 1. Inset — Capacitance plotted as a
function of time in response to a 150% applied strain. Graph taken from ref**?
C) Alternative capacitive senor design based on 2-dimensional interdigitated
electrodes. An applied strain increases the distance between each electrode
finger leading to a negative capacitive gauge factor. Image taken from ref.%>’
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4.2. Piezoelectric Sensing

Piezoelectric materials are those which produce an electric current in response to
mechanical deformation or conversely a change in current through the material will result
in mechanical deformation. Traditionally these materials were ceramics, which tend to be
inflexible and brittle. For this reason, piezoelectric materials were very rarely used as
sensors. However, they found great success as actuators, forming the basis of a number of
microscopic techniques such as STM,** and AFM,*** where fine control of distances is

required.

The discovery of the piezoelectric effect in PVDF (polyvinylidene fluoride), by Kawai in
1969, opened up new opportunities for the preparation of piezoelectric thin films and are
now the dominant piezoelectric sensing elements available commercially. Virgin PVDF is
found in a randomly orientated crystalline structure without any piezoelectric effect.
Under processing a piezoelectric response can be created by augmenting the polymer into
a semicrystalline structure which is preferentially orientated in the required sensing
direction.”®* Alignment can be induced mechanically through cyclic stretching of the
films, and is complimented by application of high electric fields which rotate dipoles in

the direction of the field.

The piezoelectric effect arises from induced dipoles on application of strain as shown in
Figure 4.2. While the opposite facing poles inside a material cancel each other out, those
on the surface remain. This macroscopic polarisation generates an electric field which
allows the conversion of mechanical strain to an electrical signal. In response to the
electric field, free charge will flow until the polarisation effect is neutralised. This implies
that no charge will flow in the steady or unperturbed state. As the force is removed, the
polarisation is reversed and so charge will flow in the opposite direction back to its original

state. This creates an inherent limitation as piezoelectric strain sensors are only suitable
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for dynamic measurements. Furthermore, PDVF is not stretchable and has a large
Young’s modulus of E = 2.5 GPa. This makes it useful as a pressure sensor but limits its
applications in health monitoring where substrates must be soft, stretchable and conform

to the skin.

To tackle the challenge of limited sensing range and rigidity, recent attempts have focused
on the use of piezoelectric nanomaterials combined with elastomers and textiles.”® These
sensors take the form of nanostructured thin films or composites. PZT (lead zirconate
titanate) nanoribbons®” and ZnO nanowires** have been the most heavily investigated,

which demonstrate continuous and high precision monitoring of vital signs and speech.
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Figure 4.2 — Piezoelectric Mechanism. A) An unperturbed molecule without
piezoelectric polarisation, the molecule shown here is neutral but prior
polarization can exist. B) The molecule is subjected to a force (F;) which
induces a polarisation of the molecule (P,). C) Shows the macroscale
polarisation of molecules in response to an applied force. D) Opposite charges
are neutralised within the body of the materials leaving a net charge on the
surface, generating current flow. E) The materials returns to a neutral state
when the force is removed. Images adapted from ref**°
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4.3. Piezoresistive sensing

The oldest of the sensing mechanisms was first discovered by Lord Kelvin in 1856,' who
reported that the current through an iron wire changed when a weight was applied to its
end. Now termed piezoresistance, this describes the resistance change in a material in
response to an applied strain. In the case of metals, the change in resistance arises from a
narrowing in the cross-sectional area due to the Poisson effect, much like the capacitive
sensors discussed earlier. As with all strain sensors, the figure of merit is the gauge factor

which describes the relative change in resistance due to strain

(4.3)

Where AR is the change in resistance and R, is the zero strain resistance of the material.
The equation shows a linear relationship between resistance and strain, and as such, is

only valid for the linear or low-strain regime.

A B

Figure 4.3 — Metal Foil Strain Gauges A) Image from one of the first
commercial metal foil strain gauge patent?*° Modern commercial metal foil
strain gauges for measuring tensile strain, with patterned foils for measuring
B) Tensile strain, C) Perpendicular tensile strains, D) Shear and E) Pressure.
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Following on from Lord Kelvin’s discovery a century prior, Simmons patented the metal
foil strain sensor in 1946 and a similar design is still used widely today.**' This comprises
of parallel windings of metal foil supported by an insulating polymer backing, such as
polyimide, as shown in Figure 4.3A. The popularity of metal foil strain gauges arise from
the fact that they can be easily produced at scale and in a cost-effective manner. The metal
foil typically consists of a nickel-copper alloy that can be easily integrated with
conventional circuitry without the need for complex additional components and are
readily adapted to an array of different geometries for measuring tensile strain, shear and
pressure (Figure 4.3B-D). However, such gauges do have some inherent limitations: The
sensitivity is rather low and is limited to G ~ 2 *'7 by geometric constraints of the Poisson
effect. This results in a small and difficult to measure output in the low strain region
particularly if there is system noise.”*> Furthermore, the maximum measurable strain is
determined by the yield strain of either the metal foil or polymer substrate which is
typically € ~ 4%. Above this, gauges will undergo irreversible plastic deformation and can
no longer return to the zero-strain resistance. A further consideration, is the relatively
high elastic modulus of the polymer substrate, Eyoyimiae = 3 GPa, which requires adhesive

bonding to the object of interest hindering the versatility and flexibility of the device.

In 1954, the piezoresistive effect was discovered in semiconductors such as silicon (Si) and
germanium (Ge) with the first commercial sensors produced only a few years later. In this
instance sensors, do not rely on geometric changes. Instead, an applied strain induces
atomic changes which alter the electronic structure and hence the intrinsic conductivity
of the material. This local electronic effect is far greater than the global geometric effect
and leads to gauge factors as large as G ~ 175 in p-type silicon and as low as G ~ -135 in
n-type silicon.”* The changes in conductivity are related to variations in the number of

free carriers and their mobility, which is induced by lattice deformation. This behaviour
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can be strongly influenced by the direction of strain and symmetry of the lattice, as well as

type and level of doping.**

The exceptional piezoresistive properties of semiconductors enables them to be used as
high precision strain sensors. However, they are typically brittle, which restricts their
applications to small strain pressure sensing. In order to achieve high sensitivity and
reproducible piezoresistive behaviour, the semiconducting material must be mono-
crystalline since grain boundaries, impurities and defects can dramatically impact the
electronic structure of the material.*** Manufacturing methods for monocrystalline silicon
are energy intensive and expensive and so will not be used for low cost everyday
applications. A further note here is that semiconductor electronic properties display a
significant temperature dependence, where increasing temperature typically leads to an
increase of carrier concentration in the conduction band but a reduction in carrier
mobility due to increased phonon scattering. Since the piezoresistive mechanism is also
dependent on the electronic structure, temperature changes not only cause variation in
conductivity but also in gauge factor and requires sophisticated compensating techniques

to increase the sensor operating temperature range.

The discussions above highlight a gap in the market. That is, there is a need for highly
sensitive strain sensors with wide working strain ranges, which can be prepared on a range
of flexible and stretchable substrates. Such sensors would open the door to a wide range
of application particularly in the areas of biomedical sensing, robotics or virtual reality.>**
For example, one can envisage a scenario where humans or robots require artificial skins
to manipulate objects, interface with a computer or manually guide a piece of technology.
In this instance, an array of tactile sensors will be required to create haptic perception and
surface strain distribution mapping.”'® For these technologies to succeed and match the

level of human dexterity, sensors must be capable of detecting both minute and large
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stresses/strains. Indeed simple detection is not sufficient and quantitative values of stress

and strain will ultimately be required.**

For these applications nanomaterials have shown particular promise, where they can be
integrated into polymer matrices or deposited as patterned thin films to form sensors. As
has been discussed previously, the conductivity of these materials is associated with
hopping and tunnelling mechanisms between adjacent conductive nanomaterials and
thus the electronic properties are determined by connectivity of the junctions. The
application of strain alters the structure of the network and is assumed to increase the
distance between adjacent particles. Let us consider that tunnelling mechanisms dominate
in these materials, in 1963 Simmons put forward an equation to describe quantum

mechanical tunnelling between two electrodes separated by an insulating thin film:**

\Y h%d (47zd j
el = = ex Na2mAa
Rue AJ  Ae?2ma Pl ™h

(4.4)
Where V is the potential difference, A; is the cross sectional area of the junction, ] is the
tunnelling current density, h is Plank’s constant, d is the distance between the
nanomaterials, e is the electron charge, m is the electron mass and A is the height of the
potential barrier between the two nanomaterials. The exponential dependence of the
resistance on d arises from the fact that the wavefunction of an electron, and therefore the
tunnelling probability, decays exponentially across a potential barrier. This results in a
piezoresistive network which is highly sensitive to the distance between conductive

particles (Figure 4.4A).

A materials resistance can be related to its resistivity, p, by
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(4.5)
Where A is the cross sectional area of the sample through which current travels and [ is

the sample length.
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Figure 4.4 — Piezoresistive Sensing A) Graphical representation of the voltage
drop across a piezoresistive network at a fixed current at various strain. As the
strain increases, the voltage drop in areas of the conductive network get larger
leading to higher total network resistances. B) An example of negative
piezoresistive behaviour in polymer:semiconducting nanocomposites. Data
from ref.’** C) Resistance-strain response for a graphene thin film network,
which displays high sensitivity and linearity at low strain . The response from
a commercial strain gauge is also included for comparison. Images taken from
ref?*® D) An example of non-linearity which occurs at higher strains, this is
generally characterised by an exponential increase in resistance due to the
increase in tunnelling resistances between particles. Image from ref?*°
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If we recall the equation for piezoresistive gauge factor, G¢ = AR/R,, and combing with
equation 4.4, in the limit of low strain, G can be related to a materials zero-strain

resistivity, po, or conductivity, oo (See appendix B for full details).

G~ (1+2v)+id—pz 1+ 2v)—id—0
p, de o, de

(4.6)
The first term of the equation is associated with the geometric gauge factor, for example,
an incompressible material (v = 0.5) with a constant resistivity under strain yields a gauge
factor of 2. This geometric gauge factor is commonly observed in metal foil strain gauges.
However, if the resistivity does vary with strain this means G has scope to vary as is seen

in crystalline silicon strain sensors.

For a tensile strain, the strain dependent resistivity (dp/dé) in nanomaterial networks is
generally positive, which is explained by adjacent conductive nanomaterials being moved
further apart, and thus, increasing the average junction resistance of the network. In fact,
the piezoresistive effect can be incredibly large, with gauge factors as high as 500 reported
in graphene based nanocomposites.’” There are however, some examples in the literature
of nanomaterials networks whose resistivity decreases with applied tensile strain, such as
in MoS;: polyethylene-oxide (PEO) composites (Figure 4.4B).'** This counter intuitive
behaviour is attributed to a good mechanical interface between the MoS, and PEO which
allows the nanosheets themselves to be strained. This manifests in a decreasing resistivity
with applied tensile strain as MoS, has a large intrinsic negative gauge factor ranging from

-225 - 50 depending on the nanosheet layer number.*!

The performance of a piezoresistive strain sensor is assessed through the measurement of
the materials resistance as a function of strain. The initial resistance response is typically

linear, however as strain is increased above a certain point, the fractional resistance change
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deviates from linearity (Figure 4.4C&D). This can be due to a various factors such as the
initiation of cracks or dislocations in the network,**?>* this is a major drawback 0D
nanoparticle sensors which are particularly sensitive to cracking due to the poor overlap
of adjacent particles. For this reason 1D nanotubes or 2D nanosheets are preferred to 0D
nanoparticles, as networks constituents can slide over one another allowing a larger strain

range before disconnections occur (Figure 4.5A&B).>*

Figure 4.5 — Evolution of OD and 2D Networks Under Strain. A) Schematic
evolution of OD film morphology in response to applied strain. Due to particles
geometry microcracks quickly propagate throughout the film as strain is
applied. Image taken from ref.>> B) Schematic of well overlapped and aligned
nanosheets as strain is applied the overlap area between sheets reduces but
the film is free from cracks. Image taken from ref.’’”
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As strain is increased conductive particles are separated by large distances causing an
exponential increase in resistance, as predicted by the junction tunnelling resistance,
Riunnel. This leads to non-linear resistance behaviour which is at odds with the definition of
the gauge factor in equation 4.3. That is, G describes the linear resistance-strain
relationship. This particular point has led to inconsistencies in how G is reported and will

be elaborated on further in the following section.

4.4. Metrics for Strain Sensing

While nanocomposites and nanomaterial thin films show immense promise for the new
age of tactile sensing, there exists a wide variability in the reporting of strain sensing
metrics and how strain sensing performance is evaluated. This is an issue that exists across
the field and leads to a high degree of ambiguity on what exactly is being reported without
looking directly at the data. For transparency we will discuss how the metrics used in this

work are interpreted.
Gauge Factor

As Boland has noted,”® the gauge factor is the most commonly reported metric of strain
sensor performance. The manner in which it is reported has been left to the interpretation
of researchers, which has led to gauge factors being reported in a variety of different ways.

Researchers may:

- Fitanumber oflinear approximations to a single resistance-strain curve, such that
the gauge factor is reported in different strain regimes.

- Fit a single linear approximation of the entire resistance-strain curve, but not
accurately capture the resistance behaviour at lower and higher strains

- Plot the gauge factor as a function of strain.
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For this reason Boland introduced an additional metric to compliment the gauge factor
called the working factor, W, this is defined as the strain limit (taken from 0 strain) at
which the fractional resistance change is no longer linear. This will give researchers
information on both the sensitivity and this sensitivity’s strain range for each sensing
material. For this reason, the sensors reported in this work will only consider the gauge

factor in the linear regime about zero-strain.

Hysteresis

Hysteresis is a phenomenon that refers to the fact that a material's properties are
dependent on its previous state. Hysteresis can be found in many physical systems, but of
particular relevance to strain sensors are the materials mechanical and electrical

hysteresis.

Mechanical hysteresis, describes the energy dissipation which occurs during a strain cycle.
During the tensile loading and unloading parts of the cycle, some energy is dissipated in
the form of heat or movement of molecules within the material. This can be visualised in
a material stress-strain curve, where the unloading cycle follows a lower path back to the
zero stress point than during the loading phase (Figure 4.6A). The ideal case is that
materials are linearly elastic, that is, they follow Hooke’s law. Hookean materials are those
which follow an identical linear path in both loading and unloading. In reality no material
is perfectly elastic as even elastomers and extremely stiff materials display minimal
hysteresis in their elastic regimes. Viscoelastic materials can show extremely large
hysteretic behaviour on account of stress relaxation and are generally separated into two
forms: viscoelastic solids and viscoelastic liquids. Consider a step strain which is applied
to a viscoelastic material where the strain is held constant for a period of time, ¢. In a

viscoelastic solid, stress relaxation effects will occur and the stress will relax to a finite non-

zero value as t — 00. By contrast, in a viscoelastic liquid the stress will relax to zero as t —
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. These time dependent effects can result in materials undergoing permanent or quasi-
permanent deformations depending on the strain and strain-rate applied.”” Hysteresis is
quantified in a dimensionless number and is a measure of the area of the hysteresis loop

divided by the area under the loading part of the curve.

A B 16 ’
Loading

Va

Stress, o

Unloading —e—cyclet
—e—cycle2
: —e—cycle3
0 0.2 0.4 0.6
Strain, ¢ Strain, ¢

Figure 4.6 — Hysteresis in Strain Sensors. A) A schematic of mechanical
hysteresis in a materials. The degree of hysteresis is defined by the area of the
enclosed loop. B) An example of large electrical hysteresis in conductive CNT
nanocomposites. The goal of researchers is to minimise the hysteresis loop
while maintaining a high degree of linearity. Image taken from ref.?>

Similar to mechanical hysteresis, the electrical hysteresis is a measure of how the resistance
path varies during a loading and unloading cycle. In order to reliably match resistance
values to an unknown strain, the resistance strain curve should follow the same path in
both the loading and unloading directions, resulting in the desirable outcome of no
electrical hysteresis. This metric is of great practical importance in realising commercial
applications of sensors, however it is often overlooked when reporting strain sensing
performance and seldom quantified. Although this area of strain sensing is less explored,
some general comments can be made about the electrical hysteresis present in
nanomaterial thin films and composites. The electrical hysteresis (Figure 4.6B) will be a
function of both the displacement of the conductive network and the mechanical

hysteresis of the polymer. The contribution of these effects are more easily observed in
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nanomaterial thin films, where thickness differences between thin film (~100’s nm) and
substrate (~100s pm) means the mechanical hysteresis is dependent on the substrate
material, while the piezoresistive performance is determined by the thin film. However,
for composite systems it is far more complex as the polymer-nanomaterial interface must

also be considered.””
Strain Rate and Frequency dependence

In order to capture the dynamic movements of the human body it is essential that the
resistance response for the same strain is identical regardless of how quickly the strain is
applied. One can imagine trying to capture the movements of an athlete, this will require
the capturing of movements which are both fast and slow or may occur with different
frequencies. This means the stability of the resistance response under varying strain rates
and cycling frequencies is of critical importance. Unfortunately this too is under-reported
in the field of strain sensing. When reported, nanocomposites tend to display a high
degree of strain rate dependence, ' whereas, nanomaterial thin films display a

comparatively small rate dependence.®*

A common feature of strain sensors under dynamic repeated cycling, is that the peak to
peak values of resistance tend to decay in a power law like manner, before eventually
reaching a steady state, as shown in Figure 4.7. One train of thought is that this is related
to the conductive network being in a non-equilibrium position when first deposited, as
the network is subjected to small deformations this allows a gradual reconfiguration of the
network to a more optimised state and thus the resistance of the network falls.”** Another
interpretation is that resistance decay is related to mechanical effects of the polymer

matrix.?*

The Mullins effect describes stress-softening that occurs in elastomeric materials under

repeated cycling, this manifests as a power law decrease in the maximum material stress

80



known as Basquin’s law (Figure 4.7B).** The degree of softening is strongly related to the
applied strain with higher strains leading to more pronounced softening. This effect has
been attributed to a number of mechanisms but broadly appears to be related to internal
friction between the polymer chains. This sliding of adjacent chains leads to increased
temperatures, chain breakage and other structural changes.”*****>% The Mullins effect also
leads to a phenomenon known as permanent set which refers to an extension in the length

of a sample at zero stress following a stretch and release.*®

Cyclic strain profile Cyclic stress softening C Power law peak resistance decay

Strain, &
Stress, o
AR/R,

Time Time Time

Figure 4.7—- Cycling Dependence of Strain Sensors A) Sensor under goes a
cyclic straining test. B) The maximum stress decreases according to Basquin’s
law, with the behaviour occurring as a consequence of the Mullin’s effect. C)
The relative resistance response from the sensor, the maximum relative
resistance is seen decrease in a Basquin-like fashion showing equivalence
between the mechanical and electrical response.

Both the Mullins effect and permanent set are reversible to a certain degree, however, this
tends to be on timescales ranging from 100 — 10° 5. Recently, the equivalence between
the Mullins effect and the peak-peak resistance decay in piezoresistive nanocomposites
has been shown,** with the effect being attributed to a Mullins-like restructuring of the

conductive network during cycling (Figure 4.7C).

An important note here, is that the mechanical hysteresis and Mullins effects discussed
above occur in both neat polymers and in filled polymer nanocomposites, however the

presence of filler tends to exacerbate these effects.”®**7?% This leaves researchers with an
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issue, on one hand sensors should have low resistances that meet the requirements for
modern circuitry. As has been seen from percolation theory, this will require a non-trivial
amount of filler. On the other hand, large quantities of fillers may compromise the sensing
performance, though interfacial effects between the filler and matrix. This problem has
yet to be solved but suggests that the best way forward might be to prepare piezoresistive

thin films supported by neat polymer substrates allowing these effects to be mitigated.
Overview

Table 4-1: General characteristics of various sensor classers and types.

Sensor Type Linear | Gauge | Hysteresis | Dynamic | Steady- | Strain rate
strain | Factor Sensing state dependence
range Sensing

Capacitive 100% ~1 Small Yes Yes No
Piezoelectric 0.1% ~20 Large Yes No Yes
Metal Foil 3% ~2 Small Yes Yes No
(Piezoresistive)
Semiconducting | 0.3% ~200 Small Yes Yes No
(Piezoresistive)
Nanocomposite | Up to ~500 Large Yes Yes Yes
(Piezoresistive) 20%

An overview of strain sensing characteristics for the various sensor classes and types is
given, Table 4-1. While the list of compared properties is not exhaustive, it serves to show
that at present a trade-off usually exists depending on the choice of sensor. For example
capacitive sensors offer an excellent linear strain range, hysteresis and cycling
performance but have a poor sensitivity, in contrast piezoresistive semiconducting strain
gauges offer high sensitivity buta smalllinear strain range. Ultimately the choice of sensor
will depend on the target application however, there exists a gap in the market for a general

purpose sensor which can measure both small and large strains with good sensitivity, here
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piezoresistive nanocomposites offer the most viable solution if methods can be found to

mitigate hysteresis and strain rate effects.
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Chapter 5

Bulk to 2D Sensing

Nanocomposites show exceptional promise as strain sensors owing to their large working
strains and sensitivity, which far outperform the standard commercial strain gauges
available today.””” The development and optimisation of these new strain sensing
technologies is essential if the promise of technologies such as unobtrusive, constant

health monitoring or seamless interfacing between humans and robotics are to be realised.

A graphene and siloxane based nanocomposite named G-putty was reported in 2016,
which was a viscoelastic liquid in nature and showed exceptional sensitivity, reporting
gauge factors as large as 500."° G-putty’s viscoelasticity allows graphene nanosheets to be

extremely mobile within the polymer matrix and a clear link has been demonstrated
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between G-putty’s piezoresistive properties and viscosity.”* Furthermore, flake mobility
leads to two distinct resistance behaviours in response to strain. Initially the material
deforms in an elastic manner which leads to the characteristic increase in resistance. At
higher strains, or indeed at constant strain the material undergoes stress relaxation. Two
mechanisms are present here, the first is that the hydrogen bonds that exist between -OH
groups of the siloxane chains break and reform over time scales of ~1s, the second is
entanglement of polymer chains. On the application of strain, polymer chains begin to re-
align and then slide relative to one another in the direction of the applied strain leading to
stress relaxation. This stress relaxation can be investigated by applying a step strain to G-
putty and monitoring the exponential decay of the stress with time. The onset of this

relaxation is generally associated with a dramatic decrease in the materials resistance

The precise mechanisms behind the reduction in resistance have not been definitively
shown, however the simplest explanation is that nanosheets can move via diffusion in
viscous medium where nanosheets that become disconnected from the conductive
network due to strain can move back together diffusively to reconnect with neighbouring
nanosheets. Such a mechanism can explain network reformation at reasonably long
timescales (~100s), however it cannot explain the reduction in resistance under straining.
It is therefore suggested that under strain nanosheets become disconnected from the
conductive network but are sufficiently close enough to interact by vdW and electrostatic
forces. This interaction between nanosheets allows neighbouring nanosheets to move
back together, reforming inter-nanosheet junctions and thus lowering the network
resistance.'® Such interaction-induced network formation has been previously observed
with CNTs dispersed in liquids.””> It seems plausible that a similar mechanism should

occur in G-putty although at a slower rate due to the matrix viscosity.

Despite G-putty’s impressive conductivity, like many other nanocomposites, G-putty

suffers from a number of pitfalls which leave it wanting in other strain sensing metrics:
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Nanocomposites display low conductivities typically less than 10 S/m,"* while the
presence of filler also introduces viscoelastic effects into the material which can lead to a
large electrical hysteresis,” and a gauge factor which is highly strain rate dependent.”®"?”3
This is a significant issue for strain sensors where minimal hysteresis and stable gauge
factors are required to accurately match resistance values to strain. G-putty is prime
example of these difficulties due to its extreme softness resulting in viscoplastic relaxation
on straining, this means that G-putty can undergo permanent, non-recoverable
deformations due to viscous flow. This combination of factors, means that despite G-

putty’s high strain sensitivity it is impractical for use as a real world strain sensor.

It is proposed that some of these issues could be addressed by preparing thin films of G-
putty on elastomeric substrates. The idea here is that the physical pinning of G-putty to a
standard elastomer may frustrate some of the viscoplastic behaviour observed in bulk G-
putty. This combination of pinning and reduction of a 3D bulk composite to a quasi-2D
thin film is likely to reduce flake mobility, thus reducing electrical hysteresis and strain
rate effects. This presents an interesting case, particularly as it is possible to compare thin
film performance to the bulk nanocomposite and will give insight into how

nanocomposite strain sensors may be optimised.

5.1. Experimental Methods

First, graphite powder (Branwell, graphite grade RFL 99.5) was dispersed in NMP at a
concentration of 100 mg/ml. Graphene was prepared by ultrasonic probe sonicating
(Hielscher UP200S, 200 W, 24 kHz) the initial dispersion for 72hrs at an amplitude of
50%. The process temperature was maintained at 7 °C using a chiller to avoid overheating
of the probe. The resulting dispersion underwent mild centrifugation using a Hettich

Mikro 220R centrifuge (fixed angle rotor) at 1,500 rpm for 1.5 hrs to remove unexfoliated
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material and large aggregates. The supernatant was then filtered onto a 0.1 um nylon
membrane forming a solid disk of reaggregated graphene nanosheets. The disk was milled
by mortar and pestle into a fine powder before being ultrasonically redispersed in

chloroform for 2 hrs at a concentration of 10 mg/ml to form a stock dispersion.

G-putty is a viscoelastic siloxane based graphene nanocomposite described in previous
works.'**”! First silicone oil was partially crosslinked with the use of boric acid to form a
gum like substance similar to silly putty. 2ml of silicone oil (VWR, 350 cSt) was added to
a 28ml glass vial. Boric acid (Sigma-Aldrich 99.999% trace metal basis) was ground by
mortar and pestle until a fine powder was formed, before being added at a concentration
of 400 mg/ml to the silicone oil and magnetically stirred until a homogenous and opaque
mixture formed. An oil bath was preheated to 175 °C (IKA C-MAG HS 7 hot plate with
the temperature controlled and monitored using an ETS-D5 thermometer). Glass vials
were added 6 at a time to a custom built aluminium holder which was submerged in the
bath, the temperature of the bath was then increased to 225 °C. The mixture was cured
under continuous magnetic stirring for 2.5 hrs, after which the vials were removed from
the holder and allowed to cool, the resulting material was a viscoelastic gum which was

removed from the glass vials with a spatula.

0.5 g of viscoelastic gum and the appropriate volume of graphene dispersion where then
to a beaker, eg. Adding 43 mls of stock dispersion will yield a composite of 15 vol%. The
gum is soluble in chloroform which means a homogenous mixture can be achieved under
stirring. Once fully dissolved the mixture was heated to 50 °C and the solvent was allowed
to evaporate. Once the mixture becomes extremely viscous the heat was removed and the
remaining solvent was left to evaporate at room temperature overnight. The resulting
nanocomposite was then removed from the beaker and folded over itself multiple times

to ensure homogeneity. Printing inks could then be formed by dispersing G-putty in
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appropriate solvents. The concentration and solvent used was dependent on printing

process, with both chloroform and butanol used in this work.

Spray coating inks were prepared by dispersing in chloroform at a concentration of 10
mg/ml via bath sonication for 1 hr. Spray coating of the resulting ink was carried out with
a Harder and Steenbeck Infinity Airbrush (0.6mm nozzle) attached to a Janome JR2300N
mobile gantry, at a stand-off distance of 100mm and a nitrogen gas backpressure of 4bar.
Pre -cut elastomeric substrates were used as the bases for these coatings, each typically
0.5mm thick. These were produced by mixing a silicone based polymer with a curing agent
in a ratio of 10:1 (PDMS, Dow Corning Sylgard 184), the mixture was then cured for 90

mins at 120 °C.

Screen printing inks were prepared by adding butan-1-ol to G-Putty at a solvent to solids
ratio of 1 g/ml. Due to the small amounts of solvent involved the vials were then sonicated
for 30mins to soften the G-putty. The mixture was then hand mixed with a spatula until
a smooth homogeneous paste formed. The ink was printed on both Ecoflex (0.3 mm) and
sylgard 184 (0.5mm) PDMS substrates, using a homemade manual screen printing setup.
This includes a Saatilene Hitech 100.40Y Mesh, rubber squeegee and screen/substrate
offset distance of approximately 5mm. 2 deposition passes ensured a continuous film

formed.

Aerosol jet printing was carried out using a Optomec AJP300 (150 mm nozzle), these inks
used here are identical to those used for spray coating. The water bath was set to 10 °C

with the atomiser current set to ~0.45 A. and the platen to 90 °C. The carrier and sheath

flow rates were set in the range 10-14 sccm and 65-75 sccm respectively. To stabilise the
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ink while printing N, was passed through a chloroform filled bubbler. All printing was

performed at a platen speed and temperature of 1mm/s and 90 °C respectively.”

Resistance measurements were carried out using a Keithley KE2601 source meter in a 2-
probe mode, controlled by LabView software. Electromechanical tests are carried out in
conjunction with a Zwick Z0.5 ProLine Tensile Tester (100 N Load Cell). G-putty samples
where moulded into a cylindrical shape approximately 1 mm in diameter and with a gauge
length of 9 mm. Printed G-putty thin films have a width of 5.5 mm and a gauge length of
20 mm, films are contacted with silver paint at each end. Tensile measurements were
carried out at a strain rate of 1.85%/s unless otherwise stated. At each filler volume fraction
a total of 4-6 resistance-strain measurements were carried out and an average value of G
was obtained. The error bars contained within the plotted data is the standard error of the
average value. This is calculated as the standard deviation divided by the square root of

the number of samples.”

" AJP deposition was performed by Dr. Adam Kelly
" Mechanical and electrical step strain, hysteresis and strain rate measurements of bulk G-putty were
performed by Dr. Daniel O’Driscoll
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5.2. Results and Discussion

5.2.1. Materials Characterisation

Dispersions of liquid exfoliated nanosheets can be inspected by TEM to assess the
nanosheet charcteristics. Figure 5.1A&B shows thin nanosheets of various lengths are
present within the dispersion. The polydispersity of nanosheet lengths is an intrinsic
property of LPE exfoliated nanosheets.'*® The histogram of nanosheet lengths shown in
Figure 5.1B was obtained from 100 counts of individual nanosheets, giving an average of,

<L> =430+ 20 nm.
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Figure 5.1 — Graphene Characterisation. A) — B) TEM images of graphene
nanosheets, showing thin nanosheets of various lateral sizes. C) Lateral size
distribution obtained from TEM images. Distribution comprises of 100 counts
of individual nanosheets. D) Extinction spectra of graphene.
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Optical spectra of nanosheet dispersions provide a wealth of information on the average
nanosheet of a distribution and is a well-established method of obtaining dimensional
estimates of nanosheets.”” The nanosheets prepared here can be analysed according to
methods outlined by Backes et al.”” Optical spectra are interpreted through the Beer-
Lambert Law, Ext = &. Cl, where Ext is the extinction (Absorbance plus scattering), &..is
the extinction coefficient, C is the nanosheet concentration and [ is the path length. The
extinction spectrum of graphene is shown in Figure 5.1C. The spectrum is typical of
previous observations, which is broad and featureless except for a single 7 - 7" peak,
observed at approximately 270 nm. The exact position and intensity of the peak is sensitive
to the dimensionality of the nanosheets, whereas the features at the high wavelength
plateau (>550 nm) are relatively size/thickness independent. This has allowed for the
proposal of an empirical formula which relates the extinction ratio between the peak, &nax,

and at 550 nm, &, to the average nanosheets thickness, (N).
(N)=25x &40/ €5 —4.2

(5.1)

Applying this to the graphene spectrum in Figure 5.1C, yields a mean layer number, (N)

~ 12 monolayers.

While NMP is preferred for exfoliation, its boiling point (270 °C) makes it impractical for
composite formation due to the high processing temperatures needed to evaporate the
solvent. Instead lower boiling point solvents such as chloroform and IPA are preferred.
For this reason the exfoliated graphene is transferred into chloroform producing a stock
dispersion for composite formation. The G-putty bulk composite is prepared through the
simple mixing of the graphene dispersion and a homemade viscoelastic gum. The solvent

is removed from the mixture by evaporation to yield a viscoelastic graphene
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nanocomposite (Figure 5.2A). This material’s mechanical and electrical properties have

been comprehensively studied in previous works.'**”*

Composite inks can be formulated by ultrasonically dispersing G-putty in various solvents
such as butanol and chloroform (Figure 5.2B&C). The ink viscosity can be tailored by
varying the ratio of solids and solvents, with a 3 order magnitude change in viscosity
readily achievable. Figure 5.2D shows the viscosity profile as a function of shear rate for
various concentrations of G-putty dispersed in butanol. Increasing the G-putty
concentration leads to a dramatic increase in ink viscosity, furthermore, the most
concentrated inks display clear shear thinning or pseudo plastic behaviour. As the
concentration is reduced the inks begin to approximate a Newtonian fluid, as is the case
for pure butanol solvent, this is attributed to a reduction in the number interactions

between the dispersed particles.

The addition of large amounts of solvent yields low viscosity liquid like inks, while the
addition of relatively small amounts of solvent results in a nanocomposite paste where the
polymer acts similarly to a binder in traditional inks. Access to such a wide range of
viscosities means the inks can be tailored to suit a number of different printing techniques.
For example, screen printing requires high viscosity pastes ( 1-10 Pa s) and shear thinning

behaviour, while spray coating requires low viscosity inks (1-30 mPa s).
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Figure 5.2 — Ink Characterisation. A) — C) G-putty in various forms A) Bulk
composite. B) Ink. C) Viscous paste. D) Rheological properties of G-putty ink,
at various concentrations. As the concentration increases the inks become
more paste like displaying shear thinning behaviour. E) — G) Printed G-putty
thin films. E) Spray coated. F) Screen printed. G) Aerosol jet printed.

To demonstrate the versatility of G-putty inks, thin films were deposited via spray coating,
aerosol jet printing (AJP) and screen printing techniques (Figure 5.2E-G). Spray coated
films were deposited on pre-cut elastomeric substrates, with the shape of the substrate
defining the dimensions of the G-putty film. Importantly screen and aerosol jet printing
allow patterning of films during deposition through, stencilling in the case of screen
printing, or digitally controlled deposition in the case of AJP. A low viscosity chloroform
based ink was employed for spray coating and AJP, while a viscous butanol based paste
was used for screen printing. The choice of solvent depends on the requirements of the
printing technique. Chloroform was chosen for the aerosol based processes as fast solvent
evaporation on contact with the substrate leads fewer film inhomogeneities.”” However,

chloroform is too volatile to be used in screen printing, where solvent evaporation can
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lead to clogging of the screen mesh and poor print quality. Screen printing solvents ideally
sitin a specific range, with a relatively high boiling point, allowing a stable ink consistency,
yet an evaporation rate that is fast enough so that deposited film do not require annealing
post deposition. Furthermore, the PDMS elastomers used here have exceptionally low
surface energies (21 mN m™),””* ideally the solvent surface tension should lie 7-10 mN m-
' below the surface energy of the substrate, however an appropriate solvent with this
criteria could not be found. As an alternative, butanol was chosen due to its low surface
tension (23 mN m™),"* this coupled with the high viscosity of the paste allows the

formation of continuous patterned films.

All films appear visually uniform and undergo further characterisation to assess the
composition and morphology of the final films. Thermogravimetric analysis (TGA) was
performed in a nitrogen atmosphere on both bulk G-putty loaded with 15 wt% graphene
and samples of the preprepared thin films reclaimed from both spray coated and drop cast
depositions. The TGA in Figure 5.3A appears almost identical between the bulk and thin
film samples suggesting there are no material compositional changes as a result of ink
formulation or printing. Note that the majority of the weight loss occurs in the 300 — 500
°C temperature range, corresponding to the decomposition of the polymer matrix.
Additional mass loss occurs about 700 °C and is associated with the decomposition of
graphene in atmosphere.””® From the percentage weight loss, the graphene loading in the

sample can be inferred, with all samples displaying the expected 15% mass loss.
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Figure 5.3 — Thin Film Characterisation. A) TGA of bulk, spray coated and drop
cast films. Almost identical curves are observed in each instance. B) - D) SEM
images of B) Spray coated. C) Aerosol Jet Printed and D) Screen printed thin
films. E) SEM cross section prepared by focused ion beam milling, showing a
distinct phase separation between graphene and PDMS. The top Pt layer is
deposited as part of the imaging to prevent sample damage.

SEM was used to image the surfaces of printed films. The film surfaces are rich in graphene
nanosheets with relatively small amounts of polymer acting as binder. This is surprising
given amount of graphene present in the original composite (15 wt%) and previous TGA
results. Although the film surface appears to be relatively uniform in each sample, the
morphology of the films is not consistent and depends on the printing method used. The
spray coated film surface (Figure 5.3B) consists of 90-95% nanosheets, interspersed with
graphene free regions which can be aslarge as 1- 2 pm in size. AJP thin films (Figure 5.3C)
have a similar nanosheet coverage, and while the nanosheet free regions still exist they

tend to be on a smaller length scale ~0.5 pm. The screen printed film surface (Figure 5.3D)
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appears to be rougher and somewhat porous compared to films prepared by aerosol
methods, while no nanosheet free regions are evident. The length scale of the nanosheet
free regions gives an estimate of the associated network non-uniformities. Assuming these
non-uniformities are holes with an average diameter of 1.5 um which contribute to 5 -
10% of the network area. Then each hole is associated with a network area of 5 um X 5
pum. This implies that networks of larger areas than this are relatively uniform, as is the

case with our samples.

The finding of graphene rich surfaces leaves a question about the distribution of polymer
and graphene throughout the thin film. To investigate this, SEM was performed on a cross
section of a spray coated film prepared by focused ion beam milling. As shown in Figure
5.3E, the process involves a capping of the film with platinum to protect the sample.
Directly under the Pt, a well-defined graphene rich surface network is observed, at
increasing sample depth the graphene gives way to almost pure polymer. This is evidence
for partial vertical phase-segregation of graphene and polymer during deposition. This
effect is likely the result of the relative stability of graphene and PDMS in the spraying
solvent. As the solvent evaporates from the substrate surface the solids concentration
within the solvent increases, the graphene and the PDMS likely become
thermodynamically unstable at different concentrations thus driving composite phase-

segregation.

Probing the nature of the interface between the G-putty thin film and elastomeric
substrate is rather difficult due the extreme softness of the thin films, in practice the
interface could be probed via peel tests, where the input energy, U, can be related to the

adhesive fracture toughness, Uy, and the plastic work in behind the peel arm, U}, such that:
Ui = U - U,, where the input energy is given U = Ny/w(1-cos@). Here N, is the force acting

on the peeling film, w is the film width and @ is the peel angle i.e. the angle between the
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substrate and the peeling film. Such a measurement would necessitate complete film
removal from the substrate surface, however this is not a certainty given the vertical phase

segregated nature of the film.

5.2.2. Electromechanical Characterisation

Electrical measurements were performed on bulk G-putty and corresponding sprayed
coated films with a range of different graphene loadings. The film thickness was kept
constant at ~ 1 pum, this value was chosen as it is well above the thickness percolation
regime and the films should therefore be free of any thickness dependent effects.®13%!31:153
The conductivity of each sample was plotted against the graphene volume fraction, ¢, in
Figure 5.4A. The behaviour of both data sets is consistent with percolation theory which
describes the @ - dependence on composite conductivity, o, according to the percolation

equation:

0, =0, (¢_¢c)t

(5.2)

where o is a scaling factor and ¢ is the percolation exponent. Comparing the parameters
obtained from fitting the bulk and thin film data (Figure 5.4A) shows a large decrease in
the percolation exponent, where fgu = 4.6, while tam= 1.4. The percolation exponent
behaviour is consistent with a narrowing of the junction resistance distribution. In
addition, o, is seen to dramatically increase going from bulk to thin film and a 6 order of
magnitude increase in conductivity is observed for comparable graphene loadings. A
maximum thin film conductivity, o, = 300 S/m, is considerably higher than what is

achievable in most nanocomposites.'*

The thin film electrical properties lend credence to the earlier claim that a partial phase

segregation is occurring within the thin film. Firstly, the percolation exponent is reduced,
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suggesting a narrowing of the distribution of junction resistances.'® This is likely the result
of induced alignment of the graphene flakes during deposition, especially when
considering that the thickness of the thin film (< 1 pm) is similar to that of the graphene
nanosheet length (430 nm). The confining of nanosheets to a quasi 2 dimensional space
should intuitively limit the number of point-like nanosheet junctions within the
composite and lead to preferential overlap of neighbouring nanosheets thus reducing the

distribution of junction resistances.

The increase in conductivity is a result of a reduction in the tunnelling resistance between
nanosheets as the composite moves from bulk to thin film, while the magnitude of the
increase indicates that the tunnelling distance between nanosheets has decreased. Such as
scenario would arise in the presence of phase segregation where less polymer should be
present between adjacent nanosheets. This transition from 3D to 2D like percolation is
not unprecedented and has been observed in previous reports on phase segregated

nanocomposites.*’®*”7

The electromechanical response of the bulk and thin films were investigated by
monitoring the resistance of the material in response to an applied strain. Shown in Figure
5.4B is the resistance response of a 15 wt% sprayed thin film. As is typical in
nanocomposites, the resistance is seen to increase with increasing strain. The film shows
excellent sensitivity and robustness in addition to a wide a sensing range of 55% strain.
Below ~20% strain the relative resistance change AR/R, is approximately linear. A well-
defined linear resistance-strain response is important for practical sensing applications,
this large linear strain region far surpasses what is achievable with graphene only thin

films® and is competitive with state-of-the-art nanocomposites.**
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Figure 5.4 — Electrical and Electromechanical Characterisation. A) Bulk and thin
film conductivity plotted as a function of composite volume fraction. Solid lines
are fits to percolation theory. B) Thin film resistance plotted as a function of
tensile strain. Inset shows a quasi-linear response in the relative resistance
change up to ~20% strain

In order to probe the strain sensitivity of these thin films more deeply, a range of samples
at different graphene loadings were prepared, in each instance the piezoresistive response
was measured and AR/R, was plotted as a function of strain. A representative subset of the
responses are shown in Figure 5.5A, showing that as the loading of graphene is reduced
the samples become more sensitive to the applied strain. This results in an increase in the
gauge factor, G, which is defined as Ge = AR/R, in the linear AR/R, region. In Figure 5.5B,
the average gauge factor is plotted as a function of ¢, displaying a monotonic increase in
G as @is reduced. A maximum gauge factor, G ~ 110, is achieved for graphene loadings
below 5 wt%. Similar monotonic behaviour is observed in bulk G-putty and is common

to many nanocomposite strain sensors.?’**”
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Figure 5.5 — Gauge Factor Response. A) Representative curves showing the
relative resistance change as a function of strain. Thin film gauge factor is
calculated from the slope of the linear fits. B) Gauge factor shows a strong
dependence on graphene mass fraction, with the lowest graphene loadings
leading to the most sensitive films. C) Gauge factor for both bulk and thin films
G-putty plotted as a function of conductivity, showing lower law like behaviour.

The relationship between G and ¢ suggests that a negative correlation should exist
between G and o. Plotting G as a function of conductivity for both G-putty thin films and
bulk G-putty (Figure 5.5C) demonstrates a clear inverse power law trend between the two
quantities. The graph also highlights the differences between the two networks, where a
given G can be achieved at much higher conductivities in the thin film. This is important,
as low sheet resistance sensors are preferable for sensing due to the low power requirement
of wearable electronics. This comes from the simple V = IR relationship where larger
resistance sensors will require higher voltages to maintain the same current, thus

increasing the power requirement.

One caveat of the printed sensors is that the accessible range of G is limited somewhat
when compared to the bulk case. It’s hypothesised that the forming of a partially phase
segregated network restricts flake mobility thus reducing network sensitivity. This is not
unexpected as previous work shows flake mobility to be an important factor in G-putty
sensitivity””' however the decline in sensitivity is more than compensated by the increase

in composite conductivity.
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5.2.3. Hysteresis, Strain rate and Frequency Dependence

As discussed earlier the issue with G-putty as a practical strain sensor is its large
viscoelastic relaxation which allows rapid reforming of the graphene network. This
relaxation of the graphene network can be visualised in Figure 5.6 where strain is applied
in stepwise increments of 0.5% with a 900s hold between each step. Instead of the
resistance remaining relatively constant at each step height (creating a staircase), as would
be the case for a perfectly elastic material, the resistance decays exponentially the graphene
network reforms in the soft polymer matrix. The response of the printed G-putty thin
films contrasts well against this backdrop, showing a much more staircase-like behaviour.
Note there are some short term relaxation effects at the step edges however these are short
lived, with the resistance becoming relatively constant after 5 seconds of hold. We suggest
that this decrease in resistance is a remnant of the mechanisms found in G-putty and is
associated with a partial network reformation as nanosheets recombine under wdV and
electrostatic forces in the viscous network, however this network reformation is clearly

not as extreme as in the case for bulk G-putty.

It is proposed that the suppression of the relaxation is ultimately due to the thinness of the
samples. At the interface between film and substrate the composite is pinned allowing very
little relaxation of the film. It’s suggested that relaxation is a function distance from the
interface so that for very thick films relaxation could occur far away from the substrate
surface, as film thickness is reduced the mechanics of the G-putty approach that of the

underlying substrate, producing a quasi-elastic resistance response.
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Figure 5.6 — Step Strain Response. A) Bulk, B) Screen printed, C) Spray coated
and D) AJP thin films strained in 0.5% increments followed by a 900s hold.
Resistance is monitored over time.

This mechanics of the bulk and printed films can be visualised in Figure 5.7A, here the
bulk composite shows extreme visco-plastic mechanical hysteresis, while the thin film
mounted on a substrate shows minimal hysteresis, approaching that of a characteristic
elastomeric response. The corresponding resistance-strain response is shown in Figure
5.7B where the extreme relaxation of the graphene network in G-putty is evident. Initially
G-putty deforms elastically, resulting in an increase in the materials resistance. However,
as stress relaxation occurs the graphene nanosheets become highly mobile within the
matrix allowing the network to reform,. This is evident from a decrease in the observed
resistance. The mobility is so extreme that the resistance quickly drops below the initial
zero-strain value and continues to decline during the unloading cycle. Although the spray
coated films, certainly do display hysteresis it is much reduced and in stark contrast to the

bulk, as the resistance returns close to its original value during the unloading phase.
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The resistance hysteresis is defined as the area of the hysteresis loop divided by the area
under the R-strain curve associated with the loading cycle. The hysteresis for the bulk and
printed films is plotted as a function of strain rate in Figure 5.7C. Bulk G-putty shows a
very large and strain rate dependent hysteresis with values ranging between -1 - 0.25, here
the negative sign indicates that the resistance of the unloading cycle is higher than the
resistance during the loading cycle. Printed films show a much smaller hysteresis (~0.15)

and are virtually independent of strain rate.
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Figure 5.7 — Strain Rate and Hysteresis. A) Mechanical hysteresis of bulk G-
putty (grey) and spray coated (red) samples backed by a sylgard-180 pdms
substrate. B) Electrical hysteresis for bulk and spray coated samples. C) - D)
Strain rate dependence of the C) electrical hysteresis D) quasi-static gauge

factor of bulk and thin films.

The strain rate invariance of the resistance response can also be seen in measuring quasi-

static gauge factor. Quasi-static is used here to qualify that a single resistance-strain
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measurement yields a different gauge factor when compared to resistance-strain
measurements under constant cycling (the reason for this is discussed below). Similar to
the hysteresis response, the quasi-static gauge factor of bulk G-putty is highly dependent
on the strain rate used, while, the printed films are found to be almost completely
independent of the strain rate applied (Figure 5.7D). Low hysteresis and strain rate
independence are exceptionally important for real world sensing where the relationship
between resistance and strain should ideally be the same under all conditions, yielding

accurate quantitative information from strain sensors.
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Figure 5.8 — Oscillatory Resistance-Strain Response. A) Resistance changing
as a function of time in response to an applied sinusoidal strain. The response
attains a quasi-stable state after an initial sharp decrease in resistance. B) A
magnified version of the resistance response. C) The dynamic gauge factor
(Relative change in resistance from peak to peak plotted as a function for
frequency.
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The strain rate independence of the resistance response suggests that oscillatory
measurements should be similarly independent of the oscillating frequency. To test this,
printed films were oscillated in a sinusoidal manner between 0 — 0.5% strain. After an
initial decrease in peak resistance the response becomes relatively stable as shown in
Figure 5.8A&B. The behaviour is reminiscent of the Mullin’s effect which describes the
decrease in a materials peak stress when cycled. The resistance response is probably a
combination of this stress relaxation in the substrate and some mobility of the graphene
network. This has implications for the gauge factor and indicates that different values will
be found when comparing single static strain measurements (Quasi-static G) and the
relative resistance change (in the steady state) between oscillatory peaks, defined as the
dynamic gauge factor. The dynamic gauge factor is plotted as a function of oscillating
frequency in Figure 5.8C. Again it can be seen that while the bulk composite is highly
frequency dependent, the printed films are almost perfectly independent of frequency.
The eagle eyed will also note that the average dynamic gauge factor (G ~ 30) is lower than

the quasi-static gauge factor (G ~ 42) as discussed above.

5.2.4. Strain Sensor Applications

The properties of the prepared thin films make them ideal candidates as electro-
mechanical sensors. In order to explore their viability for real world sensing, the sensors
were deployed for various applications. For devices to be capable of measuring bodily vital
signs such as pulse, sensors must deform simultaneously with the skin. This requires
sensors to be thin so that they can adhere and conform to the epidermis, while at the same
time being very soft, such that they are comfortable to wear and mimic skin
deformation.>”7?”° This means that the mechanical properties of skin sets the limit of
appropriate materials, with a Young’s modulus less than 300 kPa accepted as being

appropriate for unimpeded monitoring.”*
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Screen printed G-putty thin films on an ultra-soft PDMS elastomer called Ecoflex (elastic
modulus ~ 150 kPa), were mounted on a subject’s wrist. The thin soft substrate adheres
to the skin without the need for adhesive and is capable of measuring the pulse at the radial
artery with the corresponding waveform (Figure 5.9A-D) matching well with what is
expected. The pressure exerted by the artery is small ~ 5 kPa*®* and demonstrates the
minute strain detection afforded by the sensors. The versatility of the G-putty inks and
printing techniques is demonstrated in Figure 5.9E&F. In this instance a commercial
band-aid is used in place of the elastomeric substrates. Even with this unoptimised
substrate, deformation in the skin due to variation in blood pressure can still be resolved.
The ability to produce thin films on a range of soft substrates is a distinct advantage of our
G-putty ink system, this is in contrast to commercial strain gauges which must be
fabricated on stiff polymer substrates and so are unable to resolve mechanical

deformations of the skin.
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Figure 5.9 — Biomedical Sensing. A) — B) images of wrist mounted sensors. C)
— D) Corresponding resistance output showing pulse at the radial artery. E) —
F) Pulse measurements carried out with a commercial band aid substrate. G) —
H) Sensor mounted on Adams apple to monitor swallowing. Arrows denote
swallowing events.
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Further applications of the sensors can be shown in the area of diagnostics. Dysphagia is
a medical condition which describes swallowing difficulties in patients arising from a
range of factors. A typical diagnosis of dysphagia requires an invasive examination carried
out by a specialist. Instead we suggest mounting printed G-putty sensors on the patients
laryngeal prominence, allowing swallowing to be measured quantitively and crucially

non-invasively (Figure 5.9G-H) which opens the path to novel diagnostic applications.

5.3. Conclusions

In conclusion, the ability to formulate G-putty thin films from printable inks has been
demonstrated. This is achieved with simple dilution of the inks, where varying the solids
to solvent ratio allows inks of various viscosities to be utilised for printing. The resulting
patterned films are of high conductivity and strain sensitivity, while also demonstrating
low hysteresis and independence of both the applied strain rate and frequency. These
properties are in stark contrast to the bulk behaviour which despite its high sensitivity
shows poor performance across the other metrics. The behaviour is attributed to two
mechanisms: One is the pinning of the thin film at the composite-substrate interface,
which should restrict flake mobility somewhat. The second is a partial phase segregation
of the composite which brings the graphene nanosheets closer together dramatically
increasing the conductivity. The thin film properties are ideal for tactile sensing which is

demonstrated by utilising the films for vital sign and bodily motion monitoring.
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Chapter 6

Relating Piezoresistance
to Percolation Scaling

Piezoresistive nanocomposites generally consist of a conductive nanofiller embedded
within a  polymer matrix. Traditionally carbon nanotubes'3>7>?%>2%  and
graphene'?»'42%228 have been explored as fillers, however, piezoresistive behaviour has
been observed with a whole host of nanofillers such as silver nanoparticles,”*** 2D
semiconductors,'* carbon black,””*”*¢ conducting polymers,”**® and MXenes.”®**° The
changes in nanocomposite electrical conductivity by introducing filler to an insulating
matrix have been the subject of intense experimental and theoretical work for decades and

are now well understood.'?+!6»163168181291292 Ag g result, one might assume that the
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piezoresistive properties of these composites are also well understood, however this is not
the case. The general consensus is that nanocomposite piezoresistivity arises solely from
increased tunnelling distance upon applying strain.?***” If this is the case, an exponential
increase in resistance should be expected. However, many reports demonstrate that the

resistance is approximately linear, particularly at low strain.>

To date, understanding of the piezoresistive response has relied on empirical evaluation;
however, the fabrication process and resistance-strain measurements are time-consuming
and generally yield only small insights towards sensor optimisation.'® In addition to
experimental trials, several numerical studies have been used to model the piezoresistive
response in nanocomposites.??***?° More recently, these numerical models have turned
to the response of different network geometries with segregated, structured multilayer,
and homogenous nanocomposites investigated.”®® The problem here is that numerical
models are filler specific and cannot be universally applied. Furthermore, simple analytical

models are not currently available.

Straightforward models are needed, yielding simple equations describing how the gauge
factor, G, varies with filler volume fraction, ¢, or composite conductivity, 0. Such models
would allow the fitting of experimental data and give an insight into the nanocomposite
properties that determine the gauge factor. Ultimately, this will enable the development
of nanocomposites with enhanced values of G. In this study, percolation theory is used to
develop a simple model relating the gauge factor of nanocomposite piezoresistive
materials to both the filler volume fraction and the zero-strain conductivity, oo. This
model’s accuracy is tested against various composites with different conductive fillers and

is supported by a detailed study of how percolation parameters vary with applied strain.

109



6.1. Experimental Methods

Graphene was prepared by ultrasonic tip sonication (Hielscher UP200S, 200 W, 24 kHz)
of graphite (Branwell, graphite grade RFL 99.5) in 1-methyl-2-pyrrolidone (NMP)
(Sigma-Aldrich, HPLC grade) at a concentration of 100 mg/mL for 72 h and an amplitude
of 60%. The resulting dispersion was centrifuged at 1500 rpm for 90 mins to remove
unexfoliated graphite and aggregates. The supernatant was filtered through a 0.1 um
nylon membrane, forming a thick disk of re-aggregated nanosheets. The nanosheet disk
was ground into a fine powder and was added to separate solvents of chloroform and IPA
at concentrations of 10 mg/ml and 1 mg/ml respectively. Stock nanosheet dispersions

were prepared by sonication for 90 mins at a 40% amplitude.

Bulk G-putty was produced from chloroform/graphene dispersions and a homemade
viscoelastic putty, a detailed description of the procedure is described in Chapter 6. While
G-putty is an ultra-sensitive nanocomposite, its viscoelastic properties are novel and
standard piezoresistive nanocomposites are made from elastomers. As a comparison a
piezoresistive nanocomposite was produced from a commercial elastomer using graphene
as a filler. A 0.4 g sample of Sylgard 170 (Dow Corning) Part A and Part B wasadded to a
beaker containing 10 mL of the IPA/graphene dispersion and stirred under magnetic
stirring for 2 min. An additional volume of graphene dispersion was then added
depending on the required graphene loading. The mixture was gently heated to 40 °C, and
the solvent was allowed to evaporate under continuous stirring. Once almost all of the
solvent had evaporated, the mixture was transferred into Teflon moulds (35 x 35 mm).

The mixture was left to stand for 12 h to ensure complete solvent evaporation and then

cured at 100 °C for 1 h in an oven. The final composite has a thickness ~ 600 #m and was
cut into parallel strips 3.5 mm in width for electromechanical characterisation, the

resulting composite is termed G-sylgard.
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DC resistance measurements were carried out using a Keithley KE2601 source meter in

2-probe mode, the current was fixed at 1 pA while the current and resistance where
allowed to vary. The instrument was controlled using LabView software.
Electromechanical tests are carried out in conjunction with a Zwick Z0.5 ProLine Tensile
Tester (100 N Load Cell). G-putty samples were moulded into cylindrical shapes
approximately 1mm in diameter. For both G-putty and G-sylgard samples a 9 mm gauge
length is used. The error bars contained within the plotted data is the standard error of the
average value. At each filler volume fraction a total of 4-6 resistance-strain measurements
were carried out and an average value of G was obtained. The error bars contained within
the plotted data is the standard error of the average value. This is calculated as the standard

deviation divided by the square root of the number of samples.

A JEOL JEM-2100 LaBs transmission electron microscope operating at 200 kV was used
to provide images of individual nanosheets. The dispersion was diluted to low
concentrations and drop-cast onto an ultrathin carbon film TEM grid provided by Ted
Pella, Inc. The TEM grid was placed on a piece of filter paper in order to wick away any
excess solvent and then dried overnight in a vacuum oven. The images were used to obtain
a statistical analysis of the nanosheet lengths, here defined as the longest axis of each

nanosheet.

UV-visible spectroscopy was performed wusing a Perkin Elmer UV-Vis
Spectrophotometer to optically characterise the exfoliated nanosheet dispersion. The
wavelength was scanned between 800 and 200 nm, and a 4 mm path length-reduced

volume quartz cuvette was used for the measurement.
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6.2. Results and Discussion

6.2.1. Literature Trends
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Figure 6.1 — Review of Literature Data. A) Gauge factor plotted as a function
of  zero-strain conductivity for a range of  literature
composites,’078%791260273276275300-310 showing a general decline in gauge factor
with increasing conductivity. B) A paired back version of A) where only the
most extensive data sets are shown,”%47%%%

Before developing a model, it is important to assess the trends in the literature since any
model must be consistent with experimental data and display certain general features. The
primary method of changing piezoresistive sensitivity is through variations in loading of
conductive filler, with the gauge factor increasing rapidly as the filler volume fraction
moved towards percolation threshold from above.'®***® The reason for this can be
demonstrated by considering a network at the percolation threshold, where only one
connected path is present. In such an instance, the conductive network will be highly
sensitive to any perturbation to the path, such as strain. For a network with many

connected parallel pathways the resistance of the conductive network is determined by the
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most well connected paths and is therefore less sensitive to perturbations. While
increasing the filler volume fraction decreases the gauge factor, according to percolation
theory, it should simultaneously increase nanocomposite conductivity. As expected, an

increase in gauge factor is often accompanied by a reduction in conductivity throughout

the hterature 10,177,184,191,260,273,278,279,298,300-311

A review of the literature identifies various papers which report both nanocomposite
conductivity (at zero-strain) and gauge factor each measured at various different filler
loadings, as shown in Figure 6.1A. The data demonstrates the expected negative
correlation between gauge factor and conductivity with the most extensive datasets
(Figure 6.1B) suggesting a roughly power-law relationship between o, and G. Any
successful gauge factor model must be capable of describing the dependence of G on both
@ and o in a way which is consistent with the above findings and is applicable across a

broad range of sensing materials.

6.2.2. Model Development

When a piezoresistive material is strained the resistance changes for two reasons. First,
there is a relatively small change due to the geometric changes that occur under strain,
such an effect is dominant in metal foil strain gauges. Second, the resistance can change
due to variations in a materials conductivity under strain.?” This effect can be positive'®'*
or negative'* and has the possibility of being very large in some systems, including

nanocomposites.’"

These effects are quantified in a simple equation"”

G~ g_i(d_aj
o, \ de /),

(6.1)
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Where the ‘2’ is associated with the geometric gauge factor of an incompressible material.
The subscript zero indicates that the quantity should be taken in the limit of zero strain,
which arises from approximations in the derivation that are only valid at low strain. This
equation can be applied to percolative systems by differentiating the standard percolation

equation

0, =0, (¢_¢c)t
(6.2)

with respect to strain, assuming that o, @. and t, are all strain dependent. Thus the

differentiation takes the form

do _ dadac+dad¢0+d_aﬂ
de do, de dg, de dt de

(6.3)
Carrying out the differentiation yields
do (| 1 do dt t dg
—= - ——=+In(¢—¢.)—— ¢
de o:(9=4.) {O‘C de (¢ ¢°)dg P—d, dg}
(6.4)

This equation can be combined with equation 6.1 by taking all the parameters in their low
strain limits. Implying that o = cyand by extension 0. = 00, @ = @0, t =to. This yields an

equation relating G to the percolative parameters of the composite

1, 1 do. ) | ~ dt t_o%
G{ G[d” [mw b0 d]HM(d”

(6.5)
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An important feature of this equation is the prediction that G scales inversely with ¢ -@.,,
which implies a divergence as ¢ — @, and explains the experimental observation that G

increases sharply as the percolation threshold is approached from above. For practical

purposes the first square bracket can be re-written in terms of Ino:

|5 (dlnc ) | B dt t, (dg.
GN{Z ( de jo} {In(¢ ¢CYO)(d5jJ+{¢_¢c,o(dg)o:l

(6.6)
Using equation 6.2, equation 6.6 can instead be described in terms of the zero-strain

composite conductivity, Oy.

Uty
- 2_(d|nacJ ) In(oc,o/oo)(gj RN (d_q
de ), t de ), o, de ),

(6.7)
The equations are written with bracketed terms to differentiate the contributions from

each term which will facilitate the discussion below.

6.2.3. Factors Contributing to the Gauge Factor

The advantage of this approach is that knowledge of electrical percolation can be used to
understand nanocomposite piezoresistivity. As has been outlined in Chapter 3, a number
of factors influence the percolation parameters o, @0 and t,. Clearly changes to these

parameters will similarly have implications for the gauge factor via equations 6.6 and 6.7.
For example, the dispersion state of the filler will affect ¢.o, with the alignment of the
filler*! leading to higher ¢@., compared to randomly orientated'#* systems. According to
equation 6.6, this will lead to a reduction in G for a given @. The matrix will also play an

important role, for example, polymer crystallisation on the filler surface has been shown
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to increase interparticle resistance thus decreasing o:..*'* Such crystallisation should lead
to a reduction in G according to equation 6.7. While the percolation parameters are well
known, less well known are the strain dependent derivatives. Here, some time will be taken

to consider the physical interpretation of these parameters.

First consider the term (dino. /dg), . To understand this term, note that most polymer-
based nanocomposites contain highly conductive fillers, therefore, o is limited by the
junction resistance (R;) between adjacent filler particles such that o: o¢ 1/R).>"> Whether
intersheet transport occurs by hopping or tunnelling mechanisms,'**" it’s expected that
Ry ocet, where d is the interparticle separation at a given strain and k is a positive constant.
Assuming that d scales with the applied strain then &= (d - d;)/ d,, where d, is the zero
strain interparticle separation. Combining these ideas gives dlno. /de oc —kd,, which

means (dino. /de), should be negative. This negative sign is in line with many studies
showing composites to become more resistive upon tensile deformation.'®!842%629%314 Thjg

is significant as it means the first bracketed term of equations 6.6 and 6.7 must be positive.

Thus, the first term in equations 6.6 and 6.7 is predominantly associated with interparticle
transport and describes the mechanism traditionally used to describe the piezoresistive
response in nanocomposites.>?*® However, the existence of the two other terms in

equation 6.6 and 6.7 show that this is not the only contribution to G.

The second term of equation 6.6 and 6.7 is controlled by the strain dependence of the
percolation exponent, (dt/d&),. The percolation exponent has been shown to vary from
universality based on the width of the distribution of junction resistances, with a wider
distribution leading to larger values of #,.'6416%16%1¢ The application of strain will most
likely increase the separation between adjacent sheets according to d = d, (¢ + 1), therefore
broadening the distribution and increasing f,. On the other hand, strain should align the

nanosheets somewhat so that the network becomes more 2D like than 3D, this in turn will
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lower #,*% It’s therefore expected that (dt/d&),is controlled by a combination of junction
and network properties, each driving (d#/d¢), in different directions. Previous, theoretical
calculations have suggested that (dt/d¢), and (dIno. /dg), should have the same sign.'® If
this is true then (dt/d &), is generally negative and further implies that the second bracketed
term in equation 6.6 and 6.7 are also negative. This has important implications which will

be discussed below.

The final bracketed term of equation 6.6 and 6.7 is controlled by the strain dependence of
the percolation threshold (d@./dg).. The application of strain is likely to alter the structure
of the network such that the percolation threshold is modified in some way. As an
example, consider a network at the percolation threshold so that there is a single
connected path of nanosheets through which current can pass. Applying tensile strain to
such a network is unlikely to result in new paths forming, instead it is much more likely
that the current path will break. This modification to the network structure should shift
the percolation threshold to higher filler volume fraction. Thus, it’s expected that (d@./d ),
will always be positive, which is consistent with studies considering how conductivity
varies with nanotube alignment in CNT networks. Alignment can act as a proxy for tensile
strain, these studies show that as nanotubes become more aligned the percolation

threshold similarly increases.'**3'>

Thus, in addition to the effect of strain on interparticle transport, which is generally
considered as the mechanism controlling piezoresistive properties in networks, it’s
proposed that there are other factor related to both the junction and network properties
which contribute to the piezoresistivity and hence G. Later on in this chapter the
magnitude of these effects will be considered, however first, it’s necessary to demonstrate

that the equations above can describe experimental data.
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6.2.4. Fitting Experimental Data

While equations 6.6 and 6.7 provide a theoretical description of the gauge factor
dependence on both ¢gand o respectively, they cannot be used to fit experimental data in
their current form. This is simply due to the fact that there are five unique parameters to
be fit, which would inevitably lead to overfitting. However, considering the contributions
of the individual bracketed term allows for some simplification. Noticing that In(¢@ - ¢..)
is a slowly varying function compared to (@ - @.0)" as @ —> ¢, it is likely that the second
term of equations 6.6 and 6.7 is also slowly varying compared to the third. This allows us
to consider the second term constant for fitting purposes, providing that (dt/dg), is not far
larger than to(d@/d¢), (this will be justified below). Applying this approximation yields a

new form of equations, such that:

G=Gy, +L
¢=.o
(6.8)
G~G,, +(0,/cy,)
(6.9)

Where @.o, Gog» G, Gocand o7 are (near) constants. Note that this model implies that G

has a near power law relationship with o, which is consistent with the observations in

Figure 6.1.
Testing the model

To test these models, two siloxane based graphene-polymer nanocomposites were
prepared. One is a homemade viscoelastic polymer produced from crosslinking silicone

oil with boric acid called G-putty (Figure 6.2A), as described in Chapter 5. The other is a
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commercially available elastomer called syglard-170, which is chemically crosslinked

through curing. The resulting graphene-elastomer composite is named G-sylgard (Figure

N
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Figure 6.2 — Composite Characterisation. A) Image of G-putty nanocomposite.
B) Image of G-sylgard nanocomposite. C) Representative TEM images of
graphene nanosheets. D) Nanosheet length statistics determined from TEM
images. Nanosheets have an average lateral size of 511 nm. E) UV-Vis
extinction spectra of the graphene dispersion from which nanosheet layer
number can be determined.” Raman spectra for graphene, G-putty and G-
sylgard. Graphene peaks are present in each sample, showing graphene
maintains its chemical composition when embedded in the polymer matrix.

The graphene nanosheets for these composites were prepared by liquid phase exfoliation.
TEM (Figure 6.2C&D) shows these nanosheets to have an average lateral size of (L) =
511nm, while the average layer number (N) = 12 was determined from UV-vis
spectroscopy (Figure 6.2E) using previously published metrics.”” Both nanocomposites

were formed by simple mixing of the polymer and nanosheet dispersions, followed by
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evaporation of the solvent. Raman spectra of the graphene nanosheets and resulting
nanocomposites are shown in Figure 6.2F . All spectra comprise of the D,G and 2D bands
associated with graphene. The low intensity of the D band indicates that the graphene is
relatively defect free while the contour of the 2D band suggests that the graphene is

comprised of few layers.

For each composite, a range of different graphene volume fractions are prepared and are
characterised in terms of their zero-strain conductivity, o, and their sensitivity to strain,

G, via resistance-strain measurements. Figure 6.3A shows the expected percolation like

scaling of o, with increasing ¢. The solid lines are fits to percolation theory (Equation
(6.2)) and linearised versions of the plots are shown in Figure 6.3B. The conductivities of
both nanocomposites vary rather differently across the volume fraction range, which
points to the important role played by the matrix in determining final composite
properties. Here a maximum graphene volume fraction of ~9.5 vol% and ~ 8.5 vol% is
used for G-putty and G-sylgard respectively. In G-putty it is found that composite quality
begins to significantly deteriorate at high graphene loadings, as nanosheets tend to
reaggregate, which isa common problem in composites.'”> In the G-sylgard case, at higher
loadings graphene inhibits the in-situ polymerisation of the PDMS, which again leads to
a significant deterioration in composite quality. As such ~9.5 vol% and ~ 8.5 vol% are
chosen as cut-oft points for this study as composites maintain good dispersion and

mechanical robustness at these loadings.

The percolation thresholds are ¢., = 3.4 vol% and @., = 5.5 vol% for G-putty and G-
sylgard respectively. These percolation thresholds are relatively large for graphene-

polymer nanocomposites with a review from Marsden et al.'*?

showing values ranging
between 0.005 — 5%. A number of studies show that the in-situ polymerisation process

used to prepare G-sylgard typically leads to larger percolation thresholds. The results are
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consistent with another report on an in-situ polymerised siloxane graphene
nanocomposite which yielded ¢@., = 8.1 vol%."" Values of o, are rather different for G-
putty (0wo = 3.3 kS/m) and G-sylgard (o, = 44 MS/m), however a wide discrepancy
between values of o, is not uncommon and o, is observed to vary over many orders of
magnitude depending on the processing and nanocomposite composition.'”> The reason
for the large discrepancy in o, is not entirely clear, one possibility is that each composite
is formed by slightly different processing methods. The PDMS polymer in G-putty is first
crosslinked before the addition of graphene while for G-sylgard the polymer is crosslinked
with graphene in-situ. These variations in processing can lead to differences in the
polymer/graphene interface as well as homogeneity of graphene dispersion within the
polymer.*'® The percolation exponents are 5.4 and 5.1 for G-putty and G-sylgard. These
values are far above the 3D universal value of t,, = 2, which is common in polymer

nanocomposites and indicates a wide distribution of junction resistances.*®®
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Figure 6.3 — Electrical and Electromechanical Characterisation. A) Zero strain
conductivity plotted as a function of filler volume fraction. The solid lines are
fits to equation 6.2. B) Linearised log-log form of A). C) Representative
electromechanical response of G-putty at two different filler volume fractions.
D) Representative electromechanical response of G-sylgard at two different
filler volume fractions.

The electromechanical properties of the nanocomposites are probed by tracking the

variation in resistance as a function of strain (Figure 6.3C&D). As is almost always

observed, the resistance is seen to increase with applied strain. The fractional resistance

change is seen to increase linearly with strain up to approximately ~0.75%, with the gauge

factor extracted from the slope of the straight line for each volume fraction.
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Figure 6.4 — Gauge Factor Characteristics. A) Gauge factor plotted as a
function of filler volume fraction. The solid lines are fits to equation 6.8. B) A
linearised form of A), showing fidelity of the equation. C) Gauge factor plotted
as a function of the zero-strain conductivity. The solid lines are fits to equation
6.9. D) A linearised form of C), demonstrating the near power law relationship.

The resultant gauge factor is plotted as a function of ¢for each composite with a linearised
version shown in Figure 6.4A&B . As predicted by equation 6.8, G is seen to diverge as ¢,
is approached from above. The complementary conductivity-gauge factor plot is shown
in Figure 6.4C&D. Again, this data can be plotted in a linearized fashion to confirm the
fidelity of the model, equation 6.9. The fit parameters for the models can be found in Table

6.1.
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Table 6-1 - Various parameters obtained from linearized fits of data to
Equations 6.2 (o, vs. ¢), 6.8 (G vs. ¢) and 6.9 (G vs. oy).
G- sylgard G-putty G-sylgard ~ G-putty G- sylgard G-putty
From fitting oo vs. ¢ From fitting G vs. ¢ From fitting G vs. co
In(cen) 18+1 8.1+£0.6 Gog SE1 63+3 Gog 0.5+£0.1 T5£5
0 5.5+£0.1% 34+£0.1% Gi 0.32+0.01 0.83+0.03 o1 (S/m) | 2220+ 110 0.08=0.04
to 51+02 5403 ben 55£0.1% 4.0=+0.1% to 43+0.20 2903
Fit Parameters

As described above, standard strain sensor measurements can lead to three distinct

datasets, (v vs @, G vs @, G vs ;) which can be fit with equations. This approach yields 9

different fit parameters. It is worth noting that there is some redundancy here, for
example, @, can be extracted from both equations 6.8 and 6.9, while inspection of Go¢

and Go,o shows that they are actually identical. Therefore in reality, only two of the three

equations will be required to extract all the percolative parameters.

To further demonstrate the power of these models, they have been applied number to of
datasets from the literature, in addition to the composites above. In each case the data was
fit using equations 6.2, 6.8 and 6.9 and the fit parameters are extracted (see Appendix B

for complete composite characterisation). The percolation threshold is extracted from
fitting oo vs ¢ and G vs @ (Figure 6.5A), the extracted parameters agree very well with
almost identical values found in each case as shown by the solid line (y = x). Fitting oo vs

@ and G vs oy, yields estimates for the percolation exponent (Figure 6.5B). The data lies in

the vicinity of the y = x line. Although there are some non-trivial deviations, by and large
the agreement is reasonable. Shown in Figure 6.5C, is the data for G,¢ obtained by fitting

G vs. ¢ using equation 6.8, which is plotted versus G, o obtained by fitting G vs. o using
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equation 6.9. While these parameters should be equal as described above, they also have
the greatest scope for deviation. This is because accurate values of these parameters
require good data for G at high values of ¢ (and so o;). However, most papers do not
report such data, while aggregation effects can cause significant errors. Despite this,
reasonable agreement is found between these parameters with only two samples, both
graphene-based giving significant deviation. Altogether the results give confidence that

the developed models can accurately describe the data.
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Figure 6.5 — Fitting Literature Data. A) Comparison of the percolation
threshold obtained from fitting o, vs ¢ and G vs ¢. B) Comparison of the
percolation exponent obtained from fitting o, vs ¢ and G vs ov. C) Comparison
of the gauge factor constant Gyy and G,c obtained from fitting G vs ¢ and G
vs ov. D) Comparison of the gauge factor scaling factors G; and o.

Assuming the model is indeed accurate, it is worth considering what values are obtained

for G, and ;. These parameters are plotted in Figure 6.5D and tend to scale with each
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other as is expected from inspection of equation 6.8 and 6.9. Both parameters span a broad
range, with G, varying from ~0.01 to ~30 and G, varying from 10 to 10" S/m. It is clear
that large values of G, and o; are required in order to achieve high gauge factors.
Interestingly, RuO, composites display the smallest values of G, and o, while graphene
and CNT based composites tend to display much higher values. Furthermore, it should be
noted that even composites with the same composition such as graphene and siloxane
polymer can show very different values of G, and o. This latter point suggests that
additional factors such as composite morphology also play an important role in
piezoresistive performance. This is not surprising since it is well know that morphology
also plays a crucial role in the electrical percolation parameters, for example in some
instances filler aggregation can lead to a lower percolation threshold and larger composite
conductivities. In this case we expect the piezoresistive response to be smaller than in an
equivalent well dispersed composite, this is because the conductive network is less
susceptible to strain as nanosheets will be better connected within the smaller volume they

are confined to.
Strain Dependence of Percolation Parameters

While the methods described above are useful for extracting percolative parameters, they
do not directly yield values of the strain dependence. It would ultimately be more useful
to determine how accurately equation 6.6 and 6.7, explain experimental data, as it these
equations which contain the underlying physics of the piezoresistive process. Given the
zero-strain percolative parameters of the composites are already known, testing these
equations will require values of the strain dependent terms (dino./d¢g)., (dt/dg), and
(d@/dg).. To obtain these parameters, resistance-strain measurements (at 0.2% strain
increments) are recorded for various volume fractions and converted to resistance versus

volume fraction data sets, each at various strains (limiting ourselves to strains from 0 to

126



2%). Assuming a constant material volume, resistance can be converted to conductivity,

yielding the strain dependent conductivity via:
c=R L (e +1)?
A

(6.10)
Where A, and L, are the zero-strain sample length and cross-sectional area. This
procedure yields a set of conductivity versus volume fraction, each at different strain.
Examples of this are shown in Figure 6.6, which show a reduction in conductivity with
strain at all volume fractions. These curves are then fit using equation 6.2 which yields
values of Ino, @ and t as a function of strain. By plotting the percolation parameters versus
strain values for (dino,/dg)., (dt/dg), and (d@/dg), can be obtained. While literature data
on these parameters is thin on the ground, there are a few papers against which the results

can be compared.
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Figure 6.6 — Strain Dependent Percolation. Conductivity percolation plots at
0% and 2% strain. By fitting these plots at various increments of strain the
strain dependence of Ino, ¢. and t can be obtained for A) G-putty and B) G-
sylgard.

The data in Figure 6.7A&B demonstrates a clear increase in the percolation threshold with

strain which yields values of (d@./d &), = 0.07 and (d¢@./d &), = 0.5 for G-sylgard and G-putty

127



respectively. The positive slopes are expected, as outlined in the earlier discussion, and

agree with previous studies which demonstrate an increase in the percolation threshold

under strain and under alignment. For example Zhang et al. have measured (d@./dg), =

0.004 in polymer-nanotube composites.'®'

As shown in Figure 6.7C&D, Ino: is found to decrease under strain, although the change
is small compared to the error bars. Notwithstanding the error, values of (dlno./d¢), are
found to be -4.4 and -120 for G-sylgard and G-putty respectively. A value of (dInoc./d¢),
~ -30 was extracted from ref ** for comparison. Importantly the negative sign of the term
matches the physical understanding of the network as described earlier It is expected that
(dino/dg) should vary with interparticle distance, d, such that (dino/deg)- kd,. If a
nontrivial amount of interparticle charge transport is to occur, the value of d, must lie in
arelatively narrow range (d, can never be less than the van der Waals distance while values
greater than a few nanometres will result in negligible tunnelling current). This means that
much of this large difference is probably associated with variations in k between
composites. As k is presumably controlled by the details of the interparticle potential
barrier, this shows that the nature of the junction can have a significant impact on the

gauge factor.

Both composites also show a reduction in t with increasing strain (Figure 6.7D&E). As
before, the error bars are large compared to the variation, yet a well-defined trend exists.
The low strain values are found to be (dt/d¢g), = -4.2 and (dt/dg), = -33 for G-sylgard and

G-putty respectively. A previous work also found (dt/d&).to be negative, with a value of -

8 found for polyurethane-MWCNT in this case.”* It should be further noted the signs of

(dt/dg), are the same as those found (dlno./de), which is consistent with results from

previous studies.'®2%
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Figure 6.7 — Strain Dependence of Percolation Parameters. A) — B) ¢., C) — D)

Inc., E) — F) t, plotted as a function of strain for G-putty (top) and G-sylgard
(bottom). The parameters show well defined trends with the linear region of

the data at low strain used to obtain (d¢./ds),, (dInc./ds), and (dt/ds),.

The strain dependent parameters are summarised in the table below:

Table 6-2 - Parameter values obtained from linear fits at low strain to the
percolation data presented in Figure 6.7 (A-F).

(dIno, /ds), | (dt/ds), | (dg,/ds),

Expected sign -ve +ve -ve
G-Sylgard value -4.4 -4.2 0.07
G-putty value -120 -33 0.5

Now that all the quantities of equations 6.6 and 6.7 have been determined, numerical

curves of G as a function of ¢ and o, can be generated. The parameters from Table 6.2

and the relevant percolation values obtained from fitting equation 6.2 are substituted into
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equations 6.6 and 6.7. This yields the black curves found in Figure 6.8, which match the

experimental data extremely well, illustrating the validity of the approach.
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Figure 6.8 — Model Predictions. Experimental gauge factor data plotted versus
graphene volume fraction (A-B) and zero-strain conductivity (C-D) for G-putty
(A,C) and G-sylgard (B,D) composites. In each panel, the black lines are
obtained by plotting either equation 6.6 (A-B) or 6.7 (C-D). The other lines
correspond to the individual contributions of the bracketed terms in equation
6.6 and 6.7.

The magnitude of each of the bracketed terms in equations 6.6 and 6.7 is assessed by
plotting the contribution from each term separately. The primary thing to note here is the
similarity between the third bracketed term (red line) and the total equation (black line)

which indicates that this term dominates. This result justifies the earlier assertion that the
second bracketed term can be treated as a constant, owing to its weaker dependence on ¢

and ov. In addition, the first and second term are of similar magnitude, which means they
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somewhat cancel out. Depending on the degree of cancellation this can result in small or
negative values of Go¢ and Gy o, limiting the contribution from the first two terms to the
gauge factor. This further supports the proposal that the third term is particularly

important, especially when accounting for variations in G close to the percolation

threshold.
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Figure 6.9 — Fitting the Strain Dependent Derivatives. A) — B) Gauge factor
versus volume fraction, the solid lines are fits to equation 6.6 for G-putty and
G-sylgard. C) — D) Gauge factor versus conductivity, the solid lines are fits to
equation 6.7 for G-putty and G-sylgard. Fit parameters can be found in the
corresponding table.

Given the accuracy with which equations 6.6 and 6.7 describe experimental data, one

might ask if the simplification of equations to 6.8 and 6.9 is necessary. Note that instead
of fitting the percolation parameters (0o, @0 and to), fixed values of the same quantities,
obtained from fitting equation 6.2 could instead be used. Therefore, only (dlno/dé)o,

(dt/dég), and (d@/de), need be found. This fitting was attempted, however, some mixed

results were obtained, yielding some reasonable values, while some results were far from
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expected or had large errors (Figure 6.9). It’s believed the main problem here is associated
with the limited number of data points per data set (six in this case). Although such data
sets are standard or even extensive compared to the literature, they are clearly not reliable
enough to extract the derivatives. However, this might be addressed in the future, simply
by fabricating larger sample sets with more filler volume fractions, leading to more data

points per data set.

6.2.5. Optimising the Gauge Factor

Now that it seems reasonably clear that equations 6.6 and 6.7 can be used to quantitively
used to describe experimental data. It is worth considering how the gauge factor might be
maximised. Focusing on equation 6.6, the first two terms would ideally be large and
positive. Given the findings above and from literature'® that (dlno./dg), o (dt/dg),, this
will inevitably lead to some cancellation. If it is possible to engineer these parameters in
some way, the preferable scenario is one where (dlno./de), is large yet (dt/dg), is
minimised. A complication here is that t, should be large in order to maximise the third
term. Therefore, the most pragmatic solution is to maximise both (dlno./dg), and t, while
hoping (dt/dg), is not too large to negatively affect G. (dIno./dg), could be maximised
through optimising kd, as previously mentioned. Doing so would require knowledge of
the interparticle transport mechanism and therefore k. For example, Simmon’s tunnelling
suggests that k could be maximised by increasing the height of the interparticle tunnelling
barrier.”?*® This may be possible by coating filler particles in a wide-band gap insulator,

however this is likely to be deleterious to the conductive properties of the network.

The third term of equation 6.6 is less ambiguous. This term will always be positive and

will be maximised for large values of t, and (d@./dg).. As discussed previously, t, is

associated with the width of the distribution of the interparticle junction resistances and
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is a parameter that might be engineered in some way. The nature of (d@/deg), is less clear.
However, if t,is known, then (d@\./d&), can be obtained from equation 6.8. To give some
insight into (d@/d)., the G, values obtained from fitting equation 6.8 are combined with
to values obtained from fitting ¢ vs o and o vs G (an average value is used) to obtain
(d@/de),. Plotting the resultant values of t,and (d@/dg), shows a well-defined relationship

with larger values of ¢, leading to increased values of (d@/d &), as shown in Figure 6.10.

A physical understanding of this behaviour can be obtained by considering a composite
with a large t, very close to the percolation threshold, such that there is a wide distribution
of interparticle junction resistance. Under these circumstances only one complete current
path exists which will have at least one bottle neck. The larger the value of t,, the higher
the probability that the limiting interparticle junction is one of high resistance. Since large
junction resistances are likely to be associated with a large interparticle separation (R; o
") and therefore more likely to be broken under an applied strain. Such a breakage would
shift the percolation threshold to higher filler volume fractions thus increasing (d@/d¢),

and illustrating the connection with #,.

The discussion above illustrates the importance of ¢, and the compounding influence of t,
on the third term of equation. A reduction in the negative contribution of the second term
can also be achieved by increasing #,. Therefore its suggested the soundest approach to

increasing G is to find ways to engineer composites with high ¢, values.

Given that the measurements here only consider network effects in the axis of strain it is
worth taking some time to consider, the effect of uniaxial strain on a conductive composite
network perpendicular to the strain direction. Due to the Poisson effect the materials
thickness and width undergo compression, recalling that R = L/0A, the dimensional
contraction in channel length and width should cancel out leading to a decrease in

resistance which is linearly proportional to strain. It can then be shown that in the limit of
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low strain the transverse geometric gauge factor should be -1. However it is likely that the
effect of strain on the particle network is far more prominent than the simple geometric
effect. Since contraction is taking place perpendicular to the applied strain it is likely that
the average distance between particles in the current direction is on average decreasing (as
long as the particle orientation does not change too much under strain), this again will
lead to a decrease in resistance in the transverse direction so while G is expected to be

positive in the direction of tensile strain we can expect the transverse gauge factor to be

negative.
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Figure 6.10 — Optimising the Gauge Factor. A demonstration of the positive
relationship between (d¢./dc), and t,. This indicates that engineering higher
values of t, may be a viable path to accessing very large gauge factors.
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6.3. Conclusions

This work has used percolation theory to develop a model relating the nanocomposite
gauge factor (sensitivity) to the filler volume fraction in piezoresistive sensors. This model
predicts the gauge factor to diverge as the filler volume fraction approaches the
percolation threshold from above, a key feature observed experimentally for
nanocomposite sensors. In addition, alongside the widely considered contribution from
the interparticle resistance, the model shows the gauge factor to depend strongly on effects

associated with the network of filler particles.

The model is in good agreement with experimental data, both measured here and
extracted from the literature. In addition, once the percolation fit parameters and their
strain derivatives were independently obtained from experimental data and inserted into

the model, gauge factors could be predicted to a good degree of accuracy.

These results are important for two reasons. First, the equations can be used to fit the
experimental data, yielding figures of merit for piezoresistive performance. This allows
the comparison of strain sensors both with each other and with the literature. More
importantly, this work shows the response of composite strain sensors to be more complex
than previously thought and shows the effect of strain on the particle network to be at least

as important as the effect of strain on the interparticle resistance.
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Chapter 7

Piezoresistive Properties of
2D:2D nanocomposites

Piezoresistive nanocomposites are an important class of materials which allow for the
fabrication of highly sensitive strain sensors. Typically, these nanocomposites are
comprised of a polymer matrix with a conducting filler, as has been discussed in previous
chapters. However, strain sensors need not be limited to traditional nanocomposites, and
can also be comprised solely of nanomaterial based thin films supported by polymer
substrates. The particular attraction of these thin film systems is that the mechanical
properties of the sensor depend on the mechanics of the substrate, while the electrical and

piezoresistive properties are determined by the particle network.'7724
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Despite their attraction, the understanding underlying thin film sensor performance is
rather nebulous, and this hasled to a lack of control over sensor strain sensitivity. To date,
the only reliable control of nanomaterial thin film sensitivity and conductivity is achieved
through exploiting thickness percolation effects, where very thin films close to the
thickness percolation threshold show an exceptionally high piezoresistive response and
the magnitude of the response gradually decreases as the bulk regime is approached.®'73'8
Thus, it would be useful if other methods could be exploited to control the piezoresistive
response, opening the door to novel types of sensor design as well as giving some insight
into the mechanisms underlying piezoresistive networks. Based on the results of previous
chapters, it’s proposed that combining different nanomaterials to form nano:nano
composites is a promising strategy to yield printable, high performance piezoresistive
materials with tuneable sensitivity. Nano:nano composites are distinct from polymer
nanocomposites or single nanomaterial networks. This is because the interaction between
the disparate components and diversity of nanomaterial properties can dramatically affect
nano:nano composite conductivity.”#?5>»%319-32 However, the piezoresistive properties of
these systems are relatively unexplored, particularly the gauge factor dependence on filler

volume fraction and nanocomposite conductivity.

The aim of this work is to investigate the conductive and piezoresistive properties of
various combinations of 2D nanosheets. These combinations comprise of two-phase
mixtures of conducting, semiconducting and insulating 2D materials. The conductive
behaviour of these nanocomposites should be described by percolation theory with the
ultimate goal of relating the piezoresistive and percolative network properties. This

information will guide future progress towards high performance strain sensors.
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7.1. Experimental Methods

Nanosheet dispersions of graphene, Gr (Asbury, Grade 3763), boron nitride, BN (Sigma
Aldrich, >98.5 %), tungsten diselenide, WSe, (Alfa Aesar, 99.8 %) and tungsten
disulphide, WS, (Alfa Aesar, 99.8 %) were prepared in the same way. Firstly, powders (30
mg ml”) were immersed in a 80ml solution of DI water and Sodium Cholate Hydrate,
NaC, 6 mg ml ™). The dispersion was probe sonicated using a Sonics Vibra-Cell VCX-750
ultrasonic processor at 50 % amplitude and 6:2 on:off ratio for 1 h. The process was
maintained at 7°C to prevent overheating and minimise solvent evaporation. The
resulting dispersion was centrifuged (Hettich Mikro 220R centrifuge) for 1 h at 3824 g,
the supernatant was discarded and the sediment was redispersed in 80 ml DI water and
NaC (2 mg ml") via bath sonication. The dispersions were then sonicated for 8 h at 50%
amplitude and 4:4 on:off ratio. Unexfoliated and large nanosheets were removed by
centrifuging the dispersions at 106 g for 2 h and discarding the sediment. The supernatant
was then centrifuged at 3824 g for 2 h, discarding the supernatant and redispersing the
sediment in 80ml DI water and NaC (2 mg ml™") to obtain stock dispersions of nanosheet
inks. The nanosheet concentration was determined via vacuum filtration of a fixed

dispersion volume onto an alumina membrane and measuring the change in mass.

To remove excess the NaC, the graphene stock dispersion was centrifuged at 3824 g for 2
h, the supernatant discarded and sediment redispersed in DI waster. Silver nanosheets,
AgNS (Tokusen USA N300) are commercially sourced and delivered as a viscous paste.
Upon dilution with DI water workable inks can be obtained. Ink concentration was
determined via vacuum filtration of a fixed ink volume onto an alumina membrane and
measuring the change in mass. Composite inks of different concentrations were achieved
by mixing AgNS and graphene inks in various ratios. Note the selected mass fractions

where chosen according to data in previous works, which show that the percolation
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threshold for 2D:2D composites lies between 5wt% - 20wt%.'*"'7° The ink concentration
was tailored so that the solids volume content was the same in all inks. In this case the
starting AgNS ink had a concentration of 2 mg ml™” and graphene ink had a concentration
of 0.43 mg ml"', Transfer of stock dispersions to IPA was achieved by centrifuging at 3824
g for 2 h. The sediment was then redispersed in IPA. This was repeated three times to
remove a residual water and surfactant. Nanocomposite inks were then achieved by the
same methods as those described above. Extinction spectra were recorded for each
dispersion using a Varian Cary 50 UV-Vis spectrophotometer in 0.5 nm increments with

a 10 mm quartz cuvette.

Nanocomposite inks were deposited into networks via spray-coating using a Harder and
Steenbeck Infinity Airbrush, in tandem with a Janome JR23000N mobile gantry. A platen
was used to heat the substrates to 70 °C. A N, back pressure of 4 psi, nozzle diameter of
400 pm and stand-off distance of 10 cm were also used. Single line patterns of 15 mm x 1
mm were achieved by spray-coating of IPA based inks through a patterned steel mask onto
polyimide substrates supplied by DuPont (35 mm X 5 mm x 0.125 mm). The water based
inks were sprayed in the same fashion however in this instance the substrates were
alumina-coated PET (NM-TP-3GU100 A4) from Mitsubishi Paper Mills. A Bruker
Dektak Profilometer was used to establish thin film thickness with a stylus tip of 12.5 um
and stylus force of 9.8 UN. Film thickness was measured on films sprayed on glass
substrates, and were found to be between 600-1000 nm thick, well above the thickness

percolation thresholds of LPE nanosheet networks.®'3%!83

The electrical properties of the films were probed using a Keithley KE2601 source meter
in a 2-probe mode, controlled by LabView software. Electromechanical tests are carried
out in conjunction with a Zwick Z0.5 ProLine Tensile Tester (100 N Load Cell). All

samples had a gauge length, L, = 25 mm. Tensile measurements were carried out at a strain
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rate of 1 %/s. At each filler volume fraction a total of 4-6 resistance-strain measurements
were carried out and an average value of G was obtained. The error bars contained within
the plotted data is the standard error of the average value. This is calculated as the standard

deviation divided by the square root of the number of samples.

Raman spectra were acquired with Horiba Jobin Yvon set up using a laser line of 532 nm.
A 10X objective was used with a neutral density filter to avoid heating of sample. The
samples for the Raman measurements were prepared by drop casting the dispersion (~0.5
mg/ml) onto the heated silicon wafer coated with 300 nm of silicon dioxide. SEM images
of 2D:2D nanocomposite thin films were captured using a Zeiss Ultra scanning electron
microscope with accelerating voltages of 2 — 5 keV. A JEOL JEM-2100 LaBs transmission
electron microscope operating at 200 keV was used to provide images of individual
nanosheets. The dispersion was diluted to low concentrations and drop-cast onto an
ultrathin carbon film TEM grids provided by Ted Pella, Inc. The TEM grid was placed on
a piece of filter paper in order to wick away any excess solvent and then dried overnight
in a vacuum oven. The images were used to obtain a statistical analysis of the nanosheet

lengths, here defined as the longest axis of each nanosheet.

7.2. Results and Discussion

7.2.1. Nanomaterial characterisation

To study the piezoresistive properties of nano:nano composites,®* thin films were
prepared from mixtures of various types of conducting (silver and graphene nanosheets),
semiconducting (WSe, and WS, nanosheets) and insulating (BN nanosheets) 2D
materials. The first step toward film formation is to prepare inks of each material. Inks of
graphene, WSe,, WS, and BN nanosheets were produced by liquid phase exfoliation in

water and surfactant.' Silver nanosheets (AgNS) are commercially sourced and are
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delivered as highly concentrated water-based pastes, workable inks are then prepared

through simple dilution in DI water.
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Figure 7.1 — Nanosheet Characterisation A) Image of nanosheet dispersions:
Ag, WS, WSe, Gr, BN. B) UV-Vis extinction spectra of all nanosheet
dispersions. C) Typical TEM images of nanosheets: Ag, B N, WS, WSe, D)
Histogram of graphene nanosheet length <L> = 348 nm. Inset: Typical TEM
image. E) Raman spectra measured on networks of WS,, WSe., BN, Gr. F) Image

of a spray coated 2D:2D nanocomposite network.

An image of the various nanosheet inks is shown in Figure 7.1A. Optical extinction spectra
of each dispersion are presented in Figure 7.1B, with each spectrum showing the
appropriate features. The characteristic high frequency plateau and n-n* peak are
observed for graphene,” while BN displays the expected broad scattering background.*®
Both WS, and WSe, display their main spectral features, namely A excitons at 640 nm®*
for WS,, and 755 nm® for WSe,. The AgNS spectra contains features at 350 nm and 400
nm respectively, which are typically observed in spectra of silver nano-plates®”, -bars**, -
particles™ and -wires™, and have previously been attributed to surface plasmon

resonances (although the exact location of the features depends on the dimensionality of
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the silver). From the extinction spectrum an estimate for graphene layer number can be
obtained as discussed previously, utilising the empirical equation proposed by Backes et

al.9 yields, (N) ~ 7.

Transmission Electron Microscopy (TEM) (Figure 7.1C) confirms the presence of well
exfoliated 2D sheets in the prepared graphene dispersions with no non-2D objects
observed. Raman spectra, measured on drop cast-films (Figure 7.1D&E), showed all the
expected features consistent with literature reports on 2D nanosheets of graphene,”
WS, WSe,,**>and BN**. Nanosheet length statistics can be extracted from TEM images,
as demonstrated in Figure 7.1F with the average graphene nanosheets length, (L) = 348

nm. An example of a nanosheet film is shown in Figure 7.1G.

The average nanosheet length can b” ext’acted for the other nanosheet dispersions (Figure
7.2A-D), (Lex) = 327 nm, (Lws,) = 197 nm, (Lws.,) = 161 nm and (Lag) = 251 nm. The LPE

nanosheets appear relatively transparent to the electron beam while the AgNS are opaque
indicating a thickness difference. The individual inks were mixed to produce nano:nano
composite inks of various mass fractions with the following compositions: BN:Gr,
WSe,:Gr, WS,:Gr, Ag:Gr. The composite inks were prepared as thin films by spray coating

the inks onto polyimide substrates.
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Figure 7.2 — Nanosheet Imaging. TEM Length statistics and images for A) BN,
B) WSe,, C) WS, and D) Ag nanosheets. Each distribution comprises of a
minimum of 110 individual counts.

7.2.2. Network Morphology

The surface of the final composite films were studied by scanning electron microscope,
SEM (Figure 7.3 A-D) showing disordered, porous networks. The films appear uniform
over large length scales with graphene nanosheets (dark) mixed homogenously with BN,
WSe,, WS,, Ag (lighter) nanosheets. Proper analysis of the nanocomposites requires
conversion of the inks from mass fraction to volume fraction. In general, graphene is the
filler however AgNS is denoted as the filler in the Ag:Gr composites due to its higher

conductivity relative to graphene.
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Figure 7.3 — 2D:2D Nanocomposite SEM Characterisation A-D) Representative
SEM of nanocomposite networks for A) BN:Gr, B) WSe.:Gr, C) WS,:Gr, D) Ag:Gr.

For generality, filler volume fraction is labelled as ¢ although in specific cases, @, or @, is
used. In polymer-based nanocomposites, the filler is embedded in a continuous matrix.
However, nano:nano composites consist of a mixture of filler particles, matrix particles
and pores, with no continuous phase. Due to imperfect packing of the nanosheets, 2D
networks are inherently porous systems. The porosity depends on the deposition
method,® with spray coated networks displaying porosities (¢),) between 40-60%.>* ¢ is

therefore defined as the volume of filler particles divided by the total film volume. Taking

the porosity into account, ¢ can be related to M; via:**

l—¢p
Ps (1_Mf)
+77
pm Ivlf

=

1

(7.1)
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where prand p,, are the densities of the filler and matrix particles. To convert My to @, the

following values are assumed: p_ = 2200 kg m?, p, = 2100 kg m?, p = 7500 kg m’

% Pyys = 9300 kg m™, p,,= 10500 kg m and in all cases assume ¢, = 0.5.

7.2.3. Percolative Conductivity

The in-plane DC conductivity of each composite type was measured as a function of filler

volume fraction (i.e. @, or ¢s,) as shown in Figure 7.4A-D. The effect of introducing a
conductive filler into a less conductive matrix has attracted interest for decades and is by

now well understood within the framework of percolation theory."* As the filler loading
(@) is increased, the composite conductivity first increases slowly, but as a critical volume

fraction, the percolation threshold (¢.), is reached a sharp increase in conductivity is
observed as the first continuous paths of the filler are established. As progressively more

filler is added the conductivity continues to increases steadily towards an ultimate value.'

Theoretically, percolative behaviour is generally divided into three separate regimes. Most

well-studied is the region above the percolation threshold (¢ > @) wherein the

conductivity is described by the percolation equation 7.2:

oo, (u]
1- ¢c
(7.2)

Here, o:is a proportionality constant associated with the properties of the filler and f is a

percolation exponent.

Equation 7.2 is applicable when considering systems where the matrix is insulating, for
example a polymer and conductive filler. This equation should be equally applicable to

our BN:Gr nanocomposites, where BN is the insulating phase and graphene is the

145



conductive filler (Figure 7.4A). The variation of conductivity in BN:Gr nanocomposites

with increasing graphene loading is consistent with percolation type behaviour, with a
sharp transition from an insulating to a conducting network at ¢ = 0.12. The conductivity
subsequently increases strongly with @, reaching a value of 4000 S/m for the all-graphene

network (i.e. that with @, =0.5 due to the presence of pores), which is consistent with

previously reported values of LPE graphene.?343%

By fitting the conductivity data to equation 7.2, the percolative parameters of the network
can be extracted (fit parameters are available in Table 7.1). Here the percolation exponent
is, t = 2.6, which is reasonably close to the predicted universal value of 2 and agrees well
with a report on BN:Graphite powder composites.***¢ Values of ¢ slightly larger than 2
are commonly associated with a broadening of the junction resistance distribution of the
filler particles.'®*** The percolation threshold obtained for our BN:Gr nanocomposites, ¢

=0.11 is in the range of previous reports.'*"'7°

The analysis above follows the most commonly used procedure where conductivity data
only exists above the percolation threshold. The data for WSe,:Gr and WS,:Gr composites
in Figure 7.4B&C shows the typical percolation threshold and region of increasing
conductivity for ¢ > ¢.. Additionally, the data also shows non-zero conductivities for
pristine networks of WSe, 7x102 S/m) and WS, (4x10* S/m) for composites at low filler
loadings. Thus, analysis will require models beyond equation 7.2. Note that due to the
large channel resistance and low film thickness these networks are limited by the
resistance of the network rather than by contact effects between the network and electrode

and therefore display ohmic behaviour.’*”

Conductivity data below ¢. in insulating matrix composites is rarely reported due to

difficulties in measuring exceptionally low conductivities associated with these systems.
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Matrices with appreciable conductivities present an interesting case, as composite
conductivity should be measurable across the entire volume fraction range. Below @, there
are no continuous filler paths present and instead filler particles exist as islands or clusters
within the matrix. Conductivity in these composites is expected to dominated by the paths
of least resistance where conductive paths contain portions traversing both filler and

matrix. The conductivity can be modelled by the following equation:**
-s
o-o [¢c ¢j
A

Here o is a proportionality constant which can be thought of as the conductivity of a

(7.3)

matrix-only film and s is a second percolation exponent. While it would be possible to use
equations 7.2 and 7.3 to fit different ¢-ranges in each of Figure 7.4B&D, this is
unsatisfactory as these equations do not agree on the conductivity when ¢ = ¢.. This
means a third ‘cross over’ region exists when ¢ = @. . To avoid the need to perform

multiple fitting over various regimes, McLachlan et al** developed a functional equation

that allows the entire percolation region to be modelled:

1/ lI 1/ t

Gllt
(1 ¢) 1/5 A 1/s ¢ l/t

_I_Ao_l/t =O’ A:(1_¢c)/¢c

(7.4)
Importantly equation (7.4 reduces to equation (7.2 as 0. —* coor equation 7.3 as G; —>0.
Practically speaking, the simplest way to use equation (7.4 is to fit data for g as a function

of o, rather than vice versa as would usually occur.
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Figure 7.4B&C shows conductivity versus volume fraction for WSe,:Gr and WS,Gr
networks, with the corresponding fits to equation (7.4 (Full list of fit parameters can be
found in Table 7.1). The percolation exponents were observed to be t = 2.6 and t = 3.0 for
WSe,:Grand WS,:Gr nanocomposites, with almost identical t-values are reported in other
works on 2D:2D networks such as MoS,:Gr'*' and WS,:Gr.'” Additionally, the second
percolation exponent gives s = 0.5, 0.6 for both composite pairs. This value is somewhat
lower that the reported universal value of s =0.87,** however, it is consistent with values
of s = 0.40 - 1.06 found in powder based composites.’**3* It should be noted that much
larger values of s = 5.4, 7.6 have been previously observed in 2D:2D composites.'*"*** From
the fits to equation 7.4 the percolation threshold is extracted for each nanocomposite,
finding @.c- = 0.13 and @.c, = 0.10 for WSe,:Gr and WS,:Gr respectively. These values are

in line with the previous value of @, = 0.11 for BN:Gr nanocomposites.

The Ag:Gr conductivity data in Figure 7.4D presents some rather surprising behaviour.
There is a region of sharply increasing conductivity (¢, >0.2), where G increases in a well-
defined manner, before reaching 1.1x10° S/m for an all-silver network (¢, =0.5). Such
behaviour is consistent with normal above-percolation behaviour. However, the region
below the apparent percolation threshold (¢4, <0.2) shows a conductivity which falls off
with increasing silver volume fraction. This divergence from monotonic behaviour is in

contrast to what one might intuitively expect and cannot be modelled by equation 7.4.
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Figure 7.4 — Nanocomposite Electrical Properties. Conductivity, o, plotted as
a function of filler volume fraction, ¢ for A) BN:Gr, B) WSe:Gr, C) WS,:Gr, D)
Ag:Gr. The solid and dashed lines are fits to various models discussed in the
text.

The region where ¢ > 0.2 (filled circles) is first analysed before turning to the anomalous

behaviour at lower ¢. Fitting the ¢> 0.2 region with equation 7.2, yields t = 2.5. This result

is consistent with the other nanocomposite data discussed above. However, in this
instance @4, = 0.16, which islarger than the previously obtained values for BN, WSe,, WS,
nanocomposites. This difference is attributed to the relatively low aspect ratio of AgNS, k
= (Lns/tns), of =13.5,'° compared to graphene which has a much higher ratio k = 150.
Previous work shows the percolation threshold depends on the geometry of the filler
particles.'” In fact, in the case of disk like ellipsoids, @. can vary with the aspect ratio,

where large aspect ratios lead to lower values of @, as seen here.'”
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The anomalous behaviour for ¢ <0.2 is attributed to the effect of poor interparticle charge

transfer between graphene nanosheets and silver nanosheets (possibly arising from large

junction resistances between the two particles). This means that below @, where the first
all-AgNS conductive path forms, the AgNS do not contribute to conduction at all.
However, the AgNS do take up space, reducing the volume of the network of graphene
nanosheets which can conduct current and essentially act like additional pores.
Considering this “pore effect”, the conductivity of the graphene network (below the silver
percolation threshold) can be described in terms of graphene volume fraction, as in

equation 7.2. This is achieved by noting the total film volume comprises of graphene, silver

and pores such that 1 = @o, + @u; + @. As hypothesised above, when @, <0.2, the silver

does not contribute to conduction due to charge transfer limitations. In this range

conductivity increases with increasing @, and so decreases with increasing ¢, Applying

equation 7.2 but writing the graphene volume fraction in terms of the silver volume

fraction: @¢: =1 - Pz - ¢p. A nominal percolation threshold is assumed and termed ¢fp: o

(which can be related to a nominal silver volume fraction ¢C Ag) above which, there is so
-

much non-conducting silver and pores that a conducting graphene network does not

exist: @, =1 - @ a5 - @. Therefore, below the percolation threshold:

tp
¢cp Ag ¢Ag
o=0,| ———
¢cp.Ag + ¢p
(7.5)
It is important to note that ¢ 4182 nominal value which is different from the percolation
-

threshold associated with the formation of a percolating network of AgNS described
above. Here t is re-written as ¢, to demonstrate that the exponent is also distinct to that in

equation 7.2.
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Table 7-1 — Fitting parameters obtained from fitting o, vs ¢ data in Figure
7.4A-D

Model
Log(ay) Log(az) S t e

BN:Gr - 4.6£04 - 2.6=05 0.109+0.001 | Eq.8.2
‘WSeaGr -2.15+£0.02 | 4.6£0.1 0.5+£0.1 26=+0.2 0.13+£0.01 Eq. 8.4
WSa:Gr -3.22x£0.04 | 4.7+£0.2 0.6+0.3 3.0+£03 0.10+0.01 Eq. 8.4
GrAg - 71+04 - 25+04 0.160+0.001 | Eq. 8.2
GrAg - 42 £0.1 - 0.9=0.3 0.39% Eq. 8.5
(Pore Model)
* Fixed value

To facilitate fitting, an estimated value for ¢

g 19 used, by assuming ¢ij o~ 0.11, similar

A,
to the percolation threshold obtained for BN:Gr, as it is a similar network where BN does
not contribute to conduction (¢ , ~ 0.11). Approximating ¢p ~ 0.5 gives ¢EP 4= 039
Fitting the data then yields f, = 0.9, this is notably smaller than the values for t observed
earlier in this work. However previous work by Barwich et al.'* has shown that the
percolation exponent of porosity dependent conductivity in graphene nanosheet films is

~1,'3 which is similar to the value for the ‘pore effect’ found here. A summary of all

percolative fit parameters is given in Table 7.1.

7.2.4. Piezoresistive Properties of Nano:Nano Composites

The piezoresistive response of each composite film was characterised at low strain by
measuring the relative resistance change AR/R, as a function of applied strain up to £=1%

(Figure 7.5A-D). The gauge factor, G, is defined by AR/R,= Ggand can be extracted from
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the low-strain slope of these curves. For all composite types, the gauge factor is highly

dependent on the filler loading.
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Figure 7.5 — Resistance-Strain Response. A-D) Fractional resistance change
plotted as a function of applied strain to the nanocomposite network, each
plot is a representative curve which demonstrates the change in piezoresistive
behaviour resulting from a variation in filler loading. A) BN:Gr, B) WSe2:Gr, C)
WS2:Gr, D) Ag:Gr.

The average gauge factor was plotted as a function of filler volume fraction as shown In
Figure 7.6A-D.In each case, well defined trends are observed. For all four composite types,
the gauge factor increases as the filler volume fraction is decreased from ¢= 0.5, increasing
rapidly as @is reduced toward the percolation threshold. Similar behaviour has previously

been observed for polymer nanocomposites, where G diverges as ¢. is approached from

above.’*
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Figure 7.6 — Gauge factor as a Function of Nanocomposite Volume Fraction.
A-D) Gauge factor plotted as a function volume fraction for each
nanocomposite pair. The solid and dashed lines are fits to various models
discussed in the text, fit parameters can be found in Table 7.2. A) BN:Gr, B)
WSe2:Gr, C) WS2:Gr, D) Ag:Gr.

In the case of the Gr:BN composites, no gauge factor data exists below the percolation
threshold due to the unmeasurably low conductivities for these composites. This means
that, like polymer nanocomposites, only the behaviour described above is observed.
However, for the WS,:Gr, WSe»:Gr and Ag:Gr composites, non-zero conductivities exist
below the percolation threshold. |As the filler volume fraction reaches the percolation
threshold, the gauge factor peaks and then falls off very sharply as ¢ is reduced further.
This behaviour appears to be a feature of composites with non-insulating matrices. The

maximum observed values of G were 220, 58, 46 and 10 for BN:Gr, WS,:Gr WSe,:Gr, and
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Ag:Gr composites, implying that large values of G are obtained when lower conductivity

matrices are used.

It is noted that pristine WSe,, WS, and Ag networks show slightly higher gauge factors
than their respective nanocomposites at the lowest loadings of graphene, the reason for
this is unclear but it’s speculated this is due to subtle morphological changes in the

composite on addition of filler to the pristine network.

7.2.5. Modelling 2D:2D Nanocomposite Piezoresistance

It’s believed the unusual properties observed in Figure 7.6A-D are related to the network
conductivity and can be explained via percolation theory. Here, simple models are derived

to describe the dependence of gauge factor on filler volume fraction.

In the limit of low strain, it can be shown that,?"*

ez 2] Ly (4ho)
o, \ deg ), de ),

(7.6)
The subscript zero defines that the quantity should be taken in the limit of low strain. This
demonstrates that upon straining a material, the resistance changes for two reasons.
Firstly, there is a small change due the effect of strain on sample dimensions, for an
incompressible material (v = 0.5) the contribution to the gauge factor is ~2. Secondly,
there are resistance variations due to changes in material conductivity, this effect is often

quite large and can be both positive'##?*3%34! and negative.'+2?

Chapter 5 showed that equation 7.6 can be used to obtain an equation for the gauge factor
in polymer nanocomposites.’* This is achieved in a relatively simple manner, by

substituting equation 7.2 into equation 7.6 to yield equation 7.7
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° {z_aic(ddaec ”{m[fj}(%”{b—t¢ _1—t¢cj@¢f ”

As has been discussed previously, (d@./deg), is expected to be the dominant term in this

equation allowing a simplified form to be used

GzGt0+L(d¢c]
T g—¢.\de )

(7.8)
Where G, is a composite constant related to other percolation parameters (see Appendix
B for full derivation) and (d@/d¢), is the percolation threshold strain dependence (the
subscript ¢ on the former quantity is to indicate that this equation is related to equation
7.2). The model has been used to fit the data in Figure 7.6A-D in the region above the
electrical percolation threshold (the fit parameters are listed in Table 7.2). Fitting shows
that G;, takes values between -1 and 28.9, with the lowest Valuegnbeing associated with the
Ag:Gr nanocomposite while the largest value is associated with the BN:Gr nanocomposite.
Fitting the data also yields a value for t(d¢./de), however, since t is already known from

fitting @ vs o, (d@./d&), can be extracted for each composite.

(d@/de), can be understood intuitively by considering a composite at the percolation
threshold so that there is a single connected path of nanosheets through which current
can pass. Applying tensile strain to such a system is unlikely to result in new paths

forming, instead it is much more likely that the current path will break and lead to an
increase in the percolation threshold. Thus, (d@./d&), is expected to be positive and indeed
is positive in all cases, with values ranging between 0.15 < (d¢@./d¢), < 0.68. In polymer

nanocomposites (d@./dg), can vary by several orders of magnitude, for example Zhang et

155



al. have reported (d¢@./dg), = 0.004 in polyurethane-nanotube composites,* while the
previous chapter shows (d¢./d¢), can be as large as 3. Additionally, equation (7.8 gives an

alternative method for determining @, which is compared to the ¢ values obtained from

fits to equation 7.2, finding relatively good agreement in all cases.

The method of combing equation 7.6 with an equation for network conductivity is a very
useful one which can be used in various circumstances. For example, in standard
composites, this method can be applied apply to the volume fraction range below the

percolation by combining equation 7.3 and 7.6 to yield:

o2 M Hs-2 ),

(7.9)

With the simplified version given as

Gsto—F—S (d¢cJ
' ¢c_¢ de 0

(7.10)
where G;, is a composite constant related to other percolation parameters (see Appendix
B for full derivation), the subscript s indicates the relation to equation 7.3. Note that this

is equation is very similar to equation 7.8 with one important difference being that the
denominator in equation 7.10 is (¢. - @) rather than (¢ - @.). Therefore, equation 7.10

predicts an increase in G with increasing ¢ (for (¢ < ¢@.), exactly what is found in the

experimental data. This means that, nanocomposites with a measurable conductivity

below ¢. display a peak in gauge factor centred roughly at the percolation threshold.

The model is used to fit the data for WSe,:Gr and WS,:Gr composites in Figure 7.6B&C,

finding good agreement (the fit parameters are listed in Table 7.2). The obtained values
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are G,o=8.8,6.7 while (d@./de), =0.28,0.68 for WSe,:Gr and WS,:Gr respectively. Similar
to equation 7.7, equation 7.8 also yields values for ¢.. Fitting the data to equation 7.10 gives
slightly higher values of @.c; = 0.139, 0.136 when compared to values obtained from
equation 7.8, @.c-= 0.128, 0.123. However,the values of ¢, obtained from fitting o, vs ¢ as

well as both forms of G vs @ broadly agree, supporting the validity of the models.

Equations 7.8 and 7.10 have been used to fit G versus ¢ for both WSe,:Gr and WS,:Gr data
separately above and below the percolation threshold. Of course, it would have been
preferrable to derive a model using equation 7.4 to describe the entire percolative range,

however, this was not possible due to the complicated mathematical form.

Equation 7.10 describes the G versus ¢ data in standard composites where ¢ < @. This
equation cannot be applied to the Ag:Gr composites because of the non-standard
behaviour: due to junction resistance issues, the AgNSs act as extra pores, not contributing
to conduction below the percolation threshold. However, an equation can be derived for

the gauge factor in this situation by combining equations 7.5 and 7.6 to give:

|: 1 (dU j :| |: {¢c ,Ag_¢AgJ(dtp] ] l:( tp tp J(d¢c ,Ag] :l
Gr|2-—| = | |-|In| 22 2 ) 2 | |4 - d
o\ dg ), ¢Cp,Ag+¢p de 0 ¢c,,,Ag_¢Ag gz?)cp,,w+¢p de .

(7.11)

With the simplified version given as

t dg.
G= Gp,O =+ P [ dp a J
¢cp,Ag _¢Ag & 0

(7.12)
where G, is a composite constant related to other percolation parameters (see Appendix

B) and the subscript p is to indicate the relation to equation 7.5. Again, this equation is
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similar in form to equations 7.8 and 7.10 but, like equation 7.10, predicts an increase in G

with increasing ¢ay (for @y, < @ 4 )» as is found in the experimental data. The model is
6[7’

used to fit the data (open circles) for Ag:Gr composites in Figure 7.6D, finding good

agreement. Here, Gpo = 1.8 and (d¢. Ag /dg),= 1.6, while ¢ 4182 fixed value of 0.39 as
P> L[7’

described earlier when fitting o'vs ¢ for the same system.

It is worth noting that equations 7.8, 7.10 and 7.12 are all very similar in form and imply

that G should be maximised by keeping ¢ as close as possible to ¢.. In addition, they all

depend on the product of the relevant percolation exponent (i.e. t, s, t,) and the rate of

change of percolation threshold with strain ((d¢./dg), or (d¢, 4 /4€),)- This highlights
-

that these parameters are key to maximising piezoresistive sensitivity in percolative strain

sensors. Noting that large values of the exponent are associated with broad distributions

of inter-nanosheet junction resistance, a property that might in some way be engineered.
Furthermore, it's proposed that (d¢./d&) is linked to the structure and morphology of the

nanosheet network. again, this is something that might in future be engineered, perhaps

by controlling the network deposition method.
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Table 7-2— Fitting parameters obtained from fitting G vs ¢ data in Figure 7.6

Geo (dg./de), & Model
BN:Gr 28.9+5.6 0.50 +0.08 0.113£0.001 | Eq.8.7
WSeGr 6.1+1.0 0.32+0.02 0.128 £ 0.001 Eq. 8.7
(Above ¢ )
WSey:Gr 11.1+14 0.28 +0.04 0.139 +0.001 Eq. 8.8
(Below ¢ )
WSa:Gr 9.1+1.1 0.24+£0.02 0.123 £ 0.001 Eq. 8.7
(Above ¢ )
WS2:Gr 6.7+£3.2 0.68 +0.09 0.136 £0.001 Eq. 8.8
(Below ¢ )
Gr:Ag 1=1 0.15+0.02 0.172£0.001 | Eq.8.7
Gr:Ag 1.8+0.9 1.6+04 0.390% Eq. 8.9
(Pore Model)
x can take the subscript t,5 or p depending on the model type

7.2.6. Relationship Between Gauge Factor and Conductivity

From the discussion above, it is clear that both conductivity and gauge factor are
intimately linked to the filler volume fraction of each network. This is demonstrated in
Figure 7.7A&B which uses data for WSe,:Gr, to show that the gauge factor peak occurs
very close to the conductivity percolation threshold of the nanocomposites. That both G
and o depend on volume fraction implies the presence of a mutual relationship between
them. To investigate this, the gauge factor of each nanocomposite pair is plotted as a
function of conductivity in Figure 7.8A-D. Here, individual G and & values are plotted

instead of averaging as was done for previous volume fraction figures.
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Figure 7.7 — Percolative Behaviour. A) — B) Conductivity and gauge factor
plotted as a function of nanocomposite volume fraction for WSe, data set. The
dashed indicates that a peak in the gauge factor can be observed at the
percolation threshold.

G versus obehaviour is modelled by re-writing the previous gauge factor models in terms
of conductivity rather than volume fraction. First consider the situation where the
networks are above the percolation threshold. This is the most general scenario and will
apply to most composites. Combining equation 7.8 with equation 7.2, yields equation

7.13, which expresses the gauge factor in terms of the zero-strain conductivity:

-t
GzGtO+L o (%]
’ 1_¢c O de 0

(7.13)
Here, G, is a constant identical to that in equation 7.8. The model predicts that above the

percolation threshold, the gauge factor should increase monotonically with decreasing
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conductivity, as observed in the data. Furthermore, the model suggests this effect is highly

dependent on the percolation exponent f.
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Figure 7.8 — Gauge factor as a Function of Nanocomposite Conductivity. A)
BN:Gr, B) WSe.:Gr, C) WS,:Gr, D) Ag:Gr. The solid and dashed lines are various
models discussed in the text, fit parameters can be found in Table 7.3.

Recalling the previously fitted models, it becomes clear that all the components of
equation 7.13 have already been determined. The parameters o, ¢ and t are found from

equation 7.2, while a second estimate of ¢ and the new terms G, , (d¢./d&) are found

from equation 7.8. Thus, the parameter values may be substituted into equation 7.13 to

generate a predictive model for ovs G, to compare against the experimental data.

Figure 7.8A shows G vs o for BN:Gr in the region above the electrical percolation

threshold whereby G increases as o decreases across several orders of magnitude. In
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addition, the predictive model is plotted using equation 7.13 (See Table 7.3 for parameter
values). Notwithstanding the significant degree of scatter, the model captures the overall
shape of the BN:Gr very well. This is important as it demonstrates that these models need
not only be used for fitting purposes but can instead be used to predict piezoresistive
properties of percolative networks once good estimates of the percolation parameters can

be obtained.

A similar model can also be obtained for composite systems which display measurable
conductivities below the percolation threshold such as WSe,:Gr and WS,:Gr networks.

This can be achieved by simply combining equation 7.10 with equation 7.3, which yields:

s
Gsto+i(£J (d_"j]
"9\ o de ),

(7.14)

Where G;, is a constant identical to that in equation (7.10.

The WSe,:Gr and WS,:Gr data for ovs G can be divided into two regimes, above and below
@., and fit to equation 7.13 and equation 7.14 respectively. However, as mentioned above,
it is preferrable to obtain a model which describes the entire data range (both above and
below ¢.). Although equation 7.4, allows conductivity to be described across the whole ¢-
range, its form does not allow G to be written in terms of ¢. However, it is possible to
obtain an equation for G in terms of ¢ . This can be achieved, by differentiating equation
7.4 with respect to strain and combining the result with equation 7.6. The derivation is

described briefly here with further details in Appendix B.

Equation 7.4 is re-written such that:
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1/s 1/s 1/t 1/t
O —O0 oO. —O
(1-¢)—

— ¢ C
o’ + Ac™”® o’ + Ac"

(7.15)

Taking the log of both sides and using the fact that, (1/0)(do/d¢) = d Inc/de.

l:do_ills _do_lls:| |:do_i1/s +d(AO'lls):| |:do_i/t _do_llt:| |:d0'i/t _l_d(Ao_llt):l
de de de de _|de de de de

O_i]Js _O_]./s (O_I]Js + AUI/S) - (O_CI/I _alll (Uclll + Ao_l/t)

(7.16)
The work in chapter 6 demonstrated that the strain dependence of ¢. was the dominant
mechanism for predicting G. Its expected that the same situation should apply here. For
simplicity only @ and o will be considered as strain dependent. The contribution from

other terms (dt/d¢, ds/de, doi/deand do./d¢ ) are assumed to be approximately constant
and will be explicitly added at the end of the derivation. Performing the differentiation

under these assumptions yields:

O_lls O_l/t
dinc dA (6" +Ac™) (o' +Ac™)
de de| o/t o Is Ac® Is N Ac' It
O_é/t _Ullt Uills _Ulls O_il/s + AGl/S O'i/t + A(Tl/t

(7.17)
Recalling that A = (1-¢@.)/¢. and introducing the approximate constant, Goy, as discussed

above yields a final equation describing the gauge factor across the entire percolative

range.
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(7.18)

It must be noted that the, Gg,, approximation will only be strictly valid when the gauge

factor of the both the matrix (¢ = 0) and filler (¢ = 1-¢,) components are approximately

equal (i.e. GWSEZ’GWSZ ~ Ggr), as is the case here. Importantly, in the limiting cases of

o, —> 0 or g; — 0, equations 7.13 and 7.14 can be recovered from equation 7.18.

The G versus ¢ data for WSe,:Gr, and WS,:Gr composites in Figure 7.8B&C is different
from the BN:Gr composites data (Figure 7.8) and indeed most polymer-based
nanocomposites. In addition to the increase in G with decreasing 6 above the percolation
threshold, this data shows a peak in gauge factor such that gauge factors begin to decrease
as composite conductivity falls below ~1 S/m. This low-conductivity behaviour is contrary
to what is usually observed for polymer-based composites and is an unexpected result. For
example, in the previous chapter a monotonic increase in G with decreasing o was

universal to all composites.

The peak in gauge factor occurs at the electrical percolation threshold for each
nanocomposite, is in line with the results of Figure 7.7. Ideally, the data would be modelled
using equation 7.15 by substitution of parameters as was done for equation 7.13. However,
given the large number of parameters to be substituted, an appropriate prediction was not
found. Instead, the data has been fit allowing a comparison of the output parameters to
the previous models. To facilitate this, some parameters have been fixed (o, 0, @) using

values obtained from earlier models. Therefore, the percolative parameters under study
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here are Goy, (d@./dg), , t and s. The resultant fit describes the data extremely well, with
the peak in gauge factor at 6~1 S/m well captured, the corresponding parameters can be
found in Table 7.3. From the fitting, Go, = 11.3, 11.9 and (d¢)./de) = 0.14, 0.24 for
WSe,:Gr and WS,:Gr respectively. Although they are of the same magnitude, the values of
(d@./de), are somewhat smaller than the values obtained from fitting G versus ¢data. The

obtained values for t (2.19, 2.36) show excellent agreement with ovs ¢ data. The s values
(0.85,1.80) are somewhat larger than the values reported earlier, however overall the same
trends are observed with values of ¢ found to be higher than s as is expected from both

theory'®® and experiment.?3

As discussed previously, equation 7.14 describes the ¢ versus G data in standard

composites where ¢ >@. However for Ag:Gr composites, the variation in conductivity
below the percolation threshold is dependent on the fact that AgNSs act as extra pores and
do not contribute to conduction. This means a separate equation is required to describe
the variation of G with conductivity. Equation 7.12 is re-written in terms of composite

conductivity by utilising equation 7.5, to give:

-1/t
t " (dg,
G=~G,, +—P(£j [M]
¢cp,Ag+¢p O, de 0

(7.19)
Where G, is identical to that in equation . Similarly to equation 7.13, equation 7.19 can

be used as a predictive model. In this instance o, ¢

and t, can be obtained from fitting
c,Ag

equation 7.5, while a second estimate of ¢ g and the new terms Gy, (d@./dg), can be
»

obtained from fitting equation 7.12.
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Figure 7.8D shows o vs G for Ag:Gr data. As before the data contains two regions arising
from the differing percolative mechanisms. In both cases the gauge factor increases with
decreasing conductivity, meeting in a shared data point (G = 10, o= 4000 S/m). The data
in the region above the percolation threshold is denoted by filled circles with the solid line
being the predictive model determined from equation 7.13. The data below the electrical
percolation threshold is denoted by open circles, with the dashed line being the predictive
model determined from equation 7.16 (See Table 7.3 for parameter values). The

experimental data follows the predictive models extremely closely in both cases.

Table 7-3 - Fitting parameters obtained from fitting G vs o to the data in
Figure 7.8, parameters without errors are fixed values for modelling purposes.

Gxo Log(cy) | s Log(c) | 8 (dg./dg)o | Model
BN:Gr | 289 - - 4.6 2.6 011 |05 Eq. 10
WSexGr | -1 -2.2 095 =+ |46 22 £,0.130 | 0.14 =+ | Eq. 10
0.07 0.2 0.04
WSaGr | 119 =+ -3.2 1.80+0.3 | 4.7 180 £ 0.134 | 0.24 £ | Eq. 12
0.7 0.3 0.08
GrAg 113 £ - - 7.1 2.5 0.16 0.15 Eq. 12
1.5
GrAg 1.8 - - 4.2 0.9 0.39 1.6 Eq. 13
(Pore
Model)

x can take the subscript t, G or p depending on the model type

In order to frame this work in a wider context o vs G is plotted, for a range of bulk and
thin film percolative nanocomposites from this work and literature (Figure 7.9).!08-2782%
To date researchers have typically considered nanocomposites which lie above the
percolation threshold, ¢.. In such instances the same behaviour is nearly always observed,

that is, a monotonic increase in G with decreasing conductivity. This trend is consistent
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regardless of the type of filler or matrix used, and would suggest a universality in the
piezoresistive response. Uniquely, this work shows it is possible to achieve
nanocomposites that have increasing gauge factors with increasing conductivity. In order

to achieve such a scenario, its demonstrated that the nanocomposite filler loading must lie

in the region below ¢..

¥
**
R4 - . ‘. .
, ’;**I m  BN:Gr
* .
o 100+ *.,,,:, ap ®  AgGr
-~ @ v A i ©  Ag:Gr (Pore Model)
£ o e Py = *  WSe,Gr
© $apm = .
> 2 &  *9%.. . A WS,Gr
;6 . “‘& 4 §‘,- 7 PDMSGr
o 104 A 4 4 s Q" s 29
8 .o ogly "8 % *  Gr thin films
. “ wf! 4 Epoxy:CNTS®
®e, ®|| e Borosilicate:Ru0,*®
.
.
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Conductivity, o (5/m)

Figure 7.9 — A Wider Context. Gauge factor, G plotted as a function of

nanocomposite conductivity, o. The data here includes nanocomposite
networks from this work as well as composites from literature.’?%%2782%

7.3. Conclusions

In summary, a study has been conducted on the electrical and piezoresistive properties of
2D:2D nano:nano composites produced from mixtures of silver, graphene, WSe,, WS, and
BN nanosheets. The electrical conductivity of each composite appears to vary rather
differently with increasing filler volume fraction. However, it was demonstrated that the
behaviour of each system can be explained by various percolative mechanisms and can be

modelled simple percolation equations.
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In addition, the piezoresistive properties of these networks are characterised, by
measuring the gauge factor as a function of filler loading for each composite type. As with
conductivity, there is a different dependence of the gauge factor on filler volume fraction
for each composite type. In all cases percolation theory is used to develop simple models
describing the piezoresistive behaviour, with the equations describing the data extremely

well in each case.

An important outcome of this work is the observation that gauge factor does not always
scale monotonically with filler volume fraction or composite conductivity as was
previously thought. In fact, for composites fabricated using matrices with nonzero
conductivity, the gauge factor displays a peak when plotted against either filler value
fraction or conductivity. Naturally this should be extendable to conductive polymer
matrices and fillers, however a comprehensive volume fraction study on such systems has
yet to be shown. This percolation type behaviour peak limits the maximum gauge factor
obtainable. Alternatively, when composites are produced from mixtures of different types
of conducting nanosheet, nonmonotonic conductivity versus filler volume fraction
behaviour is observed. These composites display a peak when gauge factor is plotted
versus filler volume fraction but monotonic behaviour when gauge factor is plotted versus
conductivity. In all cases these surprising and unusual results can be explained using
percolation theory and all arise from the differences in percolation behaviour above and

below the percolation threshold.

Finally, our analysis shows that for all composite types the gauge factor depends strongly
on both the percolation exponent and the rate of change of percolation threshold with

strain.
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Chapter 8

Conclusions and
Future Work

The fervour generated by the rise of modern nanoscience means that the silicon industry
finally has a challenger to its monopoly on electronic devices. Although still in relative
infancy, the versatility and flexibility of nanomaterials show immense promise in
addressing some of the drawbacks to silicon-based devices. There is no better example of

this than piezoresistive strain sensors, where the discovery of graphene and carbon
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nanotubes has led the way to new strain sensor designs, reinvigorating a field that has
remained relatively unchanged for decades. This work aimed to address some of the
challenges faced by the field while shedding some light on the mechanisms underlying

piezoresistive performance.

The majority of nanocomposites considered to date are prepared as bulk composites
rather than thin films or other architectures. Although bulk nanocomposites display
excellent piezoresistive performance, they suffer in other strain sensing metrics, which is
almost certainly a result of interactions between the filler and matrix. This poses a real
challenge, as properties such as minimal hysteresis and strain rate dependence are critical

to functional strain sensors. Chapter 5 showed that success in addressing these issues

could be found by fabricating nanocomposite thin films (~1pm thick) on neat polymer
substrates. The nanocomposite thin films have a high conductivity of ~ 300 S/m, which is
many orders of magnitude above the conductivity of the bulk. This behaviour is attributed
to partial phase segregation of the nanocomposite. The thin nature of the nanocomposite
allows pinning between the film and substrate to occur and a reduction in nanosheet
mobility, significantly reducing the large hysteresis and strain rate effects that are found
in the bulk nanocomposite. Such properties make the thin films promising candidates as

strain sensors with use cases and qualitative measurements demonstrated.

It is well known that by lowering the filler loading in nanocomposite systems, high gauge
factors can be achieved. This implies an intrinsic link between gauge factor and
conductivity since current pathways through a nanocomposite are determined by
percolation effects. Chapter 6 formalises this phenomenon through an analytical model,
demonstrating that piezoresistive behaviour of nanocomposite systems can be described
by percolation theory. Through the study of experimental data, an insight into the

mechanisms underlying piezoresistive performance are obtained, finding that the strain
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dependence of the network structure, in addition to the strain dependence on interparticle
resistance, plays a considerable role in determining the composite gauge factor. The
developed model also gives us a perspective on how the gauge factor might be optimised,
indicating that variation of the percolation exponent should allow the gauge factor to be

similarly altered even if the nanocomposite components are identical.

Piezoresistive nanocomposites typically comprise an insulating polymer matrix and
conductive filler, leading to standard percolation type behaviour. Chapter 7 proposes an
alternative type of piezoresistive nanocomposite comprised of mixtures of 2D insulating,
semiconducting, and conducting nanosheets. The nanosheet mixtures display distinct
electrical ~ properties  depending on  the nanocomposite = components.
Insulating:conducting and semiconducting:conducting nanocomposites show a
monotonic increase in conductivity with increasing conductor loading. Surprisingly,
conducting:conducting nanosheets display non-monotonic behaviour where poor charge
transfer results in a minimisation of conductivity below the percolation threshold.
However, regardless of the mechanism, all conductive behaviour can described by
different percolation models. The piezoresistive properties of these systems show a set of
rich behaviours which go beyond what is normally observed in polymer nanocomposites.
Importantly, percolation theory shows that the relationship between the piezoresistive
properties, nanocomposite conductivity, and filler loading can be fully described. This
demonstrates the intimate link between the percolative parameters and sensing

performance.

8.1. Engineering the Piezoresistive Performance of
Nanocomposites

The work presented in Chapters 6 and 7 demonstrates that the gauge factor and hence the

piezoresistive response of nanocomposites depend strongly on nanocomposite
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conductivity and filler loading. Following investigations of the experimental data,
simplified two-term equations can be obtained. An example of one of these equations is

found below

GGyt (d—¢j
Y ¢_¢c de 0

While the equation shows that G diverges as ¢ — ¢, it may not be desirable to fabricate
nanocomposites close to the percolation threshold where poor connectivity of the filler
leads to low nanocomposite conductivities. Instead, it is worth considering the other two
parameters t and (d¢@./dg).. While a precise method of altering (d¢@/dg), remains unclear
at present, it was illustrated that t and (d@/d¢), are linked with larger values of ¢ leading
to larger values of (d@/dg),. Thus suggesting, the most practical method for maximising
the gauge factor is to increase the percolation exponent, f. Increasing t necessitates a
broadening of the junction resistances within a nanocomposite and it is worth considering
the scope of the distribution. The vdW gap between nanosheets limits the narrowest
junction, while the upper bound of the junction is limited by the exponential increase in
resistance with tunnelling or hopping distance. With this understanding, the best way to
broaden the junction resistance distribution is to increase the physical distance between
neighbouring nanosheets, this could be achieved by varying the molecular weight of the
polymer matrix. For example, introducing a certain percentage of high molecular weight
polymers to a nanocomposite formulation may allow for more separation between
nanosheets thus broadening the distribution and hence t. Naturally, increasing the
distance between nanosheets will decrease the composite conductivity, however careful
optimisation may allow enhanced nanocomposite gauges factors with only a minimal

decline in conductivity.
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8.2. Enhancing the Linearity

The primary focus of this work has been the sensitivity of the piezoresistive response in
nanocomposite systems. This is done by characterising the response at low strain &~ 1%,
where the resistance variation is linear. Of course, if these sensors are to be used in real-
world stretchable applications, strains greater than 1% will need to be realised. The
problem here is that above low-strain, the increase in tunnelling distance between adjacent
conductive particles dominates and leads to an exponential increase in the resistance and
a loss of linearity. The lack of an extensive linear range is a limitation of the sensors
proposed here and of nanocomposite strain sensors generally.>¢%7342343 This is
particularly relevant when considering sensors that are conformed to human skin since a
degree of pre-strain will occur during installation. This means that the initial condition of
the strain sensor will generally be offset from zero strain. Furthermore, the amount of pre-
strain conferred to the sensor will depend on the location of installation. For example,
installing a sensor at a joint will confer a higher degree of pre-strain as opposed to
installation on a relatively flat part of the skin. These considerations demonstrate the need
for linearity across a wide sensing range and create a significant hurdle for nanomaterials-

based sensors to overcome.

Here, inspiration might be drawn from work that enhances the stretchability and
conformability of electrical interconnects made from metal foils. These interconnects
have a minimal elastic yield strain of approximately 0.3%, prohibiting their integration
into stretchable electronics. To overcome this limitation, several works have proposed
curved serpentine geometries of interconnects embedded or bonded to supporting
substrates,**3" as shown in Figure 8.1. This significantly enhances the stretchability of the

interconnects, whereby the entire structure can be elastically strained in excess of £~100%

while the strain experienced by any single component of the structure is limited to & ~
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0.3%. While this method is traditionally used to limit changes in resistance of the
interconnects, a recent report has shown that selectively depositing metal foil where the
tensile strain is maximised, enables the fabrication of metal foil strain gauges which show
a linear relative resistance change up to &€ ~ 50%.*** The drawback here is that the inherent
low gauge factor of the foil, coupled with the deformation mechanics of the serpentine
limits the gauge factor of the overall system to G < 1.* Here nanocomposites may present
a distinct advantage. These serpentine strategies, coupled with the linear resistance-strain
response at low strain, could be exploited to achieve highly linear nanocomposite strain
sensors across a wide strain range. The critical point here is that the large piezoresistivity
offered by nanocomposites should allow strain gauges with much higher gauge factors, far

surpassing what has been demonstrated with metal foils.
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Figure 8.1 — Enhancing the Linearity. A) A design for metal foil interconnects,
which allow systems to achieve much higher strains than the strain applied to
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any individual component of the system. Image from ref.>*® B) Linear response
of metal foil gauge where the foil is selectively deposited on the area of the
arch under maximum tensile strain. C) Schematic illustration of sensing
mechanism. Images from ref>*

An alternative to improving sensor linearity may be found when considering the junction
resistance, Ry between two conducting particles. Recall that according to Simmons,*” R; is
inversely proportional to the areal overlap of the particles, A;, and is exponentially
dependent on the distance between the particles, d, such that R; oc €"//A;. Furthermore, for
highly conductive nanosheets such as graphene, the resistance of the network is
proportional to the junction resistance.*® Therefore, in a scenario where strain induces a

change in A}, but keeps d constant we expect the network’s resistance to vary linearly.

Bond-free VDW interfaces +«— Sliding ——
Broad-area plane-to-plane Stretchable with continuous
contacts with few charge traps VDW interfaces

Figure 8.2 — Highly Overlapped Networks. Surface and cross sectional
schematics illustrating the junction variation in response to strain for highly
overlapped conformal nanosheets. Image from ref.’

Following this line of thinking small aspect ratio nanosheets (as in this work), will have a

limited linear resistance-strain range. However, if the nanosheets have a large aspect ratio
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we can expect a high degree of areal overlap and conformal junctions between the sheets

(Figure 8.2), resulting in a much increased linear resistance-strain response.

Preparing thin nanosheets with large lateral size (in sufficient quantities) has been a
challenge to the field, however recent progress has demonstrated this is possible via
electrochemical exfoliation, with the production of conformal nanosheet networks.® The
networks produced from high aspect nanosheets show an exceptional ability to withstand
strain due to the large areal overlap of the nanosheets. In this case, the network’s sensitivity
to strain appears to be rather low.>* However, one can imagine preparing networks of
conformal nanosheets close to the percolation threshold, here the nanosheet networks
should be far more sensitive to strain yet the overlap of the nanosheets could provide a

much improved linear resistance range.

Asafinal remark, the application of strain sensors in other modes is considered. The focus
of this work has been on tensile strain however piezoresistive nanocomposites are equally
suitable for pressure sensing applications. This can be achieved be directly applying
pressure to a polymer nanocomposite inducing a compressive strain in the material. This
usually results in a reduction in a materials resistance in the direction of compression,
which is likely a consequence of neighbouring conductive particles being brought into
closer proximity and therefore a lowering of the junction resistance. An alternative to this,
is the use of very thin nanosheet films backed by comparatively thicker polymer
substrates. In this instance compressive or tensile strains can then be induced in the film
by bending the substrate. A simple relationship exists between the strain experienced at
the substrate surface and the curvature radius of the bend: &= y/r. Where y is the distance
between the neutral axis and surface of the substrate, while r is the radius of the curvature.
This will in turn lead to a change in the resistance of the thin film, which will be

determined by the compressive or tensile gauge factor (depending on the bending mode)
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and the radius of curvature can therefore be inferred. It is important to note that the
models developed in this thesis relating the gauge factor to the networks percolative
properties could be equally used to study the compressive gauge factor. In fact, it would
be interesting to see if the (d¢./d€), term dominates in compressive strains as it does in
tensile strains. Intuitively this would appear to be the case, where the application of
compressive strain is likely to bring particles closer together, allowing new conductive
paths to form and thus lowering the percolation threshold. This would lead to a negative
value for (d¢./de), compared to the positive value found in the tensile direction suggesting

negative gauge factors should be observed.
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Appendix

A. Ancillary Techniques

This appendix will be used to outline the fundamental aspects of primary characterisation

techniques which supported device fabrication in this work.
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A.1. Uv-Vis Spectroscopy

Optical spectroscopy is one of the principle techniques for the characterisation of
nanomaterials dispersed within a liquid media. As light passes through the liquid medium,
photons interact with the dispersed matter resulting in absorption and scattering effects.
Absorption, Abs, occurs through the excitement of electronic transitions within the
dispersed material, this means that appreciable absorption will only be observed in
semiconducting or insulating materials for energies above the band-gap. For materials
with significant lateral sizes, such as nanosheets, there is also an appreciable amount of
scattering, Sc, of the incident light, which must also be considered.” The sum of these

effects are described by a quantity known as extinction, Ext.

Ext = Abs+Sc

(A.1)

The extinction can be measured in a simple way by monitoring the change in irradiance

as light of various wavelengths, A, passes through a dispersion. Interaction between light
and the dispersed materials will attenuate the intensity of light passing through a sample,
I, relative to the reference, I,and can be related to extinction via the Beer-Lambert law

Ext:lnll—:—InT

0

(A.2)

where T is the transmittance. Naturally, the extinction will depend on the number of
particles present within a sample and the distance which the light travels. The extinction
shows a linear dependence on both the particle concentration, C, and path length, 1. A
further term known as the extinction coefficient, §, encompasses the material specific

properties, giving the standard equation
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Ext = oCl

(A.3)

Here, 0 encompasses both the absorption, ¢, and scattering, 3 components:
6(A) =a()+ (1)

(A.4)
Measurement of these optical properties is achieved using a dual beam UV-Vis
spectrometer, with a schematic of the measurement process shown in Figure A.1. A
halogen lamp and deuterium arc source are used to generate near-infrared, visible and

ultra-violet light.** The light is separated into discrete wavelengths utilising a

monochromator comprised of a series of slits, mirrors and diffraction gratings.

The beam is the split, allowing both the sample and a reference to be probed
simultaneously, enabling higher accuracy measurements through the removal of
scattering and absorption by the solvent and cuvette. The light is then detected by an

InGaAs photodiode, with a chopper used to alternate between the sample and reference.

Mirror
4 \ Reference
( n ’ Photodetector
' Mirror
S.H.Z —@ Output
Tungsten D2 Lamp g -
Lasip Data 5
Slit Processing 2
Wavelength
# Exit Beam .
| Slit ¢ splitter | )
Monochromator Sample Photodetector

Figure A.1 - UV-Vis Spectrometer. Schematic of a dual-beam UV-Vis
spectrometer. Image from ref>>°
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A.2. Raman Spectroscopy

Raman spectroscopy exploits the inelastic scattering of light, where a monochromatic
light source is used to probe lattice vibrations in the form of optical phonons. The
displaced atoms can be modelled as a harmonic oscillator with vibrations occurring in
quantised states as a result of transitions between two discrete energy level. The frequency
of the scattered light is shifted to that of the incident monochromatic light, these variations
are used to construct a Raman spectrum which can reveal a variety of information about
the sample such as; chemical identification, chemical bonding and environmental

effects.?>

Scattering occurs via a two-photon process. Incident light induces a dipole moment in the
materials electron cloud forming a higher energy state, where the strength of the
interaction is defined by the material polarizability.** This formation can be considered a
short lived ‘virtual” state at the dipole almost simultaneously relaxes through a second
photon emission.*? The majority of scattering is perfectly elastic, where both incident and
scattered photons have equivalent energies. This is known as Rayleigh scattering.
However, in a very small percentage of cases photons may be scattered at shifted energies
as a result of interactions with the materials lattice. Photons may induce vibrations
through the creation of an optical phonon in the lattice, this leads to a red shift in the
emitted photon and is known as Stokes scattering. However, if the lattice is already in an
excited state, the scattered photon may absorb a phonon as the lattice relaxes to a lower
vibrational states. In this process the emitted photon is blue shifted and is said to be anti-

Stokes scattered. A schematic of the various mechanisms is shown in Figure A.2.
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Figure A.2 — Various Raman Processes. Image from ref.>>*

The frequency change of the scattered photon relative to the incident photon is measured

as a Raman shift and the intensity distribution of these shifts is used to generate a

characteristic Raman fingerprint for a material. Raman spectroscopy is now an integral

part of nanosheets characterisation, as in addition to providing a chemical description of

a material, it can also be used to analyse nanosheet defects, doping, interlayer coupling,

and stress.?>»3%6

Raman data in this work was acqyured with a Horiba Jobin Yvon set up using a laser line

of 532 nm. Thanks is given to Dr. Harneet Kaur, Dr. Tian Carey and Dr. Victor Vega who

acquired the data.
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A.3. Transmission Electron Microscopy

Electron microscopy is a useful technique that is widely used for overcoming the
resolution limitations of optical characterisation methods (~200 nm). The power of the
technique arises from the ability to modulate electron velocity in the presence of an
applied electric field. The relationship between a electrons velocity and wavelength is
simply described as A = h/mv, where h is Planck’s constant, v is the electron velocity and
m its mass. This can in turn be related to the accelerating voltage, V, such that:

P h

B J2meV
(A.5)

This means that with typical accelerating voltages used in TEM systems, ~200 kV, a
theoretical resolution of ~3 picometers can be obtained. In practise such high resolutions
are not realisable due to aberrations in the source and lensing column. Despite techniques
being put in place to correct these aberrations, TEM resolution is limited to 0.2 nm in

conventional systems.*’

The high energy electrons can penetrate 100s of nm into a sample or, in the case, of
nanosheets pass completely through. This has proved particularly useful for imaging 2D
nanosheets. As electrons pass through the sample they can interact elastically or
inelastically with the attenuation of the electron signal forming the basis of TEM imagery.
The images are a result of spatial variation of the scattering, and are dependent on a
number of factors such as, thickness, mass, atomic number and grain boundaries. The
transmitted electrons are collected by the imaging system, where the scattering contrast

allows the rendering of a 2D image of a 3D sample.
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Figure A.3 — Schematic representation of a TEM column. Adapted from ref>>®
A schematic of the TEM column is shown in Figure A.3. The column can be divided into
three sections. First an electron probe is generated by the illumination system, the electron
source in a typical system is a thermionic LaBs or tungsten filament. The electron beam is
then focused onto the sample with a series of condensing lenses. As the beam passes
through the sample, electrons may pass through unimpeded or they may be subject to
scattering effects. The emergent beam is collected by the imaging system and a series of
lenses determine the magnification and spatial resolution of the image. An initial image
is formed by the post-specimen objective lens before being magnified into the detection

system, generally a cooled CCD.
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The TEM imaging in this work was carried out on a Jeol JEM-2100 LaBs TEM system
operating with a 200 keV accelerating voltage, with thanks given to Dr. Domhnall

O'Suilleabhdin, Dr. Harneet Kaur and Mark McCrystal who performed the imaging.

A.4. Scanning Electron Microscopy

Following the development of TEM, scanning electron microscopy (SEM) was developed
to allow high resolution imaging of materials surfaces. An SEM operates in a similar
manner to a TEM, where electrons are focused through electromagnetic lenses onto a
sample surface. These electrons are incident under much lower accelerating voltages ( 0.1
- 30 keV), lowering the penetration depth of the electrons and offering a higher degree of
surface sensitivity. Once focused the electron beam is rastered across the surface of the
sample utilising xy-scan coil, where the probe-sample interaction at each point is recorded

and mapped onto a surface image.
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Figure A.4 — Schematic of a SEM column. Adapted from ref>>®
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Rather than rendering an image from transmitted electrons, SEM images are a composite
of various electron interactions that occur within a tear-drop shaped volume at the sample
surface. The primary contributions come from secondary and back scattered electrons.
Secondary electrons are generated via inelastic scattering mechanisms with the atoms
within the sample. Here, the incident probe electron ionises the specimen atoms, the
emitted electrons from this ionisation are known as secondary electrons. As secondary
electrons are of low energy, typically 3 — 5 eV they can only escape from the region within
a few nanometres of the specimen surface. Secondary electrons therefore provide spatial
resolution and surface information from which topographical maps of the specimen can

be rendered.

Backscattered electrons have undergone a single or multiple scattering events upon
collision with the specimen surface. These electrons arise from elastic scattering events
between the source electrons and the atomic nuclei of the specimen, therefore, the
intensity of backscattered electrons is a function of atomic number. Thus, elements in a
sample can be distinguished by there relative brightness. Back scattered electrons are of
higher energy relative to secondary electrons and so probe a deeper interaction volume of

the sample and hence offer a lower resolution.
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B. Derivations and Fitting

B.1. Relating the Gauge Factor to Material Conductivity

The conductivity of a material, o, can be related to the gauge factor, G, by first considering

the definition of the resistance

(B.1)

Where p, is the materials resistivity, L is the length and A is the cross-sectional area of the
sample. Combining the definition of the gauge factor, G&¢ = AR/R , allows a relationship

between the conductivity and strain dependent resistivity to be obtained.

Assuming that the volume remains constant at low strain, AL = AL, Then resistance can

be written as

L2
R =
oAL
(B.2)
Taking the strain derivative of the resistance yields
R__1[,1d L do
de AL| ode o°de
(B.3)

This can be related to the definition of the gauge factor by dividing through by the zero-

strain resistance, R, =L /A0,
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1R _oy|, 1dl L do
R,de L,

(B.4)

Here, an approximation is made that in the low strain limit, L = L, and o = ¢,. Which

allows equation B.4 to be re-written as

1R _[,d/L,_1do
R, de de o, de

(B.5)

Using the definition for strain, € =(L - L,)/L, the resulting equation gives a smiple

relationship between gauge factor and conductivtiy

id_Rszz_i(d_aj =2_(dlnoj
R, de o, \deg ), de ),

(B.6)

where the bracketed derivative, clarifies that this equation is only valid at low strain.

B.2. Fitting the Gauge Factor Model

In chapter 6, three models are described from which the percolative parameters of a
composite can be obtained. The first is the well known conductivity dependence on filler
volume fraction. The other two models were developed in this work, and relate the gauge

factor to the filler volume fraction and composite conductivity.

0= O-c(¢_¢c)t

(B.7)
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G=~Gy, + (o, 00)1“0

(B.8)

(B.9)

In order to show the fidelity of the models to describe real data. A number of datasets

where obtained from the literature'®*%2*® and fit using the equations above. The complete

fitting of this data is shown below in Figures B.1 — B.5
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Figure B1: Fits to literature data, Boland et al.’”° The composite is comprised
of a siloxane-based polymer matrix and graphene filler (G-putty). A-B) Zero-
strain conductivity plotted as a function of A) Graphene volume fraction, ¢, and
B) zero-strain reduced volume fraction, ¢-¢... The solid lines are fits to the
percolation scaling law, equation B.7 . o, = 4.3 x 10 §/m, ¢., = 2.50% and
t, = 10.2 C-D) Gauge factor plotted versus C) graphene volume fraction, ¢,
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and D) inverse of zero-strain reduced volume fraction, (p-¢..) . The solid lines
are fits to equation B.8.¢., = 1.86% , G, = 33, Gpy = -190 E-F) Gauge factor
versus conductivity data plotted as G vs. o, (E) and G-Gy o vs. o, (F). The solid
line is a fit to equation B9 t, = 7.1, o1 = 87 5/m, Gpo = -85
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Figure B2: Fits to literature data, Carcia et al.?’”® The composite is comprised
of a borosilicate glass matrix and RuO; filler (Surface area 5 m’/g). A-B) Zero-
strain conductivity plotted as a function of A) RuO- volume fraction, ¢, and B)
zero-strain reduced volume fraction, ¢-¢.o. The solid lines are fits to the
percolation scaling law, Eq.1 (main text). c.o = 34 S/m, ¢.o = 10.55% and t,
= 3.7 C-D) Gauge factor plotted versus C) graphene volume fraction, ¢, and
D) inverse of zero-strain reduced volume fraction, (p-¢..) . The solid lines are
fits to equation B.8 (main text). ¢.. = 10.24% , G, = 0.11, Gpy = 2.3 E-F)
Gauge factor versus conductivity data plotted as G vs. o, (E) and G-Gyo vs. 0o
(F). The solid line is a fit to equation B.9 (main text). t,= 4.3, o, = 0.47 5/m,
Goo= 1.7
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Figure B3: Fits to literature data, Carcia et al.*’”® The composite is comprised
of a borosilicate glass matrix and RuO filler (Surface area 13 m*/g). A-B) Zero-
strain conductivity plotted as a function of A) RuO- volume fraction, ¢, and B)
zero-strain reduced volume fraction, ¢-¢.o. The solid lines are fits to the
percolation scaling law, equation B.7. c.,= 16 S/m, ¢.0c = 5.94% and t, =
2.77 C-D) Gauge factor plotted versus C) graphene volume fraction, ¢, and D)
inverse of zero-strain reduced volume fraction, (¢-p..) ’. The solid lines are fits
to equation B.8. ¢.o=5.77% , G; = 0.038, G,y = 1.7 E-F) Gauge factor versus
conductivity data plotted as G vs. o, (E) and G-Gyo vs. o, (F). The solid line is
a fit to equation B.9. t, = 5.1, 0, = 0.75 5/m, Gyo = -0.3
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Figure B4: Fits to literature data, Carcia et al.*’”® The composite is comprised
of a borosilicate glass matrix and RuO filler (Surface area 67 m’/g). A-B) Zero-
strain conductivity plotted as a function of of A) RuO, volume fraction, ¢, and
B) zero-strain reduced volume fraction, ¢-¢.o.. The solid lines are fits to the
percolation scaling law, equation B.7. c.o0= 16 S/m, ¢.o = 4.10% and t, =
2.92 C-D) Gauge factor plotted versus C) graphene volume fraction, ¢, and D)
inverse of zero-strain reduced volume fraction, (p-¢..) . The solid lines are fits
to equation B.8. ¢.o=4.13% , G; = 0.014, G,y = 2.4 E-F) Gauge factor versus
conductivity data plotted as G vs. o, (E) and G-Gyo vs. o, (F). The solid line is
a fit to equation B.9. t, = 2.71, 0, = 0.034 5/m, Gpo = 2.25
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Figure B5: Fits to literature data, Hu et al.**® The composite is comprised of
an epoxy polymer matrix and carbon nanotube (CNT) filler. A-B) Zero-strain
conductivity plotted as a function of A) CNT volume fraction, ¢, and B) zero-

strain reduced volume fraction, ¢-¢.o. The solid lines are fits to the percolation
scaling law, equation B.7. 6.,= 3.2 X 10° S/m, ¢., = 0.70% and t, = 3.0 C-
D) Gauge factor plotted versus C) graphene volume fraction, ¢, and D) inverse
of zero-strain reduced volume fraction, (¢-¢.c) . The solid lines are fits to
equation B.8. ¢.o = 0.31% , G, = 0.16, Gyy = 3.0 E-F) Gauge factor versus
conductivity data plotted as G vs. o, (E) and G-Gyo vs. o, (F). The solid line is
a fit to equation B.9. t, = 2.50, 0, = 4.9 5/m, Gpo = 4.2
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B.3. Gauge Factor Response in 2D:2D Nanocomposites

Volume Fraction Considerations

The scaling of conductivity,o; with increasing volume fraction, ¢, is generally parsed into

two separate regimes. The first regime lies below the percolation threshold, ¢., where there
are no complete conductive paths through the material. Instead, areas of conductive filler
exist as disparate islands throughout the matrix so that an electrons path traverses a
combination of low resistance filler and higher resistance matrix. This behaviour is

modelled using the following percolation equation?®

oo (u)
A

(B.10)

Where o; is a scaling constant associated with conductivity of the matrix and s is a
percolation exponent. Recalling the definition of the gauge factor in terms of composite

conductivity

G~ g_i(d_aj
o,\ de ),

(B.11)

The gauge factor can then be described in terms of the percolative parameters in equation

B.10

do_dodo, dods dodp do d,
de do, de ds de dgde dg, de

(B.12)
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Which leads to

o-[a-2(%2) Mu(&:) &) o552

(B.13)

In chapter 6, it was shown that (d¢, /de ), is the dominant contribution to the gauge factor
in bulk polymer nanocomposites and therefore, the other bracketed terms can be

considered as quasi-constant. It’s expected the same approximation will be valid in the

region below ¢, such that

G ~G50+L(d¢cj
' ¢c_¢ de 0

(B.14)

Where the constant, G, comprising of

cuele-2 (5 P2 B 58

(B.15)

The second conductivity scaling regime is qualified as the region above ¢.. The percolation
threshold marks the filler loading at which the first connected filler path if formed. Above
@, the conductivity continues to increase in a power law like manner as additional
conductive filler is added. This behaviour is traditionally modelled by a separate

percolation equation
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(B.16)

Where o is a scaling constant associated with conductivity of the filler and ¢ is a
percolation exponent. Using the same process as described above the percolative

parameters of B.16 can be related to the gauge factor as

GzGto_i_L(dﬁ:j
T g—¢.\de )

(B.17)

Where

o[22 () ol Hete 58]

(B.18)

In addition to the standard percolation models, a third model proposed describing the
non-monotonic behaviour observed in Ag:Gr nanocomposites. Above the percolation
threshold, @y, the composite displays typical behaviour with the conductivity increasing
according to equation B.16. Below @y, some rather surprising behaviour is obersevd.
Here, the conductivity is seen to decrease with increasing silver content. This behaviour
is attributed to poor charge transfer between the graphene and silver, leading to the silver
nanosheets acting as pores within a conductive graphene network. This mechanism is

modelled by the following equation
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t
=0 ¢cp,Ag _¢Ag

¢ ¢cp.Ag + ¢p
(B.19)

where ¢ g 18 the percolation threshold and f, is the percolation exponent associated with
-

a porosity dependent network. While, ¢, is the free volume of the printed nanocomposite.

Again here, equation B.19 is combined with equation B.11 to yield the a description of the

gauge factor in terms of the porosity percolation parameters

t dé,
G=G,,+—7 L0
¢cp.Ag _¢Ag de 0
(B.20)
Where

i i )

Gc d8 0 ¢cp,Ag+¢p d{,‘ 0 ¢cp,Ag+¢p d&' 0
(B.21)

Conductivity Considerations

While equations B.10 and B.16 are generally suitable for describing percolation behaviour
above and below ¢@.. The two equations do not agree in the ‘cross over’ region that exists

when ¢ = ¢, as shown in Figure B6. To remedy this McLachlan et al.* has developed a

functional equation that allows the entire percolation range to be modelled
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1/s _O_JJs +¢ Gi/t _ 1/t
+Ac” T o+ AcM

1-g)—

(of

9 __o, A=1-¢)/¢,

(B.22)

While the form of this equation does not allow G to be found in terms of composite

volume fraction, G can be written in terms of composite conductivity. A detailed

description of this procedure is given below.

(B.23)

(1_¢) O_ills _O_l/s B _¢ O_Cllt _O_llt
O_il/S +A61/S Gi./t +Ao_1/t
102 3
~ 103
= E
S~
2 Below ¢,
2 100+ B
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Figure B6 — Percolative scaling. A comparison of equation B.22 developed by
MclLachlan et al. to model the entire percolative range. Equations B.10 and
B. 16 demonstrate the predicted behaviour when conductivity above and

below ¢. are modelled separately.
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Taking the log of both sides then gives

In(l—¢) +In(c”* =) ~In(c” + Ac™) = In(=¢) + In(c"* =) - In(c”* + Ac™)

(B.24)

Now using the fact that

ldo _dho
ocde de

(B.25)

Equation B.24 can be re-written as

1 d s Us 1 d Us Us
- (o" - [ ——— S AN\
o’ -o" dg(a' o) (6 + Ac™) dg(a' o)
1 d 1t 1 d 1t
=—————(0, -0 )-———7-—(0, +Ac
(o —c") dg( ‘ ) (c + Ac™) dg( ‘ )

(B.26)

Re-arranging gives

{c;jg O_ills _(;jgo_lls:| |:(;jg O_ills +c;jg(AO_1/5):|
Gills _O_lls - (O_il/s + AO_lIS)
|:dO'i/t —dO'Ut} ‘:dO'i/t +d(AO_llt):l
_Lde de _Lde de
(O_i.lt —Ullt (G(];Jt + AUM)

(B.27)

If all the percolation parameters are considered to be strain dependent this equation is

going to be too complicated to model effectively, and thus some simplification is required.
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As discussed earlier, we expect ¢. and the composite conductivity, o, to be more sensitive
to strain than the other percolation parameters. Thus for simplicity only ¢ and o are
considered as strain dependent. The contribution from other terms ( dt/dg, ds/dg, doi/dg

and do/d¢ ) will be accounted for in a constant which will be explicitly added at the end

of the derivation.

d s d 1/s d 1/t d 1/t
[d;} [dg“\“ ﬂ [d;} [dg“*" ’}
+ = +

Gills _g¥s (O_ills 4 AO_lIS) - (Ui/t _0_1/t) (O_ilt 4 Ao_l/t)

(B.28)
Performing the differentiation gives
1/s 1s 1/t 1/t
o i0' Ao iO'-O-O'l/SiA G—ia Ao iO'-FO'l/tiA
so de N so de de | [to de N toc de de
1 -

1/ 1/ 1 1/t 1/t 1/t 1/t
o -o" o, +Ac” o, -0 o, +Ac

(B.29)

Using equation B.25 we can re-write equation B.28 as

F’Sdlna} {Aa”sdlna 1,sdA} {amdlno} [Aal“dlna mdA}
+o —— to

s de¢ N S de de Lt de t de de
Gil/s —01/5 O_ills + Ao_l/s O_i/t _O_llt Gcllt + AJM
(B.30)
Collecting terms yields
dino| o' /s N Ac?s [s ot It Act It
dé‘ O_ills _O_lls O_ills _ Ao_l/s O_Cllt _O_llt O_Cl/t _ Ao_l/t

B dA O_l/I O_l/S
dg O_Cllt _ Ao_l/t O'-lls _ Ao_l/s
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(B.31)

With some further rearranging

O_1Is B O_l/t
d InU ~ dA (Gills+AO'l/S) (O_é./t+AGl/t)
de ds{ o't It o Is Ac'® /s Ac't It }

Ut 1t U Us U U 1t Ut
o, —o o ' —-oc° o +Ac” o/ +Ac

(B.32)
Since A = (1-¢.)/@., dA/d& can be written in terms of ¢
dA_ 1 d4
de ¢’ de
(B.33)
Which finally yields
O_l/s B O_l/t
dInG_ 1 d¢c (GiZL/S+AO_l/S) (O'(J;/t+A01/t)
de ¢’ de| o'/t o Is Ac"®Is A" It
ot _ gt - PRETERESTE o o+ A oVt Actt
(B.34)

Substituting B.34 into B.6 and introducing the constant, Gg,, discussed earlier gives us the

gauge factor equation

1 1
{_1/5 s A_ 1t 1t A}
GzGaoJriz((wcj 0l +A o' lo"+
) dgo{ 1/t 1/s Als Alt }

- - +
o'lc" -1 o”lc" -1 o”lc”+A o"lc"+A
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(B.35)
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