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Printed networks of 2D nanosheets have found a range of applica-
tions in areas including electronic devices, energy storage systems
and sensors. For example, the ability to print graphene net-
works onto flexible substrates enables the production of high-
performance strain sensors. The network resistivity is known to be
sensitive to the nanosheet dimensions which implies the piezo-
resistance might also be size-dependent. In this study, the effect of
nanosheet thickness on the piezoresistive response of nanosheet
networks has been investigated. To achieve this, we liquid-
exfoliated graphene nanosheets which were then subjected to
centrifugation-based size selection followed by spray deposition
onto flexible substrates. The resultant devices show increasing
resistivity and gauge factor with increasing nanosheet thickness.
We analyse the resistivity versus thickness data using a recently
reported model and develop a new model to fit the gauge factor
versus thickness data. This analysis allowed us to differentiate
between the effect of strain on inter-nanosheet junctions and the
straining of the individual nanosheets within the network. Surpris-
ingly, our data implies the nanosheets themselves to display a
negative piezo response.

Introduction

In recent years, 2D materials have been much studied because
of their combination of exciting physical properties and appli-
cations potential."™* Liquid phase exfoliation (LPE) provides a
scalable, cost-effective technique to convert layered materials to
few layer nanosheets in large quantities.>® This technique was
applied first to graphene,® but subsequently to a whole host of
layered materials including h-BN,” TMDs,® BP° and even
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New concepts

While many papers have reported experimental data on the piezoresis-
tance of graphene-based films and composites, much less has been done
to understand the piezoresistive mechanism. We have very recently
reported models explaining how the resistivity of printed graphene
networks depends on the nanosheet dimensions as well as experiments
supporting those models. These new insights imply that the network
piezoresistance should also be nanosheet size-dependent. Here we
demonstrate this to be the case and derive a model to explain the data.
Surprisingly, fitting the data to the model implies the nanosheets to have
negative piezoresistance, which is unexpected. This approach is novel
because most papers on piezo resistance of nano networks report the
results of measurements without any theoretical framework to aid
understanding. Here, combining experiments with a model gives added
insights into the piezo resistive mechanism. Moreover, it provides the
unexpected result that the nanosheets themselves have negative piezo
resistance.

layered silicates.’® LPE produces nanosheets of relatively low
aspect ratios (~10-100)"" which are suspended in liquid
media. These inks are ideal for subsequent processing. For
example, a technique known as liquid cascade centrifugation
can be used to size select the nanosheets either for character-
isation or for subsequent applications.'>™** Alternatively, these
nanosheet inks can be mixed with polymers or other nanoma-
terials to form nanocomposites.">"” The nanosheets can be
deposited onto substrates using techniques such as inkjet
printing,'®'® aerosol jet printing®® and spray coating.*! Printing
yields thin films of nanosheets, often referred to as networks.

The properties of nanosheet networks are strongly influ-
enced by their morphologies.?>** For example, low aspect ratio
nanosheets produced by LPE tend to form disordered, poorly
aligned, highly porous networks. These networks are charac-
terised by inter nanosheet junctions which hinder charge
transport.>* To cross a junction, charge carriers must overcome
a potential barrier, resulting in the presence of a junction
resistance. The magnitude of the junction resistance is deter-
mined by the network morphology and effectively controls the
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mobility and so conductivity of charge carriers within the
network. Printed nanosheet networks have been used to fabri-
cate a range of electronic devices including transistors,* solar
cells*® and diodes.”” The junction resistance is an important
factor which limits the performance of these devices.

One important property of nanosheet networks is piezo-
resistivity.>"**7*° This effect describes the change in resistance
of a material in response to mechanical deformation. It is now
well known that applying strain in the plane of a nanosheet
network results in a measurable change in the electrical resis-
tance of the network.”" Similar behaviour is seen in a range
of networks, including those consisting of nanosheets or
nanotubes embedded in polymer matrices (ie. nano-
composites).'®*73* This resistance change is almost always
attributed to the effect of strain on the junction resis-
tance,**’ although network morphology effects*® as well as
geometrical Poisson effects have been discussed.>”

The magnitude of the piezoresistive effect can be quantified
using a metric known as the gauge factor (G), which is defined
as the fractional change in resistance from the unstrained
position, per unit strain:*®

SR o

Gzlim{
£

e—0

Clearly, large values of G are associated with a large piezo-
resistive effect. In practical terms, the gauge factor is an
important material parameter such that materials with high
values of G could be used to fabricate sensitive strain sensors.>**
The piezoresistive phenomenon in nanosheet networks, particu-
larly conductive networks of graphene nanosheets, has previously
been exploited to fabricate piezoresisitve films and nanocomposite
materials for applications in strain sensing.****® Conversely,
material with very small G could find application in flexible
electronic devices"” or strain invariant electrical interconnects.*®
Developing and controlling this effect will be critical if the vision of
high sensitivity sensors or flexible electronics technology based on
networks of 2D nanosheets is to be realised.

Much research has been conducted to optimise and maxi-
mise the gauge factor in various network materials,'’?%4%4
One fruitful approach has been to combine theoretical model-
ling with experimental data to understand the factors control-
ling G in piezoresistive nanosheet networks. It has become
clear that there is a well-defined link between network con-
ductivity or resistivity and the gauge factor of the network.
Recent studies have modulated the network conductivity either
by controlling the nanosheet content in polymer-graphene
nanocomposites,’® by controlling the composition of mixtures
of conducting and semiconducting nanosheets*® or by control-
ling the thickness of very thin nanosheet networks.>* In each
case, the link between G and conductivity has been established
experimentally and understood theoretically. These studies
have cast significant light on both conductive and piezoresis-
tive processes in these systems.

However, there is one very obvious parameter that should
affect the piezoresistance in nanosheet networks that has not
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been explored: nanosheet size and thickness. FIB-SEM nano-
tomography has shown that network morphology varies with
nanosheet size.* In addition, various papers have shown that
varying the nanosheet dimensions have a substantial impact on
network resitivity.”>>"** Significantly, a very recent paper has
reported a simple model which quantifies the relationship
between network resistivity and nanosheet dimensions as well
as the effect of parameters associated with network morphology
such as junction resistance, porosity and tortuosity.>*

Here we study the effect of nanosheet dimensions, specifi-
cally thickness, on the piezoresistive properties of printed
graphene nanosheet networks. By focusing on networks with
thickness of a micron or more, we can ensure that they display
bulklike resistivity without any percolative effects.?® In this way
the piezoresistive response will be free from effects associated
with the effect of strain on the structure of the network.
By combining experiments with simple theoretical models,
we will show that the network piezoresistivity is limited by
the effect of strain on both the inter-nanosheet junctions and
the resistivity of the nanosheets themselves.

Results and discussion
Material characterisation

Dispersions of graphene nanosheets were produced by liquid
phase exfoliation (LPE)>>*>> of graphite powder in n-methyl-2-
pyrollidone (NMP). The resultant dispersions were then size
selected into various fractions using liquid cascade centri-
fugation, a process based on repeated centrifugation and
separation steps which is shown schematically in Fig. 1A.
Shown in Fig. 1B is a photograph of the resulting size selected
fractions after solvent exchange into isopropanol (IPA). An ink
concentration of 0.1 mg mL ™" was chosen for spray coating.
Although all inks looked to be identical black liquids, differences
between them can be observed by measuring their extinction
spectra in the UV-visible region as shown in Fig. 1C. Here, the
characteristic m-r* transition peak at ~ 267 nm observed as well as
the long wavelength plateau.>® Notably, as the centrifugation speed
used to sediment the nanosheets increases, and the nanosheets in
the ink become smaller and thinner, the amplitude of the peak
relative to the plateau value increases in line with observations by
Backes et al.”’

To enable proper analysis, it is important to measure the
lateral size and thickness of the nanosheets in each fraction.
To this end, the nanosheet length and thickness distributions
were quantified using atomic force microscopy (AFM) for all
samples, with a representative AFM image shown in Fig. 1D.
Other sample images are shown in the ESL.+ When performing
AFM of solution processed nanosheets, various studies have
shown that for liquid exfoliated nanosheets, heights obtained
directly from AFM measurements overestimate nanosheet
thickness, probably due to a combination of tip/sample/sub-
strate interaction effects and the presence of adsorbed solvent.
Various papers have reported correction protocols to convert
the apparent nanosheet thickness to the real thickness, as
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Fig. 1 Size selected nanosheet inks. (A) Schematic illustrating the process of liquid cascade centrifugation, where the larger sheets are sedimented at

lower centrifugation speeds. (B) Photograph of the size selected nanosheet

750 nm. (D) AFM image of nanosheets 1.5 to 2 kRPM fraction, scale bar 5 pm,

inks. (C) Extinction spectra of the size selected nanosheets, normalised at
height scale is in nm. (E) Plot of individual nanosheet length vs. nanosheet

thickness measured by AFM for nanosheets from three different size-selected fractions. Such data was used to determine the mean nanosheet length
and thickness for each fraction. (F) Plot of mean nanosheet thickness vs. rotation speed. (G) Plot of mean nanosheet length vs. rotation speed. The lines in
F and G are power law fits with exponents close to —1. The errors in F and G are standard deviations and represent the spread of the distribution.

described in methods.*'**®*° Examples of apparent and real
nanosheet thickness measurements (i.e. before and after correc-
tion) are shown in the ESL{ The nanosheet length (Lys) is plotted
versus the corrected nanosheet thickness (tys) on a flake-by-flake
basis in Fig. 1E for three of the six fractions studied. The mean
values of Lys and tys are plotted versus the upper RPM associated
with each step of the liquid cascade certification process (see
Methods). These results verified that as the centrifugation speed
increased the nanosheets selected into each fraction became
smaller and thinner. As observed previously both nanosheet
length and thickness decayed as a power law with RPM. 42457

Inks such as these can be used to prepare thin films by a
range of solution-deposition methods."***® Here, we produced
films by spray coating onto flexible Kapton substrates (Fig. 2A),
yielding grey opaque films with thickness in the range 1 to
3 um, as measured by optical profilometry (methods). Such
relatively thick films were produced to avoid percolation effects
often found in thinner films and to achieve thickness-
independent film resistivity.">>*>®'"®> This means that the
piezoresistive response will be free from effects associated
with the influence of strain on the structure of the network.>
Raman spectra measured on these films (Fig. 2B) showed the

Intensity (A.U.)

——tys=6 nm  ——1g=20 nm
tys=5 nm tys=12 nm
——t=3nm  ——tys=10 nm

2D

_D—:;_—%L!

//

A

1200

1600 2400 2600

1400 2800 3000
Wavenumber (cm™)

Fig. 2 Network characterisation. (A) Image of a network sprayed on Kapton, bent between fingers. (B) Raman spectra measured on graphene films
sprayed from each size selected ink. (C)—(E) Top-down SEM of the networks of (C) large (0.5 to 1 kRPM) and (D) medium (1.5 to 2 kRPM) and (E) small
(3 to 4 kRPM) size selected nanosheets. In (C)—(E) the mean nanosheet thickness, tys, is given in the panel.
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characteristic D, G and 2D peaks as well as some evidence of
the D + D" peak.®® These peaks are consistent with other reports
for liquid phase exfoliated graphene materials.®” The D:G
intensity ratio decreases gradually with increasing nanosheet
size, consistent with the effects of edge defects.®”

SEM images of the top surfaces of the networks containing
the largest and the smallest nanosheets are shown in Fig. 2C-E.
These images show considerable disorder with relatively poor
flake alignment and significant surface roughness seen in each
of the films. This is consistent with spray coated LPE nanosheet
networks, which yield jammed networks of nanosheets.>”

Electrical resistivity of thick nanosheet networks

In order to measure the electrical properties of these films,
electrodes were carefully painted using silver paste. This gave a
set of channels with widths ranging from 4 to 6 mm and
channel lengths in the range 0.8-1.0 cm. Each channel length
and width were measured individually. We measured the thin
film resistivity (at zero strain), finding values in the range 2-7 x
10* Q m, depending on the dimensions of the nanosheets

>
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prepared from nanosheets of each size. The slope is shown to increase with increasing nanosheet size. Strained to 0.5% at a strain rate of 0.2% s
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making up the film. The measured network resistivity, pet, is
plotted versus mean nanosheet thickness, ¢ys, in Fig. 3A and
shows a well-defined linear trend. Variations in network resis-
tivity with nanosheet size have been observed previously, for
example by Clifford et al.,*® with linear behaviour similar to
that shown in Fig. 3A reported by Gabbett et al.>*

We can quantitively analyse this data as follows. It is well
known that networks of nanosheets with thickness above some
critical value (referred to as ¢,) display bulklike conductivity
while thinner networks display thickness-dependent conduc-
tivity due to percolation effects.'>>*®'™®> For spray coated
graphene nanosheets prepared by LPE the percolation to bulk-
like transition occurs at £, ~ 100 nm (ref. 23) although it is
likely to be much lower (¢, ~ 10 nm) for electrochemically
exfoliated nanosheets.®® It has been shown that for networks of
conductive 2D materials which are thick enough to display
bulklike conduction, the network resistivity is given by
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(A) Plot of network resistivity vs. nanosheet thickness, showing a linear relationship. (B) Plot of fractional change in resistance vs. strain for films

-1

(C) Distributions of measured gauge factor for a device from each size range. From cycling experiment with a triangular sawtooth strain wave, 0.5%
amplitude, 0.2% s~ strain rate. (D) Plot of gauge factor as a function of nanosheet thickness, with a fit to the model given by eqn (5). The red dashed line

represents the modified model as described in the text.
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where pys is the nanosheet resistivity, Ry is the mean junction
resistance and Py is the network porosity. This equation has
been applied to the data in Fig. 3A, achieving an excellent fit.
By assuming a nanosheet network porosity to be Py = 0.5,
consistent with sprayed networks of various LPE nano-
sheets,”™’° it is possible to extract the nanosheet resistivity
and the junction resistance from this plot. These are found to
be: pns = (2.9 £ 1.3) x 10 ° Q m and Ry = 8.9 & 1.0 kQ. These
values are in line with the previously reported values of pys =
1.7 x 10> Q m and R; = 3.3 kQ for LPE graphene exfoliated in a
water-surfactant suspension.>® We note that because eqn (2) is
only valid for ¢ > t,, the obtained junction resistance value is
also only valid in this range.

That the data in Fig. 3A is linear as predicted by eqn (2)
implies that the junction resistance is independent of
nanosheet thickness. Because nanosheet length scales with
nanosheet thickness as shown in Fig. 1E-G, this also implies
R; to be independent of nanosheet length. This has important
implications. If the nanosheets were well-aligned such that the
inter-nanosheet junctions consisted of conformal, large-area
overlaps between adjacent nanosheets, then we would expect
junction area and hence R; to scale with nanosheet length. That
R; is independent of nanosheet length implies we do not have
such conformal junctions. Rather we propose the junctions in
networks such as these spray cast films of LPE nanosheets are
pointlike and so independent of nanosheet size. This hypoth-
esis is consistent with recent nano-tomography data measured
on similar nanosheet networks.**

It is worth noting that resistivity data in general is limited
by accurate knowledge of film thickness. Systematic errors in
film thickness would lead to errors in the slope and intercept
associated with linear fitting to eqn (2). Specific to nano-
networks, imperfect knowledge of the network porosity will
lead to similar errors. The effects of tortuosity (although
assumed to be unimportant in eqn (2), they can be accounted
for in more detailed models: see SI of ref. 53) can also introduce
such systematic errors. However, taking the ratio of slope to
intercept for a pye: versus tys graph yields a value of 2R)/pns
which is free from such errors. Here, from the fit to Fig. 3A, we
find 2R)/pns = 6.13 x 10° m ™.

Piezoresistive properties of thick nanosheet networks

We measured the piezoresistive properties of the set of films
with varying nanosheet dimensions (Fig. 1) using a tensile
tester specially modified to measure resistance as a function
of applied strain (and stress). The gauge factor of the network,
Gnet, can then be calculated using eqn (1). As the gauge factor is
strictly defined as the linear response in the limit of low strain,
it was imperative to work at low strain. Preliminary results
showed the resistance versus strain curves to be linear up to 1%
strain. Subsequent measurements were limited to a strain
range between 0 and 0.5%. Graphs of fractional resistance
change as a function of applied strain are shown in Fig. 3B
for films made from various nanosheet sizes and show the
expected linearity. It is clear from Fig. 3B that, as the thickness
of the nanosheet decreases, Gn.: decreases.
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To validate this trend, cyclic testing was performed for the
network produced using nanosheets of different sizes. The
strain was oscillated between 0 and 0.5% in a sawtooth fashion
for 200 cycles. As shown in the ESIL{ the resistance response
was an in-phase sawtooth response with minimal hysteresis
and good stability. This allowed us to extract a large set of gauge
factor values, one for each cycle, which could be treated
statistically. The histograms of extracted gauge factor values
for each fraction are shown in Fig. 3C. These histograms are
very narrow and allow an accurate extraction of the mean gauge
factor which is plotted versus nanosheet thickness in Fig. 3D.
This graph clearly shows the piezoresistive response as repre-
sented by Gye to increase steadily with nanosheet thickness.

Model derivation

As shown in eqn (2), we now have a model which links the
resistivity of a nanosheet network (in the bulk-like regime) to
the nanosheet resistivity, nanosheet thickness and length, net-
work porosity, junction resistance and the charge carrier den-
sity in the nanosheet. We propose that this model can be used
to generate an equation for the gauge factor of a nanosheet
network with bulklike resistivity.

For any piezoresistive material, the gauge factor can be
related to the rate of change of resistivity with strain.”® Written
expressly to apply to a nanosheet network, this relationship is
given by eqn (3):

1
Gret =2+ —% (3)

PNet de

Eqn (3) has been successfully used to generate expressions
for the gauge factor of polymer nanocomposites,”® nano-nano
composites”® and super thin graphene networks.*® Differentiat-
ing eqn (2) with respect to strain, we show that the strain
derivative of network resistivity is given by eqn (4):

[deS/db‘ + ZZNstJ/dS]
(1 - PNet)

dpnet  [ons T+ 2ins Ry] dPret
de (1 - Pne)®  de

(4)

Substituting this result into eqn (3), leaves us with the final
equation, which should describe the gauge factor of a network
of conductive nanosheets in the bulklike regime.

e (L))
dIn(l — Pnet) 4 Lpns de Ry de / \pns NS

1+ Co)
14+ — |Ns
PNS

This equation can be used to fit data for the gauge factor, G,
as a function of nanosheet thickness, outputting (dpns/de)/pns
and (dR;/de)/R; as fit parameters. The latter two parameters are
of interest as they are linked to the gauge factors associated
with individual nanosheets and individual junctions (by ana-
logy with eqn (3)).

GNet =2~

(5)

This journal is © The Royal Society of Chemistry 2024
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Model fitting

Here we fit the data in Fig. 3D using eqn (5). This equation has
four fit parameters which is too many for accurate fitting to our
limited data set. We can reduce the number of fit parameters by
one by fixing 2R)/pxs = 6.13 x 10° m ™" as extracted from fitting
the data in Fig. 3A. However even with only three fit parameters,
fitting yielded outputs with large errors. To remedy this, we
attempted fitting whilst fixing the term dIn(1 — Pyed/de at
various values between —2 and 2. This dramatically reduced
errors while having limited impact of the remaining fit para-
meters (deviation of <20%). Thus, we fixed d In(1 — Pye()/de =0
for the remainder of the fitting. This yielded the fit shown in
Fig. 3D and outputted the fit parameters (dpns/de)/pns =
—13.6 + 2.8 and (dRy/de)/R; = 8.7 + 1.1.

This fit is reasonably good for the thinner nanosheets but
shows some deviation from the data for nanosheets thicker
than 10 nm. This deviation is probably because one or more of
the parameters in eqn (5), i.e. (dpns/de)/ps, (ARy/de)/Ry or d In(1
— Pyed)/de, vary slightly with nanosheet thickness (the linearity
of the data in Fig. 3A implies 2Rj/pns does not depend on tys).
In fact, we might expect (dpys/de)/pns to be thickness indepen-
dent simply because graphene nanosheets above a few layers
thick tend to have thickness independent electronic proper-
ties”" and so thickness-independent pys. In addition, as men-
tioned above, R; appears to be thickness independent implying
that (dR;/de)/R; might be independent of nanosheet thickness.
However, it has been shown that the porosity of nanosheet
networks does depend on the dimensions of the nanosheets
therein.?” This implies that d In(1 — Pyc()/de might depend on
nanosheet thickness. If so, this could explain the discrepancy
between model and data. We demonstrate this in Fig. 3D (red
dashed line) where we assume that dIn(1 — Pye)/de scales
linearly with tys as: dIn(1 — Pye/de = —7 x 107 tys while
retaining the fit parameters found above. The resultant red
dashed line agrees well with the entire data set. We believe this
hypothesis is plausible. It is consistent with strain independent
porosity for extremely thin nanosheets as originally assumed.
However, for the 20 nm thick nanosheets it implies a small
strain dependent porosity such that Py changes by ~1% for
each percentage increase in strain. We believe this is reasonable.

These fit parameters are closely related to the gauge factors
of individual nanosheets (Gys) and junctions (Gj). By analogy
with eqn (3), we can write the gauge factor of an individual
nanosheet as Gns — 2 = (dpns/de)o/pns,0, Where the zero-
subscripts indicate the value should be taken in the limit of
low strain. This yields Gys = —11.6. & 2.8. From the definition
of gauge factor (G = (AR/Ry)/¢, at low strain), we define the
junction gauge factor as Gy = (dRy/ds)o/R; o giving Gy = 8.7 & 1.1.
These values are with respect to applied strain which to a first
approximation is the same as the local strain. However, in a
complex system such as this, we cannot rule out differences
between local and applied strain. Further work will be required
to fully address this issue. We note that because the junction
gauge factor is defined in terms of an extensive property
(resistance), it will depend on the size and geometry of the
junctions. Thus, the value quoted here is relevant for the
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specific networks under study here. Further work will be
required to determine how G; depends on nanosheet type
and network morphology.

The reasonably high junction gauge factor is straightforward
to understand. We do expect the junctions between the
nanosheets to change as we strain the network, perhaps alter-
ing the distance the charge carriers must tunnel between sheets
or reducing the overlap area of the nanosheets. This has
traditionally been assumed to be the dominant source of
piezoresistance in nano-networks®>* > (unless the networks
are very thin*?).

However, the fact that we can detect the effect of strain on
the nanosheet resistivity is more unexpected. For strain to have
a measurable effect on the resistivity of the nanosheets within a
network is surprising as we expect the sheets to slide past one
another in response to external stress without themselves
deforming. While there are reports on the effect of applied
strain on the individual nanosheet resistances, these are for
nanosheets within polymer matrices where the stress transfer is
mediated by the strong matrix-nanosheet interaction.>®

In addition, the fact that the nanosheet gauge factor is
negative is extremely surprising. However, we could not obtain
a reasonable fit without allowing a negative nanosheet gauge
factor. It is known that thin graphene sheets tend to have a
relatively low but positive intrinsic gauge factor of <10.”*7°
However, we note that negative gauge factors have been
observed for some carbon-based nanostructures. A negative
piezoresistive effect was observed by Blazewicz et al. when
investigating graphite fibres.”® In addition, non-carbon nano-
materials such as MoS, have strongly negative gauge factors
(Gns = —50).77

There are several possible sources of this effect, it is possible
that there is some built in strain in the nanosheets as a result of
forming the network, and by straining, these residual stresses
are released and the nanosheets return towards a lower strain
state with increasing network strain, in the limit of low strain.
Alternatively, point contacts between sheets could act as scat-
tering sites (if one sheet edge is pressed into the middle of a
basal plane of another), so when the network is strained,
effectively separating the sheets, and by removing this impedi-
ment, the nanosheet resistivity decreases.

Conclusion

In this study, networks of 2D graphene nanosheets were spray
coated onto flexible Kapton substrates. The nanosheets used
were separated from a polydisperse LPE stock solution using
liquid cascade centrifugation, yielding fractions with mean
nanosheet thickness ranging from ~3 nm to ~20 nm.
By plotting network resistivity vs. nanosheet thickness, and
fitting using a simple model, the nanosheet resistivity and
junction resistance was determined to be pys = (2.9 £ 1.3) X
107> Q m and R} = 8900 £ 1000 Q. It was observed that
significant variations in the piezoresistive response occurred
with changing nanosheet thickness. A physical model was
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derived to understand the system, which allowed us to extract
the gauge factor of the nanosheets and junctions, with respect
to network strain. These had values of Gyg = —11.6. + 2.8 and
G;=8.7 £ 1.1.

Methods

Graphene exfoliation

Graphite flakes (Asbury, 4 g) were sonicated for 1 h in 80 mL
n-methyl-2-pyrollidone (Sigma) at 65% power with a horn
probe. The suspension was centrifuged (Hettich, 10 cm radius)
for 1 h at 6 kRPM. The sediment was resuspended in 80 mL of
fresh NMP and sonicated for 9 h at 60% power, pulsing 4 s on
4 s off.

Liquid cascade centrifugation

To size select the nanosheets, the suspension was centrifuged
at 0.5 KRPM for 2 h at 5 °C. The sediment was discarded, and
the supernatant was centrifuged at 1 kRPM for 2 h at 5 °C. The
sediment was kept and labelled as the “0.5 to 1 kKRPM” sample,
(with the speeds indicating the lower and upper spin speeds
used to sediment the nanosheets). The supernatant was then
centrifuged at 1.5 kRPM for 2 h at 5 °C. The cycle was repeated
at 2, 3, 4 and 6 kRPM, keeping the sediment each time and
centrifuging the supernatant at successively higher speeds. The
sediments were resuspended in fresh IPA and centrifuged at
6 kRPM for 1 h at 5 °C. Each sample was finally resuspended in
fresh IPA. A schematic of this process is shown in Fig. 1A.

Characterisation

The nanosheet based inks were characterised using UV-Vis
spectroscopy (Cary 50), the nanosheets were spray coated on
glass and characterised using Raman spectroscopy (Renishaw
invia Quantor, 532 nm). Atomic force microscopy was used to
further characterise the flake thicknesses and lateral size
(Digital Instruments Multimode IIla in tapping mode AFM).
Due to the measurement anomalies regularly observed in
thickness measurements of liquid phase exfoliated nanosheets
using AFM for a variety of materials,>*®*’%%" a previously
reported and experimentally derived® protocol was used to
extract the real nanosheet thickness from the measured pro-
files. The conversion procedure was as follows: the measured
thickness was converted to layer number by subtracting 1.0 nm
to allow for trapped solvents from the measured thickness and
dividing the remainder by 0.95 nm. This layer number was then
multiplied by 0.35 nm (the real monolayer thickness) per layer
to get the real thickness. Scanning electron microscopy of the
top surface of the films was conducted using the (Zeiss) Ultra
SEM operating at a potential of 3 keV, and imaging using the
secondary electron detector with a working distance of 5 mm.

Film deposition

Kapton substrates (DuPont Kapton HN, 125 pm) were cleaned
using IPA. Compressed N, was used to dry the samples before
spray coating. The films were spray coated using a Harder &
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Steenbeck Infinity Airbrush, mounted in a Janome (JR2300N)
mobile gantry. The gantry was rastered across a 2 cm x 4 cm
area in a serpentine repeating pattern. the N, backpressure was
set to 40 PSI. The ink concentration was 0.1 mg mL™*, 50 mL of
ink was sprayed for each device. Ink flow was kept constant at
50 mL h™". The working distance from the airbrush nozzle to
substrate was 10 cm.

Thickness characterisation

Film thickness was measured by scanning an area of each
sprayed film using an Optical Profiler (Filmetrics, Profilm3D®)
with a 50x Nikon objective lens operating in the white
light interferometry mode. This produced a 380 pm x 340 um
image of the film. Thickness was determined by measuring a
scratched region and determining the step height from the
substrate to the film surface, across the entire image using the
‘Histogram’ step height measurement on Profilm Online.

Electromechanical testing

Devices were tested by contacting the networks with silver paint
contacts and silver wires connected to an electrical source
meter (Keithley KE2601) in a two-probe electrical test. The
resistance was measured as the substrates were strained using
a Zwick Z0.5 ProLine Tensile Tester with a 100 N load cell. Prior
to testing, the point of zero strain, was identified by mounting
the device, which is naturally slightly bent, in compression,
and straining for 3 cycles up to 0.5% strain with a strain rate of
0.2% s~ ' and observing the displacement at which the force
increased. This displacement was used as the zero-displacement
point. To verify the position a further three cycles were conducted
to observe a consistent linear mechanical response before
mechanical testing and cycling testing were completed.
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