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Abstract

Recent advances in the liquid-phase exfoliation (LPE) of layered materials have facilitated significant
progress in the creation of functional inks. While ethanol/water blends have been shown to

yield reasonable nanosheet dispersions with the potential for refinement into printable inks, the
exfoliated mass is typically too low for practical use. Here, we show that Irish whiskey can be used as
adispersant for nanosheets of graphene, BN and WS,, yielding stable dispersions at reasonably high
concentrations. We see some benefits compared to exfoliation in simple ethanol/water mixtures
which we attribute to the presence of organic compounds in the whiskey. Size selection yields
nanosheets which are relatively thin, with photoluminescence spectroscopy confirming the presence
of monolayer tungsten disulfide (WS,). We also show that whiskey-dispersed nanosheets of graphene
and WS, can be printed into networks. These can be combined in heterostructures to produce thin-
film transistors whose current can be modulated using ionic liquid (IL) gating. These devices show
on:off ratios up to 340 and mobilitiesup to 1.5 x 107> cm?V~!'s~!. The fact that these networks can
be gated at all demonstrates the robustness of nanosheet networks against external additives while

the mobility reported here should represent a performance-floor for future devices.

Introduction

Liquid-phase exfoliation (LPE) has become a widely-
used technique for producing defect-free nanosheets
fromlayered crystals [ 1-3]. LPE is very versatile, having
been applied to a range of layered materials including
graphene [3], MoS, [4], phosphorene [5] and even
talc [6]. In addition, size-selection and monolayer
enrichment protocols have yielded significant control
over nanosheet dimensions [4, 7]. Once exfoliated,
the nanosheets are typically stabilised via interactions
with either the solvent itself or an additive, usually
a surfactant or polymer [2, 8-10]. This confers a
high degree of tunability and the refinement of such
dispersions into functional inks is now growing
rapidly [11-13]. However, as LPE is being used more
and more in functional ink fabrication [5, 12, 14, 15],
consideration must be given to the effect of additives
on physical properties such as the mobility of printed
nanosheet networks.

In the simplest case of solvent stabilisation,
nanosheets are exfoliated, and subsequently stabilised,

in solvents whose surface energy matches that of the
nanosheets resulting in a low energetic cost of exfo-
liation [2, 3, 16]. However, it has also been shown that
non-solvents (i.e. those with an unfavourable surface
energy) can be mixed with other suitably mismatched
solvents to give a mixture with the correct surface
energy for exfoliation/stabilisation [17, 18]. Such sol-
vent mixing can facilitate the tuning of rheology for
printability [1] and can help avoid film redispersion
when printing successive layers, in both cases without
necessitating the addition of a binder [12]. Specifically,
blends of water and ethanol have been shown to pro-
duce stable dispersions of graphene, WS, and MoS,
with optimised stabilisation at 35-45 vol% of ethanol,
although the mass produced is typically too low for
integration into practical applications [17, 18].

From a particular perspective, the 35-45 vol% of
ethanol is an interesting optimum as many commer-
cial solvent blends, such as whiskey, contain solvent
mixtures in this ratio. While the primary components
of whiskey are ethanol and water, typically in a 40:60
ratio, whiskey also includes a broad combination of

©2019 IOP Publishing Ltd


publisher-id
doi
https://orcid.org/0000-0002-6070-7070
https://orcid.org/0000-0001-8626-0775
https://orcid.org/0000-0001-9659-9721
mailto:colemaj@tcd.ie
https://doi.org/10.1088/2053-1583/ab3892
http://crossmark.crossref.org/dialog/?doi=10.1088/2053-1583/ab3892&domain=pdf&date_stamp=2019-09-03
https://doi.org/10.1088/2053-1583/ab3892

I0P Publishing

2D Mater. 6 (2019) 045036

esters, aldehydes, fusel alcohols and acids [19, 20],
which are introduced during the extraction, fermen-
tation and maturation processes (see SI S1 for more
detail). The bulk of these compounds leach into the
whiskey during cask maturation and, once bottled, are
typically present in quantities of parts-per-million to
parts-per-billion [21,22].Ttis possible that these natu-
ral additives will facilitate nanosheet stabilisation via
steric stabilisation mechanisms [23] meaning whiskey
should have an inherent advantage over other spirits
such as vodka, which is nominally free of natural addi-
tives. We note that the use of unconventional liquid
dispersion media is not uncommon as both coffee
[24] and tea [25] have demonstrated reasonable exfo-
liation, although the produced nanosheets tend to be
somewhat oxidised and produced at low yield.

While nanosheets stabilised using simply an etha-
nol/water blend or water with specific organic addi-
tives would naturally be more beneficial for creating
a well controlled ink, we propose several reason why
the complexity of the whiskey compound profile
serves as a useful testbed for demonstrating the ver-
satility of LPE and layered crystal networks. First, the
organic compounds should complement the stabil-
ity conferred by the ethanol/water blend, allowing
the production of dispersions at printable nanosheet
concentrations. Specifically, the presence of medium-
to-long chain esters and lignin products should sta-
bilise the nanosheets in a manner akin to polymer
(steric) stabilisation [23] as the dispersion efficiency
scales with the length of the molecular chain [26]. Sec-
ond, it would be interesting to investigate the electrical
properties of nanosheet networks in the presence of
small amounts of additives to determine if their posi-
tive effect on stabilisation is outweighed by their (pos-
sible) negative effect on charge transport. Finally, and
perhaps surprisingly, whiskey is both cheaper and less
toxic (when administered responsibly) compared to
prototypical exfoliating solvents such as NMP (€50 per
litre for Teeling Small Batch Irish Whiskey versus €140
per litre for NMP Anhydrous from Sigma Aldrich).

In this study, we show that defect-free nanosheets
can be exfoliated in Irish whiskey and also that
inks produced in this manner can be printed into
nanosheet networks for use in electronics. We exfoli-
ated bulk powders of graphite, tungsten sulphide and
boron nitride in Teeling whiskey (Teeling Small Batch,
46% alc/vol) and also in a 46:54 blend of ethanol/water
as a control. The subsequent dispersions were then
size-selected using liquid cascade centrifugation and
the samples were analysed using spectroscopic and
microscopic techniques to assess the quality of the
whiskey-phase exfoliated (WPE) nanosheets. The inks
of graphene and WS, were then printed using an aero-
soljet printer to create high resolution side-gated tran-
sistors which allowed the quality of the networks to be
assessed through the output and transfer curves. Here,
we observe that the current in a network filled with a
complex mix of additives can still be modulated with
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on:off ratios up to 340 with mobilitiesup to 1.5 x 1073

cm?V~ s

Results and discussion

Whiskey-phase exfoliation

Bulk powders of graphite, tungsten sulphide and boron
nitride were exfoliated in whiskey or ethanol/water
(46:54 vol:vol) using a standard procedure involving
probe sonication and then size-selected by successive
centrifugation as described in Methods and Materials.
The WS, and boron nitride could be directly exfoliated
and stabilised either using either Teeling whiskey or a
46:54vol:vol blend of ethanol/water. However, graphite
showed an extremely poor dispersion efficiencyin both
liquids. To address this, the graphite was first exfoliated
in 1-methyl-2-pyrrolidone (NMP) and then solvent-
exchanged to whiskey or ethanol/water following
centrifugation (see Methods). Figure 1(A) shows
each of the exfoliated materials dispersed in whiskey
with a picture of the neat whiskey for comparison. Of
these dispersions, we see that the colour of the boron
nitride dispersion contains a visible influence from the
whiskey compounds. Figure 1(B) shows representative
TEM images of nanosheets collected from the
whiskey-stabilised dispersions confirming successful
exfoliation in all cases.

We assess the hypothesis that exfoliation efficiency
might be enhanced using whiskey as a stabiliser by
comparing whiskey-exfoliated dispersions with con-
trol samples exfoliated using a 46:54 blend of ethanol
and water under identical conditions (see methods and
materials). Figure 1(C) shows the obtained concentra-
tions measured immediately after exfoliation, normal-
ised to the concentration of the WPE sample. First,
we note that the graphene sample in ethanol/water
showed very low concentrations even when initially
exfoliated in NMP and solvent-exchanged into the
ethanol/water mixture. This is notable as nanosheets
solvent-exchanged from NMP are usually stable at
reasonable concentrations, likely due to adsorbed
polymerised NMP [14, 27-29]. The inadequacy of
both ethanol/water and whiskey as exfoliating solvents
for graphite could be due to the evaporation of etha-
nol during the sonication process as this may signifi-
cantly alter the 46:54 ethanol/water ratio (a thermally
induced Angel’s Share). The reports on graphene sta-
bilised in an ethanol/water blend also show that the
stability is sensitive to changes in this ratio [17] mean-
ing an imbalance here could prevent efficient exfo-
liation. In contrast, after solvent exchange from NMP,
the whiskey-phase graphene sample yields an appre-
ciable concentration (0.47mg ml™!), roughly 100
times higher than that in ethanol/water sample. This
provides some evidence that the whiskey compounds
are stabilising the dispersion as the suboptimal 46:54
ethanol/water ratio can be overcome in whiskey but
not ethanol/water alone. The WS, and BN are much
less sensitive to such changes in the ethanol/water ratio
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Figure 1. Material and exfoliation. (A) Image showing the whiskey-based inks contained in scientific glassware. (B) TEM imagery of
the constituent nanosheets of each of the whiskey-based inks. (C) A bar chart showing the greater stability achieved using whiskey as
a solvent over a 46:54 vol:vol ethanol/water blend. The abscissa is normalised to the concentration of the WPE ink, with the absolute
concentrations shown in the bars (units: mg ml~!). (D) The extinction over time of each material stabilised in whiskey and ethanol/
water. The longest stability is seen for the whiskey-based inks. (E) The Raman spectra of ethanol, whiskey and the whiskey residual
after exfoliating graphite. The absence of colour indicates that the whiskey compounds are adsorbed onto the nanosheets.

during sonication and yield reasonably high concen-
trations after direct exfoliation in ethanol/water. Nev-
ertheless, the whiskey-exfoliated dispersions show
higher concentrations in both cases. We note that the
stability conferred by the whiskey compounds should
be reproducible across increasingly aged batches as the
vast majority of the compounds are added during the
first three years of maturation [22].

We assessed the temporal stability of the samples
using sedimentation measurements to monitor the
optical extinction over time after exfoliation as shown
in figure 1(D). Data for the graphene transferred to
ethanol/water is not shown due to the complete floc-
culation of the dispersion within two hours. It is clear
from the data in figure 1(D) that the most stable sam-
plesare those dispersed in whiskey. We propose that the
increased concentration and stability observed in the
whiskey-stabilised samples is due to the adsorption of
organic molecules onto the surface of the nanosheets
leading to steric stabilisation [23]. Evidence for such
adsorption can be illustrated via the initial attempt
to exfoliate graphite directly in whiskey. After sonica-
tion, the graphene rapidly reaggregates and sediments
leaving the failed dispersion shown inset in figure 1(E).
Critically, the supernatant is transparent, rather than
the usual brown colour associated with whiskey (figure
1(A)). This indicates that the organic compounds have
adsorbed on the graphene surfaces and been drawn
into the sediment. To confirm this, we compared the
Raman spectrum of the supernatant with that of
ethanol and neat whiskey as shown in figure 1(E). The

ethanol spectrum has a broad feature at ~1000cm ™!
and a set of sharp features at ~3000cm ™. In contrast,
the Raman spectrum of pure whiskey is extremely
broad, containing many contributions in addition to
those associated with ethanol (highlighted in green).
While the spectrum associated with the whiskey super-
natant contains the ethanol/water feature, it is other-
wise significantly reduced, especially at high wave-
number. This suggests that the organic compounds
are no longer presentin the supernatant and have been
removed from dispersion along with the nanosheets.

Size-selection and optical characterisation of WPE
nanosheets

A more complete characterisation of the WPE
nanosheets can be achieved via spectroscopic analysis
of size-selected fractions produced via liquid cascade
centrifugation [7]. Here we focus on WPE-WS, due
to the availability of metrics to estimate nanosheet
size from optical spectra [7]. However, we also
show some data from WPE-BN to show that such
capabilities are not limited to WS,. Comparison of
the extinction spectra between the whiskey-exfoliated
samples and the ethanol/water-exfoliated samples
shows the whiskey-stabilised dispersions to display
strong absorption at wavelengths <310nm due
to the presence of the organic compounds (see SI
figure S2 (stacks.iop.org/TDM/6/045036/mmedia)).
This is problematic as it limits our ability to perform
spectroscopic analysis in the low-wavelength portion
of the spectrum. To facilitate analysis of the UV-region
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Figure2. Spectroscopy and size selection. (A) The normalised extinction spectra for whiskey-exfoliated BN nanosheets size-
selected at various g-forces. (B) The normalised extinction spectra of whiskey-exfoliated WS, nanosheets. (C) The shift in A-exciton
peak with increasing centrifugation speeds. (D) The layer number as a function of centrifugation speed calculated using the metric
from [7]. (E) The length of the WS, nanosheets calculated using the A-exciton positions in (C) with the metric from [7]. The ‘Highly
Enriched WS,’ datain (D) and (E) are also taken from [7]. (F) The Raman spectra for the highest central g-force showing PL that
scales with centrifugation speed indicating the varying monolayer content.

of the extinction spectra, the BN and WS, samples
were solvent-exchanged, replacing the whiskey with
an aqueous surfactant solution which is transparent
to 200 nm. Figure 2(A) shows the extinction spectra of
a set of size-selected, whiskey-exfoliated BN samples
after transfer into an aqueous surfactant dispersion. All
spectraare relatively broad with along tail extending to
low energies and no clear band-edge. This broadening
is due to the presence of significant amounts of light
scattering contributions to the extinction spectrum (in
addition to absorbance) and is typical of wide bandgap
nanosheets with dimensions above ~100 nm [30, 31].
It is clear from figure 2(A) that the spectra associated
with fractions produced using higher centrifugation
speeds display considerably less scattering. As reduced
scattering is expected for smaller, thinner nanosheets
[30], this data shows that the size-selection procedure
is compatible with whiskey-exfoliated samples. We
note that the extinction spectrum of the smallest/
thinnest fraction reaches half its peak value at 5.5eV.
By comparison with previous data [31], this would
imply a nanosheet size and thickness of roughly
400nm and ten layers, respectively. These values are
in the midrange for liquid-exfoliated BN nanosheets
but are somewhat larger than the smallest/thinnest BN
nanosheets reported in [31].

It is possible to gain more information from opti-
cal spectra of the whiskey-exfoliated WS, nanosheets.
This is because the extinction spectrum is much richer
in information, allowing direct extraction of the
nanosheet length and thickness [7]. Figure 2(B) shows
the normalised extinction spectra for size-selected
WS, fractions (see Methods and Materials). From this

data, it is clear that both spectral shape and A-exciton
position change with nanosheet size. Specifically, the
shifting A-exciton peak position indicates variations in
nanosheet size while the shape changes are associated
with size variations due to edge effects [4]. Figure 2(C)
shows a consistent blueshift in the peak position of
the A-exciton with increasing centrifugation speed, as
demonstrated previously for WS, in samples exfoliated
using water and surfactant [7]. Using a simple metric
reported by Backes et al, [7] we convert the A-exciton
position of the whiskey-exfoliated WS, to approximate
the nanosheet thickness as shown in figure 2(D) (blue
data). We find a significant reduction in nanosheet
thickness from ~30 layers at the lowest centrifugation
speeds to just a few layers at high speed. Comparing
this to previously reported data for WS, nanosheets
(red data, from [7]) shows whiskey-exfoliation to yield
nanosheets which are ~2-3 times thicker than the
state-of-the-art surfactant exfoliation methods.

Backes et al also reported a metric which allows
the nanosheet lateral dimensions to be estimated from
the extinction spectra, provided the dimensions of the
nanosheets are within certain limits [7]. The lengths
calculated are shown in figure 2(E), along with equiva-
lent data also reported by Backes et al for surfactant-
exfoliated nanosheets. The length of the nanosheets is
clearly larger than those exfoliated using an aqueous
surfactant solution for a given central g-force, again
typical of polymer stabilisation [9].

While optical extinction metrics can be used
to estimate nanosheet dimensions, they cannot
be used to ascertain whether monolayers have
definitively been produced. The presence of mono-
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Figure 3. Printed whiskey-exfoliated devices. (A) The AMBER centre logo printed using plain whiskey, WPE graphene, WPE

WS, and WPE BN. (B) The percolation scaling of WPE graphene (4-2.5 vol% terpineol) conductivity with thickness. The fitted
parameters give a critical thickness of 101 nm, minimum thickness for bulk behaviour of 360 nm and a percolation exponent of
0.84. (C) The conductance of various printed lengths of WPE graphene and WPE graphene with 2.5 vol% terpineol to extract the
conductivity of each ink. (D) An optical micrograph of a side-gated TFT array. The large central gate electrode (G) and the source
(S) and drain (D) electrodes are printed using WPE graphene and the channel is printed with WPE WS,. Each of the four IDEs have
achannel length of 70 yzm and a width of 7.2 mm. (E) Output curves for the WPE WS, channel before (dry) and after (wet) the IL is
added. (F) Transfer curve for a WPE WS, network gated with EMIm TFSI. The dotted lines represent individual transfer curves and
the solid blue line represents the average of four devices. Inset is the same data on a semi-log plot.
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layers is typically confirmed via the observation
of photoluminescence, typically using a Raman
spectrometer where the PL appears at high wave-
numbers [7, 9]. Figure 2(H) shows a Raman/PL
spectra normalised to the WS, 2LA(M) mode for 3
of the highest centrifuged samples (i.e. the smallest,
thinnest nanosheets). PL peaks consistent with WS,
are observed at ~620 nm with the Raman signature
of water also visible at approximately 650 nm. The
PL spectra are also plotted against photon energy in
the inset and show narrow symmetric peaks centred
around 2.003 eV with FWHM ~43 meV. Such a low
value indicates that the monolayers are not heavily
doped and largely defect-free [7]. This confirms that
good quality nanosheets can be created in complex
liquid environments.

Printed transistors composed of networks of WPE
graphene and WPE WS, nanosheets

To demonstrate the printability of these WPE
inks they were directly deposited onto on a paper
substrate using an aerosol jet printer (see Methods
and Materials). Figure 3(A) shows the AMBER centre
logo aerosol jet-printed using neat whiskey and each
of the WPE dispersions. We would expect that such
networks demonstrate conductive, semiconductive
and insulating behaviour for graphene, WS, and BN
respectively. This would allow WPE-graphene to be
used as electrodes in combination with WPE-WS, as
channel material.

It is necessary to first ensure that printed networks
are fully developed and display bulk-like conductiv-
ity to confer reproducibility across devices. It is well-
known solution-processed nanostructured networks
tend to display conductivities which evolve with thick-
ness according to percolation theory before saturating
at a bulk-like conductivity above a certain thickness
[32]. Figure 3(B) shows a semi-log plot of network
conductivity against network thickness where we see
a sharp increase in conductivity at the percolation
threshold (¢. ~ 100 nm) before steadily increasing with
thickness, reaching the bulk value of 320 S m™! for
thicknesses above 360nm. The intermediate behav-
iour is described by percolation theory where conduc-
tivity goes with network thickness as o oc (t — )"
where 7 is the percolation exponent. Fitting these data
gives a f. of 101 nm and n of 0.84. This data shows that
to ensure bulk-like conductivity, WPE-graphene net-
works must be thicker than 360 nm.

To assess the conductivity (o) of patterned struc-
tures of WPE graphene, lines of thickness, f = 700 nm
and width, w =100 pm were printed at various
lengths, L, and their conductance (G) measured with
the expectation that G = owt/L. We note that the
wetting characteristics of the inks can be improved
by adding viscosity modifiers such as terpineol to the
dispersion [1, 33, 34]. Figure 3(B) shows the conduct-
ance results of a WPE graphene ink and a WPE gra-
phene ink with 2.5 vol% of terpineol where the pres-
ence of the additive confers a factor of two increase in
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the conductivity, from 170 to 320 S m~!. This value
is only an order of magnitude lower than an inkjet-
printed graphene ink with similar nanosheet dimen-
sions [35] which is notable given the organic residues
present in the network.

The ability to print nanosheet networks of gra-
phene and WS, allows us to fabricate electronic devices
solely using nanosheets. Here we fabricate electrolyti-
cally gated thin-film transistors both to demonstrate
working devices and to assess the electrical character-
istics of a WPE semiconducting nanosheet network.
The use of an electrolyte, or an ionic liquid (IL), has
been demonstrated to be critical for the efficient gat-
ing of such networks as electrical double layers form
throughout the network under a gate bias [14]. A
side-gate array was printed in the design shown in
figure 3(D) using WPE graphene with 2.5% terpin-
eol. This design features a large central gate with four
interdigitated electrodes (IDEs) nested around it. The
IDEs were printed with a channel length of 70 gm and
awidth of 7.2 mm. An approximately 3 ym thick layer
of WPE-WS; was then printed across the IDE to form
the semiconducting channel. A Raman spectrum of
the printed WPE WS, is shown in figure S3 where the
E,; and A;g modes are clearly visible against the whis-
key profile previously shown in figure 1(E). A drop of
EMIm TFSI IL was then dropcast onto the array, cov-
ering the central area (an optical image is shown in
figure S4), to complete the device. Figure 3(E) shows a
semi-log plot comparing the conductivity of the WPE
WS, network before (dry) and after (wet) the IL was
placed on the array (linear plots for each are shown
in figure S5). Prior to the addition of the IL, the con-
ductivity of the WS, network is ~2 x 107 S m™ .
This value is almost two orders of magnitude lower
than similar films of WS, (9.4 x 107>Sm~! [14],1 x
107* S m~! [27]), although it is remarkably compa-
rable to similar films of MoS, (5 x 107 S m~! [14],
25 % 107° S m™" [35],7 x 1077 S m™" [36]). After
the IL is deposited into the network, the conductiv-
ity increases by ~3 orders of magnitude, in line with
previous reports 14, 27]. This is attributed to residual
doping by accumulations of EMIm or TFSI on the
basal plane even in the absence of a gate voltage.

The behaviour of the TFTs under a gate bias is
shown in figure 3(F). The dotted lines represent indi-
vidual devices demonstrating the reproducibility
across networks, with the solid blue representing their
average. We see that the current can be modulated
across two orders of magnitude (shown inset, on:off
~340) with a p-type characteristic and two transport
regimes. These regimes are fitted using the standard
transistor equation for electrolytically gated nanosheet
networks

wt
Ips = TCV,U (Vg — Vr) Vps

AGKellyetal

where Cy is the volumetric capacitance of the network,
( is the network mobility and the other symbols
have their usual meaning. As the measurement of the
volumetric capacitance is non-trivial and sensitive to
many factors, the product Cy s is used as the figure of
merit for assessing such electrolytically gated films
[14, 37, 38]. The low gate bias regime has a Cyp value
of ~0.01 F mV~!s7!, with a higher value of ~0.18 F
mV~! s7! seen in the higher voltage regime. We
attribute the differences in regimes to the hindrance of
double layer build up due to the presence of whiskey-
originating organic compounds. This results in poor
current modulation at low gate voltages until a more
complete double layer is formed at higher gate biases.
Using the previously reported Cy for WS, nanosheets
of comparable dimensions (1.2 F cm™3, [14]), we can
estimate the mobility of the WPE-WS; at 1.5 x 10>
cm? V™! 571, Although this value is low compared to
the state-of-the-art for nanosheet networks, it is still
comparable to some pristine organic TFTs [39—41]
which speaks to robustness of using nanosheets in
thin-film transistors. As the reporting on printed
nanosheet-network transistors is still in its infancy, the
values reported here should represent a performance
floor for future work.

Conclusions

We have demonstrated that nanosheets of layered
crystals can be exfoliated and stabilised in Irish
whiskey, an ethanol/water mixture infused with
esters, aldehydes, fusel alcohols and various kinds of
acid. In particular, the mass of nanosheets exfoliated
using whiskey is much higher than those exfoliated
using an ethanol/water blend. The PL signature of
exfoliated WS, also demonstrates that monolayers
can be produced in a complex liquid environment
where the FWHM of the PL peak indicates that the
nanosheets are undoped and defect-free. The whiskey
dispersions were printed using an aerosol jet printer
into electrolytically gated thin-film transistors with
on:off ratios of ~340 and Cy i of ~0.01 FmV~'s™! for
low gate voltages and ~0.18 F mV ! s~ at higher gate
biases. The ability to modulate current in a network
filled with additives points to the robust nature of the
electronic properties of nanosheet networks.

Methods and materials

Materials

The bulk powders were used as-bought; the graphite
purchased from Asbury (Grade 3763), the tungsten
sulphide from Sigma (CAS: 12138-09-9) and the
molybdenum sulphide from Sigma (CAS: 1317-33-5).
The whiskey was sponsored by The Teeling Whiskey
Co. (Teeling Small Batch, 46% ABYV, finished in a rum
cask and bottled 12/2017). The NMP (Sigma, CAS:
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872-50-4) and ethanol (Trinity College Chemical
Stores) used were both HPLC grade.

Exfoliation

The WS, and BN were sonicated using a horn-tip
probe sonicator (Sonics Vibra-cell VCX-750 ultrasonic
processor) with 2.4g of bulk powder in 80ml of
both whiskey and a 46:54 blend of ethanol and water
(C;=30g 17!). These were sonicated for 6h at 60%
amplitude and pulsed (6 s on, 2 s off). For the whiskey
dispersions, 10ml of whiskey was added after 3h to
replenish the evaporated solvent. For the ethanol/
water dispersion, 10ml of 46:53 vol:vol ethanol/
water was added after 3 h to replenish the evaporated
solvent. The graphite was sonicated with 2.4 g of bulk
powder in 80 ml of NMP (C; = 30g1!) for 6h at 60%
amplitude and with a 6 s on, 2 s off pulse. The resulting
dispersions were then subjected to liquid cascade
centrifugation.

Size-selection

The graphene was size-selected by centrifuging the
exfoliated polydispersionat 2 krpm (425.6 g) for 90 min
to sediment out all the large particles and unexfoliated
material (72 mlin 3 vials). 15 ml of the supernatant was
taken from each vial and then centrifuged at 5 krpm
(1702.4g) for 90 min. The resulting supernatant was
fully removed and the sediment was then redispersed
in 30 ml of either whiskey or ethanol/water.

The WS, and BN polydispersions were subjected
to liquid cascade centrifugation with sequentially
increasing centrifugation speeds following previous
reporting [7]. Briefly, an initial centrifugation of 0.5
krpm (26.6g) for 90min was performed to remove
the unexfoliated material. This supernatant was then
centrifuged at 1 krpm (106.4 g) for 90 min after which
the sediment was collected (sample ‘0.5-1 k’) with the
supernatant then subjected to another centrifugation
at 2 krpm (425.6 g) for 90 min. This sediment was col-
lected (sample ‘1-2k’) with the supernatant again sub-
jected to centrifugation at 3 krpm (957.6 g) for 90 min.
This procedure of collecting sediment and centrifug-
ing the supernatant at higher rpm was repeated for 4.5
krpm (2156.6g), 6 krpm (3830.4 g),9 krpm (7889.4 ),
12 krpm (14025g) and 15 krpm (21915g). The redis-
persion of sediment is especially advantageous as this
allows dispersions to be created at arbitrary concentra-
tions meaning the lower mass samples (>6 krpm) can
be concentrated for microscopic and spectroscopic
analysis. The samples used for printing were those
trapped between 1 and 2 krpm as these provided a rela-
tively large quantity of material. The data presented
in figure 2 uses the central rpm/g-force of an average
of two consecutive centrifugation steps. For example,
the sediment collected from the 1 krpm centrifugation
had a central rpm of 0.75 krpm (59.8 g).

All samples were centrifuged in a Hettich Mikro
220R, using 28 ml vials with the fixed-angle rotor 1016
for g-forces up to 3830.3 g, and using 1.5 ml vials with

AGKellyetal

the fixed-angle rotor 1195-A for g-forces greater than
3830.3g.

Concentration measurements

The data in figure 1(D) was created following the
exfoliation procedures above (N.B. the graphite was
exfoliated in NMP and transferred to whiskey or
ethanol/water whereas the WS, and BN were exfoliated
directly in either whiskey or ethanol/water). In each
case, 72ml of the post-sonication polydispersion
was size-selected between 1 and 2 krpm (106.4g and
425.6g) in three 28ml vials and the sediment was
redispersed in either 30ml of whiskey or 30ml of
ethanol/water (10ml per vial). The vials were then
bath-sonicated for 30 min to redisperse the material.
The concentration of each sample was measured by
filtration through an alumina membrane (Whatman
Anodisc 47mm, pore size =20nm) and weighing.
The concentrations were measured l1h after bath
sonication.

Optical characterisation

The sedimentation profiles in figure 1(D) were
taken with a homemade apparatus using an array
of synchronized pulsed lasers and photodiodes.
The transmission of laser pulses (A= 650nm,
duration = 10ms) through the centre of a quartz
cuvette was monitored for 168 h.

Optical extinction was measured on a Varian Cary
500 in quartz cuvettes in 1 nm increments. The pleth-
ora of organic compounds present in whiskey means
there is strong absorption for wavelengths <310 nm
(See figure S2). To obtain the full extinction spectra
in figures 2(B) and (D), the whiskey-exfoliated WS,
and BN nanosheets were centrifuged at high speed
(18 krpm, 31 557.6 g) for 90 min and the sediment was
redispersed in an aqueous surfactant solution (sodium
cholate,2gl™!) for analysis.

Raman and photoluminescence spectroscopy was
performed on the liquid dispersions using a Horiba
Jobin Yvon LabRAM HRS800 with 532nm excitation
laser in air under ambient conditions. The Raman/
PL emission was collected by 100x objective lens
(N.A. = 0.8) and dispersed by 600g mm ! at 25% of
the laser power (~5 mW). The measurements were
performed following the procedure outlined previ-
ously [9]. From [9]: A drop (~40 pl) was placed on
a glass slide and the drop edge was optically focused
using a 10x objective. The focus for the measure-
ment with the 100x objective was readjusted in such
away that the laser was focused slightly above the drop.
Focusing inside the drop leads to inner filter and reab-
sorption effects and causes the WS, PL to be asymmet-
ric. It was noted that measurements taken close to the
drop edge were more reliable than in the centre of the
drop because the focus remained constant through-
out the measurement due to the lower curvature of
the drop and hence negligible changes in the focus by
evaporation of water. An average of ~5 measurements




I0P Publishing

2D Mater. 6 (2019) 045036

was displayed. To follow the drying of a drop, 10% of
the laser power was used to avoid sample heating in the
dried state. The laser was switched off after a measure-
ment was acquired and the focus was readjusted prior
to each measurement.

TEM characterisation

Bright field transmission electron microscopy imaging
was performed using a JEOL 2100, operated at 200kV.
Holey carbon grids (400 mesh) were purchased from
Agar Scientific and prepared by diluting dispersion to a
low concentration and drop casting onto a grid placed
on a filter membrane to wick away excess solvent.

Aerosol jet printing

The aerosol jet printer is an Optomec AJP 300. A
150 pum nozzle was used for printing with sheath
and carrier flow rates set to 40 4+ 3 and 25 &+ 3sccm,
respectively. The temperature of the chiller used to
cool the ink was set to 20 C and the platen was set to
60 C. The WS, and BN dispersions selected for use an
ink were those size-selected between 1 and 2 krpm.
2ml of each ink was used at a time with the atomiser
current set to ~0.5 A. All printing was performed at
platen speeds of 1mm s™!. The samples were then
dried in a vacuum oven overnight at 80 C to remove
any trapped solvent. The TFT arrays were printed onto
an alumina-coated PET substrate (Mitsubishi Paper
Mills, NB-TP-3GU100 A4). Prior to use, the substrate
was rinsed in DI water and cleaned in an IPA in a sonic
bath for 10 min and blown dry with N,. The patterns
in figure 3(A) were printed on PEL P60 paper available
from Printed Electronics. The sample thickness was
measured using contact profilometry.

Electrical characterisation
1-Ethyl-3-methylimidazolium  bis(trifluoromethyl-
sulfonyl)imide [Sigma Aldrich] was dried in a vacuum
oven for 24 h at a temperature of 70 °C. The electrical
measurements were performed using a Keithley 2612A
under high vacuum in a Janis probe station. This is to
prevent water uptake in the IL which would reduce the
electrochemical window. To remove any water which
may have been absorbed while placing the device into
the chamber, the device was heated to 70 °C for 12h at
10~* mbar.
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