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All reported methods of graphene exfoliation require energy input, most commonly
from sonication,* shaking,® or stirring.® The reverse process — aggregation of single or
few layer graphene sheets — occurs spontaneously in most solvents. This makes
producing, and especially storing, graphene in economic quantities challenging,** which
is a significant barrier to widespread commercialisation. Here we show that the ionic
liquids (ILs) can spontaneously exfoliate graphene from graphite at room temperature.
The process is thermally activated and follows an Arrhenius-type behaviour, resulting
in thermodynamically stable L / graphene suspensions. Using atomic for ce microscopy,
the kinetics of the exfoliation could be followed in situ and with sub-nanometre
resolution, showing that both the size and the charge of the constituent IL ions play a
key role. Our results provide a general molecular mechanism underpinning
spontaneous graphene exfoliation at room temperature in eectrically conducting ILs,

paving the way for their adoption in graphene-based technology.

Currently, graphene is typically produced via two approaches. Bottom-up methods fabricate
graphene from organic precursors via chemical vapour deposition, organic synthesis, or

catalysed substrate growth, but the graphene produced has variable quality and limited sheet
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sizes.”” Top-down approaches exfoliate sheets from graphitic materials such as highly
ordered pyrolytic graphite (HOPG), carbon nanotubes, graphite intercalation compounds, and
graphite powders into a liquid or solution.® While “spontaneous” graphene exfoliation has
previously been reported,’ in all cases samples were shaken® or stirred’ for at least 24 h,
meaning substantial energy was input to the system and the processes are, by definition, not

necessarily spontaneous.

Mechanical exfoliation consistently produces high-quality graphene sheets but scalability is
an issue, largely due to instability of the resultant graphene suspensions to aggregation.
Therefore exfoliation into water is performed in the presence of surfactants or polymers that
adsorb to the graphene surface which impede, but do not eliminate, aggregation. More stable
suspensions result when graphene is mechanically exfoliated into solvents where the
graphene — liquid interfacial energy is equivalent to the cohesive inter-layer energy of
graphite sheets.” ! However, unless the graphene is chemically modified to graphene oxide
(which alters the electronic properties of the sheet; graphene oxide is an insulator)

aggregation and settling occurs over time.

Tonic liquids (ILs) — pure salts that melt below 100 °C'*"

— have many useful physical
properties which may be tuned by varying the structure of the cation or anion.'>'*'* The
inherently high conductivity of ILs makes them attractive for graphene-based technologies.
Graphene has been mechanically exfoliated into ILs to successfully produce suspensions
reported to be stable for up to three weeks. In this work we show that graphene can be
spontaneously exfoliated at room temperature when graphite is immersed in certain ILs. By
investigating the interaction of highly ordered pyrolytic graphite (HOPG) with seven
different ionic liquids at the nanoscale, we identify the molecular mechanisms that confer

some ILs their exfoliating properties. The full names, abbreviations, and physical properties

of the ILs investigated in this work are summarised in Table 1. Four of these, EMIm Ac,

2
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EMIm TFMS, BMIm BF,; and BMIm SCN, have surface tension values within the
‘goldilocks’ 40 - 50 mN/m range reported to stabilise exfoliated graphene.'® 3 ml of each IL
was added to 0.1 g of ground HOPG in separate sample vials without mixing, stirring or
sonicating and the appearance of the resulting liquid monitored over time at 22 °C.
Discoloration progressively developed in EMIm Ac and EMIm TFMS and the solid
fragments of HOPG disappeared, while the appearance of the other samples did not change.
Comparison between the appearance of pure and graphene-loaded EMIm Ac and EMIm
TFMS is shown in Fig. 1. Tyndall effect scattering was noted upon shining a laser through
the EMIm Ac and EMIm TFMS samples, and Raman spectroscopy confirmed the presence of
graphene sheets comprising only a few layers (see Supplementary Fig. 1). For both graphene-
loaded IL samples, the Raman spectra revealed characteristic graphene peaks.'’
Deconvolution of the G’ (2D) band (see Supplementary Fig. 2) reveals four and three
distinctly superimposed bands for EMIm Ac and EMIm TFMS, respectively, which are the

fingerprint of few-layer graphene.

To probe the spontaneous exfoliation process directly and in real-time, the surface evolution
of HOPG fully immersed in each IL was imaged in-situ by time-lapse amplitude-modulated
atomic force microscopy (AM-AFM). The whole exfoliation process can be followed in time
lapse movies created from 2 um % 2 um images of the HOPG surface. Over time the
appearance of the HOPG undergoes dramatic changes, but only in the presence of EMIm Ac
and EMIm TFMS (Supplementary Movies 1 and 2 respectively); No changes were seen for
the other ILs. Figure 1 presents some of the critical steps of the exfoliation process seen by
AFM. At 4 minutes after immersion (Fig. 1 a), the planes and step edges characteristic of
intact HOPG surfaces'® are visible. After 137 mins for EMIm Ac and 37 mins for EMIm
TFMS, distinct changes are visible (Fig. 1b) with the HOPG surface roughening, particularly

in the areas around the step edges.
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d

EMIm Ac
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Figure 1. 2 pm x 2 um AM-AFM phase images of the EMIm Ac (a, b and c) - and EMIm TFMS (f, g and h) -
HOPG interface. IL immersion times are given at the top of each image (see Supplementary Movies 1 and 2 for
a full time-lapse evolution). The blue arrows point to areas of the HOPG surface which appear to erode over
time. Figure d and i show vials of the pure EMIm Ac and EMIm TFMS, respectively, and the ILs + 0.1 g HOPG
sample left untouched at room temperature for ~2 weeks. Figure e and j reveal the Tyndall effect for the IL +
HOPG solutions indicating a very fine suspension in the IL.

In places (see blue arrows in Fig. 1), step edges grow significantly wider, indicating erosion
of the surface. The effect is most notable for EMIm TFMS. After 190 mins for EMIm Ac and
72 mins for EMIm TFMS the HOPG surface bears little resemblance to the original HOPG.
The flat terraces observed initially are absent, and replaced by amorphous domains separated
only by the most pronounced step edges. The appearance of the surface at longer time periods
was similar, consistent with continued exfoliation. Imaging of surface locations not
previously imaged by the tip showed similar features at all times (c.f. Supplementary Figure

3), ruling out the possibility of tip-induced effects.

In order to gain further insights into the molecular mechanisms inducing exfoliation of the
HOPG, molecular-resolution time lapse-movies were acquired (Supplementary Movie 3).
Selected nanoscale images of the process are shown in Fig. 2a-c for EMIm — Ac together

with the identified mechanism (Fig. 2e-g). Rows of ellipses cover most of the surface,
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arranged according to a hexagonal symmetry templated by the underlying HOPG. In a
previous study'® of the EMIm TFSI — HOPG interface (where graphene exfoliation is not
observed, c.f. Table 1) we determined that these ellipses show individual EMIm® ions
adsorbed onto the HOPG. Distinct features due to TFSI™ adsorption were also present. Here,
the surface rows for EMIm Ac visible in Fig. 2a-c all have the same appearance, indicating
that the anions are excluded from the surface layer. This is reasonable since both Ac™ and
TFMS’ are substantially more hydrophilic than TFSI, and will hence be less strongly
attracted to the HOPG surface. (At the same magnification the appearance of EMIm TFMS —
HOPG interface is similar to EMIm Ac). The featureless area at the top left (blue arrow) is a
graphene flake already (or partially) detached from the surface. lon positions cannot be
resolved because the mobility of the flake. Over time, the flake moves towards the top of the
image, exposing new cation rows running in two main directions around a central defect
(green arrow). At 240 mins, the step edge on the right hand side of the defect is white,
indicating strong interactions between this area and the AFM tip. As simulations® and
experiments'*?’ have shown that ILs of this type do not chemically react with graphene or
HOPG, these strong interactions can only be due to the step edges peeling away from the
underlying sheet. At 244 mins and 252 mins, both sides of the defect appear lighter, and the
defect has grown wider as the graphene on either side of the defect pulls apart. Over time,

these flakes detach from the surface.

The two ionic liquids have surface tensions in the so-called ‘goldilocks’ zone for stabilizing
graphene, meaning that the interfacial energy between the IL and a graphene sheet is
comparable to that for two sheets in contact. This energy matching, the ability of the
imidazolium cations to pi-stack onto HOPG, and the high ionic concentration drives cations

to intercalate between graphene sheets via step edges.
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Figure 2. (a - ¢) 40 nm x 40 nm phase images of the EMIm Ac - HOPG interface obtained sequentially (time
indicated as an inset to the image). The cantilever was kept in a single imaging location during imaging,
meaning that the observed features are a consequence of changes to the HOPG surface. Coloured arrows mark
the surface locations which appear to peel away from the surface. d) Schematic of the lateral arrangement of
adsorbed EMIm" cations at the HOPG interface. (e - g) Schematic of the exfoliation mechanism which occurs
spontaneously in the presence of EMIm Ac and EMIm TFMS.

Although BMIm BF4 and BMIm SCN meet the surface tension criterion, the absence of
spontaneous exfoliation suggests additional requirements. If we assume that the time required
for cation intercalation is determined by the cations ability to penetrate at step edges as they
fluctuate (peel away from and re-rebind to the underlying sheet, indicated by the black arrow
in Fig. 2b) due to thermal motion, steric interactions between step edges and the C, alkyl
chain of BMIm BF4 and BMIm SCN would prevent intercalation. Consistently, the time to
exfoliation is lower for EMIm TFMS than EMIm Ac at every temperature due to lower
viscosity of EMIm TFMS. Lower viscosity thermally-induced step edge oscillations are
larger, allowing cations to more readily move between sheets at step edges as gateways
develops. In this model, intercalation is a co-operative process; once the first cation inserts

under the step edge, the energy barrier to the next cation is reduced — the first cation holds the
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gateway open — and the process cascades. IL ions spread between graphene sheets until an

imperfection is reached, at which point the sheet breaks away and is exfoliated into solution.

The proposed molecular model hinges on thermal fluctuations naturally occurring at step
edges of the HOPG. In order to verify this hypothesis, we investigated the effect of
temperature using AFM between 25°C and 80°C. Freshly cleaved HOPG surfaces were
immersed in each IL at different temperatures and the exfoliation process followed in real
time. Increasing the temperature dramatically decreased the time to exfoliation (see
Supplementary Fig. 4), indicating an Arrhenius-type process in support of our hypothesis.
The measured activation energies of 39 kJ/mol and 27 kJ/mol for EMIm Ac and EMIm
TFMS, respectively, are comparable with calculated adsorption energies for benzene (19

1

kJ/mol) and pyrene (43 kJ/mol) to graphene, *' and thus consistent with the proposed

mechanism of dissociation of pi-stacked step edge rings from the HOPG layer below.

In summary, we have shown that EMIm TFMS and EMIm Ac spontaneously exfoliate
graphene from HOPG due to matched IL — graphene and graphene — graphene interfacial
energies, the formation of an EMIm"-rich layer on HOPG, and the fact that EMIm" cations
are small enough to intercalate between graphene sheets via step edges. Our results pave the
way for the design and development of other liquids and solutions allowing spontaneous

graphene exfoliation, and enable graphene production and stable storage on large scales.
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233 Table 1. Name, abbreviation (Abbrev.), ionic structure and surface tension value (mN/m) of the 6 ILs
234 investigated. In the structural models carbon atoms are grey, nitrogen are blue, oxygen are red, hydrogens are
235 white, sulphur is yellow, and fluorine is light blue.

Surface
Name Abbrev. Structure Tension
(mN/m)
_ . . . . “
1-Butyl-3-methylimidazolium BMIm BF, P 43.7
tetrafluoroborate
¢ <
1-Butyl-3—methyhmldazohum BMIm SCN \ 47.1
thiocyanate
(%
1-ethyl-3-methylimidazolium ,
bis(trifluoromethylsulfonylimide | L Mm TSI 339
o
1—ethy1-3—methyhrmdazohum EMIm TEMS 0.1
trifluoromethansulfonate < C
1-ethyl-3-methylimidazolium EMIm Ac ; 45
Acetate pe
l-ethy1-3-methyllmldazollum EMIm DCA 56.7
Dicyanamide e
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Supplementary Figure 1. Raman spectra of graphene flakes obtained from the ILs EMIm Ac (black line) and
EMIm TFMS (red line). The three distinct regions of graphene samples are labeled in the spectra.The peaks are
characteristic of graphene: D band at ~1350 cm™, the G band at ~1580 cm™ and the G’ (2D) band at ~2720 cm™.
The Is/Ip ratio (~6 for EMIm Ac and ~2 for EMIm TFMS) is consistent with values reported previously for
high-quality graphene produced via exfoliation.”'** Deconvolution of the G’ (2D) band (see Supplementary
Fig. 2) reveals four and three distinctly superimposed bands for EMIm Ac and EMIm TFMS, respectively,
which are the fingerprint of few-layer graphene; pure HOPG exhibits two sharp peaks upon G’ band
deconvolution, which allows graphene and HOPG to be easily distinguished.'”*
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Supplementary Figure 2. G’ band deconvolution for graphene samples obtained from EMIm Ac and EMIm
TFMS revealing four and three distinctly superimposed bands, respectively.
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253

254  Supplementary Figure 3.2 pum X 2 pym AM-AFM phase image of the EMIm TFMS - HOPG interface obtained
255 at a previously un-imaged surface location. The image shows similar surface degradation to that of Figure 2,
256 establishing that the exfoliation is happening spontaneously at a global scale.

100 -
— a 4 EMIM ACETATE
O
o 80 - = EMIM TFMS
Q
5 60 -
et
© 40 - -
o
£ 20 -
Q
h 0 L) ] 1
0 50 100 150
557 Time to Exfoliation (min)
4 -
b * EMIM Ac
5 1 BEMIM TFMS
- -6 -
L
£ 77
— -8 - *
c
— _9 -t ’-
'10 T T 1
0.0028 0.003 0.0032 0.0034
-1
259

260  Supplementary Figure 5. A) Plot of exfoliation time (mins) vs. system temperature (°C) for the EMIm Ac —
261 and EMIm TFMS — HOPG systems, and B) Arrhenius plot of 1/T vs. In 1/t (sec) for the exfoliation of graphene
262 in EMIM Ac and EMIM TFMS. The t measurement denotes the time at which exfoliation was first noted during
263 an AM-AFM experiment and T indicates the temperature of the corresponding experiment. The calculated
264 activation energy for exfoliation in EMIM Ac and EMIM TFMS is 38.7 kJ/mol and 27.5 kJ/mol, respectively. A
265 distinct increase of the spontaneously exfoliation rate is noted with increased temperature for both systems.
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Methods and M aterials
Consumables

EMIm TFSI, EMIm TFMS, EMIm DCNA, and EMIm Ac were purchased from lo-Li-Tec,
Ionic Liquids Technologies (Germany) in the highest purity available (>99.9%). Highly
ordered pyrolytic graphite (HOPG) surfaces were bought from NT-MDT Co., Russia, and
cleaved along the basal plane using adhesive tape immediately prior to the experiment. The

HOPG was therefore atomically smooth and clean.
AFM Measurements

The systems were studied using an Asylum Research Cypher Atomic Force Microscope
(Cypher AFM) at room temperature (25°C). Images were obtained using ArrowUHFAuD
(NanoWorld, Switzerland, nominal spring constant k. = 6 N m™). Each cantilever was
calibrated using by the thermal spectrum method in IL prior to use, producing a well-defined
resonance peak, and the lever sensitivity was determined using force spectroscopy. Cantilever
tips were irradiated with UV light for 15 minutes prior to experiment to remove organic
contaminants. Experiments were completed in a droplet exposed to the atmosphere within the
AFM box (a sealed enclosure). As the ILs are hygroscopic, the water content of the liquid
increases over the course of an experiment. Karl Fischer titration water content of IL
collected from the cell after an experiment had a value of no more than ~1 wt% which
depended slightly on the ambient humidity. To eliminate the possibility that water contributes
to the observed graphene exfoliation additional experiments were performed with IL pre-
doped with 2 wt% water, a concentration twice that of the typical recovered IL. These
experiments showed no increase in exfoliation time, meaning that water is not a contributing

factor to the exfoliation mechanism. The features of all images presented rotated as the scan

13
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angle was changed and scaled correctly with scan size, confirming they are not imaging

artefacts. All dimensions provided are £0.01 nm unless stated otherwise.

During an AM-AFM experiment an oscillating cantilever tip scans the surface to create
interfacial images; the tip-sample distance (z-piezo) is continually adjusted to maintain a
user-set oscillation amplitude as the tip encounters adsorbed material. In this way, interfacial
images are generated by the variation in the z-piezo position and cantilever’s phase which are
both a consequence of the adsorbate’s relative stiffness. Hence, in an AM-AFM image the
light areas indicate relatively immobilise material between the tip, while the dark areas
indicate the position of more compliant matter.”* However, it must be noted that this is a
simplified definition provided for interpretation, while the precise tip-sample dynamics are
much more complex.”** During imaging, the working amplitude/free amplitude values
(A/Ap) of > 0.7 were typically used with the free liquid amplitude (Ay) of the cantilever = 1
nm for nanoscale image and =5 nm for large scale images. At the nanoscale these parameters
mean that the phase and amplitude vary in response to the liquid compliance between the tip
and the surface, meaning the AFM directly probes the adsorbed layer ions without
significantly interacting with the HOPG surface. For larger images the larger oscillation
amplitude allows IL ions to be “squeezed out” from between the cantilever and the surface,
meaning the HOPG is directly probed. It should be noted that the Stern layers in all systems
are dynamic, with constant diffusion of ions in and out of the structures. The AM-AFM

captures the average structure over the course of producing an image (~4 minutes).
Raman Spectroscopy

Solutions of IL and HOPG were obtained through simple addition of graphitic flakes cleaved
from an HOPG substrate to the IL and leaving them sealed for several weeks. Spectra were

obtained by placing a drop of the sample onto stainless steel, The spectrum in pure IL served
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as a baseline and was subtracted from the spectrum of graphene-loaded IL. Raman spectra
were obtained at 20 °C using an inVia Renishaw Raman spectrometer at 514 nm with edge
filters. Laser incident power was measured to be 0.125 mW. Spectra were acquired by
averaging 5 acquisitions of 10 seconds with a 50x objective. These conditions resulted in no
spectral changes over time and no visual degradation, or modification of the sample under the

microscope.

Surface Tension Measurements

IL surface tension values were determined using the pendant drop method (air in IL) with an
OCA20 measuring instrument (DataPhysics, Germany). 20 mLs of each IL was placed in a
sealed vessel, and a stable air bubble was produced from the pendant drop needle. The
instrument software package was then used to fit the Young-Laplace equation to the pendant

drop profiles, allowing the calculation of the IL-air interfacial surface tension.
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