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ABSTRACT

Liquid phase exfoliation (LPE) is the principal method of producing two-dimensional (2D)
materials such as graphene in large quantities with a good balance between quality and cost, and
is now widely adopted by both the academic and industrial sectors. The fragmentation and
exfoliation mechanisms involved have usually been simply attributed to the force induced by
ultrasound and the interaction with the solvent molecules. Nonetheless, little is known about how
they actually occur, i.e. how a thick and large graphite crystals can be exfoliated into thin and
small graphene flakes. Here we demonstrate that during ultrasonic LPE, the transition from
graphite flakes to graphene takes place in three distinct stages. Firstly, sonication leads to the
rupture of large flakes and the formation of kink band striations on the flake surfaces, primarily
along zig-zag directions. Secondly, cracks form along these striations, and together with
intercalation of solvent, lead to the unzipping and peeling off of thin graphite strips that in the

final stage are exfoliated into graphene. The findings will be of great value in the quest to
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optimize the lateral dimensions, thickness and yield of graphene and other 2D materials in large-

scale LPE for various applications.

KEYWORDS: fragmentation, exfoliation, liquid phase exfoliation, 2D materials, ultrasound

The isolation of graphene using the celebrated ‘scotch tape’ mechanical exfoliation method
produces material of high quality for the study of fundamental physics.' It is, however, time-
consuming with low yield, hence a number of other methods have been developed to produce
graphene for large-scale applications, such as in inks, coatings, membranes and
nanocomposites.> Among those methods, LPE, involving the exfoliation of graphite or other 2D
layered materials into thinner and smaller flakes with the assistance of sonication in solvents
have been found to be successful,3-!! as it offers upscaling production and good quality at
reasonable cost. Its variants, such as shear mixing,'> ball milling'? and microfluidization,'* have
also been developed to target certain industrial applications, which further broaden the adoption
of LPE methods in industry.’> Considerable work has been undertaken to evaluate different
solvents, sonication types and sonication times, all of which are found to affect the quality of the
exfoliated graphene.> 16-18 By having these factors tuned and optimized, a formulation and recipe
can be obtained to direct the production scale-up for specific applications.!®

Nonetheless, despite the extensive interest from industry, the wider adoption and optimization
of LPE is hindered by the lack of a fundamental understanding of the process. For example, the
few-layer graphene produced is usually small with an average lateral dimensions of <I um and a
yield only about ~20% (compared to the mass of starting bulk graphite).?’ Generally, LPE
involves two simultaneous structural modifications: exfoliation — the reduction in thickness and

fragmentation — the reduction in lateral dimension. 13- 2124 To a first approximation, whether or
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not graphite prefers to exfoliate or fragment seems to be related to the ratio of the surface energy
of the edge plane (£g) and the basal plane (Eg) of graphite and the ratio of the out-of-plane and
the in-plane mechanical properties of graphite.?!> 22 Regarding exfoliation, a good interaction of
solvent with the graphene flakes is found to be necessary for the exfoliation to progress well.?*
However, the fragmentation process has been simply described as a tearing process, similar to
the scission process in carbon nanotubes,’ by sonication-induced microjets or collisions between
the flakes and container (Section 1 of the Supporting Information (SI)).!3 Such descriptions are
qualitative and envisage that exfoliation and fragmentation of the flakes take place
simultaneously but do not reveal in detail how they take place.

It was not until recently that researchers have described fragmentation mechanisms, through
statistical modelling, as a rupture process triggered by randomly-formed cracks driven by
external force,” probably ultrasound-induced cavitation.”> ¢ A two-stage model was also
suggested,?’ indicated by the bimodal distribution of flake area,>>-2° wherein large flakes rupture
first followed by a possible ‘erosion’ process where smaller flakes are thought to emanate from
the edge of the large ones,?* 27 probably through a peeling process®® 39 due to the hydrodynamic
load.?! Although this was speculated from statistical modelling, it is consistent with the increased
surface roughness with terraces observed on the surface of exfoliated graphite.?¢ In particular,
such basal plane defects that lead to fragmentation were suggested to be neither vacancies nor
impurities but some type of ‘topological” defect.?? It was further suggested that such chemically-
active defects can be functionalized by oxygen groups.3?- 34 This plays a crucial role in promoting
fragmentation as revealed by XPS on a number of 2D materials, such as hBN3> and MoS,,36: 37
but details of the process are not properly understood, such as exactly where the oxygen

functional groups are attached.
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Given the different models covering various aspects of the LPE process, a clear understanding
of the fragmentation and exfoliation process is still lacking, and the roles of the ‘topological
defects’ and oxygen functionalization also remain unclear. This is because the existing studies
have primarily focused on large-scale processing — involving thousands of flakes?3 27 — over long
periods of sonication time of up to hundreds of hours,'® hence the mechanisms involved at
different stages are difficult to separate and identify. A clearer understanding of the mechanisms
is crucial as it could potentially improve the yield of LPE by, for example, eliminating the need
to discard large flakes,’® and allow optimization of the products dimensions and thickness
distribution. This is important as flake dimensions are known to be vital in controlling the
reinforcement of 2D fillers in composites,’® delivering up to a 6-fold increase in thermal
conductivity*? and tuning the electrical conductivity of printed graphene films by up to three
orders of magnitude.*! In this study, we demonstrate that fragmentation and exfoliation take
place during LPE in three distinct stages, with a kink-band-induced peeling process being one
key step. This is revealed by using a combination of in-situ monitoring of the fragmentation and
exfoliation of single flakes and statistical analysis of graphene flakes produced in large-scale
LPE, with overall flake dimensions with 6 orders of magnitude variation and time-scales of
sonication ranging from a few seconds to many hours. The extent to which this study is
applicable for the exfoliation of other 2D layered materials and using a range of different solvent

media is also discussed.
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RESULTS AND DISCUSSION

Stage I (Flake rupture and kink band formation)

This first stage of sonication leads to the fragmentation of large graphite flakes along existing
defects and the formation of small kink bands. We selected a graphite flake ~1 mm in diameter
as a model for the analysis (Figure 1a). Before sonication, the flake had a rough morphology
with some line features visible on the surface. After only 5 s of bath sonication in an IPA/H,0O
mixture (volume = 1:1) the graphite flake ruptured into two pieces with more surface line
features, not present in the raw flake, appearing after 25 s sonication (Section 2 of the SI). After
30 s of sonication, the graphite flakes ruptured into flatter pieces, with smoother surfaces that
contained additional straight lines. The fragmentation and exfoliation of graphite have also been
examined in other typical solvents that have usually been used in LPE process.?* Similar
morphological changes were observed in NMP and SDBS/H,O solvents, but not in an H,O
control sample even after 65 s sonication (Section 3 of the SI). The rate of fragmentation and
exfoliation in these solvents are in good agreement with the LPE process with large-quantity

flakes.!8
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Figure 1. Structural analysis of kink bands and twins in LPE graphite. (a) Optical
micrograph of a graphite crystal. (b) Optical micrograph of a large fragment of the same crystal
following sonication for 30s. The inset is the crystallographic orientation of the graphite lattice
determined by (c) {1010} pole figure in electron backscatter diffraction (EBSD). (d) Frequency
and (e) length distribution of the kink bands visible in (b) (the reference 0° direction is set as the

zig-zag (ZZ) direction).

Figure 1b shows a large fragment obtained after 30s sonication in IPA/H,O. Its
crystallographic orientation, determined using EBSD (Figure 1c), is shown schematically as an
inset. The graphite flake has a smooth surface with its long edges and lines on the surface
predominantly parallel to the ZZ directions (Figure 1d). Less common, but also visible, are line
features parallel to armchair (AC) directions. This implies that the line features on the surface of

the flake are related to the kink bands, containing twin boundaries, reported by Rooney et al.*?
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(Section 4 of the SI). The kink bands follow ZZ or AC crystallographic directions and involve
slip in the perpendicular directions. Particularly noticeable is that the line features observable in

77 direction are much longer and wider than those along AC directions (Figure 1¢).

Ductile rock
layers fold

Figure 2. Analysis of Cross Sections of Kink Band Striations. (a) SEM micrograph of a sub-
surface FIB-milled cross section for one kink band striation lying along the ZZ direction. The
twin boundaries in the layer are shown by dotted blue lines. The direction of shear along the
main fault and the expected directions of flow of the material under the surface are indicated by
orange arrows. The direction of in-plane compression is indicated by the horizontal arrows. (b)
Area of the voids (highlighted in yellow) and area of material protruding from the surface
(highlighted in red). (c) Lengths of the top layer (yellow dashed line) and material sheared
underneath (red dashed line). (d) Annular dark field (ADF) STEM image showing delamination
within the kink band. Note the dark vertical bands are due to uneven thinning (curtaining)
resulting from the presence of voids in the lamella cross section. (¢) Schematic diagram of a

blind thrust fault in a stratified rock formation.* The shear of the layers and the in-plane
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compression direction are indicated by red and white arrows, respectively. (f) Schematic diagram
of a Rayleigh wave showing the motion of particles (red dots, also represented by the grid) close

to the surface of a material and the motion of the wave.*

A focused ion beam (FIB) milled cross section through a kink band striation along the ZZ
direction is shown in Figure 2a and Section 5 of the SI. It has undergone local twinning to form
hinges that allowed it to deform without fracturing. A complex pattern of damage and voiding
below the surface is observed resulting in a triangular section of the crystal pushed up from the
surface. The area of the voids and the triangular section is equivalent, suggesting that any
increase in volume produced by the voiding is compensated for by the triangular region (Figure
2b). The main damage is a shear of the top ~3 um layer of the crystal over the material
underneath as indicated by the arrows (Figure 2a), characterized by the similar lengths of both
sides of the interfacial regions in the sheared region (Figure 2¢). The overall deformation process
is illustrated in Figure 2a where the pattern of flow underneath the surface is shown to occur
through a combination of basal plane slip* and twinning.*> Local delamination within the twin
boundaries is also visible (Figure 2d and Section 5 of the SI).*> The damaged structural (Figure
2a) bears a similarity to features known as “blind thrust faults” seen in geological strata (Figure
2e),® found near tectonic plate margins, that occur as the result of plate margin collisions. Their
role in the initiation of earthquakes is discussed in Section 6 of the SI.

The damage of the graphite flakes can be attributed to the ultrasound, where waves are
produced from the collapse of bubbles during cavitation!3 4¢ that cause a localized increase of in-
plane compression®? and temperature.*® The waves are transferred from the solvent to the liquid-
solid interface through Scholte waves that may then be converted into surface acoustic waves

(SAWs, e.g. Rayleigh waves) in the graphite.** Rayleigh waves propagating across the surface of
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the graphite will induce an elliptical vibration of carbon atoms consisting of longitude and
vertical vibration components that lead to the curved movement of material, and their amplitude
decreases exponentially with depth (Figure 2f and Sections S7 and S8 of the SI).** Consequently,
when a SAW is propagating across graphite flake, kink bands may nucleate around existing
defects or where waves collide,?¢ alternatively it could also cause the graphite layers to slide over
each other (Figure S9). It has also been reported recently that kink bands in 2D materials can also

be formed by laser shock#’ (also known to produce SAWs**) or fast cooling.*®

Stage II (Peeling off of thin graphite strips)

We also examined sonicated graphite flakes in more detail to characterize the specific damage
induced. A flake containing ZZ kink band traces intersecting each other at 60° with a split along
one of the traces, indicated by the red arrows, is shown in Figures 3a&b. Figures 3c&d show that
the exposed edges are rich in oxygen and depleted in carbon, implying that the sonication

process leads to a change in the surface chemistry of the graphite flake.*’
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Figure 3. Cracking and modification of the surface chemistry of the kink bands in LPE
graphite. (a) Optical micrograph of a graphite flake damaged through sonication for 12 s in
IPA/H,0 (vol=1:1) using a tip sonicator. The lattice orientation determined using EBSD is
shown by the green hexagons. (b) SEM micrograph of the kink band region highlighted by the
red box in (a) showing the intersection of kink band traces and unzipping as indicated by red
arrows. SEM EDX elemental mapping of (c) oxygen and (d) carbon in the area within the white
box shown in (b) Color scale is in wt%. (¢) DFT calculations of the absorption energies for
oxygen atoms on bending defects along the AC and ZZ directions in graphite. For graphene
planes folded along AC directions, the absorption energies of oxygen atoms outside and inside
the wrinkle are 0.44 eV higher and 0.37 eV lower than that of the flat graphene, respectively. For
graphene planes bending along ZZ directions, the absorption energies of oxygen atoms outside
and inside the wrinkle are 0.53 eV higher and 0.51 eV lower than that on the flat graphene,

respectively.
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The DFT simulation shows that the high curvature where the kink bands reach the surface
leads to an increase in chemical activity (Figure 3e).** Curved planes along ZZ directions are
found to be slightly more active than those along the AC direction with the same level of in-
plane compression.34 3% 3! Consequently, the higher chemical activity along the ridges of ZZ kink
bands, along with the greater likelihood of ZZ kink bands inducing local stacking faults,** results
in the cracks propagating predominantly along ZZ directions (Figure 3b). This is analogous to
the longitudinal unzipping of carbon nanotubes? and strain-induced rupturing of graphene by
oxidation,>!-33 both of which also occur mainly along the ZZ direction. These findings explicitly
reveal the exact location of oxygen on the exfoliated flakes which play a crucial role in
fragmenting flakes that could not be identified in earlier investigations upon graphene3? 34 and
other 2D materials.’>-7 It is worth noting that the oxygen species are chemically bonded to
graphene/graphite as a result of the higher chemical activity of the ridge of kink bands (Figure
3e), which is confirmed by their presence even after the removal of absorbants and impurities
(Section 9 of the SI).3* It suggests that although the fragmentation of graphite is a
physical/mechanical process,?® it also involves sonochemical processes.* 30

The structural changes during the fragmentation and exfoliation can also be captured using
Raman spectroscopy.*’> The Raman spectra of the intact graphite and graphite with ZZ kink
bands differ (Section 10 of the SI). Specifically following sonication, the intensities of the 2D1
component of the 2D band*? and D band increase significantly over the kink band, suggesting the
presence of stacking faults and exposed graphene edges.’® This structural change demonstrates
that the presence of oxygen on the ridges is indeed from oxidation of defective regions rather

than, for example, residual water. Further Raman analysis of the crystal in Figure 1b shows
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considerable damage through the generation of stacking faults, local strain, unzipping and micro-

cracking (Section 10 of the SI).
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33 Figure 4. Graphite strips peeling off the parent flakes. (a) Optical micrograph of a graphite

35 flake sonicated in an IPA/H,0O mixture for 40 s. (b) SEM micrograph of the region in the top left
corner highlighted in yellow showing trenches and strips of material peeled from the surface of
40 the flake (Inset - Raman map of the area outlined in black showing an increased /,// at the

42 edges of the trenches). (¢) AFM micrograph of a trench and the depth scan along the broken line
showing that the trench is around 400 nm deep and has stepped edges. (d) 3D view of the AFM
47 micrograph in (c). (e, f) Strips of multi-layer graphene material peeled back from the edges of the
49 flake, containing transverse AC kind band striations, and with stepped edges similar to the
trenches. (g-1) Distributions (normalized frequency) of the lengths, widths and depth or thickness

54 of different trenches and peeled strips determined using AFM.
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We also examined a number of other sonicated graphite crystals and a typical one, subjected to
ultrasound for ~40 s, is shown in Figure 4a. The surface has a number of features where material
has peeled away, perhaps due to the fluid force,®' leaving trenches (Figure 4b). The inset in
Figure 4b shows an increased intensity ratio of the Raman D and G bands (/p/[) at the edges of
the trenches, indicating the presence of graphene edges after the unzipping and peeling of the
graphite layers. The trench has a depth of around 400 nm and its edges contain steps (Figures
4c&d), that are seen to occur widely in sonicated graphite crystals along with the exfoliation of
graphite strips (Figures 4e&f). The strips peeled back from the surface of the crystals also
contain kink bands that are at 90° to the edges of the strips implying that they are mainly parallel
to the AC direction, as the edges of the strips are generally along the original ZZ kink band
striations. The strips are usually peeled off at the edges of parent graphite flakes, and eventually
exfoliated further to few-layer graphene, as will be discussed later (Figure 5 and Section 10 of
the SI).3! The separation of peeled small graphite fragments from the larger parent flakes
explains the previously reported bimodal distribution of the lateral sizes for exfoliated flakes.?>-?8

It is of interest to determine the lengths (L), widths (/) and depth/thickness of both the
trenches and the material peeled from the parent flakes for Stage II (Figures 4g-i). Although
there are wide distributions it can still be seen that the trenches and strips have comparable
depth/thickness whereas the lateral dimensions of the strips are an order of magnitude less than
the trench dimensions. This is clear evidence that in Stage II fragmentation is more likely to
occur through the peeled strips undergoing further fragmentation along kink bands that form
during the peeling process (Figures 4e&f), with much less exfoliation occurring. A similar

phenomenon has been observed for other popular solvents of large-scale LPE, such as NMP and
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SDBS/H,0.?* They are both found to assist the exfoliation process, and the peeling of graphite

strips occurs only within seconds of sonication (Section 3 of the SI).

Stage I1I (Exfoliation to thin flakes)

In order to investigate how the fragmentation and exfoliation mechanisms influence the mass
production of 2D flakes using LPE, we exfoliated a large quantity of graphite, and their lateral
dimensions (\/W ), where L is the flake length and W is its thickness, and thicknesses (number
of layers, N) measured at different stages of sonication are shown in Figure 5a. In bulk scale
LPE, the more commonly-used graphite flakes with smaller dimensions were used as received
for a resolvable flake size and also to benchmark with existing studies. This is different from the
single-flake experiments described above, where only large flakes were selected from the raw
flakes in order to resolve, in detail, features that were produced in the LPE process, e.g. kink
bands, and also to minimize the possible damage in handling when analyzing smaller flakes. The
data points all follow approximately the same trend over many orders of magnitude regardless of
the solvent, sonication method and time, confirming that the degree of fragmentation and
exfoliation processes is governed by the intrinsic properties of the graphite,?! while the choice of
solvent mainly affects their exfoliation rate (Sections 3 and 11 of the SI). In the LPE process,
energy in the form of ultrasound is consumed for both fragmentation (to generate new edges) and
exfoliation (to generate new surfaces) of graphite. The dimensions and thickness of the thin
graphene in Stage III are determined by the ratio of the surface energies of the edge planes (EE)
and the basal planes (Es) through:?!

VLW/Nt = 2aEg/E (1)

where a is a constant, ideally equal to 1, and ¢ is the thickness of monolayer graphene ~0.34

nm.?! For the Stage III (Figure 5a), the dark red line, plotted using the value of Er/Egstage my=54
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as reported earlier for graphene,’* 3> matches the experimental data well when N<~30, above

which a small deviation is seen (to be discussed later).
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Figure 5. Different stages of the fragmentation and exfoliation processes, as separated by
the broken orange lines. (a) Variation of \/L_W with N of graphite/graphene in LPE, determined
using a combination of interferometry (for large/thick flakes) and AFM (for small/thin flakes)
(Section 14 of the SI). The material in Stage I11 was produced by tip sonication for 5 h in
aqueous in sodium cholate and subsequent centrifugation whereas the other materials were
produced by bath sonication in IPA/H,O for periods up to ~180 s without centrifugation (Section
11 of the SI). The solid black and dark red lines are drawn with a slope of unity, using equation
1, with Er/Egsiage =8 and Er/Egsiage =54, respectively. (b) AFM image of an exfoliated
graphene flake showing kink bands. (¢) SEM micrograph of graphite strips with kink bands that
had peeled but still remained on the parent flake. (d) Averaged NLW and L/W of exfoliated

graphene as function of N (Section 13 of the SI).
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Overall Process

We have found that equation 1 can also be used to describe Stage I. The solid black line
(Figure 5a) drawn for Stage I fits the experimental data very well, with Eg/Egsuge n=8. However,
this Ex/Egsuge 1) Value is lower than that determined experimentally for graphite ~24 (broken
black line).>3-57 The discrepancy is probably the result of processes occurring during LPE that
lead to a reduction in Eg for graphite, such as oxidative attack, or an increase in Es due to the
separation of the graphene layers being reversible at the edges. The data in Stage II are, however,
quite different from those in Stages I and III. This because the processes are not described by
equation 1, as kink band formation and the peeling of graphite strips in Stage II affect the
balance of energy consumption between fragmentation and exfoliation. The trenches (blue dots
in Figure 5a) have a larger LW but a similar thickness N to the graphite strips collected during
Stage II (red points in Stage II), as a result of the fragmentation of the peeled strips (Figures 4e-
1). Although the kink bands are only associated with the early stages of LPE, until N~30, they
lead to graphite strips being peeled off the parent flake. After being peeled off, the peeled strips
undergo further fragmentation and exfoliation in Stage III and eventually become exfoliated
graphene flakes, as evidenced by the structural similarities between graphite stripes that have
been peeled off the parent flake and exfoliated kinked/twined graphene flakes (Figures 5b and c).
The geometry of the peeled graphite strips, determined by the density of kink bands, will
strongly affect the geometry of the exfoliated graphene (Section 12 in the SI). It is found that for
a starting graphite with a higher defect density, both the lateral dimension and thickness of the
exfoliated flakes drop much more rapidly in the LPE process than for an original graphite with a

lower defect density (Section 12 of the SI).?°
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The data from Figure 5a in Stage III and the transition to Stage II are averaged and replotted on
linear scales in Figure 5d, along with the dependence of L/W on N, in order to investigate the
deviation of the experimental data from equation 1 when N>~30. A transition occurs at N~30,
where /LW starts to decrease more rapidly, due to the fact that the likelihood of kink band
formation starts to diminish and bending of flake becomes preferred.*? This is also reflected by
an increase of L/W at N~30, from the average L/W<2 for thicker graphene to L/W~3.4 as N
decreases (Figure 5d and Section 13 of the SI), in agreement with value L/W~2.5-3.0
demonstrated before.!s: 23 When the chance of kinking/twinning decreases at N<30, secondary
mechanisms, e.g. tearing from edges which is more likely to produce longer strips of graphene,*?
starts to dominate the fragmentation process.”® Any further exfoliation will take place primarily

through interlayer sliding or intercalation, as envisaged in earlier studies (Section 13 of the SI).>
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Figure 6. Three stages of fragmentation and exfoliation during LPE. Stage I (flake rupture

and kink band formation): large graphite flakes break into smaller ones through existing defects
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in the flakes, while the formation of kink bands also occurs. Stage II (peeling off of thin graphite
strips): rupture of graphene at the ridges of kink bands and unzipping through attack by oxygen
species during cavitation. This leads to the peeling off of graphite strips in which further kinking
and fragmentation also take place. Stage III (exfoliation to thin flakes): the peeled graphite strips
undergo further fragmentation and exfoliation until their thickness drops below N~30 where

other fragmentation mechanisms, e.g. tearing, possibly start to dominate.

Consequently, the fragmentation and exfoliation process can be summarized as the following
three stages (Figure 6):

Stage I - Flake rupture and kink band formation. SAWs generated from ultrasound appear
to cause a complex amount of damage that includes crystal fragmentation and kink band
formation. The kink band striations on the crystal surface generally lie along the ZZ direction
and mask a considerable amount of sub-surface damage. At this stage, fragmentation primarily
follows the existing large defects or those newly generated that penetrate through the whole
thickness of the flakes (Figure S1).

Stage II - Peeling of thin graphite strips. The wavelength of the SAW running across the
graphite crystal determines the penetration depth of kink bands/twins. The majority of the twins
in large crystals appear to penetrate only the flake surface (Figure 2 and Section 5 of the SI).
They have highly-strained and chemically-active ridges that can undergo oxidative attack due to
chemical species produced by cavitation in the solvents. Their fracture results in the graphite
strips between kink bands/twins being ‘peeled off” from the surface of the graphite flake. The
peeled graphite strips are eventually exfoliated to produce the thin graphene flakes that are
usually collected as the final product of LPE.3? The lateral dimension and thickness of the strips

that are peeled off, or the exfoliated graphene, depend on the density and penetration depth of the
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kink bands, while the lateral dimensions and thickness of the parent flake reduce only slowly.
This separation of small graphite fragments from the large parent flakes explains the bimodal
distribution of graphene observed previously.?>> 27 As the sonication time increases, more of the
larger parent flakes will become fragmented and hence the lateral size distribution narrows.?
This mechanism could also explain the phenomena that were observed previously during the
LPE of BN? and MoS,.3% 37 The rate of the peeling-off depends on the interaction between
graphite and the solvent.3>

Stage III - Exfoliation to thin flakes. The fragmentation and exfoliation mechanism through
a combination of basal plane slip and kink band formation with associated twin boundary
formation discussed above only applies to thick graphite, i.e. the early stage of LPE. The peeled
graphite strips are further exfoliated into thin graphene (Figure 5b and c¢). However, the kinking
and peeling processes diminish when the number of graphene layers approaches ~30, as
demonstrated by our previous study. This showed that for thin graphite flakes there is
energetically a competition between bending and kinking/twinning and that flake below ~30
layers thick will be unlikely to undergo kinking/twinning and subsequent peeling.*?> This is
consistent with the observation that after this stage any further reduction of the number of layers
and lateral dimension of graphite flakes becomes much more difficult even with significantly
longer sonication times.> This is thought to be the reason why it is difficult practically to
efficiently obtain graphene flakes with large lateral dimensions and small thickness,'? and why
the yield of monolayer graphene in LPE is not particularly high.!®

Although the present study has dealt only with LPE using ultrasound it is possible that similar
damage will be induced during other types of LPE, such as high shear mixing,!? as the result of

shockwaves caused by the collision events in the container (Section 15 of the SI). It is also
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shown in Section 16 in the SI that other 2D layered materials undergo similar processes. This is
because the analogous mechanisms of kinking, twinning and basal-plane slip are known to occur
in hBN and transition metal dichalcogenides,*? as are their oxygen-assisted fragmentation and
exfoliation.?3-37

These findings can be used to direct the mass production of graphene using LPE. For example,
the parent flakes produced in Stage II are large and thick so usually discarded in a cascade
process.!® Hence an increased production of the ‘graphite strips’, e.g. through increasing the
density/penetration depth of kink bands, could be key to improving the yield of few-layer
graphene and other 2D materials produced by LPE. In addition, optimization of the
density/penetration depth of kink bands could also lead to a larger LW and smaller N for the
exfoliated graphene. This might be realized by adjusting the sonication conditions such as

increasing power or time. !

CONCLUSIONS

In summary, three stages occurring during LPE of graphite using ultrasound have been
identified, each with different mechanisms involved. In Stage I, ultrasound first causes the
rupture of entire flakes following large existing defects, and causes a complex amount of damage
as the result of basal plane slip and the formation of kink bands containing twin boundaries. In
Stage II, the highly-strained and chemically-active kink band striations undergo oxidative attack
from species produced by cavitation in the solvents. The ridges of the kink bands fracture by
unzipping that results in strips of thin graphite between the kink bands being ‘peeled off” from
the surface. These then undergo further fragmentation and exfoliation in Stage III to produce

few-layer graphene flakes. These findings offer the rationale to optimize the yield, lateral
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dimensions and thickness of graphene and other 2D materials produced by LPE through
controlling the density/penetration depth of kink bands or/and the sonication conditions. Its
applications can be anticipated to extend to other 2D layered materials and other types of LPE,
such as high shear mixing, which will find even wider industrial applications.
METHODS

Liquid Phase Exfoliation. The single flake exfoliation process was studied using selected
large graphite flakes (Branwell natural graphite, grade 2369) mixed with different solvents, such
as an IPA/H,0 (volume=1:1) mixture, sodium dodecylbenzenesulfonate (SDBS)/H,0 (7 mg/ml)
mixture and deionized H,O.!% ¢ The vessel with a single graphite flake was either sonicated in a
sonication bath (37 kHz, ~820W, Elmasonic P70H, Elma Schmidbauer GmbH), or mounted onto
a metal stub and sonicated using a sonication tip (13 mm in diameter) coupled with a sonic
dismembrator (20 kHz, ~700W FB705, Fisher Scientific). Flake fragments were removed during
the sonication process and examined at different stages of sonication (mostly less than 100 s).
The distribution of lateral dimension and thickness of bulk quantities of graphite (Stages I and II)
was studied using graphite flakes (332461, Sigma-Aldrich) sonicated in an IPA/H,O (1:1)
mixture in the same sonication bath for a short time. In addition, exfoliated graphite/graphene
subjected to 5h sonication (Stage II and III) was obtained as previously reported.?! In brief,
Sigma Aldrich graphite (332461) was probe sonicated (Sonics VXC-500, i.e. 500 W, probe
diameter 13 mm) in an aqueous sodium cholate (SC) solution for 5 h. To facilitate AFM analysis,
which is challenging on polydisperse samples, the as-obtained dispersion was subjected to size
selection by liquid cascade centrifugation as detailed elsewhere.?! Centrifugation was performed
at 100 g, 400 g, 1 kg, 5 kg, 10 kg, 30 kg. All sediments were analyzed by statistical AFM. To

obtain nanosheets with intermediate thicknesses and lateral dimensions (i.e. between Stage II and
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III), the as-sonicated dispersion was centrifuged at 30 g, and the sediment collected. This sample
was left to settle overnight to allow non-exfoliated material to sediment and the supernatant
analyzed. Exfoliated graphite/graphene prepared using IPA/H,O with a 0.5 h sonication time was
obtained by sonicating with graphite powder (Sigma Aldrich graphite-332461) in a bath-
sonicater (Branson CPX3800) and centrifuged for 2 h at 30 g to remove unexfoliated crystallites
as sediment. The supernatant was decanted and drop-cast on Si/SiO, for AFM analysis.

Characterization. The materials were characterized using a range of techniques such as
optical microscopy (Eclipse LV100ND, Nikon), atomic force microscopy (QI™ mode,
NanoWizard 4, JPK Instruments) and white light interferometer (Contour GT, Bruker). Raman
spectroscopy (inVia Raman spectrometer, Renishaw) was conducted using laser A=633 nm and a
grating of 1800 line/mm. The laser power was kept low to avoid damage (<1 mW). For Stage III
graphite, AFM was carried out on a Dimension ICON3 scanning probe microscope (Bruker AXS
S.A.S.) in ScanAsyst in air under ambient conditions using aluminum-coated silicon cantilevers
(OLTESPA-R3). Corrections established earlier were applied to thickness'> and length,®!
respectively (Section 14 of the SI).

Scanning Electron Microscopy (SEM)/Energy-dispersive X-ray spectroscopy (EDX)/Electron
Backscatter Diffraction (EBSD) were carried out using a Sigma VP FEG-SEM (Zeiss). The
samples were removed during LPE process and mounted onto an SEM stub for analysis. For
EBSD analysis, the sample was mounted on a 70° pre-tilt sample holder, and an accelerating
voltage of 20 kV with a step size of 0.7 um in x and y directions. EBSD patterns were collected
and indexed with Aztec software. The MATLAB MTEX 5.2.3 toolbox is used for plotting the

orientation data.
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Focused ion beam (FIB) milling was carried out using a hybrid FIB-SEM system (Carl Zeiss
Crossbeam 540). For most cases a 30 kV Ga ion beam was employed. On two occasions the final
cross-section polishing has been completed using 5&2 kV beams. Final polishing was made with
beam currents of up to 2 pA. The SEM images were obtained using an in-lens and secondary
electron detector with compensation for 54° tilt.

Density functional theory (DFT) calculations were performed with the Vienna ab initio
Simulation Package (VASP).%>2 The exchange-correlation functional was described by the
Perdew-Burke-Ernzerhof version of the generalized gradient approximation®? and the core region
by the projector augmented wave method® with the cutoff of plane wave set as 400 eV. The van
der Waals (VDW) interaction is descripted by the Tkatchenko-Scheffler method.®> A 1x1x1 k-
point mesh is used for absorption of oxygen atoms on the ridge, which is formed by compressing
a flat graphene layer by 10%. The vacuum layer was larger than 0.8 nm to avoid interactions of
neighboring images. All structures were fully relaxed until the force on each atom was less than

10 eV/nm, using the plane-wave-based total energy minimization.
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