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a b s t r a c t

Ultrasound-assisted liquid phase exfoliation is a promising method for manufacturing of 2D materials in
large scale and sustainable manner. A large number of studies using ex-situ nano/micro structural
characterization techniques have been made to investigate the underlying mechanisms, aiming to un-
derstand the exfoliation dynamics. Due to the complex multiphysics and multi-length nature of the
process, those ex-situ methods cannot provide the real-time and in-situ dynamic information for un-
derstanding how exactly layer exfoliation starts and grows under ultrasound. Here, we used the ultrafast
synchrotron-X-ray phase-contrast imaging (a combined temporal resolution of 3.68 ms and a spatial
resolution of 1.9 mm/pixel) to study the exfoliation dynamics in real time and operando condition. We
revealed, for the first time, the fatigue exfoliation phenomenon at the graphite surface caused by the
imploding ultrasonic bubbles occurring cyclically in line with the ultrasound frequency. A multiphysics
numerical model was also developed to calculate the shock wave produced at bubble implosion and the
resulting cyclic and impulsive tensile and shear stresses acting on the graphite surface. Our research
reveals that the graphite layer exfoliation rate and efficiency are predominantly determined by the
number of imploding bubbles inside the effective cavitation bubble zone. The findings are valuable for
developing industrial upscaling strategies for ultrasound processing of 2D materials.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Two-dimensional (2D) materials with exceptional chemical,
physical and mechanical properties are the essential and funda-
mental building blocks for the next-generation multifunctional
devices and components, for example, in electronic and optoelec-
tronic devices, sensors, energy storage, catalysis, membranes, etc
[1e3]. The current challenge of manufacturing 2D materials is to
develop efficient, cost-effective and sustainable technologies for
making large 2D sheets in large quantity [4,5]. Ultrasound-assisted
r Ltd. This is an open access articl
liquid-phase exfoliation (ULPE) has been identified as one of the
promising technical routes for producing 2D large-size monolayer
or multilayer sheets (typically ~1 mm long and ~1e10 atomic layers
thick) with far fewer defects and less oxidation [5e8]. In the past 10
years or so, extensive research concerning the fundamentals and
efficiency of ultrasound processing of different types of bulk 2D
materials has been carried out [9e14]. For example, Alaferdov, et al.
[15] used a low power ultrasound bath (100 W, 37 kHz) to make
graphite nanoflakes from natural graphite powders of 1e3 mm.
They suggested that the shock waves and microjet flow produced
by the cavitation bubbles collapsed near the graphite flake surface
were big enough to break the graphite polycrystals. The pressure
required to separate two graphene sheets is estimated to be
7.2 MPa. Other mechanisms [8] proposed include i) unbalanced
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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compressive forces acting on two adjacent layers cause a shear-
induced exfoliation or ii) microjets acting as wedges in the
graphite interlayers and induce exfoliation. Recently, Li et al. [16]
studied, in an ex-situ manner, the time-evolved process of ultra-
sound exfoliation of graphite flakes. They can only characterize the
after ultrasound processed flake surfaces in different time intervals
using electron microscopy. They proposed that graphite flakes to
graphene under ultrasound take place in three distinct stages.
However, until now, systematic real-time and in-situ studies of the
ultrasound layer exfoliation dynamics have not been seen reported.
It is mainly due to the experimental challenge and difficulty in
capturing the highly transient and dynamic phenomena in the
liquid exfoliation process under ultrasound, e.g. the dynamic
changes of the alternating acoustic pressure and/or collapsing
bubbles occurring at ms and ns time scale. In this aspect, cavitation
phenomenon and exfoliation dynamics have been mainly studied
using numerical simulation [17,18] or molecular dynamics simula-
tions [19,20]. Modelling and simulation can provide more quanti-
tative information about the acoustic pressure transmission and
distribution in the liquid media; as well as calculate the shock wave
released kinetic energy and the stresses acting on the bulk mate-
rials when cavitation bubble imploded on top of the bulk materials
surface. However, because of the lack of real-time collected
experimental data, there are problems in the validation of those
models, especially for the initial or boundary conditions. Most
models used empirically or oversimplified assumptions in their
models and simulations, affecting greatly the robustness and ac-
curacy of the simulated results. Hence, there are still some key
scientific issues remained unsolved concerning the time-evolved
exfoliation dynamics. Firstly, it is not clear how exactly the 2D
layer exfoliation starts in a liquid medium at the early stage (i.e. at
the exfoliation nucleation stage). Secondly, in the following exfo-
liation layer growth stage, there is a lack of systematic and real-
time studies on the growing exfoliation layer length versus the
important processing parameters, e.g. acoustic pressure, ultrasonic
bubbles (including bubble number density), solvent types, pro-
cessing time, etc.

Here, we present our very recent work on using the ultrafast X-
ray phase-contrast imaging (PCI) method (up to 271,554 fps, a
temporal resolution of 3.68 ms and a spatial resolution of 1.9 mm/
pixel) to study the ultrasonic liquid phase exfoliation dynamics in a
bulk graphite material. We used the highly oriented pyrolytic
graphite (HOPG), instead of graphite powders or flakes, as the
experimental material as argued by Palermo et al. in their work
[21]. Because the bulk sheet HOPG samples can be held firmly in-
side a liquid medium at a fixed location (not moving with the
liquid) for X-ray imaging. In addition, the exfoliated layers can be
retained at the surface for further ex-situ characterization using, for
example, atomic force microscopy (AFM) and electron microscopy.

Approximately 5 Terabit ultrafast X-ray image datasets were
acquired through the systematic study, revealing the initiation of
the layer exfoliation and the growth dynamics of the exfoliated
layers. The real-time experimental observation was complemented
bymulti-physics numerical simulations to calculate the shock wave
produced at bubble implosion and the resulting cyclic and impul-
sive tensile and shear stresses acting on the graphite surface. The
fatigue exfoliation mechanism of graphite layers under the cyclic
bombardment of imploding ultrasonic bubbles was revealed and
quantified for the first time.

2. Materials and experimental methods

The experiment was carried out at sector 32-ID-B of the
Advanced Photon Source (APS) in the hybrid filling operation mode
[22,23] (one long electron bunch train of 500 ns plus one short
228
electron bunch of 50 ps as schematically illustrated in Fig. 1a). The
white X-ray beamwas used in the real-time experiment and it was
generated by the short-period (18 mm) undulator with the gaps set
at 12.5 mm. The 1st harmonic energy was located at ~24.4 keV with
a peak spectral flux of ~6.17 � 1013 phs�1mm�2/0.1% b.w. as shown
in Fig. 1b. The sample-to-detector (scintillator) distance was set at
~290 mm. The scintillator was LuAG: Ce, (with 70 ns delay time),
and the camera was Photron FastCam SA-Z with a 10� Mitutoyo
objective lens. The resulting spatial resolution was 1.9 mm/pixel. In
these experiments, three typical imaging frame rates (30,173
fps,135,780 fps and 271,554 fps) were used to image and record the
bubble dynamics and bubble interactions with the HOPG sheet. The
details of the parameters used are listed in Table 1 below.

The sample arrangement was shown in Fig. 1c. A quartz tube (an
outer diameter of 17 mm) was used to hold the liquid media. The
HOPG was in a sheet form with a dimension of
10 mm � 10 mm � 2 mm (Agar Scientific, Code AGG3389). It was
slotted into the groove of a specially designed quartz sample holder
and glued in place by using an HSS12 hot melt adhesive. De-Ionized
(DI) water (Fisher Chemical) of 11 ml or a similar amount of NMP
(Sigma-Aldrich, Grade�99.7%) were filled into the quartz tube by
using a biocoat disposable syringe. Three K-type thermocouples
(250 mmdiameter wire, marked as TC1, TC2 and TC3 in Fig. 1c) were
used to record the temperatures during the experiment.

TC1 was positioned inside the tube near the top surface of the
liquid. TC2 was also inside the tube but inside the cavitation zone.
TC3 was positioned at the same height as that of TC2 but on the
outside surface of the tube. The quartz tube was then mounted on
an X-Y-Z stage (named as the sample stage) at the beamline. A
Hielscher UP100H ultrasound generator with a fixed frequency of
30 kHz and a Ti-6Al-4V alloy sonotrode (MS2, 2-mm diameter tip)
was used to generate and transmit ultrasonic wave into the liquid.
They were mounted on another X-Y-Z stage (named as the ultra-
sound stage) at the beamline. Through careful manoeuvre and co-
ordination of the two stages, the centre of the sonotrode tip was
aligned with the right corner of the HOPG as illustrated in Fig. 2a
and b of the Results session. In the experiment, synchronization
among the Photron FASTCAM SA-Z camera, the X-ray millisecond
mechanical shutter (fast shutter) and the ultrasound generator
(UP100H) was made by using three digital delay/pulse generators
(Stanford DG535) and setting different time delays on each of them.
For a single video recording (i.e. one cycle of the shutter opening
and closing) as typically shown in Fig. 2 of the results section, the
‘starting’ trigger signal (t ¼ 0 s) was passed through a relay box and
a transformer to reach the ultrasound generator, the actual sono-
trode tip vibration started at approximately t¼ 298ms. Before that,
the trigger signal reached the camera and X-raymillisecond shutter
at approximately t ¼ 255 ms and 294 ms, respectively. Hence, the
camera recording started first, then the shutter was opened, and
finally, the ultrasound was triggered. After each image sequence
recording was completed (i.e. 70 ms recording), the shutter, camera,
and ultrasound were closed in reverse order. For continuous
recording as shown in Fig. 5, the camera and ultrasound stayed on
for a more extended period (at least 1 h), while the slow shutter
opened for a specific time interval (i. e. 10 s) for image recording. In
this way, the sample and detector were exposed to the X-ray only
when the slow shutter was opening. The details of image pro-
cessing and analysis are in the Supplementary Materials.

3. Results

3.1. Ultrasonic bubble cloud and cavitation zone in DI water and
NMP

Fig. 2a and b shows the highly dynamic behaviour of the



Fig. 1. (a) A schematic of the ultrasonic liquid phase exfoliation experiments conducted in operando conditions at sector 32-ID-B of APS. (b) the spectral photon flux generated by
the beamline's short period undulator (U18) set at a 12.5 mm gap. (c) the quartz tube for containing the liquid media (DI water or NMP), the sample holder for holding the HOPG
sheets, and the locations of three K-type thermocouples (marked as TC1, TC2 and TC3). (A colour version of this figure can be viewed online.)

Table 1
The X-ray and imaging parameters used in the experiment.

X-ray beam parameters Imaging parameters (Photron FASTCAM SA-Z)

Undulator gap
(mm)

Peak spectral flux [photons s�1 (0.1%
bandwidth)�1]

Sample-to-detector
distance

Acquisition rate
(fps)

Image size
(pixel � pixel)

Temporal
resolution (ms)

Spatial resolution
(mm pixel�1)

12.5 6.17 � 1013 290 mm 30,173 768 � 768 33.3 1.9
135,780 384 � 280 7.4 1.9
271,554 128 � 70 3.7 1.9
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ultrasonic bubbles (a cloud of bubbles) produced by the vibrating
sonotrode tip (the black area in Fig. 2a1) in typical four consecutive
ultrasonic cycles in DI water and NMP respectively. The bubble
clouds formed a highly dynamic bubble cavitation zone as sche-
matically delineated in Fig. 2a2 and 2b2. The bubble cavitation zone
observed in NMP (Fig. 2b2) was larger than that in DI water
(Fig. 2a2). Video1

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2021.10.014) (Supplementary Ma-
terial) illustrates more clearly the highly transient and dynamic
movement of the individual bubble and bubble cloud in the cavi-
tation zones, and bubble implosion at the HOPG top surface for the
two cases. The bubble behaviour changed rapidly and was cyclically
driven by the cyclic ultrasonic pressure field. Bubble implosions
occurred in the compressive part of the pressure cycle, producing
many hundreds of smaller bubbles (typically seen in Fig. 2a4 and
2b4). A large number of oscillating bubbles inside the bubble clouds
were seen to land on the HOPG top surface and imploded, causing
the HOPG top layers to expand and contract cyclically in the di-
rection perpendicular to the view field (see Video 1.
229
for the DI water case in particular). Statistical analysis was also
made to calculate the number of bubbles that appeared in the
cavitation zone. Fig. 2c shows the area fraction of the bubbles in
each X-ray image in Fig. 2a and b, and Fig. 2d shows the corre-
sponding bubble size distribution. In NMP, the average area fraction
of the cavitation bubbles was ~54%; while that in DI water was
~37%. The fitted curves in Fig. 2d indicate that the bubble sizes in
both cases follow the Lorentz-type distribution. To give a typical
example, the total number of bubbles in NMP in Fig. 2b4 was 948,
nearly twice that in DI water, 550 (Fig. 2a4). Statistical analysis also
indicated that in any ultrasound cycle, on average, approximately
11% (in DI water) and 8.4% (in NMP) of the total number of bubbles
in the cavitation zone reached the HOPG surface and imploded.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2021.10.014).

In our in-situ experiment, the arrangement of the sonotrode tip
and HOPG bulk sheet sample is schematically shown in Fig. 3a1.
After 10 min of ultrasonic processing, a series of feather-like strips
(exfoliated layers) on the surface of HOPG was observed as shown
in Fig. 3a2-a6 and Video 2. From the enlarged view of the red
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Fig. 2. Two typical image sequences (captured at 30,173 fps in 4 consecutive ultrasonic cycles), showing the dynamic behaviour of the bubbles cloud in the region between the sonotrode tip
and the HOPG top surface in (a) DI water, and in (b) NMP, respectively; (c) The area fraction of the bubbles in the images shown in 2a and 2b, (the baseline area for the calculation is the area
directly under the sonotrode tip marked by the red dotted rectangles in Fig. 2a4 and 2b4 respectively); (d) the bubble size distribution calculated from the X-ray images shown in (a4) and
(b4), respectively. (All cases are obtained under the measured acoustic power density of 207 W/cm2, more dynamic information is illustrated in Video 1). (A colour version of this figure
can be viewed online.)
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rectangle in Fig. 3a, cyclic bubble oscillation and implosion were
clearly illustrated at the exfoliated boundary (marked by a red ar-
row). Nearby feather-like strips (exfoliated layers) oscillated ac-
cording to the oscillation frequency of the bubbles. Video 2 shows
such dynamic behaviour more vividly. However, the X-ray image
has a spatial resolution of ~2 mmandwas not able to resolve the gap
between the adjacent exfoliated layers, nor the morphology of the
exfoliated layers. Scanning electron microscopy (SEM) examination
of the post-processed graphite top and side surfaces (Fig. 3bee)
confirmed that those layers were indeed the split graphite layer
bundles with a thickness of 10e20 mm. They were produced by the
continuous and cyclic bubble implosion bombardment onto the
original lamellar structure (see Fig. 3b). Within different layer
bundles, gaps between thin, submicron-sized sheets were also
created and expanded, which were most likely the initial sites
where graphite layer exfoliation started (see Fig. 3d). There were
230
also many distorted (zig-zag shaped) topological defects appearing
at the top surface after 60 min of ultrasound processing (compare
Fig. 3b with 3d; as well as Fig. 3c with 3e).

Using the highest frame rate at 271,554 fps (i.e. 3.68 ms between
image interval), the dynamic imploding process of an individual
bubble at the HOPG top surface in one ultrasonic period was
revealed (see Fig. 4a and Video 3

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2021.10.014, which are extracted
from the bubble cloud video sequence). At t ¼ 0 s, the bubble was
initially seen on the HOPG top surface with a radius of ~150 mm
(Fig. 4a1). It expanded to ~175 mm at 17 ms (Fig. 4a2) in the first
expansion half cycle of the pressure wave period. The bubble
imploded at 30.6 ms (Fig. 4a5), producing much smaller bubbles or
bubble fragments. Subsequently, two bubbles on the HOPG top
surface were seen to grow again in the next period (Fig. 4a6).

https://doi.org/10.1016/j.carbon.2021.10.014


Fig. 3. (a) A typical image sequence, showing graphite multilayer exfoliation dynamics driven by bubble implosion (at 30,173 fps) and (b)e(e) typical SEM micrographs of the surface
characteristics and morphology of the HOPG before and after ultrasound processing in DI water. (b) and (c) show the original conditions of the top surface and the side surface, respectively,
before ultrasound processing; (d) shows the de-bonded graphite layers at the top surface after 60 min of ultrasound processing; (e) shows the exfoliated graphite layer bundles from the side
surface after 60 min of ultrasound processing. (More vivid dynamic information can be seen in Video 2).
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To fully understand the interaction between imploding bubbles
and the graphite surface, we performed a bubble-fluid-structure
coupled numerical simulation based on the typically bubble dy-
namic phenomena as shown in Fig. 4a. The governing equations
and numerical methods used are described in detail in the Sup-
plementary Materials. The model is able to calculate the stresses
produced at the top surface of the HOPG due to the implosion of an
ultrasonic bubble. The stress components parallel and perpendic-
ular to the graphite layers of the HOPG are defined as the shear and
tensile stress, respectively. Fig. 4b and c shows that the bubble
implosion induced impulsive tensile and shear stresses, respec-
tively, immediately below the HOPG surface. At bubble implosion,
the impulsive shear stress propagated ~600 mmdeep into the HOPG
and reached a peak value of ~3.97 MPa at the HOPG surface. The
simulations show that, if a bubble implodes before it touches the
top of the HOPG, the calculated shear stress is higher than the
tensile stress. When an implosion occurs while the bubble touches
the top surface of the HOPG (typically shown in Fig. 4a), the lateral
component of the stresses, i.e. the tensile stress is higher than the
shear stress. The tensile stress is up to 6.8 MPa and only acts on the
surface or at depths of less than 60 mm. Fig. 4e delineates the tensile
stress distribution profile from the HOPG top surface to 60 mm
below the surface (i.e. along the white line 1 of Fig. 4b4). Its peak
values emerged on the surface of HOPG and dramatically decreased
with depth. More importantly, under the cyclic ultrasound pressure
field, bubble implosions and the resulting impulsive tensile stresses
occurred cyclically at the surface as typically indicated in Fig. 4d.
The gap between two consecutive stress pulses was calculated as
~50 ms, about ~17 ms longer than one ultrasound period. This extra
timewas for the pressure wave to propagate through the liquid and
then to act onto the HOPG surface. Clearly, such cyclic impulsive
stresses imposed a fatigue effect at the HOPG top surface.

3.2. Effects of bubble number density and processing time on
multilayer exfoliation

Fig. 5a and b shows two typical X-ray image sequences (at 30,173
fps) acquired during 60 min of ultrasound processing in DI water
and NMP, respectively, demonstrating the effects of bubble number
density and processing time on multilayer exfoliation dynamics
and efficiency. Video 4

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2021.10.014 (for DI water) and
Video 5

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2021.10.014 (for NMP) show the
cyclic movement of the exfoliated multilayers at some typical
processing time. In both cases (see Fig. 5a1 for DI water and Fig. 5b1
for NMP, respectively), layer exfoliation started at the top-right
edge. A series of feather-like strips appeared and developed as
the ultrasonic processing continued. The exfoliated layers became
clearer andmore visible at the later stage (Fig. 5a4 and 5b4, Video 4
and Video 5). In the X-ray images shown in Fig. 5a and b, there were
distinct boundaries (marked by the red arrows) between the orig-
inal HOPG and the feather-like graphite bundles exfoliated, repre-
senting the exfoliated boundary length. The growing length of such
boundaries versus time was measured and shown in Fig. 5d. In
NMP, the exfoliated boundary length reached 712 mm in the first
10 min, while in DI water, it took ~40 min to reach the peak value
Fig. 4. (a) A sequence of X-ray images in one ultrasonic period in DI water (at 271,554 fps)
bubble-fluid-structure coupled numerical modelling was developed (See the Supplementar
(c1)-(c4) distributions in HOPG materials induced by the single bubble implosion. (d) Show
(data were extracted at 0 mm, 30 mm and 60 mm below the HOPG top surface as indicated by l
along line 1 in Fig. 4b1-4b4. (A colour version of this figure can be viewed online.)
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(~612 mm). In the region containing the exfoliated feather-like
graphite bundles, by drawing a straight line perpendicular to the
bundles and analysing the grey value distribution along such line
(detailed in the Supplementary Material), we extracted the infor-
mation about the length and the thickness of each exfoliated
graphite layer bundle. Fig. 5e shows the exfoliated length of a
single-layer bundle at the three typical points indicated in Fig. 5a3
and 5b3. In NMP it was in the range of 590e940 mm, approximately
twice the length of those in DI water (320e410 mm). The difference
in the exfoliation rate is presented and discussed in section 4.2.
Also, the liquid temperatures were different in the two cases. Fig. 5c
shows that the temperature in NMP and DI water reached a rela-
tively constant values of 81 �C and 68 �C after 20min ultrasound
processing, respectively.

3.3. Layer exfoliation by the fatigue effect of cyclic impulsive
stresses

To understand quantitatively the fatigue effect on HOPG layer
exfoliation due to the impulsive stresses, we established the fatigue
tensile stress e fatigue life relationship (the S eN curve) for the
HOPG layer using the equations below:

N¼CS�j (1)

lgN¼ lgC � jlgS (2)

Where S is the fatigue tensile stress, N is the number of cycles to
failure, C and j are the material constants. We used the very rich
fatigue datasets obtained from the pile grade X (PGX) graphite to
establish the S e N relationship [24]. Fig. 6a shows the referenced
data (black crosses) and the fitted S e N curve, expressed in the
number of ultrasound cycles as well as the actual ultrasonic pro-
cessing time. jandCwere calculated as 47.07 and 1.66 � 1044

respectively. In addition, the averaged exfoliated layer lengths for
the two cases as a function of ultrasound processing time are
shown in Fig. 6b. The actual cavitation bubble zones are also drawn
schematically in Fig. 6b for easy comparison.

Fig. 6a clearly illustrates that, at a given tensile stress level, for
the graphite directly below an imploding bubble, layer exfoliation
(i. e. debonding or breaking of graphite layers) occurs when the
ultrasonic processing time (or a number of ultrasound cycles) ex-
ceeds its fatigue life. As described in Fig. 6a and Fig. S2 (Supple-
mentary Materials), the magnitude and frequency of the impulsive
stresses are closely linked to the conditions of the imploding bub-
bles, i.e. the size and number density of the bubbles and the pres-
sure field in the cavitation zone. Brown SeN curve represents the
fatigue exfoliation behaviour of the HOPG under the continuous
implosion impact of a single bubble. On this curve, the red dotted-
line box indicates that at a stress level of 6.8e7.1 MPa, layer exfo-
liation occurs in 1e10 s. While at the tensile stress level of
6.2e6.5 MPa (the green dotted-line box), exfoliation occurs in
1e10min. Statistical analysis of the bubble behaviour shows that, in
an ultrasound cycle, approximately 11% (60 bubbles in DI water)
and 8.4% (80 bubbles in NMP) of the total number of bubbles in the
cavitation zone landed on the surface of HOPG and imploded.
Statistically, the probability of the bubble landed and imploded at
any particular location on the HOPG surface are equal. Hence, in any
one ultrasound cycle in the studied conditions, there were ~16
, showing the oscillation and implosion of a single bubble at the HOPG top surface. A
y Materials for details), and the time evolved tensile stress (b1)-(b4) and shear stress
s the impulsive tensile stress profiles in 10 ultrasound cycles due to bubble implosion
ine 1 in Fig. 4b4). (e) In a single ultrasound cycle, the time-evolved tensile stress profiles

https://doi.org/10.1016/j.carbon.2021.10.014
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Fig. 5. Two typical image sequences (at 30,173 fps), showing the HOPG multilayer exfoliation process in 60 min of ultrasound processing in (a) DI water, and (b) NMP respectively
and the red arrows show the boundary of an exfoliated area. (c) the liquid temperature profiles recorded by the thermocouple, TC2; (d) the length of the exfoliated boundary (length
of red arrows in (a) and (b)). (e) The length of the exfoliated individual layer bundle (for example, the length of the dotted line connecting point P2 and the exfoliated boundary was
considered as the exfoliated layer length at P2, similarly for points, P1, P3, etc.) as a function of processing time. (More dynamic information can be seen in Videos 4 and 5). (A colour
version of this figure can be viewed online.)
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bubbles imploding at the same location for the case of DI water, and
~22 bubbles for the case of NMP. The fatigue exfoliation behaviour
due to such multiple bubbles implosion effect is reflected by the
light green and light purple SeN curves in Fig. 6a. For example, at a
fatigue stress of 6.2 MPa (indicated by the dotted red line in Fig. 6a),
the time needed for layer exfoliation to occur due to the fatigue
effect of a single bubblewas 10min. In the actual conditionwith the
fatigue effect from multiple bubbles implosion, the time for exfo-
liation was shortened to 0.83 min in DI water and 0.62 min in NMP.
Furthermore, Fig. 6b (the data were reproduced from those shown
in Fig. 5e) clearly illustrates that the layer exfoliation length
increased almost linearly with the processing time inside the
cavitation zone. It reached the maximum lengths for both cases
approximately in the first 10 min of ultrasonic processing. Outside
the cavitation zone, layer exfoliation events effectively stopped.
4. Discussion

4.1. Fatigue mechanisms of ultrasonic exfoliation in liquid

The liquid exfoliation mechanisms of bulk 2D materials under
234
ultrasound have been a subject of intensive research and debate for
more than a decade. Previously, the generally accepted hypothesis
is that the alternating acoustic pressure field causes sudden
collapse of cavitation bubbles, producing micro jets and shock
waves which could impose compressive stress onto the bulk 2D
layers. The compressive stress could turn into tensile stress after
propagation from one surface to the opposite surface, pulling apart
the 2D layers and overcoming the energy barrier to achieve exfo-
liation. For individual flakes, the microjets and shock waves were
also identified as the driving force for further fragmentation
[14,25]. Very recently, Li et al. [16] and Backes et al. [26] also
revealed that 5 s of acoustic-pressure exposure could rupture large
graphite flakes and form kink band striations on the flake surfaces.
Then cracks could initiate along these striations, and together with
intercalation of solvent, lead to the unzipping and peeling off of
thin graphite strips. However, those hypotheses and explanations
were mostly based on post-processing microstructural analyses,
lacking the real-time obtained in situ evidence. Our real-time
investigation showed that the applied ultrasonic pressure wave
and bubble implosion played different roles in the process of layer
exfoliation and was far more complicated than previously



Fig. 6. (a) The SeN curve (the brown curve) obtained by fitting the graphite fatigue data (black crosses) referenced from [24]. It represents the SeN curve of the HOPG due to the
fatigue effect of a single imploding bubble. The other two SeN curves consider the actual number of imploding bubbles at the HOPG surface in DI water (the light green curve) and
NMP (the light purple curve) respectively. (b) The average length of the exfoliated layers as a function of ultrasound processing time in DI water and NMP, respectively. The data
were averaged from the measured exfoliation length data illustrated in Fig. 5e. The cavitation bubble zones (the colour-shaded areas) are also shown in (b), indicating clearly that
layer exfoliation events occur inside the cavitation zone. (A colour version of this figure can be viewed online.)
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suggested. In the studied condition, the acoustic pressure trans-
mitted through the liquid onto the HOPG top surface was normally
lower than ~1 MPa (see Fig. S2 in Supplementary Materials). It
would be impossible for such low pressure to cause anymechanical
breakdown of the HOPG sheets (see Fig. 6a). The bubble implosion,
on the other hand, played the dominant role in exfoliation. The
continuous bubble bombardment and implosions at the HOPG top
surface produced repetitive and impulsive stresses in par with the
ultrasound period. The tensile stress induced by bubble implosion
mostly acts on the surface or at depths less than 300 mm, such
tensile stresses were in the range of 3e7 MPa, adequate to expand
the interlayers spacing and produce breakdown for the layers at the
top surface in the early stage of exfoliation. This simulated stress
range is very close to the theoretical estimate in the previous study
[15,27]. The tensile stresses continue to act on the junctions be-
tween the exfoliated layer and the original bulk material when
exfoliation starts. The unique advantage of ultrasonic processing is
that if the points of exfoliation remained inside the cavitation zone,
such points would be subject to continuous multiple bubble
implosion. The exfoliation rate is multiplied by the number of
bubbles imploded at the same location. Hence the exfoliation rate
could be accelerated tens of or even hundreds of times by con-
trolling the number density of the bubbles in the cavitation zone,
which can be easily achieved by optimizing the ultrasound pa-
rameters for maximizing cavitation bubbles. For example, in the
case of the DI water, the number of bubbles in a single wave period
was about 550, and statistically, 11% of these bubbles reached the
HOPG surface and then imploded. This means that there were 16
implosion events at one particular location in each wave period
that accelerated the fatigue exfoliation by a factor of 16 times as
indicated by the light green SeN curve in Fig. 6a. Similarly, a light
purple SeN curve in Fig. 6a shows the NMP case. Such new insight
can only be revealed by real-time and in situ studies. Any previous
post-processing structural analyses cannot provide such dynamic
information. Fig. 6b also clearly indicates that within the cavitation
zone where continuous and sufficient supply of imploding bubbles
was maintained, the exfoliation rate was sustained at a constant
rate for both cases, until the location for exfoliation moved out of
the cavitation zone. The X-ray images and videos showed that the
cavitation bubble zone was larger in NMP than that in DI water and
the bubble number density in NMP was nearly double that in DI
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water, resulting in 2.26 times more bubbles imploding at the sur-
face of HOPG. Hence, the average exfoliation rate in NMP (76.5 mm/
min) was almost twice that in DI water (36.5 mm/min). Clearly, the
number density of bubbles is the dominant factor for the layer fa-
tigue exfoliation. The fatigue mechanisms discussed above are
applicable to the bulk HOPG and other graphite sheet materials as
well. For other forms of graphite materials, e.g. powers or flakes,
further real-time investigations are underway and the new findings
will be reported elsewhere separately.

4.2. Effects of solvent and ultrasound processing time on layer
exfoliation

A number of studies have been conducted to investigate the role
of solvents in ultrasonic exfoliation [28e31]. It was suggested that
the solvents generated an energy barrier to prevent neighbouring
graphene sheets from aggregation while the exfoliation dynamics
was not affected [32]. In our study, Fig. 5e demonstrated that the
exfoliation rate in NMP was higher than in DI water. The faster
exfoliation rate in NMP is caused by the higher density of cavitation
bubbles in NMP than in that in DI water as discussed in the previous
section. The higher number of bubbles generated in NMP is due to
the low vaporization pressure threshold in NMP, which is a critical
parameter for the generation of cavitation bubbles. The vapor-
ization pressure threshold of NMP is 0.3466 mmHg at 25 �C, 68.3
times lower than that of DI water (23.68 mm Hg at 25 �C) [33].
Hence, the energy required to form cavitation bubbles in NMP is
significantly lower than that needed in DI water. As the results,
under the same ultrasound input power condition, much more
bubbles were produced in the NMP than those in the DI water. In
addition, the depth of the cavitation zone in NMPwas 1440 mm and
that in DI water was 921 mm. This also explains why the length of
the exfoliated single layer was longer in NMP than that in DI water
as shown in Figs. 5e and 6b.

5. Conclusions

The dynamic mechanisms of ultrasound liquid exfoliation of
bulk graphite sheet material have been studied in operando con-
ditions by ultrafast synchrotron X-ray imaging, complemented by
multiphysics numerical modelling. The key findings of the research
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are:

1. The exfoliation dynamics under periodic bombardment of ul-
trasonic bubble implosionwere observed and revealed in situ for
the first time using a special in-operando experimental appratus
and ultrafast X-ray imaging. Bubble implosion created cyclic
impulsive tensile and shear stresses into the graphite with a
peak value up to 6.8 MPa, producing very efficient graphite layer
exfoliation occurring in a fatigue manner in a time scale from
seconds to minutes.

2. The layer exfoliation rate and efficiency were predominantly
determined by the number of imploding bubbles inside the
effective cavitation bubble zone. In the studied conditions, the
number density of the ultrasonic bubbles in NMP was nearly
doubled than that in DI water, resulted in an average graphite
layer exfoliation rate of 76.5 mm/min in NMP as compared to
36.5 mm/min in DI water.
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