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Ultrasonic cavitation shock wave exfoliation dynamics
of 2D materials revealed in situ by MHz XFEL imaging

and multiphysics modeling
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Using megahertz x-ray free electron laser imaging with x-ray pulses of ~25 femtoseconds and a machine-learning
strategy, we have conducted comprehensive in situ imaging studies on the dynamics of cavitation bubble clouds
in ultrasound fields at the SPB/SFX beamline of the European XFEL. The research unambiguously revealed the
quasi-simultaneous implosion of multiple bubbles and simultaneous collapse of bubble cloud in nanosecond
scale and their dynamic impacts onto two-dimensional (2D) materials for layer exfoliation. We have also per-
formed multiphysics modeling to simulate the shock wave emission, propagation, impact, and stresses produced.
We elucidated the critical conditions for producing instant or fatigue exfoliation and the effects of bonding strengths
and structural defects on the exfoliation rate. The discoveries have filled the long-standing missing knowledge
gaps in the underlying physics of exfoliating 2D materials in ultrasound fields, providing a solid theoretical foun-
dation for optimizing and scaling-up operation to produce 2D materials in a much more cost-effective and sus-

tainable way.

INTRODUCTION

Cavitation bubbles are vapor-filled cavities (or voids) in a continu-
ous liquid medium, which are generated when a local volume within
a liquid is subjected to sufficiently low pressure. These phenomena
are commonly found in nature (rivers, lakes, oceans, etc.) and in
man-made engineering systems (pumps, propellers, chemical mix-
ing machines, etc.) (1, 2). When high-power acoustic waves are ap-
plied into a liquid, hundreds to thousands of cavitation bubbles
(often called a bubble cloud) could be produced in the regions with
sufficient variation of acoustic pressure. Although a huge number of
studies have been conducted on the dynamic evolution of a single
bubble (its initiation, growth, oscillation, and implosion) in a liquid-
bubble system (3), systematic research activities on the dynamic
behavior of bubble clouds have been very limited because of the
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challenges of conducting suitable experimental observations and
the prohibitive cost, time, and complexity for performing meaning-
ful numerical simulations. However, an in-depth and comprehen-
sive understanding of bubble cloud dynamics would have profound
impacts on many physical, biological, and environmental disciplines
(3). Currently, one strategically important, green, and sustainable
modern development is the uses of ultrasound to enable highly ef-
ficient, low-cost, and environmentally friendly chemical synthesis
and processing of structural and functional materials (4, 5). Among
these, two-dimensional (2D) functional materials have many unique
and superior optical, electrical, and magnetic properties and have
enormous application potentials in energy storage, catalysis, and na-
noelectronics (6-9). The current challenge of manufacturing 2D
materials is to develop efficient, cost-effective, and sustainable tech-
nologies for making large 2D sheets in substantial quantities (10-
15). Ultrasound liquid phase exfoliation (ULPE) has been identified
as one of the most promising environmentally friendly and low-cost
technical routes for producing 2D large-size multilayers (typically
~1 pm lateral size and ~1 to 10 atomic layers thick) with far fewer
defects and less surface oxidation compared to other routes, e.g.,
mechanical cleavage or chemical vapor deposition (14-16).

In the ULPE process, there are complex and dynamic interactions
among the solvent, cavitation bubbles, ultrasonic shock waves, and
2D solid materials across multilength (nanometers to millimeters)
and multitime (nanoseconds to seconds) scales (4, 17-20). Extensive
research has been carried out in the past decades to understand the
dynamic links between cavitation bubble dynamics, shock wave gen-
eration, and propagation, as well as layer exfoliation (4, 5, 17, 21, 22).
For example, Li (23) suggested that the ultrasonic bubbles produced
in sonication broke the graphene sheets into nanofragments. Cravotto
(10) and Alaferdov (24) pointed out that cavitation-induced shock
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waves exerted high elastic acoustic energy on the graphite sheets
to facilitate exfoliation. Lotya (25) reported that the shock waves
produced at the collapse of bubbles could act on the crystal edges,
overcoming the van der Waals bonds between adjacent layers. De-
spite these advances, currently, there is no experimental technique
capable of resolving the dynamics of atomic-layer exfoliation under
ultrasonic cavitation in real time. Techniques such as transmission
electron microscopy or atomic force microscopy offer nanometer
resolution but are inherently limited to postmortem imaging or
steady-state probing and thus cannot capture the ultrafast transient
nature of cavitation bubble and graphite interactions (26). Our very
recent in situ and real-time studies using ultrafast synchrotron x-ray
(4, 18) and high-speed optical imaging (17, 27) indicated that graph-
ite layer exfoliation under ultrasound is a far more complicated
process than previously proposed. The onset and growth of the
exfoliated layers often occurred in a cyclic fatigue manner closely
linked to the amplitude and time of the ultrasonic waves applied (4).
However, because of the limited spectral brightness (brilliance) of
the synchrotron sources at the imaging rate of megahertz or higher,
the nanosecond timescale and nanometer-length scale layer exfolia-
tion dynamics at the instant of bubble implosion and shock wave
impact have never been clearly revealed. Hence, many fundamental
issues in this field remain unsolved and are still subject to intense
debates. Recently, we used the megahertz x-ray microscopy (28-30)
available at the European X-ray Free Electron Laser (EuXFEL),
Schenefeld, Germany (see Fig. 1 and fig. S4) to study the highly
transient phenomena of ultrasonic bubble implosion, shock wave
propagation, and their effects on the onset of layer exfoliation and
subsequent layer growth dynamics in two different graphite materi-
als, i.e., highly oriented pyrolytic graphite sheets (HOPG) and natu-
ral graphite flakes (NGFs).

The femtosecond x-ray pulses produced at the EuXFEL have
a typical peak brilliance of 10** photons s™* mm™ mrad~%/0.1%
bandwidth (~10” times brighter than those from the third- or
fourth-generation synchrotron sources). Such extremely brilliant fem-
tosecond pulses coupled with a tunable pulse train structure allowed
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us to take x-ray images at megahertz frame rate without motion blur,
which is often found in the synchrotron x-ray images when operated
in the megahertz domain. We integrated the megahertz x-ray micros-
copy with our unique ultrasound processing unit at the SPB/SFX
(single particles, clusters, and biomolecules and serial femtosecond
crystallography) instrument of the EuXFEL and collected ~4.9 TB
of x-ray movies in carefully designed and well-controlled experi-
mental conditions. We have systematically captured at a micrometer-
nanosecond resolution the highly transient dynamic phenomena,
including the nucleation of ultrasonic cavitation bubbles, their growth
and implosion, the onset of local shock waves, as well as their propa-
gation and impact onto the graphite materials. Using a dedicated ma-
chine learning (ML) strategy, we performed comprehensive analyses
on those TB of image data and extracted the most important scien-
tific evidence, which is indispensable for implementing multiphysics
numerical simulation. This approach enables us to reconstruct the
evolution of stress fields at the graphite interface and to identify
the defect-amplified stress concentrations that are sufficient to exceed
the interlayer bonding threshold, thereby providing a physically
consistent cross-scale link to molecular exfoliation processes. For ex-
ample, movie S1 (all movies are in the Supplementary Materials)
contains the typical full-frame x-ray images selected from the con-
secutive trains (the intertrain images, i.e., one image from one
train), and movie S2 contains the typical full-frame images within
one pulse train (the intratrain images) for the HOPG. Movies S3 and
S4 contain the corresponding images for the NGF cases. Such com-
prehensive and synergistic studies have allowed us to fully reveal
and elucidate the complex and coupled underlying physics in ultra-
sound exfoliation of graphite materials. In particular, how powerful
local shock waves were produced by the collective implosion of the
cavitation bubble cloud, and how such shock waves produced dif-
ferential impulsive and cyclic stresses onto the graphite layers, which
was the most dominant driving force for the layer exfoliation and
closely linked to the structure defects of the graphite materials.
These discoveries have filled the long-standing knowledge gaps
in this very important research field. The findings are critical for the

Graphite sheet

Fig. 1. The megahertz x-ray microscopy and x-ray pulse train configurations. From left to right: The x-ray (20 keV) pulse train structures. Each train contains 256
pulses (25-fs duration for each pulse) with 886-ns interval between two consecutive pulses, providing an intra-burst frame rate of ~1.13 MHz. Two Shimadzu HPV-X2
cameras were used, each recorded 128 images in ~3.5 ultrasound periods. The field of view is 1280 pm (horizontal) by 800 pm (vertical) with an effective pixel size of 3.2 pm.
The sonotrode tip was positioned 1 to 2 mm above the graphite sample. Typical x-ray images show the bubble clouds and the shock wave impact at the graphite top
surface, exfoliating multiple graphite layers at nanosecond timescale. The scanning electron microscopy images show the exfoliated graphite layers consisting of many

sub-micrometer lamellae after ULPE processing.
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optimization and scale-up of ULPE for producing 2D materials in a
much more efficient, cost-effective, and sustainable way.

RESULTS

The shock wave produced by a single bubble and its
interaction with a graphite layer

Figure 2 (A and B) shows the implosion dynamics of a single bubble
(see movie S5 for the full set of images; fig. S7 also clearly shows
where the images of Fig. 2A were cropped from). Clearly, a near-
circular bubble with an initial radius of ~50 pm underwent violent
contraction. Typical distorted bubble patterns (C shape) were repeat-
edly observed, indicating the onset of instability at the circular bub-
ble boundary under the alternating pressure field, and these were the
precursors of bubble implosion. Figure 2C shows the simulated im-
plosion dynamics of a single bubble (detailed in sections S1.1 and
S1.2 of the Supplementary Materials), illustrating the emission and
propagation of the shock waves at the instant of bubble implosion.
The pressure contour maps in Fig. 2C and the pressure wave propa-
gation as a function of time and distance (Fig. 2E) indicate that the
maximum pressure at the bubble implosion center reached ~5.0 MPa
with a duration of ~20 ps. At a distance of 1000 pm from the center,
the pressure very rapidly decayed to below ~0.8 MPa.

Figure 2D (movie S6) shows another typical case where a single
bubble was imploding near a graphite layer (fig. S8 also shows clear-
ly where the images were cropped from). The implosion caused the
layer to be deflected instantly. Unlike the implosion of a free bubble
(i.e., without any nearby obstacle), the bubble was spatially constrained

Bto/

to+25<. 2591'

D Graphlte layer,
e

10.68 us
9

21%36 us

SO

N
Pressure (MPa)

24. 03 us

by the graphite, resulting in a distorted elliptical shape. The simula-
tion (Fig. 2F) shows that the impulsive stress due to the shock wave
impact at the graphite surface reached ~1.5 MPa, causing the graph-
ite layer to be deflected by ~3.3 pm in 2.67 ps, with a peak deflection
velocity of ~1.4 pm/ps.

The shock wave produced by multiple bubbles and the
interactions with a graphite layer

Figure 3 (A and B) (also see movie S7) show the implosion dynamics
of three bubbles, and Fig. 3C shows the simulated shock wave emis-
sion and propagation. Figure 3A shows that, when the first bubble
imploded, the other two bubbles imploded successively and frac-
tured into several smaller bubble fragments in a period of ~10 ps
(from the second to the fifth images). Clearly, there existed a very
short time gap (i.e., ~5 ps) between the implosion events of different
bubbles. Such quasi-simultaneous implosion events result from rap-
idly evolving, highly complex local conditions including oscillatory
acoustic pressure field, secondary pressure waves, microjet-induced
perturbations, and bubble-bubble hydrodynamic interactions, etc.,
which occur too quickly to be clearly captured even with megahertz
imaging. The complementary simulation results (Fig. 3, C and E)
indicate that, compared to the single bubble case, the shock waves
produced by the multiple bubble implosion generated three pres-
sure peaks (with varied intensity) due to the interference of the local
pressure waves produced by each individual bubble, inducing some
form of instability or resonance. The maximum peak pressure could
reach ~6.0 MPa because of one bubble implosion that perturbs the
pressure condition for “triggering” the next bubble implosion.
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Fig. 2. The implosion dynamics of a single bubble, the shock wave propagation, and its interaction with a graphite layer. (A) The typical raw x-ray images and
(B) the corresponding ML-processed and binarized images (see movie S5), showing the implosion dynamics of a single bubble. (C) The simulated bubble implosion dy-
namics (left half) and pressure fields (right half). The propagation fronts of the shock waves were indicated by the pressure contour lines. (D) The dynamic interactions
between a single bubble and a graphite layer (see movie S6), showing the deflection of the graphite layer caused by the shock wave impact. (E) The calculated pressure
profiles as a function of time and distance. 0, 50, 100, 500, and 1000 pm from the bubble implosion center as indicated by the arrow in (C). (F) The time-evolved impulsive

stress and relative deflection of the graphite layer shown in (D).
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Fig. 3. Shock wave produced by the implosion of multiple bubbles and the interaction with a graphite layer. (A) The typical normalized x-ray images and (B) the
corresponding ML-processed and binarized images (see movie S7), showing the implosion dynamics of three bubbles. (C) The simulated bubble implosion dynamics (left
side) and pressure fields (right side). The propagation fronts of the shock waves were indicated by the pressure contour lines. (D) The dynamic interactions between the
bubbles and the graphite layer (see movie S8), showing the deflection of the graphite layer caused by the shock wave impact. (E) The calculated pressure waves as a func-
tion of time and distance for different bubbles. B1 (0 pm), B1 (20 pm), and B1 (40 um) are the horizontal distances from the bubble B1 implosion center, as indicated by the
white arrow in (C). These bubble implosions occur within microseconds of each other, likely due to local pressure perturbations amplified by earlier collapses. (F) The
time-evolved impulsive stress and relative deflection of the graphite layer shown in (D).

Figure 3D (movie S8) shows a typical scenario of shock wave
impact at the graphite layer. When the first shock wave arrived, the
graphite layer deflected very slightly. However, the second shock
wave generated the strongest impact force, deflecting the graphite
layer instantly by ~7.8 pm. The instantaneous deflection velocity reached
~3.1 pm/ps, and the highest impulsive stress in the graphite layer was
calculated to be ~5.0 MPa (Fig. 3F).

The shock wave produced by bubble cloud collapse and the
effect on layer exfoliation

In a fully developed ultrasonic cavitation zone, there exist hundreds
or even thousands of micrometer-sized bubbles depending on the
size of the cavitation zone. The megahertz imaging technique al-
lowed us to systematically image and study the bubble cloud implo-
sion dynamics. However, it is virtually impossible to perform sensible
numerical simulations. Hence, we again used the machine leaning-
assisted strategy to analyze the bubble cloud characteristics, i.e.,
calculating the evolution of bubble numbers (the area fraction of
the bubbles in a representative field of view) as a function of pres-
sure and time.

Xiang et al., Sci. Adv. 11, eady9558 (2025) 28 November 2025

Figure 4B (movie S9) shows the number and area of the bubbles
in a representative area in the cavitation zone as function of ampli-
tude and time in ~3.5 ultrasound periods (Fig. 4A). Clearly, the sec-
ond image in Fig. 4B shows that most of the bubbles imploded at
that moment (i.e., t = fo + 3.56 ps). Hence, the number of bubbles
and the bubble area fraction reached their minimum values, indicat-
ing the arrival of the superposed shock waves due to the simultane-
ous collapse of the bubble cloud. Under the influence of such shock
wave impact, the graphite layer deflected significantly downward by
~11.0 pm (Fig. 4C) with a peak instantaneous velocity of ~3.7 pm/ps
(Fig. 4D). Subsequently, the third image in Fig. 4B shows that most
bubble fragments produced by such collapse appeared again, start-
ing to regrow and expand into a relatively mature bubble cloud
again in the next ~3 ultrasound periods. At t = f5 + 99.68 ps (the
ninth image in Fig. 4B), the bubble cloud collapsed again, producing
similar shock waves and a similar level of deflection onto the graph-
ite layer. The observed deflection events occurred within ~0.89 ps
following the collective collapse of bubble clouds. Given that the dis-
tance from the sonotrode tip to the graphite surface was set as ~1 mm,
we can estimate a shock wave propagation speed of ~1.12 mm/ps
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Fig. 4. The shock wave produced by the simultaneous collapse of bubble cloud

and the effect on HOPG layer exfoliation. (A) The amplitude of the ultrasound

applied. (B) The calculated bubble area fraction as a function of amplitude and time. (C) The relative deflection and (D) velocity of the HOPG layer versus time. The inset
in (C) shows the cross-sectional view of the deflection of the HOPG layer. Please see fig. S11 and movie S9 for more details of the bubble evolution and HOPG layer

exfoliation dynamics.

(i.e., ~1120 m/s), which is comparable to the previous measure-
ment results (31). Such cyclic arrivals of the shock wave impact were
clearly shown in movie S9. While between the arrivals of the two
superposed shock waves, the bubble clouds oscillated continuously
or imploded without producing any sensible shock waves (see the
fourth to eight images in Fig. 4B); hence, the graphite layers only
vibrated gently in a scale of 0.1 to 0.3 pm, with a mean deflection
velocity of ~0.1 pm/ps (Fig. 4, C and D). Such clear and unambigu-
ous evidence from the megahertz images provides a convincing ar-
gument that the locally superposed shock waves produced by the
bubble cloud collapse are the predominant driving force for produc-
ing layer exfoliation.

Figure 5 (movie S10) shows another typical case of NGF exfolia-
tion in one pulse train, which is a very similar scenario to that of the
HOPG. When the superposed shock waves arrived (the second im-
age in Fig. 5B, i.e., t = ty + 50.73 ps), the rightmost graphite layer
bundle deflected by ~11.7 pm in 2.67 ps, with a peak velocity of ~4.7 pm/
ps (Fig. 5, C and D, and more vividly in movie S10). However, in the
next tens of microseconds, the opened graphite layer bundle did not
bounce back immediately but continued to sway sideways until the
next shock waves arrived. In addition, Fig. 5C also shows that an-
other deflection event occurred at t = fy + 153.97 ps, following a
subharmonic periodicity of ~3 ultrasound periods, which is highly
consistent with the observations in the HOPG case (Fig. 4).

Shock wave propagation, interference, and the impact force
acting on graphite multilayers

We used a density-based solver to simulate the shock wave propaga-
tion in deionized water (DIWater) and a fluid-structure interaction
model to calculate the shock waves’ impact forces and the stresses
produced into the graphite multilayers (the three submodels are de-
scribed in sections S1.1, S1.2, and S1.3 of the Supplementary Materi-
als). Using the shock waves produced by three bubbles as a typical
case, Fig. 6Aa shows the initial points where the shock waves started
(for a tractable simulation, we assumed that the shock waves started
at the same height along a horizontal line). The numerical model

Xiang et al., Sci. Adv. 11, eady9558 (2025) 28 November 2025

assumes simultaneous bubble implosion to represent an ideal case
for shock wave emission, propagation, and superposition. Although
this does not replicate the exact timing observed in experiments, it
enables quantification of the maximal impulsive stress transmitted
to the graphite interface. According to our previous measurements,
the initial shock wave pressure was set as 7 MPa (17). The traveling
distance to graphite layer top surface was set as 1 mm. Figure 6 (B
and C) shows the geometry and results of the modeling. The first
one was a thin plate of five well-bonded layers (0.5 pm thick for each
layer) to represent multilayer graphite without defects (Fig. 6B and
fig. S16A). The second one was a similar thin plate but with a micro-
crack of 1 pm deep at the center to represent the multilayer structure
with defects (Fig. 6C and fig. S16B).

Figure 6A shows the simulated propagation of the superposed
shock waves in DIWater. The interference of the three shock waves
resulted in complex, unevenly distributed pressure contour maps
with alternating negative and positive pressure bands during propa-
gation (Fig. 6, Ab to Ad, shows the rapidly changed pressure direc-
tions and amplitudes). After the shock waves impacted onto the
graphite top surface, Fig. 6 (B and C) shows the 3D view of the
stress distribution of the graphite multilayers without and with
defect when subjected to the maximum impact stresses of 6.6 to
7.4 MPa. Figure 6 (D and E) shows the time-evolved impulsive stresses.
Clearly, for a perfectly aligned graphite multilayers without any defect,
the peak impulsive stress at the surface (i.e., P1) was ~6.6 MPa and
that at 1 pm below (P2) was ~5.8 MPa, indicating that there is no
notable stress difference in between (Fig. 6D), while, if a microcrack
defect of just 1 pm deep was present, the stress concentration effect
(see sections S1.5 to S1.7 of the Supplementary Materials) could
increase the local stresses at the sharp tip (P4) and the edge area (P5)
to 7.2 and 7.4 MPa. Such amplified stress concentration introduced
effective shear stress that ran parallel to the layers, which very ef-
fectively promoted instant layer exfoliation (4, 17, 32), i.e., at the
moment when the superposed shock waves arrived and impacted
onto the graphite layer. Furthermore, the rapidly changed pressure
directions and amplitudes also produced very effective high-frequency
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Fig. 5. The shock wave produced by the simultaneous collapse of bubble cloud and the effect on NGF layer exfoliation. (A) The pressure amplitude of the ultra-
sound applied. (B) The calculated bubble area fraction as a function of pressure and time. (C) The relative deflection and (D) velocity of the NGF layer bundle versus time.
The inset in (C) shows the cross-sectional view of the deflection of the NGF layer bundles. Please see fig. S12 and movie S10 for more details of the bubble evolution and
NGF layer exfoliation dynamics.
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Fig. 6. The simulated shock wave propagation and their impact on the graphite multilayers without and with defects. (A) The simulated pressure contour maps
generated by the propagation of superposed shock waves at a traveling distance of 1.0 mm. Simultaneous bubble implosion was assumed here, representing an ideal
case for shock wave emission, propagation, and superposition. The peak impulsive stress distribution inside the graphite multilayers: (B) without defect; (C) with defect.
The time-evolved alternating impulsive stress acting on the graphite surface: (D) positions P1 and P2 in (B); (E) positions P3, P4, and P5 in (C). The time-evolved stress
contour map in one ultrasound period is shown in movie S11 for the case without defect and movie S12 for the case with defect.
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fatigue effect on the graphite layers under cyclic impact, making the
cavitation shock wave-enabled layer exfoliation to be the most effi-
cient method in opening up and delaminating the graphite layers,
especially for those materials with high density of defects, e.g.,
the NGFs.

The dominant driving force for layer exfoliation due to
bubble cloud implosion

The results of the megahertz x-ray imaging and simulation have
demonstrated clearly and convincingly the role of quasi-simultaneous
implosion of multiple bubbles and simultaneous collapse of bubble
cloud in terms of producing powerful shock waves and impulsive
stresses onto the graphite layers. The shock wave produced by a
single bubble implosion can generate stress in the scale of ~1.1 MPa,
which only deflected the graphite layer bundles with a modest
deflection velocity of ~1.0 pm/ps (see fig. S18A). Even when the
bubble imploded near the surface of the graphite layers, it will not
be sufficiently enough to produce any sensible layer exfoliation (4).
In contrast, quasi-simultaneous implosion of multiple bubbles
and simultaneous collapse of bubble clouds produced super-
posed shock waves with impact stresses up to ~6.6 MPa, causing
graphite layers deflection at a velocity of ~2.6 pm/ps (see fig. S18A).
The bubble cloud collapse exhibited a regular subharmonic peri-
odicity of ~3 ultrasound periods. Such periodical renucleation and
collapse of bubble clouds produced amplified and repeated im-
pact forces, leading to a self-sustaining layer exfoliation cycle in
the long run.

The effects of defects and interlayer bonding strength on
layer exfoliation

Structural defects and interlayer bonding strength are two other
crucial factors in determining the layer exfoliation dynamics and
exfoliation rate. We imaged and observed the exfoliation behavior
of the HOPG and NGF over a long-time period (hundreds to thou-
sands of seconds; see fig. S17) under the impacts of cyclic shock
waves. The mean exfoliation rate for the HOPG was only ~0.06 pm/s,
whereas that of the NGF was ~2.34 pm/s (with a peak instant exfo-
liation often found at ~38 pm/s), ~40 times higher than that of
the HOPG (fig. S18B). The key difference is attributed to the fact
that the HOPG has high crystallographic ordering and minimal
structural defects. In reality, the shock wave impact may come
from all different directions relative to the bonded graphite lay-
ers. As a result, although the calculated impact stresses from the
shock waves are in the similar scale to the layer bonding strength
of the HOPG, the effective stresses that can cause layer exfoliation
(i.e., the resulting tensile forces perpendicular to the layers or the
shear forces along the layers) are in the range of 30 to 50% of
the impact stresses, much lower than the HOPG layer bonding
strength (~5.0 MPa). Hence, repeated shock wave impacts over
a longer time are needed to create fatiguetype layer exfoliation.
The exfoliation length and rate shown in fig. S17 (A and B) pro-
vide convincing evidence for such an argument. In contrast, the
NGF has much lower interlayer bonding strength (~0.48 MPa).
The high-density defects are naturally preexisting cracks that en-
hance the stress concentration effects. Most of the shock waves
from all directions can produce sufficient tensile or shear forces
that are able to open up the NGF layers instantly at the impact (see
fig. S17, C and D), causing an instant exfoliation rate up to ~40 times
higher than in the HOPG case.
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DISCUSSION

In this study, by taking full advantage of the ultrashort x-ray pulses
(~25 fs) with a unique pulse train structure at the EuXFEL, we have
conducted systematic and comprehensive operando imaging studies
on the layer exfoliation dynamics of 2D graphite materials in ultra-
sound fields. We have imaged and quantified, at nanosecond times-
cale and micrometer length scale simultaneously, the local shock
waves produced by the implosion of a single cavitation bubble, mul-
tiple bubbles, and bubble clouds, as well as the layer exfoliation dy-
namics under such shock wave impacts. Multiphysics modeling was
also carried out to simulate shock-wave emission and propagation,
as well as the impact and stresses produced in the materials.

The pressures produced in the liquid at bubble implosion are the
source of the energy (or force) for generating impulsive stresses in
the graphite layers. Our work has demonstrated that the magnitude
of such impulsive stress is dependent on (i) the magnitude of bubble
implosion, i.e., due to a single bubble, multiple bubbles, or bubble
cloud; (ii) the distance between the implosion center and the graph-
ite layer, and (iii) any surface defects on the graphite layers. Typi-
cally, the shock wave produced by a single bubble implosion is in the
range of 4.0 to 5.0 MPa at or near the implosion center. The resulting
average impulsive stress transmitted to the nearby graphite layer is
~1.1 MPa, insufficient to cause any appreciable layer exfoliation. The
quasi-simultaneous implosion of multiple bubbles and simultane-
ous collapse of bubble clouds result in the superposition of shock
waves, which can significantly amplify the impulsive stress up
to ~6.6 MPa. When any defects (or cracks) exist on the graphite
surface, the geometrical stress concentration effect can increase the
stress significantly (e.g., ~7.4 MPa in the case of Fig. 6E). Such en-
hanced and superposed stresses exceed the interlayer bonding
threshold (4, 17) and initiate graphite layer exfoliation effectively.

Structural defects and interlayer bonding strength are two para-
mount materials properties in determining the layer exfoliation rate.
The mean exfoliation rate for the HOPG is only ~0.06 pm/s, whereas
that of the NGF is ~2.34 um/s. Because of the high strength and
near-perfectly bonded layer structure with minimum defects, the
layers in the HOPG are mainly exfoliated because of the fatigue ef-
fect. The higher density defects on the NGF often result in immedi-
ate and instant exfoliation with a maximal rate of up to ~38 pm/s,
~40 times higher than that of the HOPG.

For the bubble cloud-produced shock waves, they exhibit inher-
ent subharmonic periodicity of ~3 ultrasound periods as revealed by
the megahertz imaging. Such periodic nature of the powerful shock
waves due to the simultaneous collapse of bubble cloud is the unique
advantage and characteristic of ULPE. It enables highly efficient,
self-sustaining continuous layer exfoliation compared to other me-
chanical shear-based exfoliation processes.

To summarize, these findings provide not only a mechanistic
understanding of the cavitation shock wave-induced exfoliation
but also practical guidance for the experimental optimization of
2D material production. Specifically, the results suggest that
promoting collective bubble cloud collapse to achieve superposed
shock waves, leveraging subharmonic periodicity for fatigue-driven
exfoliation, and selecting or engineering graphite precursors with
lower interlayer bonding strength and higher defect density can
greatly promote the exfoliation efficiency and reduce lead times.
Such insights offer a physics-based foundation for tuning ultrasonic
parameters and material design strategies in scalable, cost-effective
exfoliation processes.
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MATERIALS AND METHODS

Materials

The two different graphite materials used in the experiments are as
follows: (i) HOPG, 10 mm by 10 mm by 1.5 mm, purchased from
Agar Scientific Ltd.; and (ii) NGE 2 mm by 3 mm by 0.2 to 0.4 mm,
purchased from Sigma-Aldrich. The HOPG has high crystallograph-
ic orientation and low defect density with typical interlayer bonding
strength of 5.0 MPa (33). The NGF is extracted directly from the
mineral and usually retains some typical defects (i.e., cracks and
edge defects, etc.) from the natural formation process. The NGF’s
interlayer bonding strength is in the range of 0.25 to 0.75 MPa, with
the average value of 0.48 MPa (34-36), which is ~10 times weaker
than that of HOPG. We deliberately choose the two different graph-
ite materials to study the exfoliation dynamics due to the difference
in bonding strength and structural defects. Figures S1 and S2 show
the typical macroscopic images of the raw materials and the scan-
ning electron microscopy images of the exfoliated graphite multi-
layer bundles after ULPE.

To mount the graphite samples for the in situ ULPE experiments,
we firstly cut a rectangular piece (10 mm by 3.5 mm by 1.5 mm, e.g.,
the area marked by the red-dotted line in fig. S1A) from a square-
shaped HOPG sheet (fig. S1A) using a computer numerical control
(CNC) milling machine (Proxxon FF 500, GmbH). Then, the cut
piece was “anchored and glued” inside the recess area of an M10
screw sample holder by filling the recess with a low temperature sol-
der alloy (Sn-43%Bi) at ~140°C (fig. S1B). The “soldering” operation
was carried out by placing the M10 screw on top of a hot plate (Stu-
art UC152, UK). Figure S1C shows, before ULPE, the typical mac-
rostructures of a polished HOPG sheet top surface. Figure S1 (D and
E) shows that, after ULPE, the front edge of the HOPG was opened
up and exfoliated into many multilayer graphite bundles. Imaging
the layer bundles at higher magnification (fig. S1F), clearly, they
were composed of hundreds of sub-micrometer and nano lamellae.
Figure S2A shows the surface of several raw NGFs. A NGF piece was
held vertically by using a small tweezer with carbon tip and then
glued inside the recess area of an M 10 screw sample holder (fig. S2B).
The similar soldering operation was used for mounting the NGF
piece. Figure S2C shows clearly that numerous defects exist on the
NGF surface, which are likely sites for initiating layer exfoliation.
Figure S2 (D to F) shows that, after ULPE, the top surface of the
NGF was opened up and exfoliated into graphite multilayers. Such
multilayers were further exfoliated into nanoflakes or multilayer
graphene inside the liquid during the ULPE process.

The apparatus for the in situ ULPE experiments and

sample arrangement

The experiments were carried out at the SPB/SFX instrument of the
EuXFEL in Schenefeld, Germany. Figure S3 shows schematically the
apparatus for the in situ ULPE experiments and sample arrangement.
First, a stainless steel adapter was mounted on the sample stage (an
X-Y-Z movement plus rotation stage). The ultrasound processor was
mounted on another similar stage. Both can move independently.
Second, the M10 screw with the mounted graphite sample (figs. S1B
and S2B) was screwed from the bottom into the quartz tube (20-mm
outer diameter, 80 mm tall, and 0.5 mm thick) and then water-tight
sealed with the stainless steel adapter by using the Sn-43%Bi solder
alloy. Third, ~15 ml of DIWater was carefully filled into the quartz
tube container using a syringe. An UP100H ultrasound processor
(Hielscher Ultrasonic Technology) and a Ti-6Al-4 V alloy sonotrode
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(MS2, 2.0-mm-diameter tip) were used to apply the ultrasound of
30 kHz into the DIWater contained inside the quartz tube container.

Megahertz x-ray microscopy and x-ray pulse

train configurations

Figure S4 shows schematically the general configuration of the
ULPE processing operation at the SPB/SFX instrument of the
EuXFEL. X-ray beams of 20 keV were used, and each bunch of
the pulse train was filled with 256 x-ray pulses. The beam from the
self-amplified spontaneous emission 1 (SASE1) undulator source
was delivered by the horizontal offset mirrors placed 280 m down-
stream of the source (fig. S4A). A YAG: Ce 20-pm scintillator was
used to convert the x-rays to visible light, and the sample-to-
scintillator distance was set at ~0.725 m. The x-ray pulse energy and
duration measured with a gas detection monitor at the end of the
SASEI tunnel was about ~700 pJ and ~25 fs. The time interval be-
tween two consecutive pulses within one train is 886 ns, providing
an intra-burst frame rate of ~1.13 MHz. The repetition frequency of
the pulse trains is 10 Hz (fig. S4B).

Two Shimadzu HPV-X2 full-field cameras coupled with a 10X
near ultraviolet (NUV) objective lens were used together to capture
256 images in one pulse train. The 127th and 128th images in the
first camera were overlapped with the first and second images in the
second camera (fig. S4B). The field of view is 1280 pm (horizon-
tal) by 800 (vertical) pm with an effective pixel size of 3.2 um. The
ultrasound frequency is 30 kHz; hence, the 128 images (113.92 ps)
recorded in each camera span over ~3.5 ultrasound cycles. After the
camera memory was full, ~15 s was needed to transfer the image
data into the data storage server until the next round image record-
ing could be started. Since the NGF is much easier to be exfoliated
during the ULPE process, the ultrasound was set to run for 2 s in
every 13 s, i.e,, synchronized with the image recording and transfer
in every 15 s to capture longer timescale exfoliation dynamic. Syn-
chronization among the triggering of the x-ray pulses, image re-
cording, and ultrasound was achieved by using a synchronized
microTCA timing board and digital delay/pulse generators (Stan-
ford Research DG645) for setting the time delay for each event.

ML-assisted image normalization and phase segmentation
Compared to the x-ray pulses produced by modern synchrotron sourc-
es, the x-ray pulses produced by the SASE undulator at the EuXFEL
have extremely high spatial coherence and much higher pulse-energy
fluctuations between pulses, resulting in stochastic spatiotemporal
flickering in each recorded image, and therefore notable variation in
the image quality across all different datasets (37). For example,
fig. S5 shows that the raw image has a broad range of pixel intensities
and fluctuations (I,,,,). There exist even wider fluctuations in differ-
ent shots. To extract more clearly and accurately the dynamically
changed shape of the bubble boundaries and the moving edges of
the graphite layers recorded in different image datasets, such spatio-
temporal flickering has to be removed or “smoothed out” Hence, we
implemented a combined image normalization and ML-based seg-
mentation strategy in this work, achieving highly efficiently and ac-
curate imaging processing of the many terabit image data, which is
virtually impossible by using manual or other conventional image
processing methods.

First, an x-ray image (I,,,,) (see fig. S5) collected by one camera
in a pulse train was flat-field corrected on a shot-by-shot basis using
ML-assisted principal components analysis (PCA) method (38-40),
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producing the image (Ipc,). Second, a Gaussian blur filter (Sigma =
3.0) was applied to the PCA-processed image, producing the image
(Ig). Last, the I was subtracted from the I, to produce the image
I, in which the bubble boundaries and the graphite layers” edges
were normalized and enhanced.

After image normalization, an ML-assisted phase segmentation
method [Trainable Weka Segmentation (41) in Fiji (42)] was applied
to identify and segment the time-evolved features recorded in the
images (here, mainly the bubbles and the exfoliated graphite layers).
Figure S6 shows the workflow of a typical case. First, a region of in-
terest (i.e., bubble or graphite layer) was cropped from the normal-
ized x-ray images. Second, five filters (Sobel, Hessian, difference of
Gaussians, Gaussian blur, and membrane projections) in Fiji were
selected and used to extract the image features. The Sobel, difference
of Gaussians, and Hessian filters were used as the edge enhancement.
The Gaussian blur filter was used as the noise reduction. Membrane
projections filter was used to localize the bubble structures of a cer-
tain size and thickness. Third, a set of pixels were artificially defined
and labeled to differentiate the features. Fourth, a Weka algorithm
with the FastRandomForest classifier was applied to separate these
pixels. Users can also provide meaningful or sensible inputs at each
iteration by correcting or adding new labels. After the training pro-
cedure and segmentation accuracy were fully validated using represen-
tative regions, then the trained models were applied to the full dataset.

Figures S7 to S12 show some representative examples of ML-
assisted segmentation results (from the already comprehensively
analyzed movies). Clearly, this workflow greatly enhanced the accuracy
and efficiency in identifying the critical time-evolved structures across
thousands of image frames, enabling reliable quantification of the
time-evolved bubble dynamics and the graphite layer exfoliation due
to the action of a single bubble, multi-bubbles, or bubble clouds. Al-
though ML may not provide extra information beyond the original im-
ages, it is indispensable for us to extract and present the accurate and
reliable scientific data (findings), which are critical in supporting
the in-depth understanding and scientific interpretation of the results.

Multiphysics modeling of bubble dynamics, shock waves,
and impacts onto graphite

Complementary to the experiments, we used the finite element anal-
ysis method and did systematic numerical simulation on (i) the bub-
ble dynamics, (ii) the shock wave propagation, and (iii) the shock
waves impact force onto the graphite layers (i.e., the impulsive and
cyclic stresses produced into the graphite layers). By feeding the
quantitative experimental results into the multiphysics numerical
models, we made comprehensive and systematic validation and cali-
bration of the models, achieved high-fidelity numerical modeling in
the ultrasonic exfoliation of 2D materials. More detailed descriptions
are given in sections S1.1 to S1.6 of the Supplementary Materials.

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs.S1t0 S18

Tables S1.and S2

Legends for movies S1to S12
References

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S12
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