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Abstract

Two-dimensional (2D) hexagonal boron nitride (h-BN) is becoming increasingly interesting for
wider engineering applications. Thermal exfoliation is being suggested as a facile technology to
produce large quantities of 2D h-BN. Further optimization of the process requires fundamental
understanding of the exfoliation mechanism, which is hardly realized by ex situ techniques. In
this study, in situ synchrotron x-ray powder diffraction experiments are conducted while heat
treating bulk h-BN up to 1273 K. During the heating process, linear expansion of c-axis is
observed and the contraction of a-axis up to around 750 K is consistent with previous research.

However, a changing behavior from contraction to expansion in a-axis direction is newly
observed when heating over 750 K. With the consideration of previous thermally oxidation
studies, a hypothesis of thermal assisted exfoliation with oxygen interstitial and substitution of

nitrogen at high temperature is proposed.

Supplementary material for this article is available online
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Introduction

Since its discovery, graphene has attracted lot of attention due
to its the outstanding electronic properties, such as high
mobility and ballistic transport at room temperature,
mechanical flexibility, transparency and high thermal con-
ductivity, contrasting to bulk material [1-4]. Furthermore, the
discovery of graphene started a new research field dedicated
to two-dimensional (2D) materials: in nature there are many
layered materials that can be exfoliated to single- and few-
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layers [5]. One of the most studied 2D material is hexagonal
boron nitride (h-BN), which has the same honeycomb struc-
ture of graphene, but it is not identical as the carbon atoms are
replaced by boron and nitrogen [6]. This gives rise to very
different properties, compared to graphene, h-BN is a wide
band gap material with high chemical and thermal stabilities
and thermal conductivity [7-9]. This makes h-BN a good
candidate for applications in 2D-based electronics, where it is
used as encapsulation layer, dielectric and as substrate. Its
smoothness and lack of dangling bonds allow to achieve the
highest mobility in graphene-based devices, as compared to
the SiO, substrate [10, 11]. 2D h-BN possesses strong
resistance to oxidation at high temperature up to 1073 K,
unlike graphene which goes for oxidation at temperatures
above 700K [12, 13]. Several researches have studied the
thermal and mechanical properties of h-BN via first-principle
calculation, a quantum mechanical simulation based on

© 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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density functional theory. Graphene and h-BN exhibit an
unusual thermal contraction from Oto 1500 K, while the
single-layer transition-metal dichalcogenides (TMDC) mate-
rials, such as MoS, and MoSe, show a positive thermal
expansion [14, 15]. 2D h-BN shows anisotropic mechanical
properties that differ in armchair (parallel to B-N bond within
a hexagon) and zigzag (perpendicular to B—N armchair)
direction, and the B—N bonds tend to break along zigzag
direction due to less ultimate strength [16].

The particular resistance to attack by molecular oxygen
and most other gases opened the door for h-BN for applica-
tions such as flame retardant and a protective coating for high-
temperature applications. Bulk h-BN, on the other hand, is
less resistance to oxidation. In the presence of oxygen or
hydroxyl ions, it transforms into boron nitride oxide or even
boric acid. In fact, this phenomenon has been recently used to
exfoliate a large amount of h-BN by Cui e al [12]. They
observed a mass gain as oxygen incorporate into bulk h-BN
lattice when heated in air at 1473 K. This material was
transformed into hydroxylated boron nitride (BNO) upon
stirring in water and exfoliated to h-BN nanosheet. Because
of the oxygen functional groups on the surface, the produced
BNO was able to form a stable dispersion in water,
mimicking the surface properties of graphene oxide [12].
While the material was fully characterized, the exact mech-
anism of the exfoliation has not been investigated.

In this contribution, using in situ real-time XRPD, we are
investigating the formation of in-plane thermal contraction
that leads to structural distortion inside the h-BN lattice. The
in-plane contraction is associated with expansion in the
interlayer direction, which results in significant thermal
effects concentrated between the layers. These thermal effects
were also accompanied by decreasing in the crystallinity and
weaken the van der Waal and lip-lip interaction between the
layers, which facilitate the further exfoliation in water. Fur-
thermore, the crystal after thermal treatment suffers from fast
expansion upon reacting with water, which results in the
exfoliation into hydroxylated 2D h-BN [17].

Experimental

The experiment was conducted at I11 Beamline of Diamond
Light Source, UK. The heating cell was setup in the 2nd
experimental hutch (EH2) equipped with a larger area
detector and the synchrotron x-ray beam with 25keV
(monochromatic) was used for the diffraction measurements.
The technical descriptions of the EH2 facility can be found in
Murray et al [18]. Experimental h-BN samples were made by
pressing (compacting) the powder into the disks (diameter
10 mm) with 2 mm thickness. The powder disk was placed
within the customized hollow-shape electrical resistance fur-
nace to carry out the heating and cooling cycles. The incident
x-ray beam was parallel to the normal surface of the flat
sample holding disk and the beam penetrated through the
2mm thickness. The 2D Pixium area detector with
420 x 420 mm? (pixel size = 200 ym) was employed for

data collection. The detector was placed 1500 mm away from
the sample.

The h-BN powder compacted samples with particle sizes
9and 15 pm. The heating process is controlled by around
4 K min~! up to 1263 K in the air, and then the furnace is left
to cool down. Final diffracted intensity data is collected by
integrating diffraction rings on the detector using DWAN®
data analysis workbench prior to final processing with
OriginPro®.

To complete the exfoliation, the thermally treated powder
was washed with hot water and dried in an oven at 473 K for
4h. The samples were then sonicated in distilled water for
30 min to form the stable suspension. After sonication and
centrifugation, around 0.67 g of the exfoliated materials were
collected from every 1 g on bulk h-BN.

Results and discussion

The XRPD pattern obtained at 400 K from two different h-BN
particles with size of 9 and 15 ym are shown in figure 1(a).
The x-axis is scattering vector (Q) which is calculated by
O = (47 sin 0)/\. Where 26 is the angle between incident
and diffracted x-ray beams and A is the wave length of the
x-ray beam. Here, use of Q helps to generalize the different
values in the diffraction angle (26), which varies with the
wavelength of the used incident x-ray beam. The diffraction
pattern of the first five peaks is studied to provide the
established signature of h-BN. The result reflects the structure
information in three lattice directions: (002) and (004) in the
c-axis direction, (100) in a-axis direction, and (101) and (102)
in a diagonal direction.

h-BN powder tends to arrange themselves with a basal
plane parallel to the free surface of the sample, and this ten-
dency is more significant for large particle size. As a result,
(002) peak in figure 1(a) gives a very high diffraction inten-
sity [19]. The x-ray diffraction data presents reciprocal space
information, which is mathematically defined as the Fourier
transform of the direct space details. In reciprocal space, the
diffraction angle 6 (scattering vector Q) is inversely related to
the direct space, which means a smaller diffraction angle
(which is related to the scattering vector) represents a larger
distance in real space.

The h-BN consists of layers with hexagons of covalently
bonded nitrogen (N) and boron (B) atoms, as shown in
figure 1(b). The space group is P6;/mmc, which is different
from the closed packed hexagonal graphite (PG3/mmc), and
the layers are directly stacked together with weak Van der
Waals bonds. In particular, the Boron and Nitrogen atoms are
alternatively arranged between the neighboring layers,
directly on the other, while the carbon atoms in hexagonal
structure are closed packed in the way of AB... For a hex-
agonal structure lattice, the Miller—Bravais indices composed
of four numbers (kkil) is normally applied, which is estab-
lished with the four Miller—Bravais vectors a;, a,, a3 and ¢
as shown in figure 1(b). The full indices transformation are
given in table 1; where (00!) is the plane that perpendicular to
¢ direction that provides the spacing of the different layers.
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Figure 1. (a) Experimental x-ray powder diffraction pattern of h-BN particles at 400 K (particle size of 9 and 15 pim). The diffraction intensity
is normalized with respect to (002) peak. (b) Schematic of hexagonal boron nitride (h-BN) structure. Boron (B) atom is shown in gray and

nitrogen (N) atom in blue.

Table 1. Miller indices transformations and plane representation.
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Figure 2. The relative plane spacing of h-BN (a) 9 um particle and (b) 15 pm particle up to 1263 K. The relative plane spacing denotes the
ratio of actual plane spacing (d) to the room temperature plane spacing (drr).

The calculated lattice parameters from the peak positions are
¢ = 6.52576 + 0.000 005 A and
a = 245549 4+ 0.000005 A at room temperature, slightly
less than that reported previously (¢ = 6.65845A and
a =2.50405 A at room temperature) [6].

The relative plane spacing is defined as the ratio of the
observed plane spacing to its value at room temperature
(dpir/drr)- As shown in figure 2, a general linear relation is
obtained in the steady heating process. The (002) and (004)
planes present the same expansion behavior which is rea-
sonable as (002) and (004) are both (00/) planes expanding in

c-axis direction, hence the incremental proportion should be
the same. Coefficient of thermal expansion of different planes
(o) s defined by equation (1) as:

ey

where dgr is (hkl) plane spacing at room temperature. This
coefficient is equal to the linear gradient of the graphs in
figure 2. The thermal expansion coefficient of (002) and (004)
plane, agp, and agog, give the largest thermal expansion of
a, = 34 X 10°K™! and it has a similar value for both
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Figure 3. Experimental results of 15 ym sample: (a)—(c) are Q value during the heating and cooling process of (002), (100) and (102) planes;
(d)—(f) are measured diffraction intensity versus experimental time of (002), (100) and (102) planes. The inset in (b) is 9 um data with a
turning point at about 950 K, with scale bar 7 = 100 K in x-axis and Q = 0.0005 in y-axis.

samples. Very small changes in the (100) plane are shown in
figure 2 with an averaged negative thermal expansion coef-
ficient, op, = —0.35 x 10 °K ™', which indicates plane (100)
is not sensitive to the heating process. oo, and «;(, are about
2.75 x 107 °K ! and 9.21 x 107 ®K™!, respectively. They
are much smaller than g, but still shows expansion beha-
vior. The results of (200) and (00/) are smaller than previous
research; Q =272 x 107°K™! and Q.
=377 x 10°°K™! [20], a, = —=2.76 x 10 °K ! and «a,
=38 x 10°°K ' [21] and o, = —2.9 x 107 °K ! and «a,
=40.5 x 10°°K" [6].

The minor difference reported in this study compared
with previous studies, which ranges up to 750 K, are most
likely due to the thermal gradient between actual sample
position and the set temperature of the furnace (which has the
control thermocouple). However, a notable behavior is
observed with a-axis results at higher experimental heating
temperature from ~750 K up to 1273 K, where the behavior
of (100) peak attributes changed from contraction to expan-
sion. The (002) plane shows consistency with the thermal
expansion results that the peak position of (002) moves lin-
early towards lower Q value (reciprocal space) as shown in
figure 3(a), greater distance in real space. In the cooling
process, the peak position linearly recovers to the original
state (with x-axis from right to left). The (102) plane shows
similar behavior with (002) plane.

The (100) interplane spacing changes (JAQ| spread
~0.0015 A™") are small comparison with (002) plane (|AQ|

spread ~0.06 Afl) as shown in figure 3(b). The (100) plane
behaves contraction at start heating stage, and the plane
changes to expansion at about 750 K (figure 3(b)). The h-BN
expansion behavior has been experimentally studied from 10
to 297.5 K [20] and from 273 to 1073 K [6]. From 10to 70 K,
(100) plane expands slowly and changes to contraction from
70 K. Until near 973 K the contraction rate reduced to zero. In
our experiment, the heating temperature is up to 1273 K, and
a new turning point of (100) from contraction to expansion
around 750K is obtained as shown in figure 3(b). Although
the turning point temperature of the 15 ym sample is below
the converged contraction temperature of 973 K from pre-
vious research [6], this result indicates previously unreported
expansion behavior along (100) at higher temperatures. This
transition is similar to the transition around 70 K where it was
considered as material specific property [20]. Further con-
sideration of the such special material behaviors are beyond
the scope of this manuscript while it is important highlight
further physical understanding about such behavior through
the in situ data presented here and previous work with similar
in situ approach e.g. [6]. When considering the 9 m sample
presented in this study, it indicated a basic heating/cooling
behavior similar to 15 ym sample while the turning point
around 950K is observed as shown in figure 3(b) (inset). In
the cooling process of the 15 ym sample, (100) plane only
shows contraction behavior with a reducing contraction rate,
and final plane spacing recovers to a shorter distance than
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Figure 4. Experimental x-ray diffraction Intensity of (002) (100) and (102) planes of 9 and 15 pm h-BN. Scatters in red are heating process

and scatters in blue are the cooling process.

initial spacing. Apart from that powder size do not indicate
any significant different behaviors.

Figures 3(d)—(f) indicates peak intensity changes in this
experiment. The intensity reduces with the heating process
and then recovers while cooling. However, it is not possible
to see the intensity is recovered to the initial intensity at room
temperature level. These results suggested permanent dist-
ortion in the h-BN crystals. While cooling, the intensity
increases fast at starting the cooling process, and increasing
rate slows down as temperature decreases. There is an
intensity ‘jump’ at about 380 min in (002) plane when
temperature decreases to around 418 K, and after this point,
the Q value of (002) plane becomes stable from an increasing
process. Temperature decreases very slow after 418 K.
Another intensity ‘jump’ at about 295 min in (002) and (100)
plane can be seen, and this point is just below 1263 K when
the cooling process starts.

Figure 4 presents the time evolved integrated XRPD peak
intensity during the heating and cooling process, as a function
of the temperature. As temperature increases, the intensity of
the diffraction decreases due to the thermal motion of the
atoms. The reduced intensity of the plane peaks while the
thermal scattering intensity increases as shown in the dif-
fraction background, which is called thermal diffuse scatter-
ing [22]. A nearly linear reduction of intensity is obtained for
the heating process, but it is different during the cooling
process. The intensity difference appears as the temperature
cools down to the starting temperature, which is more sig-
nificant in 15 um samples. The intensity reduction of 15 ym
(002) plane to the heating start intensity is about 7.8%, and
that of (100) and (102) planes are about 10% and 8.25%
respectively. The full-width of half-maximum of each peak is
recovered to the same level after the cooling process (shown

in figure S1) (available online at stacks.iop.org/NANO/32/
105704 /mmedia), which means strain effect is not significant
for the intensity difference. In this circumstance, the reduced
intensity is most likely due to the exfoliation of h-BN mono-/
multi-layer flakes, the 2D h-BN. The reduced integrated
intensity suggests a potential reduction of crystallinity,
potentially a result of distortion-induced defects after the
heating and cooling cycles. As reported in the literature, such
defects in the layered structures facilitate the exfoliation by
liquid phase methods [17, 23]. The 2D flakes start exfoliating
from the top layer defect edges, such as the kink bands. Then,
new defects can be generated on the following layers.

For the sample with 9 pm particle size, the peak intensity
tends to recover during cooling and the difference between
the initial and the final intensity is smaller than that of the
15 pm. At the end of the cooling process, the (002) intensity
shows a tendency of decreasing which results in increasing
intensity difference between heating and cooling process,
however, (102) intensity recover to a similar level of the
initial value. The intensity fluctuation of (100) may be caused
by the layered structure disorder, as the covalent bond within
the (00/) planes is much stronger than the Van der Waals
bond between the (00/) planes. The rotation or translation can
affect the order degree of (100) plane. In this case, the
exfoliation would tend to take place in (00/) planes which is
c-axis direction. The Van der Waals bonds partially break or
weaken during the cooling. The particles are then easily
exfoliated as a result of the weaker crystalline status in any
subsequent step. In addition, the thermal treatment seems to
cause more damage/distortion to the crystal structure with
increasing the literal particles size (where high probability of
having higher number of defects for bigger particle), as the
exfoliation tends to start from the defects/dislocation. More
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significant intensity difference is obtained for the large size
particle.

When experimental configuration is concerned, the
sample is placed in the middle of the furnace, in which case
there may be a thermal gradient between the sample and the
set point of the furnace. The difference could account for in
the interpretation of thermal expansion data such as the lower
rate(s) of expansion. The resolution of the instrument is not
very high when using the area detector and 0.4 x 0.4 mm
beam (A20 ~ 0.015°). Furthermore, the saw-tooth structure
of intensity data, for example the cooling process in
figure 4(b), is probably due to the top-up injection of the
electron beam in the synchrotron ring machine that normally
lasts 10 min. This will affect the x-ray beam intensity and the
recorded data.

The intensity of (002) plane (in 9 um sample) shows a
flatten stage from 900 to 600 K in the cooling process and
then increase with a higher rate, as shown in figure 4(a) (blue
scatters). Then, a sudden intensity increase happens which
may be related to the intensity ‘jump’ in figure 3(d) at about
380 K. This flatten stage is more pronounced for the 15 um
sample and takes place over wider temperatures range from
900K to 400K. Once the temperature decreased below
900 K, an obvious plateau of the intensity appears and con-
tinued until the end of the testing temperature for all peaks.
This result is also consistent with the (100) plane expansion-
contraction turning point and can be attributed to the in-plan
oxygen doping of the h-BN sheet. The intensity difference in
the (002) plan is most probably caused by the h-BN lattice
distortion in the c-axis direction, which then facilitated the
exfoliations in the subsequent step. Again, it is clear that the
distortion is more pronounced in the powder with larger
particles size.

The h-BN powder after the thermal treatment was readily
dispersible in water after mild sonication for 30 min (sup-
plementary figure S2). We have used several analysis tech-
niques to characterize the produced materials, to ascertain 2D
status of h-BN. Raman spectra of pristine h-BN and hydro-
xylated BN nanosheets from water suspensions show changes
in integrated intensity and the position of peaks as shown in
figure 5(a). It is reported that the multilayer h-BN shows
downward shift with respect to bulk materials due to the
induced strain [22, 24]. The AFM topographic image
acquired by the tapping mode and the height profile con-
firmed that there are flakes with a thickness of about 1 nm and
1-2 pm lateral size shown in figure 5(b). The lateral size was
further confirmed by the SEM imaging (supplementary figure
S3). In some previous research, mainly based on the post
process characterization methods, it has been suggested that
heating h-BN in air produces an oxidizing phase with the
boron atoms attached to three oxygen atoms in the extended
crystal [12, 25]. Several other researchers suggest the
hydrolyzation of h-BN upon cooling or during the subsequent
washing in water. While the real-time measurement of the
bulk h-BN did not show any significant phase changes, there
are several pieces of evidence that might explain the mech-
anism of the exfoliation. The decrease in the unit cell in-plan
parameters and the overall contraction of the unit cell in the

(100) plan after a heating-cooling cycle suggesting an irre-
versible process is taking place. The thermal effect induced
stress due to the expansion-contraction cannot be responsible
for the in-plan contraction since this kind of distortion is
likely to cause expansion. Also, the thermal effect is likely to
distort the out of plan direction because it is thermo-
dynamically more favorable to break the weaker Van der
Waal forces between the layers. The XPS wide scan evi-
dences for presence of oxygen in the sampled after heating,
and the high-resolution scan indications of a bond between
boron and oxygen, is used to explain the change in the cell
parameter [12]. However, interstitial oxygen cannot be
responsible for the overall contraction in the (100) since all
the interstitial atoms would rather cause expansion, as pro-
posed by Cui etc [12]. The observation can be better
explained through our results, proposing that oxygen replaces
some of the nitrogen atoms; resulting in slightly shortens the
distance between the in-plan atoms. This is also supported by
the slight decrease in the Raman peak intensity as shown in
figure 5(a), after the thermal expansion. The B-O bonding
might be formed more easily at the defect edge, and this will
accelerate the h-BN hydrolysis for sonication process. The
30min ‘milky’ h-BN dispersion is quite similar to the dis-
persion that directly sonicated in water for 8 h [17].

In the first-principle modeling study of 2D h-BN [14], the
linear thermal expansion coefficient (LTEC) of monolayer
sheet is negative from 0 to 1500 K. The LTEC decreases
sharply to from just below 0 K" to —7 x 10 °K ™! from 0 K
to about 250K, and then increase to —2 X 107K at
600 K. After 600 K, the LTEC increases with a decreasing
rate and reaches at about —0.7 x 10 ®K ™' at 1500 K. This
modeling gives a reference behavior of the (100) without the
c-axis influence of the bulk material. The LTEC of monolayer
h-BN remains negative from 0 to 1500 K and the difference
between our (100) results, presumably caused by the 3D
structure present in the samples used in the experiments.
Another more specific explanation is related to oxygen
replacement or interstitial. The heat treatment of h-BN under
1283 K for 60 min only obtained 5% weight gain [12], and the
oxidation weight gain converged to about 17% after 350 min.
Heating at the temperature of 1173 K did not show much
oxidation, as about 7% weight gain after 500 min heating, and
BN shows no oxidation weight gain below 1073 K. Our
sample is maintained at 1273 K for 60 min, and no XRD peak
for (010) of B(OH); is observed [25]. Though the heating
time over 1173 K is comparatively short, oxygen reaction
should be involved. The interstitial of oxygen is a reasonable
explanation of the in-plane expansion when heating up close
to 1073 K, and most of these oxygen atoms escape as temp-
erature cooling down. This is consistent with the temperature
range of in-plane contraction-expansion changing. Finally,
some of the oxygen remains as replacement of the nitrogen
that results in the in-plane contraction with shorter B-O
bonding.

The second factor that eased the exfoliation was the
thermal-induced stress that has been introduced during the
heating-cooling cycle by the uneven thermal expansion/
contraction. The calculated thermal expansion coefficient in
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the c-axis direction is way larger, reaching almost 300 times
more than that for the in-plane direction. This uneven
expansion leads to unequal distribution of stresses between
the in-plan and interlayer direction, which triggers the for-
mation of permanent thermal stresses. Since the in-plan bonds
are partially ionic and therefore stronger, the induced thermal
stresses are concentrated mainly between the layers. The
lower crystallinity of the h-BN as evidenced by the lower
peaks intensities also suggested the introduction of the
reduction of the original structure breaking the bonds and/or
distorting the original stable crystal structure. That can
facilitate subsequent extensive exfoliation in water, once the
h-BN is subjected to the heat treatment. The thermal effects
weaken the van der Waals force between interlayers and the
lip-lip interactions of h-BN, facilitating the exfoliation in the
subsequent washing step. Zhu et al [26] have recently
developed a method for the exfoliation of h-BN based on
heating the bulk materials to 1073 K followed by quenching
in liquid nitrogen and proposed that the fatigue produced by
the expansion-contraction was partially responsible for the
exfoliation. Hence, the real-time measurement of the thermal
expansion coefficient gives clear evidence on the role of
uneven expansion and the role of thermal stresses on the
exfoliation. Further, it needs to point out that the absence of
oxygen or presence of any other specific gaseous environment
triggers such mechanisms differently. Therefore, apart from
current results which show the promise in situ PXRD studies,
it warranted the requirement of further in situ studies in
obtaining extended understanding about the dynamic struc-
ture changes while the heat treatment of h-BN. Particularly
studies under specific gaseous environments will facilitate to
establish the conclusive details of the potential nitrogen—
oxygen interchanged mechanism with h-BN at high
temperatures.

Conclusions

In this paper, we present the real-time x-ray diffraction
measurements taking the thermal treatment of h-BN towards
the exfoliation into the 2D allotrope. The layered structure
exhibits linear expansion, as shown in figure 3(a) during the
heating process in c-axis direction as expected. However, in
the a-axis direction figure 3(b), within basal plane, it shows
contraction behavior up to 750K in the beginning of the
heating process, and changes from contraction to expansion
gradually as temperature heating above 750 K. At almost the
same temperature, a changing behavior has been observed in
the diffraction intensity during the cooling process that a
‘flatten stage’ obtained. This coincidence of the peak position
and intensity is related to the exfoliation mechanism. The
heat-treated powder was readily exfoliated after 30 min of
sonication, leading to the formation of 2D h-BN dispersion in
water. According to previous thermal exfoliation research of
h-BN, the oxidization is normally included. However, the
XRPD peaks profile did not show obvious new peaks or
changes for oxidation. This work benchmarks the potential
for in situ x-ray studies to reveal exfoliation mechanisms, it

indicates the necessity of further extensive experimental work
to obtain complete understanding of the dynamic process
involve with exfoliation of 2D materials.
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