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a b s t r a c t

We have performed ultrasonic liquid phase exfoliation (LPE) of MgB2 in ethanol and investigated the
resulting nano-assemblies as a function of the ultrasound processing time. TEM morphological and
structural analysis, along with STM topographic characterization, showed that for short sonication
times the exfoliated grains preserve the MgB2 crystal structure, have a 2D character and produce
Moiré patterns corresponding to stacked layers with rotational misalignment. On the other hand, the
longest process times result in spheroidal nanoparticles with diameters of the order of 10 nm, which
can also coalesce into larger agglomerates. Optical absorbance spectra confirmed that the exfoliated
material preserves a metallic nature with a predominant 2D character corresponding to the ab-plane,
whereas Raman spectra showed the presence of extra-modes induced by 3D symmetry breaking in the
exfoliated products, along with indications of some B-H stretching modes. The detection of a positive
zeta potential confirms that an active surface hydrogenation process has taken place during sonication.
The mechanochemistry of the exfoliation mechanism has been attributed to particle–particle collisions
and particle-shockwave interactions originating from the implosive bubble-collapse. The present study
provides important information useful for implementing the LPE process in different contexts for MgB2,
like few-layer superconductivity, antibacterial coating and nano-drug preparation.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Liquid phase exfoliation (LPE) is a simple and versatile pro-
essing method to produce atomically thin, scalable quantities of
wo-dimensional (2D) sheets by direct exfoliation [1–7]. Its pri-
ary microscopic mechanism is represented by cavitation bubble
ollapse, which generates a combination of high energy micro-
ets, interparticle collisions and direct shockwave-solid interac-
ions to yield exfoliated 2D-nanosheets [8–13]. Typically, bulk
olids of layered materials are the candidates of choice to undergo
he LPE process, but recently also non-layered materials with
on-isotropic 3D bonding arrangements (like, for instance, strong
n-plane ionic or covalent bonds versus weaker out-of-plane van
er Waals or metallic bonding forces) have been successfully
reated [14–16].

Generally speaking, 2D-nanostructures have already been ob-
ained from several metal-boride materials and their possible
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352-507X/© 2023 The Author(s). Published by Elsevier B.V. This is an open access a
applicability to various fields, like e.g. sensing, electronics, catal-
ysis, energy harvesting, ion transport, hydrogen generation and
storage, has been recently discussed [17]. In the specific case of
MgB2, its crystal structure is analogous to that of intercalated
graphite, having alternate graphene-like boron basal honeycomb
layers (borophene) sandwiched by a close-packed Mg-triangular
layer [18,19]. This implies that non-isotropic atomic bonds ex-
ist, with strong covalent bonding within each layer and weaker
metallic bonding between different layers [20]. For this reason,
MgB2 is expected to preferably cleave at the site of the Mg-B
bonds between adjacent layers [21]. In principle, this material
could be of interest as a starting point for the production of
borophene single layers and indeed several methods have already
been used in this direction to obtain MgB2 nanosheets, includ-
ing chemical exfoliation by means of chelating agents [22,23],
sonication in water [21] or high energy ball milling in an in-
ert atmosphere [24]. However, these methods have shown a
deep influence on the MgB2 structure and properties, resulting in
amorphization or high distortion of its crystal structure [21,23],
in the heavy reconstruction of the B surfaces [24] and in the
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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resence of hydroxyl- and oxy-functional groups on the surfaces
f these nanosheets [21,22].
On the other hand, the possibility of having nearly-ideal,

ew-layer MgB2 nanosheets would be important to discrimi-
ate between theoretical models which predict a semiconducting
ehaviour [25] or a superconducting one (sometimes with a
emarkable superconductivity enhancement), providing a good
rototype system to understand the real role of surface states
n determining superconductivity [26–29]. In this respect, the
se of LPE with a solvent to induce minimal perturbation to
gB2, unlike water, could represent a viable method to achieve

his goal. Of course, the efficiency of LPE also depends on other
rocess details and requires a suitable choice of matched surface
ension components [30,31], but anhydrous ethanol is a good
andidate to minimize chemical interactions and has already
een shown to disperse MgB2 2D-nanosheets in a very effective
ay [15].
Actually, it should be considered that MgB2 2D-nanosheets

re also being tested in several fields beyond superconductivity,
nd their use in biomedical applications is at its initial stages of
nvestigation and evaluation. Preliminary indications show that
hey could be effective and economical for bone tissue engineer-
ng [32] and the treatment of some cancers, hypomagnesemia and
acteria-infected wounds [33–36]. Specifically to this biomedical
ield, the LPE method has great potential as the starting point
or further chemical functionalization of the generated MgB2 2D-
anosheets, also by making use of non-inert solvents. Thereby,
t could enable a controlled modification of the properties of
anosheets during LPE to increase biocompatibility, targeted drug
elivery or antimicrobial activities [37–40].
However, in the present paper we focus on the LPE method

sed for MgB2 in ethanol. The goal consists of understanding
he mechanochemistry of the process as a function of its du-
ation and in investigating the features of the MgB2 nanopar-
icles and their surface physicochemical attributes in compari-
on with bulk MgB2. This represents an important step towards
he production of nearly ideal MgB2 nanosheets, with possible
evelopments both for basic superconductivity studies and for
ubsequent surface functionalization with a variety of bioadaptive
hemical groups to be grafted in a controlled way for desired
pplications.

. Materials and methods

MgB2 powder has been produced by means of the Mg-Reactive
iquid Infiltration (Mg-RLI) method using an amorphous B pow-
er (Sigma Aldrich, Taufkirchen, Germany, nominal purity > 95%,
article size ≤ 1 µm) and Mg granules (Alfa Aesar, Kandel, Ger-
any, nominal purity 99.8%, 1.70 mm) as precursors, with a
toichiometric ratio Mg:B = 1.4:2 [37].
These precursors were placed inside a degassed stainless steel

ontainer one after the other, in an alternate configuration. Then,
he ends of the precursor-filled container were sealed by hy-
raulic pressing. Before filling with precursors, the steel reaction
hamber was degassed at 200 ◦C for 7 h in a 0.2 L/min Ar flux and
hen stored in a glove box. Both the precursor and steel container
andling were carried out inside the glove box to minimize
ontamination by oxygen.
The thermal cycle for the material synthesis consisted of heat-

ng the sealed container in a quartz furnace up to 800 ◦C for 6 h.
he heating ramp was performed at a rate of 5 ◦C/min and an
ntermediate plateau at 150 ◦C (1 h dwell) was maintained before
eaching the final temperature. During the synthesis, a constant
r flux of 0.2 L/min was maintained.
The sample extraction from the steel container was performed

y cutting it to obtain lumpy grains of the product. They under-
ent XRD measurements and the corresponding Rietveld analysis
2

Fig. 1. Observation of light scattering for a green laser beam by (A) the 1 h
sonicated product and (B) pure ethanol solvent. The Tyndall scattering is visible
for the sonicated dispersion only.

showed the sample consisted of 98 wt% MgB2 and 2 wt% MgO
(sample code: MBNB06, see Fig.S1 in the Supplementary Infor-
mation). This grainy mass was manually ground with a mortar
and pestle for almost 10 min to obtain a MgB2 fine powder ready
for sonochemical exfoliation activity.

The LPE was carried out by means of a cup horn cavitating tube
(Danacamerini srl, Turin, Italy) working at 19.5 kHz and 75 W
(input power). The cavitating tube was cooled with refrigerated
fluid.

Three different batches of 200 mg MgB2 powder were mixed
in 20 mL ethanol (anhydrous, assay ≥99%, Sigma Aldrich) and
sonicated for 1, 2 and 3 h duration, respectively. Ice water cir-
culation around the titanium alloy transducers plus a 10 min
off-cycle every 30 min of continuous sonication were employed
to dissipate solvent heat generated by the ultrasonic treatment.
The exfoliated mass was separated by centrifugation (Allegra 64
R centrifuge, Beckman Coulter) at 15000 rpm for 1 min.

Confirmation of the presence of nanoparticles in the super-
natant liquid dispersion after only 1 h of sonication can be ob-
served in Fig. 1; the Tyndall effect can be clearly observed along
the path of the laser light in the sonicated dispersion only, im-
plying successful exfoliation.

In order to study the nanoparticle features, the exfoliated
ethanol dispersions were deposited by drop casting over lacey-
carbon films on copper TEM grids. Their microstructural and
aggregation features were investigated with a JEOL 3010 UHR
TEM microscope (JEOL Ltd., Tokyo, Japan), operated at an ac-
celeration voltage of 200 kV. The subsequent image analysis
was performed with TEM digital micrograph software. On the
other hand, the general structure of grains of the MgB2 precursor
powder was studied by means of a table-top compact Scan-
ning Electron Microscope COXEM EM-30 for secondary electron
images.

Nanoparticle STM data were acquired with a Danish Micro-
Engineering (Herlev, Denmark) SPM Microscope (DME Igloo)
equipped with a DS95-50E scanner (scan volume 50 × 50 ×

5 µm) and Pt-Ir tips. Exfoliated supernatant samples were pre-
pared by drop-casting 0.1 mL of the MgB2 suspension in ethanol
onto sapphire substrates coated with 20 nm Au and drying
them under an incandescent lamp. Topographic imaging was
performed at a constant tunnelling current of 2 nA with 0.1 V
bias and under Ar flux to remove humidity. Scanning areas were
selected at the rim of the dried droplets to increase statistics.

Optical absorption data were acquired with a Perkin Elmer
Lambda 900 spectrophotometer. Samples were collected in quartz
cuvettes of 0.1 cm optical path. Raman spectroscopic investiga-
tions of the exfoliated products were performed using a Bruker
Vertex 70 spectrometer, equipped with the RAMII accessory and
a Ge detector, by exciting the samples with a Nd:YAG laser source
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Fig. 2. TEM observations of the MgB2 exfoliated layers obtained after 1 h sonication. (a) Bright Field (BF) general view of the exfoliated layers on the TEM grid: the
abels ‘‘1’’ indicate particles with similar sizes along both directions, the labels ‘‘3’’ indicate particles more elongated in one direction. (b) Zoom-in of an individual
article of type ‘‘3’’. (c) Zoom-in of an individual particle of type ‘‘1’’. (d) Histogram of the statistical distribution of the particle aspect ratio (AR) calculated over more
han 50 particles: the red bar refers to type ‘‘1’’ particles, whereas the grey bars are associated with type ‘‘3’’ particles. (e) Sketch of the MgB2 crystal structure, with
B atoms represented by the blue network and Mg atoms by the orange spheres: the (002) and (101) crystal planes are also highlighted. (f) Fast Fourier Transform
(FFT) of panel (c): the main components of the reciprocal lattice have been identified as the vector

−→
02 (red arrow, modulus equal to 4.27 nm−1) and the vector

−→
03

(white arrow, modulus equal to 5.16 nm−1). The angle measured between these two vectors is equal to about 55.9◦ . (For interpretation of the references to colour
n this figure legend, the reader is referred to the web version of this article.)
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1064 nm) and with a minimum resolution of 4 cm−1. Zeta poten-
ial investigations were carried out employing a Zetasizer Nano
instrument (Malvern Panalytical). The exfoliated dispersion
as taken in a disposable folded capillary cell for measurement,
hereas its pH value was recorded with an 827 pH meter by
etrohm, Italy.

. Results and discussion

The TEM observations concerning the 1 h sonicated MgB2
upernatant dispersion are summarized in Fig. 2.
The general view displayed in Fig. 2(a) shows that particles

ith different morphologies are present. Indeed, two types of
lmost isotropic particles can be detected, i.e. with a different
spect ratio (AR) of the particle sizes along the different directions
L1 and L2): AR = L1/L2 ≤ 1.5 (which have been labelled as type
‘1’’ particles) and more elongated particles with AR > 1.5 (which
ave been labelled as type ‘‘3’’ particles). Their typical sizes range
etween approximately 20 and 100 nm (see Fig. 2(a)) and the
tatistical distribution of their aspect ratio shows that about 40%
f the particles falls in the isotropic type ‘‘1’’ category, whereas
he remaining 60% belongs to the elongated type ‘‘3’’. Closer
nspections of typical type ‘‘3’’ and typical type ‘‘1’’ particles can
e carried out in Fig. 2(b) and (c), respectively.
The Fast Fourier Transform of Fig. 2(c) is reported in Fig. 2(f)

or further analysis. It can be noticed that, on top of the amor-
hous halo around the origin, two main crystalline contributions
an be detected. The most apparent one is represented by the
ector

−→
03 (white arrow in Fig. 2(f)), whose modulus is equal to

5.16 nm−1, corresponding to a d-spacing value for the crystal
planes d = 1.94 Å. According to the MgB2 standard diffraction
card ICDD PDF-2#65-3383, the expected d-spacing for the (002)
planes is d(002) = 1.767 Å. The difference between the measured
and expected values is about 9.7%, which falls within the typical
3

uncertainty for d-spacing measurements via TEM. Moreover, an-
other weaker crystalline contribution can be observed in Fig. 2(f)
as the red vector

−→
02, whose modulus is equal to 4.27 nm−1.

his implies a corresponding d-spacing for the crystal planes d
2.34 Å. According to the same standard diffraction card for
gB2, the expected d-spacing for the (101) planes is d(101) =

.128 Å. Again, the difference between the expected and the
easured values is about 10%, which is acceptable. Finally, the
ngle measured via TEM between these two vectors is about
5.9◦, which compares favourably with the theoretically expected
alue of about 53◦ for the angle between the (002) and the (101)
lanes. Fig. 2(e) displays a scheme of the crystal structure of
gB2, highlighting the orientation of the (002) and (101) crys-

alline planes, which allows visualization of the angle between
hem and making a direct comparison with the orientation of the
ectors

−→
03 and

−→
02 of Fig. 2(f), respectively.

Therefore, the match between the d-spacing values and the
ngle allows the conclusion that the nanoparticle observed in
ig. 2(c) is really a nanoparticle consisting of MgB2. Moreover,
he detection of the (002) and (101) planes implies that, in
rinciple, both of planes can represent termination surfaces of
hese nanoparticles. However, this gives no special information
bout the chemical nature of the B- or Mg-termination surfaces
f the nanoparticles, leaving both of them equally probable. More
nsight about the structure of the MgB2 nanoparticles resulting
rom 1h-sonication can be obtained from the High-Resolution
EM images shown in Fig. 3.
It is possible to observe that the particle reported in Fig. 3(a)

s about 80 nm in size and actually consists of a stack of 6
ifferent layers, which are labelled as L1 to L6. The FFT of the area
orresponding to the red box is displayed in Fig. 3(b), where, on
op of the amorphous halo, 3 main crystalline components can be
etected: the vector

−→
01 (red arrow, modulus equal to 3.96 nm−1),

he vector
−→
02 (white arrow, modulus equal to 4.45 nm−1) and the
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Fig. 3. HRTEM imaging of the MgB2 exfoliated layers obtained after 1 h
onication. (a) overview of a 2D-nanosheet consisting of 6 stacked layers (L1
o L6); (b) FFT of the portion of panel (a) corresponding to the L6 layer and
urrounded by the red box: the main components of the reciprocal lattice have
een identified as the vector

−→
01 (red arrow, modulus equal to 3.96 nm−1), the

ector
−→
02 (white arrow, modulus equal to 4.45 nm−1) and the vector

−→
03 (green

arrow, modulus equal to 1.21 nm−1). The angle measured between
−→
01 and

−→
02

is equal to about 15.6◦; (c) Inverse FFT of panel (b) after masking the vectors
−→
01 and

−→
02; (d) line profile of the fringes visible in panel (c): their period is

equal to 0.8257 nm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

vector
−→
03 (green arrow, modulus equal to 1.21 nm−1), with an

angle between
−→
01 and

−→
02 equal to about 15.6◦. The corresponding

d-spacing for the crystalline planes are 2.53, 2.25 and 8.26 Å,
respectively. By comparing these values with the ones reported
in the above mentioned ICDD card, it is easy to identify the vector
−→
01 as the reciprocal vector (100) (d(100) = 2.671 Å) and the vector
−→
02 as the reciprocal vector (101) (d(101) = 2.128 Å), since in both
cases the expected and measured moduli agree to within a very
reasonable uncertainty of about 5%.

However, the interpretation of vector
−→
03 requires some more

discussion. Indeed, in the crystal structure of MgB2 the longest
interplanar distance is d(001) = 3.522 Å, which is less than 50% of
the measured value. This observation unequivocally implies that
this contribution cannot originate from the MgB2 crystal structure
itself. On the other hand, the observation of the presence of up to
6 different layers opens the way to a correct interpretation. In-
deed, it is well-known that two lattices superimposed with some
misalignment angle can originate interference patterns with a
new periodicity, i.e. the so-called Moiré patterns. The general
mathematical formula for the period dM of the Moiré pattern
generated by two lattices with periods d01 and d02, featuring a
misalignment angle α102, is reported in Eq. (1):

dM =
d01d02√

d201 + d202 − 2d01d02 cosα102

. (1)

Table 1 lists the features of the reciprocal vectors identified in
Fig. 2(b) with more precise measurements. Based on these data,
Eq. (1) predicts a value for the period dM of the Moiré pattern
generated by the vectors

−→
01 and

−→
02 dM = 8.066 Å. This value

agrees very well (i.e. within about 2%) with the experimental d-
spacing of the vector

−→
03 reported in Table 1. Therefore, it can be
4

Table 1
Reciprocal vectors and corresponding angles shown in Fig. 3(b).
Reciprocal
vector

Modulus
(1/nm)

d-spacing
(Å)

Angle (◦) with
respect to
vector

−→
01

−→
01 3.967 2.521 0
−→
02 4.450 2.247 15.62
−→
03 1.211 8.258 76.16

concluded that the MgB2 nanoparticle of Fig. 3(a) actually consists
of a few stacked nanosheets slightly misaligned to each other.

This situation can be visualized in a more clear way by taking
the inverse FFT of Fig. 3(b), while masking the vectors

−→
01 and

−→
02, which is shown in Fig. 3(c). In this picture the fringes of the
Moiré pattern corresponding to the vector

−→
03 are very apparent

and their period reported in Fig. 3(d) is practically the same as
the d-spacing of the vector

−→
03, as expected.

To obtain a clear confirmation about the layered nature of
the exfoliated nanoparticles, we have compared TEM and STM
acquisitions for the 1 h sonicated supernatant dispersion. The
corresponding results are shown in Fig. 4. Even if the nanopar-
ticles considered are obviously not exactly the same in both
measurements, it is possible to see that on a typical length scale
of about 200 nm, what in the TEM image seems to be a nanosheet
really corresponds to a layer about 14 nm in thickness in the
STM image, with an average surface roughness Srms = 1.5 nm,
that has to be compared with the value Srms = 0.58 nm of the
substrate (see Fig. S2 in Supplementary Information). Therefore,
the 2D nature of the nanosheets observed in the TEM image is
confirmed, with a typical length-to-height ratio greater than 10.

Fig. 5(a) and (d) display a TEM overview of the exfoliated MgB2
nanosheets obtained after 2 h of sonication. The extension of
some individual nanosheets, identified as domains with coherent
lattice fringes, is indicated by the violet arrows: It is possible to
notice that practically all of the sheets look like isotropic flakes
with characteristic sizes below 10 nm. This seems to indicate that
longer sonication times induce higher fragmentation of the MgB2
nanosheets.

The FFTs of the regions surrounded by red boxes and la-
belled as ‘‘2’’ in Fig. 5(a) and (d) are displayed in Fig. 5(b) and
(e), respectively. Even over such small regions, it is possible to
identify many crystalline contributions corresponding to many
reciprocal vectors. However, practically all of them lay on two
circles, meaning that two moduli are dominant, even if the re-
ciprocal vector orientations can be very different. This situation
is typical of a polycrystalline sample. In Fig. 5(b) and (e) two
representative vectors have been highlighted. The vector

−→
01 has a

odulus of 3.67 and 3.80 nm−1 in Fig. 5(b) and (e), respectively,
orresponding to d-spacing values of 2.72 and 2.63 Å, respec-
ively. Again, these vectors can be identified with the reciprocal
ector (100) of the ICDD card, which predicts a theoretical value
(100) = 2.671 Å that is just 2% different from the measured one.

The vector
−→
03 has a modulus of 4.26 nm−1 in both Figs. 5(b)

and 5(e), corresponding to a d-spacing value d = 2.35 Å. This
vector can be identified with the reciprocal vector (101), whose
d-spacing is d(101) = 2.128 Å, in reasonable agreement (about 10%
difference) with the measured value. Interestingly, the (101) and
(100) Bragg reflections are the two most intense ones expected
from a polycrystalline MgB2 sample, which makes the present
spot indexing fully self-consistent. The additional features emerg-
ing from Fig. 5(b) and (e) are represented by the vectors

−→
02.

Again, they can be interpreted as Moiré patterns originating from
superimposed, misaligned MgB2 nanosheets. Indeed, according to
Eq. (1), the periods of the Moiré patterns generated by the vectors
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Fig. 4. Comparison between TEM and STM measurements of the 1 h sonicated supernatant dispersion. (a) TEM BF morphology and (b) STM topographic map of
similar nanosheets with the same typical length scale of about 200 nm. (c) STM profile of a nanosheet, taken along the blue line shown in panel (b). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. HRTEM imaging of the MgB2 exfoliated layers obtained after 2 h sonication, (a) and (d) overview of the nanoparticles at different magnifications: violet lines
indicate the approximate extension of some individual sheets; (b) and (e) FFT of the regions surrounded by red boxes and labelled as ‘‘2’’ in panels (a) and (d),
respectively. In both panels, vectors

−→
01 and

−→
03 represent the contribution from the planes of the MgB2 crystal structure, whereas vector

−→
02 represents the Moiré

pattern emerging from stacked misaligned MgB2 nanosheets; (c) and (f) intensity profiles measured along a line normal to the Moiré fringes observed in the regions
‘‘2’’ of panels (a) and (d), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
−→
01 and

−→
03 are equal to dM = 9.620 Å and dM = 5.568 Å for

Fig. 5(b) and (e), respectively. On the other hand, the periods
measured in Fig. 5(c) and (f) for the fringes visible in the regions
labelled as ‘‘2’’ in Fig. 5(a) and (d) are dM = 9.66 Å and dM = 5.81
Å, in good agreement with the expected values.

In order to compare the TEM observations with the STM
ones for the 2 h sonicated supernatant dispersion, we focussed
on the length scale of 100 nm. Fig. 6 shows the corresponding
observations for two different nanosheets with approximately the
same shape and size. The STM topographic map indicates that this
nanosheet is about 7 nm in height, with a width-to-height ratio of
at least 15 (depending on the profile orientation) and an average
surface roughness Srms = 0.8 nm. These measurements confirm
the 2D nature of the 2 h exfoliated nanosheets, too.

One of the liquid dispersions was sonicated for 3 h and then
treated in two different ways. Part of the product was dried from
ethanol by keeping it at 80 ◦C for 48 h in air: the corresponding
TEM images are shown in Fig. 7(a) and (b). Another part of the
5

dispersion was tested as usual by taking 5 mL of the supernatant
liquid obtained via centrifugation and casting it on the TEM grid:
the corresponding images are shown in Fig. 7(c) and (d).

Fig. 7(a) shows that the desiccated dispersion results in a set
of aggregated particles with sizes between 5 and 10 nm, which
stick on the edge of a non-transparent bulky particle. Considering
the size of this bulky particle and the fact that the pristine
MgB2 powder consists of grains with an average size of about
1.4 µm (see Fig. S3 in Supplementary Information), it is natural
to identify this bulky particle as a grain of the pristine powder
that underwent no or minimal fragmentation process during the
3 h sonication.

Focussing on the edge region of this aggregate (see Fig. 7(b)),
it is possible to clearly distinguish the single crystallites and
their fringes, with a measurement of the d-spacing equal to d
= 2.706 Å. This spacing matches well with the one of the (100)
planes d(100) = 2.671 Å, confirming that this is the dominant
orientation for these MgB planes and that the aggregate on the
2
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Fig. 6. Comparison between TEM and STM measurements of the 2 h sonicated supernatant dispersion. (a) TEM BF morphology and (b) STM topographic map of
similar nanosheets with the same typical length scale of about 100 nm. (c) STM profile of a nanosheet, taken along the blue line shown in panel (b). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. TEM imaging of the MgB2 exfoliated particles obtained after 3 h
sonication. (a) low-magnification BF image representing both the bulk and the
edge regions of the MgB2 nanoparticle aggregate obtained via oven-drying; (b)
HR image of the edge region of panel (a): lattice fringes with d = 2.706 Å
are indicated; (c) and (d) low-magnification BF images of MgB2 nanoparticles
obtained from a centrifuge-derived supernatant drop. Some approximately
circular particles with diameters of about 10 nm are indicated by white arrows.
Bigger particles, about one order of magnitude larger in size and formed by
many aggregated particles, are highlighted by white circles.

edge of the bulky particle consists of densely packed MgB2 single
anocrystals.
Fig. 7(c) and (d) show that these nanoparticles, about 5–10 nm

n size, can also be observed in an isolated form in the case of the
upernatant solution. As we will discuss in the following, these
solated particles can be indicated as primary particles and their
ggregation can lead to the formation of more complex bodies
bout one order of magnitude larger, as indicated by the white
ircles in Fig. 7(c) and (d).
To gain further insight about the nature of the isolated

anoparticles observed in the case of the supernatant solution,
e carried out a comparison between TEM and STM observations,
hich is summarized in Fig. 8. In the TEM image, these particles
how a rounded shape with a diameter ranging between 10 and
0 nm, approximately (Fig. 8(a)). Nanoparticles with analogous
hape and size have also been detected in the STM image and
typical profile is shown in Fig. 8(c). It is clear that in this
6

case it is no longer possible to define a ‘‘flat’’ top surface of
the nanoparticle and that the prolonged sonication process has
resulted in objects resembling spheroidal or ellipsoidal shapes.

All of these observations lead to the following picture for the
present sonication process, which is graphically summarized in
Fig. 9 and discussed in the following.

As it is well-known, the LPE technique is based on the cavita-
tion bubble-collapse mechanism. Generally speaking, the micro-
scopic processes that can take place during this kind of treatment
are represented by: (i) interparticle collisions, (ii) surface dam-
age (e.g. from micro-jets or particle collisions or direct shock-
wave damage) and iii) particle fragmentation (mostly from direct
shockwave-particle interactions) [13–16,18]. In principle, all of
these mechanisms can coexist, but the dominant process largely
depends on the suspension particle density and secondly on the
length of the sonication. Indeed, for instance, the surface damage
by micro-jets rapidly decreases when the mean size of the solid
surface becomes less than the resonant bubble dimensions just
before collapsing [16].

As a matter of fact, many of previous research efforts em-
ploying sonication on MgB2 have resulted in chemically modified
2D-layered products with different structures, stoichiometries
and functionalities [21,23,41]. For instance, the use of a high load
of MgB2 spherical particles (about 45 µm in diameter) in decalin
has induced interparticle coalescence by fusion just within 1 h of
sonication treatment [42].

On the other hand, very few reports exist about direct bulk-
MgB2 exfoliation [15,43]. Our study, being intended to investigate
the ability of sonication to deliver nanostructured MgB2 products
with unmodified stoichiometry and minimal surface contamina-
tion, has used a low particle concentration for the suspension
(i.e. 1 g/100 mL) and a prolonged sonication time to facilitate
particle fragmentation.

During the sonication process, vapour bubbles have nucleated
and grown in the low-density regions generated by the ultra-
sound pressure waves until they have reached the resonant size
of about 150-200 µm in diameter (see Fig. 9(a)). At this point, the
bubbles have collapsed into a core of a few nm in size, where the
local pressure conditions are equivalent to a temperature of the
order of T = 5000 K (Fig. 9(b)). In these very high-energy-density
conditions, many radical species can be produced by fragmen-
tation of the ethanol molecules, but the most abundant one is
represented by the H+ species [44] (see Fig. 9(c)). Of course, these
radicals diffuse from the collapsed core into the bulk of the liquid
and can also recombine into neutral molecules, nevertheless they
are continuously created by subsequent collapses in a dynamical
way, resulting in a higher amount of H+ ions available during
sonication.

Concerning the exfoliation mechanism, it should be considered
that the average size of the grains of the precursor powder is
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Fig. 8. Comparison between TEM and STM measurements of the 3 h sonicated supernatant dispersion. (a) TEM BF morphology and (b) STM topographic map of
similar nanoparticles with the same typical length scale of about 30 nm. (c) STM profile of a nanoparticle, taken along the blue line shown in panel (b). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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just 1.4 µm, to be compared with the size of about 150-200 µm
for the resonant bubbles in ethanol just before collapsing. This
implies that direct surface damage of the grains by the microjets
is expected to be highly inefficient and therefore negligible. On
the other hand, MgB2 grains located close to a collapsed core
should be highly affected by the pressure fronts of the gener-
ated shockwaves: the discontinuities in the fluid pressure and
temperature are expected to result in grain fragmentation and
exfoliation, depending on the reciprocal orientation between the
grain surface and the wave front (Fig. 9(d)). Another process
taking place during sonication is represented by particle–particle
collisions. Indeed, even if the microjets originating from bubble
collapse are ineffective in directly hitting the MgB2 grain surfaces,
hey produce local microstreams that during the collapse can
ccelerate the grains located close to the bubble walls over the
istance of the bubble diameter (i.e. about 150-200 µm) up to
striking speed of approximately 1200 m/s. This can lead to a
article–particle collision between the accelerated particle and
nother stationary grain located close to the opposite wall of
he collapsed bubble. However, since pristine MgB2 grains are
ypically 2D-hexagonal in shape, the probability of head-on colli-
ions is expected to be negligible. Other reciprocal orientations
orresponding to large glancing-angle collisions should lead to
urface damage (and thereby to fragmentation) for one of the
articles and to possible exfoliation for the other one (Fig. 9(e)).
Indeed, a comparison between Fig. 2(a) and Fig. 7(a)–(d) in-

icates a morphological degradation of MgB2 due to nanosheet
ragmentation, likely due to these large glancing-angle particle–
article collisions or to direct shockwave-particle interaction. This
bservation seems also to exclude a grain growth process derived
rom individual particle head-on collisions, confirming that this
rocess has really a negligible probability.
Fig. 7(c) and (d) show that this fragmentation process contin-

es up to the point when the cavitation-generated nanoparticles
each a minimum size of approximately 10 nm, which can be
ndicated as the size of the primary particles. At that point (which
n our experiment occurred after about 2 h of sonication) par-
icle coalescence becomes the dominant process: aggregation
akes place between primary particles, each of them retaining its
rystalline nanostructure (see e.g. Fig. 7(b)), via particle–particle
ollision, up to the formation of agglomerates with a typical size
f 50–100 nm.
Finally, it should also be considered that at any stage of these

rocesses, the H+ ions resulting from ethanol fragmentation can
e adsorbed on the MgB2 nanoparticle surfaces at convenient
tomic sites, producing positively charged nanoparticles (see
ig. 9(f)). Experimental evidences of this fact will be discussed
n the following.

In order to gain more knowledge about the physical properties
f these MgB nanoparticles, we have investigated their optical
2

7

esponse in the dispersion stage. Fig. 10 displays their UV–VIS
ptical absorption spectra resulting after the correction for the
aseline absorbance of the solvent (i.e. ethanol).
From the point of view of the general optical properties of

gB2 in its normal state, anisotropic plasma edge frequencies
p,a and ωp,c have been reported in the in-plane and out-of-plane

crystallographic directions, respectively, along with the presence
of a feature related to the σ→π interband transition [45–49].
However, their details strongly depend on sample character-
istics, like doping and crystal quality [50,51]. In this respect,
we consider that the LPE method used for our sample prepara-
tion, even if already starting from high-purity MgB2 raw materi-
als [37], should have further enriched the purity of the individual
MgB2 nanoparticles because a much smaller exfoliation rate is
expected for typical impurities like MgO, whose ionic bonds make
it isotropic. For this reason, we prefer to compare our optical
results with the ones obtained for high-quality epitaxial MgB2
films.

Fig. 10 shows that all of the three suspensions share the
presence of the same feature located at about 489 nm, which is
fixed at ωp,a = 20449 cm−1 and represents a small ‘‘shoulder’’
(hence the label ‘‘s’’ in Fig. 10) of another broader peak, which
has been labelled as ‘‘P’’. In terms of energy, the ‘‘shoulder’’
corresponds to E = 2.54 eV and has been associated to the
plasma frequency of the quasi-2D in-plane σ -bands within the
framework of a simple Drude model for the optical conductiv-
ity [52]. Apparently, this plasma edge undergoes no shift as a
function of the sonication duration, which means on the one hand
that the relevant parameters of the charge carriers (like their
density) are unaffected, and on the other hand that the average
size of the MgB2 nanoparticles in all of the samples is too large
to observe quantum size effects [53,54].

Concerning the broad peak ‘‘P’’, its centre is positioned at
about 22925 cm−1, corresponding to about E = 2.84 eV. In high-
quality epitaxial films, the region in the range 2.55–2.90 eV has
been associated with the ab-plane σ→π interband transition,
ith a centre at approximately 2.78 eV [49,55]. This fact induces
he origin of peak ‘‘P’’ to be ascribed to the σ→π transition. It is
lso interesting that the position of this peak seems to be insensi-
ive to the duration of the sonication process, whereas its height
ncreases on increasing the sonication time and finally it becomes
ominant with respect to the shoulder ‘‘s’’. Since the presence
f quantum size effects has already been excluded, a reasonable
nterpretation could be represented by the hypothesis that the
ccumulation of defects in the MgB2 nanosheets on increasing
he sonication time also increases the interband scattering rate,
nducing an increase of the optical absorbance. Therefore, these
ptical data, on the whole, confirm that the MgB2 nanoparticles
btained via LPE preserve a metallic (albeit defective) nature
ith a predominant 2D character corresponding to the ab-plane,
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Fig. 9. Schematic overview of the exfoliation physicochemical process taking place in our experiments. (a) Micro-bubble nucleation and growth in the rarefied regions
of the liquid; (b) implosive bubble collapse into a nanometric core after reaching the resonant size of 150-200 µm; (c) high-energy-density conditions achieved
n the collapsed core (equivalent to T ≈ 5000 K) produce solvent radical species, the most abundant being H+; (d) shockwave fronts generated by the collapsed
core interact with the particles nearby, resulting in exfoliation or fragmentation (depending on reciprocal orientation); (e) particle–particle collisions induced by
microstreams and microjets originating from the bubble implosion: particles are transported and accelerated by the microjets and collide with other stationary
particles in the bulk solvent; (f) diffusion of H+ ions out of the collapsed core and subsequent adsorption on the surface of exfoliated sheets.
Fig. 10. UV–Visible optical absorption spectra of the supernatant liquids ob-
tained after 1 h (wine curve), 2 h (blue curve) and 3 h (black curve) of MgB2
onication processes. The inset shows the glass vials containing the nano-MgB2
upernatant liquids collected for these measurements. Vertical dashed lines
epresent a guide to the eye to highlight important physical features. (For
nterpretation of the references to colour in this figure legend, the reader is
eferred to the web version of this article.)

ut without reaching a size range where quantum confinement
ffects become detectable.
Fig. 11 reports the Raman spectroscopy data measured for

he precursor MgB2 powder and for the 3 h sonicated MgB2
ispersion in ethanol, in order to elucidate some physicochemical
8

Fig. 11. Raman spectra of the 3 h sonicated MgB2 dispersion in ethanol (wine
curve) and of the corresponding precursor bulk-MgB2 powder (red curve).
Spectral features important for lattice vibrations and surface coordination are
numbered from 1 to 6. The blue curve represents the spectral data collected
for pure ethanol. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

features of the MgB2 nanoparticles revealed by their low-energy
lattice excitations.

For MgB2 bulk samples (space group I6/mmm), the factor-
group analysis predicts four modes at the Γ point: B1g, E2g,
A2u and E2u, of which only E2g is Raman active. This mode is
generally observed as a broad asymmetric peak around 605 cm−1

(75meV) [56–58], but in the case of our measurements (red
curve) it cannot be clearly distinguished from the background.
Instead, the spectrum of the bulk MgB2 shows an intense flu-
orescence signal at high wavenumbers (from about 2000 to
3500 cm−1), which makes it difficult to recognize other signals.
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m

Fig. 12. (a) Physicochemical measurements of 1 h sonicated MgB2 nanoparticles in ethanol as a function of time: zeta potential (black solid circles), electrophoretic
obility (red solid circles) and electrical conductivity (blue solid circles); (b) photographic snapshot of 1 h sonicated MgB2 nanoparticle aggregates observed in the

laboratory environment after 48 h of storage (photograph taken just after few seconds of manual shaking). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
This problem could be related to the small size of the hexagonal-
like platelets of this bulk sample. Indeed, it has been reported
that Raman spectra of bulk MgB2 can be very sensitive to acqui-
sition and sample conditions, and that larger grain sizes typically
enhance the observation of well-defined Raman peaks [56,58].

On the other hand, in the spectrum of the 3 h sonicated
MgB2 dispersion (wine curve), more signals are observed. Apart
from the peaks corresponding to ethanol, the most important
contributions to the spectrum are observed at 300, 500, 610, 730
and 800 cm−1 (labelled as peaks n.1, n.2, n.3, n.4 and n.5, respec-
tively). On the basis of the literature, the feature at 610 cm−1 can
be identified with the well-known E2g stretching mode involving
the in-plane displacement of B atoms, which is strongly coupled
with the σ electronic band [56–58]. Concerning the other peaks,
it is important to mention that, on the basis of experimental IR
and Raman data, and also DFT calculations, it has been proposed
that a reduced symmetry in the lattice can induce the presence
of extra peaks [56]. Actually, the measured positions of the extra
peaks correspond approximately to the ones reported for the
PDOS calculated in MgB2 super-lattices with reduced symmetry
and so they can be correlated with the presence of few-layer
sheets with a distorted lattice, as also testified by the TEM and
STM analyses.

It is also worth noting that this spectrum shows fluores-
cence, albeit different from that of the bulk sample. In this case
the position of the maximum of fluorescence emission (around
2436 cm−1, i.e. peak n.6) corresponds to the range of intense B-
H stretching modes [59,60]. Therefore, this is an indication that a
surface hydrogenation process could take place during sonication,
as expected from the H+ production and adsorption mechanisms
shown in Fig. 9(c) and (f). To confirm this hypothesis, we per-
formed a measurement of the zeta potential over a timeframe of
1 h for the 1 h sonicated supernatant solution. The corresponding
results are reported in Fig. 12.

It is possible to notice that no time dependence can be ob-
served for the measured quantities over the selected timescale,
implying that all of the data are statistically homogeneous and
provide the average values of 11.4 ± 0.6 mV, 0.23 ±0.01 µm
cm/Vs and 15 ± 2 µS/cm for the zeta potential, the electrophoretic
mobility and the electrical conductivity, respectively. Concerning
the zeta potential, it should be noticed that its positive sign
confirms the Raman indications about the presence of adsorbed
H+ ions on the surface of the nanoparticles, different from what is

typically observed in exfoliation experiments in water, where the

9

zeta potential is negative [21]. On the contrary, our experimental
situation seems to be more similar to the one of nanodiamonds,
where the presence of graphite-like planes with sp2 bonds at their
surfaces promotes nanoparticle hydrogenation [61]. However, the
relatively small average value of the zeta potential of our col-
loidal dispersions corresponds to an incipient instability. Indeed,
Fig. 12(b) clearly shows how flocculation starts within 48 h from
sonication.

4. Conclusions

We have successfully demonstrated a sonication process to in-
duce exfoliation of high-purity MgB2 powders into nanoparticles.
The evolution of the products from few-layer MgB2 nanosheets
to 3D agglomerates of nanograins with increasing the sonica-
tion time has been monitored, with indications that particle-
shockwave and particle–particle interactions represent the dom-
inant mechanisms during the exfoliation and aggregation stages,
respectively. TEM, STM and spectroscopic investigations have
revealed that the obtained MgB2 nanoparticles preserve their
crystal structure and their metallic nature with an enhancement
of their 2D features, most likely induced by their few-layer thick-
ness. No chemical alteration has been detected in MgB2 because
of the low-frequency sonication process, apart from hydrogen-
termination of the nanoparticle surfaces. The corresponding col-
loidal dispersions show incipient instability and start flocculating
within 48 h.

This study provides important preliminary information use-
ful to implement the LPE process in different applications of
MgB2, like basic superconductivity studies, antibacterial coating
or nano-drug preparation.
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