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Preparation of Hexagonal-Boron Nitride Nanoparticles by Laser
Ablation in Liquid and their Properties
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Hexagonal boron nitride nanoparticles were successfully prepared by laser ablation in liquid. A
nanosecond laser at the second harmonic of Nd:YAG was used for the preparation, and they were
evaluated by scanning electron microscopy, X-ray diffraction, and dynamic light scattering. Increas-
ing the laser fluence reduced the secondary particle size, yielding particles of 379 nm. The high-
temperature laser process did not cause any phase change, and hexagonal boron nitride nanoparticles
were obtained. Decreasing the amount of sodium hydroxide solution added to the solvent of laser
ablation reduced the amount of agglomeration and reduced the secondary particle size, yielding na-
noparticles of 189 nm. The zeta potential of the prepared nanoparticle was -62 mV and the primary

particle diameter was 25 nm.
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1. Introduction

Boron nitride (BN) has a structure very similar to that of
carbon materials and has attracted attention due to its unique
properties.) BN has two main crystal structures: hexagonal-
BN, which is stable in the ambient phase, and cubic-BN,
which is stable in the high-pressure phase.? Hexagonal-BN
has a graphene-type structure with planar hexagonal rings
consisting of alternating bonds of B and N. In the case of
graphene, the hexagonal rings of only carbon are stacked
vertically, but in the case of BN, N is below B and B is below
N alternately.> While graphene has no band gap, hexagonal-
BN is an insulator with a band gap as large as about 6 eV.>

BN nanoparticles are very useful for specific application
potentials in catalysis, drug delivery, tribology, and struc-
tural materials.” They are widely used as support materials
for catalysts due to their large specific surface area and high
chemical stability.” Hexagonal BN is useful as a catalyst and
photocatalyst due to its unique electronic structure.*” BN
nanoparticles have been used as drug delivery systems of
ciprofloxacin (CIP),® norfloxacin (NOR),® and doxorubicin
(DOX).>!' H-BN nanoparticles are also important in the
field of tribology and are widely known as additives to oils,
solid lubricants, etc.'” Embedding BN nanoparticles in pol-
ymers has enabled composite materials with lightweight and
high mechanical strength, and given them low thermal ex-
pansion coefficient and high thermal conductivity proper-
ties.!1213)

Nanoparticles in themselves have an extremely large
specific surface area and exhibit properties different from
those of the bulk, making them suitable for various applica-

tions such as catalysts, biomaterials, and electronic materials.

Nanoparticles can be prepared by hydrothermal synthesis,'¥

solvothermal synthesis,'> chemical bath deposition,'® py-
rolysis,'” sol-gel method,'® and laser ablation in liquid.'*-??
The laser ablation in liquid method has recently attracted at-
tention as a new nanoparticle fabrication method, which pro-
ceeds as follows:?!-?3 1) A brief interaction between a pulsed
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laser beam and a solid target would result in the formation
of an atomic plasma on the target surface after a few nano-
seconds. ii) The plasma would generate by the high-velocity
expansion of the material exposed to the high-energy laser
beam would reach a high temperature and pressure, generat-
ing a shock wave in the surrounding area. iii) The energy
released from the hot plasma into the surrounding liquid
would cool the liquid, causing a thin vapor layer to appear
around the plasma volume, which would be the beginning of
the rise of the cavitation bubble. iv) Finally, the formation of
nanoparticles would occur during the cooling phase of the
plasma and would diffuse into the liquid during the contrac-
tion phase of the cavitation bubble, which would lead to the
formation of a colloidal solution. The advantages of the laser
ablation in liquid are as follows; (i) Nanoparticles with high
crystallinity can be obtained due to the high temperature and
pressure conditions. (ii) The collection rate is high because
all the generated nanoparticles are present in the liquid. (iii)
The generated nanoparticles are obtained as colloids, mak-
ing them easy to handle. (iv) The size and shape of the na-
noparticles can be controlled by changing the laser condi-
tions. (v) No vacuum equipment is required, and nanoparti-
cles can be produced with simple equipment.

It had been reported that laser ablation in liquid with
electrolytes such as sodium chloride, potassium chloride, so-
dium hydroxide, hydrochloric acid, and sodium nitrate in-
creased the surface charge density and electrostatic stability
of nanoparticles.?” Metal nanoparticles produced with elec-
trolyte solution showed not only a decrease in particle size
but also an improvement in dispersion stability due to the
hydroxide and chloride ions adsorbed on the particle sur-
face.?” In palladium nanoparticles, higher colloidal stability
and monodisperse nanoparticles were obtained by adsorp-
tion of anions, and laser ablation using electrolytes with tai-
lored ionic strength was reported to be a promising approach
for controlling colloidal stability and particle size.?®
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In this study, hexagonal-BN nanoparticles are prepared
by dispersing BN micron-size powder in pure water or elec-
trolytic solution and irradiating them with a laser, and their
properties were characterized after laser irradiation. By per-
forming laser ablation in liquid with the electrolytic solution,
ions are expected to adsorb on the surface of BN nanoparti-
cles and form BN nanoparticles with improved size control
and dispersion stability through electrostatic repulsion.

2. Experimental

A suspension of hexagonal-BN powder (particle size: 10
pum, purity: >99.0%) was weighed into a screw-tube bottle
(30 ml), added to which ultrapure water (20 ml) was added,
stirred for 30 sec. with a vortex mixer, and irradiated with
ultrasound for 5 min. The nanoparticles were prepared by
irradiating the suspension with Nd:YAG laser beam (wave-
length: 532 nm, pulse width: 13 ns, repetition rate: 10 Hz).
During laser irradiation, the powder was dispersed by a mag-
netic stirrer. After laser irradiation, the sample was passed
through a 1 pm filter to obtain the nanoparticle dispersion
solution.

Samples were observed by scanning electron micro-
scope (SEM, acceleration voltage: 5 kV) to evaluate the
shape and primary particle size of the nanoparticles. The
sample was prepared by dropping 2.5 pl onto a carbon sup-
port film on a metal mesh and allowing it to dry. Powder X-
ray diffraction (XRD, power: 40 kV, 40 mA) was used to
evaluate the crystal structure of the samples. The samples
were powdered from nanoparticle-dispersed solution using
a freeze-dry. The secondary particle size of the prepared na-
noparticles was measured by dynamic light scattering (DLS,
light source wavelength: 532 nm, detection angle: 90 deg.).
Three ml of the prepared nanoparticle dispersion was placed
in a cell for the measurement. The zeta potential of the pre-
pared nanoparticles was measured by the electrophoretic la-
ser Doppler method. The laser Doppler method is based on
the fact that the frequency of scattered light changes due to
the Doppler effect when particles moving by electrolysis are
irradiated with laser light, and the zeta potential can be
measured in a short time.

3. Results and Discussion

Figure 1 shows SEM images of the raw material and the
nanoparticles produced by varying the fluence with an irra-
diation time of 30 minutes. The raw material was a plate-like
particle of micrometer order, as shown in Fig. 1(a). At a flu-
ence of 75 mJ/cm?, nanoparticles could also be observed, alt-
hough in smaller numbers, as shown in Fig. 1(b). A large
number of micro-sized particles were also observed. In the
case of fluences of 150 and 300 mJ/cm?, aggregated nano-
particles were mainly observed, as shown in Fig. 1(c) and
(d). The formation mechanism of BN nanoparticles would
be due to the growth and collapse of cavitation bubbles
caused by the heating of the raw material powders by the
laser beam. It would be as follows;?” When the raw material
powders were irradiated with the laser beam, the plasma
would be generated on the surface of the powders. The ex-
panding plasma plume contained ions, atomic clusters, and
fine particles. A shock wave would be generated then. The
plasma plume would be cooled as it expanded, releasing en-
ergy into the liquid. Cavitation bubbles would be generated
during this process, and the cavitation bubbles would expand,
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Fig. 1 SEM images of (a) raw material and nanoparticles
at each fluence ((b) 75 mJ/cm?, (c) 150 mJ/cm?

and (d) 300 mJ/cm?).
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Fig. 2 The average secondary particle size of nanoparti-
cles as a function of irradiation-laser fluence.

Fig. 3 SEM images of nanoparticles at each irradiation
time ((a) 0.5 hours, (b) 1.0 hour and (c) 1.5 hours).

contract, and collapse repeatedly to produce nanoparticles.
This process would be followed by particle growth and ag-
gregation. There are many reports on the relationship be-
tween cavitation bubbles and nanoparticle formation.?3D A
large amount of agglomeration of nanoparticles in Fig. 1(c)
and (d) would be due to the increase in the number of nano-
particles produced by the increase in laser fluence.?? Nano-
particles are likely to aggregate due to their extremely high
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surface energy.’® In addition, nanoparticles in water would
be constantly moving due to flow and diffusion caused by
Brownian motion, therefore when there was a relative veloc-
ity difference between particles, they would collide with
each other, and if the gravitational force acting between the
nanoparticles during this collision would be sufficiently
large, they would agglomerate.>?

The fluence dependence of the average secondary parti-
cle size measured by DLS is shown in Figure 2. Particle size
decreased with increasing laser fluence. A similar trend had
been observed for other materials. >3

Figure 3 shows the SEM images when the laser irradia-
tion time was extended to reduce agglomerates. The number
of fine particles increased as the irradiation time increased.
Although the BN raw material powder dispersion was con-
tinuously stirred by the magnetic stirrer during the laser ir-
radiation, some particles would not be irradiated by the laser
beam if the irradiation time was small. By increasing the ir-
radiation time, the number of powders irradiated with the la-
ser beam increased, and it would increase the number of na-
noparticles. According to the photothermal mechanism,40)
which was one of the mechanisms of nanoparticle formation
by laser irradiation, the particle temperature would increase
by Joule heating with increasing laser fluence and irradiation
time, and explosive evaporation would occur at the boiling
point to produce nanoparticles. In this study, the increase in
irradiation time would also cause the progression of frag-
mentation of powders.

Figure 4 shows the XRD patterns of the raw material and
nanoparticles. Both were all hexagonal-BN peaks, and no
cubic-BN peaks were observed, so no phase change was ob-
served under the present conditions, even with the high-tem-
perature laser process.

The dependence of the secondary particle size of the na-
noparticles on electrolyte concentration in the case of KCI
solution is shown in Figure 5. The secondary particle diam-
eter in the case of ultrapure water was 296.4 nm. At all con-
centrations, the secondary particle diameters were larger
than those in the case of ultrapure water and also increased
with increasing concentration. For an interface that is posi-
tively or negatively charged in the electrolyte, ions of oppo-
site charge are distributed to neutralize it.*"*» The potential
@ at a distance d from the interface is expressed by the fol-
lowing equation (1);*4?

¢ = pse " ()

where @0 is the potential of the Stern layer fixed at the
interface, and « is the reciprocal of the thickness of the elec-
tric double layer when ¢ is 1/e of @d. x is expressed by the
following equation (2);*4?

e

where z is ionic valence, e is elementary electric charge, n is
ionic concentration, ¢ is dielectric constant, & is Boltzmann's
constant, and 7 is the absolute temperature. As the ionic con-
centration increases, the thickness of the electric double
layer decreases, the repulsion due to surface charges de-
creases, and aggregation of nanoparticles occurs. In DLVO
theory, the height of the barrier is determined by the condi-
tions under which the particles exist, with agglomeration oc-
curring in systems with low barriers and remaining dispersed
in systems with high barriers.*"#? The increase in the
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Fig. 4 XRD spectra of (a) raw material and (b) nanoparti-
cles (Laser fluence: 300 mJ/cm?, irradiation time:

1.5 hours).
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Fig. 5 The average secondary particle size of nanoparti-
cles as a function of the concentration of KCL.
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Fig. 6 The average secondary particle size of nanoparti-
cles as a function of the concentration of NaOH.

electrolyte concentration in this experiment would decrease
the electric double-layer repulsion between nanoparticles
and increase the aggregation rate. The increase in KCl con-
centration also caused aggregation because the pH was
closer to the zero-point charge of BN.*)

Figure 6 indicates the dependence of secondary particle
size on electrolyte concentration in the case of NaOH solu-
tion. As the electrolyte concentration decreased, the second-
ary particle size decreased, and at 10 mM it was smaller than
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Fig. 7 The average primary particle size of nanoparticles
as a function of the concentration of NaOH at low

concentration.
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Fig. 8 The average secondary particle size of nanoparti-
cles as a function of concentration of NaOH at low
concentration.
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Fig. 9 Zeta potential of nanoparticles as a function of
concentration of NaOH at low concentration.

that in ultrapure water. It would be due to the increase in re-
pulsion between nanoparticles by the electric double layer
and the suppression of agglomeration as the electrolyte con-
centration decreased. In the case of BN, the zero-point
charge of which is 4.3,* nanopatrticles are dispersed by elec-
trostatic repulsion when the pH is far from the isoelectric
point, which means a strongly alkaline solution. KCl is
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neutral, whereas NaOH is an alkaline solution. Therefore,
the nanoparticles in NaOH were dispersed more.

Figure 7 shows the primary particle size measured by
SEM for each NaOH concentration below 10 mM. All
NaOH concentrations showed smaller primary particle di-
ameters than in ultrapure water. It was smallest at NaOH
concentrations of 0.1 mM and 0.5 mM. In a previous study,
it was reported that in the generation of ZnO nanoparticles
by laser ablation in liquid with NaOH solution, smaller na-
noparticles were obtained than those prepared with deion-
ized water.*” In this study, it was also suggested that the
presence of a base would suppress the growth of nanoparti-
cles.

Figure 8 shows the secondary particle diameters at each
NaOH concentration. At all concentrations, the secondary
particle diameters were smaller than those obtained with ul-
trapure water. Hydroxide ions would adsorb on the nanopar-
ticle surfaces and the electrostatic repulsion between the na-
noparticles would increase, which suppressed aggrega-
tion.*> The secondary particle size decreased gradually with
increasing electrolyte concentration, but a sharp decrease
was observed around 0.5 mM. The tendency would be re-
lated to the sharp decrease around 0.5 mM in Figure 7.

Figure 9 shows the zeta potential at each NaOH concen-
tration. The absolute value of the potential decreased at con-
centrations above 0.5 mM. From Eq. 2, the thickness of the
electric double layer is given by the reciprocal of x and de-
creases with increasing electrolyte concentration n. Above
0.5 mM, the electric double layer was compressed as the
concentration increased, and thus the zeta potential de-
creased.*4?

4. Conclusions

Hexagonal-BN nanoparticles were prepared by laser ab-
lation in liquid and characterized. The secondary particle
size was reduced by increasing the laser fluence. The num-
ber of nanoparticles was increased by increasing the irradia-
tion time. The addition of 0.5 mM low-concentration sodium
hydroxide further reduced primary and secondary particle
size.
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