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A B S T R A C T

Traditional methods, such as chemical vapor deposition (CVD), often require toxic and flammable organic re
agents or result in a high carbon footprint, raising both health and environmental concerns. In this paper, we 
present an improved method for synthesizing hexagonal boron nitride (h-BN) nanoparticles using affordable and 
widely available precursors, boric acid, and urea. Our approach modifies the conventional techniques by 
introducing a two-step thermal treatment process, with nitrogen serving as an inert atmosphere and hydrogen as 
a diffusing agent. The resulting h-BN nanoparticles exhibit remarkable uniformity and high crystallinity. Char
acterization through scanning and transmission electron microscopy (SEM, TEM), high-resolution TEM (HR- 
TEM), selected-area electron diffraction (SAED), Fourier-transform infrared spectroscopy (FTIR), and X-ray 
diffraction (XRD) confirmed the formation of amorphous nanoparticles with an average size of 10 nm during the 
initial heat treatment at 600 ◦C under a nitrogen atmosphere. Further heat treatment at 1000 ◦C in a nitrogen- 
hydrogen gas mixture led to the crystallization of highly uniform h-BN nanoparticles, reducing their size to 
approximately 6 nm. This method ensures high morphological homogeneity and product purity, making it 
effective for the large-scale production of h-BN nanoparticles.

1. Introduction

Boron nitride (BN) is a binary compound of boron and nitrogen, 
crucial for modern technologies. It exists in various allotropic forms, 
including amorphous (a-BN), hexagonal (h-BN), wurtzite (w-BN), cubic 
(c-BN or borazon), and turbostratic (t-BN) structures [1]. Hexagonal 
boron nitride (h-BN), akin to “white graphite,” shares a honeycomb 
hexagonal lattice with graphene [2]. h-BN exhibits high thermal [3] 
conductivity [4], mechanical strength [5], chemical inertness [6], 
thermal stability [7], and dielectric properties [8]. Applications range 
from insulators and steel mold rupture rings to solid lubricants [9], 
catalyst supports [10], and composite films [11]. Additionally, h-BN 
serves as an intermediate in cubic BN preparation [12]. Boron nitride 

nanoparticles also have a wide range of applications in industries such as 
electronics [13,14], lubricants [15], coatings [16], hydrogen storage 
[17–20] and biomedical devices [21] due to their unique properties like 
high thermal stability, electrical insulation, and chemical inertness. A 
sustainable synthesis route can help meet the growing demand for these 
advanced materials in a more environmentally friendly manner [22].

Recent studies explore diverse morphologies of boron nitride, such as 
one-dimensional nanostructures [23], hollow spheres [24], nano
capsules [25], nanocages [26]. Methods for h-BN nanoparticle synthesis 
includes electric arc discharge [27], chemical vapor deposition (CVD) 
[28,29], sol-gel synthesis [30], mechanochemistry [31], electrodeposi
tion [32], and laser ablation [33]. Traditional methods for synthesizing 
BNNPs often involve toxic chemicals and harsh reaction conditions [34]. 
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Existing CVD methods rely on flammable and toxic organic reagents, 
posing risks to health and the environment [35]. Overcoming these 
limitations remains a critical goal for achieving safe, nanometer-sized 
h-BN particles [36]. By developing a sustainable route, this work aims 
to minimize the use of hazardous substances, making the production 
process safer for both the environment and human health [37].

A popular method for h-BN nanoparticle synthesis involves chemical 
vapor deposition (CVD) [38]. The CVD process includes heating a 
boron-nitrogen solution and nitrogen gas in a thermal reactor with 
ammonia and argon gases. This forms a reaction intermediate, which 
crystallizes to create a precursor for boron nitride nanoparticles on a 
metal substrate. However, this method relies on flammable and toxic 
organic reagents or have a high carbon footprint., posing risks to health 
and the environment. Traditional methods often involve expensive 
precursors and energy-intensive processes. While the work likely in
volves standard characterization techniques (SEM, TEM, XRD, FTIR), 
more in-depth studies on particle size distribution, morphology, crys
tallinity, and surface chemistry might be necessary to fully understand 
the nanoparticles’ properties. Correlating the synthesis parameters with 
the resulting nanoparticle properties is crucial for tailoring the material 
for specific applications. Understanding how the choice of starting ma
terials and process conditions influence the final product’s characteris
tics is a key knowledge gap.

Recent advancements in boron nitride (BN) synthesis have explored 
various methods beyond conventional techniques, such as chemical 
vapor deposition (CVD) and thermal treatments. Ionothermal proced
ures and crystallization methods have emerged as innovative ap
proaches, each offering unique advantages and limitations. The 
ionothermal synthesis method leverages ionic liquids as both solvents 
and reaction media, providing a low-temperature route for BN synthesis. 
This approach allows for the precise control of particle morphology and 
size distribution due to the unique properties of ionic liquids, such as 
low volatility and high thermal stability. For instance, H. Chen et al. 
reported the successful synthesis of h-BN nanostructures using an ion
othermal method, demonstrating its potential for producing high- 
quality BN with tailored properties [39]. However, the use of ionic 
liquids can lead to higher production costs and potential challenges in 
large-scale applications. The crystallization method, on the other hand, 
offers a straightforward pathway for BN production through controlled 
nucleation and growth processes. H. Chen et al. demonstrated a novel 
crystallization technique to obtain BN nanosheets with exceptional 
structural uniformity [40]. While this method excels in achieving high 
crystallinity and purity, it often requires specialized conditions and 
prolonged reaction times, which may limit its scalability. Compared to 
these methods, the two-step thermal treatment process described in this 
work offers several advantages, including simplicity, cost-effectiveness, 
and scalability. By utilizing affordable and safe precursors such as boric 
acid and urea, along with an inert nitrogen atmosphere and hydrogen as 
a diffusing gas, this method minimizes environmental impact and en
sures high product purity. Moreover, the controlled particle size and 
uniform morphology achieved in this process make it highly suitable for 
industrial applications. The comparative analysis highlights that, while 
ionothermal and crystallization methods contribute to the diverse 
toolkit for BN synthesis, the developed two-step thermal treatment 
method combines environmental safety, cost efficiency, and scalability, 
making it a robust alternative for large-scale production of h-BN 
nanoparticles.

Therefore, synthesis of h-BN nanoparticles at lower temperatures, 
reduction of synthesis time, and the use of available and safe reagents as 
starting materials with particle sizes in nanometer remains an urgent 
task.

The surface physicochemical properties of boron compounds play a 
crucial role in determining their applications in modern materials. Ac
cording to the study by T. Hamieh et al. [41], key parameters such as 
surface free energy, polarity, and acid-base interactions significantly 
influence the behavior of boron-based materials. In the context of h-BN 

synthesis, surface thermodynamic properties directly affect particle 
dispersion stability, phase interactions, and the control of crystalliza
tion. Understanding these properties enables optimization of h-BN 
nanoparticle morphology and structural uniformity, which are critical 
for their targeted applications.

To address the knowledge gaps, this study develops a more cost- 
effective synthesis route by using common starting materials and em
ploys boric acid and urea as safer starting materials. To reduce the 
environmental impact of the production process, this work uses a two- 
stage heat treatment with nitrogen as an inert atmosphere and 
hydrogen as a diffusing gas. This results in uniform h-BN nanoparticles 
with sizes between 2 and 10 nm, offering scalability and safety [38].

By using boric acid and urea as safer starting materials, this work 
addresses the risks associated with toxic reagents, as the process likely 
reduces the use of hazardous or rare chemicals, minimizing waste and 
pollution. Developing a sustainable synthesis route for boron nitride 
nanoparticles (BNNPs) aligns with the principles of green chemistry, 
which emphasize reducing the environmental impact of chemical pro
duction. By using common and potentially less harmful starting mate
rials, this work contributes to reducing the carbon footprint and 
chemical waste associated with nanoparticle synthesis [42]. If the syn
thesis process is optimized for energy efficiency, it can contribute to 
reducing greenhouse gas (GHG) emissions and energy consumption. If 
the synthesis process involves lower energy consumption or less GHG 
emissions, as compared to traditional methods, it contributes to climate 
action [43].

The key innovation lies in the two-stage heat treatment: nitrogen 
serves as an inert atmosphere, and hydrogen acts as a diffusing gas. This 
method yields uniform h-BN nanoparticles (2–10 nm) with reduced 
energy consumption and shorter synthesis time. Moreover, the use of 
nitrogen enhances safety, while hydrogen promotes uniform particle 
formation. If the synthesis process can be easily scaled up for industrial 
production, this would be a major breakthrough. Using common starting 
materials can potentially lower production costs, making boron nitride 
nanoparticles more accessible for various applications. This cost- 
effectiveness is crucial for scaling up production and integrating 
BNNPs into commercial products and technologies [41].

Additionally, the use of common starting materials suggests a de
parture from traditional, potentially hazardous or expensive precursors. 
While the use of common starting materials ensures a consistent supply 
chain for boron nitride nanoparticle production, a sustainable and effi
cient process could enable large-scale production, leading to economic 
growth and job creation. This aligns with the growing emphasis on 
sustainable and environmentally friendly synthesis methods in materials 
science.

The development of a sustainable synthesis method also may open up 
new possibilities for creating boron nitride-based materials with tailored 
properties. If the synthesized nanoparticles have specific size, shape, or 
structural characteristics that differ from those produced by other 
methods, this could represent a significant advancement. Developing a 
sustainable synthesis route involves optimizing reaction conditions and 
parameters, leading to advancements in materials processing technol
ogy. The sustainable route implies an efficient process that minimizes 
energy consumption, waste generation, and overall environmental 
impact. This could involve lower reaction temperatures, shorter reaction 
times, or higher product yields compared to existing methods [44].

To enable us to produce h-BN nanoparticles using available and safe 
starting materials, this study utilizes common starting materials such as 
boric acid and urea to reduce costs and environmental impact. The main 
difference of this sustainable method for synthesizing boron nitride 
nanoparticles is the use of a special two-stage heat treatment using ni
trogen as an inert atmosphere and hydrogen as a diffusing gas. To 
optimize the synthesis process for achieving high yields and desired 
nanoparticle properties, heat treatment was performed at low temper
atures, which reduces energy consumption and shortens synthesis time.

It is expected that this method results in the formation of dispersed h- 

O. Abdurakhmonov et al.                                                                                                                                                                                                                     Vacuum 239 (2025) 114386 

2 



BN nanoparticles with a narrow size range between 2 and 10 nm, 
providing highly uniform morphology. The development of a novel 
synthesis method for BN nanoparticles adds valuable knowledge to the 
field of nanotechnology. It provides researchers with new techniques for 
producing nanoparticles with specific properties, which can be tailored 
for different applications. BNNPs are essential in cutting-edge technol
ogies, including electronics, energy storage, and thermal management 
systems. A sustainable synthesis method could accelerate innovation in 
the sectors by providing a reliable and environmentally friendly source 
of high-quality nanoparticles.

Additionally, the use of nitrogen instead of ammonia while providing 
an inert atmosphere would make the process safer, and the diffusion of 
hydrogen in the grain-boundary regions of the crystals promotes the 
uniform formation of nanoparticles. This work supports broader envi
ronmental and economic goals by promoting the use of sustainable 
practices in nanomaterial production. It aligns with global efforts to 
reduce environmental impact while maintaining economic growth in 
high-tech industries. The features of the method make it possible to 
achieve the stated technical result, while scaling up the production of h- 
BN nanoparticles [45].

In the classical method for synthesizing h-BN nanoparticles, which 
typically involves the direct reaction of boric acid and urea with single- 
stage thermal treatment under an ammonia atmosphere, particle sizes 
are often larger than 50 nm [46]. The morphological uniformity and 
crystallinity of the product are limited, with crystallinity reaching 
approximately 40–50 % under standard conditions. Furthermore, the 
classical method generally requires higher temperatures (exceeding 
1100 ◦C) for extended durations, leading to increased energy con
sumption and broader particle size distributions [46]. In contrast, our 
proposed method modifies the traditional approach by introducing a 
two-stage thermal treatment. During the first stage, nitrogen serves as an 
inert atmosphere, and in the second stage, hydrogen is employed as a 
diffusing agent. This modification enables enhanced control over par
ticle growth and crystallization, resulting in smaller particle sizes (2–10 
nm, with an average size of 6 nm), significantly higher crystallinity (up 
to 98 %), and improved morphological uniformity. Additionally, the 
proposed method achieves these outcomes with comparatively lower 
overall energy requirements due to optimized reaction conditions. This 
detailed comparison highlights the key advantages of the proposed 
method, including superior product quality, reduced energy demands, 
and potential for large-scale industrial application, demonstrating its 
clear superiority over conventional approaches.

2. Materials and experimental methods

2.1. Materials

In this work, all reagents were analytical grade without preliminary 
purification. The following reagents were used: H3BO3, (NH2)2CO, N2 
(99.99 %), H2 (99.99 %) and bidistilled water.

2.2. Methods

2.2.1. Characterization
To determine the dimensions and morphology of the nanoparticles, a 

JEM-1011 transmission electron microscope (TEM) from Jeol (Japan) 
and a high-resolution TEM model Talos F-200i from Thermo Fisher 
Scientific (USA) were employed. The study of nanostructures through 
scanning electron microscopy (SEM) was conducted using a JEOL JEM- 
6510LV device equipped with an energy-dispersive X-ray spectrometer 
SSD X-Max Inca Energy from Oxford Instruments (UK).

The phase analysis of the samples was conducted using X-ray 
diffraction on polycrystalline powders. The diffraction patterns were 
collected using a D2 Phaser instrument model Bruker-AXS (Germany) 
with CuKα radiation and a graphite monochromator (λ = 1.54178 Å). 
The instrument was operated in tube mode (Cu) with a current of 10 mA 

and a voltage of 30 kV. The angle 2θ range was from 10◦ to 75◦ with a 
step of 0.02◦. The slit was adjusted to 0.6 mm, and the exposure time at a 
given point was 1 s, with the energy discriminator ranging from 0.17 to 
0.23 keV. Spectrum analysis and phase identification were performed 
using the JCPDS-ICDD library and specialized software. Infrared spectra 
of the samples were acquired using a Nicolet 380 FTIR spectrometer 
from Thermo Fisher Scientific (USA) within the range of 400–4000 
cm− 1. The samples underwent heat treatment in a Protherm-250 tubular 
furnace (Turkey). Mass spectrometry (SIMS) was performed in a vacuum 
of ~10− 8 Torr using magnetron discharge pumps. The instrument 
detected negative ions generated by bombarding target samples with 
positive cesium ions. Further details can be found in works [47–50].

2.2.2. Synthesis method of h-BN nanoparticles
Numerous studies have explored the synthesis of h-BN nanoparticles 

from urea and boric acid [51]. The primary distinction of our method 
lies in a specialized two-stage thermal treatment process, utilizing ni
trogen as an inert atmosphere and hydrogen as a diffusing gas. This 
low-temperature treatment significantly reduces energy consumption 
and shortens synthesis time, while ensuring the formation of 
well-dispersed h-BN nanoparticles with a narrow size distribution be
tween 2 and 10 nm. The use of nitrogen instead of ammonia for creating 
an inert environment not only improves safety but also contributes to 
better process control. The diffusion of hydrogen in the grain boundary 
regions of the crystals facilitates uniform nanoparticle formation. These 
key aspects of the method allow us to achieve the desired technical 
outcomes, including enhanced morphological uniformity.

The proposed synthesis scheme is illustrated in Fig. 1.
Initially, the semi-finished product was obtained by dissolving 

H3BO3 and (NH2)2CO in water in a ratio of 1:2 mol. The solution was 
stirred on a magnetic stirrer at a temperature of 80 ◦C for 2 h at 800 rpm. 
Then the solution was poured into a Petri dish and dried in a drying 
chamber at 120 ◦C for 12 h. The resulting samples were ground in a 
mortar after drying. Subsequently, a two-stage heat treatment was car
ried out. The first stage included firing the semi-finished product in a 
tubular furnace in a nitrogen flow. The heating process continued for 2 h 
at a heating rate of 5 C/min until a temperature of 600 ◦C was reached. 
After this, the samples were held for 2 h and then left to cool. The 
samples were then ground. At this stage, secondary firing was performed 
in a flow of a mixture of N2 and H2 gases at a heating rate of 5 C/min. 
After heating at 1000 ◦C for 2 h, the samples were left to cool freely. 
Before each stage of heat treatment, the tube furnace was evacuated to 
the level shown in the Table 1. After reaching the required vacuum level, 
the heat treatment process was carried out in a nitrogen or hydrogen 
atmosphere, which ensures minimal influence of residual gases on the 
synthesized material.

The final step involved washing the ground powder in 50 mL of 
distilled water on a magnetic stirrer at 80 ◦C and 600 rpm for 1 h, fol
lowed by centrifugation to precipitate the final product. The final 
product was then dried at 120 ◦C for 4 h.

3. Results and discussion

3.1. Characterization

Fig. 2 shows the SEM image of the obtained intermediate product 
containing boron (B) and nitrogen (N) after drying at 120 ◦C. The in
termediate product was obtained by mixing boric acid (H3BO3) and urea 
((NH2)2CO) in an aqueous medium, followed by crystallization during 
drying.

Fig. 2 shows the structure of the material, consisting of large micron- 
sized crystals with a dendritic morphology. The crystal size varies within 
a few microns, as evidenced by the scale mark in the image corre
sponding to 10 μm. The morphology of the crystals shows branched 
structures characteristic of dendritic crystals, with numerous branches 
emanating from a central axis.
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This pattern of crystal growth may indicate specific crystallization 
conditions, which include controlled evaporation of water at 120 ◦C. 
These conditions favor the formation of crystals with a highly branched 
structure, which is typical for processes where diffusion and aggregation 
of molecules play a key role. Microstructural features of the intermedi
ate product, such as large crystal sizes and their dendritic shape, can 
affect the physical and chemical properties of the product, including its 
mechanical properties, porosity, and reactivity. Using Fourier transform 
infrared spectrometry, the compounds obtained as a result of crystalli
zation of the intermediate product and subsequent drying at 120 ◦C were 

Fig. 1. Scheme for obtaining h-BN nanoparticles.

Table 1 
High vacuum regimes.

Pressure P (Torr) <10− 5

Particle number density n (cm− 3) <1011

Mean free-path λ (cm) >104

Impingement plate Za (cm− 2*s− 1) <1015

Vol.-related collision ratio Zv (cm− 3*s− 1) <109

Monolayer-timea τ (s) >100
Type of gas flow ​ Molecular flow

Fig. 2. SEM image of the obtained semi-product containing B and N after 
drying at 120 ◦C. Fig. 3. FT-IR spectrum of the obtained products containing B and N: a - after 

drying at 120 ◦C, b - after the first stage of heat treatment at 600 ◦C, c - after the 
second stage of heat treatment at 1000 ◦C, d - after washing with water 
and drying.
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studied (Fig. 3).
Fig. 3a (black line) shows the FT-IR spectrum of the obtained semi- 

products containing B and N. The characteristic vibration bands are 
observed: 3433 cm− 1, corresponding to B–O–H; 3255 cm− 1, corre
sponding to B–N–H; 2351 cm− 1, corresponding to B–H; 1667 cm− 1, 
corresponding to C–O; 1428 cm− 1, corresponding to B–N; 1347 and 923 
cm− 1, corresponding to B–N–O; 1089 cm− 1, corresponding to C–O; 692 
and 507 cm− 1, corresponding to B–O [45,52]. These spectral charac
teristics allow the identification of various functional groups and bonds 
in the obtained product, such as hydroxyl groups (B-OH), amino groups 
(B–NH2), boron-hydrogen bonds (B–H), carbonyl groups (C–O), 
boron-nitrogen bonds (B–N), boron-nitrogen-oxygen (B–N–O), and 
boron-oxygen bonds (B-O).

Fig. 3b shows the FT-IR spectrum of the precursor obtained in the 
first step of heat treatment at 600 ◦C under nitrogen atmosphere. 
Characteristic vibration bands are observed at 3217 cm− 1 and 2261 
cm− 1, corresponding to B–H; bands at 1438 and 883 cm− 1, corre
sponding to B–N; a band at 1195 cm− 1, corresponding to B–N–O; bands 
at 715 and 546 cm− 1, corresponding to B–O. However, the bands at 
1667 cm− 1 (C–O) and 1347 and 923 cm− 1 (B–N–O) disappeared. This 
indicates that although the groups containing carbon and hydrogen 
were removed during the heat treatment at 600 ◦C under nitrogen at
mosphere, oxygen cannot be completely removed from the precursor 
structure.

Fig. 3c shows the FT-IR spectrum of the precursor after the second 
stage of heat treatment at 1000 ◦C in a nitrogen and hydrogen atmo
sphere. All characteristic vibration bands are identical to those obtained 
after the first stage of heat treatment at 600 ◦C. However, the intensity of 
the bands at 1438 and 883 cm− 1, corresponding to B–N, increased.

Fig. 3d shows the FT-IR spectrum of the final product after water 
washing and drying. An increase in the intensity of the bands at 1438 
and 883 cm− 1 corresponding to B–N is noticeable. No peaks corre
sponding to other compounds determined at other processing stages 
were detected. This demonstrates the effectiveness of the washing in 
obtaining pure h-BN final product.

High vacuum (<10− 5 Torr) in the second step of heat treatment 
minimizes residual gases and hydroxyl groups, as evidenced by the 
decrease in H2O partial pressure from 10− 3 to 10− 7 Torr [3]. The cor
responding disappearance of the B-OH band at 3433 cm− 1 in the FTIR 
spectra (Fig. 3c) indicates the effective removal of hydroxyl impurities.

The combination of SEM and FTIR spectroscopy data allows us to 
trace the evolution of the material structure from intermediate products 
with dendritic morphology to the pure final product h-BN. Changes in 
the functional groups reflected in the FTIR spectra clearly correlate with 
changes in the crystal morphology at various stages of processing.

For complete identification of the obtained semi-finished product, X- 

ray phase analysis was performed. Fig. 4 shows the diffraction pattern of 
the obtained semi-finished product after drying at 120 ◦C.

Based on the analysis of the diffraction pattern of the sample (black 
curve) obtained after drying, this implied that all the identified 
diffraction peaks correspond to the JCPDS card No. 45–1869 (red line). 
This card belongs to the crystalline complex tris(guanidinium)pentaox
opentahydroxy tetraborate bisurea guanidium hydroxide borate urea [C 
(NH2)3]3B4O5(OH)5⋅2CO(NH2)2.

The complex was obtained during the reaction of urea (NH2)2CO and 
boric acid H3BO3, which results in the release of ammonia (NH3). An 
approximate mechanism for the formation of crystals of the complex is 
presented by the following reaction: 

4H3BO3+6(NH2)2CO+7H2O→[C(NH2)3]3B4O5(OH)5⋅2CO 
(NH2)2+8NH3↑                                                                              (1)

According to this mechanism, the interaction of boric acid and urea 
forms a complex accompanied by the release of ammonia as a result of 
urea degradation. The obtained diffraction analysis data confirm the 
identity of the product structure with the previously recorded crystalline 
complex.

The resulting intermediate product ([C(NH2)3]3B4O5(OH)5⋅2CO 
(NH2)2) for obtaining h-BN nanoparticles, a two-stage special heat 
treatment was carried out. The study of hexagonal boron nitride (h-BN) 
nanoparticles after the first stage of heat treatment at 600 ◦C using TEM 
and particle size distribution analysis allows a deeper understanding of 
the formation process and characteristics of the material.

Fig. 5 shows the results of the first stage of heat treatment of BN 
nanoparticles at 600 ◦C.

The TEM image shown in Fig. 5a shows nanoparticles formed after 
the first stage of thermal treatment of the precursor at 600 ◦C. The 
nanoparticles have an irregular shape with sizes ranging from 5 to 14 
nm. The average particle size is about 10 nm, indicating a narrow par
ticle size distribution, which is confirmed by further analysis.

The nanoparticles in the image show a tendency to aggregate, which 
is typical for nanomaterials due to their high specific surface area and 
the associated interparticle interactions. However, the presence of par
ticles with well-defined crystalline faces is also observed, indicating 
partial crystallinity of the material already at the first stage of thermal 
treatment. Such morphology may indicate nucleation and subsequent 
crystal growth at the nanoscale, which is typical for thermally treated 
materials.

The histogram in Fig. 5b shows the particle size distribution of the 
obtained BN nanoparticles after treatment at 600 ◦C. The distribution is 
close to normal, with the maximum proportion of particles with a 
diameter of about 9–10 nm. The peak of the distribution is in the region 
of 10 nm, with a symmetrical decrease in the proportion of particles both 
downwards (to 5–6 nm) and upwards (to 13–14 nm) in size.

Such a distribution indicates controlled particle growth during heat 
treatment, which is important for the synthesis of nanomaterials with a 
narrow range of particle sizes. The increase in particle size at the first 
stage of heat treatment can be associated with the processes of 
agglomeration and recrystallization of the precursor, as well as the onset 
of the formation of the h-BN structure.

The obtained TEM data and particle size distribution demonstrate 
that after the first stage of heat treatment at 600 ◦C, the BN nanoparticles 
have predominantly nanometer sizes with a narrow particle distribu
tion. The average particle size is about 10 nm, indicating a controlled 
process of nanocrystal formation and growth. These data will be key for 
further analysis and improvement of heat treatment parameters in the 
next stages to obtain high-purity hexagonal boron nitride with optimal 
particle size and morphology.

The phase composition of the precursor product after the first stage 
of heat treatment at 600 ◦C using X-ray diffraction (XRD) analysis en
ables a detailed characterization of the material structure. Fig. 6 shows 
the X-ray diffraction pattern of the precursor product after heat 

Fig. 4. Diffraction pattern of the obtained semi-product after drying at 120 ◦C 
(black graph). JCPDS Card No. 45–1869 for the substance of the complex 
compound [C(NH2)3]3B4O5(OH)5⋅2CO(NH2)2.
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treatment at 600 ◦C in a nitrogen atmosphere (black curve). The graph 
also shows the reference data for hexagonal boron nitride (h-BN) ac
cording to JCPDS No. 34–0421 (red line) and for boron oxide (B2O3) 
according to JCPDS No. 13–0570 (red dotted line).

The diffraction pattern of the precursor product (black curve) con
tains peaks corresponding to the h-BN structure, which is confirmed by 
their coincidence with the positions of the peaks in the JCPDS No. 
34–0421 map. These peaks indicate partial crystallinity of boron nitride 
in the sample after the first stage of heat treatment. However, the in
tensity of the peaks is low, which indicates a low degree of crystallinity 
of the material. Peaks corresponding to boron oxide are also observed in 
the diffraction pattern, which is confirmed by their coincidence with the 
data in JCPDS No. 13–0570. The presence of boron oxide indicates that 
boron was not completely converted into boron nitride during the heat 
treatment and is present as an oxide phase.

Broad peaks and noise in the diffraction pattern indicate a significant 
content of the amorphous phase in the material. This characteristic is 
typical for precursors that have undergone heat treatment at relatively 

low temperatures, when crystallization is not completely completed and 
a significant part of the material remains amorphous. The degree of 
crystallinity χс was calculated using the integrated intensity of the peaks 
for the crystalline (Ac) and amorphous (Aa) regions according to Equa
tion (2) [53,54]: 

χc =
Ac

Ac + Aa
(2) 

where χс is the crystallinity of the sample, Ac is the area of crystalline 
peaks, Aа is the area of amorphous peaks. The calculation showed that 
the degree of crystallinity of the precursor is 5 %, indicating the domi
nance of the amorphous phase in the material. This is consistent with 
TEM observations (Fig. 5a), where the irregular shape of the nano
particles and their tendency to aggregate were noted.

XRD data show that after the first heat treatment step at 600 ◦C the 
precursor contains a small amount of crystalline h-BN along with boron 
oxide (B2O3). Most of the material remains in the amorphous phase, as 
evidenced by the broad peaks in the diffraction pattern and the low 
crystallinity level (5 %). These results are important for optimizing 
subsequent heat treatment steps to increase crystallinity and purify the 
product from oxides.

After the first stage of heat treatment of BN nanoparticles was 
completed, the second stage was carried out to obtain crystallized hex
agonal boron nitride (h-BN) nanoparticles. In this stage of heat treat
ment, N2 was used as an inert medium, and hydrogen (H2) was used as a 
diffusing gas to implement grain boundary diffusion, which promotes 
the formation of fine crystallized h-BN nanoparticles.

Fig. 7 shows the findings of the second stage of heat treatment of BN 
nanoparticles at 1000 ◦C.

The TEM image shown in Fig. 7a demonstrates the high crystallinity 
of the obtained h-BN nanoparticles. The nanoparticles are predomi
nantly spherical in shape, which is typical for particles formed at high 
temperatures under controlled conditions. The spherical shape of the 
particles also indicates the minimization of surface energy, which con
tributes to the thermodynamic stability of the material.

Clear and well-defined particle boundaries indicate complete crys
tallization, which confirms the effectiveness of the second stage of 
thermal treatment. The presence of such morphology indicates the po
tential application of these nanoparticles in areas requiring stable and 
uniform structures. The particle size distribution shown in Fig. 7b shows 
that the nanoparticle diameters range from 2 to 10 nm, with a peak 
distribution at around 6 nm. The narrow size distribution range in
dicates high homogeneity of the obtained product, which is critical for 
applications requiring high reproducibility and predictability of 

Fig. 5. Results of the first stage of heat treatment at 600 ◦C of BN nanoparticles: a) TEM image of the obtained BN nanoparticles; b) distribution of particle sizes of the 
obtained BN.

Fig. 6. Diffraction pattern of the obtained precursor nanoparticles after the first 
stage of heat treatment at 600 ◦C (black curve). JCPDS No. 34–0421 for the BN 
substance (red line) and JCPDS No. 13–0570 for the B2O3 substance (red dashed 
line). (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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material properties.
The particle size of h-BN obtained by the two-step thermal treatment 

method differs significantly from that of particles obtained by one-step 
thermal treatment in a nitrogen (N2) atmosphere. In the two-step 
method, with the use of hydrogen as a diffusing gas, the particle size 
ranges from 2 to 10 nm, with an average size of 6 nm, ensuring high 
morphological uniformity and stability. In contrast, in the one-step 
method, the particles are larger, ranging from 5 to 14 nm, with an 
average size of 10 nm, due to the absence of hydrogen and less control 
over particle growth. Moreover, the crystallinity of the h-BN nano
particles is only 5 % after the first stage, whereas it reaches 87 % after 
the second stage. Thus, the two-step thermal treatment allows for the 
production of smaller, more uniform, and crystalline h-BN particles.

TEM analysis (Fig. 7) shows that decreasing the heating rate and 
optimal precursor concentrations promote the formation of h-BN with a 
narrow particle size distribution. Smoother heating ensures controlled 
grain growth and reduces agglomeration, confirming the dependence of 
morphology on synthesis conditions.

The average diameter of 6 nm indicates that the conditions of the 
second stage of thermal treatment were carefully optimized to obtain 
particles in this size range. Particle sizes in the range of a few 

nanometers are important for controlling the optical, electronic and 
catalytic properties of the material.

Additionally, to clarify the sizes of the obtained h-BN nanoparticles 
after the first and second stages of heat treatment, DLS analysis was 
carried out (Fig. 8).

During the DLS, the average particle size of h-BN was determined 
after the first and second stages of heat treatment: (a) after the first stage 
– 11.8 ± 4.2 nm, (b) after the second stage – 10.7 ± 3.9 nm.

For comparison, the average particle sizes determined by statistical 
analysis of TEM images (Figs. 5 and 7 a, b) are: after the first stage – 10 
nm, after the second stage – 6 nm.

The discrepancy between the DLS and TEM results is due to the 
differences in the measurement principles. In DLS, the nanoparticles are 
dispersed in water and their hydrodynamic diameter is determined, 
which includes the contribution of the interfacial layer consisting of the 
adsorption (Stern) shell (hydroxyl ions, OH− ) and the diffuse Gouy layer 
(adsorbed water molecules) around the surface of the nanoparticles. 
Additionally, in h-BN solution, the nanoparticles tend to form soft ag
glomerates, which also increases the measured sizes in DLS. This effect is 
well documented in the literature and is consistent with previous studies 
[55].

Fig. 7. a) TEM image of the BN nanoparticles; b) distribution of particle sizes of the BN.

Fig. 8. The average diameter of h-BN nanoparticles calculated from DLS data is (a) after the first stage of heat treatment 11.8 ± 4.2 nm, (b) after the second stage of 
heat treatment 10.7 ± 3.9 nm, and, respectively.
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The obtained data, presented in Fig. 7a and b, confirm the successful 
completion of the second stage of thermal treatment, which resulted in 
the formation of homogeneous, spherical h-BN nanoparticles with a 
narrow size distribution. These results indicate a high degree of control 
over the synthesis process and allow us to predict the successful appli
cation of the obtained nanoparticles in high-tech areas that require 
materials with high quality and stability standards. For a more detailed 
analysis of the obtained product, XRD analysis was performed. Fig. 9
shows the diffraction pattern of h-BN nanoparticles obtained after the 
second stage of thermal treatment at 1000 ◦C in a nitrogen and hydrogen 
atmosphere.

The diffraction pattern shown in Fig. 9 shows characteristic peaks 
corresponding to hexagonal boron nitride (h-BN) and boron oxide 
(B2O3). The black curve in the figure indicates the presence of both of 
these phases in the powder obtained after heat treatment. This was 
confirmed by comparing the experimental data with the data from the 
JCPDS standard cards: No. 34–0421 for h-BN (red line) and No. 13–0570 
for B2O3 (red dotted line). Based on XRD analysis, the degree of crys
tallinity of the obtained product was found to be 87 %. This value in
dicates a high degree of ordering of the crystalline structure in the 
sample. The product consists of a mixture of h-BN and B2O3 nano
particles. h-BN appears as the main phase, while B2O3 is present as a 
minor phase, probably as a result of reactions occurring at high tem
peratures under the conditions used in this experiment.

Considering that h-BN is a water-insoluble material, while B2O3 is 
water-soluble, it was decided to wash the product with water to remove 
B2O3. This will allow obtaining a purer product consisting mainly of h- 
BN nanoparticles. This procedure will increase the purity of the mate
rial, which is important for its further use in areas where only h-BN is 
required.

The HR-TEM image shown in Fig. 10a shows BN nanoparticles after 
washing and drying. Despite the treatment, the nanoparticles retain 
their spherical shape. The spherical shape of the particles, as in the 
previous stages of the study, indicates the minimization of surface en
ergy, which helps to maintain high thermodynamic stability of the 
material. The particle size distribution shown in Fig. 10b shows that the 
nanoparticle sizes range from 2 to 10 nm, with a peak distribution at 
about 6 nm. This confirms that the average particle diameter remains 
unchanged despite the treatment. The retention of particle size after 
washing and drying indicates the stability of the nanostructure and al
lows us to predict stable physicochemical properties of the final product.

The HR-TEM image shown in Fig. 10a illustrates the high-quality 
crystalline structure of h-BN nanoparticles. Lattice fringes are 

observed in two different directions intersecting at an angle character
istic of the hexagonal crystal structure. The interplanar distances 
measured from the lattice fringes are 3.3 Å and 2.2 Å, corresponding to 
the (002) and (100) planes of h-BN, respectively. These values are 
consistent with the standard data for hexagonal boron nitride (JCPDS 
No. 34–0421).

Analysis of the angles between the lattice fringes confirmed the 
agreement with the [001] crystallographic zone axis. The vector product 
of the observed directions confirms the zone axis, demonstrating the 
agreement with the hexagonal symmetry of the h-BN structure.

The lattice fringes were identified using the Fourier transform of the 
HR-TEM image. This approach provided accurate measurements of 
interplanar spacings and angular relationships, avoiding projection or 
offset errors that might arise from analyzing only one set of bands. 
Detailed crystallographic analysis unambiguously confirmed the hex
agonal phase of the nanoparticles. Visualization of grains along the zone 
axis eliminated possible compression errors, providing a reliable basis 
for phase identification.

To gain a deeper understanding of the structure of the final product, 
high-resolution transmission electron microscopy (HR-TEM) and 
selected area electron diffraction (SAED) imaging were analyzed. The 
results of these analyses are presented in Fig. 10c and d.

The HR-TEM image shown in Fig. 10c details the crystal structure of 
the h-BN nanoparticles. It is evident from the image that the structure 
consists of alternating layers of boron and nitrogen atoms, forming the 
characteristic layered structure of h-BN. The thickness of each layer is 
about 3.3 Å, which is consistent with the known literature data and 
confirms the correctness of the obtained results. The literature describes 
that the h-BN layers are stacked in an AA configuration and are linked to 
each other by weak van der Waals forces with an interlayer distance of 
about 3.33 Å [56].

The SAED image shown in Fig. 10d was used to confirm the crystal 
structure of h-BN. The SAED analysis highlights the (004) crystallo
graphic planes, which show a strong contrast indicating the close 
packing of these planes in the hexagonal BN lattice. The presence of 
distinct diffraction spots confirms the high crystallinity of the material 
and the absence of amorphous phases, which is important for under
standing the physicochemical properties of the final product [56].

The HR-TEM analysis further confirms the thermocrystallinity of the 
synthesized h-BN nanoparticles. The clarity and precision of the lattice 
bands enhance the reliability of the phase indicator, demonstrating the 
effectiveness of the synthesis method. The confirmed crystallographic 
zone axis provides further verification of the hexagonal phase of the 
material, which is consistent with the XRD and SAED results. These data 
accurately convey the quality and structure of the synthesized 
nanoparticles.

The final product was further characterized by XRD analysis. Fig. 11
shows the diffraction pattern of h-BN nanoparticles obtained after 
washing with water and drying the precipitated particles at 120 ◦C for 4 
h.

In the diffraction pattern (Fig. 11, black curve), all the main peaks 
belong to h-BN. According to JCPDS No. 34–0421 (red line), h-BN has a 
hexagonal structure with the space group P63/mmc (194) and the lattice 
parameters a = b = 2.5 and c = 6.66 Å [51]. The peaks found in the 
range of 2θ: 26.76◦, 41.60◦, 43.87◦, 55.17◦ can be attributed to the 
crystal structures with the arrangement (hkl): 002, 100, 101 and 004, 
corresponding to the h-BN phase. The degree of crystallinity of the final 
product was 98 %. No peaks related to other B or N compounds were 
found. This indicates that this method is effective for obtaining pure 
h-BN nanoparticles [57].

The developed two-stage method yields h-BN nanoparticles with 98 
% crystallinity, a significant improvement from the initial 5 % after the 
first stage (Figs. 6 and 9). The SAED pattern (Fig. 10d) confirms this via 
(002) and (100) reflections, aligning with Li et al. [46], where similar 
crystallinity enhancement correlated with B2O3 removal during 
high-temperature annealing. This underscores the efficacy of our 

Fig. 9. Diffraction pattern of the obtained BN nanoparticles after the second 
stage of heat treatment at 1000 ◦C (black curve). JCPDS No. 34–0421 for the BN 
substance (red line) and JCPDS No. 13–0570 for the B2O3 substance (red dashed 
line). (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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approach in achieving structural perfection.
Analysis of X-ray diffraction patterns (Fig. 11) shows that with a 

decrease in the heating rate, reflection intensity increases and their 
width decreases, which indicates an increase in the crystallinity of h-BN. 
Slow heating ensures ordered diffusion of atoms and the formation of a 
more perfect structure, whereas high heating rates limit this process, 
reducing crystallinity and partially amorphizing the material. Thus, the 
heating rate is a key parameter for controlling the structure of h-BN 
[38].

Also, for the sake of completeness of the study, a detailed study of the 
chemical composition of h-BN nanoparticles synthesized by a two-stage 
heat treatment method was carried out. Advanced analytical methods, 
including STEM-EDS, were used to determine the chemical composition 
of the samples (Fig. 12).

Fig. 12 shows the elemental mapping of the confined nanoparticles 
region using dark field (DF) detector and the distribution of elements C, 
B, N, Al, Si and O. The maps expand the distribution of the main ele
ments B and N, which ensures the successful control of h-BN nano
particles. The after-effects, burns and silicon were also detected. The 
presence of after-effects and silicon is due to the use of appropriate 
crucibles during the heat treatment, which is due to the presence of the 

features of the STEM-EDS method, which uses carbon-coated grids.
Despite the limited accuracy of EDS and XRF, their combined 

application requires obtaining valuable data on the chemical composi
tions of the samples. This data became useful for analyzing the h-BN 
structure formation model and for better understanding the factors 
determining the stability and purity of the synthesized nanoparticles.

For a comprehensive understanding of the structural evolution and 
to reliably assess the efficiency of the synthesis process, it was necessary 
to investigate the sample obtained after the second stage of thermal 
treatment — both under non-vacuum and high-vacuum conditions. This 
approach enables a detailed evaluation of the degree of precursor 
decomposition, the removal of residual impurities, and the crystallinity 
improvement achieved during the final heat treatment step.

To further characterize the composition of the synthesized h-BN 
nanoparticles and assess the level of residual impurities and thermally 
transformed precursor products, secondary ion mass spectrometry 
(SIMS) analysis was performed (Fig. 13).

Fig. 13 presents comparative SIMS spectra of nanoparticles subjected 
to thermal treatment under different conditions: (a) in a gas flow 
without vacuum, and (b) under high vacuum conditions (<10− 5 Torr). 
The spectrum obtained without vacuum treatment (Fig. 13a) reveals 

Fig. 10. a) TEM image of the obtained BN nanoparticles; b) Particle size distribution of the obtained BN; c) HR-TEM image with an enlargement of the interface area 
highlighted by the red square; d) HR-TEM image with an image of the selected area of the SAED electron diffraction in the corner. (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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intense peaks corresponding to light elements such as H+ and O− , 
indicating the presence of hydrogen- and oxygen-containing fragments 
like B–OH, B–O, and residual H2O, which remain within the structure 
after drying and the secondary stage of thermal treatment. Notably, 
prominent peaks for CH+ (13 amu), N+ (14 amu) and B2

+ (21.5 amu) ions 
are clearly visible, reflecting residual organic and nitrogen-containing 
species from incomplete decomposition of precursor components 
(boric acid and urea). Additionally, the B2NO + ion (m/z ≈ 52) is 
observed, serving as a marker of oxygen impurities incorporated into 
boron–nitrogen fragments, indicating partial oxidation or incomplete 
decomposition.

Both spectra also display well-resolved molecular ions containing 
boron and nitrogen (BN (25 amu)), confirming the formation of struc
tural fragments characteristic of hexagonal boron nitride. The B2N+ ion 
(m/z ≈ 35) appears with high intensity, associated with local fragments 
containing two coordinated boron atoms typically found at crystal edges 
or defect zones. The B3N+ ion (m/z ≈ 53) is also distinctly observed, 
indicating the presence of larger clusters representing triangular bor
on–nitrogen units formed during initial crystallization stages. The B3N2

+

ion (m/z ≈ 66) is prominent as well, characteristic of multi-atomic 
clusters formed during fragmentation of the hexagonal boron nitride 
network under ion bombardment.

The presence of these cluster ions—B2N+, B3N+, B3N2
+—in SIMS 

spectra does not suggest material contamination, but rather reflects 
dissociation of the boron–nitrogen lattice in surface layers during ion 
sputtering. These fragments correspond to typical structural units of h- 
BN, confirming boron–nitrogen coordination. However, the noticeable 
presence of peaks corresponding to CH, N, B2 and B3 clusters in the non- 
vacuum sample highlights significant residual impurities.

After the second stage of thermal treatment at 1000 ◦C in a N2/H2 
atmosphere under high vacuum (<10− 5 Torr, Fig. 13b), a dramatic shift 
in the SIMS spectrum occurs. Peaks corresponding to CH+, N+, BN+, and 
B4
+ completely disappear, demonstrating effective removal of these im

purities. There is a substantial reduction—by more than two orders of 
magnitude—in the intensity of H+ and O+ peaks, affirming significant 
removal of hydrogen- and oxygen-containing impurities. The previously 
detected B3NO + peak also shows reduced intensity, indicative of 
improved purity.

In contrast, peaks corresponding to stable boron–nitrogen clusters 
(B2N+, B3N+, B3N2

+) remain prominent and dominate the vacuum- 

treated sample spectrum, emphasizing the successful formation of 
structurally uniform and stable boron-nitrogen fragments. Additionally, 
new peaks such as B3O+ (48.5 amu), B3NO+ (62.5 amu), and B4N+ (57 
amu) appear distinctly, indicating formation of stable complex oxide 
clusters that emerge under high-vacuum thermal treatment conditions, 
possibly due to localized residual oxidation.

According to the SIMS data (in vacuum, Fig. 13b), the presence of 
pronounced peaks of С+, O+, BO+, B2O+, B3O+, B3NO+ and indicates the 
residual presence of a small amount of oxygen-containing fragments and 
complex boron-nitrogen clusters, which may reflect traces of impurities 
or structural defects. The intensity of these peaks, with the exception of 
compounds directly related to B–N, in the distribution can correspond to 
approximately 2 % of the total composition, which is in good agreement 
with the minimum value of phase purity (98 %) obtained by X-ray 
diffraction (XRD).

However, it should be noted that SIMS is a very subtle surface 
technique that records fragments and surface defects, even if they are 
present in minimal concentrations, without necessarily affecting the 
bulk phase purity determined by XRD. Thus, the presence of minor 
traces of oxygen- and boron-nitrogen-containing clusters in the SIMS 
spectra does not contradict the declared bulk phase purity of 98 % ob
tained by the XRD method.

These SIMS results align well with FTIR analysis, which demon
strates the disappearance of the B–OH stretching band at 3433 cm− 1, 
and with XRD data, indicating a significant increase in crystallinity up to 
98 %. Thus, the comprehensive SIMS analysis quantitatively confirms 
the enhanced purity and structural uniformity of the hexagonal boron 
nitride nanoparticles, while clearly elucidating key boron–nitrogen 
structural fragments formed under optimized vacuum thermal treatment 
conditions.

The conducted studies have shown that the presented method for 
obtaining h-BN nanoparticles is effective and allows obtaining particles 
in a narrow size range with the required properties. The use of accessible 
and safe reagents, such as boric acid and urea, in combination with two- 
stage heat treatment ensures a high degree of homogeneity and stability 
of the resulting nanoparticles. This method is also characterized by 
reduced energy consumption and reduced synthesis time, which makes 
it promising for scaling and industrial application.

3.2. Implications of this work on body of literature

The work has the potential to make significant contributions to the 
body of knowledge in several ways. The use of common starting mate
rials and a two-stage heat treatment process represents a new approach 
to boron nitride nanoparticle production. The specific conditions (tem
perature, time, atmosphere) employed in the synthesis can provide 
valuable insights for further process optimization. The use of common, 
non-toxic starting materials contributes to a greener synthesis process. If 
the process is optimized for energy consumption, it can have a positive 
impact on environmental sustainability [58].

Using readily available and inexpensive starting materials can lower 
production costs. The success of the two-stage heat treatment process 
suggests potential for scaling up production while maintaining product 
quality [37]. The synthesized nanoparticles can serve as a basis for 
investigating the relationship between synthesis conditions and material 
properties [59]. The work can stimulate research into potential appli
cations for the produced nanoparticles. Overall, this research contrib
utes to the growing body of knowledge on boron nitride nanoparticles by 
offering a sustainable and scalable synthesis method.

To evaluate the advantages of the proposed method compared to 
traditional technologies (CVD, sol-gel method, mechanochemical syn
thesis), a comparative analysis of key synthesis parameters was con
ducted, including temperature conditions, process duration, energy 
consumption, raw material costs, hazard classification of reagents used, 
crystallinity, morphology, particle size, and equipment complexity. The 
results of this analysis are summarized in Table 2.

Fig. 11. Diffraction pattern of the obtained BN nanoparticles after washing 
with water and drying the precipitated particles at 120 ◦C for 4 h (black curve). 
JCPDS No. 34–0421 cards for BN substance (red line). (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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Fig. 12. STEM-EDS elemental mapping of the obtained h-BN nanoparticles region: DF image (a), and elemental maps of C (b), B (c), N (d), Al (e), Si (f), O (j).
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The proposed method demonstrates several significant advantages. 
Unlike CVD, which requires complex and expensive equipment (reaction 
chambers with controlled atmosphere, gas reagent supply systems, and 
high-temperature installations), this approach is based on the use of 
accessible and less complex equipment, simplifying scaling and reducing 
capital costs. Additionally, the CVD process requires strict control of 
deposition parameters and growth conditions, increasing the complexity 
and energy consumption of the technological process. In contrast, the 
developed method allows for the production of nanostructures at similar 
temperatures but with lower energy costs and without the use of vacuum 

systems.
The sol-gel method, commonly used for the synthesis of boron- 

containing nanomaterials, requires expensive precursors (BCl3, NH3), 
whereas the proposed approach relies on affordable and cost-effective 
starting compounds (H3BO3, (NH2)2CO), significantly reducing pro
duction costs.

The safety of the reagents used is also a critically important factor. 
CVD involves the use of toxic gaseous precursors (e.g., H3NBH3), while 
the sol-gel method utilizes easily hydrolyzable boron trichloride (BCl3), 
requiring special storage and handling conditions. Unlike these 
methods, the proposed technique is based on low-toxicity reagents of the 
fourth hazard class (H3BO3, (NH2)2CO), making it safer and more 
environmentally friendly.

Moreover, mechanochemical synthesis, despite its simplicity, often 
leads to the formation of particles with a wide size distribution and 
partially amorphous structures. In contrast, the proposed method en
sures the production of nanoparticles with a narrow size distribution, 
high crystallinity, and controlled morphology, making it more suitable 
for technological applications.

Thus, the developed method combines high energy efficiency, eco
nomic feasibility, and safety, making it a promising candidate for further 
scaling and industrial implementation.

3.3. Limitations of this work and mitigation strategy

The controlled particle size, high crystallinity, and purity achieved 
through our synthesis method significantly enhance the performance of 
h-BN nanoparticles in several advanced technological fields. Specif
ically, these nanoparticles demonstrate great potential in the following 
applications:

Due to their high thermal conductivity, electrical insulation prop
erties, and chemical stability, h-BN nanoparticles are ideal candidates 
for electronic devices, particularly in high-performance transistors and 
insulating layers. Recent studies have highlighted their use in enhancing 
thermal management for power electronics and high-frequency devices 
[62].

h-BN nanoparticles are widely utilized as fillers in polymer com
posites to improve mechanical strength, thermal resistance, and elec
trical insulation. Their high surface area and low density also make them 
suitable for enhancing the performance of lightweight structural mate
rials [63]. These composites are particularly advantageous in the aero
space and automotive industries, where high-strength, heat-resistant 
materials are essential.

The unique lubricating properties of h-BN nanoparticles, especially 
at high temperatures, make them valuable for developing high- 
performance lubricants and coatings. They have been shown to signifi
cantly reduce friction and wear in mechanical systems, such as engine 
components and cutting tools [64,65]. Their exceptional stability under 
extreme conditions also makes them ideal for applications in space 
technology, where reliability and durability are critical.

The porous structure and high surface area of h-BN nanoparticles 
make them excellent support materials for catalytic reactions, such as 
hydrogenation and hydrodesulfurization processes. Their chemical 

Fig. 13. SIMS spectra of the obtained h-BN nanoparticles after heat treatment 
under the following conditions: a - no vacuum; b - high vacuum (<10− 5 Torr).

Table 2 
Comparison of methods for synthesizing boron nitride nanostructures.

Parameter Proposed method CVD [60] Sol-Gel [30] Mechanochemical synthesis [61]

Temperature, ◦C 1000 1000 1200 Room temperature
Synthesis time, hours 4–8 6–12 4–8 12–24
Energy consumption, kWh/g 0.4–0.6 0.9–1.1 0.5–0.7 0.3–0.5
Raw material cost Low (H3BO3 и (NH2)2CO) High (H3NBH3) High (BCl3 и NH3) High (C3H6N6, Mg, B2O3)
Hazard class of reagents Class 4 (low hazard) Class 3 (moderate hazard) Class 2 (high hazard) Class 4 (low hazard)
Crystallinity of BN, % 98 99,8 96–98 85–90
Morphology Spherical Layered Fibrous Nanosheets
Particle size 2–10 nm 25 μm (thickness) 50–200 nm <100 nm
Equipment complexity Simple Complex Complex Simple
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inertness in most environments further enhances their utility in catalysis 
[66].

These diverse applications demonstrate the versatility of h-BN 
nanoparticles in modern technology. The enhanced properties achieved 
through our modified synthesis method—including particle size control, 
high crystallinity, and exceptional purity—open new avenues for in
dustrial use, particularly in electronics, advanced composites, lubrica
tion systems, and catalysis.

While the use of common starting materials and a sustainable 
approach are promising, there are potential limitations to this work. 
They include particle size and distribution control, impurity levels, 
scale-up challenges, and characterization depth [67].

Achieving precise control over particle size and distribution might be 
challenging, affecting the material’s properties and applications. The 
use of reagent-grade chemicals could introduce impurities that might 
impact the final product’s performance. Transitioning from laboratory- 
scale synthesis to industrial production can introduce new challenges 
related to heat transfer, mass transfer, and equipment design. While 
TEM and XRD are valuable techniques, a more comprehensive charac
terization (e.g., XPS, Raman spectroscopy) might be necessary to fully 
understand the material’s properties. Demonstrating the effectiveness of 
the synthesized nanoparticles in specific applications is crucial, but this 
might require additional research [59].

To mitigate them, optimization of synthesis parameters (tempera
ture, time, reactant concentration) and the use of additives can help 
control particle size and distribution. Additionally, employing purifi
cation steps (washing, filtration) and using higher-purity starting ma
terials can minimize impurities. Pilot-scale experiments and process 
modeling can aid in addressing scale-up challenges. Incorporating 
additional characterization techniques can provide a more detailed 
understanding of the material [68]. By addressing these limitations, the 
research can be further developed to produce high-quality boron nitride 
nanoparticles with a wider range of applications. The work not only 
advances the field of material science but also contributes to broader 
efforts to create more sustainable and environmentally responsible 
manufacturing processes.

The results demonstrate that the proposed method for synthesizing 
h-BN nanoparticles is both efficient and environmentally friendly. The 
two-step thermal process, using boric acid and urea as precursors, ach
ieved a high degree of crystallinity (98 %) and particle uniformity with 
an average size of 6 nm. The primary mechanism of particle growth is 
attributed to controlled crystallization under specific thermal conditions 
and the use of gas atmospheres, which ensure uniform heat distribution 
and removal of reaction byproducts.

During the first thermal treatment at 600 ◦C, the intermediate 
product exhibited a significant amorphous phase. This can be attributed 
to the relatively low temperature, which was insufficient for complete 
crystallization. Partial crystallization was confirmed by XRD peaks 
corresponding to h-BN and B2O3. These results highlight the importance 
of further thermal treatment to complete the formation of a crystalline 
structure. The second stage of processing at 1000 ◦C in a nitrogen and 
hydrogen atmosphere resulted in the formation of homogeneous 
spherical h-BN nanoparticles. Hydrogen played a key role in grain 
boundary diffusion, enhancing crystallinity and reducing residual ox
ides. The high thermal stability and uniformity of the particles, as 
confirmed by TEM and HR-TEM analysis, were achieved under opti
mized processing conditions that minimized agglomeration and pro
moted controlled particle growth.

Atomic H diffuses along the grain boundary, promoting recrystalli
zation and defect elimination [38]. This dual mechanism ensures the 
removal of oxygen impurities and improves the crystallinity of h-BN 
nanoparticles.

The proposed method avoids the use of toxic reagents, such as bor
azine and ammonia typically employed in conventional methods like 
CVD, thereby reducing environmental impact and improving process 
safety. Additionally, the high purity of the final product was achieved 

through water washing to remove residual B2O3, as confirmed by XRD 
and SAED results. The layered structure of h-BN, with an interlayer 
spacing of approximately 3.3 Å, reflects strong van der Waals in
teractions between layers, contributing to the material’s high mechan
ical strength and chemical inertness. These properties make the 
synthesized nanoparticles highly suitable for applications in electronics, 
catalysis, and composite materials.

4. Conclusion

The results of this study led to the development of an efficient 
method for the synthesis of hexagonal boron nitride (h-BN) nano
particles using boric acid and urea as the starting precursors. The syn
thesis process yielded an intermediate product, which was a complex 
compound containing B, N, C, O, and H, which was confirmed by FTIR 
and XRD analyses. Scanning electron microscopy (SEM) analysis showed 
that the intermediate crystals were dendritic in shape and consisted of 
aggregated micrometer-sized particles. Amorphous BN nanoparticles 
with an average size of 10 nm were obtained. In the second step, at a 
temperature of 1000 ◦C in a nitrogen and hydrogen atmosphere, a 
crystalline BN product was obtained.

According to TEM, the obtained nanoparticles were spherical in 
shape with an average size of 6 nm. Further FTIR and XRD analyses 
showed that the product consisted of a mixture of h-BN and B2O3. B2O3 
impurities were removed by washing with water. The final h-BN product 
was obtained from the washing solution by centrifugation and drying. 
The obtained product had a narrow particle size distribution, the 
average size of the h-BN nanoparticles was 6 nm. High-resolution TEM 
images (HR-TEM) demonstrated the layered structure of h-BN, consist
ing of alternating layers of boron and nitrogen atoms with a thickness of 
about 3.3 Å.

Surface electron diffraction (SAED) analysis confirmed that the 
atoms in the product structure have a hexagonal order. FTIR and XRD 
results also confirmed that the final product consists of BN with a hex
agonal crystal structure and has a high purity. The crystallinity of the 
final product was 98 %, and no peaks associated with other boron or 
nitrogen compounds were detected. This method represents a significant 
step forward in h-BN nanoparticle production technology, offering a 
combination of high product purity, environmental safety and cost- 
effectiveness, making it promising for scalable industrial application.
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