Material Sciences Revista Mexicana dsifa71 021003 1-8 MARCH-APRIL 2025

Synthesis of boron nanoparticles by a hybrid “polyol-solvothermal”
process using glycerol as reducing agent
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In this article, a novel hybrid synthesis process called the “polyol-solvothermal process” is presented. This process utilizes a polyol-
solvothermal hybrid method under acidic conditions (pH= 1) to obtain amorphous boron nanoparticles with a spherical morphology. The
synthesis parameters include different concentrations of metalloid ions (1 and 2 M), glycerol (50% and 80% wi/w), and PVP (0.01 g and
0.02 g). To examine the morphology and particle size, surface plasmon resonance (SPR), transmission electron microscopy (TEM), anc
scanning electron microscopy (SEM) were employed. The TEM analysis revealed the presence of spherical nanoparticles with an average
size of~ 5 nm and quasi-spherical microparticles with an average diameter of 3.5 micrometers. This suggests the presence of microparticles
composed of smaller particles, which was confirmed by the surface plasmon resonance (SPR) results. The SPR analysis revealed banc
around 275 nm, indicating the presence of boron nanopatrticles. The X-ray diffraction (XRD) results show a single peak associated with
the formation of amorphous boron. Furthermore, the FT-IR studies identified a peak between 1019 and10Q4thach is related to the
stretching vibrational bond of CHOH, indicating the decomposition of glycerol into primary alcohols, which acted as reducing agents.
Another band, located at approximately 500 ¢mand characteristic of the M-O vibrational bond, was associated with the formation of
metal nanoparticles.
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1. Introduction the conditions, can yield metal and metalloid nanoparticles
with a well-defined morphology, controlled particle size, and

Metallic and metalloid nanoparticles are of great interest, du&igh purity [17]. So far there are no reports on the synthe-
to their optical [1], catalytic [2], electrical [3], magnetic [4], SIS of micro- and nanopgrtlcles of metalloids such as boron,
biological [5], and energetic properties [6]. Some of theseusmg.glycerol as reducing agent. Hence, the current study
properties are shared by certain metalloids, such as bordigscribes a novel route through a “polyol-solvothermal” hy-
[7]. However, despite belonging to the semiconductor fam”y'bl’ld process that uses borax as a precursor of the metal ions
boron exhibits a high energy density (137.7 MJ/Kg), making2nd glycerol as reducing agent.
it_ particularly intriguing to the field of highly energetic mate- In recent years, the excessive burning of fossil fuels and
rials. growing concerns over environmental preservation have led
The properties of metallic and metalloid nanoparticles arg¢o a significant increase in the worldwide consumption of
closely linked to their synthesis processes [8]. There are hiodiesel. Consequently, industries dedicated to the produc-
few reports on the synthesis of micro- and nanoparticles byion of this eco-friendly fuel have experienced a surge in de-
physical techniques, including condensation and evaporatiomand [18]. Glycerol is generated, with a yield of 100 kg
[9], laser ablation [10], pyrolysis [11], and high-energy ball per ton of refined biodiesel [19]. In the food and cosmet-
milling [12]. However, these approaches suffer from severalcs industries, glycerol has found various applications as a
drawbacks. They often yield a low quantity of nanoparticles,non-toxic chemical component in the production of food and
are expensive, and consume substantial amounts of energyakeup products [20]. Recently, due to its chemical proper-
Additionally, they lack control over particle size and mor- ties, it has gained interest as a substance with potential use
phology, and they typically require the use of toxic reducingin the synthesis of micro- and nanomaterials, where it can
agents, such as sodium boron hydride (NaBH4), hydrazineserve as a chemical agent, replacing organic solvents derived
and potassium bitartrate, posing risks to human health anfilom petroleum and functioning as both a reducing agent and
the environment [13]. In contrast, chemical processes lika stabilizing agent in the synthesis of noble metal nanoparti-
chemical reduction [14], hydrothermal synthesis [15], andcles [21]. Through three different processes [22], it can re-
sol-gel methods [16] offer several advantages. They do naluce metal cations: (a) catalytic reduction, (b) reduction by
require complex equipment for synthesis and, depending oaldehydes, and (c) reduction by alkoxides.
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As a chemical agent, glycerol poses no risk to the hu2. Experimental procedure
man body, animals, or the environment [23]. It possesses )
several important characteristics for the synthesis of metal € reactants used for the hybrid polyol-solvothermal syn-
nanoparticles, including (a) high pressure at high temperath€sis of boron nanoparticles, with glycerol as a reduc-
tures, (b) decomposition into primary alcohols and radicald"d agent, were as follows: 99% glycerol {lsOs) of
(which reduce metal ions to a 0 valence) at temperature§ommercial grade, sodium tetraborate {Rg0;) (borax)
above its melting point (29), and (c) an electrical permit- (99%, Sigma Aldrich), polyvinylpyrrolidone ({HyNOo)
tivity (e = 42.3) similar to that of water, as well as a density (Férmont), and hydrochloric acid (HCI) 37%. All the
of 1.261 genT3, which makes it a suitable solvent for organic féagents were used without prior treatment.
compounds and inorganic salts, based on their optical, con- The c_ondltlons of synthesis and the labels fqr the bo_ron
ductive, catalytic, and microbial properties. Metal nanoparanoparticles - B-1, B-2, B-3, B-4, and B-5 - with the dif-
ticles (such as Au, Pt, Fe, and Ag) and metal oxides (Cuof,erent. congentration of glycerol, PVP, and metalloid ions are
Zr0,, and MgO) have been successfully obtained througtflescribed in Table I. .
synthesis processes that involve the use of glycerol as a re- 'he boron nanoparticles were prepared py a hyb_”d pro-
ducing agent under different conditions involving pressurecedure. Figure 1 shows the first stage, which consisted of
temperature, pH, and metal ion concentration. Commom)glssolvmg sodium tetraborate in 5 ml of deionized water to
used synthesis methods include chemical reduction [24], hy€lease boron ions (Z= +3) and polyvinylpyrrolidone (PVP).
drothermal synthesis [25], the sol-gel method [26], and mi- Thereafter, 15 or 24 ml of glycerol were added dropwise
crowave irradiation [27], which play a vital role in the for- 0 reduce the ions until 30 ml of a water/glycerol mixture was
mation of cell walls in plants due to their influence on the obtained, stirring constantly for2h. Subsequently, HClwas
prebiotic metabolic cycle involving formaldehyde [28]. As
a light element, it has been utilized for various applicationstag e |. Synthesis conditions and nomenclature of the boron
in protective coatings [29], refractory materials [30], semi- nanoparticles.
conductors [31], and metallic fuels [32]. Boron can come in

two different structural arrangements: crystalline and amor- Boron Polyvinyl-
phous. a-Rhombohedrald-R), 3-rhombohedral §-R), and Sample  concentration  Glycerol  pyrrolidone  pH
(B-tetragonal §-T) are the most stable; this is due to a well- (M) (%) (9)
defined structure that has stable thermal and electrical prop- p-1 0.2 80
erties. However, amorphous boron can be a solid glass or 5, 0.1 80 0.02
fine powder. In both cases, the thermal and electrical prop-
erties are better because an atomic arrangement allows bet- B-3 02 50 !
ter flow between electrons and heat, and it has exceptional g-4 0.2 80
mechanical properties, making it suitable for use in coatings .5 0.1 50
that can reduce fractures when amorphous boron has a sheet-
like morphology [33]. Given the scarcity of reports (primar-
H20+NaB:07 | (CsHeNO), CsHzOs

ily through physical methods) on synthesizing boron micro- |
and nanoparticles, there are currently no reports covering
the production of micro- and nanoparticles of metalloids like
boron using glycerol as reducing agent and employing a “hy- |
brid” chemistry process [34,35]. Moreover, to the best of our
knowledge, there are no reports documenting the production

of boron nanopatrticles with a “polyol-solvothermal” method-

ology. The current study introduces a novel approach using a Polyol- i1
hybrid process, in which borax serves as a precursor for the stV T=2:0°C
metal ions, glycerol acts as a reducing agent, and PVP works | LT=m2n
as an encapsulant in an acidic medium (pH = 1) at a con-
stant temperature of 23Q. The influence of glycerol and s

PVP concentrations on particle size and morphology under Centifugation CH-OH
acidic conditions was investigated. The structural, morpho-

stirring I

H20 + NazBsOr+(CsHgNO)n + C3HsO3
stirring

HCl

N

Autoclavi

Vacuum drying

logical, and optical properties of boron nanoparticles were R
determined using X-ray diffraction (XRD), surface plasmon
resonance (SPR), transmission electron microscopy (TEM), Boron Np's
and scanning electron microscopy (SEM). :

Characterizations

FIGURE 1. Synthesis of the boron nanoparticles using a hybrid
“polyol-solvothermal” process.
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added to produce a homogeneous and translucent solution 4  Results and discussion
water, glycerol, sodium tetraborate, and PVP, with a pH =

1. The final solution of 30 ml was placed in a stainless-steef-1. FT-IR spectroscopy
autoclave with a Teflon container and maintained at a tempet-
ature of 250C_ for 72 h; thgse parameters were held constaq 2. B-3, B-4, and B-5). The duality of glycerol as a re-
because a slight change in any three parameters can modi

. . - ducing and encapsulating agent is due to the decomposition
the final pressure of the system causing changes on the fing, . ; : .
. . ot glycerol into primary alcohols, which function as reducers.
properties of boron nanoparticles.

Additionally, the vibrational bonds of C-C, C-H, and C=0 in-
The resulting powders were dark brown in color. They djcate the presence of radicals on the surface of the nanopar-
were washed several times with a solution of deionized watjcles, which are formed as alkoxides and act as encapsulants,
ter/methanol to remove impurities and dried inside a rotarysupporting the uniformity of the nanoparticle size.
evaporator with a chamber vacuum at 1 atm of pressure for ' The pand located at approximately 2930 ¢mcorre-
24 h. Finally, the powders were stored in a dry place at roongponds to the symmetric stretching vibration of the C-H
temperature for later characterization. bond, indicating the presence of -CH2 -OH. The 3400 and
1040 cnt! bands can be attributed to the -OH and C-O vibra-
tional bonds, respectively, indicating glycerol decomposition
) ) into primary alcohols. Once the decomposition of glycerol
3. Experimental techniques into primary alcohols occurred, a band appeared at approx-
imately 1720 cm!, corresponding to the C=0 vibrational
X-ray diffraction (XRD) - on a Rigaku diffractometer (mini- bond, which is associated with glycerol on the surface of
flex600), within the range of3- 80° with a slit size of 0.6  the nanoparticles [22]. Finally, the band situated at approxi-
mm and a step size of 0.02 has confirmed the formation ofmately 450 cm! is related to the B-O vibrational bond, in-
amorphous boron particles by the presence of a single broadicating the formation of boron nanoparticles with an oxide
peak located between 12nd 29. The functional groups layer on their surface [22-36]. The change in the intensities
and decomposition mechanisms of glycerol were investigatedf the bands is probably due to environmental conditions, the
in three different zones of the infrared spectrum. The result@mount of the sample, and the sensibility of equipment for
were analyzed using Fourier transform infrared spectroscopgach analysis, as can be observed in spectra B-1 and B-4,
with a Perkin Elmer Spectrum 65 FT-IR spectrometer. Thewhere the same bands are presented but with different inten-
size of the nanoparticles was studied using resonance plasities. In the case of samples B-1 and B-4, it may be due to
mon spectroscopy (RPS) with an Agilent Cary Series UV-a variation of the sample analyzed. Another example is the
Vis-NIR spectrophotometer. Before morphological analysispand located at approximately 3400 cthis due to the high
the boron nanoparticles were dispersed in ethanol under sohygroscopicity of glycerol, which absorbs water molecules
ication for 5 min. A dispersion drop was placed on a coppefrom the environment, similar results were obtained by Tian-
grid, and characterization was performed using a JEOL Jenfiao Luiet al. [22], who synthesized silver nanoparticles us-
2100 microscope. ing glycerol as a reducing agent, which confirmed the decom-
position of glycerol and its role as an encapsulant.

igure 2 shows the FT-IR spectra of the boron powders (B-1,

4.2. Structural analysis by X-ray diffraction

The crystalline structure of the boron powders was deter-
mined at room temperature using X-ray diffraction (Fig. 3).
Although there are four possible crystallographic arrange-
ments of boron ¢-rhombohedral, 3-rhombohedral, a-
tetragonal, andy-tetragonal), the amorphous form exhibits
better thermal properties and is, therefore, preferred as a
highly energetic material.

All the samples (B-1, B-2, B-3, B-4, and B-5) exhibit a
single broad peak between 11°@hd 28.99, which is char-
acteristic of amorphous boron [37]. This peak is generally
indicative of an amorphous material, although its appearance
here is not solely attributable to the presence of amorphous
4000 3500 3000 2800 2000 1800 1000 500 boron [38]. XRD studies of boron nanopowders synthesized

Wavenumber (cm ) by the sol-gel method, as reported by Abolhassan Nejjafi

[39], showed a diffraction peak located between 1Gahd
FIGURE 2. FT-IR spectra of the colloidal solutions of samples B-1, 30.5’, associated with boron, carbon, and amorphous oxy-
B-2, B-3, B-4, and B-5. gen. This behavior occurs due to a change in the pH of the

Transmittance (%)
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FIGURE 3. X-ray diffraction patterns of the amorphous boron and FIGURE 4. Surface plasmon resonance band of the colloidal solu-
a secondary boron phase, at high pressure. tions of boron (B-1, B-2, B-3, B4 and B-5) at different concentra-

tions of glycerol, metal ions, and encapsulant.

sols during condensation and drying under an inert gas [40]. _

Of the three systems analyzed (AB-1, AB-4, and AB-5), On|ychange from brown to dark brown, which was related to par-
sample AB-4 exhibits a stable secondary phase of boron tgcle size. The colloidal solutions obtained presented a sur-
high pressure. This is confirmed by the peaks located a@c® Plasmon band located-at410 nm, indicating the pres-
26 — 26.13° and 35.5, which are representative of a high- €Nce of AgB nanopartlcl_es with sizes smaller than _100 nm.
pressure stable secondary boron phase with an orthorhonj'€Se results were confirmed by TEM. The formation of a
bic structure (ICSD- 98-003-4685), which can induce the re_double or triple band in boron colloids can be attributed to a

crystallization of some boron atoms, leading to the forma-Change in morphology; however, interactions at wavelengths

tion of crystalline boron with an orthorhombic structure. It greater than 600 nm suggest that larger particles form, caus-

is known that amorphous boron possesses excellent mechdR9 @gglomerations [45]. In contrast, interactions occurring
ical properties: therefore, a secondary phase in such sampl@sshorter wavelengths (400 nm) are associated with the pres-
can be considered an impurity that affects the hardness, elegNce ©f small particles with an approximate size of 50 nm

trical properties, and thermal properties of amorphous boro#t6]: These require lower amounts of energy for the polari-
nanoparticles [41]. ton (electrons in the conduction band) to respond with a sin-

gle plasmonic resonance band [21].
Figure 5 shows the influence of the encapsulant (PVP) on
the boron nanoparticles. Samples B-1 (0.2 M, 80% glycerol,

. , : and 0.02 g of PVP) and B-4 (0.2 M., 80% glycerol, and 0.01 g
Figure 4 shows the results of the UV-Vis studies of samples f PVP) display a band located at274 nm.

B-1, B-2, and B-3. Two surface plasmon resonance (SPRS)
bands are observed in all the samples analyzed. The first

band is due to thg resonance frequency and the width of the 7anm 274 nm — B-1-002gPVP
plasmon absorption band [42-43]. The second band may be N ——B-4-0.01gPVP
attributed to a change in particle morphology or to the forma-
tion of the presence of non-uniform particles. This suggests —~
two plasmonic resonances in different directions in three- ;
dimensional space, which can be verified by microscopy &
studies. The boron nanoparticles under examination were§
synthesized using glycerol as a reducing agent, deionized wa §
ter at two different concentrations (50% and 80% v/v glycerol &
and water), and boron ions at two concentrations (0.1 M and
0.2 M).

The first band is located around 200 nm, while the
second is situated at 274 nm, The brown and dark brown
colors of the solutions signal the presence of boron col- .00 300 400 50 60 700
loids. Color changes in colloidal solutions are associated Wavelength (nm)
with changes in particle size. In colloidal solutions of AgB
nanoparticles, Ahmed |. El-Batat al. [44] observed a color FIGURE5. Influence of PVP on boron nanoparticles.

4.3. UV-Visible spectroscopy analysis

Rev. Mex. Fis71021003



SYNTHESIS OF BORON NANOPARTICLES BY A HYBRID “POLYOL-SOLVOTHERMAL” PROCESS USING GLYCEROL... 5

1 <":Nanospheri

FIGURE 6. TEM micrograph of a boron nanopatrticle with a spher-

. 141 Ry B-2
ical morphology.

12
An increase in absorbance of 5 units is observed in the
surface plasmon resonance band when the concentration of
PVP is 0.02 g. These results indicate that the amount of PVP
increases the uniformity of the nanoparticles due to greater
steric repulsion in the PVP ligands [47]. S. K. Maurgh
al. [48] studied the influence of PVP concentration on the gl
surface plasmon resonance response in silver nanoparticles
It has been demonstrated that the amount of PVP used as ¢ ]
capping agent in the synthesis of metal nanoparticles modi- . . . . ' ' '
fies the morphology and promotes the uniformity of spherical B & W BF S wf  4m =Bl B
. b) Particle size (um)
particles [49-50].
FIGURE 7. a) Scanning electron micrograph and b) distribution
4.4. Morphological studies histogram of the boron particles.

104

84

Counts (%)

64

4.4.1. Transmission electron microscopy morphologies are observed, with an approximate size of
3.5um, as seen in the histogram [Fig. 7b)], which shows the

The Transmission electron microscopy (TEM) micrographparticle size distribution.

(Fig. 6) of sample B-3 shows a single spherical nanoparticle  According to the results obtained by SPR and TEM, in

with a diameter of approximately 5 nm. which both support the presence of boron nanoparticles, it is

This image corroborates the results obtained by SPR. Aossible that the formation of these microparticles is due to
band located at 273 nm can be seen, characteristic of metg{e assembling of nanometric particles.

nanoparticles with spherical morphology and sizes smaller

than 100 nanometers. The relationship between short wave-

lengths and the polariton of the boron nanoparticles depends. Conclusion

on the size and morphology of the nanopatrticles by influenc-

ing the quantized energy levels and the overall interaction beln this work, we successfully synthesized boron nanoparti-

tween light and the electronic excitations in the conductiorcles using a novel hybrid “polyol-solvothermal” method. The

band of the nanoparticles. presence of the vibrational bonds OH-, C-H, and C=0 cor-
The analysis with high-resolution transmission electronfoborated the double functionality of glycerol as both a re-

microscopy (HRTEM) shows the crystallographic planes (2ducer and encapsulant. Microscopy studies revealed that us-

2 1) and (2 2 2), which correspond to interplanar spaces ong an encapsulant such as PVP promotes the formation of

1.74 nm and 1.44 nm, respectively. It is important to note thaglusters of nanoparticles with spherical and quasi-spherical

the high-resolution micrograph (Fig. 6) shows particles com-morphologies and sizes of approximately 5 nm.

posed of individual crystallites with characteristics indicative ~ SPR corroborated the obtaining of boron nanopatrticles.

of an orthorhombic structure (ICSD 98-003-4685), which isIn all the samples, two plasmonic bands were observed un-

associated with boron oxide at high pressure [51-52]. der exposure to short wavelengths (UV), the first at approx-
imately 200 nm and the second at 273 nm. These bands
4.4.2. Scanning electron microscopy are observed only in metallic and metalloid nanopatrticles of

nanometric size. Finally, boron nanoparticles synthesized
In the scanning electron microscopy (SEM) micrographthis way show promise for storing significant amounts of en-
(Fig. 7a), microparticles with spherical and quasi-sphericakrgy for fuel applications.

Rev. Mex. Fis71021003
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