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ABSTRACT: Leather is a niche material used for upholsteries, gloves,
and garments due to its high durability, flexibility, and softness
properties. The inclusion of nanoparticles in the leather matrix provides
multifunctionality for high-performance applications. Herein, we
synthesized hexagonal boron nitride (h-BN) nanoparticles via a single-
step hydrothermal synthesis and treated the leather after dispersing in
polyethylene glycol (PEG) to yield h-BN/PEG-treated leathers. Atomic
force microscopy and high-resolution transmission electron microscopy
analysis ascertained the particle size of 30—50 nm for as-synthesized h-
BN nanoparticles. h-BN nanoparticles along with PEG were successfully
incorporated into the leather matrix, and this was confirmed by surface
and morphological studies using field emission scanning electron
microscopy/energy-dispersive X-ray analysis and Fourier transformed
infrared spectroscopy. Leathers treated with h-BN/PEG were studied for F o
insulation against heat and cold, and the results displayed improved
thermal insulation properties compared to the control leathers. The e

dynamic mechanical analysis of control and treated leathers demon- »“

strated higher storage modulus, loss modulus, and tan & values for h-BN/PEG-treated leathers, signifying an increased energy
absorption and dissipation potential, which was further ascertained by the low-velocity drop-weight impact resistance test. Thus, the
results of this study open up new prospects for h-BN/PEG-treated leathers in strategic applications demanding high thermal
insulation and impact resistance properties.
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B INTRODUCTION

Two-dimensional nanomaterials have achieved greater scien-

photoluminescence in the UV range.'' Due to its oxidation
resistance and high-temperature stability, boron nitride nano-
particles are used as chemical-resistant coatings for metals.'” h-

tific interest over recent years due to their tunable optical,
electrical, chemical, mechanical, magnetic, and thermal proper-
ties.' 2D nanomaterials, consisting of few-layered structures of
graphene, hexagonal boron nitride (h-BN), and transition
metal dichalcogenides, possess distinct properties dependent
on different directions in their lattice structure and offer a wide
range of applications. 2D inorganic compounds such as
transitional metal carbides (MXenes) and functionalized
boron nitride nanoparticles are used as nanofillers for
improving the functional properties of the polymeric materials
such as mechanical strength and fire retardancy.”™*
Hexagonal boron nitride, known as white graphene, is the
structural analogue of graphene with alternate B—N bonds
substituting the C—C bonds.” The intralayer ¢ bonds and
interlayer van der Waals forces of h-BN are comparable to
those of graphene and are in consonance with its thermally
conductive, mechanically strong, and lubricating nature.® h-BN
is chemically inert with low dielectric constant,” high thermal
conductivity,8 high electrical resistance,” low toxicity,10 and
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BN nanoparticles are used to reinforce the polymer composites
and alloys for increased thermal conductivity and improved
mechanical properties.'””> Deep-UV absorbance of h-BN
nanoparticles offers application in optoelectronics as well as
sensors.'* The energy-harvesting ability of BN nanostructures
was achieved by their piezoelectric properties.'’

Polyethylene glycols (PEGs) are hydrophilic polymers
employed as viscosity modifiers, binders, lubricants, and
surfactants with significant applications in biomedical fields
as well as industries. It is a non-Newtonian fluid and is used as
a dispersion medium in shear-thickening fluids (STFs). STFs
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Figure 1. (a) Schematic representation of the h-BN nanoparticles synthesis. (b) Schematic showing the h-BN/PEG treatment on leather for

imparting mechanical reinforcement and thermal insulation properties.

are colloidal dispersions of micro- or nanosized particles.'’
Shear thickening occurs when viscosity increases with applied
shear stress or shear rates. Under low shear rates, the viscosity
will be less, whereas under high shear rates, viscosity increases
due to hydrodynamic forces and particle cluster formation.'”
STFs are used in energy-damping devices'® and impact and
stab-resistant fabrics for body armors and protective wears."
Applying shear thickeners over fabrics provided higher
absorption of impact energy.”” A STF made of silica/ethylene
glycol dispersion was used for developing stab-proof
materials."” Glass-fiber-reinforced polymers impregnated with
STF made of silica nanoparticles/PEG,y, showed energy
dissipation performance.21

Leather is obtained by the chemical treatment of animal skin
and hides. It is a highly durable, flexible, soft material thereby
mostly used in fabrics, bags, footwear, gloves, and upholstery.
Nanoparticles are used in different stages of leather processing
including tanning, retanning, dyeing, and post-tanning. The
incorporation of nanoparticles within the leather matrix can
improve the functional properties.”” Modified silver nano-
particles were employed for leathers with durable antibacterial
activity.”’ Multifunctional leathers with self-cleaning properties
under visible light, bacterial-sensitive and fungi toxic properties
were prepared by treating with Ag—N—TiO,.”* Our group has
previously reported functional leathers including conducting

leathers,” magnetic lealthers,26 and bifunctional leathers with
both electric and magnetic properties.”

In this study, we synthesized h-BN nanoparticles via a
modified single-step hydrothermal synthesis’ and developed
high-performance leathers after treating with the dispersion of
h-BN in PEG,y, The synthesized h-BN nanoparticles and
treated leathers were characterized by employing spectroscopic
techniques, including surface and particle analysis. The treated
leathers were studied for thermal insulation against heat and
cold environments. The dampening and viscoelastic properties
of the control as well as treated leathers were evaluated using
dynamic mechanical analysis (DMA) to determine their
potential for applications in absorption of energy.

B EXPERIMENTAL SECTION

Materials. Boric acid and polyethylene glycol (molecular
weight: 200) were purchased from Sigma-Aldrich, India. Urea
was purchased from Sisco Research Laboratories Pvt. Ltd.,
India. Ammonia solution was purchased from Rankem
Chemicals, India. White crust goat leathers were procured
from a tannery in Chennai. All of the chemicals were of
analytical grade and used without any further purification.
Deionized distilled water was used throughout the experi-
ments.
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Figure 2. (a) UV—vis spectrum (inset: TAUC plot), (b) XRD data, (c) FT-IR spectrum, and (d) fluorescence spectrum of h-BN nanoparticles.

Synthesis of h-BN Nanoparticles. Following the bottom-
up approach method, h-BN nanoparticles were synthesized via
a facile single-step hydrothermal reaction reported previously
with slight modification, using boric acid and urea as
precursors (Figure 1a). Briefly, boric acid (1 g) was dissolved
in ethanol (20 mL) and deionized water (10 mL).
Subsequently, urea (2.94 g) dissolved in 10% liquid ammonia
solution (20 mL) was added to the above solution. This
mixture was transferred into a Teflon-lined stainless steel
autoclave and heated hydrothermally at 200 °C for 12 h. The
obtained h-BN nanoparticle dispersion was cooled to 30 °C
and vacuum filtered through a 0.22 pm pore size filter paper
and centrifuged at 14000 rpm for 45 min. The top supernatant
containing h-BN nanoparticles was collected, freeze-dried, and
stored for further studies.

Preparation of h-BN/PEG-Treated Leathers. Disper-
sions of PEG,y and h-BN nanoparticles were prepared at a
concentration of 10 and 1 wt %, respectively (corresponding to
the weight of leather), by ultrasonication for S min. White goat
crust leathers were soaked overnight in distilled water for
rewetting and then treated with the above dispersions by
tumbling them in a rotating small drum for 2 h (Figure 1b).
Treated leathers were air-dried at 30 °C.

Characterization of h-BN Nanoparticles and h-BN/
PEG-Treated Leathers. The absorption of h-BN nano-
particles was recorded using a Shimadzu UV spectropho-
tometer (UV-1800) over the wavelength of 200—800 nm.
Fourier transform infrared (FT-IR) spectroscopy of h-BN
nanoparticles and h-BN/PEG-treated leathers was performed

for the identification of functional groups using a PerkinElmer
FT-IR spectrometer over the range of 4000—400 cm™' at a
resolution of 4 cm™'. The crystal structure of h-BN
nanoparticles was studied using a Rigaku Miniflex II X-ray
diffractometer employing Cu Ka radiation with 1 = 1.5406 A
in the 20 range of 5 to 80°. The analysis was performed with a
sampling rate of 4°/min and a step size of 0.02°. Photo-
luminescence studies were conducted using an F-7000
(HITACHI) fluorescence spectrophotometer at excitation
wavelengths from 210 to 350 nm over the emission wavelength
range of 300—500 nm. The structure and morphology of h-BN
nanoparticles were characterized using field emission scanning
electron microscopy (FESEM) (TESCAN Clara). Atomic
force microscopy (AFM) was performed on an NTEGRA
PRIMA (NT-MDT, Russia) equipped with a scanning probe
for investigating the surface morphology of h-BN nano-
particles. The high-resolution transmission electron micros-
copy (HRTEM) was also performed on the h-BN nano-
particles using a JEOL 3010 instrument working at 100 kV.
Leathers treated with h-BN nanoparticles and PEG,,, were
characterized using FESEM for surface and cross-sectional
morphology. The distribution of elements over the surface and
cross section of treated leathers was analyzed by elemental
mapping with energy-dispersive X-ray (EDX) analysis. Heat
insulation studies, according to standard IS 15298 (Part 1):
2011 and ISO 20344: 2004-512, were performed on leather
using a PEGASIL (Portugal) instrument. Leather samples were
fabricated into an envelope shape, and stainless steel balls were
inserted and conditioned to a constant temperature of 23 + 2
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Figure 3. FESEM images of h-BN nanoparticles at (a) lower and (b) higher magnifications; AFM images of h-BN nanoparticles in (c) two-
dimensional (2D) and (d) three-dimensional (3D) views; HRTEM images of h-BN nanoparticles at (e) low and (f) high magnification showing
the lattice fringe corresponding to the (002) plane of h-BN (inset shows the lattice fringe corresponding to the (100) plane of h-BN).

°C and kept in a preheated sand bath over the hot plate at a
temperature of 150 °C; the temperature inside the leather
samples was recorded as a function of time, using stainless steel
balls as a transfer medium, which was connected to the
temperature sensor. The insulation against cold was
determined by a PEGASIL (Portugal) instrument following
IS 15298 (Part 1): 2011 and ISO 20344: 2004-513 standards.
Leather samples were fabricated into an envelope shape, and
stainless steel balls were inserted and further conditioned to a
constant temperature of 23 + 2 °C and placed in an insulated
cold box of —17 + 2 °C. The temperature inside the leather
samples was recorded as a function of time using stainless steel
balls as the transfer medium, which was connected to a
temperature sensor. The viscoelastic properties of the leathers
at different temperatures were evaluated using a DMA-6100
instrument by heating the sample from 25 to 150 °C at a rate
of 3 °C/min and simultaneously measuring the dynamic
mechanical properties under a tension mode at a frequency of
1 Hz. A low-velocity drop-weight impact resistance test for
untreated and treated leathers against mechanical risks was
conducted according to EN 13594:2015 6.9 with an impact
energy of 5 J and drop striker mass of 2.5 kg. The test was also
conducted for the composite obtained by stitching the leathers
with lining and padding materials that are generally used to
make leather gloves.

B RESULTS AND DISCUSSION

Characterization of h-BN Nanoparticles. h-BN nano-
particles were synthesized via a facile single-step hydrothermal
reaction reported previously. The formation of h-BN nano-
particles by hydrothermal synthesis was evaluated employing
UV—visible spectroscopy (Figure 2a). The absorption
spectrum of h-BN nanoparticles shows a broader peak with a
maximum UV absorption near 200 nm corresponding to the
increased band gap energy of nanoparticles due to the
quantum confinement.”” The Coulombic interaction in two-
dimensional h-BN nanoparticles produces electron—hole pairs

(excitons). The peak at 268 nm indicates the absorption by
excitons in h-BN nanoparticles formed due to crystal defects.”®
The TAUC plot (inset of Figure 2a) displays the band gap
energy value of about 5.8 eV, indicating the multilayered h-BN
structures.””

X-ray diffraction (XRD) was employed to study the crystal
structure and identify the crystalline phase of as-synthesized h-
BN nanoparticles. The X-ray diffractogram shows a sharp
diffraction peak at 28.1° corresponding to the 002 plane of the
hexagonal crystal structure of the h-BN nanoparticles (Figure
2b). The average crystallite size calculated using Debye—
Scherrer’s equation is found to be 0.388 nm, whereas the d-
spacing between the crystal planes in h-BN nanoparticles is
around 0.32 nm. FT-IR spectra of the h-BN nanoparticles
revealed the characteristic transmittance peaks at 3140 and
3378 cm™! corresponding to the O—H and N—H stretching
frequencies, respectively, which are due to the presence of
surface groups over the nanoparticles (Figure 2c). The sharp
transmittance peaks at 1401, 1090, and 1634 cm™ are due to
the B—N stretching mode of vibrations. The peak at 697 cm™
denotes the B—N—-B bending mode of vibrations. The
photoluminescence of h-BN nanoparticles was studied over a
range of UV excitation wavelengths from 210 to 350 nm. The
emission spectra shown in Figure 2d revealed an increase in
the emission intensity with an increase in UV excitation
wavelength until A, of 230 nm and then decreased drastically.
Maximum fluorescence emission is observed at an excitation
wavelength of 230 nm with UV emission near 370 nm. The sp*
bonding between interlinked layers in boron nitride may be the
origin for the broad emission spectrum.”

The micrographs of h-BN nanoparticles acquired from
FESEM analysis exhibit sheet-like morphology for the as-
synthesized h-BN nanoparticles (Figure 3a,b). Additional low-
magnification FESEM images of the h-BN nanoparticles are
provided in Figure S1, showing the individual particles and the
layered structure. The surface morphology was also studied by
AFM using tapping mode over h-BN nanoparticles coated on
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Figure 4. FESEM images of the (a) surface and (b) cross section of control leather and the (c) surface (insets show the presence of h-BN
nanoparticles in magnified view) and (d) cross section of h-BN/PEG-treated leather.
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Figure S. EDX elemental mapping of the cross-section of (a) control leather and (b) h-BN/PEG-treated leather showing the presence of boron,

nitrogen, and chromium elements.

the glass surface. The particle size is approximately 30—43 nm,
as observed in the two-dimensional surface view (Figure 3c),
and the elevation is found to be less than 15 nm from the
height profile observed in the three-dimensional view (Figure
3d). The HRTEM images display a particle size of 30—50 nm
for the as-synthesized h-BN nanoparticles (Figure 3e), which is
in accordance with the AFM results. HRTEM images show
onion-like lattice fringes and at higher resolution displayed
highly ordered and parallel fringes with a d-spacing of 0.34 and
0.217 nm, corresponding to the (002) and (100) planes of h-
BN nanoparticles, respectively (Figure 3f). It indicates the
good crystalline nature of boron nitride nanoparticles as
previously reported.”’

Characterization of h-BN/PEG-Treated Leather. The
as-synthesized h-BN nanoparticles were dispersed in PEG,

and treated with white crust leathers. FESEM images of the
treated leathers reveal the presence of h-BN nanoparticles on
the grain surface in comparison to the untreated control
leather (Figure 4a,c). The micrographs of the cross section of
the control leathers displayed a compact fiber bundle, while the
leather samples treated with h-BN nanoparticles exhibit a well-
opened fiber structure (Figure 4b,d). This could be due to the
lubricating effect of PEG. Additional low-magnification
FESEM images of the control and h-BN/PEG-treated leathers
are provided in Figure S2, showing the surface and the cross-
sectional views.

Elemental mapping using EDX analysis of the cross sections
of the control and h-BN/PEG-treated leathers is shown in
Figure S and Figure S3. The analysis reveals the presence of
elements such as boron, nitrogen, carbon, and chromium. The
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presence of chromium is expected as the chrome-tanned
leathers were employed in this study. The appearance of a
carbon peak in the EDX spectra is also anticipated as the
leathers comprise the collagen fibers. The significant presence
of boron and nitrogen elements in the spectra asserted the
successful incorporation of h-BN nanoparticles over the
leathers. The presence of boron in control leather could be
due to the impurities present in some of the chemicals used for
processing leather. The FT-IR spectrum of the control and h-
BN/PEG-treated leather is shown in Figure S4. The peaks at
1654, 1554, and 1238 cm™! correspond to the amide I, II, and
III groups of collagen, whereas the peaks at 3313 cm™
correspond to the OH stretching and NH groups. A significant
peak at 1089 cm™' in treated leather indicates the B—N
stretching frequency, implying the presence of h-BN nano-
particles.

Thermal Insulation Performance of h-BN/PEG-Trea-
ted Leather. The control and h-BN/PEG-treated leathers
were investigated for heat insulation properties. Leather
samples fabricated into an envelope shape were preconditioned
to a constant temperature of 23 & 2 °C and kept in a preheated
sand bath over the hot plate at a temperature of 150 °C.
Temperature changes inside the samples were measured using
the temperature measuring device connected to the temper-
ature probe and recorded as a function of time, which
displayed the increase of temperature inside the leather
samples. The observed temperature difference from the initial
temperature for control leather is 30 °C and for h-BN/PEG-
treated leather is 28.6 °C (Table S1). Thus, h-BN/PEG-
treated leathers exhibited increased heat insulation compared
to the control leather. The cold insulation studies were also
conducted over the control and h-BN/PEG-treated samples by
determining the temperature difference of leather samples.
Leather samples were fabricated into an envelope shape and
preconditioned to a constant temperature of 23 + 2 °C and
placed in a cold box regulated to the temperature of —17 + 2
°C. Temperature changes inside the samples were measured
using the temperature measuring device connected to the
temperature probe and recorded as a function of time, which
displayed the gradual decrease of the temperature inside the
leather samples. As seen from Table SI, control leather
displayed a temperature difference of 10.6 °C from the initial
temperature, whereas the h-BN/PEG-treated leather showed a
difference of 8.6 °C, making the latter an improved cold
insulating material. Both heat and cold insulation studies on
leathers revealed a significant increase in the thermal insulation
properties of h-BN/PEG-treated leathers (Figure 6). Although
the h-BN is a highly thermal conductive material, the
dispersion of h-BN in PEG could have altered the thermal
properties of the composite (h-BN/PEG) toward insulation
behavior, which is reported herein for the first time. In
addition, the h-BN/PEG-treated leathers displayed a well
opened fiber structure compared to the control leathers, as
seen in FESEM images (Figure 4). This implies that the h-BN/
PEG-treated leathers are highly porous and expected to trap
more amount of air. Air is one of the highly insulating
materials, and it cannot effectively transfer the heat or cold
when trapped in pores in small discontinuous cells. Hence, the
h-BN/PEG-treated leathers with more interconnected pores
display improved thermal insulation properties compared to
the untreated control leathers, which is highly desirable for
products such as gloves and garments that are used in very cold
or hot environments.
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Figure 6. Temperature difference data from heat and cold insulation
analysis of control leather and h-BN/PEG-treated leather.

Mechanical Property of h-BN/PEG-Treated Leather.
The dampening and viscoelastic properties of the control and
treated leather samples were measured using DMA at different
temperatures. The transitions of dynamic properties of leathers
with the increase in temperature correspond to the plateau of
glass transition behavior. The leathers treated with PEG and h-
BN/PEG exhibited a decrease in storage modulus, an increase
and subsequent drop in loss modulus, and an increase in tan 6,
indicating the changes in properties in the glass transition
plateau (Figure SS). The control leathers exhibited an increase
and consequent decrease in storage, loss modulus, and tan &
values (Figure SSa). The storage modulus reveals the ability of
the material to store energy elastically. The changes in storage
modulus with temperature for the control, PEG-treated, and h-
BN/PEG-treated leathers are shown in Figure 7a. h-BN/PEG-
treated leather possessed an initial storage modulus of 14.8
MPa, whereas the control and PEG-treated leather showed
comparatively lower values of 3.6 and 8.3 MPa, respectively. A
significant decrease in the storage modulus (E’) was observed
for leather samples with an increase in temperature from 2S5 to
150 °C. The tan 6, the ratio of loss to storage modulus,
signifies the ability of the material to dissipate the energy.
Figure 7b illustrates the change in tan J with temperature. h-
BN/PEG-treated leathers displayed a higher tan § value of
0.10, while the control and PEG-treated leather showed lower
tan O values of 0.036 and 0.07, respectively. A higher tan ¢
value implies an enhanced dampening efficiency of h-BN/
PEG-treated leathers, which could be due to the incorporation
of shear thickening fluid comprising PEG and 2D-layered
material such as h-BN nanoparticles. Overall high stress and
strain values were observed for h-BN/PEG-treated leathers
relative to control and PEG-treated leather and consistent with
the other dynamic mechanical properties such as storage
modulus and tan & (Figure 7c,d). Acrylic/montmorillonite
nanocomposites were used in leather finishing for improving
the physical and mechanical properties, whereas waterborne
polyhexamethylene guanidine-embedded polyurethane was
coated on leather fibers to obtain a composite with good
durability, wet management, and temperature-adaptive flexi-
bility.”>® It can be seen that the dynamic mechanical
properties of our h-BN/PEG-treated leathers are comparable
or even better than those from the previously reported results.

From the DMA data, it is evident that h-BN/PEG-treated
leathers have potential for applications in the absorption of
energy due to higher storage modulus and tan 6 values. For
example, the leathers used in gloves, shoes, and garments in
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Figure 7. DMA analysis of the control, PEG-treated, and h-BN/PEG-treated leather. (a) Storage modulus (E’), (b) tan &, (c) stress, and (d) %

strain as a function of temperature.

strategic sectors such as the army are expected to have high
impact resistance owing to the possible impact from various
objects. Hence, the developed h-BN/PEG-treated leathers
could be used in the aforementioned applications.

The impact resistance of control and h-BN/PEG-treated
leathers (thickness: 1 & 0.1 mm) was evaluated by measuring
the mean transmitted force against an impact, using a low-
velocity drop-weight test. Table S2 shows the mean trans-
mitted force upon the impact energy of 5 J, and the results
showed an improved impact resistance for h-BN/PEG-coated
leather compared to that of untreated control leather.
Nevertheless, the obtained results were not meeting the
requirements of the EN 13594:2015 6.9 standard since the test
is normally conducted for the whole glove rather than leather
alone. Hence, the control and h-BN/PEG-treated leathers were
stitched with lining and padding materials, which are generally
used to make leather gloves, and made into a composite
(thickness: 3 + 0.1 mm) and further tested. The results show
that the leather composites exhibited a substantial reduction in
the mean transmitted force compared to the bare leather as
envisaged, providing more impact resistance owing to the
insertion of lining and padding materials (Table S3). Leather
composite made of h-BN/PEG leather displayed improved
impact resistance relative to control leather. Nevertheless,
further studies on fine-tuning of the treatment as well as testing
of the whole glove made of treated leathers need to be carried
out in order to meet the requirements of the standard.
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B CONCLUSIONS

The two-dimensional nanomaterial, h-BN, was successfully
synthesized by the modified hydrothermal method. The as-
synthesized h-BN nanoparticles, characterized using AFM and
HRTEM, possessed a particle size of 30—50 nm, and the
optical properties were studied using UV and fluorescence
spectrometer. The white crust leather samples treated with the
purified h-BN along with PEG,,, were characterized using
FESEM/EDX and FT-IR. Heat insulation studies investigated
after measuring the increase in temperature after placing
samples in a preheated sand bath over the hot plate at 150 °C,
displayed a temperature difference of 30 °C for control leather
and 28.6 °C for h-BN/PEG-treated leather. The insulation
against cold was studied by measuring the decrease in
temperature after placing samples in an insulated cold box,
exhibiting a temperature difference of 10.6 °C for control
leather and 8.6 °C for h-BN/PEG-treated leather. Con-
sequently, the h-BN/PEG-treated leathers exhibited improved
thermal insulation compared to the control leather. The h-BN/
PEG-treated leathers display robust improvement in the
dampening and viscoelastic properties, primarily storage
modulus and tan 0, as revealed through the dynamic
mechanical analysis. The leather composites comprising h-
BN/PEG exhibited improved impact resistance, as confirmed
by a low-velocity drop-weight test. The results demonstrate
that the h-BN/PEG-treated leathers could be utilized for
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strategic product applications demanding properties such as
high impact resistance and thermal insulation.
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