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researchers. In this work, boron as a dopant was selected to enhance the physical
characteristics of the WO, thin films on glass and silicon wafer substrates. To achieve
this aim, a plasma-based, well-known thermionic vacuum arc (TVA) technique was
utilized to prepare the films with varying boron percent, followed by structural, optical,
and microscopic characterization. The roughness of the films directly depends on the
boron amount and nature of the substrate. The structural measurement proved the
formation of WO, phases on both substrates. An increase in the dopant amount caused
a shift in the dominant peak in the X-ray diffraction patterns. The crystallite sizes of the
films varied in the range of 14-49 nm. According to the optical results, the optical band

Optical band gap
Roughness
Surface properties

gaps (Eg) of the WO,:B (1%) and WO,:B (3%) films were obtained as 3.23 and 3.25
eV, respectively. The increase in the boron amount led to an increase in the packing

density of the films. This behavior was not related to substrate properties. These results
suggest a direct relationship between crystallite size and lower optical loss function.

1. Introduction

Due to the quality, high interest, and wide application
area, the materials of oxides, nitrides, and carbides
gained great attention from both scientific and
industrial sides. Among those, oxides are a material
group with individual and special characteristics. So
far, various classes of oxide materials have been
discovered, synthesized, and coated by different
chemical and physical-based techniques [1-4]. In this
class, tungsten trioxide (WO,) is of great interest due to
its chemical excellence, mechanical stability, physical
stability, and so on [5,6]. The mentioned properties
lead to extending the application area of the material.
Since the discovery of the oxide material, several
methods have been used for synthesizing and coating
upon various substrates. Despite the advantages
mentioned above, some challenges still cause the
restricted use of WO, in all applications. To overcome
this problem, some routes, such as doping, multi-layer
structures, and composite with other materials, are
recommended and carried out to improve the WO,
structure [4,7]. Researchers have successfully doped
WO, thin films with various elements such as Al [5],
Mn [7], Fe [8], C [9], or oxides i.e. CuO [10], MoO,
[11]. In this research, boron is selected as a dopant to
improve the properties of the WO, thin film. Overall,
thin films have been coated with the plasma-based
thermionic vacuum arc (TVA) technique in the high
vacuum regime. Then, the suitable devices measure

and evaluate the boron-doped WO, (WO,:B) thin films'
physical properties.

Alsaad et al. [12] concentrated on the optical and
optoelectronic properties of boron-doped ZnO thin films
prepared by the sol-gel method. The group proposed
a new mathematical equation between thickness
and optical band gap for amorphous or crystalline
structures. A reverse relationship between boron
concentration and optical band gap was proposed.
Also, a reverse correlation between Urbach and
boron dopant amount was found. Eskalen et al. [13]
studied radiation shielding characteristics of wurtzite-
structured ZnO:B thin films prepared using a spray
pyrolysis method. The researchers report deformation
in the structure and worsened in the hexagonal rods
respecting the surface images due to incorporating
a boron dopant in the host structure. Additionally, a
direct dependency between boron dopant and linear
attenuation coefficient, mass attenuation coefficient,
half value layer, one-tenth value layer, and mean
free path results was pronounced. Wong and Lai
[14] published a work investigating the temperature
dependency of boron-doped ZnO thin films produced
via the sputtering technique. Due to the boron
activation, the results confirmed the best electrical
properties at 400°C in the ZnO:B thin films. More than
the boron dopant amount, according to the work, the
best optical, morphological, and structural properties
of the films were related to deposition temperature.

*Corresponding author: saliha.elmas@kocaelisaglik.edu.tr
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This research's main target is introducing a new and
quick pathway for forming WO,:B thin films based on
utilizing plasma and vacuum-based techniques. In this
context, the relation between coating parameters and
physical properties is described in detail.

2. Materials and Methods
2.1. Materials

The WO, (99.5% purity) and B powders (99.5%
purity) were purchased from the Nanografi (Turkiye)
company and Alfa Aesar (USA), respectively. Acetone,
isopropanol, and Si substrates (N-type p-doped (111)
orientation) were from ISOLAB (Germany), Detsan
(Tarkiye) and MTI cooperation (USA), respectively.

2.2. Methods

The WO, material was doped 1% and 3% in weight.
The prepared pellets' diameter and thickness were
1 cm and 1 mm, respectively. The glass and Silicon
(Si) wafers were used for substrates. The substrates
were ultrasonically cleaned by deionized water (50°C),
acetone (30°C) and isopropanol (30°C) for 5 minutes
to remove the particles on the substrates, respectively.
The glass and Si substrates were cleaned according
to the procedure seen in Figure 1. The Si substrate is
p-doped with (111) orientation.

Deionized Water (DI)

Acetone Isopropanol

50°C . 30°C 30°C
Figure 1. The cleaning process of the glass and Si
substsrates.

The coating process was performed using a plasma-
based technique that well-known as TVA in a high
vacuum regime. Firstly, the cleaned substrates were
placed in the chamber upon the substrate holder. Then
the substrate holder is fixed on the anode and kept at
a constant distance from the anode during the coating.
The anode section is a spoon-like tungsten (W) or
Molybdenum (Mo)-included material for holding the
coated material on the substrate. In our case, the boron-
doped WO, powder as a pellet was poured inside the
anode gently. The vacuum chamber was closed and the
evacuation process started. Initially, the rotary pump
and the turbo-molecular pump started. This process
was continued until the pressure value achieved base
pressure means 7x10° Torr. All processes such as
evacuation, coating, amount of current, and voltage
applied were monitored and controlled by various and
suitably mounted devices. The coating process was
started by applying AC and DC currents to the cathode
and anode parts [1]. The cathode is constructed of
tungsten wire surrounded by the Wehnelt cylinder
and serves as an electron gun. After applying the

current and voltage to the cathode, the tungsten wire
is thermally heated, leading to electron emission. The
emitted electrons moved toward the anode while using
the Wehnelt the random movement of these electrons
was avoided [2]. The collisions between the electrons
and pelletized WO,:B powders cause energy transfer,
then a change in the phase of powders to liquid and so
gas phases. This procedure continues after reaching
a stable plasma of WO,:B. This plasma was moved
onto the substrate holder and deposited layer by layer
on the cleaned substrates. The significant parameters
during the coating are listed in Table 1.

Table 1. The effective TVA parameters during the coating
process.

WO.:B

Parameters

1% 3%
Discharge current (A) 0.30 0.25
Deposition time (s) 60 180
Working pressure (Torr) 1.8x10* 2.04x10*
Applied voltage (V) 200 200
Filament current (A) 18.7 18.2

Thin films were analyzed by Ambios Q-scope Atomic
Force Microscope (AFM) in non-contact mode using
the Scan Atomic V 5.1.0 SPM control software at room
temperature. Compositional characterization of WO,:B
thin films was analyzed with, using Al source, X-ray
photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha, USA). The device works in a dual source light
source utilizing ultra-low energy electron beam and Al
Ka micro-focused condition. The structural properties
of the films were measured through a X-ray diffraction
(XRD, Malvern Panalytical Empyrean, UK). The optical
features of the thin films were characterized using UV-
VIS spectrophotometry (Unico Dual Beam, USA) and
Filmetrics F20 devices. The UV-Vis spectrophotometry
and Filmetrics were performed in 200-1100 nm and
400-1000 nm wavelength ranges, respectively. Both
optical devices work at room temperature. The surface
properties of the produced films were investigated
with scanning electron microscopy (SEM, Zeiss Supra
40VP, Germany).

3. Results and Discussion

The three-dimensional (3D) images and crystallite
distribution of the particles upon the surface of the
boron-doped WO, thin films are shown in Figure 2.
Using AFM, roughness, crystallite sizes, and symmetric
distribution of the crystals upon the surface after the
coating was revealed, as seen in Table 2. According
to the measurement results, an increase in the boron
amount is not affected by the roughness values, while
an increase in the boron percent leads to a decrease
in the roughness. So, the roughness value is directly
related to substrate and boron amount.

The skewness is an indication of the symmetric
distribution of particles on the surface [2]. In both
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Figure 2. The AFM images of the a, b) bare glass substrate, c, d) bare Si wafer substrate, ) WO,:B/glass (1%), f) WO,:B

(3%)/glass, g) WO,:B (1%)/Si, h) WO,:B (3%)/Si.

Table 2. The surface results obtained using the AFM
device.

RMS Skewness Kurtosis

(nm) (Ssk) (Skr)
Bare glass substrate 13.1 0.97 0.74
Bare Siwafer substrate  0.33 3.78 40.88
WO,:B (1%)/glass 5.01 0.08 41
WO,:B (1%)/Si 9,39 0.16 1.96
WO,:B (3%)/glass 5.13 0.24 3.12
WO,:B (3%)/Si 6,48 0.70 11.56

cases, the highest symmetric distribution is measured
at the films coated upon the glass substrate. This
characteristic is not dependent on boron dopant
percent.

The FESEM images of the coated films are shown
in Figure 3. All images are portrayed in the 50,000X
resolution. Regarding the images, there are no cracks
on the surface. This feature is not related to the boron
amount and substrate. Increasing the boron amount in
the host material causes some agglomeration on the
surface. The surfaces are compact and dense without

pinholes. This characteristic shows the eligibility of
the films for use in dye-synthesized solar cells [12].
The grains on the surface are spherical ball-like
configurations that do not depend on the boron and
substrate nature.

The micro-structural properties of the prepared films
are performed and listed in Table 3. In the XRD
patterns (Figure 4), WO, and B,O, peaks demonstrate
the polycrystalline nature of the prepared films. The
result is not related to the structure of the substrate.
According to the measurement, there are shifts in the
WO, peaks, which show stress during the coating
because of the boron dopant. This stress originated
from adding dopant into the host structure, as reported
by other researchers [1] and is responsible for the shift
in the emerged peaks.

Regarding the patterns, the structure has no impurity,
other phases, or bond between W and B. Significantly,
in this case, the high-intensity peak is directly related
to the amount of dopant. In the low dopant (1%) of
the films, the high-intensity peak was WO, with (004)
diffraction plane, while in the high dopant (3%), the
highest peak was WO, with (222) diffraction plane.
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L
15.0kV x 50.00 K 100 um
—_—

15.0kV x 50.00 K 200 nm
—_

15.0kV x 50.00 K 200 nm
—_—

15.0kV. x50.00 K 200 nm
—

Figure 3. The FE-SEM images of the a) WO B (1%)/glass, b) WO,: B (1%)/Si, c) WO,: B (3%)/glass, d) WO,: B (3%)/Si

(Scale bar: 1um).

Intensity (arb. unit)

40 50 60 70 80
20 (degree)
Figure 4. The XRD pattern of the Boron-doped WO, on
glass and Si substrates, WO,:B/glass (1%, black line),
WO,:B/Si (1%, red line), WO,:B/glass (3%, blue line), and
WO,:B/Si (3%, pink line).

Therefore, increasing the boron amount causes a
change in the WO, diffraction plane. This issue is
not related to the nature of the utilized substrate. All
emerging peaks show monoclinic WO, crystal structure
and are compatible with ICDD card No: 43-1035 [2].

Using the patterns, for both substrates, the crystallite
size (CS) of the films is calculated by the well-known
Scherrer formula (Eq. 1) [3,4], where, the A (=1.5406
A), FWHM, and 6 are the X-ray wavelength, full width
at half maximum of a peak, and Bragg diffraction
angle, respectively.

cS = 0.94 1

~ FWHM cos

1

Respecting the results, the minimum and maximum
grain sizes of the thin films coated on both substrates
were altered between 14 and 49 nm, respectively.
These results proved the eligibility of the TVA in

the formation and growth of nanometer crystals on
the various substrates. Despite the lack of thermal
treatment application to produce the thin films, these
values are comparable and, in some cases, smaller
than the other coated WO, films in the literature [5-9].

Utilizing the above results, the dislocation density (8)
and microstrain (€) residue in the coated thin films are
calculated by Eq. (2) and (3) [4,10].

5= (CS)2 (2)

e = FWHM cos 6

. )

Considering the coating method, there are defects
in the prepared thin film. In this situation, the defects
during the coating process via TVA were computed
and listed in the table. Also, the lattice strain (LS) due
to pressure change during the coating, as well as the
dopant effect, is evaluated by Eq. (4) [10-12].

__ FWHM
4tan@

LS 4)
These values are outlined in Table 3. The stress and
strain values during the coating as well as dopant
effects are comparable with other reported research in
literature [1,6,13].

According to the calculated results, an increase in the
boron dopant causes a reduction in the intensity of the
maximum XRD peaks, replacement of (004) with (222)
plane, and sharpening in the maximum emerged peak
[1,7,14]. Amongst the various reasons for emerging
the secondary phase, the existence of B,O, in this
structure is concluded owing to the large difference in
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Table 3. The results of XRD measurement for the coated films on both substrates.

Peak Diffraction Crystal size Dislo<.:ation Micr.o st- Lattice strain
26 () plane Phase (nm) densny_ () rain (LS) ICCD card
(hkl) (nm)?2 (e)
36.15 122 WO, 31 1.04x10°  7.44x10? 0.24 72-0199
= 39.60 240 WO, 48 4.34x10*  4.91x10? 0.14 72-0199
(_ﬁv 40.33 ?g; \é\igz 27 1.37x10°  8.57x102 0.25 98;2?&%%92
B 44.39 320 WO, 23 1.89x10°  9.66x107 0.26 72-0199
g"’ 46.01 123 WO, 49 4.16x10*  4.80x10? 0.12 72-0199
46.97 . oo 39 657104 598x107 015 R
36.83 222 WO, 37 7.30x10*  6.19x102 0.20 43-1035
40.32 103 B,O, 27 1.37x10°  8.57x10? 0.25 43-1035
~ 4280 133 WO, 23 1.89x10°  9.71x10?2 0.27 43-1035
T 4434 320 WO, 38 6.93x10*  6.04x107? 0.16 43-1035
% 45.88 123 WO, 38 6.93x10*  6.00x107? 0.15 43-1035
é;,'w 46.93 oo 5\78: 39 6.57x104 598x102 0.5 e
52.31 420 WO, 50 4.00x10*  4.68x10? 0.11 43-1035
62.58 143 WO, 34 8.65x10*  6.68x102 0.13 43-1035
75.49 030 B,O, 18 3.09x10°  1.24x10" 0.20 98-007-4774
36.94 222 wo, 48 4.34x10*  4.95x1072 0.16 43-1035
§ 40.87 103 B,O, 31 1.04x10°  7.33x10?2 0.21 98-008-0829
o | 42.86 133 WO, 15 4.44x10°  1.46x10" 0.40 43-1035
5 4481 123 WO, 32 9.77x10*  7.23x107? 0.19 43-1035
@ 4751 312 WO, 39 6.57x10*  5.97x107? 0.15 43-1035
g 62.88 143 WO, 34 8.65x10*  6.67x107? 0.13 43-1035
75.97 030 B,O, 14 5.10x10°  1.64x10" 0.27 96-151-0795
36.99 222 WO, 48 4.34x10*  4.95x107? 0.16 43-1035
__ 4077 103 B,O, 23 1.89x10°  9.78x107 0.28 98-000-8217
§ 43.01 11;; 5’\;82 48 4.34x10%  4.85x107 0.13 98"1%(_’156;275
2 4485 123 WO, 38 6.93x10*  6.03x10? 0.16 43-1035
g“ 4755 o 5\;82 39 657104  597x107 015 S0 00n o1
62.91 143 wo, 25 1.60x10°  8.90x10? 0.17 ICDD 20-1324
75.89 030 B,O, 22 2.07x10°  1.03x10" 0.17 98-005-1575

the ionic radii of We* (0.62A) and B** (0.2A) [1]. Since
this large difference between dopant and host atoms,
i.e., tungsten and oxygen, the dopant tends to bond
with oxygen [15,16] instead of aggregation in the
grain boundary or being substituted into the tungsten
location inside the WO, structure. The emerging B,O,
was crystalline, and the origin of the extra peak that
emerged in the thin film that was produced is not
obviously understandable.

XPS is widely utilized for determining the chemical
composition of a surface. The elemental results of
the films coated onto both substrates are illustrated
in Figure 5. Regarding the patterns, there are W and
O peaks in the spectrum. Meanwhile, the resulting
patterns have C, N, Si, and B impurities. The Si

peak gives rise to the substrate and the C and N are
originated from the environment [6]. The doublet peaks
in Figure 5a show the W4f valence state in the coated
films. Only one state in the films demonstrates the one
oxidation state in the tungsten atom. The W4f peak
centers emerged at 35.3 eV and 37.4 eV, respectively,
identifying this structure's 4f7/2 and 4f5/2 for We¢*
[7,17]. The absorbance and transmittance of the films
upon both substrates are shown in Figure 5 c-f. There
are two regions in the absorbance spectrum; the first
covers 200-320 nm and 320-1100 nm. There is an
electronic transition in the thin film deposited onto the
glass substrates for both cases.

The optical band gap (Eg) value of the thin films coated
on glass substrates is shown in Figure 6d. The Eg of
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Figure 5. The a) narrow scan of W, and b) wide scan of the coated films. The optical results of the coated boron-doped
WO, upon glass substrates, c) absorbance, d) transmittance, e) absorption coefficient, and f) optical band gap (E,).

the thin films is computed using Eq. (5) [18]:

(ahv)™ = A (hv — E,) (5)
the a, hv, and A are absorption coefficients, photon
energy, and a constant. The A is defined as the band-
band transition well-known as tailing values. This
parameter also presented the coated film quality. In the
above formula, the n describes the nature of transition
and, in this case, is equal to 2 and 1/2 for direct and
indirect optical band gap situations. In the present
study, the electronic transition equals %2, which shows
the indirect allowed transition of WO,. The absorption
coefficient (a) of the films is calculated by Eq. (6),
where T is the transmittance of the coated films, and
d is the thickness of films measured by Filmetrics.
The E values of the WO,:B films for both 1% and 3%
on glass substrates were 3.23 [19] and 3.25 eV [20],
respectively.

_wn(Yp)
=— L (6)

The optical parameters such as refraction index (n)
reflectance (R), real (¢_,), and imaginary (g __ mary
dielectric constants and optical loss factor (tan g
the prepared films on both substrates are |Ilustrated
in Figure 6. The parameters show normal distribution
in the given wavelength range. The refractive index of
the films is in the range of 2.10-2.45. The measured
values coincide well with the literature [7,21,22]. The
higher refractive index shows a higher packing density
and is related to the lower amount of voids and lattice
defects [8]. Regardless of the substrate nature, the
increase in the dopant value leads to higher packing
density.

The real and imaginary parts of dielectric constants
and loss function of the films are calculated according
to Eq. (7):
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Figure 6. The a) refractive index, b) reflectance, ¢, d) Real and imaginary dielectric constant, and e) optical loss factor of

the films coated onto the glass substrate.
&) = greai(D) + €imaginary () 7
Those are defined in Eq. (8-10):
rear(D) = n? — k? (8)
Eimaginary (1) = 2nk )

tan § = Simaginary /greal (10)
Increasing the wavelength reduces this trend, which
causes normal distribution [23]. The optical loss factor
of the WO,:B with different boron dopant amounts is
shown minimum value compared to other published
reports [19]. The lower optical loss factor originated
from lower grain size [24]. This phenomenon is proved
by crystallite size computed by the Scherrer equation
which may cause a higher conductivity by increasing
the amount of crystallite and lowering the defect in the
structure [25].

4. Conclusions

In this research, boron-doped WO, was successfully
coated on the glass and Si substrates using a
plasma-based PVD system. Respecting the surface
characterization, the roughness of the films directly
depends on the boron amount and nature of the
substrate. The structural results proved the formation
of WO, phases on both substrates. An increase in
the dopant amount causes a shift in the dominant
peak in the XRD patterns. The calculated crystalline
sizes for both films confirmed nanometer dimensions
ranging from 14 to 49 nm. According to the optical
results, the optical band gap (Eg) of the WO,:B (1%)
and WO,:B (3%) films were obtained as 3.23 and 3.25
eV, respectively. The increase in the boron leads to an
increase in the packing density of the films. There is
no relationship between the substrate structure nature
and packing density. Respecting this research results,
there is a direct relationship between crystallite size
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and lower optical loss function. The elemental analysis
shows the presence of W and O in the spectrum.
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On sogutma islemi taze sebze ve meyvelerin hasattan kisa siire sonra meydana
gelen bozulmalarinin 6niine gegmek amaciyla yuritilen soguk depolamanin énemli
basamaklarindan biridir. Bu ¢alismada, laboratuvar 6lgekli bir sogutma sistemi 6n sogutma
islem kosullarinda faz degistiren malzemesiz (FDM’siz) ve FDM’lerle test edilmistir. FDM
olarak sisteme su ve farkli konsantrasyonlarda hazirlanan Na,B,0,.10H,0 cozeltileri
entegre edilmistir. Kompresor galisma suresinin (%) tim FDM’lerle azaldidi tespit edilmisgtir.
FDM'siz durumda %21,05 olarak belirlenen bu degerin ag. %1,0 Na,B,0,.10H,0 ¢ozeltisi
ile %12,12 degerine kadar distigu belirlenmistir. Dolayisiyla, toplam enerji tiketiminde
maksimum azalma, ag. %1,0 Na,B,0,.10H,0 ¢bzeltisi ile %41,7 oraninda hesaplanmistir.
Elektrik kesintisi esnasinda ise, kabin i¢ hava sicakliginin ortam sicakligina ulasma suresi
FDM’siz duruma gére ag. %1,0 Na,B,0,.10H,0 ¢ozeltisi ile yaklagik 4,3 kat uzadigi
belirlenmistir. Sonug¢ olarak, 6n sogutma isleminde kullanilan sogutma sistemlerinde
kullanmak tzere ag. %1,0 Na,B,0,.10H,0 gozeltisi alternatif FDM olarak 6nerilmektedir.
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Utilization of borax dekahydrate solutions as a phase change material in a
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The pre-cooling process is one of the important stages of cold storage, conducted to
prevent the spoilage of fresh vegetables and fruits shortly after harvesting. In this study,
a cooling system operating under the conditions of the precooling process was tested
with and without phase change materials (PCMs). Water and Na,B,0,.10H,0 solutions at
different concentrations were integrated into the system as PCMs. It was revealed that the
compressor running time (%) decreased with all PCMs. This value, determined to be 21.05%
without PCM, decreased to a value of 12.12% with 1.0 wt.% Na,B,0,.10H,O solution.
Therefore, the maximum reduction in total energy consumption was calculated to be 41.7%
with 1.0 wt.% Na,B,0,.10H,0 solution. Additionally, it was observed that the time to reach
the internal cabin air temperature to the ambient temperature was approximately 4.3 times
longer with 1.0 wt.% Na,B,0,.10H,0 solution than that of the case without PCM during a
power failure period. Consequently, 1.0 wt.% Na,B,0..10H,0 solution is recommended

2477
as an alternative PCM to be used in cooling systems employed in the precooling process.
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Soguk depolamanin 6nemli asamalarindan biri 6n
sogutma iglemi olarak bilinmektedir. Taze sebze ve
meyvelerin kalitesinin korunmasi, hasat siireci sonrasi,
hasat kosullarina bagli olarak barindirdiklari tarla isisi
olarak da bilinen isinin depolanma &éncesinde hizli
bir sekilde alinmasina oldukg¢a baghdir. Bu slre¢ 6n

1. Giris (Introduction)

Gida Urunlerinin Uretimlerinden son tiketiciye ulasana
kadar ki sureglerde bozunmadan muhafaza edilmeleri
¢ok Onemlidir. Bu sebeple, tedarik zincir ydnetimi
turlerinden biri de soguk zincir ydnetimidir. Soguk

zincir yonetimi, sut, et, gida, sebze, mantar, meyve,
gicek vb. gibi bozulabilir Grtnlerin belirli bir stire iginde
dagitiimasini ve uygun kosullar altinda saklanmasini
saglayan bir sistemdir [1]. Dolayisiyla, soguk depolama
bu tedarik zincirinin dnemli bir basamagdir.

sogutma iglemi olarak adlandiriimakta ve 0-10 °C
sicakhk araliginda uygulanmaktadir [2]. Literaturde
cok farkli 6n sogutma uygulamasindan bahsedilmigstir
[3]. On sogutma yéntemleri; soguk odada 6n sogutma,
hidro-sogutma, zorlanmis havayla 6n sogutma, paket
buzlama, vakumla 6n sogutma ve kriyojenik sogutma
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olmak Uzere alti baslik altinda siniflandirilabildigi
belirtilmigtir [4]. Bu ydntemlerden en bilinen ve yaygin
olarak kullanilan uygulamalardan biri, soguk hava
deposunda veya ©n sogutma odasinda Urlnlerin
sogutulmasidir [4]. On sogutmanin, (riin kalitesinin
uzun sure korunmasi agisindan avantaj sagladigi
acikti, ancak bu amagla kullanilan sistemlerin
tikettikleri enerjinin azaltiimasinin da énemli oldugu
bilinmektedir. Bu iglem yurGtllirken tuketilen ener;ji
miktarini  azaltmanin alternatif yollarindan biri,
sogutma sistemlerinin termal enerji depolamasinin
en Onemli drneklerinden biri olan faz degistiren
malzemeler (FDM'ler) ile c¢ahstirimalaridir. Tim
termofiziksel 6zelliklerinin bilinmesi, yuksek gizli 1sisi
ve kararlid1 sebebiyle su, FDM olarak tercih edilirken
[5,6], literatirde farkli otektik tuz-su c¢ozeltileri de
onerilmektedir [7]. Bir evtipi buzdolabi performansi
FDM’sizve FDM olarak su (H,O) ve bir Gtektik gozeltinin
sisteme entegre edildigi durumlarda deneysel olarak
incelenmistir. Otektik ¢ozelti olarak, faz degisim
sicakligi -5°C olan bir sodyum klorir (NaCl) ¢ozeltisi
(%90 H,0+%10 NaCl) hazirlanmigtir. Sonuglar FDM
entegrasyonun performans katsayisini (coefficeint of
performance, COP) 6nemli olglide arttirdigini ortaya
koyarken 6tektik ¢dzeltinin suya gére daha etkin oldugu
da belirtilmistir [8]. Ev tipi bir buzdolabinin FDM olarak
su ve iki farkli faz degisim sicakligina (-2°C ve -6°C)
sahip otektik ¢ozeltilerle teorik olarak modellendigi bir
calismada, deneysel olarak da bir prototip buzdolabi
test edilmistir. Hem simllasyon hem de denklem
sonuglari ile kompartman sicakhgdini kabul edilebilir
sinirlar icinde tutmak icin faz deg@isim sicakhgi 0°C'nin
altinda olan bir 6tektik FDM kullaniimasi gerektigi ortaya
konulmustur [9]. Dolayisiyla, bir sogutma sistemine
FDM entegrasyonunda g6z éninde bulundururulmasi
gereken en onemli parametrelerden biri FDM’'nin faz
degisim sicakh@idir. Otektik su-tuz ¢ozeltilerinin FDM
olarak tercih edilmelerinin en 6nemli sebeplerinden
biri de faz degisim sicakliklarinin hazirlanan ¢ozelti
konsantrasyonuna bagli olarak ayarlanabilmesidir.
Ancak, FDM’nin faz degisim sicakligi yani sira, miktari,
konumu ve kalinhdi vb. gibi gesitli paramtrelerin de
dikkate alinmasi gerekmektedir [10]. Literatlrde,
cesitli FDM’lerin 6zelliklerinin sunuldugu ve FDM’lerin
sogutma sistemlerinde  kullaniminin  irdelendigi
farkli galismalarin derlemeleri sunulmustur [11,12].
Ornegin, Joybari vd. (2015) tarafindan sunulan
calismada, literattirde sunulan galismalar g6z éniunde
bulundurularak FDM d&zelliklerinin yani sira, ortam
sicakhgi, kabinin acilip-kapanma sikligi vb. gibi
dikkate alinan diger parametrelerde listelenmistir
[12]. Tim parametreler géz 6ntnde bulundurularak,
belirli kosullarda galisan sogutma sistemlerinin eneriji
tiketimini  minimize edilebildigi uygun FDMlerin
Onerilmesi, enerji kaynaklarinin korunmasi ve enerji
maliyetlerinin  duslrilmesi agisindan  6nemlidir.
FDM’lerin sogutma sistemlerinde kullanimlarinin
sagladigi avantajlarin sunuldugu kapsamli ¢calismalar
literatirde mevcuttur [13,14]. Rocha vd. (2023)
2007-2023 yillann arasinda kucuk olcekli sodutma
sistemlerinde FDM’lerin kullaniminin deneysel olarak

incelendigi calismalarda kullanilan FDM’ler ve FDM
konumlarina bagli olarak elde edilen 6énemli sonuglarin
bir listesini sunmustur. FDM’lerin sistemlere entegre
edildigi durumlarda saglanan enerji tasarruflar
degerlendirildiginde minimum %4,4 [15] ile maksimum
%18,6 [16] arasinda degistigi gorilmektedir [14]. Sonug
olarak, sogutma sistemlerine FDM entegrasyonun
enerji tasarrufu saglayacag aciktir.

Sogutma sistemlerinde FDM kullaniminin saglayacagi
enerji tasarrufu g6z o6ndnde bulundurularak, bu
¢alismada 6n sogutma islemi kosullarinda c¢alistirilan
bir sogutma sistemi FDM’siz ve FDM’li durumlarda test
edilmigtir. FDM olarak, su ve Turkiye’de yaygin olarak
bulunan bor minerallerinden biri olan tinkalin (boraks
dekahidrat, Na,B,0,.10H,0) farkli konsantrasyonlarda
hazirlanan ¢ozeltileri kullanilmistir. Literatlrde cesitli
calismalarda FDM’ler, asiri soguma problemlerine
¢6zim olmasi icin sodyum tetraborat dekahidrat
(boraks  dekahidrat) [17,18] gibi nikleasyon
ajanlariyla, faz ayriminin 6niine gegilmesi amaciyla
ise karboksimetil selliloz (CMC) gibi jellestirici
ajanlarla modifiye edilmistir [19,20]. Ancak FDM olarak
boraks dekahidrat ¢ozeltilerinin sogutma sistemlerine
entegre edildigi bir calisma literatlirde sunulmamistir.
Belirtildigi gibi Ulkemizde yaygin olarak bulunmasi
dolaysiyla kolay erisebilir olmasi ve ucuz olmasi g6z
onlnde bulunudurularak g¢alismamizda ilk olarak
boraks dekahidrat ¢ozeltileri FDM olarak bir sogutma
sistemine entegre edilmigtir. FDM entegrasyonun
calisma periyodunda kompresdr calisma suresine
(%) ve toplam eneriji tiketimine etkileri incelenmistir.
ilaveten elektrik kesintisi durumu simiile edilmis ve
kabini¢havasicakliginin FDM’sizve FDM’lidurumlarda
ortam sicakligina ulasma sireleri kiyaslamali olarak
degerlendirilmistir. TiUm degerlendirmeler sonucu, 6n
sogutma amaciyla kullanilan bir sojutma odasinin
enerji tuketimini minimize eden ve elektrik kesintisi
esnasinda sogutma odasinda urlUnlerin uzun slre
bozunmadan korunmasini saglayacak olan uygun
FDM belirlenmistir.

2. Malzemeler ve Yontemler (Materials and Methods)
2.1. Malzemeler (Materials)

On sogutma isleminin simiile edildigi laboratuvar
Olcekli bir sogutma sistemine entegre edilmek Uzere
FDM olarak distile su ve Eti Maden Bandirma bor
ve asit fabrikalarinda duretilen boraks dekahidrat
(Na,B,0,.10H,0) rafine bor Grininden farkli
konsantrasyonlarda (ag. %1,0-ad. %3,0) hazirlanan
cozeltiler kullaniimigtir.

2.2. Yontemler (Methods)

Laboratuvardlgeklibirsogutmasistemi[21], 6n sogutma
islemini simiile etmek Gizere 0-10 °C sicaklik araliginda
FDM’siz ve FDM’li olarak test edilmistir. Sisteme
FDM olarak, su ve Na,B,0O,.10H,0O ¢ozeltileri entegre
edilmigtir. Boraks dekahidratin ajan olarak eklendigi
¢alismalarda agirlikga disuk yuzdelerde FDM’lere
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ilave edildigi gorilmektedir [17,18,20]. Calismamizda
da boraks dekahidratin ¢ézunurlik verileri de [22,23]
dikkate alinarak disuk konsantrasyonlarda (ag. %1,0-
ag. %3,0) cozeltiler hazirlanmistir. Na,B,0,.10H,0
gozeltilerinin pH dederinde konsantrasyon artigiyla
belirgin bir degisim olmadigi, ag. %1,0 ve %2,0
Na,B,0,.10H,0 ¢ozeltilerinin pH degerleri 9,2 iken ag.
%4,0 Na,B,0,.10H,0 ¢ozeltisi pH degeri 9,3 olarak
Olelldigu literattrde belirtilmistir [23]. FDM ¢ozelti
miktari, literatirde uygun miktar olarak belirtilen 600
mL hacminde [7] hazirlanmistir. Cozeltiler aluminyum
kaplara yerlestirilmis ve sarj etmek Uzere dondurucuda
(-18°C) yatay olarak dondurulmustur.

Sogutma sistem komponentlerikabin igine yerlestirilmis
bir evaporatér, bir kompresér, bir kondenser,
bir genlesme valfidir. Sarj edilen FDM paketleri
evaporator ylzeyine entegre edilmistir. Sogutucu
akiskan olarak R404A sistemde sirkile edilmistir.
Sistemin bulundugu ortam klimatize edilerek 20°C’'de
kararli rejim sartlari saglanmistir. Sogutucu akiskanin
sistem komponentlerine giris-gikis sicakliklari, anlik
glc tiketim verileri dlgilmus ve kaydedilmistir. Her
bir deney en az U¢ defa tekrar edilmis ve ortalama
degerler dikkate alinarak degerlendirmeler yapilmistir.
Deneysel calisma sonunda elde edilen verilerden
kompresor calisma suresi (%) (Es. 1), toplam gug¢
tiketimi (Es. 2) ve enerji tasarrufu (%) (Es. 3) degerleri
hesaplanmistir. Es. 1’de, b kompresorin agik kalma
suresi (dakika), t_  kapal kalma siresini (dakika)
goOstermektedir. W(t) galisma periyodu boyunca (4
saat) toplam gug¢ enerji tiketim degeri (kJ), W(t) ise
anhk gug tuketim degeridir (kW). W FDM’siz durumda,
W_,,, ise FDM’li durumda toplam enerji tiketim
degerleridir. Sogutma sistemi, calisma periyodunun
ardindan, elektrik kesintisinin simile edildigi durum
icin de FDM’siz ve FDM'li olarak test edilmistir. Her iki
durumda da elektrik kesintisi esnasinda kabin i¢ hava
sicakliginin, ortam sicakhdina ulasma sureleri tespit
edilmigtir.

Calisma Siiresi(%) = LT (1)
ta<;1k+'fkapa11
t=4saat ;
W) = 2> W(ndt (2)
Eneji Tasarrufu(%) = W x 100 (3)

3. Sonuglar ve Tartisma (Results and Discussion)

Laboratuvar 6lgekli bir sogutma sistemi, 6n sogutma
amagch kullanilan bir sogutma sistemini simile etmek
Uzere 0-10 °C sicaklik araliginda FDM’siz ve FDM
olarak, su ve ag. %1,0-agd. %3,0 konsantrasyonlarinda
hazirlanan Na,B,0,.10H,0 ¢ozeltileri ile test edilmistir.
Kabin i¢ hava sicakhdinin 2 saatlik ¢calisma periyodu
icin FDM’siz ve FDM’lerin sisteme entegre edildigi
durumlarda zamanla degismi Sekil 1’de sunulmustur.
Sekil 1’de sunulan 2 saatlik ¢alisma periyodunda,
FDM’siz durumda 6,3 olan déngi sayisinin tim

Kabin i¢ Hava Sicakli
L oaNwhAOON®

FDM’lerle azaltildigi goriimektedir. Dongu sayisi, su,
ag. %1,0Na,B,0,.10H,0, ag. %2,0 Na,B,0,.10H,0 ve
ag. %3,0 Na,B,0,.10H,0 c¢ozeltileri ile sirasiyla, 4,4,
3,6, 4,3 ve 4,6 olarak belirlenmistir. Minimum déngu
sayisinin ag. %1,0 Na,B,0,.10H,0 c¢ozeltisi ile elde
edildigi gorilmektedir. Dongl sayisinda ki azalmanin
kompresor agik ya da kapall kalma siresinin uzamasi
ile iligkili olabilecegi bilinmektedir. Sistem toplam enerji
tlketimi ise kompresor kapall kalma siresinin uzamasi
ile saglanacaktir.

13
12

- FDM'siz
- FDM/ag.%1,0 Na,B,0,.10H,0
- FDM/ag.%3,0 Na,B,0,.10H,0

2in
SAN

“FDM/H,0
- FDM/a§.%2,0 Na,B,0,.10H,0

e
-
”

)579

0,0 0,5 10 15 2,0
Zaman (saat)
Sekil 1. Kabin i¢ hava sicakliginin FDM’siz ve FDM olarak

su ve Na,B,0,.10H,0 gbzeltileri ile degisimi (2 saat)
(Variation of cabin air temperature without PCM and with
water and Na,B,0,.10H,0 solutions as PCM (2 hours)).

FDM’lerin entegre edildigi durumlarda belirlenen
dongu sayilarinda ki kompresor kapali kalma sureleri
Tablo 1'de sunulmustur. Tablo 1 incelendiginde
FDM’siz ve FDM’li durumlarda kompresor acik kalma
suresinin degismedigi, ancak FDM’siz durumda tespit
edilen kapali kalma suresinin FDM’li durumlarda
arttigr  gorulmektedir. Kompresér agik ve kapall
kalma sureleri, Es. 1 kullanilarak, ¢alisma suresi (%)
degerlerinin hesaplanilmasi i¢in kullaniimistir. FDM’siz
durumda %21,05 olarak hesaplanan ¢alisma suresinin,
tim FDM’lerle azaldidi goériulmektedir. Kapali kalma
suiresinde ki uzama FDM'’lerle kompresér calisma
suresi (%) degerlerinin azalmasini saglanmaktadir.
Calisma suresi degeri su, ag. %1,0 Na,B,0,.10H,0,
ag. %2,0 Na,B,0..10H,0 ve ag. %3,0 Na,B,0,.10H,0
cOzeltileri ile sirasiyla, 14,81, 12,12, 14,29, 15,38
olarak hesaplanmistir. Calisma suresi degeri ag. %1,0
Na,B,O,.10H,0 ¢ozeltisi ile minimum degerine ulastigi
tespit edilmistir.

Tablo 1. FDM’siz ve FDM’li durumlarda kompresor ¢galisma
suresi (%) degerleri (The running time (%) values.in the
cases of with and without PCM).

Konsan- Dongii Calisma

FDM trasyon  agk ‘kapal  Sijresi Siiresi

(ag.%) ‘MW ()

- - 4 15 19 21,05

Su - 4 23 27 14,81

1,0 4 29 33 12,12

Na,B,0,10H,0 =55 4 24 28 1429
Cozeltisi

3,0 4 22 26 15,38
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Sogutma sisteminde anlik olarak kompresor glc
tiketim degerleri de kaydedilmis ve degerler FDM’siz
ve FDM’li durumlar i¢in Sekil 2’de sunulmustur.

0,40

~FDM'siz
- FDM/ag. %1,0 Na,B,0,.10H,0
- FDM/ag. %3,0 Na,B,0,.10H,0

“FDM/H,0
- FDM/ag. %2,0 Na,B,0,.10H,0

o
w
o

Al 4

e

Gii¢ Tuketimi (kW)
o
N
o

o
=
o

|
|
|
[
1
|
|
)

|

R

] H

i :1| | : 1 i

0,00 B H {

0,0 0,5 1,0 1,5 2,0
Zaman (saat)

Sekil 2. Kompresor gug tiketiminin FDM’siz ve FDM
olarak su ve Na,B,0,.10H,0 ¢ozeltilerinin entegre edildigi
durumlarda degisimi (2 saat) (Variation of compressor
power consumption without PCM and with water and
Na,B,0,.10H,0 solutions as PCM (2 hours)).

Kompresor anlik glc tiuketim degeri incelendiginde,
FDM’siz durumda gug¢ tiketim degerleri 0,301 kW
ve 0,253 kW arasinda degisirken, FDM olarak suyun
kullanildig1 durumda 0,298 kW ve 0,258 kW arasinda
degistigi tespit edilmistir. FDM olarak ag. %1,0,
ag. %2,0 ve ag. %3,0 NaB,0,.10H,0 cozeltileri
kullanildiginda maksimum ve minimum gug¢ tiketim
degerleri ise sirasiyla, 0,302 kW-0,256 kW, 0,300 kW-
0,257 kW, 0,303 kW-0,256 kW olarak tespit edilmistir.
Anlik gugc tuketim degerlerinden Es. 2 kullanilarak,
calisma periyodu igin toplam glg tiketim degerleri
hesaplanmigstir. FDM’siz durumda 13,07 kJ olarak
hesaplanan toplam enerji tlketim degerinin tim
FDM’lerle azaldigi belirlenmistir. Bu deger, FDM olarak,
su ve ag. %1,0, ag. %2,0, ag. %3,0 Na,B,0,.10H,0
cozeltileriile sirasiyla, 8,99 kJ, 7,62 kJ, 8,74 kJ ve 9,89
kdJ olarak hesaplanmistir. Elde edilen degerlerden Es.
3 kullanilarak, FDM’lerle ener;ji tliketiminde ki disus
(%) hesaplanmistir. FDM olarak, su ve ag. %1,0, ag.
%2,0, ad. %3,0 Na,B,0,.10H,0 c¢ozeltileri ile enerji
tasarrufu sirasiyla, %31,2, %41,7, %33,1, %24,3
olarak hesaplanmistir. Calisma slresinin minimize
edildigi durumda, ag. %1,0 Na,B,0,.10H,0 ¢ozeltisi
ile, beklenildigi gibi enerji tasarrufunun maksimize
edildigi belirlenmisgtir.

Sogutma sisteminde, galisma periyodunun ardindan
elektrik kesintisi durumu simile edilmistir. Elektrik
kesintisi esnasinda, FDM’siz ve FDM’li durumlarda
kabin i¢c hava sicakliginin ortam sicakhgina ulagsma
sureleri tespit edilmis ve Sekil 3'de sunulmustur. Sekil
3 incelendiginde, kabin i¢ hava sicakhdinin ortam
sicakligi 20 °C’ye ulasma siresi FDM’'siz durumda
115 dakika iken, bu sire tim FDM’lerle uzamistir.
FDM olarak, su, ag. %1,0 ve ag. %3,0 Na,B,0,.10H,0
coOzeltileriile kabini¢ hava sicakhiginin ortam sicakligina
ulasma suresi sirasiyla 426 dakika, 490 dakika ve 420

dakika olarak tespit edilmistir. Bu surenin ag. %1,0
Na,B,0,.10H,0 c¢ozeltisi ile maksimize edildigi ve
FDM’siz durumda belirlenen strenin 4,3 katina ¢iktigi
belirlenmistir.

- FDM'siz - FDM/H,0
204 . FDM/ag. %1,0 Na,B,0,.10H,0 - FDM/ag. %3,0 Na,B,0,.10H,0
o 18 —
S
)§,16
x 14
S
5 12 ‘::
S0
Zgf 3 K-
O 8 i w S||e o
L 7 = SIS 2
£ 6!
8 4
X !
|
0 :
0 1 2 7 8

® Zama4n (saat)5
Sekil 3. Elektrik kesintisi periyodunda FDM’siz ve FDM
olarak su ve Na,B,0,.10H,0 ¢ozeltilerinin entegre edildigi
durumlarda kabin i¢ hava sicakliginin zamanla degisimi
(Cabinet air temperature versus time in the cases of without
PCM and with water and Na,B,0,.10H,0 solutions as

27477

PCMs during the power failure period).

Calisma suresi (%), toplam enerji tiketimi ve enerji
tasarrufu (%) degerleri ve elektrik kesintisi esnasinda
kabin i¢ hava sicakliginin ortam sicakhdina ulagsma
sureleri, FDM’siz ve FDM’li durumlar igin kiyaslamali
olarak, Tablo 2'de sunulmustur. Tablo 2’de sunulan tim
sonuglar degerlendirildiginde, FDM olarak ag. %1,0
Na,B,0..10H,0 ¢ozeltisi sisteme entegre edildiginde
calisma suresinin (%) ve toplam enerji tiketiminin
minimize edildigi, dolayisiyla enerjitasarrufu maksimize
edildigi gorulmektedir. Buna ek olarak, -elektirik
kesintisi esnasinda kabin i¢ hava sicakliginin ortam
sicakligina ulagsma suresinin FDM’siz duruma gore ag.
%1,0 Na,B,0,.10H,0 ¢ozeltisi ile maksimize edildigi
belirlenmigtir. Dolayisiyla, ag. %1,0 Na,B,0,.10H,0
cOzeltisi sisteme entegre edildiginde kabin icinde ki
urtnler daha uzun sire bozunmadan korunabilecektir.
On sogutma islemi yuritilen bir sogutma sistemine
FDM olarak, bor minerallerinden borik asitin iki farkl
konsantrasyonunda (ag. %2,0 ve ag. %4,0) hazirlanan
¢ozeltilerin test edildigi calismada da FDM'’siz duruma
kiyasla toplam enerji tiketiminin FDM’lerle azaltildigi
tespit edilmigtir. Kompresor ¢alisma siresi ag. %2,0
borik asit ¢ozeltisi sisteme entegre edildiginde minimize
(%13,79) edilirken, sagladigi enerji tasarrufunun
(%33,8) maksimum degere ulastigi belirlenmistir.
Elektrik kesintisinin simile edildigi durumda ise
kabin i¢ hava sicakhdinin ortam sicakhdina (20 °C)
ulagsma suresinin 429 dakika oldugu tespit edilmistir.
Tdm sonuglar degerlendirildiginde ag. %2,0 borik asit
¢ozeltisinin uygun bir FDM oldugu ortaya konulmustur
[24]. Onerilen ag. %2,0 borik asit ¢dzeltisi ile belirlenen
kompresoér galisma suresi, ¢alismamizda kullanilan
Na,B,0,.10H,0 c¢ozeltileriyle elde edilen sonuglarla
kiyaslandiginda ag. %1,0 ve ag. %2,0 Na,B,0,.10H,0
¢ozeltileri ile sirasiyla %12,12 ile %14,29 olarak

65



Yildirim B. K. et. al. /BORON 9(2), 62 - 68, 2024

tespit edilen degerlerin arasindadir. TUm sonuglar
degerlendirildiginde, kompresoér ¢alisma slresinin ag.
%1,0 Na,B,0,.10H,0 c¢ozeltisi ile minimize edildigi
gorulmektedir. Boylelikle, bu FDM’nin sistemde
kullaniminin kompresor 6mrindn arttiriimasina olanak
saglanacagi ortaya konulmustur. FDM sec¢iminde faz
degisim sicakhgi ve gizli 1si degeri vb. gibi 6énemli
Ozelliklerinin yani sira malzemenin ¢ekirdeklenme
hizi ve blyime hizi yani kinetik Ozelliklerinin de
dikkate alinmasi gerektigi bilinmektedir [25-27]. TUm
bu o6zelliklerin bilesik etkisi uygun FDM segimini
belirlemektedir. Elde edilen tim sonuglar ag. %1,0
Na,B,0,.10H,0 gozeltisi ile kompresor galisma suresi
minimize edilerek enerji tasarrufunun maksimize
edildigini ortaya koymustur, dolayisiyla alternatif bir
FDM olarak dnerilmektedir. Elde edilen tim deneysel
sonuglar incelendiginde, 6n sogutma prosesinde
sisteme FDM olarak ag. %1,0 Na,B,0,.10H,0
¢ozeltisinin entegrasyonuyla maksimum eneriji tasarruf
saglanmasinin yani sira elektrik kesintisi esnasinda
artnlerin kalitesinin daha uzun sureli korunabilecegi
ortaya konulmustur.

Tablo 2. Calisma siiresi (%), toplam enerji tiketimi ve
enerji tasarrufu (%) degerlerinin FDM’siz ve FDM olarak
Na,B,0,.10H,0 cozeltilerinin entegre edildigi durumlarda
degisimleri (Variations of the running time (%), total energy
consumption and energy saving values in the cases of
without PCM and with Na,B,0..10H,0 solutions as PCMs).

Na,B,0,.10H,0/
FDM
%1,0 %2,0 %3,0

12,12 14,29 15,38

FDM FDM'siz H,O/FDM

Calisma Siiresi
(%)

Toplam Enerji
Tiiketimi

(kJ/4 saat)
Enerji
Tasarrufu (%)
Elektrik
Kesintisi
Esnasinda
Kabin ig Hava
Sicakhginin 115
Ortam

Sicakhgina

Ulagma Siiresi

(dk)

21,05 14,81

13,07 8,99 7,62 8,74 9,89

- -312 -41,7 -33,1-243

426 490 - 420s

4. Sonuglar (Conclusions)

Laboratuvar dlgekli bir sogutma sisteminin 6n sogutma
amacli kullanilan bir sogutma sistemini simule etmek
Uzere 0-10 °C sicakhk araliginda FDM’siz ve FDM
olarak, su ve ag. %1,0-ag. %3,0 konsantrasyonlarinda
hazirlanan Na,B,0,.10H,0 ¢ozeltileri ile test edilmistir.
FDM’'siz durumda calisma suresi %21,05 olarak
belirlenirken, tim FDM'’lerle bu degerin azaldigi tespit
edilmistir. Calisma suresi, FDM olarak, su ve ag. %1,0
Na,B,0..10H,0, ag. %2,0 Na,B,0,.10H,0, ag. %3,0
Na,B,0,.10H,0 ¢ozeltileri sisteme entegre edildiginde
sirasiyla, 14,81,12,12,14,29,15,38 olarak bulunmustur.

Calisma siresi degerinin ag. %1,0 Na,B,0,.10H,0
¢cozeltisi ile minimize edildigi tespit edilmigtir. Toplam
guc tuketiminin tim FDM'’lerle, FDM’siz durumda
belirlenen (13,07 kJ) degerden daha disik oldugu
belirlenmistir. FDM olarak, su ve ag. %1,0, ag. %2,0,
ag. %3,0 Na,B,0,.10H,0 cozeltileri ile toplam glg
tiketiminin sirasiyla, 8,99 kJ, 7,62 kJ, 8,74 kJ ve 9,89
kJ degerlerine distigu ortaya konulmustur. Sonug
olarak, FDM’lerle saglanan enerji tasarrufu degerleri
ise sirasiyla, %31,2, %41,7, %33,1, %24,3 olarak
hesaplanmistir. Elektrik kesintisinin simile edildigi
durumda, FDM’siz durumda 115 dakika olan kabin i¢
hava sicakliginin ortam sicakhgina ulasma suresinin
FDM’lerle 6nemli 6lglide uzadidi belirlenmistir. Bu sure,
FDM olarak, su, ag. %1,0 ve ag. %3,0 Na,B,0,.10H,0
cOzeltileri sisteme entegre edildigi durumlarda
siraslyla, 426 dakika, 490 dakika ve 420 dakika olarak
tespit edilmisti. TUm sonuglar incelendiginde, 6n
sogutma isleminin yaruttldugu sogutma sistemlerinde
kullaniimak Uzere alternatif bir FDM olarak ag. %1,0
Na,B,0,.10H,0 ¢ozeltisi 6nerilmektedir. Bu ¢ozeltinin
belirtilen kosullarda ¢alisan sistemlere entegre
edilmesinin énemli dlgclide enerji tasarrufu (%41,7)
saglayacagl ortaya konulmustur. Buna ek olarak,
elektrik kesintisi esnasinda kabin i¢ hava sicakliginin
ani yikselisinin ag. %1,0 Na,B,0,.10H,0 ¢ozeltisi ile
engellenebilecegi, dolayisiyla kabin iginde bulunan
drdnlerin uzun sure bozunmadan korunmasina olanak
sag@lanabilecegi ortaya konulmustur.

Yazar Katkisi Beyani (Author Contribution Statement)

Bercem Kiran Yildirm: Deneysel c¢alismanin
planlanmasi ve tasarlanmasi, kaynak saglama,
deneylerin yuratalmesi, elde edilen verilerin analiz
edilmesi ve yorumlanmasi, makalenin yazilmasi,

Ebru Manguhan: Kaynak saglama, deneysel verilerin
analiz edilmesi ve yorumlanmasi, makale metninin
incelenmesi ve dizenlenmesi,

Sibel Titiz Sargut: Kaynak saglama, deneysel verilerin
analiz edilmesi ve yorumlanmasi, makale metninin
incelenmesi ve diizenlenmesi

konularinda katkida bulunmuslardir.
Tesekkiirler (Acknowledgements)

Eti Maden Bandirma Bor ve Asit Fabrikalari isletme
Mudurligi’'ne boraks dekahidrat rafine bor numune
temini icin tesekklr ederiz.

Kaynaklar (References)

[1] Shabani, A, Saen, R. F., & Torabipour, S. M. R. (2012).
A new benchmarking approach in Cold Chain. Applied
Mathematical Modelling, 36(1), 212-224. https://doi.
org/10.1016/j.apm.2011.05.051.

[2]. Altun, O., Aslantas K., & Sékmen, E. (2020). Design of a
Cold Storage Depot Using R744 as Refrigerant with Two
Evaporators in Eskisehir. Sogutma Diinyasi, 23(88), 50-
57. https://drive.google.com/file/d/14L8goNN2k9vGXdr

66



Yildirim B. K. et. al. / BORON 9(2), 62 - 68, 2024

3].

[4].

[5].

[6].

[7].

[8].

[91.

[10].

[11].

[12].

[13].

[14].

5v0G41PareShHwV84/view.

Thakur, B. (2016). Advancement in harvesting, pre-
cooling and grading of fruits. Innovare Journal of
Agricultural Science, 4(2), 13-23. ISSN 2321-6832.
https://journals.innovareacademics.in/index.php/ijags/
article/view/6802/4961.

Brosnan, T., & Sun, D. W. (2001). Precooling techniques
and applications for horticultural products-a review.
International Journal of Refrigeration, 24(2), 154-170.
https://doi.org/10.1016/S0140-7007(00)00017-7.

Azzouz, K., Leducq, D., & Gobin, D. (2009). Enhancing
the performance of household refrigerators with
latent heat storage: An experimental investigation.
International Journal of Refrigeration, 32(7), 1634-1644.
https://doi.org/10.1016/j.ijrefrig.2009.03.012.

Yusufoglu, Y., Apaydin, T., Yilmaz, S., & Paksoy,
H. O. (2015). Improving performance of household
refrigerators by incorporating phase change materials.
International Journal of Refrigeration, 57, 173-185.
https://doi.org/10.1016/j.ijrefrig.2015.04.020.

Kiran-Yildirim, B. (2022). Performance evaluation of
a laboratory-scale cooling system as a household
refrigerator with phase change materials. Energy
Sources, PartA: Recovery, Utilization, and Environmental
Effects, 44(3), 5852-5867. https://doi.org/10.1080/1556
7036.2022.2089300.

Khan, M. |. H. & Afroz H. M. M. (2013). Effect of Phase
Change Material on Performance of a Household
Refrigerator. Asian Journal of Applied Sciences, 6, 56-
67. https://doi.org/10.3923/ajaps.2013.56.67

Marques, A. C., Davies, G. F., Evans, J. A., Maidment,
G. G, & Wood, I. D. (2013). Theoretical modelling
and experimental investigation of a thermal energy
storage refrigerator. Energy, 55, 457-465. https://doi.
org/10.1016/j.energy.2013.03.091.

Khan, M. I. H. (2016). Conventional refrigeration
systems using phase change material: a review.
International  Journal of  Air-Conditioning  and
Refrigeration, 24(03), 1630007. https://doi.org/10.1142/
S201013251630007X.

Oro, E., De Gracia, A., Castell, A., Farid, M. M.,
& Cabeza, L. F. (2012). Review on phase change
materials (PCMs) for cold thermal energy storage
applications. Applied Energy, 99, 513-533. https://doi.
org/10.1016/j.apenergy.2012.03.058.

Joybari, M. M., Haghighat, F., Moffat, J., & Sra, P.
(2015). Heat and cold storage using phase change
materials in domestic refrigeration systems: The state-
of-the-art review. Energy Buildings, 106, 111-124.
https://doi.org/10.1016/j.enbuild.2015.06.016.

Le, T. L., Duong, X. Q., Nguyen, D. T., Nguyen, P.
Q. P.,, Rajamohan, S., Vo, A. V,, & Le, H. S. (2023).
Application of phase change materials in improving
the performance of refrigeration systems. Sustainable
Energy Technologies and Assessments, 56, 103097.
https://doi.org/10.1016/j.seta.2023.103097.

Rocha, T. T. M., Teggar, M., Trevizoli, P. V., & de
Oliveira, R. N. (2023). Potential of latent thermal
energy storage for performance improvement in

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

small-scale refrigeration units: A review. Renewable
and Sustainable Energy Reviews, 187, 113746. https://
doi.org/10.1016/j.rser.2023.113746.

Sekhar, S. J., Raj, M. A. F., Raveendran, P. S., &
Murugan, P. C. (2022). Cladding phase change
materials in freezing and chilling zones of household
refrigerator to improve thermal performance and
environmental benefits. Journal of Energy Storage, 55,
105476. https://doi.org/10.1016/j.est.2022.105476.

Yilmaz, D., Mancuhan, E., & Yilmaz, B. (2020).
Experimental investigation of PCM location in a
commercial display cabinet cooled by a transcritical
CO2 system. International Journal of Refrigeration, 120,
396-405. https://doi.org/10.1016/].ijrefrig.2020.09.006.

Kalidasan, B., Pandey, A. K., Rahman, S., Khir, H.,
& Zaed, M. A. (2024). Experimental investigation on
nucleating agent for low temperature binary eutectic
salt hydrate phase change material. E3S Web of
Conferences, 488, 01004. https://doi.org/10.1051/
e3sconf/202448801004.

Hou, P., Mao, J., Chen, F, Li, Y., & Dong, X. (2018).
Preparation and thermal performance enhancement
of low temperature eutectic composite phase change
materials based on Na2S04- 10H20. Materials, 11(11),
2230. https://doi.org/10.3390/ma11112230.

Zhao, L., Xing, Y., Liu, X., & Luo, Y. (2018). Thermal
performance of sodium acetate trihydrate based
composite phase change material for thermal energy
storage. Applied Thermal Engineering, 143, 172-181.
https://doi.org/10.1016/j.applthermaleng.2018.07.094.

Liang, Q., Zhang, H., Li, Y., Zhang, X., & Pan, D.
(2024). Multifunctional response of biomass carbon/
sodium sulfate decahydrate composite phase change
materials. Journal of Energy Storage, 83, 110621.
https://doi.org/10.1016/j.est.2024.110621.

Kiran-Yildirim, B., T. Noya, E. Mancuhan, & S. Titiz-
Sargut. (2021). Investigation of Energy Consumption
fora PCM Integrated Laboratory Scale Cooling System:
An Experimental Study. 23rd Congress on Thermal
Science and Technology with International Participation
(ULIBTK 2021), Turkiye. 1, 1002-1008. https://drive.
google.com/drive/folders/1dmF8npoQu3qAe3NCivOxL
ElqJyi-jIRD.

Lide, D. R. (2009). CRC handbook of chemistry
and physics (90th Edition). CRC press. ISBN
9781420090840.

Smith, R. A., & McBroom, R. B. (2000). Boron oxides,
boric acid, and borates. Kirk-Othmer Encyclopedia of
Chemical Technology. https://doi.org/10.1002/0471238
961.0215181519130920.a01.

Kiran Yildinm, B., Dizgin, E., Kil, B., Gok, S.,
Mancuhan, E., Sargut, S., & Ersoy, A. (2023).
On Sogutma islemi Yapilan Bir Soguk Depolama
Sisteminde Enerji TUketiminin Faz Degisim Malzemesi
Kullanilarak incelenmesi [Examination of Energy
Consumption in a Cold Storage System used for the
precooling process with Phase Change Material], 15.
Ulusal Kimya Muhendisligi Kongresi (UKMK-15) [15.
National Chemical Engineering Congress (UKMK-
15)], Tirkiye, 782-785. https://drive.google.com/
file/d/1NtbxalLs0CqKo9Z4nJNKk-mbrP_HVkx43/view.

67



Yildirim B. K. et. al. /BORON 9(2), 62 - 68, 2024

[25]. Lane, G. A. (1983). Solar Heat Storage (Volume
I: Latent Heat Material). CRC Press. https://doi.
0rg/10.1201/9781351076753.

[26]. Garg, H. P., Mullick, S. C., & Bhargava, A. K. (1985).
Solar Thermal Energy Storage. Springer Dordrecht.
https://doi.org/10.1007/978-94-009-5301-7.

[27]. Tek, Y. (2009). Synthesis, characterization and
physicochemical properties of urea and thiourea-fatty
acid condensation compounds (Thesis No. 244875).
[Master's thesis, Gaziosmanpasa University]. Council
of Higher Education.

68



BORON 9(2), 69 - 75, 2024

BOR DERGisi

JOURNAL OF BORON

https://dergipark.org.tr/boron

Investigation of flexural properties of hexagonal boron nitride added
thermoplastic composites

Ozgiir Demircan

", Adnan Kalayci *“ 1

0Ondokuz Mayis University, Faculty of Engineering, Department of Metallurgical and Materials Engineering, Samsun, 55139, Tiirkiye

ARTICLE INFO

ABSTRACT

Article history:

Received December 6, 2023
Accepted May 8, 2024
Available online June 28, 2024

Research Article

DOI: 10.30728/boron.1401096

Keywords:

Flexural test

Hexagonal boron nitride (h-BN)

Short glass fiber reinforced polyamide 66
Thermoplastic composite

In this study, 0, 0.5 and 2 wt% hexagonal boron nitride (hBN) were added to 30
wt% short glass fiber reinforced polyamide 66 (PA 66) matrix (GF30) to fabricate
the thermoplastic composite materials. The hBN additives were applied by coating
of granules of GF30 materials. The hBN coated thermoplastic materials were
produced by plastic injection method. The effect of various weight percentages of
hBNs on the flexural properties of thermoplastic composites were examined in the
produced samples. The produced samples were subjected to three-point bending
tests. Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and
Scanning electron microscopy (SEM) were used to analyse structural and physical
properties of the composites. The highest enhancement of flexural properties was
obtained from the sample of PA 66/GF30/2% hBN. The samples with 2 wt% hBN
showed the best flexural properties with an improvement of 85 and 52% flexural
modulus and strength, respectively, compared to the samples without hBN (PA 66/
GF30). According to the obtained results of this study, as the percentage of the hBN
weight contents increased, the flexural strengths and flexural modulus increased
significantly. It was concluded that hBN coated thermoplastic composite samples

demonstrated high improvements for flexural properties at optimum rates of hBN.

1. Introduction

Hexagonal boron nitride (hBN) nanomaterials
have excellent mechanical and thermal properties.
Nanomaterials of hBNs can be used in thermoplastic
composites in order to increase their mechanical and
thermal properties. Mechanical and thermal properties
of hBN reinforced polymeric composites have been
investigated by several researches as shown in Table
1.

A comparison of injection moulding, powder bed fusion
and casting was studied by Andreassen et al. [1].
They found that addition of hBN increased the elastic
modulus and strength at high hBN ratios. Effect of hBN
on mechanical properties of polyamide 6/glass fibers
(5 wt%) nanocomposites was reported by Pramanik et
al. [2]. They found the overall mechanical properties
of PAB6/5GF/hBN nanocomposites at 1 wt% hBN,
significantly increased compared to other developed
PAG/5GF/hBN composites. Travas et al. [3]. studied
tensile performance of high-density polyethylene by
addition of expanded graphite and BN. They found that
at a high percentage of additives, the elastic modulus
increased by 105% and 91%. Producing polyamide/
BN nanocomposites with high thermal conductivities
and mechanical properties was reported by Park et al.

[4]. They showed that enhanced mechanical properties
for the composites were obtained by 20 wt% of hBN
content. The structural and mechanical performance
of boron nanoparticle reinforced nanocomposites and
bonded joints exposed to an acid environment were
studied by Giltekin et al. [5]. They found that boron
nanoparticles reinforced composites showed higher
mechanical properties.

Ashrafi et al. studied [6] multifunctional thermoplastic
composite materials using BN and carbon nanotubes
in different ratios (0.5%, 1%, 2%, 5 wt%). According
to the results of the study, the elastic modulus of BN
composites had a higher value than that of carbon
nanotube composites. Ayrilmis et al. [7] examined
the mechanical properties of thermoplastic matrix
(high-density polyethylene (HDPE) and polypropylene
(PP)) composite materials using poplar wood flour (50
wt%) and BN (2%, 4%, and 6 wt%). With the addition
of BN, the flexural strength of poplar/PP composites
increased from 28.2 MPa to 43.7 MPa and the flexural
strength of poplar/HDPE composites increased from
25.5 MPato 33 MPa. Cai et al. [8] examined the thermal
stability, flame retardancy, and mechanical properties
of composite materials with polyurethane matrix using
the chemically functionalized form of inert hBN (cetyl-
trimethylammonium bromide, 0-4 wt%). According to
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Table 1. Some studies of hBN/polymer composites.

Nanomaterials Integration Technique Optimum Loading Mechanical Properties Reference
85 % increase in flexural
. . o/ 1o modulus Ozgur et al.
Coating with PA 66 0,0.5, 2% wt% hBN 52% increase in flexural [this research]
strength

hBN Dry mixing with PA 66
Mixing the components
with PA 66
withplasmaassisted
mechanochemistry
(PMC)

Mixing the components
with high-density
polyethylene (HDPE) in
heating

hBN

Expanded graphite

(EG). BN 84-8-8

BN and boron

carbide (B,C) Mixing with epoxy

BN nanotubes,

Carbonnanotubse T Lngwithiepoxy

Solvent blending

0.5, 1, 3 wt% hBN

1,5, 10, 20 wt%

80-5-15, 70-8-22,
70-15-15, 60-25-15,

2 wt% of BN/B,C

0.5,1.0,2.0,5.0
wt% BNNT and 1.0,
2.0 wt% CNT

13.6% increase in hardness,

13.8% increase in tensile PRI i

strength 2]
Enhanced mechanical
properties for the composites Park et al.

were obtained by 20 wt% of [4]
h-BN content

105% and 91% increase in

elastic modulus at a high Travafg]et el
percentage of additives

Boron nanoparticles

reinforced composites Glltekin et al.
showed higher mechanical [5]

properties

2.40 GPa of elastic modulus

in epoxy 2 wi% BNNT Ashrafis et al.
2.08 GPa of elastic modulus [6]

in epoxy 2 wi% CNT

Cetyl- and co-coagulation o) . . .
trimethylammonium of thermoplastic 0,1, 2,4 wt% hBN Zﬁﬁn&t;]ncrease in tensile Callg]t al.
bromide-BN polyurethane-based 9
composites
. s The ideal values were
0,
BN Mlx_lng with vinylester 0, ?.5, 1, 1.5, 2% obtained with the addition of Boztoprak et al.
resins wt% hBN o [10]
1% BN
BN (1-2 pm) Compression molding 15. 21 and 29 vol% The thermal conductivity and Cheewawuttipong
BN (7-10 pm) with PP b I§N storage modulus of BN with et al.
H Y large particles increased [16]

the results, the heat dissipation rate of polyurethane
composites with nano-filler addition of 4.0% hBN
and the maximum value of total heat dissipation
decreased by 57.5% and 17.8%, respectively. In
addition, the tensile strength of the polyurethane
composite increased by 79.3% compared to that of
the pure polyurethane composites with the addition
of 2.0 wt% hBN. Yu et al. [9] examined the thermal
conductivity of epoxy matrix composites by using
vertically oriented hBN (10-30 pm, 12-44 vol%). With
the increase in hBN content, an increase in thermal
conductivity was observed. When 44% hBN was used,
the thermal conductivity was 9W/m.K. However, there
was a significant decrease in tensile strength when
44% hBN was used. Boztoprak et al. [10] studied the
mechanical properties of composite materials with
vinyl ester matrix and BN particles. As a result of the
research, there was an increase in the hardness of
composite samples and the abrasion resistance and
impact strengths were improved. Goéncu et al. [11]
investigated the effect of hBN addition on composite

materials with alumina matrix. It was determined
that hBN additive reduced the density of composite
samples. It was also concluded that hBN additives
acted as a lubricant. Owing to having a similar
crystal structure to hydroxyapatite, the addition of
hBN improves the mechanical properties of the host
materials. Such improvements in the contribution of
boron compounds in biomedical applications would
increase in the future.

Furthermore, Tasdelen et al. [12] investigated the
mechanical properties of PA 66 material. It was found
that the tensile strength of PA 6 material was 82 MPa.
Kastan et al. [13] examined the mechanical properties
of nanoclay-integrated PA thermoplastic composite
materials. It was determined a maximum of 30 MPa
of the flexural strength for the PA material. Karsl et
al. [14] investigated the choice of polymer composite
material for light weapons. In their research, it was
stated that the tensile strength of PA 66 GF30 material
was 155 MPa.
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Oz et al. studied the thermal behaviour of hBN in an
open atmosphere [15]. It was shown that BN was like
the carbon structure, but it showed resistance to higher
temperatures compared to similar carbon allotropes. It
was mentioned that BN can be used as an additive
in polymers and in other industrial applications. It has
been explained that the crystal sizes of BNs were
different from each other. Cheewawuttipong et al. [16]
examined the thermal conductivity of composites with
PP matrix using BN in different ratios (15%, 21%, and
29 vol%) and sizes (1-2 ym and 7-10 ym). According
to their results, the thermal conductivity of BNs with
large particles increased compared to small particles.
Isarn et al. [17] examined the thermal conductivity
of BN-filled (0%, 10, 20, 30, 40, (6 pm) and 40 wt%
(80 pm (batch)) and thiol-epoxy matrix thermoset
composites. Composites with a size of 6 ym and
containing 40 wt% BN increased thermal conductivity
by 400% from 0.2 W/K.m to 0.97 W/K.m, and when a
bulk BN containing 40 wt% BN was used, the thermal
conductivity values of the composites increased by
775% from 0.2 W/K.m to 1.75 W/K.m. Harrison et al.
examined [18] the radiation protection of polyethylene
matrix composites with BN (15 vol%) in the application
of spacecraft. According to the results, using 2 wt%
BN showed high radiation protection compared to the
pure PP composite material. Zhou et al. [19] examined
the thermal and electrical properties of epoxy matrix
composites using intermittent hBN (0.5 uym, 50 wt%).
Composites treated with silane-modified BN showed
high thermal conductivity compared to the silane-free
state. A low dielectric permeability (less than 5.4) and
dielectric loss (less than 0.02), high volume resistivity
(6.3x10™ Q.cm), high dielectric strength (16 kV/mm) in
the frequency range of 10" to 107 Hz were obtained
with increased boron content (it was added to epoxy
by 50 wt%).

Moreover, Madakbas et al. [20] examined the thermal
stability and flame retardancy of composites using
polyacrylonitrile and 10 wt% hBN. It was found
that glass transition temperatures increased with
increasing h-BN percentage. The limiting oxygen index
(LOI) value reached from 18% to 27%. Muratov et al.
[21] studied the thermal conductivity of composites by
using two types of hBN (sizes 2-5 ym and 120-140
nm) in the HDPE polymer matrix. hBN was modified
with 3-aminopropyl, triethoxysilane, binder (KR TTS
and LICA 12) chemicals. The composite materials
were fabricated by adding HDPE and hBN in a 1:1
volume ratio. Composite material showed a thermal
conductivity of 2 W/m.K without any binding material.
Pure hBN showed a thermal conductivity of 0.35
W/m.K. Wang et al. [22] measured the planar thermal
conductivity of films with polyvinylidene fluoride
(PVDF) matrix by converting hBN (lateral size 7 uym)
into boron nitride nanosheet (BNNS) and blending it
with chemicals of NaOH, KOH, DMF. According to the
results, the planar thermal conductivity of the PVDF/
BNNS composite with 4% BNNS reached 4.69 W/
mK and the thermal conductivity of the PVDF/BNNS

composite increased 2297% compared to pure PVDF.
Pan et al. [23] investigated the thermal conductivity
of composites with polytetra fluorine ethylene (PTFE)
matrix using hBN (diameter 1.5 pm) and aluminum
nitride (AIN) particles (diameter 2.5 ym). The thermal
conductivity of AIN and hBN-integrated PTFE
composites was measured at 1.04 W/mK. This was
3.8 times higher compared than that of pure PTFE.

Currently, 30 wt.% short glass fiber reinforced PA
66 matrix (GF30) thermoplastic composites are
used in some parts such as diesel filters and brake
pedals in automotive. Especially brake pedals can
be subjected to different foot loads during driving of
the cars. Therefore, it is important to fabricate brake
pedals with increased flexural strength by using hBN
additives in the composites. Since increasing of the
weight percentages of nanomaterials, agglomerations
have increased as well. Hence, the low number of
the targeted weight percentages of hBNs (0, 0.5, and
2 wt%) were chosen in this research. The literature
search shows that certain rates of hBN material added
composites had enhanced mechanical, thermal, and
electrical properties compared to the composites
without boron additives. The flexural properties of
hBN (0, 0.5, and 2 wt%) added GF30 thermoplastic
composites have not yet been investigated. During
this research, the experiments are designed to answer
questions such as which rate of boron material can
be used in thermoplastic composite material, and how
much the flexural properties of the composite material
can be increased by using boron material.

2. Materials and Methods
2.1. Materials

Polyamide thermoplastics are semi-crystalline
polymers. Polyamides with excellent mechanical
properties can be hard and tight or soft and flexible.
The slip and wear properties of polyamides are very
good. They could absorb moisture. Polyamides are
frequently used in fields such as automotive, electrical,
electronics, and textiles. Polyamides are usually
produced by plastic injection and extrusion and they
can be completely recycled mechanically. Neat PA
66 and 30 wt.% short fiber reinforced PA 66 granules
(Mat Polymer, Turkiye) were used as matrix materials
(Table 2).

hBN is a type of non-toxic non-porous material of
white colour, known for its chemical stability, electrical
conductivity, thermal conductivity, and lubricating
properties. BN is used in many areas due to its low
reactive and superior physical and chemical properties.
They are preferred due to their electrical insulation and
thermal conductivity properties. hBN was obtained
from Boron Research Institute of the Turkish Energy,
Nuclear and Mineral Research Agency. The particle
sizes of hBN was 250-300 nm (Table 3).
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Table 2. Properties of neat PA 66 and 30 wt.% short fiber
reinforced PA 66.

. . 30 wt.% short fiber
Mechanical Properties PA 66 reinforced PA 66
Elastic modulus (MPa) 3200 10000

Yield stress (MPa) 85 185
Izod notched impact

strength (kJ/m?) 5 13
Melting temperature (°C) 262 262
Density (Kg/m?3) 1140 1360

Table 3. Properties of hBN.

Parameter Value
Particle size (nm) 250-300
Form Powder
Density (g/cm?) 23

Elastic modulus (GPa) 865
Melting point (°C) 3000

2.2. Methods

In this study 0, 0.5, and 2 wt % hBNs were added into
thermoplastic composites. hBN nano-scale powders
were added to 500 ml of ethanol in the required
amounts and the solutions were prepared. After mixing
the solutions for 150 min in the magnetic mixer, 30 min
in the ultrasonic mixer, and 3 min in the mechanical
mixer, homogenization of the solutions was achieved.
Homogenized hBN-doped ethanol solutions were
mixed with 500 mg PA 66/GF30 granules. In order to
mix the solutions in homogeneously, the solutions were
divided into equal quantities and each mixture was
mixed ultrasonically and mechanically for 10 minutes.
Later, they were left to dry for 3 days to remove ethanol
in the mixed solutions (Figure 1).

Figure 1. hBN coated PA 66/GF30 granules.

The samples were produced by the plastic injection
molding machine (10 Tonnes, Permak Makina, Turkiye)
and they were cooled down for three days. Three-
point bending tests were applied to the samples that
came to the appropriate conditions. The three-point
flexural tests were performed on GF30 reinforced hBN
added thermoplastic composites with PA 66 matrix in

accordance with the ISO 178 Standards. The samples
of PA 66, PA 66/GF30, PA 66/GF30/0.5% hBN and PA
66/GF30/2% hBN composites are 80 mm x 15 mm x 4
mm in size. Bending tests were applied on specimens
with Instron 5982 100 KN universal test device (USA)
at Ondokuz Mayis University (OMU) KITAM Central
Laboratory. The flexural strength (o,), modulus (E,),
and strain (g;) were calculated using Equ. 1 to 3, where,
P is the flexural load (N); L is the support span (mm);
b and d are the width (mm) and the thickness (mm) of
the sample; m is the slope of the tangent to the initial
straight-line portion of the load-deflection curve; D is
the maximum deflection of the center of the sample
(mm) [24].

3PL

Of = 2paz @)
L3m

Ep = 4bd3 (2)
6Dd

Composite void volumes are found by performing
burn-out tests according to ASTM D3171 standard.
Fourier transform infrared (FTIR, Bruker Tensor 27,
Germany) spectroscopy analysis was performed.
The specimens were pelletized before FTIR analysis.
FTIR spectra were in the range of 650 to 4000 cm"’
of wavenumber. Scanning electron microscopy (SEM)
images were obtained in an analytical field-emission
SEM (JEOL JSM-7001 F, Japan). Before performing
SEM, the cross sections of the specimen were coated
with gold. X-ray diffraction analysis (XRD, Rigaku
Smart Lab, Japan) was done. The Bragg’s angle, 26,
was ranged from 10° to 60° with a scan rate of 1°/min.

3. Results and Discussion

The measured densities and void volumes of the
composites with PA 66/GF30/2% hBN were 1.374 g/
cm?® and 0.64 cm?. These were 1.374 g/cm?® and 0.18
cm? for the PA 66/GF30 specimens.

The measured densities and void volumes of the
composites with PA 66/GF30/2% hBN were 1.374 g/
cm?® and 0.64 cm?. These were 1.374 g/cm?® and 0.18
cm?® for the PA 66/GF30 specimens. Figure 2a and
Figure 2b depict the Fourier Transform Infrared (FTIR)
spectra of the PA 66/GF30/2% hBN composite and
hBN powder. The absorption bands at 2934 cm™ and
2859 cm attributed to the symmetric and asymmetric
C-H stretching vibrations and C-H twisting (Figure 2a).
The peaks at 1635 cm™ and 1534 cm™ are attributed
to the stretching vibration of the C=0O group of amide
| and the N-H bending and C-N stretching vibration
of amide Il. The peak at 1271 cm' indicates C-N-H
coupling vibration of amide Ill. The peaks at 935 cm-'
and 1197 cm™ are attributed to Si-OH and Si-O-Si
groups. Typical peaks of hBN at 1353 cm™ and 803
cm™' can be related to in-plane B-N stretching and out-
of-plane B-N bending vibrations of hBN (Figure 2b) [2].
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Figure 2. FTIR spectra of the specimens: a) PA 66/
GF30/2% hBN composite and b) hBN powder.

Three-point bending test results are demonstrated
in Figure 3 and Table 4. According to the results of
the flexural tests of the composites with PA 66 matrix
(Figure 3 and Table 4), the polymer consisting of pure
PA 66 granules showed a ductile behaviour. PA 66/
GF30, PA 66/GF30/0.5% hBN and PA 66/GF30/2%
hBN composites exhibited higher flexural strength
compared to pure PA 66. In the composites, samples
with 2wt% hBN showed the best flexural properties
with an improvement of 85% and 52% flexural modulus
and strength, respectively, compared to the samples
without hBN (PA 66/GF30).

250 - PA 66/GF30/2.0% hBN
- PA 66/GF30/0.5% hBN

Bending Stress (MPa)

0.02 0.04 0.06 008 0.10 012 0.14 0.16
Bending Strain (-)

Figure 3. Three-point bending test plots.

Brittle fractures were detected in Figure 4 in hBN-
added samples. These brittle fractures are due to the
existence of the hBN in the structure of the composites
In this study, compared to the literature, hBN-added PA
66 composites with PA 66 matrix showed a significant.

Table 4. Bending test results with standard deviations of PA
66 matrix composites.

Sample Bending Bending
Modulus (GPa) Strength (MPa)
PA66 1.04+0.10 65.20+5.22
PA66/GF30 3.30+0.11 144.00+2.26
PA66/GF30/%0.5 hBN  3.89+0.82 165.00+£34.0
PA66/GF30/%2 hBN 5.24+0.21 218.42+8.93

increase in flexural strength compared to PA 66 and PA
66/GF30 thermoplastics. According to the results, high
improvements in bending properties were obtained
from hBN particles added PA 66/GF30 thermoplastic
composites. The flexural strength of PA 66/GF30/2%
hBN increased by 235% when compared to pure PA 66
polymer, by 52% compared to PA 66/GF30 composite,
and by 39.5% when compared to PA 66/GF30/0.5%
hBN composite. PA 66/GF30/2% hBN samples
also showed an increase in bending modulus. The
Flexural modulus of PA 66/GF30/2% hBN composite
with the addition of hBN achieved the highest value
of 5.24 GPa, an increase of 404% compared to pure
PA 66 polymer and an increase of 58% compared to
PA 66/GF30 composite. Due to the obtained higher
mechanical properties from hBN-added composites,
which proofs that the coating of the nanomaterials of
polymers was homogeneous. When the mechanical
properties reduce, in non-uniform coating of
nanomaterials into polymers increase. Furthermore,
the flexural properties of the composites were
compared with the literature. In the work of Pramanik
et al. [2], the mechanical (13.6% hardness, 13.8%
tensile strength, and 1300% elongation increased)
properties of PA 6/5GF/hBN hybrid nanocomposites
with 1 wt% hBN were significantly higher than those
of PA 6/5GF composites. In the work of Tagsdelen et al.
[12] tensile strength of PA 6 material was 82 MPa. In
the work of Autay et al. [25] flexural strengths of PA 66
and PA 66/GF30 materials were 42.66 MPa and 80.7
MPa, respectively.

Figure 4. PA 66 matrix composites after flexural test.

Figure 5 represents the SEM image of the surface
morphology of the fractured specimen from the
bending tests. In that figure, the broken glass fibers
and embedded hBN nano-particles into the PA 66
matrix can be seen. There is a certain amount of
hBN to absorb the fracture energy and stop the crack
propagation [26]
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Figure 5. SEM image of hBN particles in fractured specimen
from the bending tests.

Figure 6 represents the results of the XRD pattern of
the PA66/GF30 and PA 66/GF30/2% hBN composites.
The International Centre for Diffraction Data (ICDD)
card number of the hBN particles was 34-421. These
XRD results agreed well with the literature. It was
observed that PA 66 exhibited strong crystalline
diffraction peaks at 206s = 20.9° and 24.0° [27]. The
hBN nanoparticles in the composite exhibited distinct
and sharp peaks at 26 = 26.8° [2]. In the subsequent
studies, during the development and fabrication of
new designs of composites, the obtained information
on different weight contributions of hBN particles in
composites will provide the optimization of materials.

- PA66/GF30/2.0% hBN
- PA 66/GF30

Intensity (counts)

10 20 30 40 50 60
2-thetha (deg)

Figure 6. XRD spectra of the PA 66/GF30 and PA 66/
GF30/2% hBN composites.

4. Conclusions

The hBN additives were applied by coating granules
of PA 66/GF30 materials and the hBN-coated
thermoplastic materials were produced successfully
by plastic injection method. This study shows that
the addition of hBN particles to PA 66/GF30 materials
increased the flexural strength and modulus of
the composites. The optimum amount of addition
of hBN in composites was 2 wt%. Samples with 2
wt% hBN showed the best flexural properties with
an improvement of 85 and 52% flexural modulus
and strength compared to the samples without hBN

(PA 66/GF30). It was concluded that hBN-coated
thermoplastic composite samples exhibited very high
improvements in flexural strength at low weight rates.
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Statistical models used in toxicity experiments have been quite useful tools in
interpreting the organism's susceptibility, exposure response, amount of tolerable
concentration, and function of tolerance time. In order to determine and evaluate the
toxic effects of boron on Daphnia pulex (Leydig, 1860), different boron concentrations
considered to be tolerable in aquatic ecosystems were tested for D. pulex. Percentage
mortality rates at different boron concentrations and probit regression estimates at

these concentrations were investigated through the static method. Probit analysis in
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this study revealed that rising boron concentrations led to mortality, and that finding
was statistically significant with P value. These results indicate that the use of episodic
boron, which enters the aquatic ecosystem through natural or unnatural means, should
be planned due to its potential for stress or toxicity situations on organisms.

1. Introduction

Boron has many important industrial uses such as
fiberglass insulation, borosilicate glass, cleaning
products, fertilizer, metallurgy and nuclear protective
material production [1,2]. However, it is also predicted
that boron may become a drinking water contaminant
in the next few years [3]. Despite such a risk, it is
thought that the use of boron should be done with a
planned and technical arrangement [3]. Boron is an
important essential micronutrient, but has also been
reported to create toxic conditions [4]. Various studies
showing an increase its genotoxic effect on organisms
have focused on boron as not being biodegradable in
the aquatic ecosystem [5,6]. Boron levels can exceed
toxic levels in the aquatic ecosystem through natural
and unnatural metal corrosion and contamination
processes [7]. Although surface waters are generally
below the toxic level (0.01-1.5 mg/l) [8], it has been
stated that the boron level for aquatic organisms
should be below 1.2 mg/l [9]. The toxic properties
of boric acid and borates (sodium borate, sodium
tetraborate, or disodium tetraborate), especially
against arthropods, are known; however [10-12],
there is no specific information about their toxicity
against water fleas, which have an important place
in the food chain in the aquatic ecosystem. The use
of invertebrates in monitoring the aquatic ecosystem
health provides significant economic benefits [13,14].
As they are very sensitive creatures, invertebrates
have become models for protecting public health by
providing immediate warnings about unpredictable

changes in the ecosystem in advance [13,14]. Water
fleas, especially with their many practical features
such as short life cycles, parthenogenetic reproductive
features, and reduction of traditional animal tests,
have provided significant benefit in determining
the deviations in ecotoxicological, behavioral,
ecophysiological and genetic profiles caused by
environmental xenobiotics [15-18].

The invertebrate Daphnia pulex with its widespread
presence in aquatic ecosystems has been an important
animal model in both ecological and laboratory studies
[19]. However, little is known about the ecotoxicological
probit modeling of boron toxicity on D. pulex. Therefore,
it is essential to perform different tests to understand
the sensitivity variability between organisms along
with regression models, which help to evaluate
different protection levels of organisms in wildlife [20].
The first aim of our study is to estimate the mortality
status and the corresponding lethal concentration of
D. pulex at the ecotoxicological endpoints of different
boron concentrations. It is also aimed to provide a
perspective on the sensitivity and applicability of the
secondarily applied probit estimation in toxicological
tests.

2. Materials and Methods
2.1. Experiment Animals and Chemicals

Water fleas used as the experimental material, were
transferred from shallow habitats in northern Anatolia
to a culture medium with a stainless steel support

*Corresponding author: yesilbudak@gmail.com

76


https://orcid.org/0000-0002-3627-0024

Yegilbudak B. / BORON 9(2), 76 - 81, 2024

frame along with freshwater samples of its own habitat.
Light microscopy was used to identify water fleas and
determine their vital characteristics such as mortality,
color change and brightness (Omax Microscope, USA).
The guide for the identification of micro-invertebrates
in the world's continental waters was used for the
species identification of water fleas [19], followed by
their adaptation to the culture environment for 1 month.
The culture tank was renewed with 20°C spring water
and aerated. A 16-hour light/8-dark photoperiodism
was maintained for the culture tank, and baker's yeast
suspension was fed at 1 ml per tank once a day for
one week before the experiments. Na,B,0,-10H,0
(Eti Maden®, Turkey) was used in the experiments
to determine the effect of boron on mortality in water
fleas.

2.2. Experimental Design

The boron concentrations tested in the experiment
were selected according to the prerequisite of
performing at least five tests for the toxic substance
in the limit determination tests recommended by the
Environmental Protection Agency (EPA) [21] and
the availability limits of boron in surface waters [22].
Depending on these prerequisites, deaths in daphnia
were monitored during 48-hour exposure periods in
jars containing different concentrations of boron (0.05,
0.10, 0.20, 0.40, 0.80, 1.60, 3.20, 6.40 mg/l) compared
to the jar containing no boron in the control group.
The median lethal concentration (LC, values) for D.
pulex were determined by using 48h static bioassay
experiment [23-25]. It is stated and recommended
that 20 test organisms are suitable for each toxicity
application in probit toxicity studies [26]. Since there
were a total of 9 test jars with 20 D. pulex for each boron
concentration inthe probit prediction experiment, in total
180 D. pulex were observed in the entire experiment.
The preparation of the stock solution was made
according to the stock preparation procedures of the
APHA methods [27], and the chemical at the specified
concentrations was diluted into the test aquarium and
injected into the experimental environment. The mean
and standard error of the carapax length and carapax
width of neonatal D. pulex (~24h) at the beginning of
the experiment were determined as 0.721+0.01 mm,
0.092+0.01 mm. By adding 100 ml of the organisms'
culture medium and 100 ml of spring water to the
experimental environments, each experimental area
was created sequentially in 200 ml of medium. Under
the light microscope, the D. pulex color change,
inability to move, and cessation of heartbeat were
noted for each group as indicators of its mortality.

2.3. Instrumentations

Inductively coupled plasma mass spectrometry was
used to determine boron concentrations in application
aquariums (ICP-MS Agilent 7500ce series, Octopole
Reaction Systems, Agilent Technologies, Japan). The
recovery percentage of the boron limit determined in
the spectrophotometer was determined as 95.7%. In

the validation parameters of the analytical method
for the analyte, the detection limit (LOD) value was
1.45 ng.g”; limit of quantification (LOQ) value was
5.25 ng.g"; the relative standard deviation (RSD, %)
and the coefficient of determination (R?) values were
determined as 1.07% and 0.99, respectively.

The physical-chemical properties of the experimental
environments and the methods used to determine
these properties are given in Table 1. Analyzes were
performed three times to determine the physical
and chemical properties of the experimental tank
ambiance.

Table 1. Physical and chemical properties of the tank

P s, Wi Analytical Mean * Std.
method Error

Water temperature, °C Temperature 20.10£0.91
probe

Dissolved oxygen, mg/l OXYgenmeter . 44,609
probe

pH pH probe 7.124£0.13

Total hardness, mg/l M 98.75+2.23
method

2.4. Statistical Analysis

Statistical analyses were performed using the SPSS
statistical software (V 27.0.1.0, IBM, Corp., USA) to
determine the effects of boron onthe D. pulex population
[28]. The relationship between boron concentrations
applied to D. pulex and mortality and the direction
of the relationship were determined by regression-
correlation analysis. The level of significance was set
to be at least P<0.01. Depending on the significance
determined, probit analysis estimates were made
[29,26]. The sigmoidal mortality chart of the population
was drawn, and the lethal concentration (LC,)) value
was checked with the calculated value [30].

3. Results and Discussion

In this study examining boron toxicity, the direction of
the relationship between boron concentrations applied
to a total of 180 D. pulex exposed to boron and their
mortality rates is shown in Figure 1, and Pearson
correlation matrices are given in Table 2. As boron
concentration increased, the average mortality level
similarly increased; thus, a strong positive correlation
was observed (P<0.01) (Pearson’s R=0.802; df=7;
p=0.005). In a study examining boron toxicity, it was
observed that high concentrations of boron potentially
affected the weight of Diptera larvae [31]. In another
study where the water quality parameters of water
samples taken from different drainage channels
were examined seasonally, the Pearson correlation
coefficient between boron concentrations in the spring
season and the mortality rate of Daphnia magna
was found to be positively significant with 0.71 (p
= 0.003) [32]. The high positive correlation levels
indicated that boron derivatives had toxic effects on
macroinvertebrate populations.
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Figure 1. Pearson correlation between boron

concentrations and mortality.

Table 2. Pearson correlation matrix between exposed
concentrations of boron and mortality of D. pulex.

Concentration

Pearson's R matrix
(mgll)

Pearson's R 0.80 (P<0.01)*
df 7
Number of p-yalue 0.005
Mortality 959, Confidence
(n) Interval Upper 0.965
95% Confidence 0394

Interval Lower

The results of estimating the probit line plots (with
confidence limits) and probit analyses of cladocerans
are given in Figure 2 and Table 3. The probit regression
results of D. pulex exposed to boron for 48 hours were
found to be R?=0.73; y= -0.96+0.85x. Accordingly,
as a result of probit analysis in this study, the effect
of boron application doses on survival was found to
be statistically significant with p values. Since the
estimated coefficient was a positive value (1.002), it
indicated that the effects were positive i.e. the number
of deaths occurred more frequently as the dose
increased. As seen from the relevant chi-square values
and the corresponding p values, the established probit
regression model was found to be significant.

The probit analysis is used extensively in ecotoxicology
to determine the relative toxicity of toxic substances on
organisms and assumes that the relationship between
the concentration and response state is normally
distributed [33]. In this study, the acute toxic effects
of boron on D. pulex were determined using the probit
analysis with LC,, determination method due to the
cumulative normal distribution. In the analysis, the
dose-response curve was visualized as a straight line,
providing maximum probabilities and least squares or
regression estimates. The concentration values that
caused 50% mortality at the end of the 48-hour period
were analyzed, and the results are shown in Table 3.
LC,, was found only at 0.51 mg/l boron concentrations.

The percentage mortality in the D. pulex population
determined as a response to boron toxicity yielded an
upward sloping sigmoidal curve (Figure 3). Basically,
the probit cumulative standard is inverse to the normal
distribution [34,25]. It is seen that the values of the
fit hypothesis (Pearson Goodness of Fit Test) were
significant for regression (Table 3). Moreover, probit
regression seems more suitable for this study as it
shows the 95% extreme values of the chemical.

Probit Transformed Responses

2 R?Linear =0.731
11
=-0.96+0.85"
o
14
2
0,00 1,00 2,00 3,00 4,00

Exposure Dose

Figure 2. Result of probit regression estimation.
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30|

% Mortality Rate

0
0.001 0.01 0.1 1 10
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100

Figure 3. Lethal concentration (LC, ) of D. pulex.

4. Conclusions

The results revealed that environmental increases in
boron may affect D. pulex mortality. The increase in
the concentration of boron compounds such as boron
and borate, especially in domestic and agricultural
areas, causes the extinction of key species in the food
chain as well as the destruction of harmful species.
Planned use should be ensured, taking into account
that increased concentrations of boron for various
reasons may cause a negative situation in the welfare
of aquatic organisms. In addition, it is thought that
the sensitivity of D. pulex determined in this study to
the effect of boron concentrations and the suitability
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Table 3. Probit regression parameters of D. pulex under boron exposure.

Parameter Estimates

95% Confidence Interval

PROBIT® Parameter Estimate Std. Error z Sig. Lower Upper
Bound Bound

Exposure Dose 1.002 0.15 6.56 0.00 0.70 1.30

Intercept -1.034 0.15 -6.76 0.00 -1.19 -0.88

a PROBIT model: PROBIT(p) = Intercept + BX

Chi-Square Tests

Chi-Square df® Sig.

PROBIT Pearson Goodness-of-Fit Test

27.20 7

0.00°

a Since the significance level is greater than 0.150, no heterogeneity factor is used in the calculation of confidence limits.

b-Statistics based on individual cases differ from statistics based on aggregated cases.

95% Confidence Limits for Exposed

PROBIT Probability Estimate Eﬁﬂvﬁé é’gﬁﬁ; Probability Estimate ;g:":; é’gﬁﬁ;
0.01 -1.29 -6.14 -0.38 0.55 1.16 0.61 2.76
0.05 -0.61 -3.84 0.07 0.60 1.28 0.73 3.15
0.10 -0.25 -2.65 0.34 0.65 1.41 0.85 3.57
0.15 -0.00 -1.87 0.55 0.70 1.56 0.96 4.01
0.20 0.19 -1.28 0.74 0.75 1.71 1.08 4.51
0.25 0.36 -0.81 0.95 0.80 1.87 1.20 5.06
0.30 0.51 -0.43 1.17 0.85 2.07 1.33 5.71
0.35 0.65 -0.12 1.43 0.90 2.31 1.49 6.54
0.40 0.78 0.12 1.72 0.95 2.67 1.73 7.77
0.45 0.91 0.31 2.04 0.97 2.91 1.87 8.57
0.50 1.03 0.47 2.40 0.99 2385 2.15 10.10

LC,, Regression Results Value
LC,, 0.51
. Max — Min
Equation Form Y =Min + X Hill coefficient
1+ (TSO)

of the applied probit model for the study will provide
importance in the use of both, preferably for different
ecotoxicological studies.
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At least 16 bulk polymorphs of linked icosahedrons exist in boron that are not found
in other materials, due to the low covalent radius and sp? hybridization capacity of
boron atoms. One of them is borophene, an exciting new nanomaterial with a wide
range of possible energy uses. The existence of borophene, a two-dimensional (2D)
material, has been proven by both theoretical and experimental studies. Borophene's
high magnetic conductivity, theoretical specific capacities, and ion transport properties
make it a promising candidate in energy applications (EAs). In this study, firstly, the
structure, chemical, and physical properties of borophene were mentioned. Then, in
terms of synthesis approaches, both top-down and bottom-up techniques such as ultra-
high vacuum (UHV), chemical vapor deposition (CVD), exfoliation by sonochemistry
(ExS), molecular beam epitaxy (MBE) and multi-step thermal decomposition (MTD)
were discussed. Finally, its use as a catalyst in high-metal-ion batteries, hydrogen
storage (HS), nanoelectronics applications hydrogen evolution reaction (HER) was

mentioned.

1. Introduction

Over the past ten years, active energetic elements
including, sulfur, nitrogen, zinc, molybdenum,
phosphorus, halogens, and boron have caught the
attention of researchers. Due to the increasing need
for green chemistry and renewable energy, boron is
becoming increasingly important in energy research.
Boron's adaptable chemistry makes energy applications
(EAs) easier [1,2]. Atomic, physiochemical, and other
properties of boron are listed in Table 1. Figure 1
depicts the location of boron in the periodic table [2-
5]. A boron atom has three valence electrons in its
outermost layers, scattered in the 2s? and 2p* orbitals.
The boron atom has an electron deficiency because
it possesses four bonding orbitals, one more than the
valence electron. Therefore, boron is capable of sp?
hybridization, which facilitates the development of low-
dimensional structures and produces a wide range of
characteristics. Moreover, boron may form various
compounds due to its location halfway between metals
and nonmetals [5-7]. Boron atom, due to its similarity
to nearby carbon, fullerenes, nanotubes, and 2D
films can develop as well as other low-dimensional
allotropes. It is sensitive to chemical reactions that
saturate the valence shell and coordination sphere.
Due to the many ways that boron may be bound,
at least 16 bulk polymorphs consisting of linked
icosahedrons exist in boron that are not present in

other base materials [8]. The capacity of boron to create
stable molecular networks with covalent bonds makes
it comparable to carbon. Regular boron icosahedra
are seen in amorphous boron. Crystalline boron forms
four primary allotropes: y-orthorhombic, [3-tetragonal,
a-rhombohedral, and 3-rhombohedral [5].

Table 1. Structural properties of boron.

B
Atomic number 5
Phase Solid
Atomic weight 10.81

a-tetragonal, a-rhombohedral,
B-rhombohedral, y orthorhombic,

Allotropes B-tetragonal, borophene, cubic
boron, borospherene,
amorphous boron

Isotope B, "B

Melting point 2076°C

Density (liquid) 2.08 g/cm3

Molar heat capacity

Thermal
conductivity

Electronegativity 2.04

11.087 J/(mol-K)
27.4 W/(mK)

*Corresponding author: glbhrbilg@nevsehir.edu.tr
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(@)

(b)

(c)

X,B

Figure 1. a) The real image of borophene, b) Structure of

smallest atomic-cluster scale borophene (B,;), c) Top and

side views of atomic structures of aB, 8,,B, and x,B [Open
access 27].

At room temperature, the most prevalent and stable
phase is B-rhombohedral. In 2014, it was discovered
that elemental boron has new allotropes called
borospherene (B40 molecules similar to fullerene)
and borophene (a structure similar to graphene)
icosahedra [9]. Due to their extremely 2D electron
quantum confinement, these 2D nanomaterials
have considerable promise for many uses, including
biomedicine, electronics, catalysis, and energy
storage [10]. Of these nanomaterials, graphene is one
of the most well-known. Its zero-band gap and semi-
metallic structure, however, restrict its application,
especially in semiconductor apparatuses that need
a suitable energy gap. Recent research has focused
on black phosphorus and antimony because of their
low thermal conductivities, high carrier mobilities,
and adjustable band gaps. However, these materials
degrade rapidly when exposed to air, limiting their
use in photoelectric and photovoltaic devices [11].
It has become possible to artificially synthesize 2D
borophene from boron atoms recently. Unlike 3D
objects generated by specific production processes,
pure bulk boron clusters such as B7, B13, or B36 are
planar or quasi-planar structures that may form 2D
nanostructures like borophene [10].

Borophene and its 2D materials display a wide
range of electronic features, including topology,
superconductivity, charge density wave, magnetism,
and other rich physical properties [13]. Both graphene
and borophene have a huge specific surface area and
a 2D planar structure. Furthermore, the B atom has a
lower relative atomic mass than the C atom. This fact
makes borophene superior to graphene in applications
such as hydrogen storage (HS) [14]. In brief, the
crystalline form of boron's atomic monolayer is called
borophene. This current review of borophene research
focuses on new developments in EAs. Firstly, the
chemical and physical characteristics of borophene
were covered. The thermal, optical, mechanical,
electrical, elastic, and mobile characteristics of
borophene have been compared with those of other
2D materials. Then, recent advancements in the
synthesis of borophene are explained in various
stages. Subsequently, the possible uses of borophene
were explored, including supercapacitors, metal ion
batteries, catalytic behavior, and HS. Large-scale
applications in the fields of energy, green chemistry,
catalysis, nanocomposites, nanohybrids, heterolayer
devices, and sensors can all benefit from this
review. Lastly, a summary of borophene is provided,
considering its significant contribution to materials
science and applications. Even after borophene was
realized experimentally, most of the literature on
the subject still focuses on theoretical studies. More
work is needed to uncover more novel and intriguing
physical features of crystalline and semiconductor
borophene [15]. This brief analysis will lead to a fresh
perspective on the matter.
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2. Structure, Chemical and Physical Properties of
Borophene

Comprehensive research of 2D boron materials was
prompted by the proposal of Boustani et al. [16,17] that
the most stable boron structure might form by bucking
triangular motifs. Lau and Pandey [18] demonstrated
that the buckled triangular boron may be stabilized
by combining delocalized three-center-two-electron
bonds and localized two-center-two-electron o bonds.
In a study conducted by Yakobson et al. in 2007 [19],
the B80 buckyball, consisting of 20 hexagons and 12
pentagons, was found to be similar to the well-known
C60 fullerene in terms of form and symmetry. Figure
1a displays the real image of borophene. Whereas
the next element of boron, carbon, favors a bulk
two-dimensional layered graphite, borophene is well-
known for the presence of B12 icosahedral lattices,
which serve as the building blocks for several boron
compounds. Since there are only three electrons in the
outer shell of borophene, and since the electrons are
highly confined, and limited to each boron atom and
its neighbor, the honeycomb of borophene is unstable.
However, both the basic unit of the bulk boron
molecule and the icosahedral B12 cluster [20-22] are
very reactive. In addition to the above structures, three
more pure B, B7, B13, and B36, have been reported,
but their existence is still entirely hypothetical. B7,
B13, or B36 (see Figure 1b) are planar or quasi-
planar structures that can form 2D nanostructures
like borophene. Planar and quasi-planar structures,
usually constructed as pentagonal pyramid B6 or
hexagonal pyramid B7 units, have been experimentally
proven [17]. Unlike graphene, which has a higher
relative atomic quality, borophene has an anisotropic
structure that gives it outstanding mechanical qualities.
Furthermore, borophene outperforms Pt and MoS,,
which are readily accessible on the market, as a
feasible choice for hydrogen evolution reaction (HER)
in H, fuel batteries, according to recent research.
Graphene is not as efficient at storing H, gravimetrically
as borophene [23]. The atomic structure, typical of
electron-deficient elements like boron, is created via
polycentric and bicentric in-plane bonding. The two-
dimensional boron sheet borophene also exhibits
this structural diversity. A further examination reveals
that the borophene synthesizes in three phases,
specifically 2Pmmn, 312, and x3 [24]. Furthermore,
x3 and (12 both show a triangular lattice that is
identified by various periodic hole configurations.
Scanning tunneling microscopy has demonstrated that
they are likewise flat, lacking any observable vertical
undulation. Finally, the hole densities of the 12 and
X3 sheets are quite close together [4]. The borophenes
B12 and x3 are metallic. Tight hole densities in the 12
and x3 sheets explain the simple exchanges between
the two structures during annealing. They are both flat
and free of vertical undulation [4]. One of these is the
fully flat x3 phase, whereas (312 is an atomic sheet
with atomic ridges [24-27]. Figure 1c shows the atomic
structures of aB, B12B, and x3B borophene. Higher

electron densities are observed along the ridges with
the x3 phase [25,26]. The gaps between the ridge
lines can serve as ion transport channels in use for
energy storage. It is predicted that the atomic bonding
of gaseous molecules on the borophene surface
will be better at the ridge line, as this may provide
better stabilization. In a similar vein, more catalytic
activity is anticipated [24]. Borophene is a remarkable
material because of its special qualities and enormous
potential for technological applications. Nevertheless,
before it can be marketed, more research on its
structural traits and qualities is needed. A vacancy
defect in borophene that affects the mechanical
characteristics was proposed by Zhou and Jiang [28].
The synthesized x3 and sheets were found to have
Young's modulus up to 198.5 N/m and 179.0 along
the armchair direction. Additionally, 2-Pmmn displays
a negative Poisson's ratio that is entirely distinct from
all known 2D materials. The Young's modulus of the
2-Pmmn phase is 398 N/m. This value is larger than
that of 312 and x3. According to Penev et al.'s [29]
prediction, the 2px and 2py states gave rise to the
metallic states of 12 and x3 sheets, which caused a
band gap to develop in the boron sheets at n1=10~15%,
almost exactly at the Fermi level. Further theoretical
calculations show that borophenes such as a, 12, x3
and 06, boron layers can achieve structural planarity
and greater stability by intermixing hollow hexagons
and triangular lattice instead of just triangular lattice
[7]. Interestingly, the hollow hexagons of the triangular
lattice contribute significantly to the structural diversity
of borophene. After hydrogenation, the y-B28 and a'-
borophene have been effectively studied by Hou et al.
[30], who discovered that the boron may widen up the
bandgap to generate semiconducting materials. In the
meantime, photoluminescence spectroscopy and UV-
vis absorption were also studied to work the optical
characteristics of the boron sheets. In borophene,
thermal conductivity has been investigated as an
additional significant physical characteristic. The
many kinds of thermal conductivity are a result of
the diversity of borophene structures. The heat
conductivity of a-sheet borophene was found to be
1.43 nWK'nm2 [13]. Furthermore, the majority of
other borophenes have anisotropic heat conduction.
In the zigzag and armchair directions, the thermal
conductivities of 12 are approximately 10.97 and 3.30
nWK-"'nm2, respectively. As a result, it was discovered
that borophene has almost as remarkable thermal
conductivity as graphene. Furthermore, employing
first-principles calculations, Yakobson et al. [31,32]
have methodically examined the superconducting
property of borophene. Amazingly, they discovered
that superconductivity was present in every kind of
stable borophene. Nonetheless, there are currently
few experimental studies on the advantageous
characteristics of borophenes. It is critically anticipated
that further impacts on experimental realization would
enhance and validate the features of borophene [31-
34]. Figure 2 shows the top view of x3-borophene
along the (a) c-axis (b) a-axis and (c) b-axis [25].
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(b)

(c)
Figure 2. Top view of x,-borophene along the (a) c-axis (b)
a-axis, and (c) b-axis (Open access [25]).

3. Synthesis of Borophene

Because of its distinct chemical and physical
characteristics, borophene has accelerated many
applications in optoelectronics, nanoelectronics,
energy conversion, and energy storage [32].

However, because of the material's reactivity,
borophene is prone to oxidation. These factors
make borophene costly to produce and challenging
to handle. This makes borophene less useful in
general. A few review papers on the synthesis and
uses of borophene have surfaced recently. Their
primary synthesis methods are ultra-high vacuum
(UHV), chemical vapor deposition (CVD), exfoliation
by sonochemistry (ExS), and molecular beam epitaxy
(MBE) for borophene. What is important in the
structure and quality of the synthesized borophene
are the materials that provide the kinetically preferred
growth. A suitable metal substrate, such as Cu or Ag
stabilizes the formation of 2D boron clusters. Second,
the temperature needs to be carefully regulated, as
extremely low temperatures prevent boron growth from
exceeding the nucleation barrier of the 2D structure.
In such cases, boron aggregates are formed. When
temperatures are very high, growth is encouraged to
overcome the 3D boron nucleation barrier, resulting
in the development of 3D structures. As a result, the
temperature must be maintained at the temperature
between the development of 2D and 3D structures
[12,30]

3.1. Ultra High Vacuum Conditions

By forcing the gas out of a UHV chamber, ultra-high
vacuum conditions are produced. The gas is in free
molecular flow at these low pressures. Before a gas
molecule collides with another gas molecule, it will
collide with the chamber walls several times. As a
result, nearly every molecular interaction occurs on
different chamber surfaces. The focus of borophene
has been on its varied polymorphism and anticipated

characteristics, such as phonon-mediated high
mechanical strength, superconductivity, and flexibility.
However, borophene oxidizes quickly in air, making
it difficult to integrate borophene into useful devices
and restricting experimental characterization to UHV
conditions. Liu et al.’s [34] work involved hydrogenating
borophene with atomic hydrogen under an extremely
high vacuum to create "borophene" polymorphs.
Borophene was hydrogenated by subjecting it to
atomic hydrogen under UHV conditions. In an ultrahigh
vacuum preparation room (~1x10"° mbar), a solid
boron rod was evaporated onto Ag (111) sheets on
mica. The pristine Ag (111) surface was prepared for
borophene development by repeatedly sputtering Ar
ions for 30 minutes at 1 x 10° mbar and then annealing
for 30 minutes at 550°C. According to the findings, the
most prevalent borophene polymorph has a mixture of
three-center-two-electron boron-hydrogen-boron and
two-center-two-electron boron-hydrogen connections.
Kiraly et al. [22] synthesized and characterized
nanoscale borophene structures on Au (111) at UHV.
Spectroscopic measurements revealed that borophene
grown on Au (111) has a metallic electronic structure.
A statistical examination of island size revealed that,
at low boron concentration, borophene islands were
composed of one to eight rhombohedral units with a
typical area of 1 nm2. It was verified that borophene
on Au (111) had metallic electrical characteristics.
Mannix et al. [35] produced thin borophene layers on
the inert Ag (111) single-crystal surface. Solid boron
was used as a source of atoms under an extremely
high vacuum to create the sheets. To circumvent the
difficulties presented by hazardous precursors, it was
produced as atomically thin sheets of borophene
under UHV conditions utilizing a solid supply of boron
atoms. The findings demonstrated that at the substrate
temperature of 550°C, three phases of borophene the
scrapped phase, the homogenous phase, and the
nanoribbons were produced. The substrate was kept
at between 450°C and 700°C during development, with
a boron flow rate of between 0.01 and 0.1 monolayers
per minute. The conjugated striped phase appeared as
the temperature rose; however, both phases exhibited
metallic characteristics. However, due to significant
material consumption and energy loss, maintaining
UHV conditions in laboratories is expensive and
difficult. It also takes a lot of time.

3.2. Molecular Beam Epitaxy

Recently, boron nanosheets on an Ag substrate were
successfully manufactured using MBE, as shown
above. However, the method's applicability as a
manufacturing technique was constrained by the poor
yield, which led to a tiny sample at a high cost. MBE
is a concentrated kind of physical vapor deposition or
vacuum evaporation that allows for exact control over
doping concentrations, alloy compositions, material
cleanliness, and interface formation [36]. To confirm
the 2D structure of borophene, Feng et al. [37] grew
atomic borophene layers on silver substrates with the
UHV chamber combining an MBE. Elemental boron,
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used as a precursor to borophene, was evaporated on
a pure silver substrate at temperatures ranging from
550 to 800 K. As aresult, 12 and x3 phase borophene
were obtained. Zhu and colleagues [38] used ab initio
calculations to evaluate the enhanced stability of the
MBE method for effectively producing honeycomb
borophene onto an aluminum substrate. Analysis of the
structural, electrical, and lattice energy factors yielded
results indicating a strong adhesion between the
metal substrate and honeycomb borophene that was
significantly higher than that of graphene and metal.
Li et al. [39] have successfully synthesized graphene-
like borophene, a pure honeycomb, by growing MBE
in an ultrahigh vacuum on an Al (111) surface. Images
obtained using scanning tunneling microscopy show
that borophene is a perfect monolayer with a flat, non-
buckled honeycomb structure, similar to graphene. Liu
et al. [40] experimentally demonstrated the synthesis
of an atomically well-defined borophene on Ag (111)
via MBE in a UHV. The structure of this bilayer (BL)
borophene is consistent with two covalently bonded
a-phase layers (referred to as BL-a borophene),
according to the results of its characterization. A
heightened local work function surpassing 5 eV and
significant interfacial charge transfer doping are
shown by field-emission resonance spectroscopy,
whereas the electronic density of states around the
Fermi level of BL-a borophene is identical to that of
SL borophene polymorphs. Van der Waals epitaxy is
considered to be a highly effective method for growing
perfect 2D materials on large functional substrates;
however, there are currently no reports on the stable
and controlled synthesis of borophene on non-metallic
substrates. Wu et al. [41] have formed borophene
films on a mica substrate using van der Waals epitaxy,
where H, and sodium borohydride (NaBH,) served as
carrier gases and boron sources. The lattice structure
of the synthesized borophene was found to match
the expected a'-boron layer. Under the light of a 625
nm light-emitting diode, the borophene photodetector
exhibits good photosensitivity of 1.04 AW-' at a reverse
bias of 4 V.

3.3. Chemical Vapor Deposition

CVD is a technique commonly used to produce
graphene. It has been tried to use this technique to
produce more 2D borophene at a reduced cost while
also increasing its efficiency and yield. However,
the substrates selected, and the various conditions
used for various applications remain to be studied
extensively. Therefore, more research into borophene
synthesis techniques and related circumstances is
crucial. The vacuum deposition method, known as
CVD, is used to produce solid materials with excellent
performance. In the semiconductor sector, this process
is widely used to make thin sheets. In conventional
CVD, one or more volatile precursors are introduced
to the wafer (substrate); thereafter, they react and/
or decompose to generate the target deposit on the
substrate surface. Gas passage across the reaction
chamber regularly produces and eliminates volatile

byproducts. In microfabrication procedures, CVD is
commonly utilized to deposit materials in a range of
morphologies, including amorphous, polycrystalline,
and monocrystalline. Borophene, carbon nanotubes,
diamond, graphene, tungsten, filaments, fluorocarbons,
titanium nitride, and various high dielectrics are among
these materials [42]. Tai et al. [43] successfully grew
a borophene-like material on Cu using the CVD
technique. The process was performed at 1100°C with
a B: B,0O, ratio of 1:1, conditions like those utilized in
the production of graphene. To create borophene, the
CVD process involves injecting diborane onto a flat
surface that has been warmed, cleaned atomically,
and subjected to a high vacuum. The surface was
then selectively filtered from borazine using a liquid
nitrogen-cold trap in a freeze-thaw cycle. Hou et
al. [30] used a handmade CVD to build the boron
monolayer. Throughout the experiment, hydrogen
gas was utilized as a carrier gas, and a combination
of B and B,O, powders as a boron source to create
diboron dioxide vapor. A temperature of 1100°C was
set. A big area of boron monolayer was produced on
Cu foil at 1000°C for one hour. The analysis results
unmistakably demonstrated that the monolayer
structure consisted of icosahedral B12 units and B2.
Furthermore, considerable photoluminescence was
seen, suggesting that the monolayer is a promising
semiconductor. The optical band gap of the produced
borophene determined by UV-vis was found to be
around 2.25 eV, which is close to the predicted value
(2.07 eV).

3.4. Exfoliation via Sonochemistry or Liquid Phase
Exfoliation

2D materials can be ultrasonically prepared, cleaned,
and diluted using sonochemistry [44]. It is difficult to
produce borophene sheets without defects, as they
generally require extremely low pressure and highly
advanced production equipment. ExS synthesis can
result in the production of the desired layer, depending
on the solvent type and sonication period. Figure 3
shows illustrates the sonication-assisted liquid-phase
exfoliation process of borophene. Massive lateral
monolayer sheets may emerge if the solvent interacts
with the material in the right way. If it does not interact
properly, it sonicates for the same length of time and
forms sheets with many stacking layers; on the other
hand, extended sonication causes fragmentation and
little borophene dots. Due to the inherent limitation
of borophene growth via UHV and MBE to tiny
regions, industrial-scale production is challenging
and expensive [21]. Chowdhury and colleagues [45]
investigated the electrochemical exfoliation approach
used generally to produce graphene. Figure 3 shows
borophene production by exfoliation via sonochemistry.
This method was utilized to validate the creation of
borophene from elemental boron. The generated
borophene's Raman spectrum was assessed, and
the zeta potential was used to gauge the borophene's
stability. When compared to other methods in use,
this one may be regarded as the most prospective
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Figure 3. (a) lllustrates the sonication-assisted liquid-phase exfoliation process, (b)

(c) and (d) show the corresponding photographs of a B sheet dispersion in DMF and IPA, respectively. Reproduced with
permission from Ref. [46], ©American Chemical Society, 2018.

and promising approach. Li et al. [46] established a
more efficient method of liquid-phase exfoliation for
synthesizing high-grade boron sheets by adjusting
the concentrations of the solvents dimethylformamide
and isopropyl alcohol and the centrifugation rates.
Exfoliated few-layer B sheets have been fabricated for
the electrode materials of supercapacitors. Exceptional
cycle stability with an energy retention of 88.7% was
demonstrated by this capacitor, which also displayed
exceptional energy density as high as 46.1 Wh/kg at a
power density of 478.5 W/kg. It has also been proven
to have excellent electrochemical performance with a
wide potential of up to 3.0 V. Ranjan et al. [47] stated
a simple and flexible technology for the synthesis of
borophene utilizing an inventive ExS technique. In
contrast to its reduction, which produces free-standing
borophene, modification of Hummer's approach
resulted in the chemical production of borophene oxide.
By using ExS of boron powder in a variety of solvents,
including, ethylene glycol, acetone, water, isopropyl
alcohol, and dimethylformamide, freestanding

-

Exfoliated B

¥ Centrifugation

5000 rpm, 30 min

@ Solvent

-

SEM images of bulk B. The insets of

borophene was created. The existence of interphases
of 312, x3, and borophene, phase purity, and metallic
nature were supported by the analysis results. They
found that borophene oxide has a specific capacity of
=4941 mAh g, which is far higher than that of current
2D materials and their hybrids.

Zhang et al. [48] produced a new borophene
preparation methodology with several layers and large
flake sizes using an ExS approach involving probe
ultrasonic and ball milling-thinning. The surface tension
of some solvents is correlated with the exfoliating
action of B precursors. When utilizing solvents, a
comparatively low surface tension is appropriate for
exfoliating bulk B. Four thick layers of borophene
with an average lateral dimension of 5.05 ym were
created using acetone as the peeling solvent. Large-
flake-size exfoliated few-layer borophene exhibits
minimal surface composition change. On the other
hand, surface contamination both before and during
exfoliation causes a certain amount of chemical state

Figure 4. Borophene production by ExS (Open access [45]).
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alteration in B. This liquid-phase-exfoliation process
with acetone solvothermal assistance can provide
enormous horizontal sizes of high-quality borophene.
This is a straightforward and efficient way to create
large-scale, few-layer borophene flakes, and it may be
applied to other 2D materials without comparable bulk
layer allotropes.

3.5. Multi-Step Thermal Decomposition

lIn recent years, the in-situ MTD of NaBH, has been
used to manufacture freestanding, large-scale, ultra-
stable hydrogenated borophene layers. By using in-
situ MTD of NaBH, powder in an atmosphere rich
in hydrogen, Wu et al. [49] created metal matrix
composites consisting of borophene. By using spark
plasma sintering, 3D borophene sheet network/
copper (BSN/Cu) composites have been created. The
synthesized samples' structure and chemical bonding
properties were assessed using a variety of analytical
techniques. In conclusion, the addition of borophene
greatly enhances the mechanical characteristics of the
composites. Because borophene and copper have a
greater interfacial attraction than graphene and copper,
they can bond to the material without breaking [49].
Hou et al. [30] synthesized hydrogenated borophenes
using in situ MTD of sodium borohydride. Crystalline
borophenes rewritable memory devices, which
become ultra-stable upon application of strong acid or
base, have been found to have impressive switching
properties such as a high ON/OFF current ratio, a low
operating voltage, and strong stability. In the study,
they showed that by using hydrogen as a carrier gas
and gradually in situ MTD of sodium borohydride,
hydrogenated borophenes can be produced in large
quantities without the need for any metal substrate.
Table 2 shows the comparison of borophene synthesis
methods.

As the newest member of the 2D nanomaterial family,
borophene still has a knowledge gap to fill. This can be
achieved using an easy, cost-effective, scalable, and
repeatable manufacturing process. Therefore, efforts
are ongoing to obtain bulk quantities of several-layered
borophene and produce bulk amounts of borophene
for further fundamental studies and practical potential
evaluation. For this purpose, a new method, different
from the synthesis methods mentioned above, appears
in the literature. Zielinkiewicz et al. [50] investigated
the effectiveness of using mechanical energy in a
planetary ball mill to exfoliate bulk boron into a few-
layered borophene. The conditions under which

B-rhombohedral, y-orthorhombic, and 1-B structures
occur have been characterized. It was discovered that
the length of the ball-milling process, the mass rotation
speed, and the bulk boron loading could all be used to
regulate the thickness and distribution of the final flake.
In-depth examinations employing microscopic and
spectroscopic methods demonstrate that the phase
shift brought about by mechanical energy during ball
milling aids in the exfoliation process in the borophene
sample that is produced. The XRD diffraction patterns
of boron before and after ball milling are displayed in
Figure 5. For an easy comparison, rotational speed
(Figure 5a), time (Figure 5b), and mass loading (Figure
5c) are displayed. All samples exhibited the typical
reflections of volumetric boron.

4. Using Borophene as an Energy Material

Applications of borophene in energy have gained
a lot of interest due to its ionic conductivity, high
surface activity, and metallic band structure suitable
for electronic conductivity. Unlike graphene, which
has a higher relative atomic quality, borophene has
an anisotropic structure that gives it outstanding
mechanical qualities. Borophene has been tested
in applications related to chemical sensors,
voltaic devices, supercapacitors, storage devices,
photodetectors, and sensors. Furthermore, the
ability to store energy makes borophene a potentially
useful electrode material. This section will explain
borophene's EAs, such as HS, electronic and optical
devices, metal-ion batteries, oxygen, and hydrogen
evolution reactions.

4.1. Storage of Hydrogen

Since, hydrogen is a renewable and clean energy
source, its development and use are critical for
society. One of the most significant technological
issues facing the development of H, energy sources
is HS. The optimal physical HS technique should have
average adsorption energy that falls between physical
and chemical adsorption energies (0.1-08 eV) [51].
Borophene has attracted attention among physical HS
molecules due to its good adsorption kinetics and large
specific surface areas. The enormous surface area of
the atomic layers and the ease with which hydrogen
atoms stick to borophene's monolayer structure make
it a promising material for storing hydrogen. According
to theoretical research, borophene outperforms other
materials in its ability to store hydrogen, being able to
store almost 15% of its weight in hydrogen [51-53].

Table 2. Comparison of borophene synthesis methods

Methods Temperature (°C) Boron Source Structure of Borophene Ref.
Ultrahigh vacuum 400-750 Solid boron Freestanding monolayer [35]
Chemical Vapor Deposition 500-1000 Boron rod, B, B,O, y-phase, rhombohedral [22]
Exfoliation by Sonochemistry 5-100 Boron powder B12, X3, and intermediate phases [24]
Molecular beam epitaxy 150-500 Pure boron, Borax (,, and X, phases [41]
Multi-step thermal decomposition 490-800 NaBH, powder 3D-borophene network [49]
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Figure 5. XRD of bulk boron and borophene flakes after the
ball-milling process comparing (a) rotation speed, (b) time,
and (c) mass loading (Open access [50]).

Baraiya and colleagues [23] utilized density functional
theory (DFT)-based first-principles calculations to
examine the HS capacity of nitrogen-doped and pure
nitrogen-decorated borophene. The work includes
a detailed discussion of the adsorption site, charge
transfer, electronic structure, adsorption energy,
and HS ability of borophene layers that are pristine,
nitrogen-doped, and pure nitrogen-decorated. Without
clustering, the N atom forms a strong bond with the
borophene layer. When an N atom is added, the
borophene layer's ability to adsorb H, is increased in
comparison to its pure state. Nitrogen-doped and pure
nitrogen-decorated layers attain gravimetric densities

of 6.22 wt% and 1.51 wt%, respectively, according to
calculations for HS. Cabria et al. [54] used a quantum
thermodynamic model, and Van der Waals-corrected
DFT performed the HS capacity of confined Li-
decorated borophene layers in a stable configuration.
They demonstrated the remarkable volumetric
HS capacity, particularly at low temperatures, of
borophene's small Li-decorated slit pores. Thus, in low-
temperature applications, nanoboron sheets would
be perfect for storing H,. Liu et al. [51] conducted a
theoretical investigation into the HS characteristics of
B12-borophene and B12-borophene decorated with
Li. The results show that H, molecules are first totally
split into H atoms, which are then adsorbed on the B-B
bridge areas. They then modified the HS capacity of
B12-borophene and enhanced the HS performance
using Li atoms. Numerical simulations show that the
2Li-B12 system has an HS capacity of 10.85 weight
percent and can adsorb up to H, molecules, compared
to the Li-B12 system's maximum capacity of seven
H, molecules. Consequently, the reversible HS ability
was enhanced, and the amount of hydrogen stored
was greatly increased by the physical adsorption of
H, on Li-B12. Using theoretical calculations, Wang et
al. [55] looked into the HS characteristics of a novel
Ca-decorated boron sheet. One Ca atom has been
shown to be able to trap up to six H, molecules at 0 K,
with an improved binding energy of -0.20 to -0.32 eV/
H,. When the boron plate is adsorbed with Ca on both
sides, a gravimetric H, density of 12.68 weight percent
is attained. It was also determined how temperature
and pressure affected the Ca-decorated boron plate's
ability to store H,. The findings indicate that a possible
HS medium for use in vehicles is the Ca-decorated
boron layer.

4.2. Nanoelectronics Applications

Owing to the extraordinary qualities that were just
discussed, borophene has available prospective
uses in the many domains of optoelectronics, and
nanoelectronics. For these applications, a useful
technique to open the band gap of borophene and
stabilize the structure of 2D materials is hydrogenation.
For instance, graphene, silicene, and germanene
can undergo hydrogenation to go from excellent
conductors to semiconductors with a large bandgap.
Similarly, theoretical studies have demonstrated that
hydrogenation is a useful strategy for adjusting the
electrical characteristics of boron layers and stabilizing
their structure. Large-scale hydrogenated borophenes
were successfully produced by Hou et al. [30] using
hydrogen as the carrier gas. They created a process
for the in situ MTD of NaBH, in order to generate
borophenes under controlled circumstances without
the need for a metal substrate. The memory device
that was built showed good stability, a small working
voltage of less than 0.35 V, and a high ON/OFF current
ratio of 3x10°%[30]. The tunability of the band gap of two-
dimensional (2D) semiconductor few-layer borophene
was experimentally investigated by Wang et al. [11].
Using EVS, functionalized borophene (borophene-OH)
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was created for this purpose. Consequently, by
adjusting the centrifugation rates, borophene-OH
with the desired thickness was achieved. Smooth
borophene was created during exfoliation by surface
energy matching and breaking the B-B bond between
boron and 2-butanol. Borophene-OH has an adjustable
band gap ranging from 0.65t02.10 eV. When compared
to other 2D monoelemental materials, it demonstrates
a considerable increase in photosensitivity (58.5
MAW-) and photocurrent intensity (5.0 pAcm?)
with the introduction of borophene-OH. As a result,
borophene-OH has high optoelectronic potential and
is a promising semiconductor. For usage in lasers,
Ma et al. [56] looked into the photonic qualities of
borophene. They used LPS to create 2D borophene.
The produced borophene's shape and structure were
thoroughly examined, and a Z-scan was utilized to
quantify its nonlinear optical characteristics. It has
been discovered that borophene is a highly effective
broadband optical switch that is widely employed
in mid-and near-infrared laser systems for mode-
locking. At center wavelengths of 1560 and 1063 nm,
respectively, pulses with durations as short as 693 and
792 fs have been effectively transmitted.

4.3. Catalytic Capabilities

The researchers claim that borophene's exceptional
catalytic abilities in the CO, electroreduction process,
as well as the evolution reactions of hydrogen and
oxygen, possess the ability to bring forth a new era for
water, including energy cycles. Numerous applications
exist for borophene in the HER. The lightest HER
catalyst is borophene [49]. There is an excessively
strong contact between the H atom and borophene
due to its high surface activity. Water splitting might
be greatly accelerated by Ni-doped a-borophene,
according to Wanga and Zheng's [27] calculations.
They showed that decoration or doping with different
transition metals, such as Ni or Co, has a profound
effect on the catalytic activity of x3, a, and p12
borophenes. Ni-doped a-borophene exhibited low
Gibbs free hydrogen adsorption energy (AGH~0.055
eV) for the HER and a worthwhile overpotential
(0.455 V) for the OER. According to Wang et al. [27],
borophene is a good HER catalyst with many active
sites, metallic conductivity, and almost negligible free
energy resulting from hydrogen adsorption. However,
the free energy of borophene hydrogen adsorption
was found to be only 0.02 eV. This is considerably
lower than the AGH on the mostly used Pt catalyst
(0.09 eV). Moreover, a silver substrate has no effect
on borophene's strong catalytic activity. Negatively
charged borophene has a maximum CO, collection
capacity of 6.731014 cm2. Wang and others [26],
investigated the catalytic performance of borophene
nanoribbons (BNRs) using first-principles calculations.
Calculations indicate that BNRs can be highly active
edge-dependent catalysts for the hydrogen evolution
reaction. The effects of nanoribbon width and strain
engineering on the catalytic performance of BNRs
were investigated and it was found that the width

did not affect the catalytic activity of armchair BNRs
(ABNRs). A Gibbs free energy of AGH = 0 was reached
at a critical pressure strain of eC = -2%. This concludes
that ABNRs may be a catalyst for an ultrafast HER
through modulation of strain engineering. Figure 6
a and b show the energy-strain diagram of ABNRs
and the stress-strain diagram of ABNRs. The figure
suggests that the elongation at break for ABNRs is
above 5%.

The CO, electroreduction of Cu-supported borophene
structures was studied by Shen, H., and collaborators.
The lowering of the CO, electroreduction overpotential
is mostly due to the distinct chain architectures of Cu
atoms [57]. The researchers found that by offering
secondary adsorption sites and producing tiny
overpotentials in the favored reaction pathway CO,-
CH,OH, borophene-based copper chains exhibit
strong catalytic activity for CO, electroreduction. Cu's
outstanding CO, consumption performance motivates
the distribution of Cu's 2D characteristics for improved
catalysis. They investigated the catalytic characteristics
of Cu atom chains on B-borophene layers for the first
time, motivated by cutting-edge research on novel
2D-protected B-layers. They discovered that by
disrupting the cross-sectioning connection, the Cu-B
layer would remain safe.
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permission from Ref. [26], ©American Chemical Society,
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4.4. Metal-lon Batteries

Borophene is considered a viable anode material
for Na, Li, and Mg ion batteries because of its
exceptional ion transport capabilities, high theoretical
specific capacities, and good electrical conductivity.
The outstanding electronic conductivity and ionic
conductivity of borophene ensure the seamless
operation of the charging and discharging processes.
Borophene film studies in the literature have generally
been done from a theoretical perspective. The use
of flat borophene films (BFs) in the construction of
lightweight, high-capacity, improved rechargeable ion
batteries has been investigated [14,20]. Mortazavi
et al. [58] investigated the use of distinct flat BFs as
anode materials for Li-ion, Al, Mg, and Na batteries
using comprehensive first-principles DFT simulations.
The charge transfer between the BFs was assessed
via Bader charge analysis. The study of ion diffusions
was also conducted using the nudged elastic band
approach. Profiles of open-circuit voltage and average
atom adsorption energies as a function of adatoms
coverage were calculated. The results imply that
flat borophene films can serve as thermally stable,
electrically conductive anode materials for Al, Li-ion,
Mg, and Na batteries, with ultra-high capacities of 1640
mAh/g, 2480 mAh/g, and 2040 mAh/g, respectively.
Xia and associates [59] suggested halogen decorating
as an experimentally workable way to promote the Li-
ion transition in x3 borophene, using x3 borophene
as the prototype system. It is anticipated that
borophenes, which are synthetic polymorphs of boron
with three different forms (T, 12, and x3), could one
day be used as anode materials for Li-ion batteries
that have extraordinary capacity. In the study, potential
adsorption sites and binding interactions between
halogens and x3 borophene were examined. The most
common diffusion paths have energy barriers of less
than 0.2 eV, making iodine the ideal dopant. However,
the use of these borophenes in the rapid charging area
is hindered by their sluggish hopping of Li into $12
and x3 borophenes with high energy barriers (about
0.6 eV). Strong binding of halogens to x3borophene
resulted in a large electron transfer from the second
to the first, which caused a local electron shortage in
x3borophene. The findings suggest that in borophene-
based anode materials, halogen inclusion can promote
Li-ion intercalation and deintercalation.

4.5. Supercapacitors

Unlike other 2D materials, borophene's edges can
regenerate at low temperatures and low chemical
energies. The production of borophene nanomaterials
with innovative morphologies, such as ultra-thin
borophene nanoribbon, is now possible and is
anticipated to enhance electronics performance for
a range of applications [18]. It has been proposed
that borophene might be a viable material for
flexible electronics, such as supercapacitors, when
combined with polymers and advanced composites
[17]. a-borophene was synthesized by Géktuna and

Tasaltin [60] using a simple and inexpensive ultrasonic
exfoliation method. The synthesized a-borophene
exhibited enough electrostatic repulsion, as indicated
by the zeta potential profile, resulting in acceptable
physical stability. It was observed that even after
1000 cycles, the synthesized borophene's specific
capacitance remained at 95%, measuring 960 F.g™.
This demonstrated that a-borophene might enhance
polyaniline's functionality. It has been suggested
that the developed PANI/Borophene electrode is a
promising material for supercapacitors. Large-scale
several-layer B sheets were made via sonication-
assisted liquid-phase exfoliation by Hongling Li, Lin
Jing, and others [61] and their capacitive performance
was assessed.

Additionally, exfoliated few-layer B sheets showed
exceptional stability and excellent dispersion in organic
solvents without aggregates for more than 50 days
under ambient conditions. This was made possible
by the solvent residue shell that forms an excellent
barrier against air oxidation on the B sheet surface.
With an impressive energy density of up to 46.1
Wh/kg at a power density of 478.5 W/kg, an energy
retention of 88.7%, and an extensive potential window
up to 3.0V, this device as designed delivers excellent
electrochemical performance that is demonstrated
steadily throughout the cycle. This work provided
evidence of a successful method for the regulated
synthesis of B-sheets. In addition, the synthesized
B shows promise for energy storage and next-
generation optoelectronics application. In addition to
the energy applications mentioned above, borophene
has rarely been studied in other applications. These
include photoelectrochemical cells and water
separation applications. For a type-ll heterojunction,
complementary surface-charged, nanoscale 0D-0D
hybrids of borophene and phosphorous nitride dots
with advantageous band alignments are suggested
by Mohanta and Qureshi [62]. For improved
photoelectrochemical water oxidation, this hybrid
model offers quick carrier separation and resistance
to carrier recombination. The two processes in the
synthesis of borophene dots were hydrothermal
and sonication. To create the 2D sheets, 30 mL of
dimethylformamide solution containing 30 mg of
boron powder was ultrasonically sonicated at 400 W
for 5 hours. The findings demonstrate that improved
photoelectrochemical performance is supported by
surface charge-directed borophene phosphorous
nitride nanodot heterojunction. Zhang et al. [63]
studied the effects of two-dimensional boron sheets
on solar thermal water evaporation. In this work, they
hydrogel-based solar vapor generators enhanced with
novel 2D boron nanosheets. Under 1 sun irradiation,
the resultant solar vapor generators showed an
exceptional evaporation rate of 4.03 kg m? h'. The
remarkable enhancement is ascribed to the two-
dimensional boron nanosheets, which resulted in an
increased intermediate water content and a decreased
water evaporation enthalpy of 845.11 kJ kg™'. High salt
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resistance and durability were also displayed by the
solar vapor generators into which boron nanosheets
were included, indicating their enormous potential for
desalination applications.

5. Conclusion

In this review, theoretical and experimental progress
in borophene research, especially the prospects for
its chemical synthesis, was analyzed. Unlike others,
research on borophene as a two-dimensional material
was dominated by preliminary theoretical research.
However, after more than ten years of persistent theory,
the discovery of single-atom layer borophene, which
has been successfully experimentally synthesized
on silver substrates, has stimulated a great deal of
research on borophene in the international academic
community. There are inherent disadvantages to
both top-down and bottom-up techniques in terms of
synthesis approaches. Although borophene substrate
growth synthesis is made possible by CVD and MBE
technologies, which also provide hurdles for real-world
borophene applications, these methods are costly,
time-consuming, and produce materials that have little.

The further advancement of borophene energy
applications inevitably requires many considerations.
Previously mentioned methods have been tried to
grow large-area, high-quality borophene, but there
is still a big challenge in this field. More robust and
effective methods must be created to boost production
and quality. Phase stability analyses revealed that
the 2-Pmmn, x3, and 12 phases exhibited relatively
greater stability on Ag substrates, whereas the
production of honeycomb borophene was limited,
especially when grown on an Al substrate. One can
synthesize borophene in a single phase on a given
metal substrate. On the other hand, the wet chemical
process leads to the formation of 312 and x3-phases.
Qualitative analysis of the effects of substrate, growth
temperature, growth precursors, and other factors
on the nucleation of borophene and the inhibition of
three-dimensional borophene nucleation needs to be
investigated. Borophene’s high surface activity is a
major synthesis problem as well as a contributing factor
to its instability. One way to stabilize them could be to
alter their surface in a way that lowers the borophene's
surface energy. Hydrogenation is a further strategy
for borophene stabilization. Borophene can be used
with other 2D materials to lower surface energy and
provide a more stable solution. The author hopes
that this article can stimulate further theoretical and
experimental research and shed light on borophene
research, which will ultimately help achieve large-
area, high-quality results.
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