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ABSTRACT

Improvement in the physical properties of WO3 thin films is of great interest among 
researchers. In this work, boron as a dopant was selected to enhance the physical 
characteristics of the WO3 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 WO3 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 
gaps (Eg) of the WO3:B (1%) and WO3: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 (WO3) 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 WO3 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 WO3 
structure [4,7]. Researchers have successfully doped 
WO3 thin films with various elements such as Al [5], 
Mn [7], Fe [8], C [9], or oxides i.e. CuO [10], MoO3 
[11]. In this research, boron is selected as a dopant to 
improve the properties of the WO3 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 

Boron-doped WO3 thin films prepared by thermionic vacuum arc technique: 
The structural, surface, and optical properties
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and evaluate the boron-doped WO3 (WO3: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

https://orcid.org/0000-0001-7803-1032
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This research's main target is introducing a new and 
quick pathway for forming WO3: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 WO3 (99.5% purity) and B powders (99.5% 
purity) were purchased from the Nanografi (Türkiye) 
company and Alfa Aesar (USA), respectively. Acetone, 
isopropanol, and Si substrates (N-type p-doped (111) 
orientation) were from ISOLAB (Germany), Detsan 
(Türkiye) and MTI cooperation (USA), respectively.

2.2. Methods

The WO3 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.

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 WO3: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 WO3: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.

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 WO3 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 7x10-6 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 

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 WO3: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 
Kα 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 WO3 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 

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

Parameters
WO3:B

1% 3%
Discharge current (A) 0.30 0.25
Deposition time (s) 60 180
Working pressure (Torr) 1.8x10-4 2.04x10-4

Applied voltage (V) 200 200
Filament current (A) 18.7 18.2

Figure 1. The cleaning process of the glass and Si 
substsrates.

Deionized Water (DI)
500C

Acetone
300C

Isopropanol
300C
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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), WO3 and B2O3 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 
WO3 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 WO3 with (004) 
diffraction plane, while in the high dopant (3%), the 
highest peak was WO3 with (222) diffraction plane. 

RMS
(nm)

Skewness 
(Ssk)

Kurtosis 
(Skr)

Bare glass substrate 13.1 0.97 0.74
Bare Si wafer substrate 0.33 3.78 40.88
WO3:B (1%)/glass 5.01 0.08 4.1
WO3:B (1%)/Si 9,39 0.16 1.96
WO3:B (3%)/glass 5.13 0.24 3.12
WO3:B (3%)/Si 6,48 0.70 11.56

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

Figure 2. The AFM images of the a, b) bare glass substrate, c, d) bare Si wafer substrate, e) WO3:B/glass (1%), f) WO3:B 
(3%)/glass, g) WO3:B (1%)/Si, h) WO3:B (3%)/Si.

(a) (b) (c) (d)

(e) (f)

(g) (h)
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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 WO3 films in the literature [5-9].

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

𝛿𝛿 =  (𝐶𝐶𝐶𝐶)−2    (2) 

𝜀𝜀 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 cos 𝜃𝜃
4    (3) 

 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].

𝐿𝐿𝐿𝐿 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
4 tan𝜃𝜃     (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 B2O3 in this 
structure is concluded owing to the large difference in 

Elmas S. / BORON 9(2), 53 - 61, 2024

Therefore, increasing the boron amount causes a 
change in the WO3 diffraction plane. This issue is 
not related to the nature of the utilized substrate. All 
emerging peaks show monoclinic WO3 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 λ (=1.5406 
Ǻ), FWHM, and θ are the X-ray wavelength, full width 
at half maximum of a peak, and Bragg diffraction 
angle, respectively.

𝐶𝐶𝐶𝐶 = 0.94 𝜆𝜆
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 cos 𝜃𝜃    (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 

Figure 3. The FE-SEM images of the a) WO3: B (1%)/glass, b) WO3: B (1%)/Si, c) WO3: B (3%)/glass, d) WO3: B (3%)/Si 
(Scale bar: 1µm).

Figure 4. The XRD pattern of the Boron-doped WO3 on 
glass and Si substrates, WO3:B/glass (1%, black line), 
WO3:B/Si (1%, red line), WO3:B/glass (3%, blue line), and 
WO3:B/Si (3%, pink line).

In
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ity

 (a
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10         20         30         40        50        60          70         80
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the ionic radii of W6+ (0.62Å) and B3+ (0.2Å) [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 WO3 structure. The emerging B2O3 
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 W6+ 
[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 

Table 3. The results of XRD measurement for the coated films on both substrates.

Peak
2θ (˚)

Diffraction 
plane
(hkl)

Phase Crystal size
(nm)

Dislocation 
density (δ)

(nm)-2

Microst-
rain
(ε)

Lattice strain
(LS) ICCD card

W
O

3:B
/g

la
ss

 (1
%

)

36.15 122 WO3 31 1.04×10-3 7.44×10-2 0.24 72-0199 
39.60 240 WO3 48 4.34×10-4 4.91×10-2 0.14 72-0199

40.33 021
103

WO3
B2O3

27 1.37×10-3 8.57×10-2 0.25 98-008-9092
72-0199

44.39 320 WO3 23 1.89×10-3 9.66×10-2 0.26 72-0199
46.01 123 WO3 49 4.16×10-4 4.80×10-2 0.12 72-0199

46.97 112
004

B2O3
WO3

39 6.57×10-4 5.98×10-2 0.15 98-005-1575
72-0199

W
O

3:B
/S

i (
1%

)

36.83 222 WO3 37 7.30×10-4 6.19×10-2 0.20 43-1035
40.32 103 B2O3 27 1.37×10-3 8.57×10-2 0.25 43-1035
42.80 133 WO3 23 1.89×10-3 9.71×10-2 0.27 43-1035
44.34 320 WO3 38 6.93×10-4 6.04×10-2 0.16 43-1035
45.88 123 WO3 38 6.93×10-4 6.00×10-2 0.15 43-1035

46.93 112
004

B2O3
WO3

39 6.57×10-4 5.98×10-2 0.15 98-007-4774
43-1035

52.31 420 WO3 50 4.00×10-4 4.68×10-2 0.11 43-1035
62.58 143 WO3 34 8.65×10-4 6.68×10-2 0.13 43-1035
75.49 030 B2O3 18 3.09×10-3 1.24×10-1 0.20 98-007-4774

W
O

3:B
/g

la
ss

 (3
%

) 36.94 222 WO3 48 4.34×10-4 4.95×10-2 0.16 43-1035
40.87 103 B2O3 31 1.04×10-3 7.33×10-2 0.21 98-008-0829
42.86 133 WO3 15 4.44×10-3 1.46×10-1 0.40 43-1035
44.81 123 WO3 32 9.77×10-4 7.23×10-2 0.19 43-1035
47.51 312 WO3 39 6.57×10-4 5.97×10-2 0.15 43-1035
62.88 143 WO3 34 8.65×10-4 6.67×10-2 0.13 43-1035
75.97 030 B2O3 14 5.10×10-3 1.64×10-1 0.27 96-151-0795

W
O

3:B
/S

i (
3%

)

36.99 222 WO3 48 4.34×10-4 4.95×10-2 0.16 43-1035
40.77 103 B2O3 23 1.89×10-3 9.78×10-2 0.28 98-000-8217

43.01 111
133

B2O3
WO3

48 4.34×10-4 4.85×10-2 0.13 98-005-1575
43-1035

44.85 123 WO3 38 6.93×10-4 6.03×10-2 0.16 43-1035

47.55 112
312

B2O3
WO3
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the thin films is computed using Eq. (5) [18]:

(𝛼𝛼ℎ𝑣𝑣)𝑛𝑛 = 𝐴𝐴 (ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔)   (5) 

 the α, 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 ½, which shows 
the indirect allowed transition of WO3. The absorption 
coefficient (α) 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 Eg values of the WO3:B films for both 1% and 3% 
on glass substrates were 3.23 [19] and 3.25 eV [20], 
respectively.

𝛼𝛼 = 𝐿𝐿𝐿𝐿 (1 𝑇𝑇⁄ )
𝑑𝑑     (6) 

 The optical parameters such as refraction index (n), 
reflectance (R), real (εreal), and imaginary (εimaginary) 
dielectric constants and optical loss factor (tan δ) of 
the prepared films on both substrates are illustrated 
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):

Figure 5. The a) narrow scan of W, and b) wide scan of the coated films. The optical results of the coated boron-doped 
WO3 upon glass substrates, c) absorbance, d) transmittance, e) absorption coefficient, and f) optical band gap (Eg).
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𝜀𝜀(𝜆𝜆) = 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜆𝜆) + 𝜀𝜀𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑖𝑖(𝜆𝜆)  (7) 

 
Those are defined in Eq. (8-10):

𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜆𝜆) = 𝑛𝑛2 − 𝑘𝑘2     (8) 

𝜀𝜀𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑖𝑖(𝜆𝜆) = 2𝑛𝑛𝑘𝑘     (9) 

tan 𝛿𝛿 = 𝜀𝜀𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑖𝑖 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟⁄   (10) 

 
Increasing the wavelength reduces this trend, which 
causes normal distribution [23]. The optical loss factor 
of the WO3: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 WO3 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 WO3 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 WO3:B (1%) 
and WO3: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 

Figure 6. The a) refractive index, b) reflectance, c, d) Real and imaginary dielectric constant, and e) optical loss factor of 
the films coated onto the glass substrate.
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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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ÖZET

Ön soğutma işlemi taze sebze ve meyvelerin hasattan kısa süre sonra meydana 
gelen bozulmalarının önüne geçmek amacıyla yürütülen soğuk depolamanın önemli 
basamaklarından biridir. Bu çalışmada, laboratuvar ölçekli bir soğutma sistemi ön soğutma 
işlem koşullarında faz değiştiren malzemesiz (FDM’siz) ve FDM’lerle test edilmiştir. FDM 
olarak sisteme su ve farklı konsantrasyonlarda hazırlanan Na2B4O7.10H2O çözeltileri 
entegre edilmiştir. Kompresör çalışma süresinin (%) tüm FDM’lerle azaldığı tespit edilmiştir. 
FDM’siz durumda %21,05 olarak belirlenen bu değerin ağ. %1,0 Na2B4O7.10H2O çözeltisi 
ile %12,12 değerine kadar düştüğü belirlenmiştir. Dolayısıyla, toplam enerji tüketiminde 
maksimum azalma, ağ. %1,0 Na2B4O7.10H2O çözeltisi ile %41,7 oranında hesaplanmıştır. 
Elektrik kesintisi esnasında ise, kabin iç hava sıcaklığının ortam sıcaklığına ulaşma süresi 
FDM’siz duruma göre ağ. %1,0 Na2B4O7.10H2O çözeltisi ile yaklaşık 4,3 kat uzadığı 
belirlenmiştir. Sonuç olarak, ön soğutma işleminde kullanılan soğutma sistemlerinde 
kullanmak üzere ağ. %1,0 Na2B4O7.10H2O çözeltisi alternatif FDM olarak önerilmektedir.
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ABSTRACT

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 Na2B4O7.10H2O 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.% Na2B4O7.10H2O solution. 
Therefore, the maximum reduction in total energy consumption was calculated to be 41.7% 
with 1.0 wt.% Na2B4O7.10H2O 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.% Na2B4O7.10H2O solution than that of the case without PCM during a 
power failure period. Consequently, 1.0 wt.% Na2B4O7.10H2O solution is recommended 
as an alternative PCM to be used in cooling systems employed in the precooling process.
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1. Giriş (Introduction)

Gıda ürünlerinin üretimlerinden son tüketiciye ulaşana 
kadar ki süreçlerde bozunmadan muhafaza edilmeleri 
çok önemlidir. Bu sebeple, tedarik zincir yönetimi 
türlerinden biri de soğuk zincir yönetimidir. Soğuk 
zincir yönetimi, süt, et, gıda, sebze, mantar, meyve, 
çiçek vb. gibi bozulabilir ürünlerin belirli bir süre içinde 
dağıtılmasını ve uygun koşullar altında saklanmasını 
sağlayan bir sistemdir [1]. Dolayısıyla, soğuk depolama 
bu tedarik zincirinin önemli bir basamağıdır.

Soğuk depolamanın önemli aşamalarından biri ön 
soğutma işlemi olarak bilinmektedir. Taze sebze ve 
meyvelerin kalitesinin korunması, hasat süreci sonrası, 
hasat koşullarına bağlı olarak barındırdıkları tarla ısısı 
olarak da bilinen ısının depolanma öncesinde hızlı 
bir şekilde alınmasına oldukça bağlıdır. Bu süreç ön 
soğutma işlemi olarak adlandırılmakta ve 0-10 ºC 
sıcaklık aralığında uygulanmaktadır [2]. Literatürde 
çok farklı ön soğutma uygulamasından bahsedilmiştir 
[3]. Ön soğutma yöntemleri; soğuk odada ön soğutma, 
hidro-soğutma, zorlanmış havayla ön soğutma, paket 
buzlama, vakumla ön soğutma ve kriyojenik soğutma 
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olmak üzere altı başlık altında sınıflandırılabildiği 
belirtilmiştir [4]. Bu yöntemlerden en bilinen ve yaygın 
olarak kullanılan uygulamalardan biri, soğuk hava 
deposunda veya ön soğutma odasında ürünlerin 
soğutulmasıdır [4]. Ön soğutmanın, ürün kalitesinin 
uzun süre korunması açısından avantaj sağladığı 
açıktır, ancak bu amaçla kullanılan sistemlerin 
tükettikleri enerjinin azaltılmasının da önemli olduğu 
bilinmektedir. Bu işlem yürütülürken tüketilen enerji 
miktarını azaltmanın alternatif yollarından biri, 
soğutma sistemlerinin termal enerji depolamasının 
en önemli örneklerinden biri olan faz değiştiren 
malzemeler (FDM'ler) ile çalıştırılmalarıdır. Tüm 
termofiziksel özelliklerinin bilinmesi, yüksek gizli ısısı 
ve kararlığı sebebiyle su, FDM olarak tercih edilirken 
[5,6], literatürde farklı ötektik tuz-su çözeltileri de 
önerilmektedir [7]. Bir evtipi buzdolabı performansı 
FDM’siz ve FDM olarak su (H2O) ve bir ötektik çözeltinin 
sisteme entegre edildiği durumlarda deneysel olarak 
incelenmiştir. Ötektik çözelti olarak, faz değişim 
sıcaklığı -5ºC olan bir sodyum klorür (NaCl) çözeltisi 
(%90 H2O+%10 NaCl) hazırlanmıştır. Sonuçlar FDM 
entegrasyonun performans katsayısını (coefficeint of 
performance, COP) önemli ölçüde arttırdığını ortaya 
koyarken ötektik çözeltinin suya göre daha etkin olduğu 
da belirtilmiştir [8]. Ev tipi bir buzdolabının FDM olarak 
su ve iki farklı faz değişim sıcaklığına (-2ºC ve -6ºC) 
sahip ötektik çözeltilerle teorik olarak modellendiği bir 
çalışmada, deneysel olarak da bir prototip buzdolabı 
test edilmiştir. Hem simülasyon hem de denklem 
sonuçları ile kompartman sıcaklığını kabul edilebilir 
sınırlar içinde tutmak için faz değişim sıcaklığı 0°C'nin 
altında olan bir ötektik FDM kullanılması gerektiği ortaya 
konulmuştur [9]. Dolayısıyla, bir soğutma sistemine 
FDM entegrasyonunda göz önünde bulundururulması 
gereken en önemli parametrelerden biri FDM’nin faz 
değişim sıcaklığıdır. Ötektik su-tuz çözeltilerinin FDM 
olarak tercih edilmelerinin en önemli sebeplerinden 
biri de faz değişim sıcaklıklarının hazırlanan çözelti 
konsantrasyonuna bağlı olarak ayarlanabilmesidir. 
Ancak, FDM’nin faz değişim sıcaklığı yanı sıra, miktarı, 
konumu ve kalınlığı vb. gibi çeşitli paramtrelerin de 
dikkate alınması gerekmektedir [10]. Literatürde, 
çeşitli FDM’lerin özelliklerinin sunulduğu ve FDM’lerin 
soğutma sistemlerinde kullanımının irdelendiği 
farklı çalışmaların derlemeleri sunulmuştur [11,12]. 
Örneğin, Joybari vd. (2015) tarafından sunulan 
çalışmada, literatürde sunulan çalışmalar göz önünde 
bulundurularak FDM özelliklerinin yanı sıra, ortam 
sıcaklığı, kabinin açılıp-kapanma sıklığı vb. gibi 
dikkate alınan diğer parametrelerde listelenmiştir 
[12]. Tüm parametreler göz önünde bulundurularak, 
belirli koşullarda çalışan soğutma sistemlerinin enerji 
tüketimini minimize edilebildiği uygun FDM’lerin 
önerilmesi, enerji kaynaklarının korunması ve enerji 
maliyetlerinin düşürülmesi açısından önemlidir. 
FDM’lerin soğutma sistemlerinde kullanımlarının 
sağladığı avantajların sunulduğu kapsamlı çalışmalar 
literatürde mevcuttur [13,14]. Rocha vd. (2023) 
2007-2023 yılları arasında küçük ölçekli soğutma 
sistemlerinde FDM’lerin kullanımının deneysel olarak 

incelendiği çalışmalarda kullanılan FDM’ler ve FDM 
konumlarına bağlı olarak elde edilen önemli sonuçların 
bir listesini sunmuştur. FDM’lerin sistemlere entegre 
edildiği durumlarda sağlanan enerji tasarrufları 
değerlendirildiğinde minimum %4,4 [15] ile maksimum 
%18,6 [16] arasında değiştiği görülmektedir [14]. Sonuç 
olarak, soğutma sistemlerine FDM entegrasyonun 
enerji tasarrufu sağlayacağı açıktır.

Soğutma sistemlerinde FDM kullanımının sağlayacağı 
enerji tasarrufu göz önünde bulundurularak, bu 
çalışmada ön soğutma işlemi koşullarında çalıştırılan 
bir soğutma sistemi FDM’siz ve FDM’li durumlarda test 
edilmiştir. FDM olarak, su ve Türkiye’de yaygın olarak 
bulunan bor minerallerinden biri olan tinkalin (boraks 
dekahidrat, Na2B4O7.10H2O) farklı konsantrasyonlarda 
hazırlanan çözeltileri kullanılmıştır. Literatürde çeşitli 
çalışmalarda FDM’ler, aşırı soğuma problemlerine 
çözüm olması için sodyum tetraborat dekahidrat 
(boraks dekahidrat) [17,18] gibi nükleasyon 
ajanlarıyla, faz ayrımının önüne geçilmesi amacıyla 
ise karboksimetil selüloz (CMC) gibi jelleştirici 
ajanlarla modifiye edilmiştir [19,20]. Ancak FDM olarak 
boraks dekahidrat çözeltilerinin soğutma sistemlerine 
entegre edildiği bir çalışma literatürde sunulmamıştır. 
Belirtildiği gibi Ülkemizde yaygın olarak bulunması 
dolaysıyla kolay erişebilir olması ve ucuz olması göz 
önünde bulunudurularak çalışmamızda ilk olarak 
boraks dekahidrat çözeltileri FDM olarak bir soğutma 
sistemine entegre edilmiştir. FDM entegrasyonun 
çalışma periyodunda kompresör çalışma süresine 
(%) ve toplam enerji tüketimine etkileri incelenmiştir. 
İlaveten elektrik kesintisi durumu simüle edilmiş ve 
kabin iç hava sıcaklığının FDM’siz ve FDM’li durumlarda 
ortam sıcaklığına ulaşma süreleri kıyaslamalı olarak 
değerlendirilmiştir. Tüm değerlendirmeler sonucu, ön 
soğutma amacıyla kullanılan bir soğutma odasının 
enerji tüketimini minimize eden ve elektrik kesintisi 
esnasında soğutma odasında ürünlerin uzun süre 
bozunmadan korunmasını sağlayacak olan uygun 
FDM belirlenmiştir.

2. Malzemeler ve Yöntemler (Materials and Methods)

2.1. Malzemeler (Materials)

Ön soğutma işleminin simüle edildiği laboratuvar 
ölçekli bir soğutma sistemine entegre edilmek üzere 
FDM olarak distile su ve Eti Maden Bandırma bor 
ve asit fabrikalarında üretilen boraks dekahidrat 
(Na2B4O7.10H2O) rafine bor ürününden farklı 
konsantrasyonlarda (ağ. %1,0-ağ. %3,0) hazırlanan 
çözeltiler kullanılmıştır.

2.2. Yöntemler (Methods)

Laboratuvar ölçekli bir soğutma sistemi [21], ön soğutma 
işlemini simüle etmek üzere 0-10 ⁰C sıcaklık aralığında 
FDM’siz ve FDM’li olarak test edilmiştir. Sisteme 
FDM olarak, su ve Na2B4O7.10H2O çözeltileri entegre 
edilmiştir. Boraks dekahidratın ajan olarak eklendiği 
çalışmalarda ağırlıkça düşük yüzdelerde FDM’lere 
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ilave edildiği görülmektedir [17,18,20]. Çalışmamızda 
da boraks dekahidratın çözünürlük verileri de [22,23] 
dikkate alınarak düşük konsantrasyonlarda (ağ. %1,0-
ağ. %3,0) çözeltiler hazırlanmıştır. Na2B4O7.10H2O 
çözeltilerinin pH değerinde konsantrasyon artışıyla 
belirgin bir değişim olmadığı, ağ. %1,0 ve %2,0 
Na2B4O7.10H2O çözeltilerinin pH değerleri 9,2 iken ağ. 
%4,0 Na2B4O7.10H2O çözeltisi pH değeri 9,3 olarak 
ölçüldüğü literatürde belirtilmiştir [23]. FDM çözelti 
miktarı, literatürde uygun miktar olarak belirtilen 600 
mL hacminde [7] hazırlanmıştır. Çözeltiler aluminyum 
kaplara yerleştirilmiş ve şarj etmek üzere dondurucuda 
(-18⁰C) yatay olarak dondurulmuştur. 

Soğutma sistem komponentleri kabin içine yerleştirilmiş 
bir evaporatör, bir kompresör, bir kondenser, 
bir genleşme valfidir. Şarj edilen FDM paketleri 
evaporatör yüzeyine entegre edilmiştir. Soğutucu 
akışkan olarak R404A sistemde sirküle edilmiştir. 
Sistemin bulunduğu ortam klimatize edilerek 20⁰C’de 
kararlı rejim şartları sağlanmıştır. Soğutucu akışkanın 
sistem komponentlerine giriş-çıkış sıcaklıkları, anlık 
güç tüketim verileri ölçülmüş ve kaydedilmiştir. Her 
bir deney en az üç defa tekrar edilmiş ve ortalama 
değerler dikkate alınarak değerlendirmeler yapılmıştır. 
Deneysel çalışma sonunda elde edilen verilerden 
kompresör çalışma süresi (%) (Eş. 1), toplam güç 
tüketimi (Eş. 2) ve enerji tasarrufu (%) (Eş. 3) değerleri 
hesaplanmıştır. Eş. 1’de, taçık kompresörün açık kalma 
süresi (dakika), tkapalı kapalı kalma süresini (dakika) 
göstermektedir. W(t) çalışma periyodu boyunca (4 
saat) toplam güç enerji tüketim değeri (kJ), W(t) ise 
anlık güç tüketim değeridir (kW). W FDM’siz durumda, 
WFDM ise FDM’li durumda toplam enerji tüketim 
değerleridir. Soğutma sistemi, çalışma periyodunun 
ardından, elektrik kesintisinin simüle edildiği durum 
için de FDM’siz ve FDM’li olarak test edilmiştir. Her iki 
durumda da elektrik kesintisi esnasında kabin iç hava 
sıcaklığının, ortam sıcaklığına ulaşma süreleri tespit 
edilmiştir.

Çalışma Süresi(%) = taçık
taçık+tkapalı

 x 100  (1) 

W(t) = ∫ Ẇ(t)dtt=4 saat
t=0 saat   (2) 

Eneji Tasarrufu(%) =  WFDM−W
W  x 100  (3) 

 
3. Sonuçlar ve Tartışma (Results and Discussion)

Laboratuvar ölçekli bir soğutma sistemi, ön soğutma 
amaçlı kullanılan bir soğutma sistemini simüle etmek 
üzere 0-10 ºC sıcaklık aralığında FDM’siz ve FDM 
olarak, su ve ağ. %1,0-ağ. %3,0 konsantrasyonlarında 
hazırlanan Na2B4O7.10H2O çözeltileri ile test edilmiştir. 
Kabin iç hava sıcaklığının 2 saatlik çalışma periyodu 
için FDM’siz ve FDM’lerin sisteme entegre edildiği 
durumlarda zamanla değişmi Şekil 1’de sunulmuştur. 
Şekil 1’de sunulan 2 saatlik çalışma periyodunda, 
FDM’siz durumda 6,3 olan döngü sayısının tüm 

FDM’lerle azaltıldığı görülmektedir. Döngü sayısı, su, 
ağ. %1,0 Na2B4O7.10H2O, ağ. %2,0 Na2B4O7.10H2O ve 
ağ. %3,0 Na2B4O7.10H2O çözeltileri ile sırasıyla, 4,4, 
3,6, 4,3 ve 4,6 olarak belirlenmiştir. Minimum döngü 
sayısının ağ. %1,0 Na2B4O7.10H2O çözeltisi ile elde 
edildiği görülmektedir. Döngü sayısında ki azalmanın 
kompresör açık ya da kapalı kalma süresinin uzaması 
ile ilişkili olabileceği bilinmektedir. Sistem toplam enerji 
tüketimi ise kompresör kapalı kalma süresinin uzaması 
ile sağlanacaktır.
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Şekil 1. Kabin iç hava sıcaklığının FDM’siz ve FDM olarak 
su ve Na2B4O7.10H2O çözeltileri ile değişimi (2 saat) 
(Variation of cabin air temperature without PCM and with 
water and Na2B4O7.10H2O solutions as PCM (2 hours)).

FDM’lerin entegre edildiği durumlarda belirlenen 
döngü sayılarında ki kompresör kapalı kalma süreleri 
Tablo 1’de sunulmuştur. Tablo 1 incelendiğinde 
FDM’siz ve FDM’li durumlarda kompresör açık kalma 
süresinin değişmediği, ancak FDM’siz durumda tespit 
edilen kapalı kalma süresinin FDM’li durumlarda 
arttığı görülmektedir. Kompresör açık ve kapalı 
kalma süreleri, Eş. 1 kullanılarak, çalışma süresi (%) 
değerlerinin hesaplanılması için kullanılmıştır. FDM’siz 
durumda %21,05 olarak hesaplanan çalışma süresinin, 
tüm FDM’lerle azaldığı görülmektedir. Kapalı kalma 
süresinde ki uzama FDM’lerle kompresör çalışma 
süresi (%) değerlerinin azalmasını sağlanmaktadır. 
Çalışma süresi değeri su, ağ. %1,0 Na2B4O7.10H2O, 
ağ. %2,0 Na2B4O7.10H2O ve ağ. %3,0 Na2B4O7.10H2O 
çözeltileri ile sırasıyla, 14,81, 12,12, 14,29, 15,38 
olarak hesaplanmıştır. Çalışma süresi değeri ağ. %1,0 
Na2B4O7.10H2O çözeltisi ile minimum değerine ulaştığı 
tespit edilmiştir.

FDM
Konsan-
trasyon
(ağ. %)

taçık
(dk)

tkapalı
(dk)

Döngü 
Süresi 

(dk)

Çalışma 
Süresi 

(%)
- - 4 15 19 21,05
Su - 4 23 27 14,81

Na2B4O7.10H2O
Çözeltisi

1,0 4 29 33 12,12
2,0 4 24 28 14,29
3,0 4 22 26 15,38

Tablo 1. FDM’siz ve FDM’li durumlarda kompresör çalışma 
süresi (%) değerleri (The running time (%) values.in the 
cases of with and without PCM).
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Soğutma sisteminde anlık olarak kompresör güç 
tüketim değerleri de kaydedilmiş ve değerler FDM’siz 
ve FDM’li durumlar için Şekil 2’de sunulmuştur.

Şekil 2. Kompresör güç tüketiminin FDM’siz ve FDM 
olarak su ve Na2B4O7.10H2O çözeltilerinin entegre edildiği 
durumlarda değişimi (2 saat) (Variation of compressor 
power consumption without PCM and with water and 
Na2B4O7.10H2O solutions as PCM (2 hours)).
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Kompresör anlık güç tüketim değeri incelendiğinde, 
FDM’siz durumda güç tüketim değerleri 0,301 kW 
ve 0,253 kW arasında değişirken, FDM olarak suyun 
kullanıldığı durumda 0,298 kW ve 0,258 kW arasında 
değiştiği tespit edilmiştir. FDM olarak ağ. %1,0, 
ağ. %2,0 ve ağ. %3,0 Na2B4O7.10H2O çözeltileri 
kullanıldığında maksimum ve minimum güç tüketim 
değerleri ise sırasıyla, 0,302 kW-0,256 kW, 0,300 kW-
0,257 kW, 0,303 kW-0,256 kW olarak tespit edilmiştir. 
Anlık güç tüketim değerlerinden Eş. 2 kullanılarak, 
çalışma periyodu için toplam güç tüketim değerleri 
hesaplanmıştır. FDM’siz durumda 13,07 kJ olarak 
hesaplanan toplam enerji tüketim değerinin tüm 
FDM’lerle azaldığı belirlenmiştir. Bu değer, FDM olarak, 
su ve ağ. %1,0, ağ. %2,0, ağ. %3,0 Na2B4O7.10H2O 
çözeltileri ile sırasıyla, 8,99 kJ, 7,62 kJ, 8,74 kJ ve 9,89 
kJ olarak hesaplanmıştır. Elde edilen değerlerden Eş. 
3 kullanılarak, FDM’lerle enerji tüketiminde ki düşüş 
(%) hesaplanmıştır. FDM olarak, su ve ağ. %1,0, ağ. 
%2,0, ağ. %3,0 Na2B4O7.10H2O çözeltileri ile enerji 
tasarrufu sırasıyla, %31,2, %41,7, %33,1, %24,3 
olarak hesaplanmıştır. Çalışma süresinin minimize 
edildiği durumda, ağ. %1,0 Na2B4O7.10H2O çözeltisi 
ile, beklenildiği gibi enerji tasarrufunun maksimize 
edildiği belirlenmiştir.

Soğutma sisteminde, çalışma periyodunun ardından 
elektrik kesintisi durumu simüle edilmiştir. Elektrik 
kesintisi esnasında, FDM’siz ve FDM’li durumlarda 
kabin iç hava sıcaklığının ortam sıcaklığına ulaşma 
süreleri tespit edilmiş ve Şekil 3’de sunulmuştur. Şekil 
3 incelendiğinde, kabin iç hava sıcaklığının ortam 
sıcaklığı 20 ºC’ye ulaşma süresi FDM’siz durumda 
115 dakika iken, bu süre tüm FDM’lerle uzamıştır. 
FDM olarak, su, ağ. %1,0 ve ağ. %3,0 Na2B4O7.10H2O 
çözeltileri ile kabin iç hava sıcaklığının ortam sıcaklığına 
ulaşma süresi sırasıyla 426 dakika, 490 dakika ve 420 

dakika olarak tespit edilmiştir. Bu sürenin ağ. %1,0 
Na2B4O7.10H2O çözeltisi ile maksimize edildiği ve 
FDM’siz durumda belirlenen sürenin 4,3 katına çıktığı 
belirlenmiştir.
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Şekil 3. Elektrik kesintisi periyodunda FDM’siz ve FDM 
olarak su ve Na2B4O7.10H2O çözeltilerinin entegre edildiği 
durumlarda kabin iç hava sıcaklığının zamanla değişimi 
(Cabinet air temperature versus time in the cases of without 
PCM and with water and Na2B4O7.10H2O solutions as 
PCMs during the power failure period).

Çalışma süresi (%), toplam enerji tüketimi ve enerji 
tasarrufu (%) değerleri ve elektrik kesintisi esnasında 
kabin iç hava sıcaklığının ortam sıcaklığına ulaşma 
süreleri, FDM’siz ve FDM’li durumlar için kıyaslamalı 
olarak, Tablo 2’de sunulmuştur. Tablo 2’de sunulan tüm 
sonuçlar değerlendirildiğinde, FDM olarak ağ. %1,0 
Na2B4O7.10H2O çözeltisi sisteme entegre edildiğinde 
çalışma süresinin (%) ve toplam enerji tüketiminin 
minimize edildiği, dolayısıyla enerji tasarrufu maksimize 
edildiği görülmektedir. Buna ek olarak, elektirik 
kesintisi esnasında kabin iç hava sıcaklığının ortam 
sıcaklığına ulaşma süresinin FDM’siz duruma göre ağ. 
%1,0 Na2B4O7.10H2O çözeltisi ile maksimize edildiği 
belirlenmiştir. Dolayısıyla, ağ. %1,0 Na2B4O7.10H2O 
çözeltisi sisteme entegre edildiğinde kabin içinde ki 
ürünler daha uzun süre bozunmadan korunabilecektir. 
Ön soğutma işlemi yürütülen bir soğutma sistemine 
FDM olarak, bor minerallerinden borik asitin iki farklı 
konsantrasyonunda (ağ. %2,0 ve ağ. %4,0) hazırlanan 
çözeltilerin test edildiği çalışmada da FDM’siz duruma 
kıyasla toplam enerji tüketiminin FDM’lerle azaltıldığı 
tespit edilmiştir. Kompresör çalışma süresi ağ. %2,0 
borik asit çözeltisi sisteme entegre edildiğinde minimize 
(%13,79) edilirken, sağladığı enerji tasarrufunun 
(%33,8) maksimum değere ulaştığı belirlenmiştir. 
Elektrik kesintisinin simüle edildiği durumda ise 
kabin iç hava sıcaklığının ortam sıcaklığına (20 ºC) 
ulaşma süresinin 429 dakika olduğu tespit edilmiştir. 
Tüm sonuçlar değerlendirildiğinde ağ. %2,0 borik asit 
çözeltisinin uygun bir FDM olduğu ortaya konulmuştur 
[24]. Önerilen ağ. %2,0 borik asit çözeltisi ile belirlenen 
kompresör çalışma süresi, çalışmamızda kullanılan 
Na2B4O7.10H2O çözeltileriyle elde edilen sonuçlarla 
kıyaslandığında ağ. %1,0 ve ağ. %2,0 Na2B4O7.10H2O 
çözeltileri ile sırasıyla %12,12 ile %14,29 olarak 
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tespit edilen değerlerin arasındadır. Tüm sonuçlar 
değerlendirildiğinde, kompresör çalışma süresinin ağ. 
%1,0 Na2B4O7.10H2O çözeltisi ile minimize edildiği 
görülmektedir. Böylelikle, bu FDM’nin sistemde 
kullanımının kompresör ömrünün arttırılmasına olanak 
sağlanacağı ortaya konulmuştur. FDM seçiminde faz 
değişim sıcaklığı ve gizli ısı değeri vb. gibi önemli 
özelliklerinin yanı sıra malzemenin çekirdeklenme 
hızı ve büyüme hızı yani kinetik özelliklerinin de 
dikkate alınması gerektiği bilinmektedir [25-27]. Tüm 
bu özelliklerin bileşik etkisi uygun FDM seçimini 
belirlemektedir. Elde edilen tüm sonuçlar ağ. %1,0 
Na2B4O7.10H2O çözeltisi ile kompresör çalışma süresi 
minimize edilerek enerji tasarrufunun maksimize 
edildiğini ortaya koymuştur, dolayısıyla alternatif bir 
FDM olarak önerilmektedir. Elde edilen tüm deneysel 
sonuçlar incelendiğinde, ön soğutma prosesinde 
sisteme FDM olarak ağ. %1,0 Na2B4O7.10H2O 
çözeltisinin entegrasyonuyla maksimum enerji tasarruf 
sağlanmasının yanı sıra elektrik kesintisi esnasında 
ürünlerin kalitesinin daha uzun süreli korunabileceği 
ortaya konulmuştur.

Tablo 2. Çalışma süresi (%), toplam enerji tüketimi ve 
enerji tasarrufu (%) değerlerinin FDM’siz ve FDM olarak 
Na2B4O7.10H2O çözeltilerinin entegre edildiği durumlarda 
değişimleri (Variations of the running time (%), total energy 
consumption and energy saving values in the cases of 
without PCM and with Na2B4O7.10H2O solutions as PCMs).

FDM FDM'siz H2O/FDM
Na2B4O7.10H2O/

FDM
%1,0 %2,0 %3,0 

Çalışma Süresi
(%) 21,05 14,81 12,12 14,29 15,38

Toplam Enerji 
Tüketimi
(kJ/4 saat)

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

Enerji
Tasarrufu (%) - - 31,2 - 41,7 - 33,1 - 24,3

Elektrik    
Kesintisi 
Esnasında 
Kabin İç Hava 
Sıcaklığının  
Ortam 
Sıcaklığına 
Ulaşma Süresi 
(dk)

115 426 490 - 420s

4. Sonuçlar (Conclusions)

Laboratuvar ölçekli bir soğutma sisteminin ön soğutma 
amaçlı kullanılan bir soğutma sistemini simüle etmek 
üzere 0-10 ºC sıcaklık aralığında FDM’siz ve FDM 
olarak, su ve ağ. %1,0-ağ. %3,0 konsantrasyonlarında 
hazırlanan Na2B4O7.10H2O çözeltileri ile test edilmiştir. 
FDM’siz durumda çalışma süresi %21,05 olarak 
belirlenirken, tüm FDM’lerle bu değerin azaldığı tespit 
edilmiştir. Çalışma süresi, FDM olarak, su ve ağ. %1,0 
Na2B4O7.10H2O, ağ. %2,0 Na2B4O7.10H2O, ağ. %3,0 
Na2B4O7.10H2O çözeltileri sisteme entegre edildiğinde 
sırasıyla, 14,81, 12,12, 14,29, 15,38 olarak bulunmuştur. 

Çalışma süresi değerinin ağ. %1,0 Na2B4O7.10H2O 
çözeltisi ile minimize edildiği tespit edilmiştir. Toplam 
güç tüketiminin tüm FDM’lerle, FDM’siz durumda 
belirlenen (13,07 kJ) değerden daha düşük olduğu 
belirlenmiştir. FDM olarak, su ve ağ. %1,0, ağ. %2,0, 
ağ. %3,0 Na2B4O7.10H2O çözeltileri ile toplam güç 
tüketiminin sırasıyla, 8,99 kJ, 7,62 kJ, 8,74 kJ ve 9,89 
kJ değerlerine düştüğü ortaya konulmuştur. Sonuç 
olarak, FDM’lerle sağlanan enerji tasarrufu değerleri 
ise sırasıyla, %31,2, %41,7, %33,1, %24,3 olarak 
hesaplanmıştır. Elektrik kesintisinin simüle edildiği 
durumda, FDM’siz durumda 115 dakika olan kabin iç 
hava sıcaklığının ortam sıcaklığına ulaşma süresinin 
FDM’lerle önemli ölçüde uzadığı belirlenmiştir. Bu süre, 
FDM olarak, su, ağ. %1,0 ve ağ. %3,0 Na2B4O7.10H2O 
çözeltileri sisteme entegre edildiği durumlarda 
sırasıyla, 426 dakika, 490 dakika ve 420 dakika olarak 
tespit edilmiştir. Tüm sonuçlar incelendiğinde, ön 
soğutma işleminin yürütüldüğü soğutma sistemlerinde 
kullanılmak üzere alternatif bir FDM olarak ağ. %1,0 
Na2B4O7.10H2O çözeltisi önerilmektedir. Bu çözeltinin 
belirtilen koşullarda çalışan sistemlere entegre 
edilmesinin önemli ölçüde enerji tasarrufu (%41,7) 
sağlayacağı ortaya konulmuştur. Buna ek olarak, 
elektrik kesintisi esnasında kabin iç hava sıcaklığının 
ani yükselişinin ağ. %1,0 Na2B4O7.10H2O çözeltisi ile 
engellenebileceği, dolayısıyla kabin içinde bulunan 
ürünlerin uzun süre bozunmadan korunmasına olanak 
sağlanabileceği ortaya konulmuştur.
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ABSTRACT

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 PA6/5GF/hBN nanocomposites at 1 wt% hBN, 
significantly increased compared to other developed 
PA6/5GF/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. 
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[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 Gültekin 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 MPa to 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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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 μm, 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. Göncü 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, Taşdelen 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. 
Kaştan 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. Karslı 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.

Nanomaterials Integration Technique Optimum Loading Mechanical Properties Reference

hBN

Coating with PA 66 0, 0.5, 2% wt% hBN

85 % increase in flexural 
modulus
52% increase in flexural 
strength

Ozgur et al.
[this research]

Dry mixing with PA 66 0.5, 1, 3 wt% hBN
13.6% increase in hardness, 
13.8% increase in tensile 
strength

Pramanik et al.
[2]

Mixing the components 
with PA 66 
withplasmaassisted 
mechanochemistry 
(PMC)

1, 5, 10, 20 wt% 
hBN

Enhanced mechanical 
properties for the composites 
were obtained by 20 wt% of 
h-BN content

Park et al.
[4]

Expanded graphite 
(EG), BN

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

80-5-15, 70-8-22, 
70-15-15, 60-25-15, 
84-8-8

105% and 91% increase in 
elastic modulus at a high 
percentage of additives

Travas et al.
[3]

BN and boron 
carbide (B4C) Mixing with epoxy 2 wt% of BN/B4C

Boron nanoparticles 
reinforced composites 
showed higher mechanical 
properties 

Gültekin et al.
[5]

BN nanotubes, 
Carbon nanotubes Mixing with epoxy

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

2.40 GPa of elastic modulus 
in epoxy 2 wt% BNNT
2.08 GPa of elastic modulus 
in epoxy 2 wt% CNT 

Ashrafis et al.
[6]

Cetyl-
trimethylammonium 
bromide-BN

Solvent blending 
and co-coagulation 
of thermoplastic 
polyurethane-based 
composites

0, 1, 2, 4 wt% hBN 79.3% increase in tensile 
strength

Cai et al.
[8]

BN Mixing with vinylester 
resins

0, 0.5, 1, 1.5, 2% 
wt% hBN

The ideal values were 
obtained with the addition of 
1% BN

Boztoprak et al.
[10]

BN (1-2 µm)
BN (7-10 µm)

Compression molding 
with PP

15, 21 and 29 vol% 
byBN

The thermal conductivity and 
storage modulus of BN with 
large particles increased

Cheewawuttipong 
et al.
[16]

Table 1. Some studies of hBN/polymer composites.
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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 μm and 7-10 μm). 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 μm) and 40 wt% 
(80 μm (batch)) and thiol-epoxy matrix thermoset 
composites. Composites with a size of 6 μm 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 μm, 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 
(6.3x1014 Ω.cm), high dielectric strength (16 kV/mm) in 
the frequency range of 10-1 to 10-7 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 μm 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 μm) 
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 μm) and aluminum 
nitride (AlN) particles (diameter 2.5 μm). The thermal 
conductivity of AlN 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, Türkiye) 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.

Mechanical Properties PA 66 30 wt.% short fiber 
reinforced PA 66

Elastic modulus (MPa) 3200 10000
Yield stress (MPa) 85 185
Izod notched impact 
strength (kJ/m2) 5 13

Melting temperature (°C) 262 262
Density (Kg/m3) 1140 1360

Table 3. Properties of hBN.
Parameter Value
Particle size (nm) 250-300
Form Powder
Density (g/cm3) 2.3
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, Türkiye) 
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 Mayıs University (OMU) KITAM Central 
Laboratory. The flexural strength (σf), modulus (EB), 
and strain (ɛf) 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].

σ� = ���
����   (1) 

𝐸𝐸� = ���
����   (2) 

𝜀𝜀� = ���
��    (3) 

 
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-1 

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, 2θ, 
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/
cm3 and 0.64 cm3. These were 1.374 g/cm3 and 0.18 
cm3 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/
cm3 and 0.64 cm3. These were 1.374 g/cm3 and 0.18 
cm3 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-1 and 
2859 cm-1 attributed to the symmetric and asymmetric 
C-H stretching vibrations and C-H twisting (Figure 2a). 
The peaks at 1635 cm-1 and 1534 cm-1 are attributed 
to the stretching vibration of the C=O group of amide 
I and the N-H bending and C-N stretching vibration 
of amide II. The peak at 1271 cm-1 indicates C-N-H 
coupling vibration of amide III. The peaks at 935 cm-1 

and 1197 cm-1 are attributed to Si-OH and Si-O-Si 
groups. Typical peaks of hBN at 1353 cm-1 and 803 
cm-1 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).
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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 
Modulus (GPa)

Bending 
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 Taşdelen 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]

(a)

(b)

PA 66/GF30
2,0% hBN
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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 PA 66/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 2θs = 20.9° and 24.0° [27]. The 
hBN nanoparticles in the composite exhibited distinct 
and sharp peaks at 2θ = 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.
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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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ABSTRACT

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 
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 
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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 
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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. Na2B4O7·10H2O 
(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 (LC50 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 in the 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-1; limit of quantification (LOQ) value was 
5.25 ng.g-1; the relative standard deviation (RSD, %) 
and the coefficient of determination (R2) 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 
ambiance.Parameters, Unit Analytical 

method
Mean ± Std. 

Error

Water temperature, °C Temperature 
probe 20.10±0.91

Dissolved oxygen, mg/l Oxygen meter 
probe 7.83±0.09

pH pH probe 7.12±0.13

Total hardness, mg/l Titrimetric 
method 98.75±2.23

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 on the 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 (LC50) 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.

Pearson's R matrix Concentration 
(mg/l)

Number of 
Mortality 
(n)

Pearson's R 0.80 (P<0.01)*
df 7
p-value 0.005
95% Confidence 
Interval Upper 0.965

95% Confidence 
Interval Lower 0.394

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 R2=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 LC50 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. 
LC50 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.
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Figure 2. Result of probit regression estimation.
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Figure 3. Lethal concentration (LC50) 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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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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ABSTRACT

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 sp2 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 2s2 and 2p1 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 sp2 
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 
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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: γ-orthorhombic, β-tetragonal, 
α-rhombohedral, and β-rhombohedral [5].

Table 1. Structural properties of boron.

B

Atomic number 5
Phase Solid
Atomic weight 10.81

Allotropes

α-tetragonal, α-rhombohedral,
β-rhombohedral, γ orthorhombic,
β-tetragonal, borophene, cubic 
boron, borospherene,
amorphous boron

Isotope 10B, 11B
Melting point 2076°C
Density (liquid) 2.08 g/cm3

Molar heat capacity 11.087 J/(mol·K)
Thermal 
conductivity 27.4 W/(mK)

Electronegativity 2.04

https://orcid.org/0000-0002-9503-5884


83

Tüzemen G. B. / BORON 9(2), 82 - 95, 2024

αB

β12B

χ3B

Figure 1. a) The real image of borophene, b) Structure of 
smallest atomic-cluster scale borophene (B36), c) Top and 
side views of atomic structures of αB, β12B, and χ3B [Open 
access 27].

At room temperature, the most prevalent and stable 
phase is β-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.

(b)

(c)

(a)
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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 σ 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 MoS2, 
which are readily accessible on the market, as a 
feasible choice for hydrogen evolution reaction (HER) 
in H2 fuel batteries, according to recent research. 
Graphene is not as efficient at storing H2 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, β12, and χ3 [24]. Furthermore, 
χ3 and β12 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 β12 and 
χ3 sheets are quite close together [4]. The borophenes 
β12 and χ3 are metallic. Tight hole densities in the β12 
and χ3 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 χ3 phase, whereas β12 is an atomic sheet 
with atomic ridges [24-27]. Figure 1c shows the atomic 
structures of αB, β12B, and χ3B borophene. Higher 

electron densities are observed along the ridges with 
the χ3 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 χ3 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 β12 and χ3. According to Penev et al.'s [29] 
prediction, the 2px and 2py states gave rise to the 
metallic states of β12 and χ3 sheets, which caused a 
band gap to develop in the boron sheets at η=10~15%, 
almost exactly at the Fermi level. Further theoretical 
calculations show that borophenes such as α, β12, χ3 
and δ6, 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 γ-B28 and α′-
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 α-sheet borophene was found to be 
1.43 nWK-1 nm-2 [13]. Furthermore, the majority of 
other borophenes have anisotropic heat conduction. 
In the zigzag and armchair directions, the thermal 
conductivities of β12 are approximately 10.97 and 3.30 
nWK-1 nm-2, 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 χ3-borophene 
along the (a) c-axis (b) a-axis and (c) b-axis [25].
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Figure 2. Top view of χ3-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 (~1 × 10-10 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 × 10-5 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 a result, β12 and χ3 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 
α-phase layers (referred to as BL-α 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-α 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 H2 and sodium borohydride (NaBH4) served as 
carrier gases and boron sources. The lattice structure 
of the synthesized borophene was found to match 
the expected α′-boron layer. Under the light of a 625 
nm light-emitting diode, the borophene photodetector 
exhibits good photosensitivity of 1.04 A W-1 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: B2O3 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 B2O3 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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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 

borophene was created. The existence of interphases 
of β12, χ3, 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-1, 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 μm 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 
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Figure 3. (a) Illustrates the sonication-assisted liquid-phase exfoliation process, (b) SEM images of bulk B. The insets of 
(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.

(b) (c)(a)

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

IIn recent years, the in-situ MTD of NaBH4 has been 
used to manufacture freestanding, large-scale, ultra-
stable hydrogenated borophene layers. By using in-
situ MTD of NaBH4 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 

β-rhombohedral, γ-orthorhombic, and τ-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 H2 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].
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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, B2O3 γ-phase, rhombohedral [22]
Exfoliation by Sonochemistry 5-100 Boron powder β12, X3, and intermediate phases [24]
Molecular beam epitaxy 150-500 Pure boron, Borax β12 and X3 phases [41]
Multi-step thermal decomposition 490-800 NaBH4 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 H2 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 H2. Liu et al. [51] conducted a 
theoretical investigation into the HS characteristics of 
β12-borophene and β12-borophene decorated with 
Li. The results show that H2 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 
β12-borophene and enhanced the HS performance 
using Li atoms. Numerical simulations show that the 
2Li-β12 system has an HS capacity of 10.85 weight 
percent and can adsorb up to H2 molecules, compared 
to the Li-β12 system's maximum capacity of seven 
H2 molecules. Consequently, the reversible HS ability 
was enhanced, and the amount of hydrogen stored 
was greatly increased by the physical adsorption of 
H2 on Li-β12. 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 H2 molecules at 0 K, 
with an improved binding energy of -0.20 to -0.32 eV/
H2. When the boron plate is adsorbed with Ca on both 
sides, a gravimetric H2 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 H2. 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 NaBH4 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 3×103 [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 0.65 to 2.10 eV. When compared 
to other 2D monoelemental materials, it demonstrates 
a considerable increase in photosensitivity (58.5 
μA W-1) and photocurrent intensity (5.0 μA cm-2) 
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 CO2 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 α-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 χ3, α, and β12 
borophenes. Ni-doped α-borophene exhibited low 
Gibbs free hydrogen adsorption energy (ΔGH~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 ΔGH 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 CO2 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 
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did not affect the catalytic activity of armchair BNRs 
(ABNRs). A Gibbs free energy of ΔGH ≈ 0 was reached 
at a critical pressure strain of εC = -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 CO2 electroreduction of Cu-supported borophene 
structures was studied by Shen, H., and collaborators. 
The lowering of the CO2 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 CO2-
CH3OH, borophene-based copper chains exhibit 
strong catalytic activity for CO2 electroreduction. Cu's 
outstanding CO2 consumption performance motivates 
the distribution of Cu's 2D characteristics for improved 
catalysis. They investigated the catalytic characteristics 
of Cu atom chains on β-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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Figure 6. (a) The energy-strain diagram of ABNRs, and 
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4.4. Metal-Ion 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 χ3 borophene, using χ3 borophene 
as the prototype system. It is anticipated that 
borophenes, which are synthetic polymorphs of boron 
with three different forms (T, β12, and χ3), 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 χ3 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 β12 
and χ3 borophenes with high energy barriers (about 
0.6 eV). Strong binding of halogens to χ3borophene 
resulted in a large electron transfer from the second 
to the first, which caused a local electron shortage in 
χ3borophene. 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]. α-borophene was synthesized by Göktuna and 

Taşaltın [60] using a simple and inexpensive ultrasonic 
exfoliation method. The synthesized α-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-1. 
This demonstrated that α-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 3.0 V, 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-II 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-2 h-1. 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-1. 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, χ3, and β12 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 β12 and χ3-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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