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Colemanite, the most significant commercially available borate mineral with calcium
content, exhibits versatile applications and is widely used in glass, textiles, ceramics,
detergents, and other industries. Investigating the dehydration characteristics, kinetics,
and thermodynamics of this borate mineral is important to improve its performance
because of its usage in different industries. This study involves a combination of
characterization and thermal dehydration kinetics of colemanite results. First, colemanite
is analyzed structurally and morphologically through X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). Then,
different heating rates were applied to investigate the thermal behavior of the colemanite
using thermogravimetric analysis (TGA). Based on the obtained thermograms, the
dehydration zone was selected for kinetic and thermodynamic analysis using conversional
kinetic methods. The average activation energies were calculated as 64.1+4.3, 59.6+3.9,
59.943.7, and 60.0+4.1 kd/mol for Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose, Starink,
and Tang models, respectively. Through the thermodynamic analysis, it was found that

the dehydration of colemanite was a non-spontaneous and endothermic process.

1. Introduction

Turkiye is one of the top producers of borates worldwide
and about 70% of the world’s boron ore reserves are
located in the country [1-3]. Boron is not found in nature
in a free state; instead, it is usually found combined
with oxygen or within other compounds, including
sodium, calcium, and magnesium. The most important
boron minerals are ulexite, colemanite, probertite,
tincal, and kernite. Among these minerals, colemanite
(2Ca0-3B,0,-5H,0) is the most important commercial
borate mineral and raw colemanite ore contains
between 28% and 42% B,O, [4,5]. Colemanite is
widely used in the glass, ceramics, paint, detergents
industries, and nuclear fields. However, colemanite
is challenging to employ directly for some industrial
applications, such as in glasses and ceramics, due
to its water content, which can affect the properties
of the end products [6-8]. The water that occurs due
to crystallization can be removed from the hydrated
mineral for various technological and economic
applications. For example, dehydration can benefit
device design while reducing the mass of the material,
which brings economic advantage through decreased
transportation costs. Colemanite can be dehydrated
to obtain various boron products in different forms
[5,9]. Therefore, understanding the dehydration
characteristics of colemanite and identifying the kinetic
parameters are of great value for improving product

quality and processing conditions. Various analytical
techniques can be applied to study the thermal
decomposition of colemanite, with thermogravimetric
analysis (TGA) being one of the most popular and
useful techniques. TGA monitors the changes in the
mass of a material with increasing temperature. This
provides valuable insights into the mineral’s thermal
degradation [10]. Isoconversional kinetic models can
be used to obtain comprehensive information on the
thermal degradation of colemanite. There are several
reports on the thermal degradation and kinetics of the
colemanite in the literature [4,11-14].

In this work, the thermal decomposition behavior
of colemanite, an important boron mineral, was
investigated using TGA. It was determined that the
decomposition mainly occurred due to the removal of
water, i.e. dehydration, and the borate degradation,
i.e. dehydroxylation. The kinetics of the dehydration,
which refers to the decomposition occurring in the
range of 65-340°C, were investigated using different
isoconversional models. The novelty of the presented
paper is, combining kinetic and thermodynamics
calculations to provide a comprehensive report on the
colemanite dehydration process. Inaddition, colemanite
was subjected to structural and morphological analysis
to determine the physicochemical properties.

*Corresponding author: sevgi.polat@marmara.edu.tr
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2. Experimental Method

The colemanite ore sample was supplied from the
Kitahya region Emet, by Eti Mine Inc. (Tlrkiye). The
chemical analysis results indicated that it contains
39.5% B,0,, 26.2% CaO, 22.1% H,0 and 12.2%
other oxides such as SiO,, Na,O0, MgO and Al,O,. The
structure of the colemanite was characterized using an
X-ray diffractometer (XRD, Bruker D2 Phaser, USA) by
collecting a diffraction pattern with a scanning range
of 10-70° with a copper target. The X-ray generator
was set at a tube voltage of 40 kV and a current of 40
mA. Attenuated total reflectance - Fourier transformed
infrared (ATR-FTIR, Shimadzu IR Affinity-1, Japan)
spectrum was recorded with a scanning range from
600 to 4000 cm™. The particle morphology was
investigated using scanning electron microscopy
(SEM, Zeiss EVO LS 10, Germany). energy dispersive
spectroscopy (EDS) mapping was also recorded. The
thermal property of the colemanite was observed
using a TGA (Netzsch STA 409, Germany). Before
the experiments, several blank experiments were
conducted to obtain the baseline to use as corrections.
Approximately 10 mg of the sample was accurately
weighed into an aluminum pan. The sample was
heated with a constant heating ramp of 5, 10, 20,
and 40°C/min from 30°C to 950°C while nitrogen (N,)
was supplied at a constant flow rate (20 cm?®/min).
The data collected were further analyzed for kinetic
analysis. In this study, four prominent isoconversional
methods, such as the Flynn-Wall-Ozawa (FWO)
[15,16], Kissinger-Akahira-Sunose (KAS) [17,18],
Starink [19], and Tang [20] models were utilized to
conduct the dehydration kinetic parameters such as
the pre-exponential factor and activation energy. The
linearized forms of the kinetic models are given in
Equations 1-4, respectively.

FWO: Inp = In (%) - 5331 - 1052 (1)
KAS: In(L) = In (E‘g‘f)) -= )
starink: In (+5;) = C — 1.0008 3)
Tang: In (&) = C— 1.00145 = (4)

where A is the pre-exponential or frequency factor
(min™), E is the activation energy (kJ/mol), B is the
heating rate (°C/min), T is the absolute temperature
(K), R is the ideal gas constant (8.314 J/mol K). To
estimate the frequency factor (A) for each value of a,
Kissinger’s equation [21] given in Equation 5 was used
in this study.

BEexp(E/RTpeak)
o = BB ) )
peak

Based on kinetics, thermodynamic parameters of the
dehydration process, including enthalpy change (AH),
Gibbs free energy change (AG), and entropy change
(AS), can be obtained by using kinetic parameters and
Eyring equations [22,23].

AH = E —RT (6)

4G = E + RTyqqyIn(2225%) 7)
AH-TAG

AS - Tpeak (8)

where Tpeak is the peak temperature of the derivative
thermogravimetry (DTG) (mass loss rate) curve, K, is

the Boltzmann constant, and h is the Planck constant.

3. Results and Discussion
3.1. Characterization

In this study, characterization was performed
to investigate the structural and morphological
characteristics of the colemanite. The XRD and FTIR
results of the colemanite are presented in Figures 1a
and 1b, respectively.
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Figure 1.a) XRD patternand b) FTIR spectrum for colemanite.

4000 1500 1000

According to the XRD result, the distinct characteristic
diffraction peaks were determined at 26 of 13.28,
15.68, 22.94, 28.34, and 31.67° and corresponded to
the (110), (020), (210), (131), and (040) lattice planes
of the colemanite, respectively. These peaks align with
the positions of the colemanite diffraction standard
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card (ICDD PDF No: 33-0267), confirming the structure
of colemanite. The crystal system was a monoclinic
structure, and the unit cell parameters were calculated
using the Rietveld refinement method as a=8.751 A,
b=11.292 A, c=6.146 A, and B=109.56°, consistent with
those reported in earlier studies [7,8]. FTIR analysis
was conducted to determine functional groups in the
colemanite. Figure 1b shows the typical characteristic
FTIR absorption bands of colemanite. The broad peak
between 3700 and 2950 cm™ is associated with the
stretching hydroxyl groups in the structure, and the
small peak at about 1630 cm™ is attributed to the
H-O-H (lattice water) [24]. The asymmetric stretching
vibrations of B,-O are associated with the peak at
1459 cm™ and 1354 cm™'. The peaks at 1317 and 1210
cm™ are connected to the bending vibrational modes
of the B-OH. Furthermore, the peaks at 1047 and
855 cm™ are linked to the asymmetric and symmetric
stretching of B4)-O, respectively [8,25]. FTIR spectrum
supported the finding of the XRD result and confirmed
the presence of colemanite.

Figure 2 displays the SEM image of the colemanite
with the EDS result. When the SEM image of the
colemanite mineral was examined, it was observed that
both small and large particles coexisted. As consistent
with the literature [9,26], the size and morphology of
the particles were not homogeneous, and the surfaces
were rough. Individual smaller particles identified in
the SEM image had ~4 um size. These small particles
combined to form larger particles and the particles had
an intense agglomeration tendency. Furthermore, the
EDS spectrum confirmed the presence of Ca and O
elements, which are constituents of colemanite.

P,

3o
20 ym EHT =10.00 kV Signal A = SE1
= WD=9.0mm Mag = 1.00 KX

0.0 vl i i 1 s
000 067 134 201 268 355 402  4.69keV
Figure 2. SEM image of the colemanite with EDS spectrum.

3.2. Thermal Analysis

The thermal decomposition characteristics of
colemanite play a crucial role in using high-temperature
process applications. Therefore, thermal analysis was
performed at different heating rates. Figures 3a and
3b present the TGA and DTG curves for colemanite at
heating rates of 5, 10, 20, and 30°C/min.
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Figure 3. a) TG and b) DTG curves for colemanite and c)

Conversion vs. temperature for colemanite dehydration at
5,10, 20, and 30°C/min.

350 650

The DTG curve exhibited a three-step mass loss.
Considering the first loss in mass, i.e. the complete
dehydration of colemanite, the total theoretical mass
loss should be 21.89% as shown in the following
equation:

2Ca0.3B,05.5H,0 — Ca,B404; + 5H,0 9)
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The TGA curves reveal a mass loss of ~22% within
the temperature range of 65 to 340°C, which closely
matches the theoretical value of crystalline water
content for colemanite. As shown in the DTG curves,
the maximum mass loss rate of colemanite occurred
at 191°C, 197°C, 219°C, and 231°C for 5, 10, 20,
and 30°C/min, respectively. According to the TGA
and DTG results, increasing the heating rate from 5
to 40°C, the peak temperature moved towards the
higher temperature due to the thermal lag effect.
Moreover, the DTG curves display two additional
peaks at higher temperatures. The second loss in
mass is approximately 5% with an onset temperature
of ~380°C and finishing at ~600°C and it can be
associated with the calcite decomposition according
to the following equation:

CaC0; — Ca0 + CO, (10)

A third mass loss event occurs between ~650°C and
~900°C as stated in the literature, this peak may arise
from the recrystallization of the subsequent amorphous
phase [1].
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3.3. Kinetic and Thermodynamic Analysis

In this study, the dehydration kinetics of colemanite
minerals were examined. Therefore, kinetic and
thermodynamic calculations were made using TGA
data in the 65-340°C range using four different kinetic
models, namely FWO, KAS, Starink, and Tang models.
Figure 3c illustrates the conversion degree (a) versus
temperature in the dehydration zone for different
heating rates.

The conversion degree (a) is defined as:

a =Wy — Wy/Wy — We (11)

where W, W,, and W, refer to the initial, instantaneous
mass at time t and final sample mass, respectively.
Using this data, the plots for FWO, KAS, Starink,
and Tang models were obtained at various extents of
conversions from 0.1 to 0.9, and the results are given
in Figure 4.
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- 05
& 954 0.6
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Figure 4. Linear fit plots to calculate activation energy for colemanite.
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Activation energies, minimum energy needed for
the reaction, and the corresponding correlation
coefficients were calculated using the slopes of each
line. Figure 5 shows the activation energy values at
different conversion degrees determined by different
kinetic models.

@FwOo  BKAS @ sStarink @ Tang

Activation Energy [kJ/mol]

0.1

0.2 0.3 0.4 0.5 0.6
Conversion [a]
Figure 5. Activation energy

conversion degree for colemanite.

0.7 0.8 0.9

with  respect to

All correlation coefficients of fitted models to the
experimental data were higher than 0.95, showing

the model agreed with the experimental results and
indicating its suitability for accurately describing
dehydration. The activation energies and pre-
exponential factors obtained by different models range
from 35.6 to 76.1 kJ/mol and 1.77x10% to 1.46x10°®
min, respectively. The fluctuation tendency of the four
kinetic models was similar, and the activation energy
of the colemanite during thermal decomposition was
increased as dehydration started, then decreased
slightly in a conversion degree between 0.6 and
0.9. This fluctuation indicated that the activation
energy varied depending on the conversion degree.
The average activation energies of colemanite were
64.1+4.3, 59.6+3.9, 59.913.7, and 60.0+4.1 kJ/mol for
FWO, KAS, Starink, and Tang models, respectively.
It was found that there were small discrepancies
between the calculated activation energies from
different models due to the different approximations
on which the used models are based. Waclawska [12]
calculated the activation energy ranges of 393.7-102.6
J/g depending on the grinding time for the colemanite
dehydration process.

Based on the activation energies, thermodynamic
parameters of colemanite were calculated for 10°C/
min, and the results were listed in Table 1.

Table 1. Thermodynamic parameters for thermal decomposition of colemanite at 10°C/min.

FWO KAS

a A AH AG AS A AH AG AS

(min')  (kJ/mol)  (kJimol) (kJ/mol) | (min')  (kJ/mol)  (kJ/mol)  (kJ/imol)
0.1 6.60x10° 36.4 122.9 -183.9 | 1.77x10° 31.7 123.3 -194.8
0.2 4.74x10* 43.5 122.2 -167.5 | 1.24x10* 38.7 122.6 -178.6
0.3 4.58x10° 60.2 121.0 -129.5 | 1.45%108 55.9 121.3 -139.1
0.4 1.26%107 63.9 120.8 -121.1 | 4.00%108 59.6 121.1 -130.6
0.5 1.46x108 73.0 120.3 -100.7 | 5.06%107 69.0 120.5 -109.5
0.6 1.17x108 72.2 120.4 -102.5 | 3.92x107 68.1 120.6 -111.6
0.7 7.77x107 70.6 120.5 -106.0 | 2.47x107 66.4 120.7 -115.5
0.8 2.86x107 66.9 120.7 -114.3 | 8.32x108 62.4 120.9 -124.5
0.9 1.20x10° 55.2 121.4 -140.7 | 2.71x10° 49.8 121.7 -153.0
Av. 4.64x10° 60.2 1211 -129.6 | 1.43x107 55.7 121.4 -139.7

Starink Tang

a A AH AG AS A AH AG AS

(min”) (kJ/mol) (kJ/mol) (kJ/mol) (min™) (kJ/mol) (kJ/mol) (kJ/mol)
0.1 1.89x10° 32.0 123.3 -194.3 | 1.93x10° 32.0 123.3 -194.1
0.2 1.34x10* 38.9 122.6 -178.0 | 1.36x10* 39.0 122.6 -177.9
0.3 1.55x10¢ 56.2 121.3 -138.5 | 1.57x108 56.2 121.3 -138.4
0.4 4.29x10° 59.9 121.1 -130.0 | 4.35%10° 60.0 121.1 -129.9
0.5 5.43x107 69.3 120.5 -108.9 | 5.50%107 69.4 120.5 -108.8
0.6 4.21x107 68.4 120.6 -111.1 4.27x107 68.4 120.6 -110.9
0.7 2.65x107 66.6 120.7 -114.9 | 2.69x107 66.7 120.7 -114.8
0.8 8.97x10° 62.6 120.9 -123.9 | 9.11x108 62.7 120.9 -123.8
0.9 2.93x10° 50.1 121.7 -152.3 | 2.99%x10°% 50.2 121.7 -162.2
Av. 1.53x107 56.0 121.4 -139.1 1.55%107 56.1 121.4 -139.0
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As seen in Table 1, the decomposition of colemanite
exhibited a positive value for AH, indicative that
the reaction was an endothermic process. The AG
represented the increase in total energy in a system and
was a comprehensive evaluation of heat and disorder.
As shown in Table 1, the AG values of colemanite were
between 120.3 and 123.3 kJ/mol for different kinetic
models. The AG values displayed positive, suggesting
a non-spontaneous reaction that necessitated external
energy input to facilitate the process. The degree of
disorder within the dehydration system is measured
by AS. The decomposition of colemanite resulted in
negative AS values, indicating a decrease in disorder.

4. Conclusions

The current study focused on the investigation of
the thermal decomposition behaviors, kinetics, and
thermodynamics of colemanite minerals. XRD result
demonstrated that the crystal system was a monoclinic
structure. The kinetics and thermodynamics of
colemanite were determined by TGA. The value of
average activation energy was 64.1+4.3 kJ/mol, and
the average pre-exponential factor was 4.64x108 min™’
using for FWO model. The results of the other three
isoconversional models used were compatible with
FWO. The AH, AG, and AS for the colemanite varied
between 31.7 and 73.0 kJ/mol, 120.3 and 123.3 kJ/
mol, and -100.7 and -194.8 J/mol.K depending on the
kinetic model at 10°C/min, respectively. It is believed
that this study will provide beneficial information to
better understand the thermal characteristics, kinetics,
and thermodynamics of colemanite.
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Boron-doped ordered mesoporous carbons (B-OMCs) were synthesized by a one-
pot soft-templating strategy, where resorcinol and formaldehyde were used as carbon
sources, boric acid was used as boron source, and Pluronic F127 was used as structure
directing agent. The effect of temperature and the boric acid content on the physical
and electrochemical properties of the resultant materials were investigated. Inductively
coupled plasma atomic emission spectroscopy (ICP-OES) was used for elemental
analysis of the samples. The synthesis temperature did not have an overall positive
effect on the doping of boron with a fixed amount of boron source. However, there was
a clear increase in the doped-boron content when both the temperature and the boric
acid content were increased. Nitrogen adsorption analysis isotherms showed that the
samples had similar ordered mesoporous structures with surface areas varying between
535 and 712 m?/g. The uniform morphology in transmission electron microscopy (TEM)
also confirmed the ordered mesoporous structure. Employing cyclic voltammetry
analysis, the highest oxygen reduction activity (-0.28 mA/cm?) was achieved with the
highest boron-doping percentage (0.29%) for a synthesis temperature of 77°C and boric
acid to carbon ratio of 2. These results show that the boron-doped ordered mesoporous
carbon is a promising material as catalyst support for improving the oxygen reduction
reaction activity.
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1. Introduction

Ordered mesoporous carbons (OMCs) are promising
materials for fuel cell applications, thanks to their high
surface areas and electrical conductivities making them
excellent candidates for catalyst support. Traditionally
used electrode supports are mostly carbon blacks
or their derivatives which are easy to manufacture,
typically as by-products of incomplete combustion of
coal or petroleum products [1]. However, they have
shortcomings such as having significant microporosity.
They lack a well-defined morphology which makes
modeling and prediction of mass transfer and kinetics
at the surface difficult. They have low electroactivity
for oxygen reduction reaction and weakly bind the
metallic nanoparticles [2]. On the other side, OMCs
have uniform textures with pore sizes in the mesopore
range, typically large enough for an effective mass
transfer. At the same time, the mesostructure provides
sufficient contact area for the surface reactions. The
effectiveness of OMCs as catalyst support mostly
depends on the morphology and the surface chemistry,
which can vary significantly by the synthesis method
[3.,4].

There are two main strategies to synthesize OMCs,
the hard-template and the soft-template methods
[5]. The hard-template method involves the use of
a silica-based template with a predefined ordered
mesostructure. This template is infiltrated with a
carbon source, followed by carbonization and removal
of the template by etching. This method is successful
in producing highly ordered carbon structures thanks
to the ordered silica template. However, it often leads
to small pore size, which is disadvantageous both for
mass transfer and catalyst deposition. The use of a
hard template also makes this technique costlier. The
alternative strategy is the soft-templating method,
which depends on the direct synthesis of mesoporous
carbon in a one-step, self-assembly process. In this
method, a polymerization reaction is carried out in a
solvent medium, where structure-directing agents
form the soft template for the polymer. The polymer is
then separated and carbonized in an inert atmosphere
to produce mesoporous carbon. This method provides
greater flexibility and enables the synthesis of a
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wider range of pore structures [6]. Depending on
the synthesis parameters such as acidity, carbon-to-
surfactant ratio, and carbon source type, the structure
may vary in a wide range from ordered to completely
disordered [7].

In  recent years, heteroatom-doped ordered
mesoporous carbons gained importance due to their
potential for being used as metal-free electrocatalysts
[8]. Many studies showed that doping of carbon
surface with nitrogen, boron, phosphorus, or sulfur
increases its oxygen reduction reaction (ORR) activity
significantly [9-12]. This may lead to the elimination
of the need to use costly noble metal catalysts,
most notably platinum and palladium. The activity of
doped carbons is still inferior to traditional catalysts,
however, they have great potential in specific cases
where high ORR activity is not needed. One example
is the cathode of the microbial fuel cell, where the
performance is limited by the rate of anodic reaction
and the cathode cost is the primary issue rather than
the activity [13].

Among different types of doped carbons, the boron-
doped mesoporous carbons (B-OMCs) attracted
attention due to their unique properties which make
them suitable candidates as ORR catalysts. The
observed oxygen reduction activity of boron-doped
carbons is mainly attributed to two factors. The
boron atoms adjacent to carbon atoms are positively
polarized due to their lower electronegativity, therefore
enhancing the adsorption of oxygen molecules.
The other factor is the transfer of m-electrons in the
carbon-conjugated system to the p-orbital of boron
atoms, rendering them electron donors and enhancing
the ORR [14]. Sheng et al. synthesized boron-doped
graphene by thermal annealing in the presence of
boron oxide. The resultant material showed great
electroactivity toward ORR in alkaline medium, due
to the electron-withdrawing capability of boron atoms
[15]. Su et al. synthesized boron-doped ordered
mesoporous carbons using a solvent evaporation-
induced self-assembly technique and obtained high-
level boron content (> 1% wt). They showed that
boron-doping of carbon enhanced the ORR activity in
alkaline media, and the highest activity was obtained
from the sample with 1.17% boron content [16]. Zeng
et al. studied boron and nitrogen co-doped ordered

mesoporous carbons and their ORR activities. They
reported excellent ORR activities, where the half-wave
potential of the prepared catalysts shifted negatively by
only 60 mV compared to the commercial Pt/C catalyst
[17]. Oxygen reduction activities of some boron and
other heteroatom-doped catalysts from the literature
are compared in Table 1.

The electrochemical activity of B-OMCs depends on
many parameters, most importantly the doped boron
content and the state of boron atoms on the surface
which is influenced by the synthesis conditions. The
catalytic activity is generally expected to increase by
the doped-boron content. Other parameters affecting
the activity include the surface area and the pore size
and geometry. The influence of various parameters on
the physical and electrochemical properties of B-OMCs
has been studied. Enterria et al. prepared hierarchical
boron-doped carbons with different boron contents
ranging from 0.42% to 2.37% using a combination
of soft template and hydrothermal synthesis. Authors
showed that the state of boron on the surface depends
on the synthesis route and without the hydrothermal
route the surface chemistry mostly consists of boron
oxides [24]. Song et al. studied the influence of the
formaldehyde-to-phenol ratio (F/P) on the boron
content and pore size of B-OMCs. The surface area
increased with the F/P ratio, while the boron content
and the pore size first increased and then dropped
off. The best results were obtained by an F/P ratio of
1.5/1 which gave ordered pore structure and a high
boron content of 1.26% [25]. Zhang et al. investigated
the effect of pH on pore size and the boron content.
The highest boron content was reported as 1.96%
(wt) at the pH of 4 [26]. These studies show that the
microstructure and surface chemistry of B-OMC vary
greatly by synthesis conditions. The temperature of
the synthesis medium is one of the most important
parameters, simultaneously affecting the soft-template
structure, boric acid solubility, and the binding of boron
species with the polymeric assembly. However, the
effect of temperature has not been fully elucidated.

In this study, the effects of synthesis temperature
and the boric acid amount on the physical and
electrochemical characteristics of the resultant
B-OMC materials were investigated. Materials were
synthesized by a one-pot soft-templating method.

Table 1. Oxygen reduction activities of some heteroatom-doped carbon materials.

Doped content OR peak potential

OR peak current

Material (% wt) (V) (mA or mA/cm?)
B-doped graphene [15] 3.20 -0.34 (vs. Ag/AgCl) -0.1 mA
N-doped carbon [18] 1.10 0.78 (vs. RHE) -90 mA
B-doped OMC [19] 1.30 -0.28 (vs. Ag/AgCl) -1.4 mA/cm?
B-doped MC [20] 0.59 0.6 (vs. SCE) unspecified
B-doped nanoparticles [21] 0.67 -0.29 (vs. Ag/AgCl) unspecified
N-doped microspheres [22] 8.80 0.82 (vs. RHE) -1.5 mA/cm?
N-doped carbon black [23] 0.46 -0.19 (vs. SCE) -0.15 mA
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Characterization of the samples was carried out using
ICP-OES, nitrogen adsorption, and transmission
electron microscopy (TEM). Activities of selected
samples towards oxygen reduction reaction were
analyzed by cyclic voltammetry.

2. Experimental
2.1. Materials

Resorcinol (C,H,(OH),, 99%) and formaldehyde
(CH,0O, 37% wt) were used as carbon sources for the
polymerization reaction. Triblock copolymer Pluronic
F127 (PEO-PPO-PEO, 99%) was used as a structure-
directing agent. Boric acid (H,BO,, 99.5%) was used
as a boron source, and hydrochloric acid (HCI, 37% wt)
was used as a polymerization catalyst. All chemicals
were purchased from Sigma Aldrich and used without
further purification.

2.2. Synthesis of
Mesoporous Carbons

Boron-Doped  Ordered

Boron-doped ordered mesoporous carbons (B-OMCs)
were synthesized by the one-pot soft-template method,
carried out at different temperatures and boric acid
amounts to investigate their corresponding effects. In
a typical synthesis, 1.25 g triblock copolymer Pluronic
F127 and 1.25 g resorcinol were dissolved in 66 ml
water-ethanol (1/2.3 v/v) solution. Boric acid was
added to the solution, followed by magnetic stirring
for 30 min. Then, 3.4 ml formaldehyde (37% wt) was
added for polymerization. HCl was used as the initiator
of the polymerization reaction. The synthesis mixture
was stirred vigorously for another 30 min and left at
rest for 4 days to allow phase separation. The same
procedure was carried out at different temperatures,
consisting of 17°C (ambient temperature), 37°C, 57°C
and 77°C with different boric acid to carbon source
ratios (w/w) in the range of 0.5 and 2.

Separation of phases was observed after four days,
with the ethanol-rich phase at the top and the polymer-
rich phase at the bottom. The top phase was discarded
using a pipette, while the polymer-rich bottom phase
was collected and washed several times. Then it was
transferred to a petri dish and dried in an oven at
100°C for 24 h. The dry composite was ground and
taken to pyrolysis. Pyrolysis of the composites was
carried out in a tube furnace, under a controlled argon
flow of 50 ml/min. Heating steps were adjusted to
180°C for 5 h, 400°C for 2 h, and 850°C for 2 h. The
resultant B-OMCs were ground to fine powder before
being used in characterization studies. Samples were
nominated according to the formula B-OMC-t-r, where
t and r stood for temperature and ratio of boric acid
to carbon source (w/w), respectively. For comparison,
an undoped sample was prepared with the same
procedure without using boric acid and was named
OMC-17-0. A schematic diagram of the synthesis is
given in Fig. 1.

Phase /

separation
Polymer
composite

Polymer
composite Ar outlet

Thermocuple

Temperature
controlled
magnetic
stirring

Arinlet

Tube furnace

l-'i
Figure' 1. Schematic representation of the synthesis

procedure.

2.3. Synthesis of
Mesoporous Carbons

Boron-Doped  Ordered

2.3.1. Physical characterization

Prepared materials were subjected to physical
characterization using various techniques. The
surface areas, pore sizes, and structures were studied
by nitrogen adsorption analysis. Measurements
were carried out in a Quantachrome Instruments
Autosorb model absorptiometer at 77 K. Each
sample was degassed at 150°C for 2 h before the
measurements. Adsorption and desorption isotherms
were obtained in the relative pressure range between
0 to 1. Morphological examination of the samples
was conducted by high-contrast transmission
electron microscopy (TEM). Images were obtained
by a FEI Tecnai G2 Spirit Biotwin model microscope
operating in the range of 20-120 keV. Elemental
analysis was conducted to find out the boron contents
using inductively coupled plasma optic emission
spectroscopy (ICP-OES). Samples were dissolved in
nitric acid and hydrochloric acid and heated in a CEM
Mars 6 microwave oven to 175°C for 10 min before
analysis.

2.3.2. Electrochemical characterization

Oxygen reduction activities of B-OMC samples were
investigated by cyclic voltammetry. Measurements
were carried out using a Pine AFCBP1 potentiostat for
the potential control. Voltammograms were obtained in
0.1 M KOH electrolyte with a three-electrode system,
where platinum wire was used as the counter electrode
and silver chloride (Ag/AgCl) was used as the reference
electrode. The working electrode consisted of a glassy
carbon electrode (d = 5 mm) coated with catalyst film.
For the preparation of the working electrode, 10 mg
of the B-OMC sample was mixed with 250 uL Nafion
solution (5% wt) and homogenized mechanically to
form a catalyst ink. 10 L of this mixture was dropped
on the glassy carbon surface and left to dry in ambient
air for 15 min. The working electrode was polished with
alumina paste between measurements. Voltammetric
scans were performed in oxygen-saturated and argon-
saturated electrolytes by sweeping the potential in the
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range between -0.2 V and 1 V (vs. Ag/AgCl) with a
sweep rate of 50 mV/s until steady voltammograms
were obtained.

3. Results and Discussion

B-OMC samples were synthesized at four different
temperatures and four different boric acid-to-carbon
source ratios (B/C). The physical and electrochemical
properties of the resultant samples were characterized
by various methods.

3.1. Boron-Doping Content

Boron-doping contents of the samples were determined
by ICP-OES analysis and given in Fig. 2.

17 37 57 7

Synthesis Temperature [°C]

a) B-OMC-17-0.5  c) B-OMC-57-0.5

b) B-OMC-37-0.5  d) B-OMC-77-0.5

a) B-OMC-17-0.5  f) B-OMC-57-1.5

e) B-OMC-37-1.0  g) B-OMC-77-2.5
Figure 2. Boron-doping contents of samples measured by
ICP-OES analysis.
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When the boric acid ratio was fixed at 0.5 (w/w),
increasing the temperature from 17°C to 37°C led to
an increase in doped-boron content from 0.09% to
0.22% (wt%). However, at higher temperatures, there
was a significant drop in the boron-doping nearly to the
level obtained at room temperature. On the other side,
when the boric acid ratio was increased simultaneously
with temperature, the boron content showed a clear
increasing trend with temperature. The highest boron
content was obtained with 0.29% at 77°C using a B/C
ratio of 2. Doped-boron contents can be seen in Table
2.

Table 2. BET surface areas and doped-boron contents of
the samples.

sBET Doped-boron

Sample (m?/g) content (% wt)
OMC-17-0 684 0
B-OMC-17-0.5 702 0.09
B-OMC-37-0.5 542 0.22
B-OMC-37-1 547 0.15
B-OMC-57-0.5 538 0.06
B-OMC-57-1.5 535 0.25
B-OMC-77-0.5 712 0.10
B-OMC-77-2 617 0.29

In general, results indicate an increase in doped-
boron content when both temperature and the boric
acid amount are increased. This can be explained by
the fact that higher concentrations of boric acid result
in increased interaction of boric acid with the hydroxyl
groups of the polymeric chain through hydrogen
bondings. However, at the fixed boric acid ratio of 0.5
a positive linear correlation between boron-doping and
temperature was not observed. Higher temperatures
may also have a countering effect on boron doping, as
the strength of the hydrogen bonding is known to be
adversely affected by temperature [27]. Overall, it is
evident that the amount of boric acid is more effective
in obtaining higher boron doping. Su et al. also
reported an increase in boron content with the amount
of boron source [16]. Another study by Wickramaratne
et al. showed similar results where the boron-doping
increased with the boron source amount [28].

3.2. Surface Properties and Mesopore Structure

The nitrogen adsorption technique was used to
measure the surface areas of the samples. Surface
areas were calculated according to the Brunnauer-
Emmet-Teller (BET) model and given in Table 2.
The lowest BET surface area was measured as
535 m?g with OMC-57-1.5, while the highest was
measured as 712 m?/g with OMC-77-0.5. These
values are comparable to commercially used carbon
supports such as Vulcan XC 72 carbon black which
has a surface area of 245 m?/g [29]. Comparing the
samples prepared at the same temperature, the
surface areas did not vary much with the boric acid
ratio or the doped boron content. An exception is the
samples prepared at 77°C, where the B-OMC-77-2
sample had a significantly lower surface area than
B-OMC-77-0.5. This is probably due to the growth of
micelles size over a certain boric acid concentration.
It has been reported that low pH values can increase
the aggregation number and core radius of micelles in
ethanol/water mixtures [30]. On the other side, low and
high temperatures led to higher surface areas whereas
mid-range temperatures gave lower surface areas, so
the variation of surface area with temperature did not
follow a linear correlation.

Selected samples were also examined for their
adsorption and desorption isotherms to investigate
the pore structure. Fig. 3 shows that the isotherms
are similar and follow the type IV behavior, which is
characteristic of the mesoporous materials. Significant
hysteresis loops of H1 type starting around P/P = 0.4,
can be seen in all samples. The hysteresis extends
to P/P, = 0.8 for OMC-77-2 and further to 0.85 for
B-OMC-57-1.5 and OMC-17-0, suggesting the
presence of larger pores in the latter two samples. The
steepness of hysteresis is indicative of narrow pore
size distribution and an ordered structure. The inset
figure in Fig. 3 shows the comparison of the pore size
distributions of B-OMC-77-2 and B-OMC-57-1.5. It can
be seen that both materials have uniform pore sizes
giving peaks at 2.7 nm and 3.7 nm for B-OMC-77-2
and B-OMC-57-1.5, respectively.
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Figure 3. Adsorption-desorption isotherms of the B-OMC
samples and (inset) comparison of the pore size
distributions.

3.3. Transmission Electron Microscopy (TEM)
Analysis

High-contrast transmission electron microscopy
(TEM) images of the B-OMC-77-2 sample were taken
to examine the morphology of the samples. Fig. 4
shows the images taken at different magnifications.
The formation of an ordered structure is visible both
in high and low magnifications. The pore texture can
be defined as a three-dimensional interconnected type
(la3d space group). In higher magnification (Fig. 4b),
the pore sizes can be deduced to be in the mesopore
range, more precisely, around 5 nm. Zhang et al.
synthesized similar carbons in terms of structure and
pore size [31].

(a)

(b)

Figure 4. TEM images of the B-OMC-77-2 sample taken at
(a) lower and (b) higher magnifications.

3.4. Electrochemical Activity

Cyclic voltammetry measurements were carried out
to examine the oxygen reduction activities of selected
samples, namely, B-OMC-77-2 and B-OMC-57-1.5
due to their relatively higher doped-boron contents.
The undoped OMC-17-0 sample was also analyzed
for comparison. As seen in Fig. 5(a), the OMC-17-0
sample gave a mostly featureless voltammogram,
consisting of current due to reduction-oxidation on the
carbon surface which is also known to be electroactive
[32]. On the other hand, OMC-77-2 and OMC-57-1.5
gave apparent cathodic peaks near the potential of
-300 mV which were due to the reduction of oxygen
in alkaline medium. The difference between the doped
and undoped samples clearly shows that boron-
doping improves the electroactivity based on oxygen
reduction. The peak current densities for OMC-77-
2 and OMC-57-1.5 were obtained as -0.28 mA/cm?
and -0.23 mA/cm? respectively, showing an increase
in activity with the doped-boron content. The broad
structure of peaks shows that the oxygen reduction
mechanism does not occur in a single-step mechanism,
but rather involves different steps and intermediates.
The B-OMC-77-2 sample was also analyzed in argon-
saturated electrolyte, to see the difference in activity
due to the reduction of oxygen. As can be seen in
Fig. 5(b), no reduction peak was observed in the Ar-
saturated electrolyte, confirming that the peak is due
to oxygen reduction.
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4. Conclusions

In this study, boron-doped ordered mesoporous
carbons (B-OMCs) were synthesized with a one-pot
soft-templating strategy at different temperatures
and boric acid-to-carbon source ratios. At a fixed
boric acid ratio of 0.5, the doped boron content was
generally low, and the temperature did not seem to
have an overall positive effect on the doping of boron.
However, the doping showed a clear increase in the
boric acid amount, which can be attributed to the
increased interaction of boric acid with the polymeric
self-assembly. The highest doping percentage was
obtained with 0.29% from the B-OMC-77-2 sample.
All synthesized samples had mesoporous and orderly
structures with surface areas varying between 535
and 712 m?/g. TEM images revealed the presence of
a three-dimensional mesopore texture. In the cyclic
voltammograms, reduction peaks around 0.3 V showed
that the B-OMC samples were electrochemically active
toward oxygen reduction reaction. The peak current
density increased with the doped-boron content, up
to -0.28 mA/cm?. This shows that the OR activity of
carbon-supported catalysts can be further increased
by means of boron doping, which may help reduce the
catalyst cost in fuel cells.
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Amorf borun elektrokimyasal eksfoliasyonuyla bor nanotabakalarinin sentezi
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MAKALE BILGISI OZET
Makale Gegmisi: Enerji, sensor ve gesitli biyomedikal uygulamalar icin bor nanotabakalari gelecek vaat eden
llk génderi 21 Mayis 2024 bir malzemedir. Bor nanotabakalarinin metal yiizeyler (izerine biriktirilerek hazirlanmasi

Kabul 31 Temmuz 2024

Online 30 Eyliil 2024 Olgeklenebilir dretimi kisitlayarak ticarilestiriimesine yonelik potansiyeli azaltmaktadir.

Bu nedenle, yiksek verimli ve birka¢ katmandan olugan borun 6lgeklenebilir bir sekilde
Arastirma Makalesi uretilebilmesi igin pratik bir prosesin gelistiriimesi olduk¢a énemlidir. Bu ¢alismanin amaci,
DOI: 10.30728/boron. 1483030 olceklenebilir 6zglin bir elektrokimyasal eksfoliasyon yéntemi kullanarak amorf bordan bor
nanotabakalarinin sentezlenmesidir. Bu ydntemde amorf bor, sodyum siilfat (Na,SO,) ve

Anahtar kelimeler: gliserin karisimi kullanilarak iki elektrotlu bir diizenekte anodik olarak eksfoliye edilmistir.
2 boyutlu malzemeler Eksfoliasyon, viskoziteyi arttirmak igin gliserinin eklendigi (1:1 hacim orani) 0,5 M Na,SO,
Amorf bor icerisinde +20, +30 ve +40 V’de gerceklestiriimisti. Bor nanotabakalarinin yapisal
Bor nanotabakalari karakterizasyonu taramali elektron mikroskopisi (SEM), yiiksek g¢dzinirlikli gegirimli
Elektrokimyasal eksfoliasyon elektron mikroskopisi (HRTEM), Fourier déniistimlii kizildtesi spektroskopisi (FT-IR),

X-i1ginlari fotoelektron spektroskopisi (XPS), mikro-Raman, X-isinlari difraktometresi
(XRD) ve atomik kuvvet mikroskopisi (AFM) yontemleri ile incelenmistir. 20 V’de eksfoliye
olan bor nanotabakalarinin katmanlarinin ortalama kalinhgi 15,1 nm iken, 30 ve 40 V'de
eksfoliasyon sonucu olarak sirasiyla 15,3 ve 14,5 nm ortalama kalinlik degerleri elde
edilmigtir. 20 V'de eksfoliye olan bor nanotabakalarinin katmanlarinin yanal boyutu 319
nm olup bu boyut, 30 V (252 nm) ve 40 V’de (275 nm) eksfoliye olanlardan daha buyuktur.
HRTEM gérintuleri birkag bor nanotabakasinin olustugunu goéstermektedir. Farkli voltaj
degerleri karsilastiriidiginda en etkili eksfoliasyonun 20 V degerinde gerceklestigini ve bu
degerdeki bor nanotabakalarinin nispeten daha dustk kalinliga sahip oldugunu séylemek
mumkunddr.

Synthesis and characterization of boron nanosheets by electrochemical
exfoliation of amorphous boron

ARTICLE INFO ABSTRACT
Article History: Boron nanosheets are a promising material for energy, sensor and various biomedical
Received May 21, 2024 applications. Preparation of boron nanolayers by depositing them on metal surfaces limits

Accepted July 31, 2024

) ; scalable production and reduces the potential for commercialization. Therefore, it is very
Available online September 30, 2024

important to develop a practical process to produce highly efficient and scalable boron
Research Article consisting of several layers. The purpose of this study is produce boron nanosheets from
DOI: 10.30728/boron. 1483030 amorphous boron using a unique, sgalable elec.;troch(.emical exfoliation method. Ir7 this
method, amorphous boron was exfoliated anodically in a two-electrode setup using a

Keywords: mixture of sodium sulfate (Na,SO,) and glycerin. Exfoliation was performed at +20, +30,
2D materials and +40 V in 0.5 M Na,SO, to which glycerin was added (1:1 volume ratio) to increase
Amorphous boron viscosity. Structural characterization of boron nanosheets was examined by scanning
Boron nanosheets electron microscopy (SEM), high resolution transmission electron microscopy (HRTEM),
Electrochemical exfoliation Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron spectrometer (XPS),

micro-Raman, X-Ray diffractometry (XRD) and atomic force microscopy (AFM) analyses.
The average thickness of boron nanosheets exfoliated at 20 V was 15.1 nm, while exfoliation
at 30 and 40 V led to average thickness values of 15.3 and 14.5 nm, respectively. The
average lateral size of boron nanosheets exfoliated at 20 V is 319 nm which is larger than
those that exfoliate at 30V (252 nm) and 40 V (275 nm). HRTEM images show that several
nanosheets of boron are formed. When different voltage values are compared, it is possible
to say that the most effective exfoliation occurs at 20 V and the boron nanosheets at this
value have a relatively lower thickness.
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1. Girig (Introduction)

Grafenin elektronikteki potansiyelinin 2004 yilinda
ortaya ¢cikmasiyla birlikte 2 boyutlu (2D) malzemelere
olan ilgi artmistir [1]. O zamandan beri borofen ve
farkli gecis metalleri gibi bircok yeni 2D malzeme
kesfedilmistir [2-6]. Borun 2D allotropu olan
borofenin varliyi daha 6nce teorik olarak kanitlanmig
olmasina ragmen, deneysel gosterimi 2017 vyilina
kadar mimkuin olmamigtir [6]. YUksek isi iletkenligi,
olaganisti mekanik ozellikler ve hafif olmasinin
yani sira diger birgcok 2D malzemenin aksine metalik
iletkenlik de géstermektedir [7]. Birgok farkli uygulama
igin potansiyeli yiiksek bir malzemedir. Ozellikle enerii,
sensOr ve kompozit malzeme alanlarinda buyuk
ilgi gérmektedir. Borofenin yuksek lityum depolama
kapasitesine sahip olmasi, metalik iletkenlik gdstermesi
ve lityumun borofen igerisindeki hizli difizyonu hizli
sarj edilebilen batarya Uretimine olanak saglamaktadir
[8]. Yapisindaki periyodik bosluklarin borofene akicilik
kazandirmasi essiz mekanik Ozelliklerini ortaya
koyarken cesitli kompozitlerde takviye malzemesi
olarak kullanimini 6n plana c¢ikarmaktadir [9-11].
Borofen ilk olarak gimus (Ag) substrati Gzerinde ultra
yuksek vakum altinda atomik katman biriktirme ve
molekiler 1sin epitaksi yontemleriyle buyutilmustar
[6,9]. Bu calismalar borofenin Gg¢ belirgin faza sahip
oldugunu ortaya ¢ikarmistir [12]. 2-Pmmn fazi, birbirine
paralel uzanan sirtlarin varligi nedeniyle anizotropik
dzellikler gostermektedir. Ote yandan B12 ve x3
periyodik deliklere sahip bir kristal kafesten olugsmakta
ve ¢izgili, homojen fazlar olarak adlandiriimaktadir
[13]. Borofen bakir (Cu), altin (Au) ve aluminyum (Al)
yuzeyleri Uzerinde basariyla biyutilmustir. Borofenin
Cu ve Au Uzerinde trigonal, Al Uzerinde ise altigen
kristal yapiya sahip oldugu bulunmustur [14-16].

2017 yihna kadar serbest borofen Gretiminin mimkin
olmadigr dusunulmekteydi. Ancak son vyillarda
yaplilan ¢alismalar mikro bor tozundan sono-kimyasal
eksfoliasyon yontemiyle tek ve ¢ok katmanli borofenin
Uretilebildigini ortaya koymustur. Ranjan ve arkadaslari
bor tozunu dimetilformamid (DMF), aseton, izopropil
alkol, su ve etilen glikol gibi ¢dziculerde 24 saat
boyunca eksfoliye etmigtir. Codzicllerin igerisinde
sadece aseton ve etilen glikolln tek katmanli borofen
olusumuna vyol actiyi ortaya cikariimistir. Yapilan
calismada, elde edilen borofen nanotabakalarinin
metalik &6zellikler goésterdigi ve oksitlenmenin ise
asagidan yukari yaklasimla elde edilen borofen
filmlerine kiyasla asgari diizeyde oldugu belirtilmistir.
Yine ayni ¢calismada arastirmacilar Hummer’s metodu
ile bor tozundan indirgenmis borofen oksit (RBO)
nanotabakalari Uretmistir. RBO nanotabakalarinin
birkag katmanl oldugu ve boyutlarinin 20-100
nm arasinda oldugu rapor edilmistir [8]. Diger bir
¢alismada, Zhang ve arkadaslari sono-kimyasal
eksfoliasyon ©ncesi bor tozuna aseton igerisinde
200°C’de solvotermal islem uygulayarak birkag
katmanli ve geniglikleri 5 mikrona ¢ikabilen borofen
nanotabakalari elde etmeyi basarmistir [17]. Bu
calismalar borun katmanh vyapida olmamasina

ragmen c¢ok katmanlh borofen nanotabakalarina
ayristirilabilecegini  gostermektedir. Ancak, sono-
kimyasal eksfoliasyon yonteminin ¢ok zaman almasi,
veriminin dusuk olmasi, nanotabaka boyutunun kuguk
olmasi ve tek katmanh borofen Uretiminde yetersiz
olmasi, Hummer’s metodunun ise borofen ylzeyinin
oksitlenmesine yol agmasi borofen dretiminde yeni
sivi fazli ydntemlerin gelistiriimesine sebep olmaktadir.

Borofen Uretiminde kullanilan diger bir yéontem ise
elektrokimyasal eksfoliasyon yontemidir. Bu yontem
bir ¢dzelti icerisinde anyon veya katyonlarin uygulanan
elektrik alanla katmanli yapiya girerek yapliyi
genisletmesi ve eksfoliye etmesi prensibine dayanir.
Elektrokimyasal eksfoliasyonda bulk haldeki elektrot
kisa bir surede yuksek bir verimle katmanlarina
ayristirilir ve Hummer’s metodunda oldugu gibi gugla
oksitleyici asitlerin kullanilmasina ihtiyag yoktur. Borun
elektrokimyasal olarak eksfoliye edilebilmesiicin disiik
elektriksel iletkenliginin gideriimesi gerekmektedir.
Sielicki ve arkadaslari yaptigi calismada bor tozunu Ni
veya Cu i1zgara igerisine sikistirarak iletken elektrotlar
uretmis ve bor tozunu sodyum silfat (Na,SO,) ve
lityum sdlfat (Li,SO,) igerisinde eksfoliye ederek 26
nm’ye kadar farkli kalinliklarda tabakalar elde etmisgtir.
Ancak metal izgaralarin igerisine sikistirilabilecek toz
miktari sinirli oldugundan bu ydntem Odlgeklenebilir
degildir [18]. Diger bir calismada borun iletkenligini
arttirmak icin elektrokimyasal eksfoliasyon iglemi
600-1000°C’ler arasinda gerceklestiriimistir. Yiksek
sicakliklarda elektrolitin  bozunmaya ve borun
oksitlenmeye agik olmasi bu yéntemin dezavantajlari
arasindadir. Ayrica, calismada elde edilen Urindn
yapisal ve kimyasal karakterizasyonu yeterli derecede
ele alinmamistir [19]. Yakin zamanda yaptigimiz bir
calismada [20] borun elektrokimyasal eksfoliasyonu
icin gelistirilen yenilikgi ve dlgeklenebilir yontemle
kristal bor basariyla eksfoliye edilmistir. Bu ¢calismada
ise farkl olarak amorf bor tozunun elektrokimyasal
eksfoliasyonu ele alinmaktadir. Ayrica, ortaya gikan
urtnlerin yapisal ve kimyasal karakterizasyon testleri
ile elektriksel 6lgimUne de yer verilmigtir.

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

Amorf bor tozu (%95-97), Pavezyum (Turkiye)
firmasindan temin edilmistir. Bir yar iletken olan
borun iletkenligi disuk oldugundan elektrot igerisine
karbon nanotlpler (CNT) eklenerek iletkenligin
arttirilmasi hedeflenmistir. CNT’ler Uretim sulrecinde
iletkenlik ayarlayici malzeme olarak kullaniimistir
(%96, Nanokar Materials, Tirkiye). iletken bir elektrot
(R<200 Q) olusturacak sekilde CNT miktari minimum
seviyede tutulmustur. Amorf bor tozu ve karbon
nanotUplerin birbirleriyle iyi bir sekilde kenetlenmesini
ve pelet olusumunda dagilmamasini saglamak
icin baglayici olarak polimetil metakrilat (PMMA,
Sigma Aldrich, ABD) kullaniimistir. Elektrokimyasal
eksfoliasyonda ¢oOzlici ortam olarak gliserin iceren
sodyum silfat (Na,SO,, Sigma Aldrich, ABD) ¢ozeltisi
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kullaniimistir. Cozeltinin viskozitesini arttirmak igin
gliserin ilave edilmistir. Toluen (Honeywell, ABD ) su
karisimi, CNT’leri bor nanotabakalarindan ayiklamak
icin kullaniimigtir. CNT’leri dagitmak igin izopropil alkol
(J.T. Baker, ABD) kullaniimigtir.

2.2. Yéntemler (Methods)

CNT’ler izopropil alkol (12,5 mg/mL) igerisinde
dagitildiktan sonra, suda dagitilan amorf bor ile
birlestiriimis ve 20 dakika boyunca sonikasyona
tabi tutulmustur. 5 mg/mL konsantrasyona sahip 10
mL PMMA c¢ozeltisi ilave edildikten sonra 15 dakika
sureyle sonikasyon uygulanmistir. Karisimin ettivde
80°C’de 24 saat tutulmasiyla ¢ézicl uzaklastiriimistir.
Toz karisimi, 500 bar basincinda manuel hidrolik baski
(Ermak Makine, Turkiye) kullanilarak 10 mm ¢apinda
dairesel forma getirilmistir. GUmus epoksi kullanilarak
bakir tel ile elektrotun ucuna elektrik baglantisi
yapildiktan sonra ¢odzeltinin  glmdasle temasini
Onlemek icin baglanti noktasi epoksi ile kapatiimistir.
Bor nanotabaka Uretimi igin anodik eksfoliasyon
islemi uygulanmistir. Anodik eksfoliasyon, bir DC glic
kaynagi kullanilarak 0,5 M Na,SO, ¢ozeltisi iginde iki
elektrotlu bir kurulumla gergeklestirilmistir (Sekil 1).

H
Karbon ] M50,
=i

Bor
nanotabaka- Yikama ve
CNT ayirma kurutma
tnitesi
Bor nanotabaka-CNT
gozeltisi

Preslenmis amorf bor/CNT karisimi anot iken, Pt
teli katottur. Elektrotlar arasi mesafe 2 cm olarak
ayarlanmistir. 20, 30 ve 40 V olmak Uzere Ug farkli
eksfoliasyon voltaji incelenmistir.

Bor nanotabaka gozeltisi .
Sizme, et
sonikasyon,
santrifiij

— Y —
Il

Sekil 1. Is akis semasi (Workflow diagram).

Elektrokimyasal eksfoliasyon igslemi sirasinda anotta
(Esitlik 1) ve katotta (Esitlik 2) meydana gelen
reaksiyonlar asagidaki gibidir [21]:

5072 = 2e” + 50, + 0, (1)
40H™ = 4e” + 2H,0 + 0,

2H,0 + 2e~ = H, + 20H™ @)

Bu reaksiyonlara ek olarak katotta oksijen indirgenme
reaksiyonlari da gergeklesmektedir. Borun anodik
eksfoliasyonu U¢ asamada meydana gelir [22].
Oksijen indirgenme reaksiyonlariyla olusan serbest
radikaller (*OH, <O) bor parcaciklarinin kenarlarina

saldirarak kenar bolgelerini agar. Daha sonra, serbest
radikaller ve SO,* anyonlari, pozitif yGkIG borun kenar
bolgelerinden gegerek genislemesine neden olur.
Son olarak, bor kafes yapisina yerlesen radikaller
ve anyonlar oksidasyon reaksiyonuna girerek gaz
molekullerine doéndsir ve artan hacimleri borun
kafes yapisini zorlayarak katmanlarina ayrismasina
yol acar. Anotta ortaya cikan oksijen gazi &zellikle
yiuksek eksfoliasyon voltaji degerlerinde elektrotun
pargalanarak eksfoliasyon igleminin yarim kalmasina
yol acmaktadir. Bu sebeple suyun elektrolizini
baskilamak ve ¢ozelti vizkozitesini arttirmak amaciyla
cozeltiye gliserin eklenmistir.

Eksfoliasyondan sonra elde edilen slspansiyon,
vakumlu filtreleme sisteminde saf su ve ortamda kalan
PMMAYyI uzaklastirmak icin aseton ile yikanmigtir.
Elde edilen toz, 1:1 (v:v) oraninda 200 mL toluen-su
karisimi igerisinde dagitiimistir. Bor nanotabaka fazi,
ayirma hunisi kullanilarak CNT’lerden ayrilmistir. Toz
halindeki CNT/bor nanotabaka karisimi toluen/su
karisiminda sonike edildiginde CNTler toluen fazinda,
bor nanotabakalari ise su fazinda toplanmaktadir.
Sonikasyon sirasinda -COOH ile modifiye edilmis
CNT’ler, araylzey gerilimini azaltmak ic¢in ultrasonik
glc yardimiyla toluen/su araylzine dogru hareket
etmektedir [23]. Ayirma hunisi ile alinan su fazi daha
sonra 8 ym gobzenek boyutlu bir filireden gegirilerek
ikinci bir ayirma iglemine tabi tutulmustur. Ayrilan
bor nanotabaka sispansiyonu vakumlu filtrasyon
sisteminde 8 mikronluk naylon esasl filtre kagidi ile
ayiklandiktan sonra 4500 rmp’de 20 dakika santrif(j
edilmis ve Ust kisim analiz igin saklanmistir.

2.3. Karakterizasyon (Characterization)

AFM, Raman ve enerji dagilim X-isini spektrometresi
(EDX) olgtimleri igin bor nanotabaka siUspansiyonu
bir parca Si kristal (zerine damlatilarak 1000C’de
Isitici tabla GOzerinde kurutulmustur. FT-IR ve XRD
Olcimleri icin nanotabaka slspansiyonu bir sellloz
asetat filtre ka&gidi Ustinde kurutulduktan sonra bir
spatll ile kazinarak toz halinde bor nanotabakalari
elde edilmistir. FT-IR Odlgimleri KBr kullanilarak
gerceklestiriimisti. XRD analizlerinde Cu-Ka (1,54
A) radyasyon kayna@i kullaniimistir. Amorf bor
nanotabakalarinin morfolojik analizi SEM (Zeiss Sigma
300) ve HRTEM (Fei Talos F200S TEM) analizleri
ile gerceklestiriimistir. Kimyasal icerik EDX analizi
ile belirlenmistir. Boyutlari ve kalinliklart AFM (Park
Systems, PPP-Contscr prop) analizi ile belirlenirken,
yapisal ve kimyasal karakterizasyonlari FT-IR (Perkin
Elmer/ Spectrum 100 spektrofotometre), XPS (SPECS
FlexMod sistemi), XRD (Rigaku D-Max difraktometre)
ve Raman (WITech alpha 300R spektrofotometre)
analizleri ile verilmigtir. Eksfoliasyon verimi esitlik
3’e gore santrifljleme sonrasinda dispersiyonun son
konsantrasyonun baslangi¢ konsantrasyonuna (1 mg/
ml) bolinmesiyle hesaplanmigtir.

Eksfoliasyon verimi= (Ci/Cson) X 100 (3)
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Santrifij isleminden sonra elde edilen bor nanotabaka
suispansiyonunun konsantrasyonunu hesaplamak igin
bir kalibrasyon egrisi olusturulmustur. Kalibrasyon
egrisiniolusturmakamaciylafarklikonsantrasyonlardaki
bor nanotabaka slspansiyonlarinin 400 nm dalga
boyundaki absorbans degerleri ultraviyole ve gorunar
Isik absorpsiyon spektroskopi (UV-Vis, Agilent
Technologies, Cary 60, ABD) kullanilarak belirlenmigtir.
Elde edilen lineer dogru denkleminden konsantrasyonu

bilinmeyen bor nanotabaka slspansiyonunun
konsantrasyonu hesaplanmistir. Bor nanotabaka
sUspansiyonu bir miktar karbon nanotlp ihtiva

ettiginden verime bir diizeltme faktori uygulanmistir.
EDX olgimleri karbon nanotlip miktarinin bora
oraninin kutlece %6,89 oldugunu ortaya koymustur.
Bu nedenle elde edilen konsantrasyon degerleri
0,93 ile carpilarak gergek bor nanotabakalarinin
konsantrasyonu bulunmustur. Bor nanotabakalarinin
iletkenlik 6lgcim deneyi icin sellloz asetat membran
Uzerinde biriktirilen bor nanotabaka filmi gimus epoksi
ve bakir tel kullanilarak 2 adet elektriksel kontak
yapilmistir.  Akim-voltaj (I-V) egrileri iki elektrotlu
dizenekle -1V ile +1V araliginda potentiyostat (Gamry
Interface 1000, ABD) kullanilarak elde edilmistir. Tauc
egrisi foton enerjisini (E) x ekseninde ve (aE)?yi de
y ekseninde cgizdirerek elde edilmigtir. Burada o
absorbsiyon sabitiniifade etmektedir ve bor nanotabaka
suspansiyonunun absorbans-konsantrasyon egrisinin
egiminden hesaplanmistir (A=aCd, A:absorbsiyon,
C:bor nanotabaka slispansiyonunun konsantrasyonu
ve d:6lcim kivetinin genigligi (1 cm)).

Atomic%  Compd%.

2418 8478
485 15.22
6097

Atomic  Compd  Formul
% % a

39,03 96.52 8203
0.4 052 Na20
0.69 296 sioz
6004

) 2 4 5
o 2 ) FullScale 3173 cts Cursor: 0.000

3. Sonuglar ve Tartisma (Results and Discussion)

Eksfoliasyon islemi sirasinda akim hemen hemen
iki Eksfoliasyon islemi sirasinda akim yaklasik
olarak iki katina c¢iktiktan sonra azalarak sifira kadar
dismastur. 5-10 dakikanin sonunda genigleyen blyuk
partiklllerin koparak ¢ozeltiye karistigi ve sonrasinda
ise bor nanotabakalarinin olusmaya basladigi
g6zlemlenmistir. Eksfoliasyon voltaji arttikca akim
degeri artarken eksfoliasyon suresi kisalmaktadir.
Baslangi¢/pik akim degerleri +20 V, +30 V ve + 40 V
icin sirasiyla 270 mA/379 mA, 650 mA/1500 mA, 950
mA/2000 mA ve eksfoliasyon sureleri ise 90, 35 ve 10
dk olarak degismektedir.

Toluen/su  sistemi ve sonrasinda uygulanan
filtrasyon iglemiyle saflastirimis bor nanotabaka
dispersiyonundaki kalan CNT’lerin miktarini

belirlemek igin EDX olgimleri yapilmigtir. CNT’lerin
temizlenmesinden sonra bor nanotabaka
dispersiyonundan elde edilen bor nanotabaka filminin
SEM gorintisiu ve EDX spektrumlar Sekil 2 a-e'de
verilmistir. 4 farkli noktadan alinan EDX spektrumlari
deg@erlendirildiginde numunede agdirlikga ortalama
%27,69 oraninda B ve %1,91 oraninda C oldugu
tespit edilmistir (Sekil 2 a-d). Ayrica, bazi boélgelerde
baylk olasilikla kullanilan cam malzemelerden
kaynakli NaCl kristalleri tespit edilmistir. (Sekil 2e). Bor
nanotabakalarinin dretiminde kullanilan amorf borun
SEM fotografi Sekil 2 f'de gosterilmektedir.

Atomic  Compd  Formul
% % a

2.4 30.20 Na20
13.95 3515 Si02
2230 000

39.51

Sekil 2. a-d) Karbon nanotiplerin ayiklanmasindan sonra bor nanotabakalarinin farkli noktalarindan alinan SEM goéruntuleri
ve mor renkle isaretlenmis bdlgelerden alinan EDX spektrumlari, e) Bor nanotabakalarinin Cliceren bdlgesinden alinmis
SEM gorintist ve EDX spektrumu, f) Amorf borun SEM gérintisu (a-d) (SEM images taken from different points of boron
nanosheets after separation of carbon nanotubes and EDX spectra taken from the regions marked in purple, e) SEM
image and EDX spectrum taken from the region of boron nanosheets containing Cl, f) SEM image of amorphous boron).
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Amorf bor partiklllerinin boyutu 100 nm ile 4 pym
arasinda degismektedir. 20, 30 ve 40 V potansiyel farki
altinda anodik eksfoliasyona maruz birakilan amorf
bordan elde edilen bor nanotabakalarinin topografik
AFM fotograflari ve bunlara karsilik gelen yukseklik
profilleri, kalinhk ve yanal boyut histogramlari Sekil
3’te verilmektedir. Buna gdre her U¢ potansiyel farki
degeri icin elde edilen ortalama kalinlik degerlerinin
birbirine ¢ok yakin oldugu bulunmustur (Sekil 3 c, g,
k, sirasiyla 20, 30 ve 40 Vigin 15,1, 15,3 ve 14,5 nm).
Uygulanan potansiyel farki degerleri arasinda sadece
40 V cift katmanli bor nanotabakalari Uretebilmistir
(Sekil 3 i, j). 20 ve 30 V icin elde edilen en ince bor
nanotabakalarinin 7-8 katmanl oldugu bulunmustur
(Sekil 3 a, b, e, f). Genel olarak elde edilen bor
nanotabakalarinin % 96’sinin 10 ve daha fazla katmanh
oldugu tespit edilmistir. Bunun yani sira, 20, 30 ve 40 V
icin ortalama yanal boyut degerleri sirasiyla 319, 252
ve 275 nm (Sekil 3 d, h, I) olarak hesaplanmistir. Cesitli
aygit uygulamalari i¢in diglk nanotabaka kalinhginin
yani sira blyUk yanal boyut da arzu edilen bir 6zelliktir.
Ortalama kalinhdin her ¢ potansiyel degeri icin de
benzer olmasi nedeniyle, en ylksek yanal boyutu
veren 20 V’nin amorf borun anodik exfoliasyonu igin
optimum deger oldugu sdylenebilir.

Amorf bor ve bor nanotabakalarinin  KBr
metoduyla alinan FT-IR spektrumlari Sekil 4a’da
kiyaslanmaktadir. Her iki numune de benzer titresim
modlari sergilemektedir. 1052, 1234, 1412, 1635,

1742, 2848 ve 2928 cm™de sirasiyla B-O-B, B-O,
C-H, C=C, C=0 ve C-H baglarina karsilik gelen pikler
tanimlanabilmistir [24-26]. Eksfoliasyondan sonra C-H,
C=C, C=0 ve C-H piklerinin siddetindeki belirgin artig
PMMA kalintilarina ve numune icerisinde kalan karbon
nanotup safsizliklarina baglanabilir. Amorf bor tozu ve
elde edilen bor nanotabakalarinin Raman spektrumlari
Sekil 4b’de gdsterilmektedir. Bor tozu 435, 632, 790 ve
1050 cm™"de olmak Uzere 4 adet pik sergilemektedir.
Diger taraftan, bor nanotabakalar 116, 298, 367, 667,
816 cm™de zayif pikler ve 915-1017 cm™' arasinda
Ust Uste binmis belirgin bir pik géstermektedir. Bunlar
arasinda 116, 367 ve 915-1017 cm™deki piklerin p12
ve 298 cm™deki pikin ise x3 fazina karsilik geldigi
belirlenmistir [27]. Elde edilen bor nanotabakalarinin
kimyasal kompozisyonunu belirlemek amaciyla XPS
analizleri gergeklestiriimistir. Sekil 4c ve d amorf bor ve
elde edilen bor nanotabakalarinin B 1s spektrumlarini
gOstermektedir. Amorf borun XPS spektrumu 187,5
ve 188,8 eV’'de bulunan ve sirasiyla B-B ve B-O
(bor suboksit) baglarina karsilik gelen iki farkli pike
ayristinlabilir [8, 14]. B-B ve B-O baglarinin yiizdece
orani %57 ve %43 olarak hesaplanmistir. Diger
taraftan, bor nanotabakalarinin ayristiriimis B 1s XPS
spektrumu 187,4, 188,5 ve 192,0 eV’de konumlanmis
ve sirasiyla yuzdece oranlari %44, %42 ve %16 olan
B-B ve B-O ve B,O, baglarina karsilik gelen tg pikten
olusmaktadir [28]. Eksfoliasyon isleminden sonra bor
trioksit pikinin ortaya c¢ikmasi eksfoliasyon sirasinda
bor nanotabakalari yuzeyinde meydana gelen
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Sekil 3. a,e ve i) 20, 30 ve 40 V'de eksfoliye olmus bor nanotabakalarinin AFM topografik goriintiileri (Olgek gubugu: 10 um),
karsilikgelen bornanotabakalarininb,fvej)ylukseklik profilleri c,g ve k) kalinlik histogramlari ve d, h vel) yanal boyut histogramlari
(a, e and i) (AFM topographic images of exfoliated boron nanosheets at 20, 30 and 40 V (Scale bar: 10 um), b, f and j) height
profiles, c, g and k) thickness histograms and d, h and |) lateral dimension histograms of the corresponding boron nanosheets).
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Sekil4.a)Amorfborunvebornanotabakalarinin FT-IR spektrumlari,b) morfborun ve bornanotabakalarinin Raman spektrumlari,
c)Amorfbor,d)Bornanotabakalarin B 1s XPS spektrumlari (FT-IR spectraof amorphous boronand boron nanosheets (a), Raman
spectra of amorphous boron and boron nanosheets (b), B 1s XPS spectra of amorphous boron (c) and boron nanosheets (d)).

elektrokimyasal reaksiyonlara baglanmistir. Toplam
oksit orani eksfoliasyondan sonra %43'ten %56’ya
yukselmistir.

Sekil 5 amorf bor ve amorf borun eksfoliasyonu ile
elde edilen bor nanotabakalarinin XRD desenlerini
gostermektedir.  Amorf  borun  kristal  yapisi
B-rombohedral (B105-PDF# 01-072-1705) faziyla
uyumludur. Bor nanotabakalari ise 11,22°, 17,52°,
19,04°, 20,12°, 44,20° ve 45,40°de B-rombohedral’in
(003), (104), (021), (202), (324) ve (413) duzlemlerine
ve 18,22°de de T1-bor fazinin (113) dizlemine

* + B-rombohedral
# 1—boron
¥

N )w‘ J * Bor nanotabakalari

Siddet (a.u.)

Amorf bor

10 20 30 40 50 60 70 80 90
2 Teta (derece)

Sekil 5. Amorf bor ve amorf bordan uretilen bor

nanotabakalarininXRDdesenleri(XRD patternsofamorphous

boronandboronnanosheetsproducedfromamorphousboron).

karsilik gelen belirgin pikler sergilemektedir [29]. Bor
nanotabakalarinin amorf borun kirinim desenindeki
cogdu piki sergilemesi kristal yapisinin eksfoliasyondan
sonra blyuk oranda korundugunu ortaya koymaktadir.

Bor nanotabakalarini gdrtntilemek, kristal yapisini
incelemek ve elementel kompozisyonunu tayin
etmek amaciyla TEM analizleri yapiimistir ve Sekil
6'da verilmistir. Sekil 6a bir bor nanotabakasinin
distk ¢ozunarlikli TEM fotografini gdstermektedir.
Nanotabakanin transparan goérintisi ince oldugunu
ortaya koymaktadir. Nanotabakalarin igerisindeki
B ve O elementlerinin varli@i EDX odlgimleriyle
dogrulanmistir  (Sekil 6 ¢, d). Yakinlastirimis
yuksek ¢ozunurlikli TEM  fotograflarinin bor
nanotabakalarinin 0rgl sacaklarini net bir sekilde
gOstermesi bor nanotabakalarinin yiksek kristallige
sahip oldugunu ortaya koymaktadir (Sekil 6 e, i). iki
farkli bor nanotabakasi igin dizlemler arasi mesafe
4.8 ve 5,1 A olarak hesaplanmistir (Sekil 6 f, j). Bu
degerler sirasiyla 1 ve [B-rombohedral fazlarininin
(113) ve (104) duzlemlerine karsilik gelmektedir [29].
Bu sonug¢ daha 6nce yapmis oldugumuz calismada
kristal bordan farkli olarak amorf borun -rombohedral
fazinin yani sira 1 fazindaki bor nanotabakalarinin
olusumuna da yol actigini géstermektedir [20].

Amorf borun eksfoliasyonuyla elde edilen bor
nanotabaka suspansiyonunun konsantrasyonunu
hesaplamak igin olusturulan kalibrasyon egrisi

Sekil 7'de verilmistir. Lambert-Beer yasasindan, A/
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Sekil 6. a, e ve i) ki farkl bor nanotabakasinin HRTEM gériintiileri. f ve j) Nanotabakalarin ve karsilik gelen FFT modellerinin

yakin goruntileri. h ve |) Kafes sagaklarina dik olarak hesaplanan yogunluk gizgisi profilleri. b) Bir bor nanotabakasinin HAADF
gorintlsl. c-d) B, O ve C elemanlarinin EDX haritalama gortintileri (a, e andi)HRTEMimages of two differentboron nanosheets.
f and j) Close-up views of the nanosheets and their corresponding FFT patterns. h and I) Intensity line profiles calculated
perpendicular to the lattice fringes. b) HAADF image of a boron nanosheet. c-d) EDX mapping images of B, O and C elements).

I=a.C, absorbsiyon sabiti 1788,6 L/g.m olarak elde
edilmigtir. Kalibrasyon egrisinden sispansiyonun
konsantrasyonu 0,33 mg/ml ve diizeltiimis eksfoliasyon
verimi ise %30,69 olarak hesaplanmistir.

Sekil 8 sellloz filtre kagidi Uzerine biriktirilerek
elde edilen bor nanotabakalarinin -V grafigini

1.0
y=17.88 x+0.012
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«» 0.6
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Sekil 7. Amorf bordan duretilen bor nanotabakalari igin

400 nm dalga boyunda alinmis absorbans degerleri ile
olusturulan kalibrasyon egrisi (Calibration curve created
with absorbance values taken at 400 nm wavelength for
boron nanosheets produced from amorphous boron).

gOstermektedir.

Amorf bordan uretilen bor nanotabakalarinin lineer
I-V davranisi go6stermesi metalik yapisini ortaya
koymaktadir. Amorf borun eksfoliasyonuyla elde edilen
bor nanotabaka slispansiyonunun Tauc egrisi
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Sekil 8. Amorf bordan Uretilen bor nanotabakanin bir filtre
kagidi Gzerinde toplanmasiyla elde edilen filmin |-V grafigi
(I-V graph of the film obtained by collecting boron nanosheets
produced from amorphous boron on a filter paper).
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Sekil 9'da gosterilmektedir. Egrinin lineer boliminin
x ksenini kestigi nokta optik bant araligini vermektedir.
Buna goére, bor nanotabakasi i¢cin 4,1 eV’lik bir
optik bant araligi degeri elde edilmistir. Bu deger,
B-rombohedral borun bant araligi degerinden (1,5
eV) oldukga buyuktir [30]. Bunun nedeni iki boyutlu

malzemelerde kuantum kisittama etkisi ile bant
arahdinin genislemesidir [31].
:.‘Eg=4.1eV
> 5 4 5 s

Enerji (eV]
Sekil 9. Amorf bordan né?tl:ig)edilen bor nanotabaka
stspansiyonunun Tauc egrisi (Tauc curve of boron
nanosheet suspension obtained from amorphous boron).

4. Sonuglar (Conclusions)

Bu calisma kapsaminda bor nanotabaka sentezinde
amorf borun elektrokimyasal eksfoliasyonu icin borun
disik iletkenligini giderebilmek amaciyla CNT lerin
kullanildigr yeni bir yaklasim gelistirilmistir. Na,SO,’'te
anodik eksfoliasyon vyoluyla birkag katmanh bor
nanotabakalarinin dretilebildigi gosterilmis ve gerilimin
amorf borun eksfoliasyon davranigi Uzerindeki etkisi
incelenmistir. Voltajin +20’den +40 V’ye arttiriimasi, bor
nanotabakalarinin daha kalin ve daha kiiglik olmasina
yol agcmistir. Amorf borun eksfoliasyonu igin en uygun
voltaj degerinin +20 V oldugu tespit edilmistir. Amorf
bor kullanilarak elde edilen bor nanotabakalarinin
ortalama kalinhidi 15,1 nm’dir. Ortalama yanal boyutlari
ise 319 nm olarak hesaplanmistir. Elde edilen bor
nanotabakalarinin XPS spektrumlarindan hesaplanan
B-B ve B-O baglarinin ylizdece orani %57 ve %43'tur.
Bu sonug amorf bor tozunun yiizeyinin oksitlendigini
ileri sirmektedir. Diger taraftan, bor nanotabakalarinin
aynistiriilmis B 1s XPS spektrumu 187,4, 188,5 ve
192,0 eV'de konumlanmis ve sirasiyla yuzdece
oranlari %44, %42 ve %16 olan B-B ve B-O ve B,0,
baglarina karsilik gelen t¢ pikten olugsmaktadir. Bor
nanotabakalarinin eksfoliasyon verimi %30,69 olarak
hesaplanmistir. Elde edilen bor nanotabakalarinin
elektriksel o6lcim sonucglarinda bor nanotabakalari
filmi lineer bir 1-V davranisi gostermistir. Bu durum
kontaklarla bor nanotabakalari arasinda bir Schottky
bariyerinin olusmadigini ve bor nanotabakalarinin
metalik davranis sergiledigini isaret etmektedir.
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Hekzagonal bor nitriir (hBN), ytksek 1sil iletkenligi, elektriksel yalitkanligi, kimyasal ve
mekanik dayanikliligi gibi 6zellikleriyle son zamanlarda dikkat ¢eken bir malzemedir.
Ayrica, mezogbzenekli yapisi sayesinde alternatif yakit tretimi reaksiyonlarinda destek
malzemesi olarak kullanima da uygundur. Calismanin amaci, hBN’nin alternatif yakit
Uretimi reaksiyonunda katalizér destek malzemesi olarak kullaniminin arastiriimasi ve
metanolin (MeOH) dehidrasyonu ile dimetil eter (DME) uretimi calismalarinda katalitik
aktivite testlerinin gerceklestiriimesidir. Bu amagla, hBN yapisina farkli oranlarda (kutlece
%1, 4 ve 8) silikotungstik asit (STA) emdirme ydntemiyle ylklenmis ve malzemenin
ylzey asitligi artinimistir. Sentezlenen katalizérler X-igini difraktometresi (XRD), N,
adsorpsiyon/desorpsiyon (BET), enduktif olarak eglestiriimis plazma-optik emisyon
spektrometrisi (ICP-OES), taramali elektron mikroskobu-enerji dispersiv spektrum (SEM-
EDS) ve piridin-adsorplanmig numunelerin difiz yansima kizilétesi Fourier donugim
spektroskopisi (DRIFTS) teknikleri ile karakterize edilmistir. Katalizérlerin aktivite testleri
ise farkli reaksiyon sicakliklarinda (200-300 °C) ve farkli kutlece saatlik bosluk hizlarinda
(WHSYV, 0,25-0,5 ve 1,0 saat™") gergeklestiriimistir. Boylece reaksiyon sicakliginin ve akis
hizinin DME segiciligine ve MeOH doénlsimine etkisi incelenmistir. Calisma sonucunda
8STA@hBN katalizérl ile 275°C’de %100 DME segiciligi elde edilmigstir. Katalizérlerin
yapisindaki STA miktarinin artmasiyla Bronsted asit siteleri arttigindan hBN destekli
katalizérler metanoliin dehidrasyon reaksiyonunda yuksek aktivite gdstermistir. Ayrica
yuksek reaksiyon sicakhgi da MeOH déntsimu ile DME segiciligini olumlu etkilemistir.
Calismadan elde edilen sonuglar, STA icerikli hBN katalizérlerinin, alternatif yakit kaynagi
olan dimetil eterin Uretimi igin uygun bir secenek olabilecegini gostermistir.

Dimethyl ether production in the presence of hexagonal boron nitride
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Hexagonal boron nitride (hBN) has recently attracted attention due to its properties such
as high thermal conductivity, electrical insulation, and chemical and mechanical durability.
Moreover, thanks to its mesoporous structure, it is also suitable for use as a support
material in alternative fuel production reactions. The aim of the study is to investigate the
use of Hbn as a catalyst support material in the alternative fuel production reaction and to
perform catalytic activity tests in dimethyl ether (DME) production studies by dehydration of
methanol (MeOH). For this purpose, silicotungstic acid (STA) was loaded into the structure
of hBN at different rates (1, 4, and 8% by mass) by the impregnation method, and the surface
acidity of the material was increased. The synthesised catalysts were characterised by
X-ray diffraction (XRD), N, adsorption/desorption (BET), inductively coupled plasma optical
emission spectroscopy (ICP-OES), scanning electron microscopy - energy dispersive X-ray
spectroscopy (SEM-EDS), and diffuse reflection infrared Fourier transform spectroscopy
(DRIFTS) techniques of pyridine-adsorbed samples. Activity tests of the catalysts were
carried out at different reaction temperatures (200-300 °C) and different weight hourly
space velocity (WHSV, 0.25-0.5 and 1.0 h™). Thus, the effect of reaction temperature and
flow rate on DME selectivity and MeOH conversion was examined. As a result of the study,
100% DME selectivity was achieved with the 8STA@hBN catalyst at 275°C. hBN supported
catalysts showed high activity in the dehydration reaction of methanol, as the number of
Bronsted acid sites increased with the increase in the amount of STA in the structure of
the catalysts. In addition, high reaction temperature positively affected MeOH conversion
and DME selectivity. The results obtained from the study showed that STA-containing hBN
catalysts may be a suitable option to produce dimethyl ether, an alternative fuel source.
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1. Girig (Introduction)

GUndmuizde ulagsim sektérinde kullanilan geleneksel
yakitlar, benzin ve dizel yakitlaridir. Benzin ve dizel,
yuksek miktarda alifatik hidrokarbon igceren petrol
tirevi yakitlardir. Dizel, benzine kiyasla daha disuk
hidrokarbon icerigine sahiptir [1-3]. Bu durum dizel
yakitlarin, benzine kiyasla daha yavas buharlasmasina
ve dolayisiyla daha uzun sire yanmasina neden
olur. Boylece dizel yakit, benzinden daha ylksek bir
enerji yogunluguna sahip olur. Ancak dizel yakitin
kullanimiyla birlikte atmosfere yiiksek miktarda azot
bilesikleri ve partikil madde salinimi gerceklesir;
bu durum asit yagmuru olusumunu artirir ve saghk
kosullarini olumsuz etkiler. Bu nedenle g¢evre dostu
alternatif yakit kaynaklarinin kullanimi buyik énem
kazanmistir [4, 5]. Alternatif yakit kaynaklari arasinda
dimetil eter (DME), dizel yakit alternatifi olarak
degerlendiriimekte ve Ustin o6zellikleri sayesinde
dikkate deger bir secenek olarak gorulmektedir.

DME, oda kosullarinda gaz formunda bulunan, toksik,
kanserojen ve korozif 6zellikler tagimayan bir gazdir.
Dizel yakita kiyasla daha yuksek setan sayisina
sahiptir. Dizel yakitin setan sayisi yaklasik 40-55'tir,
ancak DME'nin setan sayisi 55'ten yuksektir. Ayrica,
DME'nin atesleme sicakligi (235°C), dizel yakitin
atesleme sicakligina (250°C) ¢ok yakindir [6-8]. DME,
temiz yanma Ozelliklerine de sahip olup fosil yakitlar
gibi cevre icin olumsuz etkilere neden olmaz. Fosil
yakitlardan farkh olarak, DME bogucu gaz, siyah
duman veya partikil madde emisyonu olusturmaz.
Ayrica dusuUk kukurt oksit (SOx) ve azot oksit (NOXx)
emisyonuna sahipken karbon dioksit (CO,) emisyonlari
da geleneksel yakitlara kiyasla daha azdir [9]. Dizel
motorlarda DME kullanimi digsik motor gurlltistune
neden olur. Yakit dagitimi agisindan, sivilagtiriimasi
kolay olup LPG gibi basingli tanklarda depolanabilir ve
tasinabilir oldugu i¢cin DME'nin dagitimi ve kullanimi
da oldukga kolaydir [10].

DME (retimi igin iki yontem bulunmaktadir. Geleneksel
yontem; metanolden dehidrasyon reaksiyonu ile
dimetil eter Uretimidir. Bu yontemde Oncelikle sentez
gazindan (karbon monoksit, karbon dioksit ve hidrojen
iceren) metanol Uretimi (Es. 1 ve Es. 2) gercgeklestirilir.

CO + 2H, < CH,0H AHjeg = —90 k] /mol (1)

CO; + 3H, « CH;0H + H,0 AH“BS = —49 k] /mol (2)
Ardindan, metanolden dehidrasyon reaksiyonuyla (Es.
3) DME elde edilir. ikinci yéntem ise sentez gazindan
(Es. 4) dogrudan DME Uretimidir. Bu ydontemde metanol
sentezi ve metanol dehidrasyon reaksiyonlari tek bir
adimda gercgeklesir [11, 12]. Calisma kapsamindan
DME Uretimi, metanollin dehidrasyon reaksiyonu ile
gerceklestiriimistir. Bu prosesinin dogrudan sentez
ydntemine gbre avantaji atmosferik sartlarda ve daha
ekonomik kosullarda DME elde edilmesidir.

2CH;0H < CH30CH; + H,0 AHje5 = —25 k] /mol (3)

3C0 + 3H, < CH30CH; + CO, AHjgg = —246 k] /mol (4)

Metanoliin dehidrasyon reaksiyonu ile DME Uretimi
icin ylUksek vylzey asitligine sahip katalizorler
kullanilmaktadir. Yang ve arkadaslarn yaptiklari
calismada HZSM-5 zeolitini dehidrasyon katalizoru
olarak kullanmiglar ve metanolden DME Uretimi
calismalarinda test etmislerdir [13]. Calisma
sonucunda zeolitlerin yuksek yuzey asitligine sahip
olmasi nedeniyle dehidrasyon reaksiyonlarinda ylksek
aktivite gdsterdigini belirlemiglerdir [14]. Paloma ve
arkadaslar da ZrO,-ZSM-5 katalizoriiniin aktivitesini
metanolin dehidrasyon reaksiyonunda test etmis
ve katalizbrlerin g6zenek boyutunun arin dagilimini
etkileyen Onemli parametrelerden biri oldugunu
belirlemistir [15]. Literatir arastirmasi sonucunda
metanolin  dehidrasyon reaksiyonunda yaygin
olarak alumina icerikli katalizorlerin veya zeolitlerin
kullanildigi goralmastir [13-18]. Zeolitlerin yapisindaki
alimina ve silika gruplari Lewis asit sitelerine sahiptir.
Ancak dehidrasyon katalizorlerinin ylksek Bronsted
asit sitelerine sahip olmasi DME segiciligini ve metanol
donUsimdnl artirmaktadir [9, 17, 18]. Bu nedenle
katalizérlerin Bronsted asit sitelerinin artiriimasi igin
yapilarina genellikle heteropoli asitler yuklenmektedir
[8, 9]. Silikotungstik asit (STA), DME (retiminde
yaygin olarak kullanilan kati asitlerden biridir. Diger
kati asitlerle (tungstofosforik asit ve molibdofosforik
asit) karsilastirildiginda STA daha ylksek termal
dayanima sahiptir. Bu nedenle de yuksek reaksiyon
sicakliklarinda  gergeklestirilen  alternatif  yakit
Uretimi galismalarinda oldukga kararhdir. Ancak STA
disUk ylzey alanina (<1 m?/g) sahiptir. Bu ylzden
DME Uretimi calismalarinda destek malzemesi ile
kullaniimahdir [19, 20].

Calisma kapsaminda hekzagonal bor nitrir (hBN),
katalizor destek malzemesi olarak kullaniimistir. hBN
yapisinda esit sayida bor ve nitrojen atomlarini igeren
bal petedi yapisinda bir malzemedir. Ayrica yuksek
termal iletkenlige, oksidasyona karsi dirence ve
hidrofobik 6zelliklere de sahiptir. Bu nedenle aliimina
veya silika gibi geleneksel destek malzemelere
kiyasla oksidasyon ve dehidrasyon reaksiyonlari icin
daha uygun olabilir [21-24]. Ayrica, hBN'nin dusuk
ylzey enerjisi ve dizgln yilizey morfolojisi, katalizér
ylzeyinde istenmeyen yan reaksiyonlarin olusumunu
azaltir. Mezogozenekli yapisi ve ylksek ylzey alani
sayesinde de alternatif yakit tretimi g¢alismalarinda
destek malzemesi olarak dne ¢ikmaktadir. Calismada
hBN destek malzemesine kitlece %1, 4 ve 8
oranlarinda STA emdirme ydntemiyle yUklenmigtir.
STA yuUklemesiyle hBN destek malzemesinin Bronsted
asit siteleri artirllarak metanol dehidrasyon reaksiyonu
icin aktif katalizbrler sentezlenmistir. Hazirlanan
katalizorlerin bazi fiziksel ve kimyasal oOzelliklerinin
belirlenebilmesi igcin X-igini kirinim analizi (XRD),
N, adsopsiyon-desorpsiyon analizi (BET), piridin
adsorplanmis numunelerin difiz yansima kizilotesi
Fourier dontsum spektroskopisi (DRIFT) analizi,
taramali elektron mikroskopisi ve enerji dagilimli
X-1s1in1 spektroskopisi (SEM ve EDS), enduktif
eslenmis plazma ve optik emisyon spektroskometresi
(ICP-MS) analizleri gergeklestiriimistir. hBN destekli
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katalizorlerin aktivite testleri 200-300°C reaksiyon
sicakligi araliginda incelenmistir. Katalizor yapisindaki
STA miktarinin, reaksiyon sicakhdinin ve besleme
akig hizinin DME segiciligine ve metanol dénusumiine
etkisi detayli olarak incelenmistir.

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

hBN, Turkiye Enerji, NUkleer ve Maden Arastirma
Kurumu Bor Arastirma Enstitisi’nden (TENMAK
BOREN, Turkiye) temin edilmistir. Katalizor hazirlama
sureci boyunca ¢dzucu olarak kullanilan deiyonize su
Dream Plus | model, Mighty Dream Maker Pure & Ultra
Pure Water Systems (ABD) adli cihaz yardimiyla elde
edilmistir. Aktif metal kaynagi olarak da silikotungstik
asit kullanilmig (H,[Si(W,0O,),] - xH,O - Sigma Aldrich,
ABD) ve hBN destek malzemesinin yapisina kutlece
%1, 4 ve 8 oraninda yuklenmistir.

2.2. Yontemler (Methods)

2.2.1. Katalizérlerin Sentezi ve Karakterizasyonu
(Synthesis and Characterization of Catalysts)

Deneysel ¢alismalardan 6nce ticari hBN malzemesi
yapisindaki safsizliklarin uzaklastiriimasi icin kalsine
edilmistir. Kalsinasyon prosesi, tip firinda (firinin
sicaklik artis hizi 1°C/dk) ve kuru hava ortaminda
500°C’'de 6 saat gergeklestiriimistir. Kalsinasyon
isleminden sonra destek malzemesine emdirme
yontemiyle STA yuklenmistir. Emdirme prosesinde ilk
olarak aktif metal kaynagi (STA) belirlenen oranlarda
(kitlece %1, 4 ve 8) saf su igerisinde ¢ozUnmustur.
Daha sonra ayri bir beherde hBN ¢dzeltisinin saf su ile
heterojen karisimi hazirlanmis ve ¢dzeltinin sicakligi
40°C’ye magnetik karistirmali 1sitici  yardimiyla
getirilmistir. ik hazirlanan STA igerikli ¢dzelti, damla
damla destek malzemesinin heterojen karisimi
Uzerine eklenmis ve icerisindeki su uguncaya kadar
40°C’de karnistinimaya devam edilmistir. Beherde
kalan kati numuneler alinmis ve 500°C’'de 6 saat
kalsine edilmistir. Kalsinasyon sonrasinda STA igerikli
hBN destekli katalizorler elde edilmistir.

Sentezlenen katalizorlerin karakterizasyon
analizleri cgesitli fizikokimyasal teknikler kullanilarak
gerceklestiriimistir. Calismada BET, XRD,
termogravimetrik analiz (TGA), ICP-OES, SEM-EDS
ve DRIFTS analizleri yapilmistir. Katalizorlerin gézenek
boyutu dagilimlari, gézenek hacmi ve BET ylzey
alanini belirlemek igin N, adsorpsiyon/desorpsiyon
analizi, Quanta Chrome Autosorb 1C (ABD) cihazi
kullanilarak gergeklestirilmistir. XRD deseni, 26 =2-90°
araliginda CuKa radyasyon kaynagina sahip Rigaku
Ultima IV (Japonya) difraktometresi kullanilarak elde
edilmistir. Sentezlenen katalizore yiklenen aktif
metal igeriginin belirlenebilmesi icin ICP-OES analizi
yapilmis ve Perkin EImer Optima 4300DV (ABD) cihazi
kullanilarak gergeklestiriimistir. Katalizorlerin morfolojik
yapisi ve elementel miktarinin tayini, Quanta 400 F

(ABD) alan emisyonlu mikroskop kullanilarak SEM/
EDS analizi ile yapiimistir. Katalizérdeki asit sitelerin
tird ise Jasco FT-IR/4700 (Japonya) spektrometresi
kullanilarak piridin adsorplanmig katalizorlerle yapilan
DRIFTS analizi ile belirlenmistir.

2.2.2. Aktivite test calismalari (Activity test studies)

Metanolden dimetil eter Uretimi slrekli akigh sabit
yatakli reaksiyon sisteminde gerceklestirilmigtir.
Reaksiyon sisteminde saf metanol sisteme 0,008 mL/
dk'hk bir akis hizinda siringa pompa ile génderilmis
ve taslyici gaz olarak helyum (35 mL/dk) kullaniimistir.
Evaporatérde gaz fazina gegen metanol, helyum
yardimi ile reaktore taginmistir. Evaporator ¢ikigindan
reaktdr girisine kadar olan hatlar 1sitici bant ve varyak
yardimi ile 200°C’ye isitilmistir. Bdylece metanolln
reaksiyon dncesigaz fazinda kalmasi saglanmistir. Tlp
firnin icerisinde hazirlanan katalizérlerin yerlestirildigi
kuvars bir reaktér bulunmaktadir. TUp firin ile reaksiyon
sicakhgi  200-300°C  araliginda  ayarlanmistir.
Reaksiyonda olusan Urunler ve reaksiyona girmeyen
reaktanlarin analizi, termal iletkenlik dedektori (TCD)
ve alev iyonizasyon dedektorl (FID) ile donatiimis gaz
kromotografisi cihazi (Agilent 6890N, ABD) kullanilarak
gerceklestiriimistir. Reaksiyon sicakliginin ve STA
miktarinin DME segiciligine ve metanol dénisimune
etkisinin incelendigi calismalarda 0,1 g katalizér
kullaniimistir. Calismada en yluksek DME segiciligi ve
MeOH doénlsimU gdsteren katalizor ile kitlece saatlik
bosluk hizlarinda (WHSV, 0,25 - 0,5 ve 1,0 saat™) Grlin
dagilimina etkisi detayl olarak incelenmistir. Bosluk
hizi hesabl, reaktor girisindeki toplam kitlesel akis hizi
dikkate alinarak; toplam akis hizinin katalizér miktarina
orani olarak belirlenmistir. Katalizorlerin  katalitik
performansi, metanol dontsimu (Es. 5) ve urlnlerin
seciciligi (Es. 6 ve Es. 7) agisindan degerlendirilmistir.
Denklemlerdeki F, ., ... baslangictaki metanolin
molar akis hizi (mol/dk) iken FMeOH,glkan reaksiyona
girmeden gikan metanolin molar akis hizidir. F,_ ve
F., ise olusan DME ve formaldehitin molar akig hizi
iken S,,c ve S.,, DME ve formaldehitin Grn segicilikleri
olarak tanimlanmistir.

FumeoH.giren —FMeoH pikan
Metanol (MeOH) Déniisimii: Xyeon = (Fueongiren Frconoian) (5)

FuMeoH.giren

R . - 2+F,
Dlmet|l‘ eter igin segicilik: Spyg = oo glren_DFM;eOlekan)l (6)

— 7)

Formaldehit igin SEgiCi“k: SFA = m
2 61

3. Sonuglar ve Tartisma (Results and Discussion)

3.1. hBN Destekli Katalizérlerin Karakterizasyonu
(Characterization of hBN Supported Catalysts)

STAigeriklive hBN destekli katalizérlerin bazi fiziksel ve
kimyasal 6zelliklerinin belirlenmesiigin karakterizasyon
analizleri gercgeklestirilmistir.  Katalizérlerin  ylzey
alani, g6zenek ¢api ve gbzenek hacmi degerleri Tablo
1’de verilmistir. Destek malzemesi olarak kullanilan
hBN malzemesinin BET ylizey alani 68 m?/g olarak
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Tablo 1. hBN destekli katalizorlerin fiziksel 6zellikleri
(Physical properties of hBN supported catalysts).

Katalizér Yiizey Alani  Gozenek Géz_enek
(m?/g) Capi (nm) Hacmi (cc/g)
hBN 68,0 2,98 0,080
1STA@hBN 62,0 2,77 0,072
4STA@hBN 59,2 2,41 0,068
8STA@hBN 55,7 2,01 0,067
bulunmustur. Calismada destek malzemesinin

yapisina STA emdirme yontemiyle kitlece %1, 4 ve 8
oranlarinda yuklenmistir. STA emdirilmis katalizérlerin
ylzey alanlar ise sirasiyla 62, 59,2 ve 55,7 m?g
olarak belirlenmistir. STA icerikli malzemelerin ylizey
alanlarindaki dists hBN destek malzemesinin
g6zeneklerinin  STA nedeniyle tikanmasi seklinde
aciklanmigtir [25]. Ayrica katalizorlerin N, adsorpsiyon
desorpsiyon izotermleri de Sekil 1'de verilmistir. Analiz
sonucunda elde edilen izotermler IUPAC Tip IV sinifi
mikro-mezo gdbzenekli yapiyr temsil etmektedir. Bu
sonu¢ malzemelerin gbzenek cap degerleriyle de
desteklenmistir. Hazirlanan bitlin katalizorler IUPAC
siniflandirilmasina gére mezogozenekli yapiya sahiptir
[26].

o
o

ﬁ:mi (((:})m“lg)
o (3]

an Azot Ha
N N
o [é)]

Y
o

Adsorplan:

N
o

hBN
—#- 1STA@hBN
—o— 4STA@hBN
8STA@hBN

5.2

D e b b e
00 01 02 03 04 05 06 07 08 09 10
PIP,
Sekil 1. hBN destekli ° katalizérlerin  N,s  ad-

sorpsiyon desorpsiyon sonuglari (N, adsorpti-
on desorption results of hBN supported catalysts).

STA icerikli hBN destekli katalizérlerin  XRD
analizi sonuclari  Sekil 2’'de verilmigtir. Literatur
calismalarindan hBN'nin (002), (100), (101), (102),
(004) ve (110) duzlemlerine karsilik gelen 20 =
26,7°, 41,5°, 43,8°, 49,8°, 54,9° ve 75,8° acllarinda
pik verdigi belirlenmistir [27]. Sekil 2’ye bakildi§inda
katalizoérlerin  XRD analizi sonucunun literattr
calismalariyla uyumlu oldugu goéralmastar. STA igerikli
katalizérlerin XRD sonuglarinda hBN’e ait karakteristik
piklerin siddetlerinde bir miktar digus olsa da yapinin
korundugu gorilmastir. STA'ya ait karakteristik 100
piki 26:28°'de gorulmektedir [19]. Analiz sonuglarinda
STA piki belirlenmemistir. Bu sonug, STAnin malzeme
yapisina homojen dagilmasiyla veya miktarinin az
olmasi nedeniyle XRD analizinde belirlenememesi
seklinde agiklanmistir.

8STA@hBN

) A 4STA@hBN
/ 1STA@hBN

|
/"\. N ¢ & .hBN

e T i T T D i
10 20 30 40 50 60 70 80 90

20 (°

Sekil 2. hBN destekli katalizorlerin XRD analizi sonuglari
(XRD analysis results of hBN supported catalysts).

Siddet

hBN destek malzemesinin farkh buyttmelerde
gerceklestiriien SEM analizi sonuclarn  Sekil 3'te
verilmistir. Literatir calismalarn dogrultusunda hBN
yapilarinin mikroskopik analizlerde pul pul gézuktigu
ve katmanl yapilardan olustugu bilinmektedir. Sekil
3’'ten hBN'lerin katmanli yapisi belirlenebilmektedir
[21].

(a

det HV mag
ETD 30.00kV  20.000x

(b)

det 1% mag
ETD 30.00 kV 4.000 x

Sekil 3. Farkh bulyltmelerde belirlenen hBN destek
malzemesinin SEM Analizi Sonuglari a) X 5000 b) a) X 20 000
(SEM Analysis Results of hBN support material determined
at different magnifications a) X 5000 b) a) X 20 000)).

Ayrica STA icgerikli ve hBN destekli katalizorlerin
SEM ve backscattering SEM gorintileri de Sekil 4'te
verilmistir. Backscattering SEM analizi sonucunda
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aktif metallerin destek malzemesi Uzerine dagilimi
belirlenebilmektedir. Analiz sonucunda molekuler
agirhgi daha yuksek olan metal diger metallere kiyasla
daha parlak gorilmektedir. Bu nedenle STAigerisindeki
tungsten metalinin daha parlak gorilmesiyle ile metal
dagiliminin belirlenmesi beklenmektedir [6]. Sekil
4b, d ve fye bakildiginda STAnin katalizér yapisina
homojen dagilmadigi ve kimelestigi gorilmektedir.
Bu sonug Tablo 2'de verilen EDS analiz sonuglarindan
da gorulmektedir. Calisma kapsaminda 8STA@hBN
katalizérine kitlece ylizde 8 oraninda STA'ninemdirme
yontemiyle yliklenmesi hedeflenmistir. Bu sonu¢g SEM-
EDS analiziyle kutlece yuzde 11,5 olarak belirlenmistir.
Ancak ICP-OES analizi sonucu ile metallerin istenilen
oranda basarili bir sekilde ylUklendigi goértulmustar.
ICP-OES sonucunda (Tablo 2) yuklenmesi planlanan
metal icerikleriyle analiz sonucunda bulunan degerler
birbirine olduk¢a yakindir.

Hi mag spot
30.00 kV 1.000 x 4.0

#

HV “mag wp

30.00 kV 5.000 x 10.5 mm ﬂ.

wop

10.6 mm w.

30.00 kV 5.000 x

Sekil 4. 1STA@hBN katalizériiniin (a)

SEM gorintisu

Tablo 2. hBN destekli katalizorlerin SEM ve ICP-OES ana-
lizi sonuglari (SEM and ICP-OES analysis results of hBN
supported catalysts).

Yiiklenmek

SEM-EDS ICP-MS

Katalizor isten_en Kiitlece =, = " A alizi
Miktar (%)
hBN - - -
1STA@hBN 1 1,6 1,1
4STA@hBN 4 5.1 4.0
8STA@hBN 8 11,5 8,1

Metanollndehidrasyonuile DME tretimigalismalarinda
katalizérin yuzey asitligi Uran dagilimini etkileyen
onemli parametrelerden biridir. Calisma kapsaminda
sentezlenen STA icerikli katalizorlerin ylzey asit
siteleri piridin adsorplanmis numunelerin DRIFTS
analizleriyle belirlenmistir. DRIFTS analizinde Lewis

HV mag wD -
30.00 kv 1.000 x HAmm 100 HM,

wp
105mm 20HM,

woD
10.6 mm

4STA@hBN katalizori-

BSED 30.00 kv 5.000 x .ﬂ'

(b) backscattering gorintisu,

nin (c) SEM gorintist (d) backscattering goéruntisu, 8STA@hBN katalizérinun (e) SEM goérintust (f) back-
scattering goruntist ((@) SEM image (b) backscattering image of 1STA@hBN catalyst (c) SEM image (d) back-

scattering image of 4STA@hBN catalyst (e) SEM

image

(f) backscattering image of 8STA@hBN catalyst).
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asitleri 1445-1450 ve 1600-1630 cm™" dalga boylarinda
belirlenirken Bronsted asit bolgeleri 1540 ve 1640
cm™' dalga boylarinda gorilmektedir. 1490 cm™ dalga
boyundaki pik ise hem Lewis hem de Bronsted asit
sitelerine aittir [6]. Sekil 5’e bakildiginda hBN destek
malzemesine STAyuklenmesiyle katalizoriin ylizey asit
sitelerinde artis gorilmustir. Katalizérlerin yapisinda
disUk Lewis asit siteleri gorulirken ylksek Bronsted
asit siteleri belirlenmigtir. Ayrica katalizér yapisina
yuklenen kati asit miktari artinldiginda Bronsted asit
sitelerinin arttigr goérulmastar.

‘ 4STA@NBN

M T gsTA@NeN
Lewis :
1445 cmt Lewis

1590 cm™!

Transmitans

Bronsted
; 1STA@hBN 1690 o
e ,___@_‘
¢ ~

hBN - -

1390 1440 1490 1540 1590 1640 1690
Dalga boyu (cm™)

Sekil 5. hBN destekli katalizorlerin DRIFTS analizi sonug-
lari (DRIFTS analysis results of hBN supported catalysts).

3.2. hBN Destekli Katalizorlerin Aktivite Testleri
(Activity Tests of hBN Supported Catalysts)

STA icerikli hBN destekli katalizérler varliginda
metanolden dimetil eter (DME) Uretim c¢alismalari
atmosferik sartlarda ve 200-300°C reaksiyon sicakligi
araliginda gercgeklestirilmistir. Katalizorlerin aktivite test
c¢alismalari sonucunda metanol (Sekil 6) déntisumu
ve Urin (Sekil 7) secicilikleri belirlenmistir. Elde
edilen veriler dogrultusunda metanol dénidsiminin
reaksiyon sicakligi ile arttigr gérulmastar.

100

hBN
—— 1STA@hBN
901 —e— 4STA@hBN
8STA@hBN

80

Metanol Dontigiimii (%)

275 300

200 225

Slcalslll(()("C)
Sekil 6. hBN destekli katalizorlerin farkli reaksiyon sicak-
liklarinda metanol donidsiumleri (Reaksiyon Sicakhgi 200-
300°C, katalizér miktari: 0,1 g) (Methanol conversions of
hBN supported catalysts at different reaction temperatures
(Reaction temperature 200-300°C, catalyst amount: 0.1 g)).

Ayrica 250°C'nin Uzerindeki sicakliklarda her bir
katalizor icin yliksek metanol dontisimu elde edilmistir.
hBN destek malzemesinin donidsim degerleri STA
iceriklilere kiyasla oldukga dusuktir. 250°C reaksiyon
sicakliginda hBN destek malzemesinin donlisimu %5
iken bu deger 8STA@hBN katalizoru igin %55 olarak
belirlenmistir. hBN destek malzemesinin yapisinda
Bronsted asiditesi diger katalizorlere kiyasla oldukc¢a
disuktur. Katalizér yapisina STA yuklendik¢e Bronsted
asit sitelerinde (Sekil 5) belirgin bir artis olmustur.
Bu sonucgta katalizorlerin  metanol dehidrasyon
reaksiyon reaksiyonunda daha yuksek katalitik aktivite
goOstermesini saglamigtir.

100

hBN
—— 1STA@hBN
90 1 —e— 4STA@hBN
8STA@hBN

[$)]
o

'S
o

DMS Segiciligi (%)

250 275 300
Sicaklik (°C)

Sekil 7. hBN destekli katalizérlerin farkli reaksiyon si-
cakliklarinda DME segicilikleri (Reaksiyon sicakligi 200-
300°C, katalizér miktari: 0,1 g) (DME selectivity of hBN
supported catalysts at different reaction temperatures

(Reaction temperature 200-300°C, catalyst amount: 0.1 g)).

Metanol dehidrasyon reaksiyonunun ana Urinu olarak
DME elde edilmektedir. Ancak reaksiyon sicakligina
ve katalizordeki STA igerigine bagl olarak formaldehit
(yan urlin) de Grtn dagiliminda belirlenmistir (Sekil 8).

e ——
90
80
70
£ 6o
>
S 50
o
@
< 40
=
S
< 30
g —
£ 20
hBN
10 4 —#— 1STA@hBN
—o— 4STA@hBN
0 8STA@hBN
200 225 250 275 300
Sicaklik (°C)

Sekil 8. hBN destekli katalizorlerin farkli reaksiyon sicak-
liklarinda formaldehit segicilikleri (Reaksiyon sicakhgi 200-
300°C, katalizér miktari: 0,1 g) (Formaldehyde selectivity of
hBN supported catalysts at different reaction temperatures
(Reaction temperature 200-300°C, catalyst amount: 0.1 g)).
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Analiz sonuglarina bakildiginda hBN katalizori ile
metanolden formaldehit elde edilmistir. Reaksiyon
sicakligindaki artis ise metanol donusimuind ve
formaldehit (Es. 8) seciciligini artirmistir. Bu sonug,
hBN destek malzemesinin metanol dehidrasyon
reaksiyonunda aktivite vermedigini ve metanolin
termal pargalanma reaksiyonu icin yUksek aktivite
verdigini  gdstermistir.  Katalizoriin  dehidrasyon
reaksiyonunda aktivite gostermemesi disuk ylzey
asitligi ile aciklanmistir. STA igerikli katalizorler
ise metanol dehidrasyon reaksiyonunda ylksek
aktivite gostermistir. Ayrica DME segiciligi reaksiyon
sicakliginin artmasiyla artmistir. 8STA@hBN katalizoru
ile 200°C reaksiyon sicakliginda %60 DME segiciligi
elde edilirken reaksiyon sicakligi 300°C’ye ¢iktiginda
DME segiciligi %100 olarak bulunmustur. Ayrica
katalizér yapisindaki STA igerigi de artirildiginda DME
seciciligi artmistir. Ancak 4STA@hBN katalizori ile
8STA@hBN katalizérii 275°C ve Ustinde benzer DME
seciciligi gdstermistir.

CH;0H < CH,0 + H; AH.qg = 86 kJ/mol (8)

hBN destekli katalizorler arasinda en yiiksek aktiviteyi
gosteren (8STA@hBN) DME segiciligine ve metanol
donusumine etkisi incelenmistir. Calisma sonucunda
elde edilen veriler (Metanol dénidsimi ve DME
segciciligi) Sekil 9 ve Sekil 10’da verilmigtir. Calisma
sonucunda WHSV'nin ylksek olmasi, reaktérde kalis
suresini kisalttigindan daha dusik donisim degerleri
elde edilmistir. Ancak dusuk WHSV degerleri, daha
uzun reaktdrde kalis siresi ve daha yuksek dénlsim
oranlari saglamistir. En ylksek DME segiciligi, 275°C
reaksiyon sicakliginda akis hizi 0,25 saat” iken %100
olarak elde edilmistir. Bu sonug, reaktdorde kalis
suresinin artmasiyla aciklanmistir. Benzer sekilde
DME segcicilikleri, WHSV degerinin artmasiyla birlikte
azaltmistir. Reaktor icerisinde daha ylksek bir akig
hizi oldugunda, reaktantlar katalizérle daha kisa sure
temas ederler. Bu durumda DME olusumu igin yeterli
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Metanol Dontigtimii (%)
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Sekil 9. 8STA@hBN katalizérinin metanol déntisimu deger-
leri (Reaksiyon sicakligi 200-300°C, WHSV: 0,25-0,5ve 1,0
saat™") (Methanol conversion values of 8STA@hBN catalyst

(ReactionTemperature200-300°C,WHSV:0.25,0.5and 1h™)).

kalisg sUresinin olmamasi anlamina gelir ve Urlnlerin
olusumu azalabilir. Reaktor igerisinde daha dusuk bir
akis hizi oldugunda ise reaktantlar katalizérle daha
uzun sure temas ederler. Boylece DME segiciligi
istenildigi sekilde artirilabilir. Sekil 9 ve Sekil 10’a
bakildiginda en disik WHSV degerinde ve 275°C
reaksiyon sicakliginda %88 metanol déndsimi ve
%100 DME seciciligi elde edilmigtir.

40
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Sekil 10. 8STA@hBN katalizériinin DME seciciligi deger-
leri (Reaksiyon sicakhgi 200-300°C, WHSV: 0,25 - 0,5 ve
1,0 saat™) (DME selectivity values of 8STA@hBN catalyst
(Reactiontemperature 200-300°C,WHSV:0.25,0.5and 1h™)).

Calisma kapsaminda elde edilen sonuglar literatlirdeki
calismalarla karsilastiriimistir. Varisli ve arkadaslar
STA destekli mezogdzenekli aliminosilikat katalizéri
ile metanolin dehidrasyon reaksiyonu ile dimetil eter
uretimi gerceklestirmiglerdir. Elde edilen sonuglar
silikotungstik asidin yaklasik 250°C'de 0,30k bir
metanol dénudsimi verdidini gdstermistir [28]. Bununla
birlikte, STA emdiriimis aliminosilikat (STAMAS)
katalizéru ile ayni sicakhkta 0,84'luk bir donusim degeri
elde edilmigtir. Diger bir calismada ise y-A,0,, HZSM-
5, amorf silika-alimina ve titanyum ile modifiye edilmis
zirkonya gibi kati asit katalizorleri ile metanolden
DME Uretimi gerceklestiriimistir [29]. Tim katalizorler
metanol dehidrasyon reaksiyonunda yuksek aktivite
gOstermistir. Metanol dehidrasyon hizi, amorf silika-
alimina katalizorleri Uzerinde asitligin (silis icerigi)
artmasiyla azalmigtir. Calismalarda Si/Al = 25'e sahip
HZSM-5 katalizor(, yuksek aktivite gdstermesine
ragmen, DME segiciligi 280°C'de yalnizca %?20'dir
[29]. Bagka bir arastirmada grubu tarafindan yuratulen
calismada ise H-Y zeolit (SDY), y-ALO, ve Ti(SO,),
katalizorleri DME Uretiminde test edilmis ve y-Al,O,
katalizoriinln en yUksek aktiviteyi verdigi belirlenmistir
[30]. Literatiir arastirmalari genellikle kati asitlerle
DME dretimi Uzerinedir. hBN destekli katalizorler ile
DME duretimine ydnelik calismalar literatiirde oldukga
kisithdir. Bu nedenle galisma kapsaminda elde edilen
yenilikgi sonuglar bor katkili katalizérlerin alternatif yakit
Uretimi gcalismalarinda yuksek katalitik aktivite verdigini
gOstermektedir. Calismada literatir arastirmasina
kiyasla daha yuksek DME segiciligi ve %100 metanol
doénusimu elde edilmistir. Bu sonug, hBN Un katalizér
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destek malzemesi olarak kullanildiginda da Ustin
Ozellikler sergiledigini gostermektedir.

4. Sonuglar (Conclusions)

Calisma kapsaminda STA icerikli ve hekzagonal
Calisma kapsaminda STA icerikli ve hBN destekli
katalizorler varliginda dizel yakit alternatifi DME
uretimi gerceklestiriimistir. Katalizorlerin aktiviteleri
farkh reaksiyon sicakliginda ve farkh besleme akis
hizlarinda metanol dehidrasyon reaksiyonunda test
edilmigtir. Ayrica hazirlanan katalizérlerin  detayl
karakterizasyon analizleri gerceklestiriimistir. 1CP-
OES analizi sonucuyla STA'nin hBN yapisina basariyla
ve hedeflenen oranlarda yuklendigi belirlenmigstir.
Metanolden DME Uretimi icin malzemelerin yiksek
Bronsted asit sitelerine sahip olmasi istenmektedir.
Katalizorlerin DRIFTS analizleri sonucunda STA
miktarinin artmasiyla Bronsted asit sitelerinin arttigi
gorilmastar. Ayrica STA igerikli katalizorlerin IUPAC
siniflandirimasina  gére  mikro-mezogdzeneklere
sahip oldugu BET analizi sonucunda belirlenmigtir.
Kutlece %8 STA icerikli 8STA@hBN katalizori ile en
yiuksek DME segiciligi ve metanol dénisimi elde
edilmistir. Farkli oranlarda STA iceren katalizorler ile
yapilan ¢alismalar, yuzey asitliginin DME segiciligini ve
metanol déntsimini etkileyen en 6nemli parametre
oldugunu gostermistir. Ayrica reaksiyon sicakligi
da urdn dagilimini oldukga etkilenmektedir. Yapilan
calismalarda reaksiyon sicakliginin artmasiyla DME
seciciliginin de artirdigi goéralmastir. Ayrica en yuksek
DME segiciligi (%100) 8STA@hBN katalizori ile 275°C
reaksiyon sicakliginda ve 0,25 saat"' akis hizinda elde
edilmistir.
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In this study, Sc,CBT (T=H, F) Janus MXene monolayers have been investigated
for the first time using density functional theory calculations. The lattice constants,
bond lengths, cohesive energies, magnetic properties, and electronic properties
have been examined in detail. The obtained findings have shown that Sc,CBF Janus
MXene monolayer is energetically stable. The calculations showed that none of the
monolayers exhibits magnetic ordering. The electronic band structure calculations
have demonstrated that both monolayers exhibit metallic character. Additionally, it
was understood that the boron element significantly affects the electronic properties
of both monolayers. This study is the first to investigate Sc,CBH and Sc,CBF Janus

Electronic properties
Density functional theory

monolayers, and the findings are discussed in detail.

1. Introduction

Two-dimensional (2D) MXenes[1, 2] have extraordinary
properties due to their unique properties such as
supercapacitors [3], sensing devices [4], electronics
[5, 6], photo-catalysis and solar cell applications [7]. A
novel subclass of MXenes, known as Janus MXenes,
has emerged, featuring an asymmetrical surface
termination that imparts unique properties not found
in their symmetrical counterparts. Janus MXenes are
characterized by their dual nature, where each side
of the monolayer is terminated with different atoms,
resulting in broken mirror symmetry, and inducing out-
of-plane dipolar polarization [8, 9]. This asymmetry has
been shown to significantly alter electronic structures,
making Janus MXenes promising candidates for
applications in various electronic devices.

MXene compounds are synthesized by removing
the A element from MAX compounds, and as a
result, their surfaces are inevitably functionalized
with different groups due to the complex chemical
process. Depending on the chemical process, their
surfaces can generally be functionalized with O, H, F,
OH, or other terminal groups. These surface terminal
groups can directly affect the structural, electronic,
optical, magnetic, or transport properties of MXene
compounds. The Sc,CT, (T = O, F, OH, B, ClI, etc.)
pure MXene compound is obtained by removing the
Al element from the Sc,AIC MAX compound. During
this process, its surface can be terminated with F, CI,
Br, O, H, B, or other similar terminal groups [10], and
its structural and electronic properties are influenced

by these groups. Although the precursor to the Sc,C
MXene compound, the Sc,AIC AX compound, has
been chemically synthesized [11], the structural and
electronic properties of the Sc,CBF and Sc,CBH Janus
MXene compounds have not yet been investigated.
However, Sc,C-based Janus MXenes also have
been the subject of several studies, focusing on their
unique structural and electronic properties, as well
as their potential applications in various advanced
technologies [12-14]. Liu et al. [15] conducted a
theoretical exploration of the potential applications
of Sc-based MXenes, including Janus MXenes. The
study highlighted their potential use in field-effect
transistors, spintronics, optoelectronics, solar energy
conversion, and photocatalysis, demonstrating the
broad applicability of these materials in advanced
technological  applications  [15].  Furthermore,
recently, Cui et al. [18] studied electronic, optical,
and photocatalytic and quantum capacitance of
ScC,T, (T=F, P, Cl, Se, Br, O, Si, S, OH) MXenes.
In addition, very recently, Modi et al. [17] confirmed
structural stability and investigated pressure-driven
electronic, and optical properties of Sc,CBr, MXene.
The electronic properties of Sc,XT, (X = O, F, OH;
T= C, S, N) Janus MXenes were investigated using
density functional theory by Ozcan et el. [18] and
they found that these materials to be semiconductors
with suitable bandgaps for nano and optoelectronics
applications. Another study on Sc-based Janus
MXenes was recently conducted by Zhu et al. [19] and
Sc,COHH, Sc,COHF, Sc,OHCI, Sc,CHF, Sc,CHCI,
and Sc,CFCI Janus MXenes were examined in terms
of nanoelectromechanical applications.
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In addition to the fact that 2D structures remain a
very important research topic, this study is significant
because the surface of the Sc,CT MXene compound
is terminated asymmetrically with different atoms, and
its electronic structure is primarily examined based
on the Boron (B) element. In this paper, extending
the understanding of Janus MXenes was aimed by
focusing on the less explored Sc,C and B based
compounds. By employing Density Functional Theory
(DFT) calculations, the structural and electronic
properties, and potential applications of boron based
Sc,CBH, and Sc,CBF Janus MXenes were analyzed
for the first time. These insights will contribute to the
growing body of knowledge on Janus MXenes and
their applicability in future technological innovations.

2. Computational Methods

Spanish Initiative for Electronic Simulations with
Thousands of Atoms (SIESTA) [20, 21] is a method
and its software implementation designed for
electronic structure calculations and ab initio molecular
dynamics simulations, utilizing atomic orbitals as a
basis set. First-principles calculations were performed
using the SIESTA code with split-type double zeta
polarized (DZP) [22] atomic orbitals basis sets. These
calculations employed spin-polarized Perdew-Burke-
Ernzerhof (PBE) [23] exchange-correlation functionals
under the Generalized Gradient Approximation
(GGA), revPBE [24] exchange correlation functionals
under the (GGA), CA [25] under the Local Density
Approximation (LDA) and van der Waals (vdW-DF)
with BH functional [26]. The conjugate gradient (CG)
method [27] was used for relaxation, and all atoms were
fully relaxed until the forces on each atom were lower
than 0.01 eV/A. An energy cutoff of 300 Ry was set,
and a 30x30x1 Monkhorst-Pack [28] k-point sampling
was used for relaxation and electronic structure
calculations. Electron-ion interactions were addressed
using non-relativistic Troullier-Martin norm-conserving
pseudopotentials [29]. To prevent interaction between
repeating layers, over 15 A of vacuum was applied
in the z-direction. The electronic band structure
calculation was performed along the '-M-K-I' high
symmetry points in Brillouin Zone (BZ). A standard
orbital-confining cutoff energy of 100 meV was used in
all calculations. Further analysis of structural stability
such as cohesive energies was calculated using Equ.
1[17].

Etoral(Sc2CBT—2E(S¢)—~E(C)~E(B)—E(T)
Econesive = [Brotas(Scs s (1)

In Equation 1, E__ represents the total energy of
Sc,CBT Janus monolayer, E(Sc), E(B), and E(T),
represents total energy of Sc atom, B atom and T= (B,
F) atoms respectively.

3. Results and Discussion

The 2D Sc,CBT MXene compound belongs to space
group number 164, trigonal structure (Figure 1). The
calculations were made on with a 1x1x1 unit-cell

containing 2 Sc atoms, 1 C atom, 1 Batomand 1T =
(H, F) surface termination atom.
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Figure 1. a) Top view of the unitcell of the monola-
yer Sc,CBT, b) Side view of the unitcell Sc,CBT, c) Top
view of the 3x3x1 supercell Sc,CBT, d) Side view of the
3x3x1 supercell Sc,CBT. The Sc, C, B, and T atoms rep-
resent purple, brown, red, and green colors, respectively..

Previous studies [14, 15] on the same structure have
stated that the most suitable position for the atoms
to be placed for surface termination is top of the Sc
atoms. For this reason, in this study, H and F atoms
were placed top of the Sc atoms. Firstly, the magnetic
nature of the Sc,CBH compound were investigated.
In this study, spin-polarized, ferromagnetic (FM),
antiferromagnetic (AFM), and non-spin-polarized
(NM) calculations were performed to determine the
lattice parameters and total energies. No net magnetic
moment was observed in any of the calculations.
Furthermore, no difference in energy was observed
between each magnetic ordering for Sc,CBH and
Sc,CBF monolayers. Only for Sc,CBH, the energy
for the AFM state was slightly lower but there was no
significant difference. This means that the compounds
Sc,CBH and Sc,CBF monolayers do not possess any
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magnetic nature. Since no difference was observed
for the magnetic ordering, structural calculations
were continued using different exchange-correlation
functions for FM ordering. The results of these
calculations are presented in Table 1.

Table1.Calculatedtotalenergies(ineV),andlatticeparameters
(in A) for Sc,CBH and Sc,CBF Janus monolayers with, PBE,
revPBE, VDW-BH and LDA exchange-correlation functionals.

Sc,CBH Sc,CBF

Compound  Lattice Total Lattice Total
Constant Energy |constant Energy

(A) (eV) (A) (eV)
PBE 3.30 -407.69 3.29 -1063.72
revPBE 3.31 -408.25 3.30 -1064.75
VDW-BH 3.29 -407.51 3.28 -1063.07
LDA 3.28 -404.39 3.26 -1057.58

As seen in Table 1, in both structures, revPBE has
the lowest energy, which could be explained by the
Lieb-Oxford (LO) bound [30]. In a non-spin-polarized
system, revPBE is sufficient to identify LO bounds, but
in a spin-polarized system, there is no guarantee [28].
The VDW-BH exchange-correlation functional also
includes weaker forces, and these weak forces result
in smaller lattice parameters. LDA has the highest
energy, indicating that a local electron distribution
does not adequately describe the system in these
structures. Furthermore, as seen in both structures,
higher lattice parameters were obtained with revPBE
exchange-correlation functionals. When evaluated
in general, it is observed that the use of different
exchange-correlation functionals causes a difference
of approximately 0.6% in the lattice parameters of
Sc,CBF and Sc,CBH compounds. In addition, the
difference in total energy between revPBE and PBE
exchange-correlation functionals is negligibly low.
In this case, the calculations were continued with
the PBE exchange-correlation functional. The bond
lengths and calculated cohesive energies, along with
the lattice parameters, are presented in Table 2.

Table 2. Calculated lattice constants (in A), distance betwe-
en Sc-B atoms, dSc-B (in A) and distance between Sc-T (T
= H, F) atoms dSc-T (in A) and cohesive energies E ohesive
(in eV/atom) for Sc,CBH and Sc,CBF Janus monolayers.s.

Lattice dSc-B dSc-T ECohesive
Compound Constant
(A) (A) (A) (eV/atom)
Sc,CBH 3.30 2.48 217 0.28
Sc,CBF 3.29 2.51 2.24 -0.70

In Table 2, lattice constants were calculated 3.30 A for
Sc,CBH and 3.29 A for Sc,CBF from PBE exchange-
correlation function. The dSc-B bond length is the
same in both compounds 2.48 A, suggesting a similar

bonding environment for Sc and B atoms in these
structures. The slight difference in the dSc-T bond
lengths between Sc,CBH and Sc,CBF are 2.17 A,
and 2.24 A, respectively. This can be attributed to the
different nature of the terminal atoms since H, being
smaller, forms a shorter bond with Sc compared to
F. Although the structural parameters are similar,
the differences in dSc-T bond lengths could lead to
variations in physical properties such as bond strength,
electronic properties, and chemical reactivity between
the two compounds. The structural stability of Sc,CBr,
and Sc,CT, (T=F, P, Cl, Se, Br, O, Si S, OH) MXenes
confirmed with previous studies [16, 17]. However,
Sc,CBH and Sc,CBF also investigated first time and
therefore, cohesive energies were calculated. As can
be seen from Table 2, the cohesive energies of Sc,CBH
and Sc,CBF Janus monolayers are 0.28 eV/atom and
-0.70 eV/atom respectively. Negative cohesive energy
values indicate that significant energy is required
to remove T atoms from the system, predicting
energetical stability. The Janus Sc,CBF is energetically
stable due to its negative cohesive energy. In contrast,
the compound Sc,CBH could not be stable because
it possesses a positive cohesive energy, although
very low, which may imply metastability for the Janus
Sc,CBH monolayer. Furthermore, the cohesive energy
value for H being higher than that for F atoms with the
observation that the bond length between Sc and H is
shorter than that between Sc and F. The low cohesive
energy of the Sc,CBF compound makes it a suitable
candidate for specific applications, such as temporary
electronic devices or reconfigurable circuits [31]. This
property also allows the material to break down easily,
making it useful in controlled release systems like drug
delivery [32].

After confirming structural stability, electronic properties
were investigated. The calculated electronic band
structure of Sc,cBH and Sc,CBF Janus monolayers
are presented in Figure 2.

Figure 2 shows the electronic band structures of
Sc,CBH and Sc,CBF Janus monolayers. The band
structure of Sc,CBH Janus monolayer reveals multiple
bands intersecting the Fermilevel, indicative of metallic
behavior. Like Sc,CBH, Sc,CBF also shows multiple
bands crossing the Fermi level, indicating metallic
properties as well. Moreover, the band branches
passing the Fermi level within each Janus MXene are
plotted in blue and red color, unlike other bands. As can
be seen, these two band branches in both structures
give the structures a metallic character. To better
examine their electronic properties, the partial density
of states (PDOS) has been calculated. The PDOS of
Sc,CBH Janus MXene is presented in Figure 3.

In Figure 3, the Fermi level is set to E=0 eV. Although
the dominant contribution to the PDOS in the Sc,CBH
monolayer comes from Sc atoms, near the Fermi level,
most of the contribution comes from B atoms. This
situation indicates that the electronic properties of the
Janus Sc,CBH monolayer are mainly determined by
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Figure 2. Electronic band structure of Sc,CBT (T=H, F) mo-
nolayers a) Sc,CBH Janus MXene, b) Sc,CBF Janus MXene.

the B atoms. There are significant peaks near -1.0 eV
and 1.5 eV, indicating strong participation of Sc atoms
in the electronic states near the Fermi level. The C
atoms contribute states primarily below the Fermi level,
indicating that their states are mostly filled and do not
play a significant role in the conduction properties. H
atoms show very low contributions across the energy
range, indicating a minimal impact on the electronic
structure.
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Figure 3. PDOS of Sc,CBH Janus MXene.

For further analysis, PDOS of Sc,CBF compound was
calculated and it is presented in Figure 4.

As seen in Figure 4, similar to Sc,CBH, although Sc
atoms generally appear dominant, B atoms are still the
most dominant at and around the Fermi level. Even
though the surface termination element changes,
B atoms maintain their dominance. Although the
Sc,CBF compound exhibits a pattern similar to that

of the Sc,CBH compound, a noticeable change in the
distribution of Sc atoms is evident, especially in the
positive energy region. This distribution of states is due
to the presence of the F atom. The contribution from
carbon is again mostly below the Fermi level, similar
to the Sc,CBH monolayer. F atoms show very minimal
contribution to the PDOS across the energy range,
like H in the Sc,CBH monolayer. This suggests that
fluorine's impact on the electronic structure is minimal.

3.0

= N N
w» o o

DOS [states/eV]

o

0.5

//

0.0 EZ H
-3.5 -3.0 -25 -20 -1.5 -1.0 -05 0005 10 15 20 25 3.0 35
Energy [eV]

Figure 4. PDOS of Sc,CBF Janus MXene.

Both monolayers exhibit significant contributions from
Sc and B near the Fermi level, suggesting that these
elements are primarily responsible for the electronic
properties of these materials. The presence of H in
Sc,CBH and fluorine in Sc,CBF does not significantly
alter the overall PDOS, indicating that these atoms
have a minor role in the electronic properties. The
peaks just below and above the Fermi level are
indicative of the potential for these materials to exhibit
interesting electronic properties, such as metallic
behavior or specific conductive properties.

4. Conclusions

Sc,CBH and Sc,CBF Janus MXene monolayers have
been studied for the first time for their structural,
magnetic, and electronic properties using DFT
calculations. The stability of Janus Sc,CBF monolayer
has been confiirmed by the cohesive energy.
Moreover, electronic band structure calculations
showed their metallic nature. Computational analyses
of AFM and ferromagnetic FM states indicate that
the Sc,CBH and Sc,CBF compounds do not exhibit
magnetic properties. Although the lowest energy was
obtained with revPBE through relaxation calculations
using different exchange-correlation functionals,
the difference compared to the PBE exchange-
correlation functional is insignificant. When examining
the electronic properties, it is observed that while Sc
atoms generally appear dominant, B atoms, which are
predominant at the Fermi level, have a direct effect on
the electronic properties. This is an important result for
boron and Sc based MXenes. Moreover, although the
PDOS of F and H atoms in both compounds does not
have a significant impact on the electronic properties
as expected, it is observed that Sc atoms influence the
distribution in the positive energy region.
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Sc,CBF has been understood to have potential
applications in temporary electronic devices,
reconfigurable circuits, controlled drug release. The
findings obtained in this study will be used for future
experimental and theoretical studies on B and Sc
based Sc,CBT Janus MXenes.
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