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Abstract. In this study, the aim was to increase the adhesion between the two phases (glass substrate and BNNSs
film). Surface treatment was provided by TEOS silane group and piranha solution. The retention times of the
glass surfaces in the piranha solution and the adherence of different ratios of the silane solution to the glass
surface were investigated. Surface characterization was carried out by Fourier Transform Infrared
Spectrophotometer (FT-IR). Scanning Electron Microscopy (SEM) images were taken to characterize the
surface morphology, the thickness of the thin films and the structure of boron nitride nanosheets. UV visible
spectrophotometer was used to determine the efficiency of boron nitride nanosheets after the exfoliation
process. Surface roughness tester (Time TR200) was used to determine surface roughness of the thin films.
According to the results, it was observed that the piranha and silane solutions improved the adhesion of the
glass surface. SEM images showed that the silane was coated on the glass surface and the coating material was
retained on the silane. Excess silane loading caused the structure to deteriorate. Boron nitride yield was
calculated and found to be 54.1% and 34.1% for different centrifugation rates after exfoliation.
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Piranha ve Silan Modifikasyonlarinin Bor Nitriir Nanosheets (BNNSSs)
Ince Film Olusumu Uzerine Etkisi

Ozet. Bu ¢alismada, iki faz arasindaki (cam alt tabaka ve BNNSs filmi) yapismanin arttirilmasi amaglanmustir.
Yiizey iyilestirmesi TEOS silan grubu ve piranha ¢ozeltisi ile saglanmistir. Cam ylizeylerin piranha ¢ozeltisinde
tutunma siireleri ve silan ¢ozeltisinin farklt oranlarinin cam yiizeyine yapismasi incelenmistir. Yiizey
karakterizasyonu Fourier Transform Infrared Spektrofotometre (FT-IR) ile yapilmistir. Yiizey morfolojisini,
ince filmlerin kalinligini ve bor nitriir nanosheetlerin yapisim1 karakterize etmek icin Taramali Elektron
Mikroskobu (SEM) goriintiileri alinmigtir. Eksfoliasyon isleminden sonra bor nitriir nanosheetlerin verimliligini
belirlemek i¢in UV goriiniir bolge spektrofotometresi kullanilmustir. Ince filmlerin yiizey piiriizliiliigiinii
belirlemek icin yiizey piirtizlilik cihazi (Time TR200) kullanilmistir. Sonuglara gore piranha ve silan
¢ozeltilerinin cam ylizeyini yapigma i¢in gelistirdigi goriilmiistiir. SEM goriintiileri silanin cam yiizeyinde
kaplandigim1 ve kaplama malzemesinin silan iizerinde tutundugunu gostermistir. Silan yiliklemesinin fazla
olmas1 yapida bozulmalara neden olmugtur. Eksfoliasyon sonrasi farkli santrifiijleme hizlari i¢in bor nitriir
verimi %54,1 ve %34,1 olarak hesaplanmustir.

Anahtar Kelimeler: Bor Nitriir Nanotabaka, Yiizey lyilestirme, Daldirarak Kaplama, Ince Film
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1. INTRODUCTION

Adhesion is one of the most important factors
during the forma tion of a thin film. To increase
adhesion between the two phases (glass substrate
and film), the glass surface must be treated before
coating. There are many surface treatments applied
on glass such as hydrofluoric acid (HF) abrasion,
SnCl; sensitization, organic grading, sandblasting
and sandpaper grinding. The etching technique
using HF, a common reagent commonly used for
glass treatment, causes the surface roughness to
increase because of the physical treatment and
promotes the formation of more silanol group
(SiOH) producing hexafluorosilicic acid (H.SiF).
Another method is to sensitize the surface of the
glass with a special treatment using SnCl,, which
is a special treatment with a chemical conditioning
process. This process is often used to change the
nature of the glass chemical. Besides chemical
processes, there is also a simple physical
improvement that is commonly used. Silicon
carbide (SiC) paper grinding is a method that
continuously increases the surface area and surface
roughness. This process increases the effective area
of the Van der Waals force. As a result, these
processes have a positive effect on the adherence
of the material to the surface [1]. There are some
studies on the improvement of the glass surface. In
the study of Muanpho et al. glass surface was
coated by gold nanoparticles to improve the
surface. In this study, the glass surfaces were
primarily ultrasonic cleaned for 15 minutes in
ethanol and deionized water. Glass surfaces were
then treated with hydrogen peroxide that has a
volume ratio of 30:70 (30%) and sulphuric acid
(concentrated) for 60 minutes at 60-80°C. Finally,
the glass surfaces were washed with deionized
water for 15 minutes and dried at 110°C for 45
minutes. After cleaning the surfaces, they used
various  silane  groups  (3-mercaptopropyl-
trimethoxy-silane  (MPTMS),  3-aminopropyl-
trimethoxysilane  (APTMS), polyethylenimine
(PEIl)) to modify the surface. Few gold
nanoparticles were attached to the MPTMS-
modified surface so that a homogeneous coating on
the PEI-modified surface could be obtained. The

first two silane groups reacted with the hydroxyl
groups that were formed as a result of washing with
piranha solution and formed the Si-O covalent
bonds on the surface [2]. Nguyen et al. used 4
different methods for surface treatment in their
study. They are Isopropyl alcohol treatment, 3%
H202: H,SO4 piranha solution for 30 minutes,
oxygen plasma treatment, piranha solution and
then treatment in ammonia plasma to increase
amine positive functional groups. According to the
result of the analysis, it was found that the amount
of carbon on the surfaces treated with oxygen and
ammonia plasma was significantly reduced
compared to the other two methods [3]. In another
study, Wang and Awadelkarim investigated the
effect of the glass surface in order to obtain a
polycrystalline silicon thin film transistor on the
glass. Prior to coating, they treated the glass surface
at 75°C in NH4 / H,0, / H,O and HCI / H,0, / H,O
medium for 10 minutes. Surface treated and non-
treated glass have a favorable effect on the surface
properties of silicon-rich surface transistors on
glass surface [4]. Pacaphol and Ong investigated
the effect of silanes on interfacial adhesion and
surface properties of nano-cellulose film coating on
glass and aluminum surfaces. Silanes containing
different functional groups were used to increase
the adhesion of nanocellulose films on the glass
and aluminum substrates and to increase their
physical and mechanical properties. It has been
found that the amino group-containing silane
provides the best adhesion performance compared
to epoxy and methacryloxy groups; higher
proportions of amino silane tended to adhere better
to glass and aluminum substrates. Furthermore, the
amino silane has the ability to improve the surface
hardness, elastic modulus and scratch resistance of
the coating film [5]. In their study, Chitvoranund et
al. investigated the adhesion effects of the silver
film that is produced by electrolysis coating on the
glass substrate. The glass surface was treated with
three different methods: HF acid etching, SnCl,
activation, and silicon carbide paper milling. After
this process, a glass slide was immersed in the
coating solution for 90 minutes at room
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temperature. The HF pickling process has created
pores on the surface. The size of the pores
increased with increasing immersion time. On the
other hand, the sensitivity that is provided by SnCl,
coating on the glass surface is similar to the
untreated sample with a very smooth surface. The
SiC paper grinding process made the surface
smoother [1]. In their study in 2017, Ahmad et al.
improved the glass surfaces with polyvinyl butyral
(PVB). In order to strengthen the electro-optical
properties of the R-PDLC, PVB was coated on the
glass surface. It was mixed with 0.1% by weight of
isopropyl alcohol to form the PVB layer and then
distributed over the conductive surface of the ITO
glass. After the first layer was dried, another PVB
layer was produced on the first layer with the spin
coating technique. According to the result of the
analysis, they observed that PVB thin film
improves the optical and hydrophobic properties of
glass [6].

In our study, boron nitride nanosheets were
produced by liquid exfoliation method, which is a
high yield and low-cost process. There are several
studies using this method to manufacture BNNSs
with high efficiency [7-11]. Glass surfaces were
kept in piranha solution at different time intervals
and then modified with silane solution and surface
improvement experiments were carried out.

2. MATERIAL AND METHOD

2.1. Materials

Nano-sized boron nitride powder (Bortek Boron
Technologies and Mechatronics Ind. Co.) was
used as the starting material to produce 2D boron
nitride nanosheets. In the exfoliation method,
isopropyl alcohol and distilled water (J.T. Baker)
were used as a solvent. Materials used to improve
surface cleaning and wettability are; ethanol (99%
purity, Sigma Aldrich), sulfuric acid (H.SO., Carlo
Erba 96%), hydrogen peroxide (H20,, Merck 35%)
and distilled water. Tetraethylorthosilicate (TEOS,
ABCR GmbH 99%) was used to increase the
adhesion strength between the glass surface and the
coated material. The pH of the solution was
adjusted with acetic acid (Riedel de Haen, 100%).
Borosilicate microscope slides (25.4x76.2 mm in
size and 1-1.2 mm in thickness) were used as the
surface to be coated.

2.2. Method

2.2.1. Production of Boron Nitride Nanosheets
Boron nitride nanosheets were produced using
sonication centrifugation technique. Low power
ultrasonic bath was used to manufacture 2D boron
nitride. In this method, the mixture of isopropyl
alcohol and water were used as solvent. 0.2 g of
bulk boron nitride powder was dispersed in 100 mL
of solvent (2 mg/mL). The resulting mixture was
sonicated in a 180 W ultrasonic bath for 3 hours at
45-minute intervals and centrifuged at 3200 and
4000 rpm for 30 minutes to complete the formation
of boron nitride nanosheet. The supernatant was
placed in a new bottle.

2.2.2. Surface treatment of glass substrates and
thin film formation

In the applied method, the glass surfaces were first
washed ultrasonically in the ethanol solution for 15
minutes in order to remove impurities from the
surface. Then, 3:1 H>SO4: H20: (sulphuric acid and
hydrogen peroxide) solution, also called as piranha,
was prepared and the cleaned glass surfaces were
kept in piranha solution for different periods (10
minutes, 20 minutes, 30 minutes) to increase the
wettability of the surface. The glass surfaces in
piranha solution were washed with distilled water
before being immersed in boron nitride nanosheet
solution. 10%, 20% and 30% methanol solutions of
the silane group (TEOS) were prepared and added
to the solution at the same rate as the boron nitride
concentration. To accelerate the hydrolysis and
condensation reactions of the silane group, acetic
acid was added dropwise to bring the pH of the
solution to 4. Glass surfaces were immersed into
the solution 5 times and kept in the solution for 5
minutes. After immersion, the glass surfaces were
dried for 1 day in room conditions to remove the
excess solvent and other volatile components on
the glass. The dried glasses were treated in a tube
oven at 550°C for 5 hours in the presence of
nitrogen gas. The experimental conditions were
given in Table 1.
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Table 1. Experimental conditions for surface treatment

Sample codes Solution  concentration Pi_ranha _Solution Holding Silane Concentration
(mg/mL) Time (minutes) (%)

BNP10 2 10 -

BNP20 2 20 -

BNP30 2 30 -

BNP30S10 2 30 10

BNP30S20 2 30 20

BNP30S30 2 30 30

2.3. Characterization

In order to determine the morphological
characteristics of the surface images of thin films
and boron nitride nanosheets, SEM (Zeiss Supra
40VP, Germany) analysis was performed. Images
were taken from the surface and surface section at
different magnifications. The presence of boron
nitride and silane groups on the coating surface was
investigated by FT-IR (Agilent Technologies, Cary
630) analysis with 400-4000 cm? wavelength
range. The amount of boron nitride nanosheet
formed in the liquid exfoliation method was
determined by UV-visible region spectroscopy
(Agilent Technologies, Cary 60 Uv-Vis). The
surface roughness of the thin films was obtained
using surface roughness tester (Time TR200).

3. RESULTS AND DISCUSSION

3.1. SEM Images of Boron Nitride Nanosheets
Figure 1 contains SEM images at 3200 and 4000
rpom of boron nitride nanosheet in which the
mixture of isopropyl alcohol and water are used as
solution. The surface was covered with platinum
before the SEM analysis. Figure 1-b shows that the
lateral dimensions of nanosheets range from 100 to
300 nm. Since nano-sized bulk h-BN powder has
been used in the exfoliation process, obtained
nanosheets were thick (about 20 nm). In SEM
images at 4000 rpm (Figure 1-d), thinner
nanosheets were formed. The separation of the
boron nitride layers can be improved by increasing
the rate of centrifugation [8]. Since the synthesis is
done at low speed, nanosheets are seen in a stacked
form.

Figure 1. SEM images of boron nitride nanosheets
at different centrifugal speeds and magnifications
a) 3200 rpm, 1.00X b) 3200 rpm, 100.00X c) 4000
rpm, 250X d) 4000 rpm, 80.00X

3.2. SEM

Films
SEM images of coated surfaces using different
piranha immersion times were given in Figure 2.
Figure 2- ab shows the images in different
magnifications of the coatings obtained by
immersing the glass surfaces in a solution of
piranha for 10 minutes. When the SEM images are
examined, it is observed that there is not much
adhesion to the surface, but in some cases, the acid
etching increases the area of contact of the coating
with the surface. To increase the area of contact of
the piranha solution with the surface and to
facilitate the adhesion of the coated solution to the
glass surface, the waiting time in the piranha was
increased to 20 minutes. Figure 2-c, d shows the
images of the coatings obtained by immersing the
glass surfaces in piranha solution for 20 minutes. It

Images of Surface-Treated Thin
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is observed that a denser part is attached to the glass
surface, although not homogeneous, compared to
the BNP10 sample. As the contact time with acid
increased, the area occupied by the attachment
increased. The coated material was stacked on the
surface. In a study conducted by Chitvoranund et
al. in 2013, it was determined that when the glass
surfaces were eroded with acid in different time
periods such as 60, 90 and 120 seconds, the pores
on the surface at the end of 120 seconds were
discovered to be larger than other durations. The
surface before the etching was smooth and after the
acid treatment, eroded and porous surfaces were
obtained [1]. Figure 2-e, f is a view of the glass
surfaces obtained by immersing them in a solution
of piranha for 30 minutes. The images show a more
homogeneous spread compared to the surfaces
after 10 and 20 minutes. The surface roughness and
consequently the surface area has increased, thus
resulting in a better film adhesion. Waiting for
glass surfaces in the piranha solution for 30
minutes increased the area where Van der Waals
forces were effective and widened the surface area
of boron nitride particles.

Figure 2. SEM images of coated surfaces of
different piranha immersion times a,b )10 mins,
b,c) 20 mins, d,e) 30 mins

Figure 3 shows the SEM images of glass surfaces
modified with silane and piranha solution. In
Figure 3-a, b the images of the surfaces obtained by
immersing the glass surfaces in piranha solution for

30 minutes and then dipping them into a 10% silane
and a boron nitride nanosheet solution were given.
The addition of silane groups only improved the
adhesion between the material and the surface that
consisted of the coatings made with piranha, which
allowed more materials to adhere to the surface. It
is well known that silane groups have a very active
structure on glass surfaces. They also act as a
binding agent between organic and inorganic
materials. Silanol groups ( Si OH) occur in the
hydrolysis event after the contact of the alkoxy
groups in the structure of the silane with water.
These silanol groups react with the hydroxyl
groups in the condensation step to form a cross-
linked silane layer between the adjacent silane
molecules. As a result of these reactions, the
surface of the glass is activated, and the coating
material is improved by the surface [12]. In Figure
3-a, b it is observed that the adhesion between the
glass surface and the material increased by 10%
after the silane improvement, compared to the
coating without silane. Figure 3-c, d exhibit the
SEM images of the coatings obtained by
immersing the glass surfaces in piranha solution for
30 minutes. From the SEM images, it is evident that
the film becomes continues as the silane amount
was increased. In a study conducted by Cecchin et
al. in 2016, similar SEM images were obtained by
coating the glass fibers that are used for surface
treatment with silane groups. The acid they use,
which is HF, increases the wetting properties of the
surface by increasing the energy on the surface of
the glass fibers [13]. The cross-sectional images
and thickness of the BNP30S20 sample were also
given. The thickness of the resulting film was
42.774 pm.

In Figure 3-e, f shows the SEM images of
BNP30S30 film, which was prepared by pre-
treating the glass surfaces in piranha solution for 30
minutes and subsequently in a mixture of 30%
silane solution. The coating material, which is
intended to adhere to the surface, was deposited on
the silane group. It is also seen that the silane group
that is coated on the glass surface is partially
fragmented. It is thought that this degradation
occurs after hydrolysis and condensation reactions
of TEOS. The average thickness of the thin film
coating is 37.25 pm. According to the images, it
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was observed that a double layer coating was
formed. The boron nitride particles were coated on
the silane. In order to form a boron nitride coating
as a single surface, silane groups must be removed
from the surface.

Thin film cross-

sectional area

Figure 3. SEM images of coated surfaces kept in
piranha solution for 30 minutes and for different
silane concentrations a,b)10%, b,c) 20%, d,e) 30%.

3.3. Raman Spectroscopy Analysis Fourier
Transformed Infrared Spectrophotometer
(FT-IR) Analysis Results

FT-IR analyzes were performed in the wavelength

range of 400-4000 cm™. Figure 4 shows the IR

spectrum of the uncoated glass slide. Figure 5 and

6 shows the IR spectrum of the thin films obtained

after the surface treatment. Figure 5 shows the IR

spectra of thin films obtained by immersing glass
surfaces in piranha solution for different time
intervals. Stretching band appeared at 2949.93 cm-

! wavelength is related to asymmetric C-H strain.

This band is belonging to the CHs group in the

methanol structure used in all solutions. The

stretching band around 2106.05 (Figure 5 and 6)

shows NCO groups.
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Figure 4. IR spectrum of uncoated glass slide
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Figure 5. IR spectrum of thin films obtained as a
result of surface improvement a) BNP10 b) BNP20
c) BNP30

The stretching around the wavelength of 1357.85
cm?® represents the CH, and CHs; groups in
methanol or ethanol. Similar stretching was
observed in the coatings on the surfaces which were
kept in piranha solution for 20 minutes and 30
minutes while some CH,-CHs stretching was not
observed in the coating held in solution for 10
minutes. The stretching of 1111.20 cm?® and
1063.36 belong to the C-O asymmetric band. The
band at 760.62 cm™ in all samples (Figure 4,5,6)
refers to the oxygen-induced Si-O or Si-O-Si
bonding of the silicon present in the glass structure
[14]. In the coating spectrum of the solution
prepared with 30% silane (Figure 6), the band at
1357.85 cm™ was considered to belong to CHs
groups in TEOS. The strain of 1007.26 cm™
occurring in the 30% sample also shows C-O
binding. The stretching band at 911.57cm™ in all
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the samples (a), (b) and (c) refers to non-bridged
fractured Si-O bonds. This stretch is thought to be
due to the formation of Si-O covalent bond on the
surface by reacting with the hydroxyl groups
resulting from washing with the piranha solution of
the silane group [2].

(c) 1357.85
2106.05 mM
i 911.57 76062
(b)
2106.05
LITE S

- — N
(@) '

2106.05
1994 68

Transmittance %

1 760.62
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T T 1 T T
2500 2000 1500 1000 500

Wavelength (cm")

USSR (G — )
4000 3500 3000

Figure 6. IR spectrum of thin films obtained as a
result of surface improvement a) BNP30S10 b)
BNP30S20, and c) BNP30S30

3.4. Determination of Boron Nitride Nanosheets
Concentration
UV-Visible Spectrophotometer was used for the

guantification of the obtained nanosheets. At 400
nm wavelength [15]. 2 ppm (2 mg/mL) suspension
was prepared by diluting the mixture with
isopropyl alcohol and water. Table 2 shows the
absorbance values of the suspensions prepared in
various ppm values.

Table 2. Absorbance values of suspensions
prepared in different concentrations

Concentration (ppm) Absorbance
0.5 3.1554
1 3.3420
15 3.5173
2 3.6857
BNNSs solution (3200 rpm)  3.2246
BNNSs solution (4000 rpm)  3.3658

A calibration curve was drawn according to the
obtained data and the linear equation was created.
The absorbance value of the boron nitride
nanosheet suspension that is prepared at 3200 and
4000 rpm was calculated from this equation and the
concentration value was determined to be 1.082

ppm and 0.6823 ppm (mg/mL) respectively.
Sonication yield was calculated as 54.1% and 34.1
% starting from the initial amount (2 mg/mL). The
peeling of the nanoparticles in the solvent is due to
the strong interaction between the solvent and the
nanoparticles; this means that there is little energy
for exfoliation. During sonication of the boron
nitride flasks in the solvent, initially large flakes are
separated into smaller flakes and a greater amount
of energy is obtained as the duration and rate of
centrifugation increases and a small number of
layers or a high concentration of nanosheets is
obtained. For this reason, to perform an efficient
exfoliation, the solvent should be dispersive, polar,
and have H-bonding solubility parameters
matching those of layered materials in order to
minimize the exfoliation energy to ensure effective
exfoliation [16].

3.5. Surface Roughness of BNNSs Thin Films
Roughness is the length of many scratched,
irregular short wavelengths that occurs when a
hand tool moves from one end of the surface to the
other. One of the parameters used to determine the
surface roughness is the arithmetic mean deviation
(Ra) value and results in pm. This expression has
been described as the average height of the central
axis in the BSJ standard. Surface roughness
measurement devices can be read directly. The
surface roughness values of thin films prepared at
different conditions were given in Table 3. It was
observed that the surface roughness ranged
between 0.03 and 0.14 um. From the results, it can
be concluded that roughness values increased as the
surface etching increased (Figure 2).

Table 3. The surface roughness of BNNSs thin
films

Sample codes

Roughness (Ra, um)

BNP10 0.030
BNP20 0.044
BNP30 0.049
BNP30S10 0.115
BNP30S20 0.129
BNP30S30 0.140

The surface became increasingly porous and
irregular because of the dissolution of the glass
phase after piranha and silane modifications.
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Therefore, voids and channels become larger and
deeper as the etching time and silane concentration
increases [17-19].

4. CONCLUSION

In general, modifications of piranha and silane
group showed a positive effect on adhesion of
boron nitride nanosheets to the glass surface. As
the waiting time of glass surfaces in the piranha
solution increased, the adhesion of the boron
nitride nanosheet to the surface increased. Keeping
glass surfaces in the piranha solution for 30
minutes increased the effective area of the Van der
Waals forces and widened the surface area of boron
nitride particles. It is also seen that the silane group
coated on the glass surface is partially fragmented
when the loading of the silane group is 20% and
30%. In IR spectrum of the thin films treated with
silane groups, non-bridged fractured Si-O bonds
were observed. This stretch is thought to be due to
the formation of Si-O covalent bonds on the surface
by reacting with the hydroxyl groups resulting
from washing with the piranha solution of the
silane group. Sonication yield was calculated as
54.1% and 34.1% for boron nitride nanosheets.
According to the results if less than 20% silane
group is used, surface defects can be eliminated.
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