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Metal borate nanostructures for industrial antibacterial ceramic fabrication
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ABSTRACT

Silver and copper borate nanostructures were mechanistically synthesized for novel boron-contain-
ing antibacterial applications. Different concentration, temperature, time parameters were varied
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for obtaining hierarchical formulations. Metal borate nanostructures showed interesting crystalline

and optical properties since temperature and concentration adjustments provided correlated
shape and surface properties with around 300 nm size. Chemical analysis and crystallinity of both
copper and silver formulations were conducted with X-ray diffraction and unveiled that especially
temperatures ranging from 40 to 90°C has a huge impact on the formation of nanostructures. X-
ray photoelectron spectroscopy analysis comprehensively provided all atomic compositions espe-
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cially about boron atom at 191-192eV range. Additionally, energy-dispersive X-ray analysis with
scanning electron microscope measurements revealed the morphological properties of the nano-
structures and showed the purity of the obtained materials. Finally, metal borate-containing glazes
were obtained on 1 x 1cm samples for antibacterial tests against Gram-positive and Gram-nega-

tive microorganisms.

Introduction

The microbial world is very active and old in the present
world conditions.") Bacteria settle on different surfaces and
spread through propagation.’?! In recent years, bacterial dis-
eases have been reaching risky levels all over the world.
Therefore, the studies of compounds that do not have a toxic
effect on health and have both antibacterial and antioxidant
activities should increase rapidly.”! Antibacterial materials
have been widely used in many products such as pigment,**!
water sterilization,'®”! food packaging,[s’gl biomedicine,['*!!
and ceramics.'?! The nanoparticles (NPs) are intensively used
for the administration of theranostics and the cure of infec-
(3] in medical applications, drug delivery
systems, bioactive compounds,[g] and coating.“‘l’15 I There are
many NP synthesis methods like bottom-up or top-down
routes. Generally, bottom-up methods start with molecular
precursors, whereas top-down methods follow the miniatur-
ization of the amorphous structures.

NPs have high surface areas/volume ratios, which ensure
that the particles have different chemical and physical prop-
erties than bulk materials."®**! In this context, the produc-
tion of silver, copper, zinc oxide, and titanium dioxide NPs
is intensively available in the production of antibacterial
nanomaterials.?*?®!  Additionally, these particles are also
active in antivirus applications. Due to the current Covid-19
problem, possibly, antibacterial surfaces will also be antivirus

tious human diseases

types of materials and this phenomenon should be
investigated.

Development and usage of antibacterial materials seem to
be a very important subject in the human life. Various metal
and metal oxide NPs are known and applied due to their
huge activity for antibacterial properties, such as silver (Ag),
copper (Cu), zinc (Zn), titanium (Ti), silicon (Si), magnesium
(Mg), aluminum (Al), and their oxides.>?”8] Metal NPs,
especially silver NPs have wide usage in new technologies
such as electronics, materials science, and nanomedicine.*>*"!
Silver NPs are used as antibacterial and antiviral materials in
household appliances and aerogels,”"**! whereas copper NPs
are used in antibacterial applications.**** Among other tech-
niques, the preparation of hybrid surface coating is one of the
most intensively highlighted methods in the fabrication of
antibacterial surfaces.*>****! The antibacterial effect is gener-
ally explained in three different mechanisms; ion release from
the antibacterial agent or surface, light absorption, and active
photocatalytic or other methods for the cell wall destruction
or again cell wall destruction by some chemicals such as qua-
ternary ammonium salts (Figure 1). Antibacterial properties of
silver and its compounds were established for centuries*"*!
as silver ions, dissolved, and agitated from a silver-coated sur-
face, can kill both Gr(+) and Gr(-) bacteria.l*>’ That’s why,
silver-containing products were used in various applications,
including wound improvement,[44] eye infections, *>**! urinary
tract infections related to catheter-associated,”*”**! and ceramic

surface."™ In addition, the use of copper as an antibacterial
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Figure 1. Antibacterial mechanisms with different active methods.

material won importance in the nineteenth and twentieth cen-
turies and continued until antibiotic usage.*”’ The use of cop-
per in copper containers or glass bottles containing copper
coils has recently been reported by Sudha et al,*® it was pro-
posed by as a domestic water purification method to remove
enteric bacteria and make water drinkable, especially in devel-
oping countries.

Nanocomposite structures have more than one component
and can be used in many different applications. NPs intro-
duced nanocomposite systems generally depend on the silicon-
based precursors together with epoxy, acrylic, or polyurethane
polymers. Therefore, antibacterial applications with common
metal structures are wide for nanocomposites.!*~>*!

As generally known metal borate nanostructures consist
of boron, oxygen, metal, and hydrogen where boron atoms
are connected to oxygen aroms for their low coordination.
There may also be water and hydroxyl groups in the crys-
tal structure. Trihedral and tetrahedral boron oxygen
structures are the basic structures of metal borates.[>>>¢!
Copper borate compounds include borates like CuB,0y,,
CuBO,, Cu;3B,04, Cuy[BO (OH),] (OH);, Cus3Bs0;,H,0,
and Cu3B0,,.1%”! Fine-grained, blue, and long-standing
aqueous copper borates, such as 2CuO-B,03-3H,O and
3Cu0-2B,0; nH,0 (n=5, 4, 2, 1), have also been synthe-
sized.”® In addition, some synthetic borates are also
described. These borates listed as: Nag{Cu, [B604
(OH)jo]} 12H,0,°”" KsH {Cu;0  [By0s; (OH)sl}
32H,0,%”) and Cu (NH,) 4B,0,6H,0.[°!)

In this detailed investigation, we have developed silver
and copper borate nanostructures and conducted a detailed
physical and chemical investigation for crystallinity, optical
properties, and surface features together with their antibac-
terial activities on ceramic surfaces. Results revealed that
these borate nanostructures are the potential candidates for
an industrial antibacterial application.
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Figure 2. Scheme for the reaction components and particle formation.

Materials and methods
Materials

For the synthesis, borax used as beginning material (diso-
dium tetraborate decahydrate (Na,B,0,-10H,0) (Merck),
silver nitrate (AgNO3) (Nalgene), and copper (II) nitrate tri-
hydrate (Cu(NO;),-3H,0) (Merck) were reacted for the
mechanistic synthesis of silver borate and copper borate
NPs. All the materials were used as purchased. Solutions
were prepared before mixing and all the reactions were
repeated as completely identical by changing the necessary
parameters. At the end of the reactions, obtained samples
were filtered, separated, and dried.
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Figure 3. XRD results of the silver borate experiments. (a) Comparison of the synthesized AgB13 with JCPDS: 96-150-9895 peaks, (b) silver borate formation mole
ratios silver/borax at 1/2, (c) mole ratios silver/borax at 1/1.5, (d) mole ratios silver/borax at 1/1, () mole ratios silver/borax at 2/1, (f) silver borate formation at

45°C, (g) at 60°C, (h) at 75°C, (i) at 90°C.

Methods

The X-ray diffraction (XRD) (Philips X'Pert Pro) patterns
have been obtained by using Cu Ka radiation in a range of
20 =20-80 by using enough amount of solid particles. The
elemental composition investigation (energy-dispersive X-ray
analysis [EDX]) of the obtained structures was performed
together with morphology and the size analyses with a scan-
ning electron microscope (SEM) (Philips XL 30S FEG). In
order to avoid the electron charging effect, samples were
coated with 5nm Au (Leica) prior to the SEM imaging.
Dispersed particles were dropped on a carbon tape and
dried. Average sizes were calculated by counting and meas-
uring 50-100 particle diameters and plotting them with
respect to their frequencies. Non-linear fitting on the
obtained particles gave an average value with a calculated
statistical standard deviation. The surface and elemental
composition of the dried NPs were performed by X-ray
photoelectron spectroscopy (XPS, Thermo Scientific, Ko).
XPS spectra have been obtained by a flood gun charge neu-
tralizer system equipped with a monochromated Al Ko X-
ray source (hv=1486.6eV) from 400 mm spot size on the
NPs. Wide energy survey scans have been recorded between

0 and 1360eV binding energy range, at detector pass energy
of 200eV, and with energy step size of 1eV. High-resolution
spectra were obtained at pass energy of 50eV and with
energy steps of 0.1eV for each atom. FT-IR spectra were
recorded by dried NPs in between 400 and 4000 cm™ ™ with
Agilent 600 series ATR module spectrophotometer. UV-Vis
absorption properties of the NPs in EtOH dispersion were
conducted by UV-Vis spectrophotometer in between 200 and
800nm (Agilent Cary 60 UV-Vis Spectrophotometer).
Thermal properties of the obtained particles were measured
between room temperature and 1000°C with 20°C/min
increasing rate under N, atmosphere by the TGA Shimadzu
DTG-60 series. Generally, the amount of the particles was
below 10 mg.

Antibacterial tests of silver borate and copper borate NPs
were obtained with Staphylococcus aureus (ATCC 6538
Gram-positive) and Escherichia coli (ATCC 25922 Gram-
negative) bacteria. Activation of the ATCC cultures was
realized with —80°C storage and cultures were formed by
planting Petri plates with nutrient agar (Merck) and Mueller
Hinton broth (MHB) (Merck). Nutrient broth (NB) and
dilution method were utilized to observe the antibacterial
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Figure 4. (a) Peaks of main copper borate and its comparison with obtained sample (CuB13), (b) copper borate formation at 45 °C, (c) at 60°C, (d) at 75°C, (e) at
90°C, (f) copper borate formation mole ratios copper/borax at 1/2, (g) mole ratios copper/borax at 1/1.5, (h) mole ratios copper/borax at 1/1, (i) mole ratios copper/

borax at 2/1.

activity of the nanomaterial. Produced solutions with bac-
teria were set to 0.5 McFarland turbidity by sterile PBS, after
24h of incubation at 37°C.

Fabrication of silver and copper borate nanoparticles

Silver nitrate (AgNO;) and borax (Na,B,0,.10 H,O) were mixed
with different proportions of AgNO3/Na,B,0,-10H,O at four
different temperatures such as 45, 60, 75, and 90 °C. Before the
reactions, completely dissolved solution was prepared. Also, cop-
per nitrate (Cu(NO3),-3H,0) and borax (Na,B,0,-10H,0) were
treated together at four different temperatures with varying
molar ratios of Cu(NO3),-3H,0/Na,B,0,-10 H,O. Temperatures
of the solutions were arranged in an oil bath. Also, the reaction
time has been changed for all the experiments. All procedures
may be found in Supplementary Table S1. Figure 2 represents
the general method and formation dynamics for obtained silver
borate and copper borate NPs.

During the reaction, as soon as borax was added to the
silver or copper solution, a nucleation formation was
observed immediately. Metal nitrate structures have +1 and
+2 oxidation values. This means chemical interaction

between the borate structure arising from borax and metal
cations should react in certain proportions. Since oxidation
value for zinc and copper is +2, borate structures can form
ring-type structures where zinc and copper bind three borate
structures. But for silver cation, it can basically replace the
sodium atoms in the nanostructure. Therefore, copper bor-
ate is formed only if the metal cation is in very certain pro-
portions for the rapidly growing structures. After the
reaction, silver borate and copper borate NPs have been syn-
thesized which investigated by XRD and SEM for other
applications. Prior to the examination, NP samples were
bathed and dry particles obtained with EtOH.

Results and discussion
Crystallinity of the silver and copper borate NPs

The structure and pureness of the mentioned phase of the
synthesized silver borate and copper borate NPs were investi-
gated with XRD. Characteristic XRD peaks of silver borate
NP, which was compared with its original XRD data, hex-
agonal silver borate form with JCPDS card no: 96-150-9895
with formula Ag;BO; was showed in Figure 3a. Enlarged
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Figure 5. Representative SEM image of the silver borate (AgB13) at 90 °C, Ag/B,05; mole ratio 2:1. (a) 20 um, (b) 5 um, (c) 2 pm (AgB16) at 90 °C, Ag/B,05 mole ratio

1:2 (d) 20 um, (e) 5 um, (f) 2 um magnification values.

XRD peaks of silver borate structures are monitored related to
the real crystalline data with 20 values of 30.00°, 33.20°,
33.79°, 34.19°, 38.04°, 39.21°, 43.33°, 44.21°, 48.99°, 52.66°,
55.77°, 60.56°, 64.31°, 66.61°, and 77.32°. For this reason,
nucleation, which also affects particle formation, does not
occur at the required rate. The peaks at 33.20°, 38.50°, 55.60°,
and 66.10° are distinguishable for AgB, and AgB; enterprises.

Surprisingly, XRD peaks unveiled that by enhancing the
temperature, the peak density of the synthesized particles
increased. It is likely excessive anions of borate ions are gov-
erning the solution dynamics by changing the hydrogen con-
centration, flux rate, and appropriate complex formation. The
most salient note which can be derived from the reactions is
that the formation and crystallinity of silver borate occur at
increasing temperatures and role of the mole ratio seems inef-
fective in the same regions. The intensity of XRD patterns
was expressively increased with the increasing temperature.
The effect of temperature speeds up formation of the particle
conditions such as formation of extremely crystalline struc-
tures, increased atomic diffusion, increased saturation, and
sufficient flux ratio in solution (Figure 3b-e). In Figure 3b-e,
all the peaks were analyzed according to the varying mole
ratios. This means, silver and borax ratios were kept stable
with four different applications. In Figure 3b, Ag/borax ratio
was 1/2 and it is easily seen that increasing temperature
forms a very high crystallinity. Figure 3c,d show that if the

ratio was changed to 1/1.5 and 1/1, formation of the silver
borate at low temperatures is very sensitive and especially 1/
1.5 has a very low crystallinity. Still when the silver ratio
increases to 2 versus borax 1, as in Figure 3e, quite perfect
crystal structures are observed. If one compares all the 16
XRD investigations here, it is obvious that temperature regu-
lates the real silver borate crystal formation and mole ratio is
actually not effective as much as the temperature.

Therefore, in Figure 3f-i, the analysis of the XRD results
was redesigned according to the temperature parameter. In
Figure 3fg, low-temperature peaks like 45 and 60°C were
graphically presented. It is clearly seen that the formation of
the silver borate crystals is hardly realized, but in the propor-
tions of 2/1 (silver/borax), crystallinity is still high. But when
we focus on the high temperatures namely 75°C and 90°C,
it is possible to see silver borate crystals at any mole ratio
(Figure 3h,i). Hence, we can conclude that temperature acts
an important role in the formation of the silver borate nano-
crystals. Also, this mechanistic study can reveal the small
details concerning the XRD peaks of the silver borate crystals.
For example, the noise-to-peak ratio is highly acceptable in
high temperatures and high silver molar ratios. This can also
be seen and compared in low-temperature XRD peaks.

When XRD peaks of copper borate are examined with
characteristic XRD peaks of copper borate NPs, rectangular
copper borate form with JCPDS: 96-210-5419 with formula
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Figure 6. Representative SEM image of the copper borate (CuB13) at 90 °C, Cu/B,0; mole ratio 2:1. (a) 20 um, (b) 5 um, (c) 2 um (CuB16) at 90°C, Cu/B,03 mole

ratio 1:2 (d) 20 um, (e) 5 pum, (f) 2 um magnification values.

Cu,(BOs), patterns can be followed. A value of Bragg reflec-
tions with 20 values of 23.90°, 29.51°, 34.50°, 39.06°, 42.4°,
and 48.04° are observed (Figure 4a).

It is seen that the highest intensity of the copper borate
formation occurs when the Cu/borax mole ratio is 2/1.
According to the XRD results, increasing the molar ratio of
copper concentration has shown that it reduces the peak
density of the synthesized particles (Figure 4b). It can be
stated that the formation of copper borate doesn’t occur
unless the molar ratios are proper like 2/1 Cu/borax.

Therefore, at almost any temperature, formation is related
to the presence of Cu/borax ratio and independent from the
temperature (Figure 4b-e). This result can also be supported
when all the graphics were redesigned according to the molar
ratios (Figure 4b-e) and different temperatures (Figure 4f-h).
In Figure 4i, the molar ratio for Cu/borax is 2/1 which is per-
fectly ideal for the copper borate particle formation.

Still one can observe that at low temperatures like 45°C
intensity of the peaks are relatively smaller when compared to
other temperatures. However, peak positions are clear and there
is no discussion about the position of the peaks. Consequently,
we can conclude that in silver borate NPs, temperature plays a
huge role but when we switch to the copper borate, molar
ratios are much more important factor than the temperature.

Morphology and composition

From the XRD characterization, we have concluded that
some particles are more suitable for further use and examin-
ation. Therefore, we have utilized two different silver borate
and two different copper borate nanoparticles as sample
investigation. Atomic analysis and morphology investigation
of the obtained NPs were realized by SEM and EDX.
Monitored structures were prepared with alcohol (EtOH),
then ultrasonication was performed. After that, a drop of
this alcoholic solution was placed on carbon tape. To
improve image quality, 5nm Au (gold) was coated.

In the examination, it was seen that AgB13 (Figure 5a—c)
and AgB16 (Figure 5d-f) NPs are spherical, CuB13 (Figure
6a-c) and CuBl6 (Figure 6d-f) are plate-shaped, and there
are no other impurities in the products. For AgB13 spherical
particles, it was observed that inner sides of the spheres are
empty and particle distribution is presenting a narrow range.
Additionally, the porosity of the particles is high. When
compared, the porosity of the AgB16 seems higher than
AgB13 possibly due to the different particle sizes. Especially,
AgB16 structure seems more complex since some of the par-
ticles show irregularities and distribution reflects a wider
size band. Some particles are relatively large but less in
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Figure 7. Representative SEM image of the silver borate for other 90 °C particles of (a) AgB14 (Ag/B,05 mole ratio 1:1) (10 um) and (b) AgB15 (Ag/B,03 mole ratio
1:1.5) (10 pm), particle size distribution of the (c) AgB13, (d) AgB14, (e) AgB15, and (f) AgB16 samples.

number. With increasing scale, larger particles get more
noticeable. From the measurements of SEM images (Figure
7a,b), the particle size of the synthesized AgB13 nanostruc-
tures (Figure7c-f) was determined as 321nm on average
(Figure 7c), whereas the AgB16 particles were larger and an
average of 900 nm (Figure 7f).

The morphology and particle sizes of CuBl13 particles
(Figure 8a—d) were determined to be 754 nm on average (Figure
8c). Due to the irregular and layered structure of CuBl16 par-
ticles, the dimensions of the particles can be imagined as two-
dimensional and the layer thicknesses were measured between
150 and 200 nm (Figure 8d). Porosity of the CuB13 particles is
higher than CuB16 since CuB16 has plate-like structure.

As stated before, silver and copper borate structures show
different morphologies. When we compared the crystallinity
and morphology, it is easier to detect the sample NP which
can be used for further applications. From this viewpoint,
other SEM images for silver borates with different mole pro-
portions at 90 °C results were also investigated (Figure 7a,b).
These samples are other 90 °C results for 1/1 and 1/1.5 mole
ratios of the silver borate (Figure 7d,e).

Silver borate SEM investigation results clearly showed the
similar morphology behavior for the 90°C NPs formation.
Interestingly, there is a linear increase in the average particle
size distribution with the increasing Ag/borax amounts. This
was also shown in Figure 9a. In lower proportions, the
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particle size was detected as 321 nm, but when the propor-
tion was increased to 2/1 average size was detected as
900 nm. Still, the size is under micrometer range and general
morphology is similar in all proportions.

When we analyzed the particle sizes of the CuB samples
obtained at 90°C, we can also see a similar trend since it is
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clear that Cu/borax proportion defines the particle size
(Figure 9b). As the borax amount increases the observed
average particle sizes also increase as seen in Figure 8c,d even
though a regular distribution couldn’t obtain for CuB14 and
CuB15. From the SEM images, in Figure 8a,b, it can be seen
that the particle structure of the CuB14 and CuBl15 samples
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(d) CuB16 (Cu/B,05 mole ratio 1:2).

are not having a regular shape - large and irregular. For this,
the particle size of copper borate samples prepared at 1/1 and
1/1.5 mole ratios at 90 °C could not be measured.

Atomic analysis of chemical structure made by the EDX
method, the existence of B, O, Ag, and Cu elements of silver
borates and copper borates were determined (H was
ignored) and presented in (Figure 10a-d). Masking agents
or other types of atoms, for example, sodium was not
observed. This investigation clearly shows the metal borate
formation with high purity. Calculated atomic proportions
were also showed as insert pictures on EDX graphs.

Surface characterization

Surface characteristics were characterized with FT-IR spec-
trometer on Agilent 600 series ATR module spectrophotom-
eter. The wave number ranges from 4000 to 500cm at a
resolution of 4cm™ ™.

FT-IR analysis was performed to investigate the molecular
bond characterization of the NP structure for AgB13 and
AgB16. Observed characteristics were shown in Figure 1la-d.
For FT-IR analysis, NPs were dried and measured immediately.
For the borate structures, B-O symmetrical or asymmetrical
tension peaks are visible at 890cm ™' and 1350cm ' in both
products, and they are connected with B-O bonds for the
repeating B4-O and Bs-O units, respectively. In-plane bending
peaks for the same are detected at 511cm™ ™ and 592cm™™
which is related to the twisting of the B-O-B connections in the
metal borate nanostructures.®® Therefore, in addition, full sur-
face analysis of the NP was conducted using the XPS method.
Especially, the oxidation number of the metals was obtained.

The weak peak of 1600cm™ ™ indicates the presence of
water which is very general in similar compounds. Stretching
band with H-bonding interaction of O-H is visible at
3400cm ™% Similarly, FT-IR plots of the synthesized
CuB13 and CuBl16 structures were examined in Figure 11c,d.
In these spectra, the band between 3250 and 3500cm™™°
shows the O-H group, and H-O-H bond was observed
at 1600cm™ ™. This band belongs to water molecule.
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Figure 12. The XPS spectra at 90 °C with Ag(Cu)/B,03; mole ratio 2:1. (a) AgB13 survey, (b) Ag3d core spectra, (c) B1s core spectra, (d) O1s core spectra of the sam-
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Additionally, detected band in the fingerprint region,
1353-1252cm™ ™ shows the band B-O stretching vibration,
whereas the band between 1090 and 981cm™ ™ shows the
asymmetric B4-O stretching. Other detectable peaks are at
941-865cm™ ™ shows the B3;-O stretch and the peak at
782-730cm™™ shows symmetrical Bs-O stretch.** FT-IR
results clearly show that obtained particles are desired metal
borate structures. Additionally, crystal water is detectable for
these metal borate structures. It is possible to detect B-O Cu-
O and Ag-O peaks but especially CuB16 sample shows small
variations at 1500-1300cm™ ™ which possibly arises due to
the inefficient saturation of the Cu and borax reaction.
Surface ~-OH groups are still visible and can be detected as
shown in all spectra. Additional surface analysis and bonding
properties were investigated using the XPS method.

X-ray photoelectron spectroscopy

The surface features and elemental mapping of metal borate
nanostructures were completed by XPS. XPS spectra are
gained by a flood gun charge neutralizer system which was
connected to a monochromatic Al Ko X-ray source
(hv=1486.6eV). Spot size was 400 mm and wide energy
scans were recorded between 0 and 1360 eV binding energy
range. Also, machine was conducted with detector pass
energy of 200eV and with energy step size of 1eV. High-

resolution XPS peaks were obtained with 50eV transition
energy and 0.1 eV energy steps for each atom.

Survey XPS also clearly indicates the presence of all
atoms together with C and Na peaks (Figure 12a). Two
peaks may be seen in Figure 12b - Ag 3d core-level XPS
spectrum at 367.88 and 373.68 eV for Ag 3d5/2 and Ag 3d3/
2, respectively.!®”) Additionally, for the B atom 1s peak cen-
ters at 189eV which can be appointed to B-OH and the
other two peaks at 188eV and 186eV for the B-O and Ag-
O-B, respectively.!® The core spectra of B 1s for AgB13
shows peak at 186 eV indicating the presence of boron atom
in the sample clearly (Figure 12c). The band in AgB13 can
be attributed to replace the boron atom to oxygen atom in
AgB13 lattice and mixing of B(2p) and O(2p) orbitals.!®”!
For the O 1s peaks in (Figure 12d), a major broad peak at
530.38 eV was due to hydroxyl, while the peak at 527 eV
belongs to borate form. The binding energy at 530.38 eV
for O 1s peak clearly shows the existence of B203 species,
which is compatible with the B 1s peak at 189.98¢eV of
oxidized boron species.[®® As for the CuB13, survey XPS
also clearly indicates the presence of all atoms together
with C and Na peaks (Figure 12e). Cu 2p core level spec-
trum in Figure 12f represents two visible peaks positioned
at 931.08 eV and 958.38 eV which correspond to Cu 2p;,
and Cu 2p;,,, respectively. The Cu 2p peaks for the
CuB13 samples look symmetrical but satellites are also
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observable. Two satellite peaks were detected for both Cu
2p peaks.[®*®) B 1s core spectra show the main peak
positions at 192 eV due to boron-oxygen species in Figure
12g. The component at 190eV is associated with the B-O
state and the last at 191eV is associated with Cu-O-B.
XPS spectra of Bls for CuB13 unveil peaks at 186 eV indi-
cating the presence of boron in the sample.”” Figure 12h
shows the O 1s core-level spectra for CuB13 sample. More
detailed analysis of the O 1s spectra shows the symmetry
in the O 1s peak is apparent which would be one type of
oxygen site in CuB 13 sample. Therefore, O 1s spectrum
was detected for investigation of the peak positions and
relative abundance of the different oxygen species./®® It
seems a —~OH-type and B-O-type oxygen is clearly detect-
able. Supplementary Table S2 contains all the XPS atomic
compositions.

Thermal properties

Figures 13a-d and 14a-d show the TG-DTA graphs of the
obtained and selected silver borate and copper borate struc-
tures, respectively. From the graphical investigation of the
thermal application, the volatile part was determined as the
water structure. For this reason, if the extracted water is
characterized by the total quantity of starting materials, we
can also develop and review the crystal form of the synthe-
sized silver borate and copper borate NPs. In Figure 13a,b,

Amax=399 nm  —AgB13]

(@
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500 600 700

Wavelenght nm
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Figure 15. UV-visible spectra of the silver borate and copper borate structure
at 90°C with Ag(Cu)/B,0s; mole ratio 2:1 - (a) AgB13 and (b) CuB13
nanostructures.

12.70 wt% amount of weight missing was observed for silver
borate NPs (AgB13). This missing occurred at 185.30°C,
376.30°C, and 483.80°C, respectively. When the tempera-
ture of sample was increased from 0 to 1000°C, three
molars of the crystal water were determined. Missing of
these water can be compared with the calculated rate of 12%
and formed Ag,0-2B,05-3H,0.
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Figure 16. Antibacterial test results of four different borate nanoparticles (1% AgB13, 1% AgB16, 1% CuB13, and 1% CuB16) against (a) Staphylococcus aureus and
(b) Escherichia coli.
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Table 1. Antibacterial inhibition levels of silver borate and copper borate
nanoparticle against S. aureus and E. coli bacteria.

Product S. aureus (% inhibition) E. coli (% inhibition)
1% AgB13 >99.3 100
1% AgB16 50 92
1% CuB13 80 2
2% CuB13 100 25
3% CuB13 - 85
1% CuB16 16.6 77

Silver borate compound seems losing weight before
190°C, called the give up of absorbed water and the separ-
ation of another evaporating molecule on the surface of
Ag,0-2B,05-:3H,0. The endothermic peak observed which
is visible between 185 and 485 °C is the molecular dehydra-
tion of the crystallization. Another thermal character was
detected for AgB16 particles. In this measurement, 8.4%
weight loss is seen till 480°C (Figure 13c,d). Calculations
show that almost one mole of water is less in the formed
structure. All the components are lost in one decomposition.

For copper borate NPs (CuB13), totally 40.51 wt% loss was
observed which were seen at 260.73°C. Temperature of the
sample was increased from room temperature to 1000°C, the
corresponding missing of a molar crystal water was deter-
mined and the CuO-2B,03-8H,0 structure comparable to the
calculated value of 40.51% was determined (Figure 14a,b).
For CuB16, thermal investigation shows four different regions
and totally 25% weight loss - first 2-3 regions about water
removal and the crystal orientation. It seems amount of the
water was decreased in this synthesis (Figure 14c,d).

Optical investigation by UV-visible spectra

UV-Vis spectra of silver borate (AgB13) and copper borate
(CuB13) compounds were measured between 200 and 800 nm

and shown in Figure 15a,b, respectively. These compounds
absorb photons at just about 390-420 nm. Therefore, the size
of NPs becomes extremely important. In addition, the exter-
nal faces of the NPs do not give additional information
because no major change was observed after 400 nm.

Antibacterial tests

Different percentages of borate NPs (1%, 2%, 3% w/w) were
introduced into the industrial ceramic glaze solution contain-
ing 14% AlLOs, 56% SiO,, 2%-3% Na,O, 8% CaO, 5% SOs.
The blend was mixed at 500 rpm for 10 min for a well disper-
sion. Subsequently, the glazes were applied homogeneously to
cover the surfaces by the standard pouring method. The
formed wet surfaces were baked for 12h at 1200°C.

Produced ceramic glazes (Supplementary Figure S1) were
first autoclaved at 121°C at latm for 20 min. Then it was
then placed in 50mL centrifuge tubes sterilized with 70%
ethanol. The bacterial suspension (10’ CFU mL™') was
dropped to the tubes and incubated at 100 rpm for 24h in a
shaking incubator at 37°C. At the end of this process, bac-
terial solutions were diluted. Then, 0.1 mL sample was taken
from this suspension and incubated at 37°C for 24h.
Finally, bacterial colonies were counted and transferred to
agar medium. Antibacterial tests of ceramics containing
unadditive glaze were also performed. Antibacterial tests
were performed by the formula below.!”"!

Antibacterial performance (%) = (A —B)/Ax100

where A: control sample; B: the columns taken from the
nanomaterial inoculation.

According to the results, 1% AgB13 containing ceramic
composition showed the highest antibacterial effect against


https://doi.org/10.1080/24701556.2020.1811328

S. aureus bacteria when compared to AgB16, CuB13, and
CuB 16 (Figure 16a). It seems 1% AgB16, 1% CuB13, and
1% CuBl16 does not exactly show the antibacterial effect.
Therefore, it is possible to increase the amount of these par-
ticles in the ceramic glaze for observing the antibacterial
effect. Likewise, against E. coli bacteria, 1% AgB13 contain-
ing ceramic showed 100% antibacterial effect and when
compared to 1% AgB16, 1% CuB13, and 1% CuB16 still it is
not possible to observe the full antibacterial effect. Amount
of the inhibition changes but desired amount of 99% and
more is still discussable (Figure 16b).

If we compare all the results, it is seen that ceramics
containing CuB13 does not provide a full protection
against E. coli bacteria and maybe the effect can be
increased with increasing the NP amount. Therefore, in
order to increase the antibacterial effect of ceramics
containing 2% CuB13 was utilized against S. aureus bac-
teria and 100% protection was detected (Figure 17).
Interestingly, the same amount against E. coli bacteria
showed only 85% inhibition. Hence, it is possible to reveal
that CuB13 structure is selectively effective on Gr+ S. aur-
eus. More interestingly 3% CuBl13, unfortunately, caused
the ceramic formation problems during the high tempera-
ture application. Consequently, even 1% AgB13 NPs show
effective  antibacterial  features  against  Gr+and
Gr — bacteria, whereas 2% of CuB13 shows selective full
antibacterial Gr + effect. However Gr — inhibition efficiency
is about 85% and 3% CuB13 is not allowing the formation
of a standard ceramic glaze. Table 1 shows the antibacterial
inhibition levels of silver borate and copper borate NP
against S. aureus and E. coli bacteria.

Conclusions

In this study, silver and copper borate structures with anti-
bacterial features were obtained and their physical and
chemical analysis was performed. During the physical and
chemical analysis together with the surface investigation,
shape was generally found spherical for AgB structure with
around 300 nm size. Also, structure, thermal properties, and
morphology of the nanostructures were assigned. Thermal
features revealed the percentage of the water molecules
inside the particles. XRD patterns and SEM results showed
that spherical NPs were produced and no other impurities
in the structure. XPS results were also showed the clear for-
mation of the metal borates with clear boron peak positions.
Consequently, ceramics having no metal borate glaze
showed no antibacterial effect but 1% AgB13 showed perfect
antibacterial ~feature against Gr-+and Gr — bacteria.
Interestingly, 2% CuB13 showed perfect antibacterial effect
against Gr+bacteria but only 85% inhibition against
Gr — was observed. As a conclusion, it was shown that metal
borate nanostructures were mechanistically investigated and
utilized as antibacterial agents in the ceramic industry
implying a proper material for the similar applications.
Therefore, we can easily conclude that even 1% of borate
structure can provide the antibacterial feature in industrial
ceramics obtained at 1200 °C.
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