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Abstract
Metal borate nanoparticles Silver (Ag), copper (Cu) and Zinc (Zn) were produced for a novel boron
containing antibacterial ceramic applications. Different concentration, temperature, time parameters were
varied for obtaining hierarchical metal borate embedded formulations. Synthesized nanostructures
showed interesting crystalline and optical properties since temperature and concentration adjustments
provided correlated shape and surface properties. Chemical analysis and crystallinity of both copper and
silver formulations were de�ned using XRD and con�rmed that temperature plays a deep role on the
production of nanostructures. XPS analysis together with TEM investigations comprehensively provided
all atomic compositions with their corresponding energy values in survey and high resolution region.
Morphology and atomic purity was analyzed using EDX and SEM measurements revealed the
morphological orientation of the nanostructures without other impurities. FT-IR and UV-Vis spectroscopy
provided optical information about the obtained metal borate nanoparticles. Finally metal borate
nanoparticles were utilized for 1x1 cm ceramic glazing samples for antibacterial applications. Silver
borate nanoparticles were found to be more active in low concentrations than copper and zinc borate
structures after the antibacterial test results were unveiled against to gram positive and gram negative
microorganisms.

Introduction
Pathogens are very dangerous and effective on human health. Since pathogens are extremely stable on
different environments pathogenic diseases have been increased in all around the world. While the
diseases caused by the bacteria spread to a large extent among the societies, the use of antibacterial
products is increasing day by day. The antibacterial effect is generally 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 quaternary ammonium salts (Fig. 1a). Figure 1b represents the general method for
obtained silver borate, copper borate and zinc borate nanoparticles. New antibacterial products are
emerging and spreading with the aim of preventing common infectious diseases. Therefore, the studies
of compounds that do not have a toxic effect on health and have both antibacterial and antioxidant
activities should increase rapidly [1–3]. Antibacterial materials have been widely used in many products
such as pigment [4], water sterilization [5], food packaging [6], biomedicine [7, 8] and ceramics [9].
Therefore among other techniques, nano and even microstructures are useful materials in the
micro/nanoscale range and they are very effective candidates utilized for the antibacterial applications.
Micro and nano structures play intensive roles for antibiotic applications and removal of the pathogen
infections [10], also drugs, sensors, arti�cial implants [11].

Micro/nano structures can have high surface area / volume ratios causing these structures having
modi�ed physical and chemical features when compared to bulk structures [12–13].
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From this point, silver, copper, zinc and titanium dioxide structures were the actors for different anti-
pathogenic surfaces [14–17].

Different nanostructures were utilized for antibacterial features, such as silver, magnesium(Mg),
copper(Cu), aluminum(Al), Zinc (Zn) and their metal oxide structures [18]. Antibacterial nanoparticles,
especially silver nanoparticles have wide usage in new technologies such as electronics, materials
science and nano medicine [19, 20]. Silver NPs (AgNP) are used as antibacterial and antiviral materials in
household appliances, aerogels, while Copper (Cu) NPs are used in antibacterial applications. Surface
coating applications are widely utilized for antibacterial materials [21–23]. Antibacterial properties of
silver and its compounds were established for centuries as silver ions, can exterminate a wide range of
bacteria. Hence silver containing antibacterial materials are known for healing [24], pathogen related
infections [25], urinary infections [26] and glaze applications [9]. Copper and copper based antibacterial
have also started to be a popular material. Copper proposal for antibacterial glasses were also suggested
with water cleaning applications [27].

As generally known metal borate nanostructures consist of Boron, Oxygen, Metal and hydrogen where
connected to surface oxygen for their low coordination. There may also be water and hydroxyl groups in
the crystal structure. Trihedral and tetrahedral boron oxygen structures are the basic structures of metal
borates [28]. Copper borate compounds have examples like CuB2O4, CuBO2, Cu3B2O6, Cu2[BO (OH)2]
(OH)3, Cu3B6O12H20 and Cu3B6O12. Fine-grained, blue and long-standing aqueous copper borates, such
as 2CuO.B2O3.3H2O and 3CuO.2B2O3 nH2O (n = 5, 4, 2, 1), have also been synthesized [29].

In this detailed investigation we have developed silver and copper borate nanostructures, conducted a
detailed physical and chemical investigation for crystallinity, optical properties and surface features
together with their antibacterial activities on ceramic surfaces. Results revealed that these borate
nanostructures are the potential candidates for an industrial antibacterial appliacation.

Materials And Methods
Borax (Na2B4O7.10 H2O) (Merck), Silver Nitrate (AgNO3) (Nalgene), Copper (II) Nitrate tri hydrate
(Cu(NO3)2.3H2O) (Merck) and Zinc nitrate hexahydrate (Zn(NO3)2.6H2O) (Merck) were used for the
mechanistic synthesis of metal borate nanoparticles. Chemicals are used as they were purchased. Silver
nitrate (AgNO3) and Sodiumboratedecahydrate (Na2B4O7.10 H2O) have been used at 90 °C by using the
2/1 proportions of Ag, Cu and Zn /Na2B4O7.10 H2O. Additionally stirring speed was set to 400 rpm and
reaction was conducted 2 hours respectively. Fig. 1b represents the general method for as-obtained metal
borate nanoparticles. Produced nanoparticles were investigated after washing with EtOH, water and
drying. Crystallinity was observed with XRD and particle morphology with statistical analysis conducted
by SEM.

Methods
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The X-ray diffraction (XRD) patterns of the metal borate nanoparticles was recorded at Philips X’Pert Pro
X-Ray diffractometer, using CuKα radiation (λ = 1.5406 Å), 40 kV- 40mA, 2θ/θ scanning mode. Data was
taken for the 2θ range of 10 to 80 degrees with a step of 0.0404 degree. The diffractograms were
compared with the standard powder diffraction card of JCPDS.

Particle morphology, atomic composition were conducted by transmission electron microscopy (TEM,
Jeol 2100F 200kV) equipped with an EDS. EDX analysis was also obtained on carbon coated Cu
grids.SEM images were controlled to collect the data for the size-distribution charts by analyzing 50 NP
for the metal borate samples and plotting with respect to their frequencies (Philips XL 30S FEG). SEM
samples were prepared on carbon tapes by providing a drop from the corresponding EtOH solutions. In
order to avoid the electron charging effect, samples were coated with 5 nm Au prior to the SEM imaging.
FT-IR spectra were analyzed by dried nanoparticles in between 400 cm-1-4000 cm-1 with Agilent 600
series ATR module Spectrophotometer. Thermal properties of the synthesized particles were analyzed
between room temperature and 1000 ˚C with 20 °C/min increasing rate under N2 atmosphere by TGA
Shimadzu DTG-60 series.UV-Vis absorption properties of the nanoparticles in EtOH dispersion were
conducted by UV-Vis Spectrophotometer in between 200-800 nm with Agilent Cary 60 UV-Vis
Spectrophotometer. Surface properties and atomic composition of metal borate nanostructures were
investigated by XPS spectroscopy. XPS spectrums have been obtained by a �ood gun charge neutralizer
system equipped with a monochromatic Al Kα X-ray source (hν=1486.6 eV) from 400 mm spot size on
the nanoparticles. Wide energy survey scans have been recorded between 0–1360 eV binding energy
range, at detector pass energy of 200 eV and with energy step size of 1 eV. High resolution spectra were
obtained at pass energy of 50 eV and with energy steps of 0.1 eV for each atom.

The antibacterial activity of silver borate, copper borate and zinc borate nanoparticles were tested against
Gram-positive Staphylococcus aureus (ATCC 6538) and Gram-negative Escherichia coli (ATCC 25922).
Activation of ATCC cultures were done by storing at -80 °C, and plantations into petri-plants with Nutrient
Agar (Merck) was realized. Muller Hinton Broth (MHB) (Merck), was utilized to for bacterial counts by the
"dilution method". Nutrient Broth (NB) (Merck) was is the environment for the bacterial growth procedure.
Incubation at 37 °C was conducted during 24 h, and suspensions were set to 0.5 McFarland turbidity with
sterile PBS.

Crystallinity of the metal borate NP’s

Crystallinity and phases of the silver, copper and zinc borate nanoparticles investigated by XRD. In Fig.
2a, 2b, 2c and 2d all the peaks were analyzed according to the varying mole ratios at 90 °C. This means,
silver and borax ratios were kept stable with 4 different applications. In Fig. 2a Ag/borax ratio was 1/2
and it is easily seen that increasing temperature forms a very high crystallinity. Fig. 2b and Fig. 2c show
that if the ratio was changed to 1/1.5 and 1/1 formation of the silver borate at low temperatures are 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 Fig. 2d, quite a perfect crystal structures are observed. (Fig 2d) unveils the XRD patterns of
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as-synthesized silver borate particles. Obtained patterns are highly similar with hexagonal silver borate
crystals with JCPDS: 96-150-9895 number. Bragg re�ections with 2θ measurements were showed below;

 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° . Corresponding peaks are detectable for silver borate structures as 33.2°, 38.5°, 55.6° and
66.1° which is for AgB4 and AgB3 .

When XRD patterns of copper borate are examined with typical XRD pattern of copper borate
nanoparticles at 90 °C, formation is related to the presence of Cu/borax ratio and independent from the
temperature (Fig. 3a, 3b, 3c and 3d). It is seen that the highest intensity of the copper borate formation
occurs when the Cu / Borax mole ratio is 2/1. Examination of the patterns revealed that increasing the
proportion of the copper lowers the peak intensities (Fig. 3d). It can be stated that the formation of copper
borate doesn’t occur unless the molar ratios are proper like 2 /1 Cu/borax. According the these result; at
Fig. 3d molar ratios for Cu/borax is 2/1 which is ideal for the copper borate particle formation. Possibly
molecular geometry for metal borate structure provides thermodynamic stability on these proportions.

Standart JCPDS: 96-210-5419 number and peak list was detected. Different detected Bragg values with
2θ angles of 23.90°, 29.51°, 34.50°, 39.06°, 42.4° and 48.04° were observed.It is seen that the highest
intensity of the copper borate formation occurs when the Cu / Borax mole ratio is 2/1. Increasing copper
mol amounts revealed decreased XRD peak intensity of the as-synthesized particles (Fig. 3e).

When XRD patterns of zinc borate are examined with typical XRD pattern of synthesized zinc borate
nanoparticles in Fig. 4a, 4b, 4c and 4d. The peaks were analyzed according to the different mole ratios at
90 °C. Fig. 4a, 4b and 4c Zn/borax ratio was 1/2, 1/1.5 and 1/1 respectively and it is easily seen that at
90 °C forms a very high crystallinity.

When the zinc ratio increases to 2 versus borax 1, as in Fig. 4d, quite a perfect crystal structures are
observed. (Fig. 4e) are the XRD peaks of zinc borate structures which may be attributed to JCPDS: 96-
720-4694 number. Bragg re�ections and also 2θ measurements of 22.10°, 28.10°, 33.50°, 36.30°, 37.20°,
42.90° and 65.90° were detected.

Morphology and Atomic Characterization

TEM investigations of the as-synthesized metal borate nanostructures were completed for the size,
atomic structure and morphology detection. Results unveiled that obtained structures are in the
nanorange with complex size and morphology features.

Overview images of the TEM investigation were presented in Figure 5. Investigation showed that
nanostructures of the as-synthesized metal borate particles are in the nanometer scale. Since relatively
high agglomeration is occurred in the nanoparticles seen in SEM images, TEM provides clearer insight to
the fabricated nanoparticles. Interestingly silver borate structures are nearly spherical and there is no
other impurities observed. B1-b2 images represent the copper borate nanostructures where generally plate
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like structures were observed. Zinc borates (c1-c2) are elongated and show irregular size distribution. For
the statistical size distribution morphologies and distribution range calculation is only possible for the
silver borate nanostructures since particle sizes are in a small distribution range where numerical
detection is possbiel with graphical plot. Silver borate nanoparticles are in the 15-30 nm range and shows
high crystallinity. Nanoparticles are nearly spherical but size variations cause irregular comparison
among the nanoparticles. Small agglomerations are visible but do not change the primary character of
the nanoparticles from the compact structure formation perspective. Particles are separate and possibly
organic agglomerations form darker regions on carbon coated Cu grid. Interestingly copper borate
nanoparticles show 2D like morphology. Plate like geometry is observed and size ranges lie between 300-
500 nm. Detected particles showed that copper borate morphology do not carry organic pollutants on the
surface but nanoparticle thickness is great enough form a single compact structure. Since size and
geometry of the nanoparticles affect the antibacterial feature of the materials, this 2D structure should be
highlighted and evaluated accordingly. Zinc borate nanostructures are rod like materials. Diameters of
these rod like structures are between 50-100 nm range. Additionally broken and irregular shapes are also
visible. TEM investigation of the metal borate structures clearly con�rm that as-synthesized particles are
in the nanorange. Even though their dense agglomerations are detected in SEM images, �ne structures
observed by TEM, con�rm that size range is in the nanoregime.

From the XRD characterization we have concluded that morphological examination is also necessary for
the nanoparticle investigation. Therefore we have utilized the solutions of silver borate (AgB13), copper
borate (CuB13) and zinc borate (ZnB13) for morphological and appearance investigation. Nanoparticles
shapes and their magnitudes were detected by SEM and atomic compositions were obtained using EDX.
Measurements were done by a drop of dispersed solution of EtOH. Drops were placed on carbon tape and
surface coated with 5 nm Au to increase the imaging quality.

In the examination, it was seen that AgB13 (Fig. 6a and 6b) nanoparticles are spherical, CuB13 (Fig. 6c
and 6d) and ZnB13 (Fig. 6e and 6f) are plate-shaped and there is no other impurities in the products. For
AgB13 spherical particles, it was observed that in some particles inner sides of the spheres are empty and
particle distribution is presenting a narrow range. Also it was detected that particles are relatively large
but less in number. With increasing scale, larger particles get more noticeable.

SEM measurements revealed that as-synthesized particle size for AgB13 particles was an average of 321
nm. The particle sizes of CuB13 particles were determined to be 754 nm on average. The dimensions of
the particles can be imagined as two dimensional and the layer thicknesses were measured between 150-
200 nm.

In the measurements of the synthesized ZnB13 particles from the SEM image, it was determined that the
two dimensional thicknesses ranged from 210 nm to 280 nm (Supporting Fig. 1).

As stated and con�rmed by TEM before, silver, copper and borate structures show different morphologies.
When we compared the crystallinity and morphology it is easier to detect the sample nanoparticle which
we can use for the further applications.
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EDX revealed the atomic character of the nanoparticles by revealing Ag, Cu, Zn, B and O element ranges
detected by the available composition (Supporting Fig. 2). This investigation clearly shows the three
metal borate formation with high purity. Calculated atomic proportions were also showed as insert table
pictures on EDX graphs.

Surface Characterization with FT-IR and XPS Analysis

FTIR investigation of the nanoparticle surfaces for AgB13, CuB13 and Zn13 were presented at
(Supporting Fig. 3). Conducted FT-IR analysis on dried nanoparticles shown that intense peaks at 890
and 1350 cm−1 are due to the B-O stretching of B4-O and B3-O. Also 510-590 cm−1 peaks can be attributed
to the B-O-B linkages [30]. FT-IR analysis also revealed that surface of the particles show -OH peaks which
may belong to water in crystalline structure. Copper borate structure shows a doublet at around 1250 cm-

1 which differentiate its spectra from the other zinc and silver borate structures. Silver borate show a large
and intensive peak at �ngerprint region when compared to others. Especially the band at 1600 cm−1 is
accepted as H–O–H bending since this value can be attributed to the crystalline water. Related other
peaks such as 3400 cm−1 is also belongs O–H stretching. Also the band between 3250-3500 cm-1

additionally con�rms the O-H group and H-O-H bond. Additionally the band in the �ngerprint region, 1350-
1252 cm-1 shows the band B-O bonding, while the band between 1089-983 cm-1 shows the asymmetric
B4-O bonding. Peak at 942-866 cm-1 shows the B3-O peak and the band at 782-730 cm-1 reveals the
symmetrical B3-O stretch [31].

Survey XPS also clearly indicates the presence of all atoms together with C and Na peaks (Fig. 7a). In Fig.
7b Ag 3d peaks centered at 367.88 and 373.68 eV for Ag 3d5/2 and Ag 3d3/2 observed [32]. B atoms 1s
peak is seen at 189 eV and can be accepted as B-OH. Additional peaks at 188 eV and 186 eV for the B-O
and Ag-O-B respectively [33]. Therefore B atoms 1s peaks for AgB13 con�rm the peak at 186 eV indicates
the boron element in the sample (Fig. 7c). The band in AgB13 can be accepted for substitution of boron
element into the Oxygen in AgB13 lattice and hybrid B(2p) and O(2p) orbitals [34]. For the O 1s peaks in
(Fig. 17d) 530.38 eV was due to hydroxyl groups while the peak at 527 eV belongs to borate group. 

The BE at 530.38 eV for O 1s peak con�rms the B2O3 structure, consistent with the B 1s peak at 189.98
eV of oxygen bonded boron structure [35]. 

As for the CuB13, Survey XPS also clearly indicates the presence of all atoms together with C and Na
peaks (Fig. 8a). Cu 2p peaks in Fig. 8b con�rms the Copper element by two peaks positioned at 931.08
eV and 958.38 eV which means the Cu 2p3/2 and Cu 2p1/2 orbitals. Peaks for the CuB13 structure has
symmetrical shape with satellite peaks. Two satellite peaks were detected as bigger energy value for Cu
2p peaks [32-36]. B 1s core spectra shows the main peak positions at 192 eV due to boron-oxo species in
Fig. 8c. The component at 190 eV is associated with the B-O state and the last at 191 eV is associated
with Cu-O-B. Peak of B1s for CuB13 con�rms the availability of boron at 186 eV validating boron element
[37]. Fig. 8d is the O 1s peak of CuB13 structure.
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Detailed investigation of the O 1s peak unveils that symmetrical shape of the O 1s peak is

clearly seen meaning one type of oxygen sites in CuB 13 structure. Therefore, O 1s spectrum was
detected that –OH and B-O is available [35].

Survey XPS of ZnB13 clearly indicates the presence of all atoms together with C and Na peaks (Fig. 9a).
Zn 2p core level spectrum in Fig. 9b represent one peak located at 1022.03 eV con�rming the Zn 2p3/2

and unveils the deconvoluted Zn 2p3/2 peak. Lower energy peak (1022.3 eV) is accepted as ZnO [37]. B
atoms 1s peak is positioned at 192 eV possibly because of the B-O species in Fig. 9c. The component at
190 eV is associated with the B-O state and the last at 191 eV is associated with Zn-O-B. Peak of the B
atoms 1s for ZnB13 unveiled a peak at 186 eV con�rms the B atom in ZnB13 [37]. Fig. 9d is the O atoms
1s orbital peak for ZnB13 sample.

Investigations showed that it is easy to detect O 1s spectra and its shape showing one of the oxygen
roles in ZnB 13 structure. Therefore, O 1s spectrum was detected and deeply investigated [35]. Results
unveiled that –OH type and B-O type oxygen types are visible.

Thermal and Optical Properties of Nanoparticles

TG–DTA pro�les of the obtained and selected silver borate, copper borate and zinc borate structures were
presented at Fig. 10, 11 and 12 respectively. From the graphical investigation during thermal application,
we have detected that volatile parts are water.

For silver borate nanoparticles (AgB13), 12.70 wt% loss with three temperatures 185.27 °C, 376.32 °C and
483.82 °C were detected. (Fig. 10a and 10b). Investigation was realized starting from room temperature
to 1000 °C. Total crystal water was detected and amount was calculated as 12 % corresponding
Ag2O·2B2O3·3H2O formula. Silver Borate structure has loss before 200 °C, which also allows the
calculation of the volatile molecules on Ag2O·2B2O3·3H2O. At 185 °C and 485 °C, crystal water is
detected.

For copper borate nanoparticles (CuB13), amount of the thermal loss is 40.51 wt% and this happens at
260.73 °C. Temperature has started from the room conditions and ended at 1000 °C which can be
compared with total water amount in the crystal. From calculations 40.51 % was found and formulation
was presented as CuO.2B2O3.8H2O (Fig. 11a and 11b). Copper Borate crystals have loss at 260 ° C which
can be linked to the absorbed water and other volatile molecule decomposition. Additionally endothermic
loss at 260 ° C possibly corresponds to molecular water. For zinc borate nanoparticles, (ZnB13) loss is
13.35 wt% at 494.83 °C. For zinc borate particles total loss was detected as 13.35 % corresponding
ZnO.2B2O3.2H2O structure (Fig. 12a and 12b). Beginning weight loss is at 200 °C, and endothermic sign
between 493 °C and 594 °C, is attributed to the crystal water.

UV Vis graphic of the silver borate (AgB13), copper borate (CuB13) and zinc borate (ZnB13)
nanostructures were scanned between 200 and 800 wavelength nm in EtOH solutions which is shown at
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Supporting Fig. 4. Maximum absorption is generally seen at 230-420 nm. Size of the particles play an
important role. Since surface can contain water or –OH groups there is no absorption is detected after
400 nm. All particles showed except CuB13 were well dispersed but CuB13 shows agglomerations where
also supported by SEM images. 

Antibacterial Investigation for Nanoparticle Embedded Ceramic Glazes

It is widely known that particles and their sizes are directly effecting the melting behaviour, surface
roughness and appearance of glazes. Since obtained nanoparticle sizes have varying values, different
glaze compositions were obtained with different amounts of metal borate nanoparticles (Figure 13).
Generally glaze surfaces are treated like easy to clean surfaces but different sources of pitting or
degradations diminishes the glaze features. It is possible that glaze may contain different crystalline
phases in addition to the glassy phase for controllable properties. From this viewpoint introduced metal
borate nanoparticles can affect the durability, corrosion resistance, chemical resistance and antibacterial
character with specially added agents. Metal borate nanoparticles were dispersed in industrial glaze
formulations to obtained metal borate doped glaze structures showing antibacterial characteristics. Since
blank particle-free ceramic glazes showed no detectable antibacterial effect, source of this antipathogen
activity is due to the metal borate nanoparticles. Ceramic glazes were produced with varying amounts of
nanoparticles embedded (0,25%, 0,5% 1%, 2%, 3%, 4% (w/w) of metal borate structures (Supporting Fig.
5). Particles were dispersed in this glazing composition at 500 rpm for 15 minutes then raw ceramic
surfaces were coated. Obtained ceramic composition was kept at 1200 °C during 12 hours. In order to
detect the antipathogenic character, ceramic glazes were kept in 121 °C and 1 atm for 15 minutes.
Additionally 50 ml centrifuge tubes which was cleaned in 70% ethanol and bacterial suspension (107 CFU
ml-1) was introduced to tubes and incubated at 37 °C in a shaking incubator at 100 rpm for 24 hours.
Then bacterial suspension produced from the samples was repeatedly diluted and put into the agar
medium by having 0.1 ml of the sample. Then bacterial colonies were detected after incubation for 24
hours at 37 °C.

Antibacterial measurements were compared with reference ceramic glazes containing any of the metal
borate nanoparticles and labeled as blank. Antibacterial measurements were detected by the formula
below [38].

Antibacterial activity (%) = (A-B) / A x 100

A is accepted as control sample, and B is the columns taken from the nanomaterials inoculation.

(Fig.14a-h) showed antibacterial feature against S. aureus and E. coli bacteria. According to

the results, 1% AgB 13 containing ceramic composition showed the highest antibacterial effect against S.
aureus and E. coli bacteria when compared to 0,25% and 0,5% AgB13. It seems 0,25% and 0,5% AgB13 do
not show the antibacterial effect. Therefore amount of the silver borate nanoparticles was increased to
1% in the ceramic glaze. Results showed that S. aureus and E. coli bacteria were 100% reduced with 1%
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AgB13 particle containing ceramic glaze formulation. It is seen that ceramics containing CuB13 provide
full protection against S. aureus but does not provide a full protection against E. coli bacteria (Fig.15a-h).
Therefore, in order to increase the antibacterial effect of the copper borate nanoparticle embedded glazes,
2% CuB13 was utilized against S. aureus bacteria and interestingly %100 protection was detected (Fig.
15d).

Unexpectedly same amount of the copper borate nanoparticles against to E. coli bacteria showed only
85% inhibition. Hence, it is possible to reveal that CuB13 structure is selectively effective on Gr+ S.
aureus. More interestingly 3% CuB13 unfortunately caused the ceramic

formation problems during the high temperature application. Also ceramic glazes containing ZnB13
provided different antibacterial feature when tested against to S. aureus and E. coli bacteria (Fig.16a-h).
Amount of the zinc borate nanoparticles were 4% to obtain %100 antibacterial feature (Fig. 16d and h).
Consequently when compared to each other; 1% AgB13 and 4% ZnB13 nanoparticles show 100 %
effectivity against to Gr+ and Gr- bacteria while 2% of CuB13 shows selective antibacterial effect against
to Gr+ bacteria. However 2% copper borate nanoparticle inhibition against to Gr- bacteria is about 85%
and 3% CuB13 is not allowing the formation of a standard ceramic glaze causing unexpected cracks on
the surface.

Conclusions
Detailed investigations clearly showed that silver, copper and zinc borate nanoparticles possessing the
antibacterial features with varying morphologies and sizes obtained. During the physical and chemical
analysis together with the surface investigation, particle morphology, optical and thermal properties were
detected. TEM, SEM with EDX investigations in addition to XRD measurements revealed that purity of the
as-synthesized particles are clear and shapes are varying. XPS results were also showed the clear
formation of the metal borates with clear boron peak positions. The antibacterial features against to
gram positive and gram negatice bacteria were tested for industrial ceramic glazes. When compared
unadditive standart ceramics showed no antibacterial feature while 1% AgB13 and %4 ZnB13 show
perfect antibacterial activity. Interestingly 2% CuB13 showed perfect antibacterial effect against Gr + 
bacteria but only 85% inhibition against to Gr- was observed. As a conclusion it was shown that metal
borate nanostructures were mechanistically investigated and utilized as antibacterial agent in ceramic
industry implying a proper material for the similar applications.
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Figure 1

Affecting antibacterial mechanisms and active methods with synthesis method of metal borate
nanoparticles
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Figure 2

Formation of Silver Borate at 90 °C a) mole ratios Silver/Borax at 1/2, b) mole ratios Silver/Borax at 1/1.5
c) mole ratios Silver/Borax at 1/1, d) mole ratios Silver/Borax at 2/1, e)Comparison of the synthesized
AgB with JCPDS: 96-150-9895 peaks.
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Figure 3

Formation of Copper Borate at 90 °C a) mole ratios Copper/Borax at 1/2, b) mole ratios Copper /Borax at
1/1.5 c) mole ratios Copper /Borax at 1/1, d) mole ratios Copper /Borax at 2/1, e) Comparison of the
synthesized CuB with JCPDS: 96-210-5419 peaks.
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Figure 4

Formation of Zinc Borate at 90 °C a) mole ratios Zinc/Borax at 1/2, b) mole ratios Zinc /Borax at 1/1.5 c)
mole ratios Zinc /Borax at 1/1, d) mole ratios Zinc/Borax at 2/1, e) Comparison of the synthesized ZnB
with JCPDS: 96-720-4694 peaks.
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Figure 5

TEM investigation of the as-synthesized metal borate nanoparticles; silver borate (a1-a2), copper borate
(b1-b2), zinc borate (c1-c2)
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Figure 6

Representative SEM images of the a) AgB13 at 5 µm b) AgB13 at 20 µm c) CuB13 at 10 µm d) CuB13 at
20 µm e) ZnB13 at 20 µm f) ZnB13 at 40 µm magni�cation values
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Figure 7

The XPS spectra a) AgB13 survey b) Ag3d core spectra c) B1s core spectra d) O1s core spectra of the
sample AgB13
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Figure 8

The XPS spectra a) CuB13 survey b) Cu 2p peak c) B 1s peak d) O 1s peak of CuB13
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Figure 9

The XPS spectra a) ZnB13 survey b) Zn 2p core spectra c) B1s core spectra d) O1s core spectra of the
sample ZnB13
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Figure 10

a) AgB13 DTA graph, b) TGA analysis of AgB13
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Figure 11

a) CuB13 DTA graph, b) TGA analysis of CuB13
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Figure 12

a) ZnB13 DTA graph, b) TGA analysis of ZnB13
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Figure 13

Process for the metal borate NP embedded antibacterial galze formation
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Figure 14

Antibacterial test results of silver borate (AgB13) nanoparticles against Staphylococcus aureus a)
unadditive glaze b) 0,25 % AgB13, c) 0,5 % AgB13, d) 1 % AgB13 against Escherichia coli e) unadditive
glaze f) 0,25 % AgB13, g) 0,5 % AgB13, h) 1 % AgB13
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Figure 15

Antibacterial test results of copper borate (CuB13) nanoparticles againts Staphylococcus aureus a)
unnadditive glaze b) 1 % CuB13, c) 1,5 % CuB13, d) 2 % CuB13 against Escherichia coli e) unnadditive
glaze f) 1 % CuB13, g) 1,5 % CuB13, h) 2 % CuB13
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Figure 16

Antibacterial test results of zinc borate (ZnB13) nanoparticles againts Staphylococcus aureus a)
unnadditive glaze b) 1 % ZnB13, c) 2 % ZnB13, d) 4 % ZnB13 against Escherichia coli e) unnadditive
glaze f) 1 % ZnB13, g) 2 % ZnB13, h) 4 % ZnB13
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