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Abstract: Zinc oxide (ZnO) nanoparticles were obtained by thermal decompo-
sition of one-dimensional zinc—benzenepolycarboxylato complexes as single-
-source precursors at 450 °C in an air atmosphere. The mechanism and kinetics
of thermal degradation of zinc—benzenepolycarboxylato complexes were ana-
lyzed under non-isothermal conditions in an air atmosphere. The results of
X-ray powder diffraction and field emission scanning electron microscopy rev-
ealed hexagonal wurtzite structure of ZnO with an average crystallite size in
the range of 39—47 nm and similar morphology. The band gap and the specific
surface area of ZnO nanoparticles were determined using UV—Vis diffuse ref-
lectance spectroscopy and the Brunauer, Emmett and Teller method, respect-
ively. The photoluminescent, photocatalytic and antimicrobial properties of the
ZnO nanoparticles were also examined. The best photocatalytic activity in the
degradation of C. I. Reactive Orange 16 dye was observed for the ZnO powder
where the crystallites form the smallest agglomerates. All ZnO nanoparticles
showed excellent inhibitory effect against Gram-positive bacterium Staphylo-
coccus aureus and Gram-negative bacterium Escherichia coli.

Keywords: nanomaterials; photoluminescence; photocatalysis; antimicrobial

activity.

INTRODUCTION

Zinc oxide (ZnO) is a promising material due to its wide range of applic-
ations, as an ingredient in UV-protective coatings, solar cells, gas sensors as well
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1476 RADOVANOVIC e dl.

as in degradation and mineralization of environmental pollutants.! It is nontoxic
and biocompatible with excellent optical and electrical properties.2-3 The versa-
tile applications of ZnO gave as a result the expansion of numerous synthetic
methods such as spray pyrolysis, sol-gel technique, solvo- and hydrothermal
methods, atomic layer deposition, chemical precipitation, and thermal decompo-
sition.! The synthetic techniques used for preparing ZnO nanoparticles have a
tremendous impact to its properties,! and for this reason attention of researchers
is oriented towards new and modification of known synthesis routes. The prepar-
ation methods have been intensively studied to control precisely the morphology
of materials at the nanoscale. Thus, the synthesis of preferred ZnO nanomaterial
usually requires templates, such as surfactants, that can import impurities, so
additional post treatments need to be performed to obtain the pure product.# In
recent years, the frequently used approach for the preparation of ZnO nanopar-
ticles is based on the thermal decomposition of zinc coordination compounds in
air in the temperature range from 160 to 900 °C during several hours.4-8 This
one-step method is simple, efficient, solvent and pollution free. It provides the
possibility to control the size and shape of the obtain products by choosing the
appropriate reaction conditions, such as the annealing temperature, reaction time,
annealing rate as well as the precursor type and concentration.49

Mixed ligand complexes containing benzenpolycarboxylato (BPC) ligands
are of special interest for the use as precursors in the synthesis of ZnO nano-
particles due to their different dimensionalities (from zero- to three-dimensional),
which was found to be important for the size of the resulting oxide material. It
has been shown that the oxide particles prepared by the thermolysis of three-
dimensional complexes are larger than those obtained by the thermolysis of two-
or one-dimensional complexes.!%:11 In addition, different synthetic conditions
lead to ZnO nanoparticles of different morphologies (nanorods, nanotubes,
flower-like nanoparticles, etc).* Therefore, the method of processing is import-
ant, because of the strong relationship between the size, morphology and pro-
perties of ZnO nanoparticles, such as photoluminescence,!2-14 photocatalytic!5-17
and antimicrobial activity.!8

In this study, pure ZnO nanoparticles were prepared via the thermal decom-
position of four previously obtained and structurally characterized one-dimen-
sional Zn—-BPC complexes with 2,2'-dipyridylamine (dipya): [Zn(dipya)(pht)],
(1, pht?~ is the dianion of 1,2-benzenedicarboxylic acid), [Zn(dipya)(ipht)], (2,
ipht2~ is the dianion of 1,3-benzenedicarboxylic acid), {[Zn(dipya)(tpht)]-H,0},
(3, tpht2~ is the dianion of 1,4-benzenedicarboxylic acid) and [Zny(dipya)>(pyr)],
(4, pyr* is the tetraanion of 1,2,4,5-benzenetetracarboxylic acid).!® Thermal
analysis, as the most suitable method to study the thermal decomposition of com-
plexes, was used to establish the optimal conditions for the thermal conversion of
precursors to ZnO. In addition, the mechanism of thermal degradation of 1-4 was
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PROPERTIES OF ZINC OXIDE NANOPARTICLES 1477

studied under non-isothermal conditions in an air atmosphere. The kinetics of the
solid-state reaction is of particular interest since it provides insights into pro-
cesses occurring during solid-state reactions. The nanosized ZnO were character-
ized by X-ray powder diffraction (XRPD), field emission scanning electron mic-
roscopy (FESEM), the Brunauer, Emmett and Teller method (BET) and ultravio-
let—visible diffuse reflectance spectroscopy (UV—Vis), and they were tested for
their photoluminescent (PL), photocatalytic and antimicrobial properties.

EXPERIMENTAL
Solid-state synthesis of nanosized ZnO

Nanosized powders of ZnO 1, ZnO_2, ZnO_3 and ZnO_4 were obtained by the thermal
degradation of precursors 14, respectively. First, 2.0 g of each precursor was heated at the
constant rate up to 450 °C, then, isothermally calcinated at 450 °C during 1 h, and finally,
spontaneously cooled to room temperature.

Instruments and measurements

Thermogravimetric data for precursors 1-4 were collected on an SDT Q600 instrument
(TA Instruments) for the simultaneous TGA-DTA/DSC analysis from room temperature to
650 °C, in air atmosphere (flow rate: 100 mL min!, sample masses ~8 mg) at different heat-
ing rates (15, 20, 25 and 30 °C min’!). The calibration of the instrument was performed for
each heating rate separately. The details about solid-state kinetics under non-isothermal con-
ditions are given in Supplementary Material to this paper. The XRPD data for ZnO powders
were collected over the 20° < 20 < 75° range on an Ital Structures APD2000 X-ray diffracto-
meter using CuKa radiation (A = 1.5418 A), with the step size of 0.02° and a counting time of
1 s step™l. The average crystallite size (<D>) of ZnO powders was calculated using the Scher-
rer formula.2® An FESEM Tescan Mira 3 XMU was used for the morphological character-
ization of ZnO powders. Using Mira software, the micrographs were analyzed and the average
diameters of the particles (more than 100 particles) were determined. The specific surface area
(S8S4) of ZnO powders was calculated according to the BET method from the linear part of the
nitrogen adsorption isotherm at 77 K2! on a Micrometrics ASAP 2020 instrument. Before the
measurements, the samples were out-gassed at 150 °C for 10 h under vacuum. Diffuse reflect-
ance UV—Vis spectra of the ZnO powders were recorded over the 200—800 nm spectral region
(BaSO,4 was used as a reference standard) using a Shimadzu UV-2600 spectrophotometer
equipped with an integrating sphere. PL measurements of ZnO powders were performed at
room temperature on a Fluorolog-3 model FL3-221 spectrofluorimeter system (Horiba Jobin
Yvon), utilizing a 450 W Xenon lamp as the excitation source for the steady-state measure-
ments and a xenon—mercury pulsed lamp for the time-resolved measurements. The emission
spectra of ZnO powders were scanned in the wavelength range from 350 to 600 nm and from
480 to 650 nm under 320 and 350 nm excitations, respectively. A TBX-04-D PMT detector
was used for both the time-resolved and steady state acquisitions. The line intensities and pos-
itions of the measured spectra were calibrated with a standard Mercury—Argon lamp. The PL
measurements were performed on pellets prepared from the powders under a load of 5000 kg.

Photocatalytic experiments

Photodegradation experiments using ZnO powders were performed using an open reactor
(100 mL) in a dark chamber equipped with an Osram Ultra-Vitalux 300 W lamp, which,
according to the specification, produces the radiation similar to natural sunlight. The intensity
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of the lamp radiation was measured using a Voltcraft PL-110SM solar radiation measuring
instrument and found to be 300 W m2. The lamp was placed 35 cm away from the surface of
the dye solution. Constant mixing and temperature (20 °C) of the solution were maintained
during the experiment. The photodegradation of C. I. Reactive Orange 16 dye (RO16) was
studied by mixing 50 mL of an aqueous solution containing the dye (50 mg mL') and ZnO
catalyst (100 mg). The homogenous suspension was left in the dark for 30 min to achieve
adsorption equilibrium. Subsequently, the lamp was switched on and after every 15 min of
irradiation, the solution (3 mL) was sampled. The residual concentration of dye was deter-
mined using a UV—Vis spectrophotometer (Shimadzu 2600) after separation of the solution
using a Whatman 0.45 um membrane filter. The absorption spectra and rate of photodegradat-
ion were observed in terms of the absorbance change at the peak maximum of the dye (A =
= 492.5 nm). Commercial ZnO (MKN-Zn0O-020, mkNano, Mississauga, ON, USA) was
treated in the same way. The kinetics parameters, reaction rate constant (k, min!) and correl-
ation coefficient (R?), for the photocatalytic removal of RO16 were calculated by fitting
assuming pseudo-first kinetic order of the reaction:

In (co/c) = kr 1
where ¢ is the initial concentration of the dye (mg L-1), ¢ is the concentration (mg L'!) at any
time, 7 (min).

Antimicrobial test

Quantitative tests of the antimicrobial activity of all obtained ZnO powders against
Gram-positive (G*) bacterium Staphylococcus aureus (ATCC 25923), Gram-negative (G)
bacterium Escherichia coli (ATCC 25922) and yeast Candida albicans (ATCC 10259) were
performed according to the liquid challenge method in sterile normal saline solution. A mass
of 0.01 g of each ZnO powder was suspended in a tube containing 0.9 mL of sterile normal
saline and inoculated with 0.9 mL bacterial suspension to achieve a concentration of 1-10° cfu
cm!. The tubes were then incubated at 37 °C for 1 h. After incubation, 9 mL of sterile normal
saline was added. Subsequently, 1 mL aliquots were taken as samples for viable cell determin-
ation. Sterile normal saline solution was used for dilution of the number of colonies and 0.1
mL of the appropriately diluted solution was placed in a Petri dish and overlaid with TSAY
(Tripton soy agar with 0.6 % yeast extract). The Petri dishes were incubated at 37 °C for 24 h.
As a control, a blank sterile normal saline solution without sample was used. The degree of
reduction, R (%), was calculated according to:

R =100(CFU,yp — CEUN)/CFU oy ©)

where CFU,q,, is the number of microorganism colonies in the control tube and CFU) is the
number of microorganism colonies in the tubes with the samples. All analyses of the anti-
microbial activity determination were run in triplicate and the mean value and standard devi-
ation were calculated.

RESULTS AND DISCUSSION
Mechanism, thermodynamics and kinetics of thermal degradation of precursors 1-4

In air atmosphere, complexes 1-4 decompose in two (4), three (1 and 2) or
four (3) steps (Fig. 1). The TG curves of 1, 2 and 4 show stability under 350 °C,
indicating the absence of water molecules and other adsorptive solvent mole-
cules. Multistep decomposition of 1-4 results in ZnO formation up to 560 °C
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(found 19.0 %; calc. 20.3 % for 1; found 21.4 %; calc. 20.3 % for 2; found
17.2 %; calc. 19.4 % for 3 and found 22.5 %; calc. 21.5 % for 4). The decom-
position pathway of each precursor is proposed, within the corresponding tempe-
rature ranges (Table S-I of the Supplementary material). The decomposition of 1,
2 and 4 (Fig. 1) manifested itself as an endothermic effect in the corresponding
DSC curves (the peak maxima: 369 °C for 1, 410 °C for 2 and 421 °C for 4),
while the total combustion of organic ligand and carbon deflagration is verified
by an exothermic one (the peak maxima located: 509 °C for 1, 510 °C for 2 and
511 °C for 4). For 3, thermal degradation starts with dehydration that is accom-
panied with endothermic DSC peak with a maximum located around 156 °C,
while the other two degradation steps are also determined as endothermic pro-
cesses with maxima placed about 315 and 396 °C (Fig. 1).

fo5%°c”
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(100dm./m,dT) | % °C™

4
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Fig. 1. TG (a), DTG (b) and DSC (c) curves of 1-4 at # =20 °C min~! in an air atmosphere.

The fourth peak in the DSC curve of 3 is exothermic with peak maxima at
507 °C due to complete combustion of the residual organic fragments. The deg-
radation of 1 and 4 starts with dipya release (Table S-I), due to greater Zn—-O
bond strength compared to that of the Zn—N bond, which was in accordance with
a previous study concerning the higher bond strength of transition metal ions
with monodentately coordinated O atoms than those with N atoms.22-24 The
thermal decompositions of 2 and 3 are different compared to those of 1 and 4. In
2, the Zn—O bonds between the Zn and O atom from one chelately coordinated
COO™ group are weaker in comparison to the Zn—N bonds, meaning that the deg-
radation of this precursor starts with the loss of part of the ipht ligand.!%-25 The
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1480 RADOVANOVIC et al.

degradation of anhydrous precursor 3 can be described in a similar way, begin-
ning with loss of part of the tpht ligand (Table S-I).

The kinetic parameters, especially E, and AS”, are helpful in assigning the
strength of the bonding of ligands with metal ions. The values presented in Table
S-II of the Supplementary material are well within limits found for the degrad-
ation of transition metal complexes and inorganic salts.26 By comparing the
apparent energies of activation, it could be concluded that the thermal stability of
the complexes decreases in the order: 4 > 2 > 1 > 3. The negative values of AS*
indicate that the activated complexes were less disordered than the reactants, as
was found for similar Ni(II)-BPC complexes with N donor ligands.2’ Thus, the
decomposition processes of the precursors 1-4 may be compared based on the
values of AS?; a value of AS* is less negative for an easier decomposition pro-
cess, which was proven in the case of precursor 3. The main aim of the thermal
analysis and solid-state kinetics was to investigate the thermal stability and
decomposition mechanism of 1-4. Thermal analysis and solid-state kinetics were
performed under non-isothermal conditions, while the ZnO nanoparticles were
prepared under isothermal conditions by calcination of 1-4 at 450 °C. This tem-
perature was chosen as the lowest temperature for complete degradation of 1-4,
as well as to avoid the increase of crystallite size of the obtained ZnO nanopar-
ticles.6-8

Characterization of ZnO nanoparticles

The thermolysis of the complexes 1—4 resulted in the oxides ZnO_1, ZnO_2,
ZnO_3 and ZnO 4, respectively, and their XRPD patterns are shown in Fig. S-1
of the Supplementary material. The patterns confirmed that the final product of
solid-state thermolysis of all precursors was ZnO, which crystallizes in the hexa-
gonal wurtzite structure with a P63mc space group (PDF # 80-0074). The unit
cell parameters and the calculated values of <D> for the obtained ZnO_1-ZnO 4
oxides, together with corresponding values for commercial ZnO powder
(ZnO_com) are listed in Table I. As can be seen, the unit cell of the prepared
ZnO_1-ZnO_4 powders is slightly smaller than the unit cell of ZnO_com, while
the value of <D> is about two times bigger.

TABLE I. The unit cell parameters, <D>, SS4 and E, of ZnO_1-ZnO_4 and ZnO_com

Sample alA c/A V/A3 <D>/nm  SSA,m’g! E,/eV
ZnO 1 32528(1)  521422) 47779  39(1) 74 314
Zn0 2 32539(1)  5.2074(2) 47.749(4)  47(1) 5.8 3.15
Zn0 3 32528(1)  5.2142(2) 47.779(4)  44(1) 7.7 3.2
Zn0 4 32522(1)  52131(2)  47.752(4)  44(1) 75 3.13
Zn0 _com  3.2520(1)% 521782028 47.788(3)%8  22(1)28 463 3.12

The results of the FESEM analysis of ZnO powders are presented in Fig. 2.
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Fig. 2. FESEM images of nanoparticles of ZnO 1 (a), ZnO_2 (b), ZnO_3 (c¢), ZnO 4 (d) and
ZnO_com (e).

Slightly elongated particles were observed for ZnO 3, while the morpho-
logies of ZnO 1, ZnO 2, ZnO 4 and ZnO_com were very similar consisting of
nanoparticles with approximately spherical or rounded hexagonal shapes. In
addition, it was revealed that the morphologies of the starting precursors 1-4
(Fig. S-2 of the Supplementary material) after calcination are not maintained in
ZnO _1-ZnO _4, probably due to high annealing rate (about 20 °C min~!). The
estimated particle size was about 55, 78, 75, 56 and 28 nm for ZnO_1-ZnO 4
and ZnO_com, respectively. Nevertheless, the nanoparticles of each powder form
agglomerates with different average size of about 2.26(%1.23) pm for ZnO_1,
8.02(£3.23) um for ZnO 2, 1.25(x0.37) um for ZnO 3, 3.56(+1.94) pum for
ZnO_4 and 2.64(%1.15) pm for ZnO_com (Fig. S-3 of the Supplementary mat-
erial). BET measurements showed that the SS4 values of the ZnO_1-ZnO 4
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nanoparticles were in the range of 5.8-7.7 m? g~! (Table I), and these values are
significantly smaller than the value estimated for ZnO com (46.3 m2 g1), which
is in accordance with notably smaller crystallite size for ZnO com. The values of
the band gap energy (Eg) of ZnO_1-ZnO_4 and ZnO_com (Table I) were cal-
culated from a plot of the modified Kubelka—Munk function (F(R)Av)? vs. the
energy of the adsorbed light (4v) using linear fits close to the absorption edge, as
is shown in Fig. S-4 of the Supplementary material, and obtained results are in
accordance with literature data for pure Zn0O.2%

Photoluminescent properties of ZnO nanoparticles

Steady-state emission spectra of ZnO_1-ZnO_4 and ZnO_com obtained at
room temperature are shown in Fig. 3. Upon excitation at 320 nm, the emission
shows the maximum value in the UV spectral region at 379 (ZnO_1), 380
(ZnO_2), 379 (ZnO 3), 384 (ZnO _4) and 393 nm (ZnO_com). These values are
in good agreement with the determined band gap values for each sample (Table
I). The highest intensity of PL was observed for ZnO_4 (five times higher than
ZnO_3), and the emission intensity decreases in the order ZnO_4 > ZnO 3 >
ZnO_com > ZnO 1 > ZnO_2. The intense ZnO_4 emission may be associated
with the crystal structure having fewer defects than the other investigated oxides.30
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Fig. 3. Emission spectra of ZnO_1-ZnO_4 and ZnO_com in UV and visible (inset) spectral
regions.

To determine the emission maxima in the visible region, the PL of the oxide
samples were additionally measured upon excitation at 350 nm (Fig. 3, inset). It
was observed that the emission maxima were at 595, 595, 591, 593 and 566 nm
for ZnO_1-ZnO 4 and ZnO_com, respectively. The evaluated emission maxima
are in the yellow area of the visible spectrum, which is most often associated with
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defects in the structure.31-33 The most intense emission in the yellow region was
observed for ZnO 1 and ZnO 2, while the PL of ZnO com was negligible in this
area. The better PL properties of ZnO_1 and ZnO 2 in the visible region are pro-
bably due to large number of defects compared to the other examined samples.

Photocatalytic properties of ZnO nanoparticles

To evaluate the photocatalytic performance of ZnO_1-ZnO_4 and ZnO_com,
the dependence of RO16 concentration on irradiation time was measured and the
results presented in Fig. 4. All the investigated samples showed a notable degrad-
ation confirming that these powders are active photocatalysts for RO16. The
oxide samples exhibited different behaviors during the adsorption and photocat-
alytic degradation. ZnO _com shows the best adsorption power by adsorbing
around 20 % of the dye from the solution, while a lower adsorption was iden-
tified for the ZnO_4 surface with the less than 10 % of the dye adsorbed during
30 min in the dark (Fig. 4). The strong adsorption power of ZnO com is related
to a notably higher SS4 in comparison to the almost seven times lower values of
S§4 for ZnO 1-ZnO 4 (Table I). However, the photocatalytic efficiency dec-
reases in the following order: ZnO 3 > ZnO_1 = ZnO_com = ZnO_2 = ZnO 4.
The higher photocatalytic activity of ZnO 3 was demonstrated by complete deg-
radation of RO16 15 min earlier in comparison to the other samples, which could
be explained by the fact that the ZnO 3 particles form the smallest agglomerates
(Fig. S-3). The problem of particle agglomeration, together with considerations
about agglomerate size is often discussed in studies dealing with adsorption pro-
perties of ZnO nanoparticles.!-34 The agglomeration could cause negative effects,
such as light blocking by large agglomerates and the decrease of active surface of
the catalyst, all of which reduce the ability of the catalyst to produce the radicals
necessary for the degradation of the dye.!34

| Dark Irradiation
1.0

0.8+

ZnO_com

0.6

clc,

0.4+

0.29

[ A S S S S S S [ S N L N ]
-30 15 0 15 30 45 60 75 90 105 120 135 150

=/ min
Fig. 4. The rate of photodegradation of RO16 dye in aqueous suspensions of

ZnO_1-7Zn0O_4 and ZnO_com.
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Plots of In(cg/c) of RO16 vs. irradiation time for the photocatalytic degrad-
ation of RO16 on the investigated ZnO powders are shown in Fig. S-5 of the
Supplementary material. The values of R? for the fitted line were in the range
from 0.80 to 0.95 (Table II), confirming the pseudo-first order model to describe
the kinetics of RO16 degradation. Generally, the pseudo-first kinetic order is
correct for concentrations up to 60 mg L~! and many studies were well fitted by
this model.28:35 The decreasing order of the k values was compatible with the
decreasing order of the photocatalytic efficiency of the powders (Table II).

TABLE II. The values of k and R? for ZnO_1-ZnO_4 and ZnO_com

Sample k/ min’! R?

ZnO_1 0.0233 0.86
ZnO 2 0.0202 0.80
ZnO 3 0.0267 0.92
ZnO 4 0.0200 0.91
ZnO_com 0.0229 0.95

Antimicrobial activity of ZnO nanoparticles

Antibacterial and antifungal activities of ZnO 1-ZnO_4 and ZnO_com were
examined on Staphylococcus aureus (G* bacterium), Escherichia coli (G~ bac-
terium), and yeast Candida albicans and the results are presented in Table I1I. All
examined samples showed excellent inhibitory effects against the tested bacteria,
while a decrease in the growth of C. albicans was not observed. The mechanism
for the antibacterial activity of ZnO is still under consideration and there are
some possible explanations for the toxicity of ZnO towards bacteria: a) Zn2"
from the ZnO nanoparticles may enter into the bacteria and cause disturbances of
its amino acid metabolism, enzyme systems and the transport of substances, lead-
ing eventually to death of bacteria;!8 b) antibacterial activity is most stimulated
with the production of reactive oxygen species (ROS), such as OH~, O?~ and
H»0O,, from the ZnO surface. The first two species damage the surface of the
bacteria, while HyO; can enter into the bacteria causing their death;!8 c) the
antibacterial effect of ZnO could be connected with the abrasive surface texture
of ZnO due to surface defects;3¢ d) an increase in the concentration of ZnO leads
to better antibacterial activity.!® It could be assumed that the production of ROS
from the surfaces of the investigated ZnO was probably the main mechanism for
growth inhibition of the tested bacteria. Excellent antibacterial activities of
ZnO 1-ZnO 3 could be connected with the existence of defects in their crystal
structures, observed by PL measurements. In contrast to bacteria, yeast exhibits a
higher stability towards ZnO due to a different cell structure than bacteria, as well
as due to higher resistance to ROS.37 The poor antifungal activity of ZnO nano-
particles in this study is presumably related to the formation of the agglomerates
of relatively large dimensions, which is consistent with previous findings.38

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.



PROPERTIES OF ZINC OXIDE NANOPARTICLES 1485

TABLE III. Data for the antimicrobial test of ZnO_1-ZnO_4 and ZnO_com; n. a. = not active

Number of colonies and R / %

Sample Staphylococcus aureus Escherichia coli Candida albicans
No. of colonies R/ % No. of colonies R/ % No. of colonies R/ %
Control 4.38-107 - 8.20-10° - 4.65-10° -
ZnO 1 - 100 - 100 1.07-10° n.a
ZnO 2 - 100 - 100 1.83-10° n.a
ZnO 3 - 100 - 100 2.37-10° n.a
Zn0O 4 - 100 - 100 2.02-10° n.a
ZnO_com 1.60-102 99.85+0.07 - 100 7.49-10° n.a
CONCLUSIONS

ZnO nanoparticles (ZnO_1, ZnO 2, ZnO_3 and ZnO_4), with hexagonal
wurtzite structure and an average crystallite size of 39—47 nm, were prepared by
the thermal decomposition of Zn—benzenepolycarboxylato precursors. The results
of the mechanism and kinetics study showed the highest thermal stability of pre-
cursor 4. FESEM analyses revealed that morphologies of ZnO nanoparticles are
slightly elongated (ZnO_3) and approximately hexagonal (ZnO_1, ZnO_2 and
ZnO_4), whereas the agglomeration of nanoparticles is significant. The values of
SS4 determined using the BET method were small, ranging from 5.8 to 7.7 m2 g~1.
PL measurements showed that UV emission was dominant in the emission
spectra of ZnO 4, while the visible emission was stronger in the case of ZnO 1
and ZnO_2. All the obtained ZnO nanoparticles were used as photocatalysts in
the degradation of RO16 dye, whereby ZnO_3 showed the highest photocatalytic
performance by degrading the dye in 135 min under illumination similar to
natural sunlight. All oxides displayed excellent antibacterial activities against S.
aureus and E. coli.

SUPPLEMENTARY MATERIAL

Details about the solid-state kinetics under non-isothermal conditions, thermogravimetric
results for 1-4, thermodynamic and kinetic parameters of the thermal degradation of 14,
FESEM images of 1-4, XRPD patterns and FESEM images of ZnO nanoparticles, (F(R)hv)>
vs. hv plots and linear plots of pseudo-first order kinetic model of RO16 degradation on ZnO
nanoparticles are available electronically from http://www.shd.org.rs/JSCS/, or from the cor-
responding author on request.
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U3BON
HAHOYECTHUYHHU IMPAXOBU UUHK-OKCUIA IOBUJEHU TEPMUYKOM
OETPAJALIUJOM HUHK-BEH3EHITOJIMKAPBEOKCHJIATO ITPEKYPCOPA:
OOTOJIYMHUHECHEHTHA, ®OTOKATATUTUYKA U AHTUMHUKPOBHA CBOJCTBA
JIMINJA PAIIOBAHOBUE", JEJIEHA 1. 3IPABKOBHE', BOJAHA CHMOBHR?, )KEJbKO PAIOBAHOBHR',
KATAPMHA MHUXAJJIOBCKH®, MUPOCJIAB [I. IPAMUBRAHHH" u JETEHA POTAH®
'Hnosayuonu yentmap TexHonowko—memanypuixoi paxynimeia, Ynusepsuiteii y Beoipagy, KapHeiujesa 4,
Eeotpag, u HCWUTLY T 30 MYTTHUGUCUUTTUHADHA UCTpaxcusdrd, Yrnueepsuiiewl y beotpagy, Knesa
Buwecnasa 1, Beoipag, 3Texu0ﬂom1co—memaﬂypm1cu paxyniuew, Ynueep3uiieii y beoipagy, Kapueiujesa 4,
Beoipag u 4Hucu7.uruyu7 3d HyKJieapHe HayKke ,Bunua", Ynueepsuwieil y beoipagy, u. up. 522, beoipag

TepMUUKOM [ierpajaudjoM jeSHOOUMEH3UOHATHUX LHHK-OeH3eHIMOIHKapOOKCHIaTO
KOMIUIeKca Kao npexypcopa Ha 450 °C y okcupanuoHoj atMocdepy nobujeHu cy HaHOYec-
TUYHU UHUHK-OKcHOM (ZnO). MexaHM3aM M KMHETHKAa TEPMHUKE Dasrpaime LIMHK-OeH3eH-
NoNMUKapdOKCUIATO KOMIUIEKCA aHA/lW3UpaHU Cy Y HEM30TepMCKUM YCIIOBUMA y atmocdepn
Basgyxa. Pennrenckom mudpaxiujoM rnpaxa U CKeHUpajyhoM eekTpOHCKOM MHUKPOCKOMHjOM
yTBpheHa je XxekcaroHajaHa BypLUUTHA CTPYKTypa ZnO ca MPOCEYHOM BEIMYMHOM KPUCTAIHUTA
y omncery 39—47 nm u cinyHoM MopdonorujoM. IlluprHa 3adpameHe 30He U cnenuduyHa
NOBPLIMHA HaHOYECTUYHX NpaxoBa ZnO ogpeheHu cy ynaTpabydnuacTOM—BUABUBOM AUDY3-
HO-pedIeKCHOHOM CIeKTpPOCKomujoM, ogHocHO BET meromom. HMcnuraHa cy ¢oTOMyMHUHEC-
LeHTHa, (POTOKATAMIUTHUKA U aHTUMUKPOOHa cBojcTBa HaHouectuna ZnO. Hajboma dorokara-
JIMTHYKA aKTUBHOCT NpH pasrpaamu boje C. I. Reactive Orange 16 youeHa je xop ZnO uuju
KpHUCTalUTH OopMHpajy Hajmamwe arnomepare. CBU OKCHUAW MOKa3ald Cy ONJIMYHO MUHXUOU-
TOpCKO JejcTBo Ha Bakrepuje Staphylococcus aureus u Escherichia coli.

(ITpummeno 29. jyna, pesuaupano 14. asrycra, mpuxsaheno 17. asrycra 2020)
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