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Abstract

Disperse porous Mn-doped ZnO-ZrO, nanocomposites were prepared using the facile
polymer-salt method. The effect of Mn content on the crystal structure, composite
morphologies, their ability to photogenate the singlet oxygen, luminescence properties, and
bactericidal activities were studied. The crystal structure and morphology of these materials
were investigated using XRD and SEM analysis. It was found that obtained nanocomposites
consist of small (~9 nm) hexagonal ZnO and fine ZrO; crystals and the embedding of Mn ions
expands the crystal cells of ZnO crystals. Photoluminescence spectra indicate the presence of
different structural defects (interstitial Zn ions and oxygen vacancies in ZnO and oxygen
vacancies in ZrO; crystals). Mn-doped ZnO-ZrO; nanocomposites can photogenerate singlet
oxygen under visible (A =405 nm) irradiation. The increased power density of the exciting blue
(A = 405 nm) light significantly enhances the singlet oxygen photogeneration by prepared
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composites. The dependence of the intensity of singlet oxygen photogeneration by
composites on the power density of exciting radiation (at its variation in the range 0.8 + 1.6
W/cm?) is close to linear. Mn-doped ZnO-ZrO, composites demonstrate superior antibacterial
activity against the gram-positive bacteria Staphylococcus aureus ATCC 209P. It was found
that highly dispersed porous Mn-doped ZnO-ZrO; nanocomposites are promising for practical
environmental and medical applications.
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1. Introduction

Photocatalytic and bactericidal metal oxide materials are the object of intensive investigations.
Numerous oxide semiconductor materials are effective photocatalysts, demonstrate antibacterial
activity and have excellent thermal stability and chemical durability.

Reactive oxygen species (ROS) are a set of unstable molecules, including hydrogen peroxide
(H202), hydroxyl radical (OH), singlet oxygen (*02) and superoxide (O2’) that are produced by all
kinds of cells in living organisms [1-6]. According to [2, 3], four major ROS are recognized, comprising
superoxide (-O2’), hydrogen peroxide (H202), hydroxyl radical (-OH), and singlet oxygen (*03), but
they display very different kinetics and levels of activity [3]. The effects of O, and H,0; are less acute
than those of OH and 'O, because the formers are much less reactive. The hydroxyl radical
demonstrates the highest antibacterial activity, and it is a highly aggressive oxidant. as such, it can
attack various biological molecules and impair their proper functioning [3]. The energy consumed
for ROS generation also depends on their types. According to [1], the ability to generate different
ROS types by metal oxides is related to their band gap values and the redox potentials of the various
ROS formations.

The interaction between ROS and bacteria is critical in the antibacterial action of oxide materials
[3, 4, 7]. Therefore, generating chemically active oxygen species is especially important for
bactericidal oxide materials. The effectiveness of ROS generation depends on the chemical
composition of semiconductor materials, their structure and morphology and can be significantly
enhanced by light irradiation [7, 8]. The mechanisms of ROS antibacterial action were described in
detailin [1, 2, 7, 9].

The biochemical processes that determine the antibacterial effect of oxide materials occur both
under external light irradiation and in the dark [8]. The authors [8] showed that the antibacterial
activity of ZnO-based nanoparticles is significantly higher in natural lighting than in darkness. The
antibacterial activity of ZnO nanoparticles might involve both the production of reactive oxygen
species and the accumulation of nanoparticles in the cytoplasm or on the outer membranes [9].

ROS are produced in energy-demanding conditions [10], and photogeneration plays a vital role
in the antibacterial activity of semiconductor materials [1, 11]. The effectiveness of this process
depends on the parameters of excited radiation (intensity, wavelength, etc.) [4, 12].

Oxide composites of two or more various closely packed semiconductor particles demonstrate
higher bactericidal properties than pure oxides [3, 4]. Using these heterostructures decreases the
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possibility of the recombination of photogenerated electron-hole pairs by the charge's spatial
separation [13, 14]. Also, the interaction between different oxide particles stimulates the formation
of structural defects in their structures. These defects play the important role in photocatalytic and
bactericidal properties of oxide materials [14-16]. The defect centers in the structure of
semiconductor oxide, forming the electronic levels inside its band gap, modifying the electronic
structure, and playing an important role in the material's antibacterial properties [14, 16]. The study
of luminescence spectra allows for the identification of these defects and specifies the electronic
structure of semiconductor materials.

Different materials (powders, coatings, composites) based on ZnO demonstrate high
photocatalytic properties and antibacterial activity [5, 8, 9, 12, 13, 17, 18]. Modification of ZnO-
based materials by other oxides significantly enhances their bactericidal characteristics. These
additions decrease the size of ZnO crystals, increase their specific surface areas and modify the
crystal and electronic structures and morphology of ZnO materials.

ZrO; as a broad bandgap (~5.10 eV) semiconductor has been widely explored due to the presence
of many oxygen vacancies on the surface, significant ion exchangeability and physiochemical
stability [14, 19].

It is known [20-22] that different, closely disposed of crystals (such as ZnO and ZrO;) prohibit the
growth of each to other during their simultaneous crystallization. This phenomenon leads to
nanocomposites with high specific surface areas and improved photocatalytic and bactericidal
properties [22]. ZnO-ZrO; materials demonstrate photocatalytic [23-26] and bactericidal [27]
properties.

In [28, 29] Mn additions are used to modify ZnO and ZrO,. The application of Mn doping can
enhance the photocatalytic activity of ZnO-ZrO; composites due to the reduction of their band gap
values [30]. Also, embedding Mn ions into oxide crystals is often accompanied by the deformation
of their lattices [28, 31]. This process leads to different structural defects that affect the
photocatalytic and antibacterial activities of materials [14, 16]. Thus, Mn-doped nanocomposites
Zn0O-ZrO; could be promising for photocatalytic and bactericidal applications. Therefore, these
materials were the object of this study.

Many methods have been developed for the preparation of nanocrystalline ceramic ZnO-SnO;
photocatalysts: co-precipitation [14, 32], polymer-salt technique [8, 12], electrospinning method
[19], etc. [18]. Polymer-salt synthesis is a facile and effective method used to prepare different ZnO-
based nanomaterials [8, 12]. In this method, aqueous solutions of thermally decomposable metal
salts and soluble polymer were used as oxide nanoparticle precursors.

Polycrystalline materials obtained by polymer-salt synthesis have porous structures providing
effective contact with the surrounding media and high adsorptive, photocatalytic and bactericidal
properties [33-35]. Porous oxide materials have high values of specific surface areas, and many of
them demonstrate superior antibacterial properties and photocatalytic activity [35]. Porous Mn-
doped ZnO-ZrO, composites could be especially promising for photocatalytic and medical
applications. Therefore, using facile polymer-salt synthesis for their preparation could be promising.
To our knowledge, this method hasn’t been used to synthesize photocatalytic Mn-doped ZnO-ZrO;
nanocomposites.

This work aims to design the chemical synthesis of effective bactericidal Mn-containing ZnO-ZrO;
nanocomposites and their characterization. The used approach of nanocomposite development
included the study and design of their morphology and crystal structure for the enhancement of
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luminescent properties, the ability to ROS photogeneration, and the improvement of bactericidal
properties.

2. Materials and Methods
2.1 Synthesis

Polymer-salt technique was used for the preparation of powder samples. Aqueous solutions of
Zn(NO3)2, Zr(NO3)a and MnSQa in pre-determined volumes were mixed at room temperature with
the solution of polyvinylpyrrolidone ((PVP), My = 25000 + 35000). The mixed solution was dried at
70°C for 24 hours to prepare the polymer-salt composite. Then, the polymer-salt composites that
were obtained were subjected to thermal treatment at 600°C for 2 hours in an air atmosphere.
Nominal chemical compositions of powder samples are given in Table 1.

Table 1 Chemical composition of Mn-doped ZnO-ZrO; composites.

Nominal chemical composition, mol/%
Zn0O ZrO; MnO (above 100%)

InZr 90 10 -

ZnZrMn0.5 90 10 0.5

ZnZrMnl 90 10 1.0

ZnZrMn2 90 10 2.0

Sample

2.2 Characterization

The crystal structure of prepared powders was investigated by the XRD method using the device
Rigaku Ultima IV. The diffraction patterns were scanned from 20° to 100° (26). Based on the
obtained XRD data, we estimated the crystal sizes using the Scherrer formula:

KX
"~ B X cos’

(1)

where d is the average crystal size; K is the dimensionless particle shape factor (for spherical
particles K=0.9); A is the X-ray wavelength (A (CuKo = 1.5418 ,&); B - is the width of the reflection at
half height (in radians, and in units of 26); 8 is the diffraction angle.

The morphology and chemical composition of prepared samples were studied by SEM and
energy-dispersive analysis using the electronic microscope TESCAN VEGA3 equipped with the setup
for energy-dispersive analysis Advanced Aztec Energy (Oxford Instruments).

Photoluminescence spectra in near IR spectral region were measured upon excitation by the
radiation of LEDs (HPR4OE set) with emission bands maximums at 370 nm and 405 nm using a
spectrometer SDH-IV (SOLAR Laser Systems). The luminescence spectra in UV and visible spectral
ranges were measured using the spectrofluorometer Perkin Elmer LS50B.

2.3 Antibacterial Activity

The method described in [5, 8] was used to estimate the bactericidal properties of prepared
coatings. The Gram-positive bacteria Staphylococcus aureus ATCC 209P was applied as a test
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bacteria. Bactericidal activity was assessed by measuring the size of an inhibited area formed on
surface containing bacteria.

2.4 Dye Adsorption and Photocatalytic Decomposition

Diazo dye Chicago Sky Blue (CSB) (Sigma Aldrich) was used as a model organic contaminant for
the estimation of adsorption and photocatalytic properties of obtained composites. This dye is
applied widely in the textile industry [36] and was used previously to study different materials'
photocatalytic and adsorption properties [30, 34, 35]. The adsorption and photocatalytic properties
of powders were studied in their suspensions, which were prepared by adding 0.01 g of the powder
to 3 ml of the aqueous solution of CSB dye (0.042 g/l). The quartz cuvettes were filled with these
suspensions and were kept in the darkness during dye adsorption experiments. The amount of
adsorbed or photocatalytic decomposed dye was determined by a spectrophotometric method
based on the changes in the light absorption of the solution at a wavelength corresponding to the
maximum of the absorption band of the dye.

Mercury lamp (Amax = 254 nm) (DR-240, Russia) was used for UV irradiation of the cuvette with
dye solution. Blue LED (A = 405 nm) was used for photocatalytic experiments under visible
irradiation. The cuvette was disposed of at a distance of 7 cm from the LED. The power density of
exciting visible light during these experiments was 50 mW/cm?.

3. Results
3.1 XRD Analysis

Figure 1 demonstrates XRD patterns of composites ZnZr (a) and ZnZrMn2 (b). The comparison of
these patterns indicates that small Mn additions do not remarkably affect the crystal structure of
the ZnO-ZrO; composite. Intensive peaks of hexagonal ZnO crystals and small peaks of ZrO; crystals
are observed in both XRD patterns. The small content of ZrO, in composites, low intensities of its
peaks, and their overlapping with peaks of ZnO crystals prohibits the identification of ZrO2 crystal
structures. It is worth noticing the absence of any peaks of Mn compounds in the diffractogram of
the ZnZrMn2 composite (Figure 1b).
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Figure 1 Diffraction patterns of composites ZnZr(a) and ZnZrMn2 (b).
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Figure 2 shows the distribution of ZnO crystals in prepared materials based on their size. It can
be seen that all materials are characterized a narrow crystals size distribution and average crystallite
size in all powders is about 9 nm. Obtained data show that Mn addition doesn’t change the size of
ZnO crystals.
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Figure 2 Distribution of ZnO crystals on their size in composites: ZnZr (curve 1);
ZnZrMn0.5 (curve 2); ZnZrMn1 (curve 3); ZnZrMn2 (curve 4).

The ionic radius of Mn?* is slightly bigger than the ionic radius of Zn?* (0.80 and 0.74 A,
correspondingly), but the difference is slight and Mn?* ions can replace Zn%* in ZnO crystal lattice
[31]. Crystal cell parameters of ZnO crystals in prepared composites and in different materials
previously described in the literature are given in Table 2. These data show that Mn addition leads
to the remarkable deformation of ZnO crystal cells. The crystal cell parameter a remains its value,
but the parameter c significantly increases. A similar phenomenon was observed previously in [28,
31]. Such behavior of the crystal cell deformation can be explained by the lower density of chemical
bonds along the c axe direction in the ZnO crystal cell (Scheme 1), which determines its flexibility in
this direction.

Table 2 Parameters of ZnO crystal cell in varied materials.

o

Sample a, A c, A V,A3 ¢/a Reference

nZr 3.2518 5.2196 47.7972 1.6051 Present study
nZrMn0.5 3.2498 5.2278 47.8135 1.6087 Present study
/nZrMnl 3.2501 5.2266 47.8113 1.6081 Present study
ZnZrMn2 3.2488 5.2321 47.8233 1.6105 Present study

Zn0 3.2496 5.2042 - 1.6018 [37]
Zn0 3.2501 5.2071 47.63 1.6021 [38]
Zn0 3.2487 5.1989 47.52 1.6003 [28]

ZnO (Mn1) 3.2500 5.2030 47.59 1.6009 [28]
ZnO (Mn5) 3.2493 5.2023 47.57 1.6010 [28]
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Scheme 1 The scheme illustrating the change of the ZnO crystal cell at the embedding
of Mn ions. Thus, XRD data indicate the formation of hexagonal ZnO crystals as the main
crystal phase in the obtained powders. The embedding of Mn ions deforms the crystal
cells of ZnO crystals, which can promote their structural defect formation.

3.2 SEM Analysis

Figure 3 demonstrates SEM images of composite ZnZrMn1 at different magnification values. The
photo shows that the composite contains a big porous aggregate that is tens of microns in size
(Figure 3a). These aggregates consist of small nanoparticles (Figure 3b).

A B

Figure 3 SEM images of composite ZnZrMn1 at different magnification values.
3.3 Luminescence
3.3.1 Luminescence in NIR Spectral Range

The photoluminescence spectrum of the ZnZrMn1 composite in the NIR range is shown in Figure
4. The luminescence band characteristic for the singlet oxygen (144-%, electronic transition [39]) is
observed in the spectrum. It is worth noticing that the singlet oxygen generation proceeds under
blue light (Aex = 405 nm) excitation.
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Figure 4 Photoluminescence spectrum of composite ZnZrMn1 (a). Dependence of the
luminescence intensity from the excited radiation density (b).

The increase in visible light intensity enhances singlet oxygen generation (Figure 4b). The
observed dependence of the luminescence band (A = 1270 nm) intensity Iso from the intensity of
excited visible irradiation (Aex = 405 nm) lex is not linear. The similar dependence was observed
earlier for the ceramic ZnO-Sn0,-Fe;03 coating [12]. The non-linear behavior of the dependence is
determined by the significant increase in the recombination of photogenerated electron-hole pairs
at the growth of the excited radiation intensity [40].

3.3.2 Luminescence in Near UV and Visible Spectral Range

The main components of prepared composites can demonstrate photoluminescence (PL) related
to different structural defects in near UV and visible spectral ranges. The luminescence ZrO;
observable at room temperature is from defect states. The number of luminescence bands peaking
within the spectral region from about 350 nm to 620 nm varies from one to eight [41, 42].

In PL spectra of ZnO-based materials are often observed the excitonic emission band located at
365 + 370 nm and luminescence peaks in visible range attributed to different structural defects of
ZnO0 crystals [43].

Figure 5 demonstrates PL spectra of composites ZnZr (a) and ZnZrMn1 (b) at the excitation by
UV-C (Aex = 256 nm) (Figure 5a) and UV-A (Aex = 356 nm) (Figure 5b) and blue (Aex = 407 nm) light
(Figure 5c). The small peak at 343 nm attributed to the structural defects in ZrO, nanoparticles, was
observed earlier [44].
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Figure 5 Photoluminescence spectra of composites ZnZr (curve 1) and ZnZrMn1 (curve
2). Excitation wavelength 256 nm (a); 357 nm (b); 407 nm (c). Luminescent excitation
spectrum of composites ZnZr (curve 1) and ZnZrMn1 (d) (curve 2). Emission wavelength
487 nm.

The complicated shape of the luminescent band with Amax ~¥415 nm suggests that it is a result of
overlapping a few different luminescent peaks. The intensive luminescence band with Amax ~415-
420 nm was observed in the spectra of ZrO; nanoparticles at UV-C light excitation [32, 42, 44]. Also,
Zn interstitials - structural defects in ZnO crystals have emission bands with Amax = 415, 440, and 455
nm [43, 45].

In [46] the peaks with Amax = 385 and 442 nm tentatively ascribed to singly ionized oxygen-
vacancy defects and singly ionized associated oxygen vacancy defects attributed to ionized oxygen-
vacancy defects were observed in ZrO, nanopowders.

Emission peaks with Amax = 460 and 485 nm attributed to ZrO; structural defects were observed
previously in [32, 44, 47] and were attributed to oxygen vacancies in ZrO; crystals [47]. PL peaks at
~530 nm and 608 nm were observed earlier in PL spectra at the excitation of tetragonal ZrO;
nanocrystals by blue light (Aex = 412 nm) [42].

The luminescence observed in the spectral range 525 + 575 nm corresponds to oxygen vacancies
in the structure of ZnO crystals [48]. The absorption bands of structural defects in ZrO; crystals are
observed in UV diapason in the luminescence excitation spectrum of composites (Figure 5d).

According to these experimental results on the luminescence spectra, different defects are
present in the nanocomposites that were obtained. According to the experimental results reported
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previously by GuO L. et al. [49], significant part of structural defects in ZnO nanocrystals are disposed
on the surface. Photocatalytic effect occurs on the surfaces of materials. Therefore, the input of the
surface structural defects in the excitation of formed nanocrystals by visible irradiation can be
remarkable.

Thus, the measurements of photoluminescence spectra showed the presence of numerous
different intrinsic defects (oxygen vacancies, interstitials Zn ions, etc.) in the structures of ZnO and
ZrO; crystals.

3.4 Changes in Spectral Properties of Dye Solutions during the Adsorption and Photocatalysis

Figure 6 illustrates changes in absorption spectra of dye solutions during the adsorption process
(a) and photocatalysis (b) in the presence of nanocomposite ZnZrMn0.5. The views of spectral

changes of dye solutions are similar, and the shapes of the spectra remain the same during both
processes.

A

=
N
=)

Optical density D

550 600 650 ' S0 600

650
Wavelength, nm Wavelength, nm

Figure 6 Changes of absorption spectra of dye solutions during adsorption process (a)
and photocatalysis (b) in the presence of nanocomposite ZnZrMn0.5. Durations of these
processes, min.: 0 (curves 1); 5 (curves 2); 10 (curves 3); 15 (curves 4); 20 (curves 5); 25
(curves 6); 30 (curves 7).

The CSB dye oxidative decomposition mechanism in aqueous solutions includes forming
intermediate products. In [36] it was suggested that diazene derivatives and quinone are the
intermediate products at the CSB dye oxidative decomposition in agueous solutions in the presence
of a purified laccase. The structure of diazine derivatives was represented in [50] by the general
formula shown in Figure 7. In this formula, n represents an integer, at least 1 and not more than 3,

Y represents oxygen or sulfur, and R - hydrogen, monovalent hydrocarbon or halo-hydrocarbon
radicals.
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Figure 7 lllustrates the formation of some intermediate products during the oxidative
decomposition of CSB dye in an aqueous solution. The scheme is based on the data
reported in [36].

Based on the data reported in [33], the scheme of oxidative decomposition of CSB molecules in
an aqueous solution can be presented as:
According to the results described in [36], the light absorption by formed intermediate

compounds is one order lower compared with parent CSB molecules. It determines the weak
changes in the shape of absorption spectra during the photocatalytic decomposition of CSB dye
(Figure 6b).

Figure 8a demonstrates the comparison of kinetic dependencies of discoloration of dye solution
during the adsorption process on the surface of nanocomposite ZnZrMn0.5 (curve 1) and
photocatalysis under visible irradiation (curve 2) in the presence of this nanocomposite. The rate of
the photocatalytic process is somewhat higher than the adsorption rate at the initial stage of these

processes (during about the first 5 min.). Later, the rates of these processes are approximately equal
to each other.

>
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ka=0.017 min-1
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Figure 8 a) The comparison of kinetic dependencies of discoloration of dye solution
during adsorption process on the surface of nanocomposite ZnZrMn1 (curve 1) and
photocatalysis under visible irradiation (curve 2) at the presence of this nanocomposites;
b) Dependence -In(ge-gt) = f(t) for the CSB adsorption on the surface of ZnZrMn1 powder.
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The kinetics of the dye adsorption on the surface of photocatalysts is often described using the
kinetic model of pseudo-first order [30, 35, 51]:

dq;

dt @)

ka(qe - qt)'
where g: (mg/g) - the amount of the dye, adsorbed by 1 g sorbent during t min; ge - equilibrium
adsorption capacity of the sorbent (mg/g); ks (min') - the rate constant of the adsorption; t -
adsorption duration (min). According to equation (1), the adsorption rate decreasess as the sorbent
surface is filled with dye molecules, and the ge. value corresponds to the sorbent's equilibrium
adsorption capacity. It is worth noticing that the dye adsorption proceeds fast (ka=0.017 min'). The
values of CSB adsorption rate constants reported in [52-54] for other ZnO-based composites are
significantly less.

3.5 Photocatalytic Activity

Experiments showed that both prepared nanocomposites demonstrate high photocatalytic
activity under UV irradiation. The rate of photocatalytic dye decomposition depends on the
radiation intensity. Figure 9a illustrates the effect of the intensity of UV light on the kinetic
dependencies of CSB decomposition in the presence of composite ZnZrMn0.5. Similar results were
obtained for all prepared Mn-doped ZnO-ZrO, composites. The increase of Mn concentration in the
composites leads to some enhancement of their photocatalytic activity.
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Figure 9 a) Kinetic dependencies of dye photocatalytic decomposition by the composite
ZnZrMn0.5 under UV irradiation with different UV light intensities; b) Dependences of
the rate constant of photocatalytic degradation of an organic dye by ZnZrMn0.5 (curve

1) and ZnZrMn1 (curve 2) composites on the power density of UV radiation.

Figure 9b shows the dependences of rate constant k of photocatalytic degradation of organic dye
by the composites ZnZrMn0.5 and ZnZrMnl on UV radiation's power density (lex). The
decomposition rates grow with the increase of the radiation intensity, but observed dependencies

k = f(lex) are not linear.
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Figure 10a presents the kinetic dependencies of photocatalytic dye decomposition in the
presence of prepared composites under visible (Aex = 405 nm) irradiation. The photocatalytic
treatment for 30 min decreases the dye content in the solution by up to 50%. Experimental results
show that the general tendency is that the increase of Mn content in composites enhances their
photocatalytic activities.

A 1.0 B 1.0
ﬂ. k '1'.'.‘31\;in 1
Eﬂ. R==05 ’,-’
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= @ ek - 0.022 min 1
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= o .
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[] 4 . P
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“::‘.,-____‘_‘_’_,,-— R2=0.84
0.4 ' . . . . Y . : : . .
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Figure 10 a) Kinetic dependencies of dye photocatalytic decomposition by composite
ZnZr (curve 1); ZnZrMn0.5 (curve 2); ZnZrMn1 (curve 3); ZnZrMn2 (curve 4) under visible
irradiation; b) Dependences - In(C/Co) = f(t) for the dye photocatalytic decomposition by
composite ZnZr (curve 1); ZnZrMn0.5 (curve 2); ZnZrMn1 (curve 3); ZnZrMn2 (curve 4)
under visible irradiation.

The remarkable feature of kinetic dependencies shown in Figure 10a is the sharp decrease of dye
contents in solutions during the photocatalytic process's initial stage (during the first 5 min). After
10-15 min, the rate of dye decomposition decreases remarkably. A similar phenomenon was
observed previously in [30] during photocatalytic CSB decomposition in the presence of ZnO-MgO
composite.

The kinetic equation of pseudo-first order, which is often used in photocatalysis in integral form,
can be written as [17, 30, 55]:

— =7k, (3)

where Co and C - initial and current dye concentrations (mM); t - duration of UV irradiation (min);
and k - reaction rate constant (min'). The dependencies - In(C/Co) = f(t) calculated based on the
experimental results (Figure 10a) are presented in Figure 10b. Experimental results don’t
correspond to equation (3) (R < 0.9) (Figure 10b). Also, Figure 10 shows that the increase of Mn
content in composites accelerates the discoloration of dye solutions, but it does not affect the
behavior of kinetic dependences of this process.

3.6 Antibacterial Activity

Figure 11 shows the photo indicating the formation of zones free from the bacteria
Staphylococcus aureus ACC 209P around the powder samples of ZnZrMn2. This image demonstrates
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a significant difference in the size of these zones for various bacteria. Large zones free from the
bacteria Staphylococcus aureus ATCC 209P are seen in Figure 11, indicating the high antibacterial
activity of the ZnZrMn2 sample against these bacteria.

Petri dish

~Powder samples

Zone free from
bacteria

Staphylococcus aureus
ACC 209pP

Figure 11 Photo demonstrating the formation of zones free from the bacteria
Staphylococcus aureus ATCC 209P around powder samples ZnZrMn?2.

4. Discussion

Experimental results obtained by XRD and SEM methods showed that prepared composites
consist of small ZnO and ZrO; nanocrystals forming dispersed porous particles. This structure of
materials provides effective contact with surrounding media and enhances their high photocatalytic
and bactericidal properties.

The modification of the ZnO-ZrO, composite by Mn ions leads to the remarkable deformation of
ZnO crystals due to the difference in the ionic radii of Zn?* and Mn?* ions. The growth of Mn content
in the materials increases these changes in ZnO crystal cells. These structural changes can lead to
the formation of different defects in ZnO crystals and affect the photocatalytic properties of the
composites.

The study of luminescence spectra in the visible spectral range of obtained composites showed
the presence of numerous emission peaks related to different structural defects of ZnO and ZrO;
crystals. The observed luminescence band (Amax = 1270 nm) characteristic for singlet oxygen [39]
indicates its effective photogeneration by prepared nanocomposites under visible irradiation. The
excited photon energy (3.06 eV) is lower than the band gap values of both central components of
prepared composites (Es2"° ~3.37 eV; E;#©? ~5.1 eV). Thus, it suggests that various defect centers
are responsible for the observed photogeneration of singlet oxygen. It is worth noting that the
presence of structural defects can significantly affect the photocatalytic and bactericidal properties
of oxide materials [15, 16, 19]. Photocatalytic and bactericidal properties of obtained composites
related to different active oxygen species (H.0;; -OH; singlet oxygen and others). Experimental
methods used in this article provide the possibility of studying the photogeneration of singlet
oxygen only. Nevertheless, we think that the results obtained allow for the estimation of the general
tendency of ROS photogeneration.

The experimental results of dye photocatalytic decomposition under UV irradiation shown in
Figure 8a show that equation (2) describes the experimental data successfully (R = 0.98). The
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obtained k values were used to analyze the influence of the UV radiation intensity on the
photocatalysis kinetics.

The non-linear dependencies of k = f(lex) observed in Figure 8b were described previously in [33,
40, 56]. Significant deviations from the linearity of the dependencies of k = f(lex) are attributed to
the strong growth of recombination of photogenerated electron-hole pairs at high radiation
intensity. Nevertheless, the results shown in Figure 9b indicate the possibility of a remarkable
acceleration of photocatalytic dye decomposition by prepared composites using more intensive
irradiation.

The observed discoloration of dye solutions during photocatalytic experiments under visible light
irradiation (Figure 10b) is determined by both the photocatalytic dye decomposition and its
adsorption on the surface of the composite powder. Therefore, the obtained experimental results
shown in Figure 9 and Figure 10 suggest that dye adsorption is the main contributor to the solution
discoloration during photocatalytic experiments under visible irradiation. This significant
contribution of fast dye adsorption can be the possible reason for the inconsistent experimental
results observed in equation (3).

The obtained experimental results show the excitation light source's significant effect on the
prepared composites' photocatalytic activity. It is possible to suggest that this phenomenon is
related to both the difference in the energies of the exciting photons and the ratio of the rates of
dye adsorption and its photocatalytic decomposition.

In some previous works [52-54], the dye adsorption rate was relatively low (ka = 0.007 min [52];
0.04 + 0.08 min? [53]; 0.014 min™! [54]) and the rate of photocatalytic dye decomposition was
significantly higher (f.e., k = 0.069 min? [54]). The input of adsorption in the dye solutions’
discoloration was low in these studies [52-54]. In these cases, the slight decrease of the dye
photocatalytic decomposition rate due to applying a light source with longer wavelength emission
cannot change the ratio between dye adsorption rates and its photocatalytic decomposition
remarkably. Correspondingly, the experimental data of photocatalysis rates described in [52-54] are
well described by the pseudo-first-order kinetic equation (3).

In the present work, the adsorption rate is high enough (kads = 0.017 min%; Figure 7) and this
process determines the dye solution discoloration during photocatalytic experiments using visible
irradiation.

The scheme illustrating the influence of fast dye adsorption on the photocatalyst surface on the
kinetics of the dye photocatalytic decomposition is shown in Figure 12. At the initial stage of the
photocatalytic process, the photocatalyst surface is only partly filled by adsorbed dye molecules and
light excitation of the photocatalyst and the dye decomposition proceeds effectively enough (Figure
12A). After filling the surface with the adsorbed dye, the effectiveness of photocatalyst excitation
fails due to the shielding effect by the CSB molecules layer. This leads to a significant reduction of
the photocatalysis rate and the rate constant becomes close to the low value observed at the
photolysis of CSB in aqueous solutions without any photocatalytic additions (0.002 min [54]).
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Figure 12 lllustrates the influence of fast dye adsorption on the photocatalyst surface
on the kinetics of the dye photocatalytic decomposition. A) Initial process, partly filled
surface. B) Fully filled surface.

It is worth noticing that this phenomenon is observed at the photocatalysis using visible
irradiation. In this case, the rate of the photocatalytic process is lower or comparable to the dye
adsorption rate. The rate of dye photocatalytic decomposition is significantly higher when applying
UV radiation for photocatalyst excitation, and the photocatalyst surface does not have time to
become covered with dye molecules.

Thus, we can conclude that the photocatalytic process's kinetics depend on the wavelength and
power density of the used light source, as well as the ratio between the rates of dye photocatalytic
decomposition and its adsorption.

Prepared composites demonstrated superior antibacterial activity against the bacteria
Staphylococcus aureus ATCC 209P. The results of antibacterial tests of the prepared materials and
some literature data [33, 34] are given in Table 3. The powder composites ZnO-Sn0O; and Zn0O-Sn0O;-
Ag were prepared previously by the same polymer-salt method and were evaluated under similar
conditions. The comparison of the presented data shows that ZnO-ZrO; materials demonstrate
higher antibacterial activity against the bacteria Staphylococcus aureus ATCC 209P than the powders
prepared earlier.

Table 3 The results of antibacterial tests of prepared materials and literature data.

Thickness of the zone

Sample free from bacteria, mm Reference
MnO 11 Present study
MnQ.5 16 Present study
Mn1l 11 Present study
Mn2 11 Present study
ZnO 7 [33]

Zn0 97.4 mol.% + Sn0; 2.6 mol.% 7 [33]

Zn0 93.6 mol.% + Sn0, 6.4 mol.% 8 [33]

Zn091.1 mol.% + Sn0; 8.9 mol.% 9 [33]

Zn0 87.5 mol.% + Sn0; 12.5 mol.% 9 [33]

Zn0 87.6 mol.% + Sn0, 11.8 mol.% + Ag 0.6 mol.% 7 [34]

Zn0 87.1 mol.% + Sn0; 11.7 mol.% + Ag 1.2 mol.% 5 [34]

Zn0 86.5 mol.% + Sn0; 11.7 mol.% + Ag 1.8 mol.% 7 [34]
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Zn0 67.2 mol.% + Sn02 9.0 mol.% + Ag 23.8 mol.% 8 [34]

Antibacterial tests were conducted under natural lighting conditions, and visible irradiation had
some input in the bactericidal action of the prepared composites. Different structural defects have
electronic levels in the band gaps of ZnO, and ZrO; crystals absorb light in the near UV and visible
spectral range. Compared to defect-free crystals, this light absorption can be followed by additional
ROS generation by the composites, which increases their antibacterial effect. This corresponds to
our samples' observed high antibacterial activity against the bacteria Staphylococcus aureus ATCC
209 P (Figure 10 and Table 3).

Based on experimental data,, it is possible to conclude that the antibacterial effectiveness of Mn-
doped ZnO-ZrO, composites, which have many different defects in their structures, depends
significantly on the bacteria structure.

5. Conclusions

The non-isothermal polymer-salt method synthesized mn-doped ZnO-ZrO; composites with high
antibacterial properties. The crystal structures and morphologies of the materials were studied
using XRD and SEM analysis. The obtained porous composites consist of small (~9 nm) hexagonal
ZnO crystals and ZrO; nanocrystals. The embedding of Mn ions into the structure of ZnO expands
and deforms its crystal cells. Measurements of the photoluminescence spectra in the visible spectral
range showed the presence of many different intrinsic defects (oxygen vacancies, interstitials Zn
ions, etc.) in the structures of ZnO and ZrO; crystals.

It was found that the obtained composites demonstrate a solid ability to generate singlet oxygen
under visible (Aex = 405 nm) irradiation. The dependence of the concentration of photogenerated
singlet oxygen on the intensity of excited light is non-linear. This is due to the significant increase in
the recombination of photogenerated electron-hole pairs in the composites with the growth of the
exciting radiation intensity.

A pseudo-first-order kinetic equation describes the kinetics of photocatalytic decomposition of
the diazo dye Chicago Sky Blue under UV irradiation in the presence of Mn-doped Zn0O-ZrO;
composites. On the contrary, at the application of visible irradiation, the kinetics of the discoloration
of the same solutions with these composites is determined by the adsorption of dye molecules on
the powder surface. The increase of Mn concentration in the composites enhances their
photocatalytic activity. The rate constant of the photocatalytic reaction increases from 0.012 to
0.035 min! with increasing Mn concentration.

Mn-doped ZnO-ZrO; composites demonstrate superior antibacterial activity against the gram-
positive bacteria Staphylococcus aureus ATCC 209 P. The value of the zone without bacteria when
using the disk method ranges from 11 to 16 mm, which is significantly higher (up to 2 times) than in
similar studies.

The experimental results demonstrate that Mn-doped ZnO-ZrO, composites are promising for
practical medical and environmental applications.
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