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ABSTRACT: Porous Cu(Mn):ZnO-MgO composites synthesized by polymeric sol-gel method were characterized. The crystal
structure, morphology, spectral properties, the ability of the photogeneration of chemically active singlet oxygen under external
visible irradiation, photocatalytic and antibacterial properties of porous composites were studied. Obtained composites consist of
small ZnO and MgO crystals having size less than 20 nm. It was found that Cu?>* and Mn?" ions are embedded into the lattices of
ZnO and MgO crystals, altering their crystal cell parameters. The band gap values of obtained composites are 3.41 + 3.42 eV which
are slightly higher than the band gap of pure ZnO. Prepared materials demonstrate a high ability of photogeneration of chemically
active singlet oxygen under blue light (A = 405 nm) irradiation. It was found that dependencies of the intensity of singlet oxygen
photogeneration from the power density of visible irradiation are linear. Photocatalytic decomposition of the diazo dye Chicago
Sky Blue in solutions under UV and blue light irradiation proceeds rapidly in the presence of the prepared composites (constants
rate of photocatalytic dye decomposition under UV irradiation are 0.024 min~! and 0.025 min™! for ZnO-MgO composites doped
with Cu and Mn, correspondingly). Porous composites demonstrate superior antibacterial activity against gram-positive bacteria.
These materials are promising for practical application in medicine and photocatalytic technologies of air and water cleaning.
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1. Introduction

Environmental problems worldwide stimulate the study and development of new photocatalytic and bactericidal
materials. Many semiconductor oxide materials (such as TiO,, ZnO and SnO) demonstrate high photocatalytic
properties and antibacterial activity [ 1-4]. These materials are characterized by thermal stability and chemical durability
and can be synthesized using different facile methods.

The main mechanism of photocatalytic effect and antibacterial activity of metal oxide is the generation of reactive
oxygen species (ROS) under external irradiation and the following oxidation by organic compounds [5,6]. The
photogeneration of ROS is determined by the photocatalyst properties (chemical composition; morphology; presence
of structural defects) and the characteristics of external irradiation (wavelength; power density of excited light) [1,2].
The ROS generation occurs on the surface of semiconductors and the materials with high specific surface areas (different
nanostructures; porous matrixes) demonstrate enhanced photocatalytic and bactericidal properties [7—10]. The increase of the
intensity of the exciting light enhances the ROS generation and accelerates photocatalytic processes [2,11,12].

The adsorption of organic compounds from the gas or liquid phases on the surface of the photocatalyst is considered
the preliminary stage of their photocatalytic decomposition. The adsorption processes of the organic compounds on the
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surface of different photocatalysts were studied in many works [8,9,13—16]. It was found that the adsorption proceeds
especially effectively on the materials with high specific surface area that enhanced additionally their photocatalytic
characteristics. The adsorption and photocatalytic phenomena using different porous materials were described in [13—18].

The materials based on ZnO are highly effective photocatalysts and demonstrate antibacterial activity [3,4,7,8].
Pure ZnO nanoparticles have relatively high band gap values of 3.1 + 3.37 eV [4,8] and show high photocatalytic
properties under UV irradiation.

Different additives to ZnO are used to enhance photocatalytic activity under visible light irradiation, improve
antibacterial properties, and reduce the recombination of photogenerated electron-hole pairs [8,19-23]. The mechanism
of the significant improvement of photocatalytic and antibacterial activity of ZnO by these additions includes as the
optimization of material electronic structure and the formation of semiconductor heterostructures so as the decrease of
crystal sizes in the obtained nanocomposites [24,25]. The last phenomenon was observed in the ZnO-based composites
and related to the mutual inhibition of the simultaneous growth of different crystals during composites fabrication [24].

ZnO-MgO composites exhibit high adsorptive properties and photocatalytic activity under UV irradiation. The
spectral and luminescent properties of these composites, their morphology, crystal parameters, and electronic structure
were studied previously in many works [13,24-35]. According to [33], ZnO-MgO composites demonstrate higher
photocatalytic and bactericidal properties than pure ZnO and MgO oxides. The literature data show that the morphology,
electronic structure, and properties of ZnO-MgO composite depend on the method of their synthesis [24,26].

Different methods (hydrothermal [33], sol-gel [8,18,30,34-38], metal-organic decomposition [28] have been used
for the synthesis of ZnO-MgO nanocomposites. The polymeric sol-gel method is simple, cheap, and provides the
fabrication of photocatalytic composites [8,10,18,37].

Zn0O-MgO nanocomposites have high band gap values (3.20 + 3.28 eV [32]) and demonstrate high photocatalytic
properties under UV irradiation [34,39]. The modification of ZnO-MgO composites by Ag was used to enhance their
photocatalytic and bactericidal properties [22]. The oxides of transition metals (Cu, Fe, Mn) are often added to ZnO-
based materials to improve photocatalytic properties and antibacterial activity [39—42]. These additions can change the
electronic structure of ZnO-based materials and enhance their photocatalytic activities under visible irradiation.

Highly effective porous ZnO-based photocatalysts have been synthesized and studied in [8,10,18]. A facile
polymeric sol-gel method was applied in [8,10,15] to fabricate porous ZnO-based photocatalysts. It was found [8,18]
that the rate of organic contamination decomposition is significantly (about 2 times) faster in the presence of porous
photocatalysts compared with grainy non-porous counterparts. These results determine the prospects of the application
of the polymer-salt method for the synthesis of highly effective porous photocatalysts.

It is known [43,44] that diazo dyes are widely used in the textile, paints and plastics industries and are the hazard
contamination of its wastewater. Therefore, the study of their photocatalytic decomposition in the presence of
developing composites is an actual problem.

The aim of this work is to synthesize porous photoactive Mn- and Cu-doped ZnO-MgO composites using the
polymeric sol-gel method and to characterize their crystal structure, morphology, band gap values, photogeneration
ability of chemically active singlet oxygen, as well as their photocatalytic and bactericidal activities.

2. Materials and Methods

In this work, the sol-gel method was used to synthesize ZnO-based composites. Aqueous solutions of metal nitrates
were mixed with a solution of polyvinylpyrrolidone (PVP, M, = 25,000 + 35,000) and stirred at room temperature using
a magnetic stirrer until the nitrates were completely dissolved and a heterogeneous solution was formed. All metal
nitrates used were of analytical grade (Neva-Reaktiv (Saint Petersburg; Russia)). Then the solutions were dried in an
incubation cabinet in an air atmosphere at 70 °C for 5 days until the gel was completely solidified. The resulting gel
was calcined at 550 °C for 2 h in a muffle furnace under an air atmosphere. The resulting materials were light white powders.

The morphology of the obtained composites was studied by SEM analysis using the instrument TESCAN MIRA3
(TESCAN, Brno, Czech Republic) equipped with the setup Essence™ for energy-dispersive X-ray analysis (EDXA).
Analytical chemical compositions of prepared composites and their elemental compositions are given in Tables 1 and
2. Further, the ZnO-MgO nanocomposite doped with Cu and Mn will be designated as ZnMgCu and ZnMgMn
correspondingly.
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Table 1. Analytical chemical composition of obtained composites.

Components Components, wt.%
Zn0O MgO CuO MnO,
ZnMgCu 65.6 333 1.1 -
ZnMgMn 64.3 34.8 - 0.9

Table 2. Elemental chemical compositions of composites.

Composite ZnMgCu ZnMgMn
Element Mg Cu Zn Mg Mn Zn
Max, at. % 51.50 0.88 50.07 52.17 0.59 47.50
Min, at. % 49.05 0.81 47.69 52.07 0.43 47.24
Mean, at. % 50.22 0.84 48.93 52.14 0.51 47.36
Standard deviation 1.23 0.04 1.19 0.06 0.08 0.13

The crystal structure of prepared powders was studied by XRD method using device Rigaku Ultima IV (Rigaku
Corporation, Akishima, Japan). The used scanning parameters were: CuK, radiation (A = 1.54056 A), 40 kV, 30 mA, a
scan speed of 2°/min, and the step width was 0.01°. The diffraction patterns were scanned from 30° to 100° (260). Based
on the obtained XRD data, we estimated the crystal sizes by the application of Scherrer’s formula:

_ Kxa
" B X cosb’

(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 (CuK,=1.5418 A); B—is the width of the reflection at half height (in radians, and in units of 20);
0 is the diffraction angle. The unit cell parameters were calculated using the Rietveld method.

Diffusion reflectance spectra were measured using spectrophotometer Perkin Elmer Lambda 900 (PerkinElmer
Inc., Waltham, MA, USA). Function Kubelka-Munk (Fxis) was used to analyze diffuse reflection spectra. Fxu is
proportional to the optical absorption coefficient of the material and can be obtained using the expression:

1—R?
KM = %: 2)

where R is the diffuse reflectance of the material, measured relative to completely white body.
The Tauc equation was used to evaluate the band gap values of obtained composites. This equation can be written
as [9]:

(Fxm -hv)? = A(hv — Eg), (3)

where hv—photon energy, E,_band gap value, A—constant, Fx,—Kubelka-Munk function. The graphs (Fxu % hv)? vs.
hv were plotted to determine E, values. The possibility of the application of Equation (3) for the determination of band
gap values of doped ZnO composites was discussed in detail in [45]. In this study Equation (3) was used only for the
estimation of E, values to determine the possible spectral range of high photocatalytic activity of composites.

Chemically active singlet oxygen demonstrates the characteristic photoluminescence in NIR spectral range (Amax.
= 1270 nm) under external irradiation [3]. In this work we used this luminescent method described in [3] to study the
photogeneration of singlet oxygen by prepared composites under visible irradiation using LED (HPR40E set) (Amax =
405 nm).

Aqueous solutions of diazo dye Chicago Sky Blue (CSB) (Sigma Aldrich, St. Louis, MO, USA) were applied as a
model of organic contamination in our photocatalytic experiments. CSB was used previously for the estimation of the
photocatalytic properties of different oxide materials [8,18]. The photocatalytic properties of powders were studied in
their suspensions which were prepared by the addition of 0.01 g of the composite to 3 mL of the aqueous solution of
Chicago Sky Blue (CSB) dye (0.01 g/L). The dye content in the initial solutions was 41 mg/L.

The mercury lamp (DR-240, Saransk, Russia) and LED Tresbro UV Resin Curing Light-01 (Amax = 405 nm) were
used for light irradiation of the cuvette with dye solution. The maximal wavelength of the radiation of this mercury
lamp is 254 nm. The full emission spectrum of this lamp was given in [46]. The cuvette was disposed of at the distance
7 cm from the light source. The power density of the LED radiation during photocatalytic experiments was 0.6 W/cm?.
The radiation energy densities were 0.2 W/cm? (mercury lamp) and 0.7 W/cm? (LED) during the photocatalytic test for
CSB photodecomposition in the solutions. During photocatalytic experiments CSB contents in solutions were
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determined by periodical measurements of their absorption spectra using the spectrophotometer Perkin Elmer Lambda

650 UV/VIS.

Antibacterial activity of composites was studied under ambient lighting in this work. The method described in [19]
was used to estimate the antibacterial activities of synthesized oxide materials. The gram-positive bacteria
Staphylococcus aureus ATCC 209P and gram-negative bacteria Escherichia coli ATCC 25922 were used as test bacteria.
Antibacterial tests were performed in natural lighting conditions (illuminance about 1500 lux). In antibacterial tests
equal amounts of each powder composite (0.5 g) were divided into three parts and put into Petri dish. So, six pills (three
of each composite) were used simultaneously in antibacterial tests. The antibacterial effect was studied by measuring
the size of an inhibited area, which is formed on a surface containing bacteria. The size of an inhibited area was
determined as the average thickness of the zone around the powder sample that is free from bacteria.

The bactericidal tests included a few following stages:

1. Agar was prepared from the dry powder as a nutrient material and tested for sterility and growth ability. The
prepared agar was melted in a water bath, poured 20 mL into sterile Petri dishes with a diameter of 90 mm and left
to harden at a temperature of 20 °C.

2. Apure daily culture of microorganisms was used to prepare the inoculum. The material was transferred with a loop
into a bottle with a sterile saline solution, bringing the inoculum density to 1 x 10° CFU/mL according to the
bacterial turbidity standard.

3. The inoculum was spread with a spatula over the entire surface of the agar in Petri dish.

4. Powdered samples were applied to the surface of the medium using sterile tweezers and measuring spoons no later
than 15 min after inoculation. Next, Petri dishes with the inoculant, agar, and a powder sample of the
nanocomposite were incubated at room temperature for 24 h. After incubation, the dishes were placed upside down
on a dark matte surface. The angle of incidence of light was 45°. Then the sizes of the inhibitory zone (zone without

bacteria) were measured.

3. Results and Discussions

3.1. XRD Analysis

Figure 1 shows XRD patterns of obtained composites. Intensive peaks of wurtzite hexagonal ZnO crystals are
observed in both diffractograms. The calculations carried out by using Scherrer’s formula showed that the average size
of ZnO crystals was less than 20 nm in both ZnMgCu and ZnMgMn composites.
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Figure 1. XRD pattern of powders ZnMgMn (a) and ZnMgCu (b).

Small peaks of cubic MgO crystals (periclase) (ICSD 166273) are also observed in these patterns. XRD patterns
showed the absence of any peaks of Mn or Cu compounds that can be related to the small content of these components

to the embedding of Mn and Cu ions into the structure of ZnO crystals.

The experimental data showed that the peak positions in XRD patterns of obtained composites are slightly different
(Table 3). The peaks in the XRD pattern of ZnMgMn powder are located at smaller 20 values than in the diffractogram
of ZnMgCu sample. The variation of the peaks position indicates the difference of the parameters of ZnO crystal cells

in obtained composites.
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Table 3. The positions of the most intensive peaks of ZnO crystals in XRD patterns of obtained composites.

ZnMgCu ZnMgMn
(hkD) 20, Degrees
(100) 31.77 31.73
(002) 34.60 34.45
(101) 36.30 36.29
(102) 47.68 47.58
(110) 56.60 56.66

Zn*" ions in wurtzite hexagonal ZnO crystals are in tetrahedral coordination and the ionic radius of Zn**(IV) is 0.6
A. Mg*(IV), Mn**(IV) and Cu**(IV) ions have ionic radii 0.57; 0.66 and 0.57 A, correspondingly [47] and can substitute
zinc ions in the lattice of ZnO crystals [31,35,42,48]. The replacement of Zn?>* ions by bigger ones can be accompanied
by some deformation of ZnO crystal lattice. So, some expansion of ZnO crystal cells at the embedding of Ag" ions
having ionic radii bigger than that Zn>" ions were observed earlier in [10,49]. The embedding of Cu ions into ZnO
crystal lattices also leads to some of their distortion [50].

Table 4 shows the calculated ZnO crystal cell parameters in the composites and different literature data on these
values in pure ZnO. The volumes of crystal cells of ZnO crystals in Mn-doped composites are bigger than in pure ZnO.
This fact suggests embedding Mn?* ions into the structure of ZnO crystals in ZnMgMn composite. This assumption
agrees with the results reported previously in [51]. The scheme illustrating the embedding of Mn?" ions into the ZnO
crystals is shown in Figure 2a. Also, it is worth noting that the comparison of ZnO crystal cell parameters in composites
obtained in this study with the data given in [51] for composite Zng.o1Mgo.00Ag0.010 shows that their values are similar.

Table 4. Parameters of ZnO crystal cells in different materials.

Sample a, A c, A v, A3 c/a Reference
ZnMgMn 3.2563 5.2000 47.7483 1.5969 Present study
ZnMgCu 3.2447 5.1800 47.2277 1.5964 Present study

Z19.91Mg0.00AL0.010 3.2465 5.1879 47.355 1.5980 [50]

Zn0O 3.25 5.21 47.85 1.603 [47]

ZnOAg 3.25 5.21 48.01 1.603 [47]
Zn0O 3.2535 5.2151 47.81 - ICSD code 067848

Zn0O 3.2496 5.2042 - 1.6018 [48]

Zn0O 3.2501 5.2071 47.63 1.6021 [49]

Zn0O 3.249 5.205 54.9 1.6020 [36]

Z19.99Mng.010 3.2500 5.2030 47.59 1.6009 [51]

Z19.9sMng.050 3.2493 5.2023 47.57 1.6010 [51]

Cuo.0417Z10 95830 3.272 5.284 61.2 1.5967 [36]

Cuy.0278Z10.97220 3.249 5.205 54.9 1.6020 [36]

The volume of ZnO crystal cells in the composite ZnMgCu is less than in pure ZnO, that can be explained by the
replacement of Zn?" by the smaller ions Cu?*. This phenomenon was observed earlier in [39].

Mg?" ions in cubic MgO crystals are in octahedral coordination and ionic radius Mg?*(VI) is 0.72 A [47]. Zn*"(VI),
Mn?*(VI) and Cu**(VI) ions have ionic radii 0.74; 0.83 and 0.73 A, correspondingly [47] and can substitute Mg>" ions
in the structure of cubic MgO crystals. Table 5 shows the positions of peaks of MgO crystals in XRD patterns of
obtained composites and calculated crystal cell parameters. MgO peaks are shifted into the smaller 20 values in XRD
patterns of composites compared with standard values (ICSD code 166273). This fact suggests that Mg?* ions could be
substituted by the bigger ions (Zn**, Mn?* or Cu?*") and MgO crystal cell was expanded. The scheme illustrating the
embedding of Mn?* ions into the MgO crystals is shown in Figure 2b.
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Figure 2. (a) Scheme illustrating the embedding of Mn?" ions into the ZnO crystals. (b) Scheme illustrating the possible embedding
of Mn?" ions into the MgO crystals.

Table 5. The positions of the most intensive peaks of MgO crystals in XRD patterns of obtained composites.

Crystal Cell Parameters (hkl) ICSD 166273 ZnMgCu ZnMgMn
20, Degrees
(111) 37.04 36.82 36.82
(200) 43.04 42.78 42.77
(220) 62.49 62.10 62.08
(311) 74.93 74.42 74.41
(222) 78.89 78.35 78.33

Clearly, that the absence of peaks of Mn and Cu compounds and observed peaks positions shifts are not the strong
evidence of the embedding of doping ions into ZnO and MgO crystal lattices. However, the obtained data from XRD
analysis allows the assumption that the doping additions of Cu?* and Mn** modify and deform the structure of ZnO and
MgO crystals.

3.2. Morphology of Composites

Figure 3 demonstrates SEM photos of ZnMgMn (a) and ZnMgCu (b) composites. Both composites have porous
structures related to the use of PVP additions, providing gas product generation during the calcination stage during
composites synthesis. Composites structures are composed of aggregates having a size < 100 nm.
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Figure 3. SEM photos of ZnMgMn (a) and ZnMgCu (b) composites.

This porous materials morphology provides them with high specific surface areas and effective contact with the
surrounding media. The data of BET method (argon adsorption) show that the values of specific surface areas of
powders are 5.6 m*/g and 7.8 m?/g for ZnMgMn and ZnMgCu samples, correspondingly.

3.3. Spectral Properties of Composites

Figure 4 shows diffuse reflection spectra of composites ZnMgMn (curve 1) and ZnMgCu (curve 2). The observed
significant decrease of the reflection at A <400 nm is related with the absorption edge of ZnO crystals.

60 o

S0 o 2

Reflection R, %
=) [ =
= = =

-
=]

0 v v 7 v r
340 370 400 430 460 490
Wavelength, nm

Figure 4. Diffuse reflection spectra of composites ZnMgMn (curve 1) and ZnMgCu (curve 2).

The dependencies (Fxrhv)’ = f (hv) obtained for composites ZnMgCu (a) and ZnMgMn (b) are shown in Figure
5. Obtained E, values are 3.42 and 3.41 eV for composites ZnMgCu and ZnMgMn, correspondingly. These values are
higher than the band gap values of ZnO nanocrystals (3.10 + 3.37 eV [8,40]) and ZnO-MgO nanocomposites (3.20 +
3.28 eV [33]). In spite of these values being estimated only, obtained results suggest that UV irradiation is preferable
for the effective excitation of composites.
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Figure 5. The dependencies (Fxahv)? = f (hv) obtained for composites ZnMgCu (a) and ZnMgMn (b).

3.4. Singlet Oxygen Photogeneration

Itis known that singlet oxygen is one of the most chemically active oxygen species. It is generated by photocatalytic
materials and actively taking part in their antibacterial activity and the photodecomposition of organic contaminations.

Figure 6a shows photoluminescence spectrum of ZnMgMn composite in NIR spectral range. Characteristic
luminescence band with Ama.x = 1270 nm attributed to the singlet oxygen is observed in the spectrum. It is worth to notice
that this luminescence is observed at the excitation of the composite by the blue light (Aex = 405 nm) with the photon
energy 3.06 eV that is less than the band gap value of ZnMgMn composite (E; = 3.41 eV). This phenomenon can be
attributed to the effect of structural defects which are often present in highly dispersive materials and play a key role in
the generation of ROS and in the photocatalytic processes [4,7,9,52].

The dependencies of the luminescence intensities of singlet oxygen photogenerated by the powders ZnMgCu
(curve 1) and ZnMgMn (curve 2) from the excited light (A =405 nm) power density are shown in Figure 6b. The growth
of power density of the excited light increases the intensity of the singlet oxygen emission, and the dependencies shown
in Figure 6b are almost linear. Similar results were obtained earlier for the singlet oxygen generation by the porous ZnO
powder [8]. Also, it is worth noticing that the linear dependencies of the constant rate k of organics photocatalytic
degradation from the visible light intensity I.x were observed in [12]. The deviations from the linearity of these
dependencies were observed at the high I values [1,12].

‘ 100 -
14
80 4
. =
= « 60 4
- g
£ g
2 s
g El 40 4
C
20 4
0 L v L L) O » of ! X o
1250 1260 1270 1280 1290 0 400 800 1200 1600 2000
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(a) (b)

Figure 6. (a) Photoluminescence spectrum of ZnMgMn composite in NIR spectral range. Luminescence excitation wavelength 405
nm. The excited light powder density 1670 W/cm?; (b) The dependencies of the luminescence intensities of singlet oxygen
photogenerated by the powders ZnMgCu (curve 1) and ZnMgMn (curve 2) from the excited light (A = 405 nm) power density.
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3.5. Kinetics of Dye Photocatalytic Decomposition

The experiments showed that obtained composites demonstrate high photocatalytic activity for the CSB
decomposition. The kinetics of CSB dye photolysis under UV and blue light irradiation in solution without any additions
is shown in Figure 7a,b. The decreases of CSB content in solution by the dye photolysis without photocatalytic additions
are negligible at the application of both UV and blue light irradiations.

Figure 7 also demonstrates the kinetics dependencies of photocatalytic decomposition of CSB dye in solutions in
the presence of powders of ZnMgCu (curve 2) ZnMgMn (curve 3) and under UV (Figure 7a) and visible (Figure 7b)
irradiations. UV irradiation of dye solutions with ZnMgCu and ZnMgMn composites additions for 30 min leads to the
decomposition of about 50% of CSB molecules.

Observed rates of photocatalytic dye decomposition are remarkably higher at the application of blue LED as the
light source, that is explained by its significantly higher power density of radiation (see Section 2).
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Figure 7. Kinetics dependencies of dye photolysis in the solution without any additions (curves 1; Figure 7a,b) and photocatalytic
decomposition of CSB dye in solutions at the presence of powders of ZnMgCu (curves 2; Figure 7a,b), ZnMgMn (curves 3;Figure
7a,b). Excitation of composites by UV (a) or by blue light (b).

The kinetic equation of pseudo-first order, which is often used in photocatalysis in integral form, can be written as [8]:
e, =™ @)

where Cy and C—initial and current dye concentrations (mM); —duration of UV irradiation (min); and &—reaction rate
constant (min™"). The calculations showed that the Equation (4) successfully describe experimental results (R* > 0.9).

The comparison of obtained values of constant rates of CSB decomposition k£ with the literature data related to the
photocatalytic decomposition of this dye is given in Table 6. The rates of CSB photocatalytic decomposition observed
in the presence of prepared Cu- and Mn-doped ZnO-MgO composites are similar to the values for the grainy ZnO
powder and ZnO 80.16 mol.% + ZnAl,O4 19.83 mol.% + CuO 0.04 mol. % composite, given in [8,18]. These k values
are significantly higher than the rate constant observed in [18] for composite ZnO 20.81 mol. % + ZnAl,04 79.18 mol.%
+ CuO 0.01 mol. %. However, the rate constants of dye decomposition obtained in this study are significantly lower
than k values reported for porous ZnO powder ([8]) and ZnO nanoflowers ([48]).

This comparison demonstrates the important roles of high ZnO content and optimized morphology (porous
structure; nanoflowers) in the formation of highly effective ZnO-based photocatalysts. It is worth noticing that this
conclusion was made for the photocatalytic decomposition of CSB under UV irradiation.

Table 6. Rate constants of CSB photocatalytic decomposition under UV irradiation.

Material Photocatalysts Constant Rate, min~'  References
Grainy powder ZnO 0.025 [8]
Porous powder ZnO 0.042 [8]
ZnO nanoflowers 0.032 [48]
Powder ZnO 80.16 mol.% + ZnAl,O4 19.83 mol.% + CuO 0.04 mol.% 0.021 [18]
Powder ZnO 20.81 mol.% + ZnAl,O4 79.18 mol.% + CuO 0.01 mol.% 0.005 [18]
ZnMgCu 0.024 present work

ZnMgMn 0.025 present work
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Figure 7b shows the kinetic dependencies of CSB photocatalytic decomposition in the presence of obtained
composites under blue light irradiation. The rates of dye photocatalytic decomposition under blue light irradiation are
remarkably higher than that observed under UV radiation. This fact is related to the higher power density of the radiation
when the LED is applied.

3.6. Antibacterial Activity

Figure 8 demonstrates photos of Petri dishes with agar containing gram-positive bacteria Staphylococcus aureus
ATCC 209P (a) and gram-negative bacteria Escherichia coli ATCC 25922 (b) and powder samples ZnMgCu (samples
1) and ZnMgMn (samples 2). Bacteria-free zones around all powder samples are observed in these photos. The data of
the average thicknesses of observed zones free from bacteria are given in Table 7.

Zone free
from bacteria

(b)

Figure 8. (a) Photo of Petri dish with agar containing gram-positive bacteria Staphylococcus aureus ATCC 209P and powder
samples ZnMgCu (samples 1) and ZnMgMn (samples 2). (b) Photo of Petri dish with agar containing gram-negative bacteria
Escherichia coli ATCC 25922 and powder samples ZnMgCu (samples 1) and ZnMgMn (samples 2).

Table 7. The average thicknesses of observed zones free from bacteria.

Average Thickness of Zones Free from Bacteria, mm

Sample Staphylococcus aureus ATCC 209P Escherichia coli ATCC 25922
ZnMgCu 14.0 1.0
ZnMgMn 13.7 1.0

The thicknesses of the zones free from the bacteria Staphylococcus aureus ATCC 209P (Figure 7a) are significantly
bigger than that observed for the bacteria Escherichia coli ATCC 25922 (Figure 7b). This fact can be related to the
difference in the structure of these bacteria.

The obtained data show that prepared composites demonstrate high antibacterial activity against gram-positive
bacteria Staphylococcus aureus ATCC 209P. However, their activity against gram-negative bacteria Escherichia coli
ATCC 25922 is relatively weak.

4. Conclusions

Photocatalytic and bactericidal ZnO-MgO nanocomposites doped with Cu and Mn were synthesized by the simple
polymeric sol-gel method. The crystal structures, morphologies, spectral and luminescence properties of prepared
materials were studied. Obtained nanocomposites consist of small ZnO and MgO nanocrystals (sizes of ZnO crystals
in both composites 18 nm) and have porous structure.

The analysis of diffuse reflection spectra showed that the bang gap values of nanocomposites are higher than the
band gap value of pure ZnO (3.42 and 3.41 eV for ZnO-MgO composites doped with Cu and Mn, correspondingly).

Both composites demonstrate the high ability of the photogeneration of chemically active singlet oxygen under
blue light (A =405 nm) irradiation. The dependencies of the intensity of singlet oxygen photogeneration by composites
from the power density of excited light are close to linear.
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Photocatalytic decomposition of the Chicago Sky Blue diazo dye in solutions occurs fast in the presence of the
prepared composites and at approximately the same rate (constants rate of photocatalytic dye decomposition are 0.024
min! and 0.025 min™! for ZnO-MgO composites doped with Cu and Mn, correspondingly).

Prepared composites demonstrate high antibacterial activity against gram-positive bacteria Staphylococcus aureus
ATCC 209P. However, their activity against gram-negative bacteria Escherichia coli ATCC 25922 is relatively weak.

Synthesized nanocomposites have similar characteristics and can be further used to clean the environment from
organic pollutants.
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