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Abstract—The influence of polyvinylpyrrolidone on the structure and optical properties of ZnO—MgO nano-
composites synthesized by the polymer—salt method is studied. The synthesized nanocomposites are studied
by the methods of optical and luminescence spectroscopy and X-ray diffraction analysis. An increase in the
polyvinylpyrrolidone concentration in solutions leads to a decrease in the size of forming ZnO crystals, an
increase in the luminescence intensity of ZnO—MgO nanocomposites in the blue spectral region, and
quenching of luminescence at longer wavelengths. The efficiency of singlet oxygen photogeneration by ZnO—
MgO nanocomposites obtained by the polymer—salt method increases with increasing concentration of poly-

vinylpyrrolidone in initial solutions.
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INTRODUCTION

The ZnO—MgO solid solutions are wide gap semi-
conductor materials (£, ~ 3—5 €V) [1, 2] with a high
transparency in the UV region and high chemical
resistance and hardness. The atomic sizes of Mg and
Zn and the lengths of the Mg—O and Zn—O bands are
close to each other [3—8], which leads to low defect-
ness of the structure of composites based on these
oxides and makes them promising for developing var-
ious quantum-size heterostructures for modern
optics, optoelectronics, and electronics. A high effi-
ciency of chemically-active singlet oxygen generation
by photoactive ZnO—MgO nanocomposite layers in
microcapillary optical elements was shown in [9].

The structure and optical properties of ZnO—MgO
nanomaterials obtained by different methods were
studied in a number of works [10—16]. In [9, 10], the
ZnO—MgO nanomaterials were synthesized by the
polymer—salt method with the use of polyvinylpyrro-
lidone (PVP) as a stabilizing component. This soluble
polymer, which is widely used for stabilization in solu-
tions of various nanoparticles [17—24], chemically
interacts and forms complexes with nanoparticles
[21—-23], iodine [25], and metal ions (Zn*", Ag",
Co?*", Ni**) [26—28].

In addition to the stabilizing effect on nanoparti-
cles forming in solution, PVP provides high adhesion

to surfaces of various materials [10, 29, 30] and partic-
ipates in oxidation—reduction processes occurring in
solution [18, 21] or solid materials upon their thermal
treatment during the polymer—salt synthesis [31].
Detailed study of the influence of PVP on the struc-
ture and properties of optical materials and coatings is
important for biomedical and ecological optical appli-
cations.

The aim of the present work is to study the influ-
ence of the PVP concentration on the structure and
optical properties of MgO—ZnO nanomaterials syn-
thesized by the liquid polymer—salt method, as well on
their ability to photogenerate chemically-active
oxygen.

EXPERIMENTAL

As initial components, we used aqueous solutions
of Zn(NO;),, Mg(NO,),, and PVP (M,, = 1300000,
Sigma-Aldrich). After mixing at room temperature,
the solutions were used for deposition of coatings on
samples of alkali-silicate glasses and for formation of
PVP—metal nitrate composites by drying.

After drying at 70°C, the materials were thermally
treated at 550°C for 2 h, which caused complete
decomposition of PVP and metal salts and formation
of oxide coatings on glasses or dispersed oxide pow-
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Table 1. Chemical composition of materials
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Chemical composition of solutions, wt % Che;mcaldcomp ots;wn
Sample of powders, wt %
Hzo PVP AlCOhOl Zn(N03)2 ° 6H20 Mg(NO3)2 ° 6H2O ZnO MgO
100 51.916 2.596 40.962 4.077 0.449
50 52.599 1.315 41.501 4.131 0.455
90.909 9.091
25 52.947 0.662 41.775 4.158 0.468
0 53.300 0 42.054 4.186 0.461

ders. Table 1 presents the chemical compositions of
the used solutions and obtained oxide materials.

X-ray diffraction analysis of materials was per-
formed using a Rigaku Ultima IV diffractometer.

The absorption spectra of materials were measured
on a Rigaku Ultima IV LAMBDA 650 spectropho-
tometer. The band gap of coating materials was deter-
mined using the Tauc equation [32]

(ochv)2 =A(hv - E,), (1)

where Av is the photon energy, E, is the band gap of the
semiconductor, 4 is a constant, and o is the absorption
coefficient. By plotting graphs in coordinates (0thv)? =
S(hv), we can determine E, in the materials studied.

The photoluminescence of powders was measured
on a Perkin Elmer LS-50B fluorescence spectropho-
tometer in the range of 400—650 nm under excitation
at A, = 370 nm.

It is known that chemically-active singlet oxygen
under action of external radiation demonstrates char-
acteristic luminescence in the near-IR spectral region
(Aax = 1270 nm) [9, 33—35]. To study singlet oxygen
photogeneration by the synthesized materials, we used
the experimental setup described in detail in [8]. The
luminescence was excited by light-emitting diodes of
the HPR40E-50UV series (A,,,, = 370 nm, power den-

sity 0.35 W/cm? and A,,,, = 405 nm, power density
0.90 W/cm?).

EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 1 shows the diffraction patterns of ZnO—
MgO materials obtained from solutions without silver.
The diffraction patterns clearly show multiple peaks of
hexagonal ZnO crystals with the wurtzite structure
(JCPDS 36-1451) and low-intensity peaks of cubic
MgO crystals (periclase) (JCPDS 45-0946). The
intensity ratios of different ZnO peaks are close to the
standard values (JCPDS 36-1451).

Based on the data obtained, we determined the
average sizes of ZnO crystals in oxide composites
(Fig. 2) and their crystal lattice parameters (Table 2).
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Figure 2 shows the dependence of the average size of
ZnO crystals in oxide composites on the PVP concen-
tration in the initial mixtures. An increase in the PVP
concentration in initial mixtures leads to a decrease in
the size of ZnO crystals in ZnO—MgO composites.
This effect is most pronounced with adding the first
PVP portions.

The low intensity of the MgO peaks observed in the
diffraction patterns (Fig. 1) testify to a low concentra-
tion of periclase crystals in the composites. Table 2
shows that the ZnO Iattice cell parameters in the com-
posites are considerably smaller than the standard val-
ues (JCPDS 36—1451). The Mg2* ionic radius (0.65 A
according to Pauling) is smaller than the Zn?* radius
(0.74 A according to Pauling). Because of this, the
substitution of Zn?* ions by Mg?" in sites of the zinc
oxide crystal lattice can be accompanied by some
deformation and a decrease in the ZnO unit cell
parameters. Based on the data of Fig. 1 and Table 2,
we can suppose that some amount of Mg?" ions iso-
morphously substitute Zn?* in the crystal lattice of
zinc oxide. We can also note a tendency to an increase
in V,,o with increasing PVP concentration in the ini-
tial mixtures (Table 2).

Figure 3 presents the absorption spectrum of a glass
sample with ZnO—MgO coating. Experiments showed
that a change in the PVP concentration in the initial
solutions almost did not affect the shape of absorption
spectra of these samples. The absorption spectra

Table 2. Parameters of the ZnO lattice cell in ZnO—MgO
composites obtained

No.12 2021

ZnO lattice cell parameters
Sample
a, b,A CaA VZnO"&3
0 3.2369 5.1903 47.097
25 3.2399 5.1770 47.063
50 3.2423 5.1801 47.160
100 3.2438 5.1818 47.219
JCPDS 01-070-8072 | 3.2465 5.2030 47.491
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Fig. 1. Diffraction patterns of ZnO—MgO samples (a) 0, (b) 25, (¢) 50, and (c) 100 synthesized from solutions with different PVP

concentrations.

glasses with ZnO—MgO coatings show bends in the
range of 340—350 nm related to the exciton absorption
band of zinc oxide nanoparticles.
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Fig. 2. Dependence of the average size of ZnO crystals on
the PVP concentration in the initial solutions.
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It was experimentally shown in [2, 10, 11, 14] that
the band gap of MgO/ZnO materials obtained by dif-
ferent methods increases with increasing MgO con-
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Fig. 3. Absorption spectrum of glass with a ZnO—MgO
coating obtained from solution 125—50. The inset shows

dependence (ochv)2 = f{hv) for the ZnO—MgO coating.
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Fig. 4. Photoluminescence spectra of ZnO—MgO powders
synthesized from solutions with different PVP concentra-
tions for samples (/) 0, (2) 25, (3) 50, and (4) 100.

centration. The inset in Fig. 3 shows dependence
(0hv)? = f(hv) for the ZnO—MgO coating. Calcula-

tions of Egef showed that the band gap of the synthe-
sized coatings is 4.2—4.3 eV and almost does not
change with variations in the PVP concentration in

initial solutions. These values of Egef noticeably exceed
the band gap of ZnO (3.4 €V [36]) and almost coincide
with the band gap of ZnO—MgO materials obtained
previously by molecular beam epitaxy [8] and a liquid
method [10].

Figure 4 presents the photoluminescence spectra
(Aey = 370 nm) of ZnO—MgO powders synthesized
from solutions with different PVP concentrations. The
spectra exhibit luminescence bands typical for differ-
ent ZnO defect centers described in [37—40]. It is seen
that PVP additives in the initial solutions strongly
affect the intensity ratios of luminescence bands. The
introduction of PVP into the solutions leads to
enhancement of luminescence in the blue spectral
region and to suppression of luminescence at longer
wavelengths. Further increase in the PVP concentra-
tion is solutions leads to a decrease in the lumines-
cence intensity in the entire visible spectral region.

The study of solutions containing ZnO nanoparti-
cles synthesized in solutions with PVP showed [24]
that the luminescence intensity of ZnO nanoparticles
in the UV spectral region considerably increases in the
presence of PVP molecules. Simultaneously, the char-
acteristic visible luminescence of various ZnO defect
centers is considerably suppressed. The authors of [24]
explain this effect by a high level of passivation of the
surface of zinc oxide nanoparticles by PVP molecules.
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Fig. 5. Photoluminescence spectra (Ao, = 370 nm) of
ZnO—MgO coatings with different PVP concentrations
(samples (a) 0, (b) 25, and (c) 50).

Thus, it can be noted that the influence of PVP on
the luminescent properties of ZnO nanoparticles is
similar in the case of their formation in solutions at
room temperature and in the case of synthesis by the
used polymer—salt method with thermal treatment.
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Figure 5 shows the photoluminescence spectra in
the range of 1250—1290 nm for ZnO—MgO compos-
ites synthesized from solutions with different PVP
concentrations. One can see that the spectra contain
the singlet oxygen absorption band peaking at A,,,, =
1270 nm, which is characteristic of the 'A,—%, elec-
tronic transition [33—35]. Addition of PVP to the ini-
tial solutions leads to a noticeable increase in the
intensity of this band.

It is known that chemically-active oxygen genera-
tion occurs on the surface of materials. A decrease in
the size of ZnO crystals in powders with introduction
of PVP into the initial solutions (Fig. 2) is accompa-
nied by an increase in their specific surface and isto a
large extent responsible for an increase in the singlet
oxygen generation efficiency.

CONCLUSIONS

The introduction of PVP into the initial solutions
used for the polymer—salt synthesis of ZnO—MgO
nanocomposites considerably affects their crystal
structure and optical properties. An increase in the
concentration of this polymer in solutions leads to a
decrease in the size of formed ZnO crystals, to an
increase in the luminescence intensity of ZnO—MgO
nanocomposites in the blue spectral region, and to
suppression of the luminescence in the long-wave-
length region. The efficiency of singlet oxygen photo-
generation by ZnO—MgO nanocomposites synthe-
sized by the polymer—salt method increases with
increasing PVP concentration in the initial solutions.
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