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Abstract

ZnO-SnO,-Ag(AgCl) nanocomposites consisting of hexagonal ZnO, tetragonal SnO,, metallic Ag and AgCl nanocrystals
were prepared by wet polymer-salt synthesis. The materials were studied using optical and luminescent spectroscopy, SEM,
EDS and XRD analysis. The ability to generate chemically active singlet oxygen and antibacterial activity of prepared materi-
als against both gram-positive and gram-negative bacteria were tested. It was showed that Ag structural transformation starts
in initial composite solutions and proceeds at all stages including drying and thermal treatment of ZnO-SnO,-Ag(AgCl)
synthesis. During this transformation, Ag exists in different forms (ions, molecular clusters, metallic and salt (AgCl) nano-
particles) and structural states (free Agt ions and Ag-PVP complexes in the solutions; Ag" ions embedded into oxides crystal
matrices; molecular clusters in the solutions and in PVP-salt composites; nanoparticles). Synthesized ZnO-SnO,—-Ag(AgCl)
powders consist of small (about 50 nm) nanoparticles—“nanogenerators” of chemically active singlet oxygen. This provides

high antibacterial activity of these materials against both gram-positive and gram-negative bacteria.
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1 Introduction

The development of new effective photocatalytic and bac-
tericidal materials for medical and environmental applica-
tions is actual problem. Oxide photocatalytic and bacteri-
cidal materials are chemically durable, ecological, cheap and
promising for wide practical applications [1-7].

It is known that the photogeneration of the chemically
active oxygen is one of the main mechanisms in determining
photocatalytic and bactericidal properties of oxide materi-
als. The mechanisms of this phenomenon was studied and
discussed in many works [4-9]. The effectiveness of this
photogeneration depends on the characteristics of excited
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radiation and on the electronic structure and the morphology
of oxide materials [6—11].

The formation of chemically active oxygen species occurs
on the materials surface. So, the application of nanomate-
rials having high specific surface area provides significant
enhancement of photocatalytic and bactericidal properties
compared with macroscopic materials [12]. The values of
specific area of material surfaces grow with a decrease in
their particles sizes. It determines significant increase in
the photocatalytic properties and antibacterial activity of
highly disperse materials. The nanoparticles (NPs) forming
chemically active oxygen under light irradiation are called
“nanogenerators” which play a key role in the photocata-
Iytic and bactericidal properties of oxide materials. Thus,
the strategy of the new photoactive materials development
should be focused on the study and optimization of these
nanoparticles.

The hetero-structure consisting of two different closely
packed oxide semiconductor NPs demonstrate significantly
higher photocatalytic and bactericidal properties compare
with single-component [13, 14]. This phenomenon is related
to the spatial separation of photo-generated electrons and
holes and the prevention of their recombination. Recombina-
tion processes strongly decrease the effectiveness of photo

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-022-02424-8&domain=pdf

4374

Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:4373-4383

excitation of materials and reduce their photocatalytic and
bactericidal properties.

Zn0O and ZnO-based nanocomposites containing SnO, or
Ag additions have high photocatalytic and bactericidal prop-
erties and can be used in oncology [11-23]. Different nano-
materials containing ZnO NPs doped with silver compounds
demonstrate high luminescent, photocatalytic and antibacte-
rial properties and are very promising for different optical,
environmental and medical applications [10, 23—-30]. The
plasmon-exciton interaction in these composites determines
significant enhancement of their luminescence properties
in near UV spectral range comparing with pure ZnO [24,
29-31]. It is worth noting that the structure, morphology
and luminescence properties of ZnO-based nanocomposites
doped with Ag significantly depend on the method of their
preparation [24, 29-33].

Many different technological methods (electrospinning
and subsequent calcination [25], liquid polymer-salt methods
[30-33], sol-gel [34], hydrothermal synthesis [28], MOCVD
[27], co-precipitation [35], ultrasonification [36]) have been
applied for the synthesis of Ag-doped ZnO crystals.

Ag can be presents in different structural forms in ZnO-
based nanocomposites depending on the method and tech-
nological conditions on their preparation. In [29] prelimi-
nary synthesis, Ag NPs were deposited on the surface of
ZnO NPs for the formation of ZnO/Ag nanocomposites. Ag
formed Ag,0 NPs on the surface of ZnO micro-flowers [37]
or nanofibers [25] which were formed earlier in the solution.
In ZnO/Ag nanocomposites synthesized in [38] by spray
pyrolysis or solvothermal methods all Ag also present in
the form of NPs. Contrary, in ZnO/Ag nanocomposites pre-
pared by sol—gel synthesis some part of silver was embedded
into ZnO crystal matrix [39]. Diffusion of Ag" ions into
ZnO crystal matrix was discussed also in [40, 41]. Thus, the
structural form of silver in ZnO/Ag nanocomposites depends
on technological method used for their preparation and was
discussed in many works.

The polymer-salt technique which involves the applica-
tion of liquid film-forming solutions is simple, non-expen-
sive and can be used for the preparation of different oxides
[11, 18, 33, 42]. In this method, homogeneous and trans-
parent solutions containing soluble polymer and thermally
decomposable metal salts are used as oxide NPs precursors.
The coated materials are subjected to drying followed by
thermal treatment.

The aim of this work is focused on the polymer-salt syn-
thesis of Ag-containing ZnO-SnO, nanocomposites, the
study of Ag influence on their structure, spectral and lumi-
nescence properties, the ability to generate singlet oxygen
under light irradiation and their antibacterial activity against
gram-positive and gram-negative bacteria. New high effec-
tive photoactive and bactericidal materials with the defects-
engineered structure and the simple and cheap method of its
fabrication were the targets of this study.

2 Materials and Methods

Aqueous solutions of Zn(NO;),, SnCl,, AgNO; and
high-molecular polyvinylpyrrolidone (Sigma Aldrich,
M,, = 1,300,000 g/mol) were used for powders synthesis.
These solutions were mixed together at room temperature
with vigorous stirring for 1 h. Small particles of AgCl were
formed in the solutions during their mixing. Drying of the
resultant homogeneous liquid mixtures was performed by air
at 20 °C. Thermal treatment of dried samples was carried
out at atmospheric pressure at 550 °C for 2 h. Such thermal
treatment provides full decomposition of metal nitrates and
PVP [18]. Nominal chemical compositions of prepared solu-
tions and calculated chemical compositions of the obtained
powders are given in Table 1.

XRD and SEM analysis was carried out for the study of
the structure and morphology of prepared materials. Chem-
ical composition and materials morphology were studied

Table 1 Chemical composition

. Sample Chemical compositions of aqueous solutions, wt% Calculated chemical composi-
of prepared materials tions of powders, wt.%

H,0 PVP Zn(NO;), SnCl, AgNO, ZnO Sn0O, Ag*
1 95.91 2.38 1.51 0.20 - 80.25 19.75 -
2 95.90 2.38 1.51 0.20 0.01 79.66 19.60 0.74
3 95.90 2.37 1.51 0.20 0.02 79.07 19.46 1.47
4 95.89 2.37 1.51 0.20 0.03 78.49 19.32 2.19
5 95.83 2.37 1.51 0.20 0.09 74.55 18.81 6.64
6 95.47 2.36 1.50 0.20 0.47 58.42 14.38 27.20
7 95.01 2.35 1.50 0.20 0.94 45.92 11.30 42.78
8 94.56 2.34 1.49 0.20 1.41 37.83 9.31 52.86
9 94.13 2.33 1.48 0.20 1.86 32.15 7.92 59.93

*All silver content in powders is taken into account in the form of metallic Ag
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using microscope VEGA3 TESCAN with energo-dispersive
analysis attachment Essence™ EDS.

The difference between nominal and analytical chemical
compositions of prepared materials was <5 wt%. The dif-
fractometer Rigaku Ultima IV was used for XRD analysis
of prepared materials. The diffraction patterns were scanned
from 20° to 65° (20). UnitCell software was used to refine
the unit cell parameters of prepared powders [43].

The measurements of materials luminescence spec-
tra (A, =370 nm) in visible spectral range (400-700 nm)
were carried out using fluorescence spectrometer Perkin
Elmer LS-50B. Double beam UV-Vis spectrophotometer
Perkin-Elmer Lambda 650 was used for the measurements
of absorption spectra.

It is known [6, 7] that chemically active singlet oxy-
gen has characteristic luminescence band in NIR spectral
diapason (A,,,= 1270 nm). Photoluminescence spectra
in NIR spectral range was obtained upon the excitation
with two different HPR40E LEDs (emission band maxi-
mum at A,,, =370 nm; power density 0.35 W/cm?) and
(Apax =405 nm; power density 0.90 W/cm?).

The method described in [44] was used for the estimation
of bactericidal properties of prepared coatings. The experi-
ments were carried out at natural lighting conditions. The
representatives of gram-positive bacteria Staphylococcus
aureus ATCC 209P and gram-negative bacteria Escheri-
chia coli ATCC 25922 were used as test bacteria. Bacte-
ricidal activity at room temperature was estimated by the
measurement of the size of inhibited area, which is formed
on surface containing bacteria. In the experiments, three
samples of each powder were used and the test results were
subsequently averaged.

3 Experimental Results and Discussion

Figure la presents absorption spectra of fresh solutions
1-4. Some bend at A=300-305 nm related to the absorp-
tion band of nitrate anions [45] is observed in absorption
spectrum of solution I. It is worth to notice that small
AgNO; additions into the solutions significantly increase
absorption in UV spectral diapason and shift absorption
edge into the longer wavelengths. It is worth to notice
that the addition of even small amounts of AgNO; into
the solution leads to a significant increase of light absorp-
tion in UV spectral range (curves 2—4, Fig. 1a). The slight
difference in chemical compositions between solutions /
(curve 1) and solutions 2—4 (curves 2—4) cannot explained
the observed difference in absorption spectra. It is possible
to suggest that this phenomenon related to the fast forma-
tion of small molecular clusters Ag, in these solutions. It
is known [32, 33, 46-50] that such clusters have intensive
absorption bands in UV spectral range. The comparison of
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Fig.1 a Absorption spectra of as-prepared solutions I (curve 1), 2
(curve 2), 3 (curve 3), 4 (curve 4). b Absorption spectra of as-pre-
pared solution 2 (curve 1) and after the storage during 7 days (curve
2)

absorption spectra of the solutions 2—4 (curves 2—4) shows
that the increase of AgNO; content (Table 1) leads to the
growth of the amount of these silver clusters and shifts
absorption edge into the longer wavelength diapason.

Characteristic plasmonic absorption band of silver NPs
is absent in the solutions absorption spectra presented in
Fig. 1a. This is related to the small AgNO; content in solu-
tions 1-4 (Table 1). Usually, the presence of this Ag plas-
monic band in absorption spectra is the result of intensive
reduction of silver ions and this band is shown often in the
spectra of the solutions with high Ag content or subjected
light irradiation [32, 33]. Spectral position of this band
depends on the concentration of Ag NPs.
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The transformation of Ag structural forms is signifi-
cantly accelerated under light irradiation even at the pres-
ence of stabilizing additives [33]. However, some changes
in the absorption spectra of our solutions are observed
also after the storage in the darkness (Fig. 1b). This phe-
nomenon is explained by the presence of PVP in solutions
compositions (Table 1). Besides stabilization effect [51,
52], PVP in the solution can reduce Ag* ions [53]. This
reduction of Ag® ions leads to the formation of an addi-
tional amount of silver clusters having absorption bands in
UV spectral range. This phenomenon is responsible for the
spectral changes in prepared solutions during their storage
in the darkness.

The study of photoluminescence spectra in visible spec-
tral range of prepared solutions confirms the formation of
small silver molecular clusters. The intensity and spectral
positions of luminescence bands of these clusters depend on
their electrical charge + 1 or neutral clusters and the amounts
of Ag atoms in the materials structure [48, 50, 54]. The pho-
toluminescence spectra of solution 4 (Table 1) at different
excitation wavelengths are shown in Fig. 2a. The lumines-
cence bands with A, ~490 nm and ~ 605 nm, described
previously in [32, 33, 46, 48, 50] are seen in these spectra.
According to [32, 33, 48, 50] the main input in the lumines-
cence at 605 nm can be related to the presence of Ag,, Ag,,
Ag,, and Ag; clusters.

Figure 3 shows SEM images at different magnification
of the samples 4 (a,b) and 5 (c,d). It is seen that the samples
contain grains with different shape and size which varies
from 5 up to 20 pm. The application of high magnification
(Fig. 3b, d) shows that these grains are not monolithic and
have the structure consisting of small nanoparticles having
size 50-60 nm. Such morphology provides high specific
surface area that promotes high photocatalytic and bacte-
ricidal properties of the materials. The similar photos were
observed for all prepared samples and the significant influ-
ence of Ag content on materials morphology was absent.

The data of energy-dispersive analysis of powder 5 are
presented in Fig. 4. The peaks of main components (Zn,
Sn, Ag, O) of prepared materials (Table 1) are observed in
this diagram. The experimental data obtained by the EDS
method showed consistency with the experimental and cal-
culated chemical compositions of the synthesized powders.

XRD patterns of prepared powders with different Ag
content (powders 4 and 8) are given in Fig. 5. Numerous
peaks attributed to hexagonal ZnO crystals (JCPDS card
No. 36-1451) and tetragonal SnO, crystals (JCPDS card No.
41-1445), metallic Ag (JCPDS card No. 04-0783) and face-
centered cubic (chlorargyrite) phase (reference JCPDS Card
No. 31-1238) of the AgCl are observed in these patterns.
The peaks of ZnO crystals are the most intense and the ratio
between the intensities of these peaks is close to the standard
data (JCPDS card No. 36-1451).
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Fig.2 a Photoluminescence spectra of solution 4. Excitation wave-
length, nm: 390 (curve 1); 400 (curve 2); 405 (curve 3); 410 (curve
4). b Photoluminescence spectra of composite coating prepared from
solution 4. Excitation wavelength, nm: 405 (curve 1); 415 (curve 2)

Significant growth of the intensities of AgCl and Ag
peaks is observed with the increase in Ag content. The
simultaneous presence of various forms of silver in pow-
ders can be associated with a complex transformation of
its structural state during heat treatment in air atmosphere.

The influence of Ag doping on the crystallization mecha-
nism of ZnO crystals and their structures was studied earlier
in [25, 27, 34, 39, 40]. So, authors [34] reported that doping
ZnO with Ag during sol—gel synthesis reduces the average
ZnO crystal size.

Based on obtained XRD data it is possible to suggest that
Ag ions penetrate inside the growing ZnO and SnO, crystals
and modified their structure increasing lattice parameters
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Fig.3 SEM images of prepared
powders 4 (a,b) u 5 (c, d)
(Table.1)

Fig.4 The data of EDS analysis
of powder 5
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Fig.5 XRD patterns of the powders I and 9 with different Ag content

(Tables 2, 3). Similar results were observed previously in
[39] for Ag-doped ZnO nanoparticles prepared by sol-gel
method. The possibility of Ag* diffusion from Ag,O pow-
der into ZnO crystal matrix during thermal treatment at
200-250 °C was discussed also in [40]. The incorporation
of Ag™ ions into the ZnO lattice through substitution of Zn>*
ions is difficult due to their higher ionic radius 1.22 Ain
comparison with the radius of Zn** ions 0.74 A [41].

Figure 6 demonstrates the dependence of the cell vol-
umes of ZnO (a) and SnO, (b) crystals from Ag content in
prepared ZnO-SnO,-Ag(AgCl) materials. It is seen that the
growth of Ag content leads to a significant cell expansion
of both crystal oxides. The change of the parameters of the
crystal cell at the incorporation of the doping component is
well-known phenomenon. Such variations of ZnO crystal
cell parameters at Gd doping were described previously in
[55].

Observable ZnO and SnO, crystal cells expansion in our
samples can be related to the some features of polymer-salt
synthesis. Our initial compositions included the mixtures
of PVP and metal nitrates which were decomposed simul-
taneously with heat realization at 300-500 °C and formed
oxides crystals [18] and Ag during the thermal treatment.
So, the incorporation of Ag into ZnO and SnO, matrices
can be attributed to initial stages of their crystals formation
and growth.

Besides the crystal cells distortion, Ag diffusion into ZnO
and SnO, crystals leads to the formation of structural defects
in the crystals structures. Figure 7 demonstrates photolu-
minescence spectra of prepared powders in visible spectral
range. The most intense peaks attributed to ZnO crystals
[39, 41] defects are observed at 450 nm and 485 nm. Similar
peaks of photoluminescence spectra of ZnO:Ag materials
in this spectral region was observed previously in [31, 39,
41]. The observed intensive luminescence in visible spec-
tral range indicates the high concentrations of structural
defects in obtained nanocomposites. Taking in account the

Table 2 Lattice parameters of

. Sample Crystal lattice parameters

ZnO crystals in ZnO-SnO,—

Ag(AgCl) materials a, A [ A cla V, A3
1 3.2507 £0.0004 5.2069 +0.0008 1.6018 47.65+0.01
2 3.2507 +0.0003 5.2091+0.0012 1.6021 47.67+0.02
3 3.2516 £0.0004 5.2085 +0.0009 1.6018 47.69+0.02
4 3.2523 £0.0006 5.2105+0.0012 1.6021 47.73+0.02
6 3.2516+0.0005 5.2095+0.0012 1.6021 47.70+£0.01
7 3.2543 £0.0008 5.2118+£0.0016 1.6015 47.80+0.02
8 3.2542+0.0016 5.2187+0.0032 1.6037 47.86+0.05
9 3.2557+0.0011 5.2170+0.0023 1.6024 47.89+0.03
JCPDS 3.2500 5.2070 1.6020 47.63
ZnO nanocrystals prepared by 3.2547 5.2158 1.6025 47.85

precipitation method in [58]
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Table 3 Lattic.e parameters of Sample Crystal lattice parameters
SnO, crystals in ZnO-SnO,— _ _ _ _
Ag(AgCl) materials a, A b, A c, A Vv, A3
1 4.7370+0.0009 4.7370+0.0009 3.1855+0.0007 71.48+0.03
2 4.7399+0.0011 4.7399+0.0011 3.1858 +0.0009 71.58+0.02
3 4.7412+0.0003 4.7412+0.0003 3.1868 +0.0002 71.64+0.01
4 4.7459+0.0007 4.7459 +0.0007 3.1866 +0.0006 71.77+0.02
6 4.7412+0.0013 4.7412+0.0013 3.1872+0.0012 71.64+0.04
7 4.7433 +0.0009 4.7433 +0.0009 3.2045+0.0012 72.10+0.04
8 4.7466 +0.0023 4.7466 +0.0023 3.2058 +0.0020 72.23+0.07
9 4.7479 +0.0022 4.7479+0.0022 3.2049+0.0022 72.25+0.09
SnO, crystals 4.7391 4.7391 3.1869 71.5748
ZnO
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Fig.6 The dependences of the crystals cells volumes of ZnO (a) and
SnO, (b) crystals from the contents of Ag,0O in prepared powders

significant role of such defects in the enhancement of photo-
catalytic properties and antibacterial activity of oxide semi-
conductors [56-58], these results are important.

It is worth noting that even small Ag additions change
significantly the luminescence intensity in visible spec-
tral range and spectra shape. This agrees with the data
reported in [41]. The addition of the big amount of Ag to
the materials composition leads to the remarkable (more
than 20 times) decrease of luminescence intensity (curve

4, Fig. 7). This phenomenon is related to the formation
and growth of metallic silver nanoparticles in the materi-
als with high silver contents. Metallic silver nanoparticles
have strong absorption band in visible spectral range [23,
33] that determines the drastic reduction in the materials
luminescence intensity with addition of Ag content.

The measurements of the photoluminescence in NIR
spectral region showed that prepared powders generated
the singlet oxygen under UV (370 nm) and blue (405 nm)
light irradiation. Figure 8 shows photoluminescence
spectra of the powders 5 (Fig. 8a, c¢) and I (Fig. 8b). The
luminescence band of singlet oxygen with a maximum
Amay = 1270 nm, which is characteristic of the 'A, — %,
electronic transition [6, 7] are observed in these spectra.
A slightly lower intensity of the singlet oxygen lumines-
cence band is observed upon excitation by UV radia-
tion (A,, =370 nm), compared with the use of blue light
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Fig. 8 Photoluminescence spectra (A, =370 nm) (a); A, =370 nm) (b, ¢) of the powders 5 (a, ¢) and I (b)
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Fig.9 Photo of ZnO-SnO,-Ag(AgCl) powders 3 (samples 1) and
4 (samples 2) in Petri dish with the inoculums containing bacteria
Staphylococcus aureus ATCC 209P

(Aexy =405 nm), which is associated with the lower power
of the UV LED used (see above).

The experiments showed high antibacterial activity of
prepared powders against both gram-positive and gram-
negative bacteria. Figure 9 demonstrates the photo of
Zn0O-Sn0,-Ag(AgCl) powders 3 (samples 1) and 4 (sam-
ples 2) in Petri dish with the inoculums containing bacteria
Staphylococcus aureus ATCC 209P. Bacteria-free zones
around all samples are seen in this photo. The comparison
of size of these zones around powder 4 (samples 2, Fig. 9)
with higher Ag content is somewhat bigger.

Figure 10 shows diagrams illustrating the influence of Ag
content in prepared powders on their antibacterial activities
against Staphylococcus aureus ATCC 209P (a) and Escheri-
chia coli ATCC 25922 (b). The increase of Ag content
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aureus ATCC 209P (a) and Escherichia coli ATCC 25922
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enhances the antibacterial activity of prepared powders against
both gram-positive and gram-negative bacteria. Although the
high bactericidal properties of silver are well known, in our
materials some part of Ag is inside oxide crystals and observed
their high antibacterial activity was not obvious.

4 Conclusion

Zn0O-SnO,—Ag(AgCl) powders consisting of hexagonal ZnO,
tetragonal SnO, nanocrystals, metallic Ag and AgCl crystals
were prepared by wet polymer-salt synthesis. Ag additions into
Zn0O-Sn0O, materials significantly change their crystal struc-
ture, spectral, and luminescence properties.

Our experiments showed that Ag structural evolution starts
in initial composite solutions and proceeds at all stages (dry-
ing, thermal treatment) of ZnO-SnO,-Ag(AgCl) material
synthesis. During this transformation, Ag exists in different
forms (ions, molecular clusters, metallic and salt (AgCl) nano-
particles) and structural forms (free Ag™ ions and Ag-PVP
complexes in the solutions; Ag" ions embedded into oxides
crystal matrices; molecular clusters in the solutions and in
PVP-salt composites; nanoparticles).

Silver content has a significant impact on these Ag struc-
tural forms and also on the oxides (ZnO; SnO,) crystal struc-
ture and luminescence properties of ZnO-SnO,-Ag(AgCl)
nanocomposites. These nanocomposites demonstrate that the
photoluminescence in a visible spectral range is related to dif-
ferent defects of ZnO crystal structure. The addition of even
a small amount of Ag significantly changes the luminescence
intensity and spectra shape.

Obtained ZnO-SnO,—Ag(AgCl) powders consist of small
(about 50 nm) nanoparticles — “nanogenerators” of chemically
active singlet oxygen. This is provides high antibacterial activ-
ity against both gram-positive and gram-negative bacteria.
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