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Photoactive Cu-Containing ZnO−ZnAl2O4 nanocomposites
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Photoactive Cu-containing ZnO-ZnAl2O3 nanocomposites were synthesized by the polymer-salt method. To

study the structure and properties of materials, the methods of luminescent spectroscopy and X-ray phase analysis

were used. It has been shown that the resulting nanocomposites are capable of photogeneration of singlet oxygen

under the action of UV and blue light. The synthesized materials consist of nanosized hexagonal ZnO crystals and

cubic ZnAl2O4 crystals doped with Cu. The study of luminescent properties showed that nanocomposites can be

used as down-converters of light that convert radiation from the UV-C range to UV-A and the visible spectral range.
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1. Introduction

It is well known that one of the most effective oxide

photocatalysts and solid bactericidal media are materials

based on zinc oxide [1–5]. Particularly effective are ZnO-

based heterostructure composites containing various semi-

conductor and metal nanoparticles [5–10]. Photogeneration
of reactive oxygen intermediates (singlet oxygen [5,9,11,12],
hydroxyl [13] and peroxide [6,13] radicals) plays a key

role in photocatalytic processes and antibacterial activity

of materials. The characteristics of the exciting radi-

ation, the structure and morphology of materials have

a strong influence on the photogeneration of reactive

oxygen intermediates [1,12–14]. Highly dispersed materials,

characterized by high specific surface area, show a higher

ability to photogenerate reactive oxygen intermediates and

demonstrate higher photocatalytic properties and antibacte-

rial activity compared to their macroscopic counterparts [1].
Particle size reduction and material morphology optimiza-

tion are used to increase photocatalytic and bactericidal

properties [1,2,5,9,10,15,16]. It is known [5,9,17] that

the size of crystals in two-component oxide composites is

smaller than in one-component analogues synthesized under

similar conditions. This phenomenon is used to reduce the

size of crystals in photoactive materials and improve their

characteristics [5,9].
In [5,9,11] this particle size reduction method was used

to synthesize highly dispersed photoactive materials ZnO-

Al2O3 [11], ZnO−SnO2 [5] and ZnO−MgO−Ag [9].
The temperature-time synthesis conditions used in [5,9,11]
ensured the simultaneous formation of two different crys-

talline phases (ZnO+ γ-Al2O3 [ ]11; ZnO+ SnO2 [5];
ZnO+MgO [9]) in the material structure without their

chemical interaction.

In this work, we used elevated synthesis temperatures

compared to those used in [5,9,11] to form nanocomposites

consisting of a mixture of small and densely-packed hexag-

onal ZnO crystals and cubic spinel crystals ZnAl2O 4.

The photocatalytic and antibacterial properties of zinc

oxide are well known [3–10,15,16]. The use of ZnAl2O4 as

a photocatalyst material has also been described in [18–27].
It was shown in [27] that the photocatalytic properties of

ZnAl2O4 increase with the introduction of copper additives

in the composition of the material.

Cu-containing nanocomposites of the ZnO−Al2O3 sys-

tem are characterized by high photocatalytic and antibac-

terial properties, are effective catalysts for the conversion

of CO2 into various organic compounds, and can be used as

materials for sensors [7,24,27,28]. It was shown in [7] that
Cu-containing nanocomposites based on ZnO demonstrate

high antibacterial activity, which increases with increasing

copper content in the material.

The purpose of this work was the synthesis and study

of the structure, luminescent properties, and the ability

to photogenerate reactive singlet oxygen by Cu-containing

ZnO−ZnAl2O4 nanocomposites.

2. Materials and methods

Aqueous solutions of Zn(NO3)2, Al(NO3)3, CuSO4 were

used as initial materials in the work. Sample weights

1300



Photoactive Cu-Containing ZnO−ZnAl2O4 nanocomposites 1301

Chemical composition of composites and average size of ZnO crystals in their structure

Sample number
CuO addition, mass.% Average size of ZnO crystals

ZnO ZnAl2O4 CuO, over 100% in composites, nm

1 79.43 20.57 0.74 12.5

2 79.43 20.57 0.56 8.4

3 79.43 20.57 0.38 8.2

4 79.43 20.57 0.18 7.6

5 79.43 20.57 0.08 8.3

for metal salts were dissolved in a 50% solution of

isopropyl alcohol at room temperature and mixed with

an aqueous solution of polyvinyl-pyrrolidone (PVP) (K30,
Mw = 25000−35000 g/mol). The resulting mixture was

stirred with a magnetic stirrer for 30min. The solutions

were dried in a drying oven at temperature of 75◦C.The

polymer-salt composites obtained as a result of drying were

subjected to heat treatment in an electric furnace at temper-

ature of 680◦C for 2 h. The used temperature-time mode of

heat treatment ensured the complete decomposition of PVP

and metal salts and the formation of an oxide composite

material [5,9]. In the present work, composites with

variable copper content were synthesized. The chemical

compositions of the obtained oxide composites are given in

the table.

X-ray diffraction analysis was used to study the crystal

structure of the resulting composites. The studies were

performed using Rigaku Ultima IV X-ray diffractometer.

The average size d of ZnO crystals was calculated from

the obtained data using the Scherrer formula.

Powder photoluminescence measurements in the UV

and visible spectral ranges were performed by Perkin

Elmer LS-50B fluorescent spectrophotometer. Under

the action of external radiation, singlet oxygen exhibits

characteristic luminescence in the near-IR region of the

spectrum (λmax = 1270 nm) [29]. To study the photogen-

eration of singlet oxygen by nanocomposites, one used

the experimental apparatus described in [30]. LEDs were

used to excite the luminescence. series HPR40E-50UV

were used; (λmax = 370 nm; power density 0.35W/cm2)
and (λmax = 405 nm; power density 0.90W/cm2).

3. Experimental results and discussion

3.1. Crystal structure and morphology of

composites

X-ray diffraction analysis of nanocomposites showed the

presence in them of two crystalline phases i.e. hexagonal

ZnO crystals with a wurtzite structure and cubic crystals

of spinel ZnAl2O4 (Fig. 1). The intensity of ZnO peaks

on X-ray diffraction patterns is significantly higher than that

of spinel crystals, which is determined by the significantly
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Figure 1. X-ray diffraction pattern of the composite 5.

higher concentration of this component in nanocomposites

(table). It should be noted that the peaks of γ-Al2O3

crystals, which appeared on the x-ray diffraction patterns

given in [11] for ZnO−Al2O3 composites, formed at lower

temperatures (550◦C).

In addition, there peaks of copper compounds absent

on the X-ray diffraction patterns. This may be due to

both the relatively low concentration of this component

in the materials and the possible incorporation of copper

ions into the crystal lattices of zinc-containing crystals.

The values of the crystal lattice parameters of ZnO crys-

tals in nanocomposites, calculated on the basis of XPA

data, are somewhat smaller than the data given in the

review [31] for zinc oxide crystals. Thus, the values

of the lattice parameters of hexagonal ZnO crystals in

the 3 composite were: a = 3.2444(6) Å; c = 5.1938(12) Å,

while the lattice parameters of ZnO according to [31]
are: a = 3.2475−3.2501 Å; c = 5.2042−5.2075 Å). The

observed smaller values of the ZnO lattice parameters

can be explained by the incorporation of Cu2+ ions into

it, which have somewhat smaller size compared to Zn2+

ions (ionic radii of Cu2+ and Zn2+ are 0.57 and 0.60 Å
respectively [32]). It is known that ions Cu2+ easily replace

Zn2+ in the structure of crystals, causing a slight contraction

of the lattice cell of crystals [33].
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1 mm 100 nm

Figure 2. Electron microscopic images (at various magnifications) of the composite 3.
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Figure 3. Photoluminescence and luminescence excitation spectra of the sample 1 (a, curves 1–3 and curve 4, respectively) and the

sample 5 (b , curves 1–4 and curve 5 respectively). Luminescence excitation wavelength 257 (curves 1); 270 (curves 2); 330 (Fig.a,
curve 3), 350 (Fig. b, curve 3), 390 nm (Fig.b, curve 4). Recording wavelength at measuring excitation spectra 390 nm

This corresponds to the data of the work [34] that

materials of the ZnO−CuO system with a copper content

of less than 15% are characterized by a single-phase crystal

structure of Cu Zn1−xO like a wurtzite-type. Also note

that it was shown in [35,36] that silver ions can be

incorporated into the crystal lattice of zinc oxide and deform

it somewhat, which is affected in the change in the crystal

lattice parameters.

On the basis of the experimental data obtained, it can be

concluded that the effect of copper additions on the size

of the formed ZnO crystals is practically not manifested

(table). When the content of CuO additives changes

from 0.08 to 0.56mass.%, the size of ZnO crystals does

not change, and a slight increase in the size of these crystals

is observed only in the sample 1 with the maximum content

(0.74mass.%) of copper additives. The observed weak

effect of CuO additives on the size of zinc oxide crystals

can be explained by their low content in the synthesized

composites.

Peaks of cubic spinel ZnAl2O4 crystals (JCPDS � 05-

0669) are observed in X-ray diffraction patterns of all com-

posites. The presence of these crystals in the structure of

composites is consistent with the literature data [27,37,38],
indicating that the use of various liquid-phase methods

(codeposition [27], sol-gel [38], polymer-salt method [37])
provides the formation of ZnAl2O4 spinel crystals at rela-

tively lower temperatures (T > 550◦C, jcite15) compared

to conventional solid-phase synthesis (1300◦C [39]). Fig-

ure 2 shows electron microscopic images of the composite 3.

It can be seen that the powder consists of micron-sized

Optics and Spectroscopy, 2022, Vol. 130, No. 10
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Figure 4. (λexc = 405 nm) in the near-IR region of the spectrum of Cu-containing ZnO/ZnAl2O4 composites with different copper

contents. CuO content, wt/%: 0.08 (a); 0.18 (b); 0.56 (c); 0.74 (d).

particles (Fig. 2, a), has a porous structure, and consists

of small (∼ 10−15 nm) nanoparticles (Fig. 2, b). This

morphology provides a high specific surface area of the

material, which, in turn, contributes to its ability to

photogenerate reactive oxygen intermediates.

3.2. Photoluminescence

The photoluminescence spectra of the composites exhibit

numerous emission peaks with maxima at 343, 399, 423,

440, 461, 487, and 533 nm (Fig. 3). Two main peaks are

often observed in materials based on zinc oxide: an exciton

peak near the absorption edge of ZnO (380−420 nm)
and a broad emission band in the visible part of the

spectrum, which is the result of the superimposition of

several luminescence bands and is due to various defects

in the crystalline structures of zinc oxide [40]. Thus, in the

spectra of thin ZnO films, luminescence bands associated

with defects in ZnO crystals were observed in [41] at 399,
417, 438, 453, 467 nm and in the green region of the

spectrum. The mechanisms of ZnO luminescence in the

visible part of the spectrum were considered in detail in [42].

The introduction of copper into the structure of ZnO

crystals leads to a decrease in the band gap [36] and several

emission peaks are also observed in the photoluminescence

spectra of these materials [43,44]. In the photoluminescence

spectrum of the CuO−ZnO−ZnAl2O4 composite, emission

bands with maxima at 411, 433, 459, and 492 nm [44] were
observed.

The presence in the luminescence spectra of bands

associated with intrinsic defects of zinc oxide crystals is

an additional confirmation of the incorporation of copper

ions into the structure of these crystals. Also, note that

the presence of intrinsic defects in the ZnO structure can

enhance the photocatalytic properties of materials [44–47].

Thus, based on a comparison of the experimentally

measured luminescence spectra (Fig. 3) with the literature

data, one can conclude that the luminescence in the

blue and green parts of the spectrum in the composites

synthesized by us is determined by various defects in the

crystal structure of zinc-containing oxide crystals.

The luminescence band with a maximum λmax = 343 nm

can be associated with the emission of ZnAl2O4 crystals.

According to ([24,37,48–50]), the values of the band gap

of these crystals, obtained by various methods, vary over

a wide range : from 3.9 to more than 6.0 eV. However,

it was shown in [39,51] that ZnAl2O4 can be used as

a light-emitting luminophor under the action of hard UV

radiation (λexc < 200 nm), in the UV-C spectral range,

which indicates that ZnAl2O4 is a wide-band gap material.

Optics and Spectroscopy, 2022, Vol. 130, No. 10
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Composite 1 Bacteria-free zone Bacteria-free zone

Composite 1

Petri dish with agar containing
bacteria Staphylococcus aureus ATCC 209P

Composite 5 Petri dish with agar containing
bacteria Staphylococcus aureus ATCC 209P

a b

Figure 5. Photographs illustrating the antibacterial activity of the composite 1.

It should be noted that emission with λmax = 343 nm

is observed upon excitation with UV radiation

(λexc = 240 nm) (curve 5, Fig. 3, b). Thus, the obtained

nanocomposites can play the role of down converters that

convert radiation from the UV-C spectral range to UV-A

and the visible part of the spectrum.

3.3. Photogeneration of singlet oxygen

Experiments have shown that the synthesized materials

are capable of photogeneration of singlet oxygen both under

the action of near UV radiation and blue light. Fig. 4

shows the photoluminescence spectra of Cu-containing

ZnO/ZnAl2O4 composites in the near IR region of the

spectrum. On all spectra,one can clearly see the lumines-

cence band characteristic of singlet oxygen with a maximum

λmax = 1270 nm.

It can be seen from Fig. 4 that an increase in the copper

content leads to some increasing in the intensity of the

singlet oxygen luminescence band.

3.4. Antibacterial activity of composites

Fig. 5, a shows a photograph of a Petri dish with agar

containing bacteria Staphylococcus aureus ATCC 209P,

with samples of composites 1 and 5. It can be seen

that a zone of a slightly darker shade, free from bacteria,

formed around each of the samples. In fig. 5, b the segment

of this photograph is shown on enlarged scale. Thus,

the experiments showed that the obtained nanocomposites

have antibacterial activity against gram-positive bacteria. No

significant difference in the width of the bacteria-free zone

was observed in the experiments. This may be related to

the incorporation of copper ions into the structure of oxide

crystals in the nanocomposites obtained by us.

At the same time, the composites showed no antibacterial

activity against a representative of gram-negative bacteria

Escherichia coli ATCC 25922. The reasons for the observed

difference in the antibacterial activity of the obtained

composites against various bacteria require additional study.

4. Conclusion

Cu-containing composites ZnO−ZnAl2O4 were synthe-

sized by the polymer-salt method. The structure of the

obtained composites includes hexagonal ZnO nanocrystals

(size 7.6−12.5 nm) and cubic spinel crystals. Copper

ions introduced into the composition of the initial solutions

are introduced into the structure of zinc-containing crystals

during heat treatment, causing their deformation.

In the photoluminescence spectra of the composites,

numerous emission bands are observed in the near UV part

of the spectrum and in the visible one. Thus, the obtained

nanocomposites can play the role of down converters that

convert radiation from the UV-C spectral range to UV-A

and the visible part of the spectrum.

The synthesized Cu-containing ZnO−ZnAl2O4 compos-

ites demonstrate the ability to generate singlet oxygen under

the action of near-UV band radiation and blue light. The

introduction of copper into the composition of materials,

as well as the partial replacement of ZnO with ZnAl2O4

crystals, enhances the ability to photogenerate the singlet

oxygen. Experiments have shown that nanocomposites have

antibacterial activity against gram-positive bacteria.
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