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ARTICLE INFO ABSTRACT

The effect of the type of structural defect in zinc oxide on its photocatalytic properties was studied for phenol
photodegradation under UV-irradiation. It was shown that the use of different types of precursors (zinc oxalate
Zn0 and zinc hydroxide) for the production of zinc oxide leads to the formation of a material with the same phase
Structure defects composition and equal energy of the forbidden band, but different photocatalytic activities. Simultaneously, the
Xaca.naes peculiarities of the luminescence and electron spin resonance spectra indicate the formation of different types of

uminescence defects in the structure of the material, namely, oxygen vacancies (V,) in the anionic and zinc vacancies (Vz,) in
the cationic sublattices of zinc oxide synthesised from the zinc oxalate and hydroxide, respectively. Also, the
different characteristics of the luminescence decays reveal the different recombination paths for the free charge
carriers in the systems synthesised from the different precursors. The different times of the luminescence decay
also confirmed the different methods of recombination of free charge carriers in systems synthesised from dif-
ferent precursors. It was shown that the appearance of defects in the cationic sublattice leads to a decrease in the
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photocatalytic activity of the material relative to phenol degradation.

1. Introduction

Resource saving, energy efficiency and clean technologies have
been recognised as priority areas of the world economy and have been
intensively developing in recent years [1]. There are technologies for
water purification, green energy, environmental monitoring and pro-
duction processes, biomedical diagnostics and so on [2-4]. The mate-
rials determine the effectiveness of these technologies, in many ways.
Photocatalytic materials are the most interesting for these applications,
because they use the energy of the sun [5,6]. However, their func-
tionality depends on the physical (the energy position of the band gap,
band gap parameters, photon lifetime and so on) and the chemical
properties of the material (the nature of active surface centres and the
ability to generate a reactive oxygen species) [7-9].

The best-known photocatalytic material is TiO,, especially as the
material of the trademark P25 [10]. Its photocatalytic activity is de-
termined by the sufficient size of its band gap (3.2eV) and the
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appropriate position of its conduction and valence bands for oxidation-
reduction processes, with the generation of reactive oxygen species and
the oxidation of organic pollutants [11,12]. Simultaneously, the cata-
lytic activity of TiO, is determined by the presence of a surface of active
centres of the Lewis nature, basic (-Ti = O) or acidic (Ti®*), on which
molecular oxygen and organic pollutants can be adsorbed [13,14]. The
synergism of the photo- and catalytic activity of this material de-
termines its high functionality, especially in the process of water pur-
ification from pollutants that are hard bases according to Pearson’s
theory [15]. However, for the processes of the antibacterial treatment
of water and air, when the pollutants have functional groups of soft
Pearson’s bases also, the boarding or soft Pearson's metal oxides as
photocatalytic materials are also very interesting [16-18]. On this
basis, ZnO is an attractive material, because it has practically the same
width and position of the band gap as in TiO,, but within Pearson’s
theory, zinc ions are described as boarding acids [16].

Recently, several reviews have been published on the photocatalytic
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Fig. 1. TEM images of ZnO nanoparticles synthesised by chemical precipitation from: zinc oxalate — a, ¢) and zinc hydroxide - b, d) and fired at 500 °C — a, b) and
700 °C - ¢, d). In the inserts the particle size distribution according TEM data are shown.

activity of ZnO in various processes [17-21]. The defects in the struc-
ture of ZnO, as a semiconductor material for photovoltaics and optoe-
lectronics, have been studied in detail in terms of zone structure and
their influence on the functional properties of the material [22-24].
Several types of defects are distinguished in the structure of ZnO,
namely, interstitial zinc atoms (Zn;) or oxygen (O;), as well as vacancies
in the sites of the cation sublattice (V,) or the anion sublattice (V,)
[25,26]. The formation of defects in the structure of ZnO leads to the
appearance of energy levels of the donor or acceptor type in the for-
bidden band [27]. These centres take part in processes that occur
during photoexcitation of the system [28]. Alternatively, using che-
mical terminology, it is possible to describe a defective structure of ZnO
with oxygen vacancies on the surface as a Lewis acid, while a defective
structure with zinc vacancies can be described as a Lewis base [29].
However, the complex impact of the structural components on the ef-
ficiency of the photocatalyst is often not taken into account but only the
chemical and phase compositions of the different photocatalysts are
compared [30]. Therefore, in order to understand the effect of the
structural peculiarities of a material on its photocatalytic activity, the
same material with the same chemical and phase composition but with
different types of defects will be studied in this work.

2. Experimental

ZnO nanoparticles were synthesized using a precipitation technique
from ZnCl, salt. As a precipitant the water solutions of ammonium
hydroxide and oxalic acid were used. All used chemicals were of che-
mical purity. The gel-like precipitates were obtained by the addition of
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an aqueous solution of ZnCl, in water solution of NH,OH or oxalic acid
with continuously stirring for 30 min. The precipitates were recovered
by suction filtration using a vacuum pump. The sediments residue was
washed several times with distilled water before drying in a microwave
furnace (P = 700 W, f = 2.45GHz). The dried hydroxides were cal-
cined in a resistive furnace at 500 and 700 °C with a dwell time of 2h
[31].

The powders were characterized by means of X-ray diffraction
(XRD) with Cu-Ka radiation for crystallite sizes and quantitative phase
analyses. The crystallite size (D) for the synthesized ZnO nanoparticles
is calculated using Debye Scherrer's equation [32]:

D = KA/Bg cos 6,

where A is the wavelength of radiation used, 0 is the Bragg angle and
K = 0.9 for spherical shape. Particle sizes of different calcined powders
were estimated by means of transmission electron microscopy (TEM)
(JEM 200, Jeol, Japan). The optical properties of ZnO nanopowders
were measured on a Cary 5000 UV-vis-NIR spectrometer (Agilent
Technologies, USA). For the determination of band gap, the following
relational expression proposed by Tauc, Davis and Mott is used [33]:

A(hv - Eg),

where h - Planck's constant, v - frequency of vibration, F(R) =(1 -R)?/
2R- Kubelka-Munk function, R - is the absolute reflectance of the
sampled layer, Eg - band gap, A - proportional constant. The value of the
exponent n denotes the nature of the sample transition and for direct
allowed transition n = Y.

(hFR))'"
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The electron spin resonance (ESR) investigation was carried out on
ESR spectrometer CMS-8400 (Adani, Belarus) at room temperature.
Luminescence spectra of different kinds of ZnO powders were obtained
using LUMINA fluorescence spectrometer (Thermo Scientific, USA). The
technique of the time-correlated single photon counting was used to
study the lifetime of the defects excited states in the ZnO. Decay curves
were measured by the TimeHarp 260 NANO system and the single
photon detector PMA 182 (PicoQuant, Germany). An excitation of lu-
minescence was induced by the third harmonic (355 nm) of the Nd:YAG
pulsed laser (NL202 model, EKSPLA, Lithuania).

The photocatalytic activity of the ZnO nanoparticles was tested by
photodegradation of phenol used as model pollutant in water with
concentration of 50 ppm under UV-illumination. Before UV irradiation,
the photocatalyst was dispersed in the water-phenol solution by soni-
cation for 120 s and then by magnetic stirring for 10 min in the dark to
ensure equilibrium between adsorption and desorption. The solution
was irradiated using a Heraeus Noblelight Peschl Ultraviolet Reactor
LRS1 with a medium pressure UV lamp TQ 150 (150 W). The tests were
carried out in 400 mL water cooled reactor containing 350 mL of the
phenol-water solution and 0.9 g/L of photocatalyst. The principle of
sample preparation technique was described in [34]. The powder was
separated by filtration and then the resultant transparent solution was
analysed by High Performance Liquid Chromatography (HPLC, Agilent
1260) equipped with a UV-detector set at 260 nm for phenol analysis.

3. Results and discussion
3.1. TEM and XRD studies

Fig. 1 shows the TEM images of ZnO nanoparticles synthesised by
chemical precipitation from different precursors, namely, ZnC,O4
(Fig. 1a and c¢) and Zn(OH), (Fig. 1b and d), and fired at different
temperatures of 500 and 700 °C.

The nature of the precursor effects on the morphology of the ZnO
powders synthesised with 500 °C calcination. The use of ZnC,04 as
precursor material results in the formation of finer and more dispersed
ZnO particles. The average particle size of "30 nm and an average ag-
gregate size of "100 nm was determined. The use of Zn(OH), as a pre-
cursor material results in the formation of a larger particles (an average
size of 50 nm) aggregated in groups with an average size of "300 nm. An
increase of the synthesis temperature to 700 °C practically neutralises
the effect of the precursor on the morphological characteristics of the
synthesised ZnO powders and the average particle size is "200-300 nm.

The XRD data for ZnO powders synthesised from both types of
precursors are shown in Fig. 2a. It was shown that, regardless of the
type of precursor used for synthesis, ZnO crystallised in the wurtzite
structure, P63mc. XRD data show that the coherent scattering areas of
ZnO synthesised from ZnC,0, were 32 and 47 nm after calcination at
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500 and 700 °C, respectively, and for ZnO synthesised from Zn(OH),
were 47 and 48 nm after calcination at 500 and 700 °C, respectively.
The formation of smaller particles of ZnO after calcination at low
temperatures of ZnC,0, may be caused by chelating effect of oxalate
chains [35-37] in comparison with Zn(OH),.

3.2. Optical and luminescent properties

The UV-vis diffuse reflectance spectra for ZnO synthesised from
different precursors shown that the optical band gap for ZnO prepared
from ZnC,04 is 3.23eV and for ZnO prepared from Zn(OH), is
3.2-3.21 eV (Fig. 2b). Therefore, the materials with practically identical
band gap were synthesised.

The luminescence spectra of ZnO powders synthesised from oxalate
and hydroxide precursors are different (Fig. 3). In the luminescence
spectrum of the ZnO nanopowder synthesised from ZnC,04, a green
luminescence band (A = 510 nm) was observed, while a red lumines-
cence band (A = 650 nm) was found in the spectrum of the ZnO na-
nopowder synthesised from Zn(OH),. This indicates the presence of
various defects in the structure of ZnO synthesised from different pre-
cursors [38]. The latest studies describing the luminescence spectra in
ZnO consisting of Zn-enriched (Zn, +50) and Zn-depleted (Zn; sO) zinc
oxide systems [39,40] have made it possible to relate the type of ma-
terial defect to its luminescent properties more precisely. According to
the studies [39,41], the presence of green emission is generally linked
to the transition between a singly charged oxygen vacancy (vacancy
with localized state) and a photo-excited hole in a valence band.
Whereas, an additional appearance of zinc vacancies in the system leads
to the donor-acceptor mechanism of luminescence (V,-V,) and leads to
the appearance the yellow-orange and red bands in the luminescence
spectrum [42].

The decay curves of the luminescence band with A,,x = 510 nm are
in the microsecond range, while the decay curves of the luminescence
band with A ;,,x = 650 nm are in the millisecond range. In both cases
the decay curves are non-exponential, but are different from each other.
The shape of the decay curves of the red band is very close to hyperbola.
The hyperbolic decay may be due to various processes including trap-
ping/retrapping of the charge carriers, recombination between deep
donors and acceptors, etc [43]. Such processes are characterized by
hyperbolic decay of different orders. The order of the hyperbola can be
obtained by plotting decay curves in double logarithmic scale and de-
termining their slopes (inserts in Fig. 3 a, b). For the curves at the insert
in Fig. 3b, the slope is almost equal to unit, so the decay of the red
luminescence of the samples from Zn(OH), corresponds to a first order
hyperbola. This indicates that the red band at 650 nm is due to the
single process of donor-acceptor recombination [43]. Simultaneously,
the decay curves of the green band of ZnO from ZnC,0, are more
complicated and cannot be fitted by an exponential or hyperbolic law
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Fig. 2. XRD - a) and DRS - b) data for zinc oxide synthesised from zinc oxalate and zinc hydroxide precursors.
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Fig. 3. Luminescence spectra of the zinc oxide nanopowders synthesised from: a) ZnC,04, b) Zn(OH), and calcined at 500 and 700 °C; on the inserts the decay curves
in double logarithmic scales for all types of systems at Aexy = 355 nm: ¢) Areg = 510 nm, d) Areg = 650 nm.
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Fig. 4. Schematic illustration of different defect levels in ZnO powders, ob-
tained from ZnC,0,4 and Zn(OH),, which are responsible for the PL emission of
different wavelength.

(insert on Fig. 3a). As shown in [43], such a form of the decay curves is
determined by several processes involving the radiative decay of the
luminescence centre, as well as the kinetics of the release of charge
carriers from the traps. According to our PL investigation and literature
data [44,45] we can to propose the next schemes of the energy levels
diagram showing the position of the defect levels in ZnO in our case.
(Fig. 4).

The formation of Vo and Vg, defects in ZnO synthesised from
ZnC,04 and Zn(OH),, respectively, is caused by the peculiarities of
chemical transformations of ZnC,0,4 and Zn(OH), during the thermal
decomposition.

The formation of ZnO with oxygen vacancies (ZnO; s) occurs during
the ZnC,0,4 decomposition in air at the temperatures above 450 °C ac-
cording to the next reaction:

Zn(CO0), = ZnO + CO,+CO,

and then the partially reduction of ZnO under CO atmosphere according
to the reaction:

Zn0O+8CO = Zn0; 5+ 8CO,,

and led to form a Zn-enriched precipitate of ZnO with oxygen vacancies
(ZnO1.).

Simultaneously, the production of Zn(OH), in an ammonium solu-
tion at pH > 8 leads to the formation of Zn(OH), with zinc hydro-
xocomplexes (Zn(OH),2™™) adsorbed on the surface with a large
amount of water and hydroxyls in the structure [46,47]. The next re-
action occurs at heat-treatment of such systems - Zn(OH),=ZnO
+2H,0, Zn(OH),2 " =ZnO + H,0 + (2-n)OH-. The follow condensation
of some amount surface adsorbed OH;- groups led to condensation re-
action - 280H,- = 8H,0 +80% (as results the 8 surplus lattice O% ions
are created). It may be concluded that the decomposition of Zn(OH),
with surface adsorbed oxygen-rich hydrocomplexes above 350 °C leads
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to the creation of O-rich (ZnO; . ) or another words the Zn-depleted
oxide (Zn;.s0O).

3.3. Electron spin resonance spectroscopy data

The ESR spectra of ZnO powders synthesised from both precursors
are shown in Fig. 5. The ESR spectra of ZnO particles synthesised from
ZnC,04 and calcined at different temperatures did not contain any
signals. The ESR spectra generated from the ZnO powder prepared from
Zn(OH), and calcined at 500 °C demonstrates a signal with g = 2.0024.
The signal with such a g-factor corresponds to charged Zn vacancies
(Vz,7) or the Vg, -Zn; complex [44,45,48-51]. To understand the
creation of this type of ESR signal, the Zn(OH), precursors heated at
200 and 400 °C were also investigated by ESR spectroscopy. It was
shown that after calcination at 200 °C, the ESR spectrum contains a
signal with g = 1.9567 that corresponds to the shallow levels of oxygen
vacancy (V,*) and a weak signal with g = 2.0024 that corresponds to
zinc vacancies (Vz, ) [27,41]. The increasing of the calcination tem-
perature to 400-500 °C leads to the disappearance of the ESR signal
with g = 1.9567 and an increase in the intensity of the ESR signal with
g = 2.0024 (Vz, ). The peculiarities of the synthesis process of ZnO
from the Zn(OH), may explain such behaviour of the ESR signals. The
appearance of surface V,* (donor levels) results from the OH-group
removal with heat treatment at 200 °C. At the same time, a number of
Vz,~ appeared in O-rich systems during calcination. Heat treatment at

Vo

200°C r A A r Zn(OH),

Zn(OH),
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Fig. 5. ESR signals of ZnO powders, synthesized from different precursors and
calcined at different temperatures. Reference peaks Mn(II) in cubic MgO is
shown.
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Fig. 6. Photocatalytic degradation of phenol in presence of ZnO nanoparticles
synthesised from different precursors.

higher temperatures leads to the rebuilding of the crystal structure from
Zn(OH), to ZnO, resulting in a decrease in the amount of oxygen sur-
face V,* and the accumulation of Vz,~ (Fig. 5).

ESR spectrum of ZnO, that was obtained by oxalate technology, did
not show the ESR signals from as single ionized zinc vacancies (Vz,)
and as oxygen vacancies (V, ). It may be as results healing of oxygen
vacancies to low concentration below detection limit [52] for system
with a high calcination temperature. It is known that the experimental
detection of centres with S = 1, in particular neutral oxygen vacancies
Vo or double ionized oxygen vacancies (Vo»+) cannot measured by ESR
spectroscopy. The PL spectra of these systems show the presence of
green luminescence peak at 510 nm (2.4 eV). According to [53,54] that
the transition of an electron from the conduction band to V,, level
cannot yield photons with energy of 2 eV and only recombination of a
conduction band electron with a Vo, center can yield photons with an
energy of about 2eV. Additionally, as it is shown in [52,55,56] the
emission in ZnO due to double ionized oxygen vacancies has lower
energy than in case of the emission due to the recombination of the
electron trapped in singly ionized oxygen vacancies with photo gener-
ated holes. Thus, we can conclude that green emission at 510 nm in PL
spectra of ZnO may be attribute to Vo, presence in ZnO.

3.4. Photocatalytic activity of ZnO

The normalised concentration of phenol (C/C,) versus illumination
time is shown in Fig. 6. It has be found that the ZnO prepared from the
ZnC,04 shows the higher photocatalytic activity than ZnO synthesised
from the Zn(OH),. The difference in the photocatalytic properties of
ZnO synthesised from different precursors can be attributed to the
different nature of defects in ZnO formed in these synthetic approaches:
some kinds of the oxygen vacancies (V,, V, " and V,2™) for the first case
and Vz,~ for the second case. Possible reactions that occur during the
phenol (PhOH) degradation in solution in the presence of a photo-
catalyst (PC) are presented below. The oxygen vacancy on the ZnO
surface corresponds to a Lewis acid centre, and the O% ions on the
surface correspond to Lewis basic centres. Under the influence of UV-
irradiation, the electron-hole pairs are generated, the electron enters
the conduction band and a hole is formed in the valence band (PC +
hv = h™ +e-). The second process may proceed when the charges are
captured by various surface or lattice defects. The electron is captured
by the oxygen molecule adsorbed on the Lewis acid centre of PC and
formed the superoxide anion radical (PC + O, = PC...0, = PC +...0,-
). The hole can be captured either by lattice 0> with the formation of
an O- centre on the surface (h* + 02 = O-,) or an OH-group with the
formation of an OH- radical. The interaction of active sites with phenol
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leads to the formation of complexes and facilitates the degradation of
phenol (PhOH + ZnO = PhOH...(LA...0,-)ZnO or PhOH + ZnO =
PhOH....(0-5)Zn0). Our experience for PhOH degradation in the pre-
sence of set of photocatalysts (P25, ZnO) but without oxygen in reaction
medium occurs only up to 20% that is very good agreements with other
studies [57]. The crucial role of O,_in PhOH degradation are described
in many work [58,59] and it may be present as electron scavenger for
enhanced of charge separation in PC and also as the oxidative agent for
PhOH and different intermediates. The interaction of the formed cen-
tres with the water molecule leads to the generation of other forms of
active oxygen - peroxide and hydroxyl radicals, which can diffuse from
the surface into the solution, (ZnO/05,-...H,O = H,0, (20H:) or ZnO/
O-....H,0 = OH- (OH)) and participate in the reactions of phenol
oxidation (PhOH....ZnO = CO, + H,0).

Thus, the formation of the super anion oxide radical is an important
feature for the high photocatalytic activity of the material. Since, it
leads to an effective charge separation, and forms an active oxygen
adsorbed onto Lewis acid centre of the ZnO surface. This explains why
ZnO formed from ZnC,04 has a higher photocatalytic activity.

4. Conclusions

The effect of two different precursor materials (zinc oxalate and zinc
hydroxide) on the structural peculiarities of ZnO powders and their
catalytic activity was studied. It was shown that both materials with the
same phase composition and with the same band gap demonstrate
different photocatalytic activities. At the same time, the analysis of
luminescent and ESR spectra allows us to conclude that the precursor
materials effect on the nature of the structural defects of ZnO. A ZnO
with oxygen vacancies was formed when ZnC,0,4 raw material was used
during precipitation, while ZnO with zinc vacancies was formed when
Zn(OH), raw material was used during precipitation. The previously
formed ZnO structure differences leads to a difference in their photo-
catalytic activity while other experimental conditions and materials
properties are equal (synthesis temperature, phase composition and
width of the band gap). It was shown that ZnO with oxygen vacancies is
more effective as a photocatalyst for phenol degradation. The decrease
in the photocatalytic activity of ZnO with zinc vacancies is due to both
factors, namely, a less efficient charge separation and a decrease in the
concentration of reactive oxygen species involved in the phenol de-
gradation reaction.
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