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Influence of morphological and structural parameters of ZnO tetrapods
on their activity in the reaction of photocatalytic degradation of

ciprofloxacin
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The influence of morphological and structural parameters of microdimensional tetrapods ZnO on their activity
in the reaction of photocatalytic degradation of ciprofloxacin under the influence of UV light has been studied. The
greatest activity (reaction rate constant 25.5 - 107> min~') was demonstrated by unalloyed ZnO tetrapods obtained
in the presence of Au in the initial charge, which had the smallest geometric parameters. The photocatalytic
activity of tetrapods is explained by the highly defective structure of their near-surface layers. Photoactive microsize
tetrapods ZnO, synthesized by the carbothermal method, can be used in the mineralization of toxic organic

compounds.
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The worsening contamination of water with medicinal
drugs is a side effect of development of the pharmaceutical
industry. Antibiotics [1], such as ciprofloxacin (CIP), hold a
special place among them. CIP, which belongs to the group
of fluoroquinolones, is a broad-spectrum antibiotic that has
medicinal and veterinary applications. Fluoroquinolones
are currently being examined as possible adjuncts in the
treatment of pneumonia associated with SARS-CoV-2 [2].
However, as much as 90% of ciprofloxacin are eliminated
out of the body in an unchanged form and enter sewage
and soil. Within this context, the emergence of antibiotic
resistance is regarded as one of the greatest problems of
the world. Several methods for removal of antibiotics from
water and reducing their concentration to safe levels have
been proposed: membrane treatment, advanced oxidation
techniques, such as ozone treatment, ultraviolet (UV) irradi-
ation, photocatalysis (PC), etc. [3]. Photocatalytic processes,
which ensure mineralization of toxic organic compounds
with the formation of water and carbon dioxide in the
presence of a photocatalyst, hold much promise due to their
environmental friendliness and the possibility of application
of solar radiation as a readily available and inexhaustible
energy source [4]. Titanium dioxide (TiO,) still remains the
most extensively studied and widely used photocatalyst [4].
Active research into alternative photocatalysts (specifically,
materials based on zinc oxide ZnO) has been conducted in
the last few years [5-7]. It is known that the PC activity of
semiconductor materials is the result of synergism of several
factors such as the morphology, crystallinity, and surface
area of particles [8] and the presence of centers inhibiting
the recombination of photogenerated carriers. Within this
context, tetrapod/multipod particles have an advantage over
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spherical particles in providing an opportunity to suppress
considerably their agglomeration in the process of photo-
catalysis [9]. ZnO tetrapods, which feature an enhanced
surface area, are self-organized pseudo-three-dimensional
nanostructures with four single-crystal rods extending from
the vertices of a tetrahedron. These materials are easy to
synthesize under nonequilibrium conditions [10-12]. Al-
though tetrapods feature a perfect single-crystal core, their
surface may, depending on the synthesis method, have an
imperfect structure. The luminescent properties of a powder
of ZnO tetrapods obtained by carbothermal pyrolysis have
been reported in [10]. An intense green luminescence
band, which is associated with surface defects in ZnO [13],
was observed in the spectrum. Thus, ZnO tetrapods have
a hierarchical structure with a single-crystal core and an
imperfect surface layer that may act as an efficient sink for
photogenerated carriers and suppress their recombination.
However, it still remains difficult to produce ZnO tetrapods
with the desired size and morphology [14]. A way to modify
the shape and size of ZnO tetrapods by varying admixtures
to the charge material has been proposed in [10]. Several
research techniques have been applied to demonstrate that
an admixture present in the charge material does not
get incorporated (or substituted) into the matrix of ZnO
tetrapods in the course of carbothermal synthesis. This
allows one to state that the admixture concentration is
negligible and has a much weaker effect on the properties of
tetrapods than their morphological and structural properties.

In the present study, we examine the influence of
morphological and structural parameters of ZnO tetrapods
on their activity in the reaction of PC degradation of
ciprofloxacin under UV irradiation.
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Figure 1. Microscope images of ensembles of ZnO tetrapods type I (a), II (b), and III (c). Enlarged fragments of the corresponding

images are shown in the insets.

ZnO tetrapods have been synthesized from the charge
material with various admixtures by carbothermal pyrolysis
in [10]. The following three types of ZnO tetrapod
samples with different admixture (atomic) concentrations
were obtained: I (0.4% Au), II (4% Cu), and III (10% Cu).
A Quanta 200 scanning electron microscope was used for
microscopic examination of these samples. X-ray diffraction
analysis (XRD) was performed using an X’TRA Ther-
moFisher diffractometer and CuK,-radiation (1.5405A).
Emission spectra were examined by exciting cathodolu-
minescence (CL) at an accelerating voltage of 50kV. In
order to study the photocatalytic activity of synthesized
materials, ZnO powder (25mg) was introduced into an
aqueous solution of CIP (50ml) with a concentration of

5mg/l, and the mixture was stirred in the dark for 30 min.
The obtained suspension was illuminated by a UV lamp
(Hamamatsu Photonics LC8) with its intensity maximum at
365 nm under constant stirring. The CIP concentration was
determined using a Shimadzu UV-1800 spectrophotometer.

Figure 1 presents the images that were obtained using the
scanning electron microscope and confirm the formation
of particles in the shape of tetrapods in synthesized
ZnO samples. ZnO tetrapods forming with admixed Au
(type 1) are the smallest in size (Fig. 1,a) with | (leg
length) up to 20um and d (leg diameter at the base)
up to 3um. The low diffusion activity of ,heavy“ Au
atoms inhibits the growth of ZnO tetrapods. Powders
forming in the presence of Cu (type II, Fig. 1,b) have
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an inhomogeneous morphological composition: large ZnO
tetrapods are observed alongside with rods and hollow
structures. The dimensions are as follows: | up to 40 um
and d up to 6um. The largest ZnO tetrapods (Fig. 1,¢)
form under an increased Cu concentration (type III). Their
dimensions are as follows: | up to 20um and d up
to 10 um. Multipods, which form as a result of coalescence
of tetrapods (inset in Fig. 1,c¢), are also observed. Owing to
a substantial morphological inhomogeneity of ZnO tetrapod
ensembles, we provide only a rough estimate of parameters
of structures. However, it may be noted that micrometer-
sized tetrapods form in the course of carbothermal synthesis
and that tetrapods grow larger in transition from type I
to type III. Reflections in the XRD spectra of type I-III
tetrapod samples correspond to the hexagonal wurtzite ZnO
phase (JCPDS N 79-0205). The most intense reflections at
31.8, 34.5, and 36.4° correspond to reflections off planes
(100), (002), and (101) ZnO. The wurtzite structure is
specific in lacking a center of symmetry, which implies
the presence of piezoelectric polarization along basal axis
[001]. Planes (100) and (101) are nonpolar and semipolar,
respectively.  Ratio 1191/1p02 of intensities of reflections
off semipolar (101) and polar (002) planes was calculated
for synthesized ZnO tetrapods based on XRD data: 2.45,
2.68, 3.18 for samples type I, II, and III, respectively. It
follows that the fraction of the polar component is the
greatest in samples type I and the smallest in samples
type III. CL spectra of tetrapod samples of all three types
were identical. The typical CL spectrum of ZnO tetrapod
samples is shown in Fig. 2. The following two bands are
seen in the CL spectrum: an intense broad (450—700 nm)
defect luminescence band and a weak edge luminescence
band. The luminescence spectra of identical batches of ZnO
tetrapods examined earlier in [10] under X-ray excitation
have also revealed a dominant defect luminescence band. It
is known [15] that luminescence in the 450—700 nm region
is associated with the energy levels of Zn;, Vz,, Oi, and Vo
defects in the band gap. The shape and intensity equivalence
of defect luminescence bands found in different tetrapod
samples suggests the presence of the same defects with
similar densities.

The influence of morphological and structural features
of synthesized ZnO tetrapods on their photocatalytic prop-
erties was examined in the process of CIP (antibiotic)
photodegradation in an aqueous medium. Figure 3,a
presents the dependences of C/Cy on irradiation time with
ZnO samples acting as photocatalysts. The efficiency of
CIP photolysis was estimated for comparison. It can be
seen that the depth of CIP photodegradation increased
considerably following the addition of a photocatalyst. CIP
photodegradation rate constant k was determined from the
slope of linearized kinetic curves In(C/Cy)—t (Fig. 3,b)
with the use of the Langmuir—Hinshelwood model [16].
The CIP photodegradation rate was the highest for ZnO
samples type I synthesized in the presence of Au (rate
constant k = 25.5-102>min~!). The PC activity of ZnO
tetrapods increases in sequence from type III to type II
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Figure 2. Typical CL spectrum of ZnO tetrapod samples.

to type L. Thus, the PC activity generally correlates with a
reduction in the size of tetrapods and an increase in the
active surface area. It should be noted that the structural
conditioning of ZnO tetrapod photoactivity may also have
an impact here. Calculated data [17] reveal that the electron
energy for (101) ZnO is lower than the one for (100)
ZnO. This implies that the PC activity of (101) ZnO should
be increased. It is also known [18] that piezoelectric
polarization along [001] in ZnO induces spatial separation
of electrons and holes (quantum-dimensional Stark effect)
and should enhance the PC sensitivity. However, the data
reported in [19] reveal that the catalytic activity decreases
as the polar component grows stronger and nanoscale ZnO
tetrapods become smaller. It was concluded in [19] that
the chemical state of the surface is more important than
the surface area and structural features. The suppression
of the polar component in transition from samples type I
to samples type III does not explain a four-fold reduction
in their PC activity. The chemical state of the surface of
samples, which depends primarily on the synthesis condi-
tions, is an important parameter. Since samples type 1-III
are synthesized under the same conditions, the specifics
of synthesis also provide no explanation for the observed
enhancement. The area (contribution of near-surface layers)
decreases many-fold in transition from nanoscale tetrapods
to microscale ones. However, microscale ZnO tetrapods
synthesized in the present study exhibit high PC activity
levels. The high density of near-surface defects, which
are revealed by the CL data in Fig. 2, plays a leading
part here. The intensity of the edge luminescence band
of ZnO tetrapods (Fig. 2) is low, although the results of
electron microscopic investigations [20] normally attest to
a high degree of crystalline perfection of tetrapods. In
carbothermal synthesis, the nucleation and growth of ZnO
tetrapods proceed under strong supersaturation due to an
excess concentration of zinc in the growth zone. This
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Figure 3. Curves of CIP photodegradation under UV irradiation
(365nm, 2mW/cm?) (a) and determination of the reaction rate
constant (k, min™') (b) in the presence of ZnO tetrapods of
different types. C — CIP concentration at time t elapsed from the
start of UV irradiation; Cy — initial CIP concentration (5 mg/l).

provides an opportunity to raise the synthesis rate, but the
diffusion activity of adatoms decreases alongside with that,
and the anion deficiency and the degree of imperfection of
ZnO tetrapods increase.

The influence of morphological and structural param-
eters of ZnO tetrapods on their activity in the reac-
tion of photocatalytic degradation of ciprofloxacin under
UV irradiation was examined. It was demonstrated
that microscale ZnO tetrapods form in the process of
carbothermal synthesis. ZnO tetrapods with the small-
est geometric dimensions synthesized in the presence
of Au exhibited the highest activity in the reaction of
photocatalytic degradation of ciprofloxacin (rate constant
25.5-103min~!). The PC activity of ZnO tetrapods
synthesized by carbothermal pyrolysis is governed by

their defect structure and an increased active surface
area.
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