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Electric arc synthesis of photoactive composite microparticles

ZnO/TiO2/Nb2O5
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The method of electric arc synthesis of photoactive multicomponent composite microparticles on the example

of a ZnO/TiO2/Nb2O5 system using a low-temperature plasma generator is proposed. Morphology and structural-

phase composition of synthesized composite microparticles have been studied. Sold monstrated their record high

photocatalytic activity (rate constant 128.6 · 10−3 min−1) combined irradiation with ultraviolet and visible light
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Studies into novel materials [1] and the production

of heterogeneous systems based on well-proven TiO2 [2]
contribute to expanding the number of environmentally

safe photocatalysts. Although TiO2 is applied on an

industrial scale, it has several key disadvantages: a narrow

radiation absorption band, which falls within the ultraviolet

range, and a low carrier mobility (high recombination

rate). One way to raise the photosensitivity of TiO2 in

the visible range consists in forming composite metal/TiO2

structures. The photoactivity of such systems increases

due to charge transfer between a metal and TiO2 [3].
Another method is the synthesis of nanocomposites [4–6]
with a heterogeneous component based on materials with

a narrower bandgap. Despite a slight bandgap width

difference, heterogeneous systems based on ZnO and TiO2

are regarded as fairly promising owing to the simplicity

of formation of a heteroboundary and the similarity of

band structures, which facilitates carrier transport across the

boundary and contributes to a reduction in the probability

of carrier recombination [7]. In addition, an end product

(photocatalyst powder) with zinc oxide being dominant in

its composition is significantly cheaper. It should be noted

that current research is focused mostly on the synthesis of

nanoscale systems, which, having a large surface fraction,

offer exceptional versatility and performance. However,

the synthesis of nanomaterials is a multistage process that

requires extensive (up to 24 h) thermal treatment. In

our view, the high-yield and energy-efficient method for

synthesis of oxygen-containing catalyst powders with the

use of thermal electric arc plasma is underappreciated.

It appears that the technological difficulty of nanopowder

synthesis hampers the widespread application of plasma

processing techniques. That said, the photocatalytic ef-

ficiency of composite titanium-based microparticles syn-

thesized by processing titanium micropowders in thermal

electric arc plasma in the ambient atmosphere has already

been demonstrated in our studies [8,9]. It was noted

that the inner anode wall gets coated with a partially

melted deposit in the course of extended processing of

titanium micropowders; in addition, the profile of the gas-

discharge channel of a plasmatron is altered. The use of

zinc oxide (ZnO has a higher melting point) in a mixture

with titanium may help suppress the side effect of melting

of processed powders. The discussed synthesis technique

is specific in that the composition of processed powders

may be altered in multiple ways to achieve a synergistic

effect (e.g., by adding niobium pentoxide inclusions to the

photocatalyst [10]). The bandgap width, the similarity

of surface chemistry of niobium pentoxide and titanium

dioxide, and the proximity of ionic radii of Nb5+ and Ti4+

make it a perfect dopant that enhances the photoactivity

of TiO2.

In the present study, we consider the potential appli-

cations of electric arc plasma in synthesis of photoactive

multicomponent composite ZnO/TiO2/Nb2O5 microparticles

and examine their morphology, structural and phase com-

position, and luminescent and photocatalytic properties.

A mixture of commercial high-purity zinc, titanium, and

niobium powders was examined. The mass percentage of

components was as follows: Zn — 85.5%, Ti — 11.6%,

Nb — 2.9%. Microscopic studies were carried out using a

JEOL (Japan) scanning electron microscope (SEM) fitted

with an energy-dispersive X-ray (EDX) analysis. A Rigaku

Miniflex 600 (Japan) diffractometer and CoKa - radiation

with a β-filter were used to record X-ray diffraction patterns.

The MIS&S software was used to interpret these patterns.

Photoluminescence spectra were recorded at a temperature

of 300K. A continuous-wave He−Cd- laser (λ = 325 nm)
was the excitation source. The powder mixture was

processed with thermal argon plasma in the anode region of
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Figure 1. X-ray diffraction pattern of the synthesized composite ZnO/TiO2/Nb2O5 photocatalyst. Triangles — ZnO, circles — TiO2, and

asterisks — Nb2O5.

a DC plasmatron with vortex stabilization and an expanding

gas-discharge channel in the ambient atmosphere in accor-

dance with the procedure outlined in [8]. the processing

conditions were as follows: plasma-forming gas (argon) flow
rate, 1.8 g/s; powder flow rate, 15 g/min; arc current, 150A.

The photocatalytic characteristics of samples were estimated

by photodegradation of methylene blue (MB) in an aqueous

solution (1mg/l). Experiments were performed under

irradiation with visible light (a 70W Osram metal-halide

lamp) and combined irradiation with ultraviolet and visible

light (a 250W Phillips high-pressure mercury lamp) without

any cutoff light filters. A constant temperature of 26◦C was

maintained in the reaction vessel. Prior to irradiation, the

reactor was kept in the dark until an adsorption-desorption

equilibrium was established. Before the experiment, the

suspension was subjected to ultrasonic treatment in a bath

at 60W and 40 kHz for 3min (for photocatalyst degassing).
The entire subsequent process was accompanied by mixing

with a magnetic stirrer. A light source was located above

the reactor at a distance of 10 cm. Sampling (5ml) was

performed in 15min intervals. Particles were separated from

the solution by centrifuging for 2min with a PE-6926 (LLC

”
Ekroskhim“) laboratory centrifuge. The MB concentration

was measured using an SF-2000 spectrophotometer by

the characteristic MB absorption peak at a wavelength

of 663.7 nm. Following measurements, the solution was

poured back into the reactor, and the process continued.

The MB solution was also tested in similar conditions

without the photocatalyst (photolysis) for comparison. The

MB concentration was determined in accordance with the

Beer−Lambert−Bouguer law.

What stands out is the fact that a partially melted deposit

did not form on the exit nozzle of the plasmatron in the

Elemental composition of the photocatalyst powder according to

EDX data

Element Atomic fraction, %

O 48.73

Zn 38.34

Ti 11.33

Nb 1.60

course of extended plasma processing of a mixture of

metal powders (in earlier experiments with pure titanium

microparticles, a deposit of this kind was observed). Owing

to the specifics of growth of crystals with a wurtzite

structure (predominant growth along [0001]), the process

of oxidation of metallic zinc is more intense than the

corresponding process for titanium: the oxide forms a

loose deposit, which is easily penetrated by active oxygen

that oxidizes deeper layers. The elemental composition

determined using the EDX data (see the table) verifies the

presence of oxide phases. According to X-ray diffraction

data (Fig. 1), photocatalyst powder microparticles processed

in plasma are composite structures containing both metallic

and oxide phases: hexagonal Zn and Ti, hexagonal ZnO,

rutile TiO2, and monoclinic Nb2O5. SEM images (Fig. 2, a)
revealed that composite microparticles processed in plasma

have no definite shape and a size up to 200 µm with

a
”
mossy“ ZnO base and inclusions of various sizes,

which contain titanium and niobium in both metal and

oxide forms (Fig. 2, b). The mass percentage of zinc in

the synthesized composite photocatalyst decreases (relative
to the initial composition of the metal powder mixture).
Loose zinc oxide is easily entrained by vortex flows to
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Figure 2. Electron microscope image (a) and EDX elemental map (b) for the composite ZnO/TiO2/Nb2O5 photocatalyst. Zinc and

oxygen are distributed uniformly over the entire microparticle surface.
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Figure 3. Curves of MB photodegradation under irradiation with ultraviolet and visible light and visible light only (a) and semi-logarithmic

anamorphoses of kinetic curves of MB photodegradation (b) with the use of the composite ZnO/TiO2/Nb2O5 photocatalyst.

the periphery of a plasma jet and enters the ambient

environment. The photoluminescence spectrum consists of

two bands: a narrow one with a maximum at 389 nm and a

more intense broad band in the 400−550 nm region with a

maximum at 415 nm. The narrow band corresponds to edge

luminescence of ZnO [11]. The broad 400−550 nm band

is a compound one and represents various luminescence

centers in TiO2 [12]. Also of note is the lack of a

defect (green) ZnO luminescence band in the 550−700 nm

region that is produced [13] by oxygen vacancies VO or

clusters consisting of VO vacancies and interstitial zinc

ions Zni .

The obtained materials were tested as photocatalysts in

the process of destruction of a dye (methylene blue) under

combined irradiation with ultraviolet and visible light. The

results are shown in Fig. 3. The MB concentration decreased

by approximately 25% in 60min of testing performed after

a preparatory dark stage that was needed to reach an

adsorption-desorption equilibrium. These data are indicative

of a strong adsorption capacity of the material with respect

to MB. The dye decomposed almost completely (99.2%)
in 35min of irradiation with ultraviolet and visible light.

The degree of decomposition attained within the same time

interval without the catalyst was only 54.1%. The MB

photodegradation rate constant was determined from the

slope of linearized kinetic curves ln(C/C0) − t with the use

of the Langmuir−Hinshelwood model [14]. It can be seen

(Fig. 3, b) that the reaction rate under combined irradiation

with ultraviolet and visible light in the presence of the

photocatalyst is 6.9 times higher than the photolysis rate.

A high MB photodegradation rate was achieved: the rate

constant was 128.6 · 10−3 min−1. A total of 99.8% of MB
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decomposed in 105min under irradiation with visible light,

while only 49.9% of the dye decomposed within the same

time interval without a catalyst. The reaction rate increased

by a factor of 4.9 relative to the corresponding rate in the

process of photolysis.

Thus, it was demonstrated that the obtained composite

micropowder, which is composed mostly of semiconductors

with a bandgap width of 3.0−3.4 eV [15], exhibits high

photocatalytic activity in visible light and near-record activity

levels under combined irradiation with ultraviolet and

visible light. The enhancement of photocatalytic activity in

nanoscale ZnO/TiO2 [16] and TiO2/Nb2O5 [17] composites

has already been reported. An important finding made

in the present study is that microscale (up to 200 µm in

size) ZnO/TiO2/Nb2O5 particles, which have a significant

advantage in the ease of synthesis, also provide high reaction

rates. Further studies of the structure of the composite

material are needed to determined the mechanism of

enhancement of the photocatalytic activity.

A method for electric arc synthesis of photoactive

multicomponent composite ZnO/TiO2/Nb2O5 microparticles

with the use of a low-temperature plasma generator was

proposed. It was found in the course of experiments that

the introduction of zinc into the initial mixture provides

an opportunity to extend the plasma processing time

without risking the formation of partially melted deposits

and nozzle clogging. The observed effect is attributable

to the specific feature of oxidation of zinc powders

(predominant growth of crystals with a wurtzite structure

along [0001]). The morphology and the structural and

phase composition of synthesized composite microparticles

were examined. Their high photocatalytic activity (with

a rate constant of 128.6 · 10−3 min−1) under combined

irradiation with ultraviolet and visible light was demon-

strated.
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