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Abstract

The work is devoted to the study of the effect of irradiation of commercial WO microparticles with low-energy helium ions
on the structural properties and photocatalytic activity during the decomposition of organic dyes. The irradiation fluences
of 1x 10"3-10" ion/cm? were selected so that the number of defect overlap areas corresponded from 10 to 1000, but helium
inclusions were not formed. It was found that with an increase in the radiation dose to 1015 ion/cm?, partial degradation of
the structural properties of microparticles is observed due to destruction of the surface layer and subsequent amorphization.
Photocatalytic tests showed that for the initial microparticles not exposed to irradiation, the degree of decomposition of the
indigo carmine dye was no more than 45-50% after 300 min, while for irradiated microparticles with a fluence of 10! ion/
cm?, complete decomposition was observed after 200 min, and for microparticles irradiated 10'* ion/cm?, complete dye
decomposition is observed after 270 min. Partial amorphization upon irradiation with 10'> ion/cm? leads to a decrease in
the degree of decomposition and a decrease in photocatalytic activity. In the case of decomposition of the congo red dye,
the initial microparticles amounted to no more than 20% of the initial composition. For modified microparticles, an increase

in the degree of decomposition is observed up to 45-50%.
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1 Introduction

In recent years, more and more attention has been paid to
oxide or nitride micro- and nanostructured materials, as well
as to various forms of their compounds, the interest in which
is determined by their physicochemical, structural, strength
and corrosion properties, which determine their huge appli-
cation potential [1-3]. At the same time, the possibility of
varying structural properties and morphology, as well as
changing the specific surface area and particle size, opens
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up wide opportunities for researchers to use oxide micro-
and nanostructures in solving technological problems, such
as photocatalysis, microelectronics, wastewater treatment,
solar energy [4-7]. Among the oxide compounds, tungsten
oxide (WO;) with a high melting point, good resistance to
most aggressive media, and good catalytic properties for
accelerating hydrocarbon cracking and hydrogeneration
reactions is especially prominent [8—10]. Due to its redox
potential, tungsten oxide has found its application as the
basis of photocatalysts for the decomposition of organic dyes
and pollutants [10-12].

For instance, a research group led by Martinez D. [1-3,6]
conducted a series of experiments aimed at studying the pho-
tocatalytic activity of nano- and WO; microparticles in the
decomposition of organic dyes. In the course of these stud-
ies, size dependence of the increase in photocatalytic activity
was established, as a result of which it was determined that
the smaller the grain size and the larger the active surface
area, the higher the photoactivity and reaction rate [1-3,6].

However, despite all the advantages of these structures
compared to other photocatalysts, such as titanium oxide,
zinc oxide, etc., the problem of increasing photoactivity is
one of the most relevant today, the solution of which will
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significantly reduce the energy consumption and cost of the
catalysts. The most common way to increase photoactivity
is to modify the properties of microparticles by producing
composites, such as CuBi,0,/WO; and CuO/WO;, which are
highly effective for the decomposition of dyes when exposed
to visible light [13—15]. However, obtaining such composites
is associated with high technological costs, which are not
always cost-effective.

So, one of the ways to increase photoactivity is to modify
properties by changing the crystal structure, as well as the
specific surface area, which plays one of the fundamental
roles in photocatalysis [11,16—18]. In view of the high radia-
tion resistance of WO; microparticles, the use of ionizing
radiation with doses characteristic of structural transforma-
tions arising in the case of the effect of overlapping defec-
tive regions (10"3=10" ion/cm?) can be used for directional
modification of structural properties. At the same time, the
use of low-energy ion beams with high doses or high densi-
ties has proven itself as methods of modifying and hardening
materials [19,20], changing the optical properties of crys-
tals [21-24], changing the phase composition of materials
[25,26], and increasing the stability of materials corrosion
and degradation [27,28].

Based on the foregoing, the aim of this research work is
to assess the prospects of using low-energy irradiation with
helium ions, which have a large ionizing ability, to change
the structural and morphological features and increase the
photocatalytic properties of WO; microparticles. The nov-
elty of this scientific research lies in the search for opti-
mal conditions for the modification of microstructures to
increase the efficiency of their use. The obtained data on
the effect of ionizing radiation will subsequently and sig-
nificantly expand the field of application of ion beams in
modern materials science.

2 Experimental part
2.1 Object of study

WO; microparticles, manufactured by Sigma Aldrich (chem-
ical purity—99.9%, particle size <3 pm), with a monoclinic-
type crystal structure and spatial syngony P21/n (14) were
selected as initial objects. The choice of these microparticles
as objects of study is due to their commercial availability, as
well as high resistance to high-dose irradiation [29].

2.2 Modification of structural properties
Irradiation with low-energy helium ions (He*") with an
energy of 40 keV was carried out at the DC-60 heavy ion

accelerator (Nur-Sultan, Kazakhstan). Irradiation fluences
of 1x 103-10" jon/cm? were selected so that the number
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of defect overlap areas corresponded from 10 to 1000, but
helium inclusions did not form, causing material degradation
and a decrease in strength properties [29,30]. The maximum
mean free path of He?* ions was 230-250 nm; the number
of vacancies formed by one ion was 55 vacancies/ion. This
depth of ion penetration corresponds to the surface layer,
which plays a major role in the absorption properties of the
material. Earlier in [29], we studied the kinetics of radiation
damage in WO; microparticles, according to which it was
found that radiation doses of—10"'° ion/cm? are most opti-
mal for structural modifications of microparticles without
significant radiation damage that can lead to a sharp increase
in the degree of amorphization of the structure.

2.3 Study of structural and morphological features

The morphology of the surface layer of microparticles
was studied using scanning electron microscopy (“Hitachi
TM4000” scanning electron microscope [Hitachi Ltd., Chi-
yoda, Tokyo, Japan)] and transmission electron microscopy
(TEM microscope JEM 2100 LaB4, or ARM200F, JEOL,
Ltd., Tokyo, Japan). Changes in structural parameters and
dislocation density were carried out by evaluating X-ray dif-
fraction patterns obtained in the Breg—Brentano geometry at
20 =20-50°, in increments of 20=0.01° [D8 Advance Eco
powder diffractometer (Bruker, Karlsruhe, Germany)]. To
decrypt and analyze the obtained diffraction patterns, the
DiffracEva 4.2 software was used.

The band gap measurements were obtained by measuring
the UV—Vis spectra on a Jena Specord-250 BU analytical
spectrophotometer.

2.4 Photocatalytic activity tests

The photocatalytic properties of WO; microparticles before
and after modification were evaluated by decomposition of
organic dyes indigo carmine (IC) and congo red (CR) in
water. A box made of borosilicate glass immersed in water to
maintain room temperature during processing with a xenon
lamp (2100 Im) was used as a photochemical reactor. The
concentration of WO; microparticles was 10 mg/L. Initial
dye concentrations were 30 mg/L for IC and 20 mg/L for CR.
The test interval was 300 min in increments of 30 min, the
pH of the solution was 5.2, the stirring speed was 100 rpm,
and intensive stirring was necessary to prevent the accumu-
lation of sediment in two boxes as a result of conglomeration
of microparticles.

3 Results and discussion

Figure 1 shows TEM images of WO; microparticles before
and after irradiation with He*" ions.
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Fig.1 TEM images of the studied WO; microparticles before and after irradiation: (a) Initial sample; (b) 10" ion/em?; (¢) 10™ ion/cm?; (d)

10" ion/cm?

The greatest morphological changes are observed for
samples irradiated with doses of 10'*~10'3 jon/cm? at which
structural changes in the surface layer are most affected by
ion irradiation. At the same time, at an irradiation dose of
10" ion/cm?, a partial amorphization of the surface layer is
observed, which is clearly visible on the SEM image of the

surface of the microparticles shown in (Fig. 2). The degra-
dation of the surface layer is due to the fact that an increase
in the radiation dose leads to an increase in the density of
cascade defects in the structure due to the effect of overlap-
ping defective areas. Moreover, for low-energy particles, the
energy losses in the case of collisions with electron shells

Initial sample

Irradiated 10'3 jon/cm?

Fig.2 SEM images of changes in the structure of WO, microparticles after irradiation with a dose of 10'> ion/cm?
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and target nuclei are equal, and in some cases, nuclear losses
prevail, which lead to the formation of a large number of
initially knocked-out atoms. Due to the difference in atomic
radii, as well as the binding energy of tungsten and oxygen,
as well as due to the low solubility of helium ions and the
high probability of their agglomeration in the case of high
doses, the surface layer undergoes a large destructive effect,
leading to partial amorphization and degradation of the
structure. In the case of small doses of radiation, the effect
of accumulation of defects is much lower, and irradiation can
lead to partial reorientation or recrystallization of grains due
to the transferred energy from incident ions, which leads to
not so destructive consequences.

Figure 3 shows the results of changes in X-ray diffrac-
tion patterns of the studied WO; microparticles before and
after irradiation, as well as detailed representations of the

changes in the three main diffraction maxima characterizing
the structural changes in the crystal lattice of the mono-
clinic type. Table 1 presents the data on the changes in the
basic crystallographic characteristics of WO; microparticles
before and after irradiation.

According to the data presented, the main changes
in X-ray diffraction patterns at low radiation doses of
103-10" ion/cm? are associated with a decrease in the
intensity of diffraction maxima, which is caused by a
change in the orientation position of crystallites in the
structure of microparticles, as well as a shift of diffrac-
tion maxima to the region of small angles, which indi-
cates an increase in the strain and distortions of the crystal
structure due to irradiation. However, an increase in the
irradiation fluence to 10'> jon/cm? leads to the formation
of a halo, which confirms the previously observed data
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Fig.3 X-ray diffraction patterns of the investigated WO; microparticles before and after irradiation
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Table 1 Structural data for WO, Structural parameter

Initial sample

1x 10" jon/cm? 1x 10" jon/cm? 1% 10" jon/cm?

microparticles
Lattice parameter, A a=17.2845 a=7.2903 a=17.2932 a=17.2961
b="17.5176 b="17.5236 b="17.5266 b=7.5296
¢=17.6705 ¢=7.6797 ¢=17.6829 ¢=7.6858
$=90.91 $=90.97 $=91.01 p=91.5
Volume unit cell, A3 420.0 421.16 421.66 422.17
Crystalline size, nm 73.1+4.2 70.7+2.1 64.5+2.3 57.4+4.1
Density, g/cm? 7.330 7.311 7.303 7.294
Specific surface area, m%/g 0.011 0.116 0.0127 0.0142
Integral porosity, % 0.13 0.25 0.36 0.49
The degree of perfection of  85.6 84.4 83.2 75.8
the crystal structure, (%)
BET surface area (m* g~!) 11.19 11.61 12.74 14.33
on the amorphization and degradation of microparticles. — slample T T " T
It is also worth noting that the decrease in the intensities 259w 10!Sion/cm

and the shift of the diffraction maxima (002), (020) and
(200), which reflect the deformation of the crystal lattice
along the crystallographic axes, are almost the same as
the decrease in the intensities, which indicates that the
deformation of the lattice occurs along all axes of the crys-
tal are equally probable. Moreover, according to the data
obtained, the largest change in structural parameters, in
particular, an increase in porosity and a decrease in den-
sity, is observed for samples irradiated with a maximum
radiation dose. Also, an increase in the radiation dose
leads to initialization of the processes of recrystallization
and crushing of crystallites, as evidenced by a decrease in
grain sizes, as well as an increase in the specific surface
area, which can significantly affect the photocatalytic abil-
ity of the selected microparticles.

Table 1 presents the results of changes in the specific
surface area (BET surface area) of microparticles depend-
ing on the radiation dose. As can be seen from the pre-
sented data, an increase in the radiation dose leads to a
slight increase at a radiation dose of 10'? ion/cm? by 3.7%,
while an increase in the radiation dose to 10'* and 103 ion/
cm? leads to an increase in BET surface area by 13.8% and
28.1%, respectively.

Figure 4 shows the results of the transmission spec-
trum processing and Tauc’s plot construction, which were
obtained to determine the magnitude of the band gap (E,).
According to the calculated data for the initial microparti-
cles, the value of Eg =2.77 eV, while for irradiated samples,
there is a tendency to decrease this value depending on the
radiation dose.

The study of the photocatalytic activity of WO; micropar-
ticles before and after irradiation was carried out by assess-
ing the decomposition of the organic dyes indigo carmine
and congo red in an aqueous solution when exposed to vis-
ible light. Figures 5 and 6 show the dynamics of changes in
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20 4

[
1

Eg=2.51eV

s
I

(ahv)llz(cm'leV)m

/ Eg=2.73eV

Eg=277eV

1.0 15 2.0 25 3.0 35 4.0
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Fig.4 Tauc’s plot

the UV absorption spectra of indigo carmine and congo red
depending on the type of catalysts.

Figure 7 shows the time dependence of photocatalytic
degradation, which was estimated by comparing the con-
centration of the dye in the solution before and after a given
time interval. As a comparative characteristic, a graph of
the photocatalytic degradation of a dye without the addition
of microparticles is presented, which shows the absence of
any changes in the dye concentration in a solution over time
without the addition of catalysts.

In the case of the initial microparticles, the degree of
photocatalytic decomposition of the indigo carmine dye was
no more than 45-50% after 300 min of testing under the
influence of light, and the degradation rate decreased after
150 min. For irradiated structures, an increase in the degree
of decomposition of dyes is observed; in the case of the
indigo carmine dye, for samples irradiated with a fluence
of 10'® jon/cm?, complete decomposition is observed after
200 min, and for microparticles irradiated with 10'* ion/

@ Springer
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Fig.5 Dynamics of changes in the UV absorption spectra of indigo carmine depending on the type of catalysts: (a) initial sample; (b) 10'* ion/

cm?; (c) 10" ion/em?; (d) 10" ion/cm?

cm?, complete decomposition of the dye is observed after

270 min. However, an increase in the irradiation fluence to
10'5 jon/cm? leads to a decrease in the degree of decomposi-
tion of indigo carmine, which may be due to a deterioration
in the crystalline properties of microparticles, as well as the
formation of disorder regions in the structure of the surface
layer, which reduces the activity of decomposition.

For the initial microparticles, the degree of decomposi-
tion of the congo red dye was no more than 20%. For modi-
fied microparticles, an increase in the degree of decomposi-
tion is observed up to 45-50%; however, as in the case of the
indigo carmine dye, an increase in the irradiation fluence to
10" ion/cm? leads to a decrease in the degree of decolori-
zation of the solution. The low degree of decomposition of

@ Springer

congo red is due to the presence of an azo (-N=N-) group
in the structure of the dye, which has a high binding energy,
which requires more energy or an increase in the concentra-
tion of the catalyst to break.

Figure 8 shows the results of photocatalytic activity in the
case of a twofold increase in catalyst concentration for both
dye decomposition reactions.

As can be seen from the data presented, an increase in
the concentration in the case of the decomposition reaction
of the indigo carmine dye led to an increase in the decom-
position rate and to achieve the maximum degree of dye
discoloration within 150 min and 180 for samples irradiated
with doses of 10'® ion/cm? and 10'* ion/cm?, respectively.
Moreover, complete dye decomposition is also observed for
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Fig.6 Dynamics of changes in the UV absorption spectra of congo red depending on the type of catalysts: (a) initial sample; (b) 103 ion/cm?;

(¢) 10" ion/cm?; (d) 10" jon/cm?

samples irradiated with a dose of 10" ion/cm? after 240 min.
In the case of the congo red decomposition reaction, an
increase in the dye concentration leads to a slight increase
in the decomposition rate, as well as a decrease in the dye
concentration in the solution to 40% for irradiated samples.
A small decrease in the concentration of congo red dye in the
case of an increase in the concentration of the catalyst indi-
cates the lack of efficiency of increasing the proportion of
catalyst in the solution to increase the degree of decomposi-
tion. However, in the case of indigo carmine decomposition,
an increase in the catalyst fraction by a factor of two leads
to a significant reduction in energy consumption during the
industrial scale photocatalytic decomposition of dyes.

Figure 9 shows the results of evaluating the degree of
mineralization depending on the type of photocatalyst,
which was evaluated by determining the change in the con-
centration of total organic carbon (TOC) after the end of the
cycle of the photocatalytic decomposition reaction. Accord-
ing to the data presented, the highest degree of mineraliza-
tion (more than 40%, for IC and 29% CR) is for samples
irradiated with a dose of 10'* ion/cm?, for which complete
discoloration of the solution is observed for 210 min in the
case of photodegradation of the IC dye. A low degree of
mineralization of solutions, even in the case of complete
discoloration of solutions, may be due to the processes of
inactivation of chromospheric groups in the dye, as well as

@ Springer
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Fig.7 The dynamics of the curve of photocatalytic degradation of organic dyes: (a) IC; (b) CR
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Fig.8 The dynamics of the curve of photocatalytic degradation of organic dyes with an increase in the concentration of the catalyst in 2 times:

(a)IC; (b) CR

partial adsorption of the dye on the surface of microparticles
[31].

One of the important characteristics of the catalysts is
the preservation of the operability and efficiency of decom-
position for not only a long time, but also the number of
cycles, which is one of the important factors in assessing the
prospects of photocatalysts. Figure 10 shows a graph of the
degree of photocatalytic decomposition of indigo carmine

@ Springer

and congo red dyes after 300 min of testing for ten cycles
of sequential tests.

From the presented diagram, it is seen that the degree
of decomposition of the dyes remains almost constant for
irradiated samples for 5—7 cycles, while for the initial micro-
particles, the degree of decomposition decreases after four
test cycles. Moreover, the decrease in the degree of decom-
position for the irradiated samples is much less than for the
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Fig.9 Diagram of changes in the degree of mineralization depending
on the type of photocatalyst

initial microparticles, which indicates the long-term effect
of maintaining the photocatalytic ability of the irradiated
microparticles.

Today, one of the most promising areas for the practi-
cal use of both microparticles and thin films is photoca-
talysis and the decomposition reaction of various harmful
substances and dyes. Moreover, interest in nanostructured
and microstructural objects compared to massive objects
of a similar composition is due to the fact that, due to the
small size, their properties have significant differences,
as well as a relatively large specific surface area. So, for
example, (Table 2) presents comparative data of recent

1.0
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0.8 |l 1x10" ion/cm?

|| 1x10" ion/em?

0.2 1

1 2 3 4 5 6 7 8 9 10
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(@)

studies in the field of application of microstructures and
thin films in photocatalysis.

Thus, even a brief review of the literature data shows
the promise of using various oxide micro- and nanostruc-
tures, as well as thin films as various photocatalysts.

4 Conclusion

The effect of irradiation of commercial WO; microparticles
with low-energy helium ions on the structural properties and
photocatalytic activity during the decomposition of organic
dyes is considered. It was found that with an increase in the
radiation dose to 10" ion/cm?, partial degradation of the
structural properties of microparticles is observed due to
destruction of the surface layer and subsequent amorphiza-
tion. Photocatalytic tests showed that for the initial micro-
particles not exposed to irradiation, the degree of decompo-
sition of the indigo carmine dye was no more than 45-50%
after 300 min, while for irradiated microparticles with a flu-
ence of 10'® ion/cm?, complete decomposition was observed
after 200 min, and for microparticles irradiated 10" jon/cm?,
complete dye decomposition is observed after 270 min. Par-
tial amorphization upon irradiation with 10'5 ion/cm? leads
to a decrease in the degree of decomposition and a decrease
in photocatalytic activity. In the case of decomposition of
the congo red dye, the initial microparticles amounted to
no more than 20% of the initial composition. For modified
microparticles, an increase in the degree of decomposition
is observed up to 45-50%.

= it sample T T T T T T
B 1x10" ion/cm?
- | I 1x10™ fon/cm?
3 1x10™ ion/cm®

0.8

The number of cycles

(b)

Fig. 10 Photocatalytic decomposition diagram of indigo carmine (a) and congo red (b) dyes after 300 min of testing for 10 cycles of sequential

testing
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Table 2 Comparative data from recent research on photocatalyst applications

Catalyst type Reaction type

Main results Source

TiO, thin films Cr(VI) photocatalytic reduction

WOj; microparticles Photocatalytic decomposition of Ethylene (C2H4)

TiO,/WO; composite fibers Photocatalytic decomposition reactions of methyl

orange
Au-TiO,-loaded cubic Photocatalytic decomposition reactions of methyl
g-C;N, nanohybrids orange

In this paper the dependences of the influence of [32]
the thickness of thin films on the photocatalytic
reduction rate, as well as the efficiency of the pho-
tocatalytic reaction, are established. The authors
found that increasing the thickness of the films can
significantly increase the reaction rate and achieve
complete recovery in less than 300 min

The prospects of applying the effect of doping Fe**  [33]
on changes in the photocatalytic activity of ethyl-
ene decomposition are shown. The dependences
of an increase in photocatalytic activity, as well as
an increase in the life of doped Fe** microparti-
cles in comparison with the initial microparticles,
were established

The authors examined the prospects for the use of [34]
TiO,/WO; composite fibers for photocatalytic
bleaching of methyl orange as a result of exposure
to UV radiation and visible light. It was shown
that with an increase in the content of ammonium
metatungstate in the composite structure, the reac-
tion rate increased in visible light; for composites
containing 50% fiber, the highest decomposition
activity was observed under UV irradiation

The authors found that the increase in the photo- [35]
catalytic activity of the synthesized nanohybrids
is due to the double effect of the catalytically
active Au and TiO, nanoparticles. It has also been
shown that synthesized nanohybrids can be used
as amine gases detectors
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