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ABSTRACT In this work, photocatalysts based on titanium dioxide were synthesized by high-energy ball milling
of commercial titanium dioxide in the anatase modification. Using a complex of physicochemical methods,
including XRD, low-temperature nitrogen adsorption, XPS and TEM, it was shown that the milling of commercial
anatase leads to phase transformations and the formation of several phases of titanium dioxide, namely the
high-pressure phase, the monoclinic phase of anatase and rutile, except for in addition, there is a change
in the crystalline size and the value of the specific surface area grows from 8 to 31 m2/g. It was found that
defects are introduced into the system during ball milling. The photocatalysts obtained by milling showed an
activity comparable to the commercial standard TiO2 Degussa P25 in the destruction of the methylene blue
dye under the action of UV light, while the adsorption properties of the synthesized samples exceeded those
of commercial P25.
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1. Introduction

Currently, the problem of water and air purification from various contaminants is very urgent [1]. The recent rapid
growth of the industry led to worldwide environmental problems [2]. It is well known that dyes play an important role
in various branches of textile industry. Nowdays over 100 000 commercially available synthetic dyes are usually used in
industries. These dyes are mainly derived from coal tar and petroleum intermediates, with a total annual production of
more than 7 · 105 tons [3–6].

Advanced oxidation processes (AOPs) are the most widely used technology for dye degradation. Recently, there has
been a great amount of works that has been done and various kinds of AOPs have been developed [7]. At present, for
the oxidation of various pollutants, including dyes, photocatalysis on semiconductors is widely used [8]. Of great interest
is the photocatalytic oxidation of pesticides and detergents [9]. Photocatalytic reactions for the oxidation of pesticides
such as acrinathrine, methamidophos, malathion, diazion, carbetamide, and the insecticide fenitration have already been
described [9–13]. A large number of works are devoted to the photocatalytic oxidation of various dyes [14, 15].

In the photocatalytic method of water purification, titanium dioxide is used in most cases. Titanium dioxide TiO2 is
one of the most common photocatalysts due to its stability, relatively high activity, and environmental safety [16,17]. This
compound occurs in three phases: anatase (tetragonal), rutile (tetragonal), and brookite (orthorhombic). The anatase phase
is considered to be the most photocatalytically active than the rutile phase due to the higher (by 0.1 eV) position of the
Fermi level, due to which the electrons have a higher reduction potential [18]. On the other hand, rutile has a smaller band
gap (3.0 eV) compared to anatase (3.2 eV) [19], which contributes to the absorption of light with a longer wavelength [20].
Previously, in our works, a strong influence of the phase composition of titanium dioxide on its photocatalytic activity was
shown [21, 22]. An affordable way to modify titanium dioxide is high-energy ball milling. During high-energy milling,
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various processes can occur, including the formation of structural defects, phase transformations, morphology changes,
and particle fragmentation [23].

In this work, photocatalysts based on titanium dioxide with improved physicochemical properties were synthesized
by a simple and cost-effective method of high-energy milling of commercially available anatase. These samples were
successfully tested in the photocatalytic oxidation of methylene blue dye under the action of UV irradiation. The influence
of milling parameters on the photocatalytic and adsorption properties of the samples was revealed.

2. Experimental

2.1. Photocatalyst synthesis

Anatase titanium dioxide (Sigma Aldrich, composition: anatase – 98 wt.% rutile – 2 wt.%, 99.8% purity) was used as
the initial powders (A0 sample). To modify the initial titanium dioxide powders, high-energy ball milling was used
in Retsch PM 200 planetary ball mill. The high-strength ceramics, namely zirconium dioxide ZrO2 stabilized with
yttrium oxide Y2O3 was chosen as the material for the milling bowls and balls to minimize sample contamination during
milling. The optimal mass ratio of milling balls and powders, namely 10:1, was chosen to effectively obtain the smallest
nanoparticle size. Isopropyl alcohol was used as the milling liquid. To prevent the formation of rutile during milling, a
special mode was chosen in this experiment: rotation speed of support disks 500 rpm at milling duration of 4 and 8 h
with direction reversal every 10 minutes and a pause of 15 minutes. The obtained samples of anatase after mechanical
activation for different milling times are designated A4 and A8, respectively.

2.2. Photocatalyst characterization

X-ray phase analysis of the initial and milled powders was performed in CuKα1,2 radiation using XRD-7000 (Shi-
madzu, Japan) autodiffractometer in the Bragg–Brentano geometry in the step-by-step scanning mode with ∆(2θ) =
0.02◦ in the angle range 2θ from 10 to 120◦ with high statistics. The “Powder Standards Database – ICDD, USA, Release
2016” was used to identify the phases. Phase analysis was carried out using the Powder Cell 2.4 program. The dimensional
and deformation contributions to the reflection broadening were determined by the Williamson–Hall method.

The specific surface area of all samples was measured using a Nova 1200e analyzer (Quantachrome Instruments,
USA) implementing the Brunauer–Emmett–Teller (BET) method with preliminary degassing at 150 ◦C for 60 min.

Optical properties were studied by using FS-5 spectrofluorometer (Edinburgh Instruments) equipped by arc Xe-lamp
(450 W), photomultiplier and integrating sphere. Spectroscopic measurements were done in the range of 250 – 850 nm at
ambient temperature. Optical polytetrafluoroethylene was used as a white standard for diffuse reflectance. Processing of
experimental spectra was performed using the Kubelka–Munch function.

X-ray photoelectron spectroscopy (XPS) was used to study the chemical composition of the surface of the pho-
tocatalysts with the use of photoelectron spectrometer SPECS Surface Nano Analysis GmbH (Berlin, Germany) using
non-monochromatized AlKα radiation (hυ = 1486.61 eV). Data processing was carried out using the CasaXPS software
package. Transmission electron microscopy (TEM) was used to study the structure and microstructure of the catalysts
using a ThemisZ electron microscope (Thermo Fisher Scientific, Waltham, MO, USA).

The structure and microstructure of the samples were studied by high-resolution transmission electron microscopy
(HRTEM) on a ThemisZ dual-corrector transmission electron microscope (Thermo Fisher Scientific, USA). Images were
recorded using a Ceta 16 CCD array (Thermo Fisher Scientific, USA). The instrument is equipped with a SuperX (Thermo
Fisher Scientific, USA) energy-dispersive characteristic X-ray spectrometer (EDX) with a semiconductor Si detector with
an energy resolution of 128 eV.

2.3. Photocatalytic experiments

The photocatalytic reactor and emission spectra of the light source are shown in Fig. 1.
An aqueous solution of methylene blue with a concentration of 2 · 10−4 M for carrying out photocatalytic oxidation

was diluted 10 times and adjusted to pH = 7 with a NaOH solution with a concentration of 0.01 M. The pH of the stock
solution was measured with an Ohaus Starter ST3100 pH meter. A suspension consisting of an aqueous solution of
methylene blue with a volume of 100 ml and a photocatalyst with a mass of 50 mg was placed in a photocatalytic reactor
and processed in an ultrasonic bath “Sapphire” UZV-1.3/2. Next, the reactor was removed for 60 minutes in a dark place
for efficient adsorption of methylene blue on the catalyst. After adsorption, the photocatalytic reactor was illuminated
by a LED with a wavelength of 365 nm (2 mW cm−2) for 3 hours. Samples of methylene blue with a volume of 3 ml
were taken before and after adsorption, as well as every hour during illumination. To obtain a pure solution without
catalyst impurities, the samples were filtered using hydrophobic membrane filters. Samples were analyzed by UV-Vis
spectroscopy on Shimadzu UV-2501 PC spectrophotometer.
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FIG. 1. Photocatalytic reactor (a), emission spectra of the light source (b)

3. Results and discussion

3.1. Characterization of photocatalyst samples

A sample of commercial anatase before milling and photocatalysts synthesized by ball milling the original TiO2 were
examined by XRD (Fig. 2a). The phase composition and textural properties of photocatalysts are presented in Table 1.

FIG. 2. XRD (a), diffuse reflectance spectra in Tauc’s plot (b) of the samples

The original sample A0 is a standard anatase (I41/amd) with rutile impurities. Analysis by XRD shows that the
ball milling of anatase proceeds with the formation of several modifications of TiO2. After 4 hours of anatase milling,
in addition to the standard anatase phase (I41/amd), the formation of a high-pressure phase (Pbcn) – 27 wt.%, anatase
monoclinic phase (C2/m) – 3 wt.% and a standard rutile phase (P42/ mnm) – 1 wt.% were observed. Milling up to 8 hours
leads to an increase in the content of the high-pressure phase up to 24 wt. %, a decrease in the average particle size and
an increase in the specific surface area from 8 to 31 m2/g.

To analyze the optical properties of the samples, diffuse reflectance spectra of photocatalysts were obtained. The
band gap of the studied catalysts was determined using the Kubelka–Munk function, the calculation was performed for an
indirect (n = 2) allowed transition (Fig. 2b). An analysis of the dependences showed that anatase milling does not lead
to significant changes in the band gap of the catalysts; band gap energy is about 3.2 eV, which is typical for the anatase
modification of titanium dioxide [24].

The surface properties of photocatalysts A0, A4, and A8 were studied by XPS. The relative concentrations (atomic
ratios) of the elements in the surface layer of the samples, as well as the values of the Ti2p, O1s, and C1s binding energies,
determined on the basis of XPS data, are presented in Table 2.

The Ti2p spectra of the studied samples are shown in Fig. 3a. As is known, the 2p level of titanium is split into two
sublevels Ti2p3/2 and Ti2p1/2 due to the spin-orbit interaction; the spin-orbit splitting is 5.66 eV. The Ti2p3/2 peak has
a symmetrical shape, and the Ti2p3/2 binding energy is 459.0 eV, which corresponds to Ti in the Ti4+ state in the TiO2

structure. In the literature, Ti2p3/2 binding energies are given for TiO2 in the range of 458.7 – 459.2 eV, while for Ti in the
Ti3+ state, in the range of 456.2 – 457.4 eV [25–29]. Also, in the Ti2p spectra of titanium of all samples, except for A0,
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TABLE 1. Phase composition and textural, adsorption, and photocatalytic characteristics of the tested catalysts

Sample Phase composition wt. %
CSR,
nm

SBET ,
m2/g

Eg ,
eV

(C0 − C)/C0,
% after

adsorption

(C0 − C)/C0,
% after

photocatalysis

A0
Anatase I41/amd 98 100

8 3.22 32 89
Rutile P42/mnm 2 >100

A4

Anatase I41/amd 69 81

16 3.22 79 87
Anatase Pbcn 27 —

Anatase C2/m 3 —

Rutile P42/mnm 1 53

A8

Anatase I41/amd 72 80

31 3.21 58 84
Anatase Pbcn 24 8

Anatase C2/m 2 —

Rutile P42/mnm 2 —

Evonik
P25

Anatase I41/amd 85 19
55 3.14 9 96

Rutile P42/mnm 15 30

TABLE 2. Relative atomic concentrations of elements1 in the surface layer of the studied samples, as
well as the Ti2p, O1s, and C1s binding energies (eV)

No. Sample [Ti3+] [Ox] [C] [O]
Binding energy, eV

Ti3+

Ti2p3/2
O1s C1s

1 A0 0.01 2.56 2.38 3.25 — 530.3 285.3

2 A4 0.08 2.55 4.81 3.35 457.8 530.3 285.2

3 A8 0.11 2.47 6.18 3.56 457.8 530.3 285.2

1All correlations are normalized to [Ti]

a low-intensity doublet is observed in the region of lower binding energies (the binding energy of Ti2p3/2 is 457.8 eV),
which, according to the literature data, can be attributed to Ti in the Ti3+ state.

The O1s spectra are shown in Fig. 3b. The spectra are described by several peaks corresponding to oxygen in different
environments, so the O1s peak in the region of 530.3 eV undoubtedly refers to oxygen in the TiO2 structure [25–29]. The
peak in the O1s spectra in the region of 531.9 eV for samples of series A refers to the surface OH-, sulfate/sulfite, and
phosphate groups; the peak in the region and 533.6 eV refers to adsorbed water.

In order to show the transformation of the properties of the samples during milling, HRTEM images of all photocat-
alysts were obtained.

According to the HRTEM data, sample A0 consists of rounded particles with sizes on the order of 100 nm. On the
surface of the particles, lamellar particles with sizes of 5 – 10 nm, also related to TiO2, are observed. The analysis of
interplanar distances showed the presence of the anatase phase and did not reveal defects or impurities in the composition
of rounded particles, however, it should be noted that an amorphous layer is observed on the surface, this type can be
attributed to contamination with carbonaceous deposits (Fig. 4a–b). HRTEM images of sample A4 are shown in Fig. 4c–
d. In this sample, a large number of TiO2 particles with sizes of about 10 nm appear on the surface of large agglomerates,
while some of the fine particles also form agglomerates with sizes of about 100 nm. The study of interplanar distances
showed that the nanoparticles of the main phase can be attributed to the anatase modification, and the precipitated phase
to the rutile modification. This is displayed in the figures as distances of 3.3 Å for rutile and 3.5 Å for anatase. According
to HRTEM data (Fig. 5), in sample A8, the content of the rutile phase increases, some of these particles agglomerate
with the formation of lamellar disordered defective particles with a microdomain structure. An analysis of the interplanar
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FIG. 3. XPS Ti2p (a), O1s (b) spectra of the samples

distances did not reveal the formation of new phases. Elemental mapping also shows that the sample is composed of
titanium dioxide.

In general, according to the characterization by a complex of physicochemical methods of samples A0, A4, A8,
the following conclusion can be made that the milling of commercial anatase leads to phase transformations and the
formation of several phases of titanium dioxide, namely the high-pressure phase, the monoclinic phase of anatase and
rutile, in addition there is a change in the crystalline size and the value of the specific surface area from 8 to 31 m2/g. It
has been established that defects are introduced into the system during grinding, which is confirmed by XPS and HRTEM
data. It is believed that this defective structure improves the adsorption and catalytic properties of materials.

3.2. Photocatalytic activity

The activity of all the studied samples was investigated in the photocatalytic oxidation of the methylene blue dye under
the action of UV radiation with a wavelength of 365 nm. Optical densities of the dye solutions before and after irradiation
at a wavelength of 666 nm were used to calculate the decoloration degree of the dye. For comparison, photocatalytic
oxidation was carried out using the most commonly used commercial photocatalyst TiO2 Degussa P25 (anatase/rutile).

FIG. 4. HRTEM images of sample A0 (a–b top) and A4 (c–d bottom)
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FIG. 5. HRTEM images (a–c) and EDX mapping (d) of sample A8

Substrate adsorption and photocatalytic oxidation data are presented in Table 1; kinetic dependences of photocatalytic
oxidation are presented in Fig. 6.

It can be seen that in the blank experiment without a photocatalyst, no degradation of the dye under the action of UV-
irradiation is observed. At the same time, with all samples of titanium dioxide, including Degussa P25, almost complete
degradation of the MB dye occurred in an hour of irradiation. A significant difference is the much stronger adsorption
occurring both in the presence of sample A0, and especially in the presence of samples A4 and A8. Thus, almost 80 %
of the dye was degraded during an hour of dark adsorption on sample A4. It is worth paying attention to the UV-vis
spectra of the reaction suspension obtained during experiments with the A8 photocatalyst. It can be seen that after the
stage of dark adsorption and at the first stages of oxidation, adsorption in the 400 – 600 nm region increases, which can be
explained by the rapid formation of intermediate oxidation products. According to the literature, high performance liquid
chromatography revealed the formation of some dyes of the thiazine series, such as azures and thionine, during irradiation
of methylene blue solutions in the presence of modified titania [30, 31].

It can be concluded that the milling of anatase A0 significantly increases its adsorption properties, which, of course,
is associated with an increase in the specific surface area of the samples and a decrease in the size of titanium dioxide crys-
tallites. In addition, the defectiveness of the synthesized samples is also a beneficial for its adsorption and photocatalytic
properties. It should be noted that from a practical point of view, fast adsorption with further oxidation of the pollutant,
as occurs in the case of samples A4 and A8, is more advantageous than slow adsorption with further faster photocatalytic
oxidation, as in the case of commercial Degussa P25, because the main task is to quickly neutralize the release of harmful
substances.

4. Conclusions

In conclusion, in this work, a new method for the formation of active photocatalysts based on high-energy ball milling
of commercial anatase was proposed. It has been shown that milling leads to a complication of the phase composition of
anatase with the formation of new high-pressure phases; the dispersion of particles and the specific surface of the material
increase, and defects also appear. It was shown that the materials synthesized in this work have unique properties and
phase composition. The samples obtained by grinding showed high activity in the photocatalytic oxidation of the dye,
methylene blue, under the UV irradiation. The adsorption properties of the obtained materials significantly exceed those
of the commercial TiO2 Degussa P25, which leads to good prospects for the use of these materials for environmentally
friendly water purification from pollution of various classes.
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