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The influence of mechanochemical treatment by high-energy ball milling in two media (water and ethanol) of
different V205/MoQOs/ZrO2 compositions on its structure modification and photocatalytic properties is considered.
Milling process in both media leads to final products Zr(V207) and Mo4VsO25. Their subsequent thermal treatment
provides to formation of Zr(MoO4)2 and V2MoOs composition. They show the photocatalytic activity in the dyes

degradation process in aqueous solution.
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1. Introduction

Vanadium-containing oxide compositions are versatile
materials. For example, V-Mo-O system is known as a
base of catalysts for partial oxidation or oxidative de-
hydrogenation [1, 2|, the matrix for the electrode mate-
rials [3-5], and gas sensors [6, 7]. Typically, such sys-
tems are prepared by calcining of the oxides in air or
by evaporation of mixtures of ammonium salts solutions
with subsequent their thermal decomposition. Recently,
new approaches provide to complete interaction between
reactants in order to exclude additional steps. These
methods include mechanochemical activation (MChA) of
solids. We have previously shown that the mechanochem-
ical treatment of oxides’ mixture (V205/MoO3) and mix-
tures of oxides—salts (V205 /(NH4)2Mo2O7) leads to their
activation and improvement of catalytic properties in the
mild oxidation processes of hydrocarbons [8-10] and pho-
tocatalytic properties [11].

In this work, the mechanochemical treatment of the
ternary system VoO5-MoQO3-ZrOs was carried out modi-
fying its physicochemical and photocatalytic properties.
It is also known that these oxide compositions are promis-
ing catalysts to produce acrolein [12]. Therefore, the de-
velopment of new techniques as alternative methods of
synthesis of the multifunctional materials towards green
chemistry is important.

2. Experimental
The objects of study are V-Mo-Zr oxide composi-

tions as a mixture of non-porous low-dispersed crystalline
oxides (V205, MoOs, and ZrOs). The samples were
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prepared by thoroug grinding in an agate mortar compo-
nents with different ratios (at.%) V:Mo:Zr = 1:1:1, 1:1:2,
2:1:1, and 1:2:1. The resulting mixtures were subjected to
mechanochemical treatment in a planetary mill Pulveris-
sette 7 (Fritsch GmbH) with balls of agate and rotation
speed 700 rpm. The milling processes were performed in
liquid media (water and ethanol) with time ranged from
30 to 60 min. Samples after high-energy ball milling were
thermally treated for 3 h at a temperature of 400-500°C
(these temperatures were determined by DTA data).

The physicochemical characteristics of the samples
were determined by means of the following methods: (i)
X-ray powder diffraction (a diffractometer Philips Ana-
lyzer with Cu K, radiation), (ii) the specific surface area
(SSA) of the samples was determined by the Brunauer—
Emmett-Teller (BET) method using nitrogen (Analyzer
Quantachrome), (iii) the total pore volume Vy; was deter-
mined by water impregnation of samples, (iv) the thermal
analysis (TG-DTA) were carried out using the Derivato-
graph Q-1500 system F. Paulik, J. Paulik, L. Erdey in the
temperature range of 25-1000°C). The electronic spec-
tra of the samples were recorded by the spectrometer
Lambda 35 UV-Vis.

The photocatalytic activity of samples was estimated
in photodegradation reaction in Rhodamine B aqueous
solution (concentration of the solution of Rhodamine B
was 2 x 1075 mol/1) under the action of ultraviolet and
visible radiation.

3. Results and discussion

Figure 1 shows the XRD diffraction patterns for the
initial oxides’ mixtures with various ratios of components
in the V-Mo-Zr-O system and after their mechanochem-
ical treatment in ethanol and water for 30 min. One can
see that the partial amorphization of molybdenum and
vanadium oxides takes place even during short milling
time of vanadium, molybdenum and zirconium oxides’
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Fig. 1. X-ray diffractograms of V205/Mo00O3/ZrO,
samples: (1) for initial composition and (2) af-
ter MChA in ethanol and (3) in water. Ratio of
V205/Mo03/ZrO2: (a) 1/1/1, (b) 1/1/2, (¢) 1/2/1, (d)
2/1/1.

mixtures, and new reflexes independently of applied
medium (water, ethanol) appear. They correspond to
new-formed polyvanadium acids V307-H2O. There are
also present reflexes of unreacted oxides V205 and ZrQOs.
Mechanochemical treatment in water for 30 min resulting
in the formation of Zr3V30Og.31Hg 57 phase. These results
are in accordance with the mechanism proposed earlier
for metal oxides which were mechanochemically activated
in water [13]. This mechanism involves the process of wa-
ter decomposition into hydroxyl radicals and atomic hy-
drogen and its action in reduction process of vanadium

oxide. Thus, there is solid phase interaction between
V505 and ZrOs with the introduction of hydrogen into
the newly formed phase, namely Zr3V30g.31Hg 57, in this
case.

Increase of mechanochemical treatment time to 60 min
leads to destruction of Zr3V30g.31Hg 57 and the appear-
ance of known nonstoichiometric Magnelli phases, which
are formed through the crystallographic shear mecha-
nism. The mechanism of formation of crystallographic
shear plane can be as follows: under the action of intense
mechanical stress on the solid crystal structure ordering,
removing the surface oxygen occurs, while oxygen vacan-
cies are forming. With increase of concentration defects,
they begin to occupy certain lattice sites.

The ordering the defect structure takes place, leads to
the formation of nonstoichiometric phases Magnelli, that
represent, a crystal domain with another structure and
composition.

The solid phase reactions between VoO5 with ZrO4 and
V205 with MoOs forming new compounds of Zr(V,07)
and MoyVgQOs5 are also observed, respectively (these
XRD patterns are not shown).

Subsequent calcination of the obtained samples at 400—
500°C (the temperature from the DTA curves) leads to
re-oxidation processes in solids. As a result, oxides in
the higher oxidation state of metals and molybdates with
compositions Zr(MoQOy)s and VoMoOg are formed. This
is confirmed by XRD patterns (Fig. 2) and FTIR spec-
tra (Fig. 3).
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Fig. 2. X-ray diffractograms of V20s5/MoQ3/ZrO-
samples with ratio of oxides = 1/1/1: (1) for initial com-
position after additional thermal treatment at 450 °C,
(2) after MChA in ethanol and the subsequent thermal
treatment at 450°C and (3) after MchA in water and
further thermal treatment at 450 °C.
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Fig. 3. FTIR spectra of V205/MoQO3/ZrO2 samples

with ratio of oxides = 1/1/1: (1) for initial composition
after additional thermal treatment at 450 °C, (2) after
MchA in ethanol and the subsequent thermal treatment
at 450 °C and (3) after MChA in water and further ther-
mal treatment at 400 °C.

Mechanochemical processing conditions and subse-
quent calcination parameters define the porous structure
of intermediates and final oxides. Phase transitions oc-
curring at these stages also have a decisive influence.
Thus, the mechanochemical treatment in ethanol leads to
appreciable increase in the specific surface area, whereas
in the water, this value decreases (Table I).

TABLE I

Influence of mechanochemical treatment conditions on
the selected properties of V205/MoO3/ZrO2 composi-
tions; time of milling — 60 min.

Composition MChA SSA Vs
of sample medium | [m?/g] [cm®/g]
V205 initial 6 n.d.
MoOs3 initial 2 n.d.
VA0 initial 120 n.d.
Ethanol 20 0.43
Mo/Zr (1/1/1
V/Mo/Zr (1/1/1) ‘Water 3 0.40
Ethanol 40 0.36
Mo/Zr (1/1/2
V/Mo/Zr (1/1/2) | e 2 0.30
Ethanol 18 0.42
Mo/Zr (1/2/1
V/Mo/Zr (1/2/1) |y er 2 0.50
Ethanol 29 0.39
V/Mo/Zr 2/1/1) | e 15 0.37
n.d. — not determined

In the first case it is caused by the anisotropic destruc-
tion of crystals, in the second one — the collective re-
crystallization. It is important that the initial mixtures
are oxide powders form but after mechanochemical treat-
ment, both in water and in ethanol, they are converted
to porous, namely meso-macroporous material with a to-
tal pore volume of 0.3-0.5 cm®/g. Typically, due to the
thermal treatment of milled samples, porosity increases.
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Fig. 4. UV-Vis spectra of samples V20s5/MoQ3/ZrO-

compositions: (1) with a ratio 1/1/1 after MChA in
water and subsequent thermal treatment at 450 °C, (2)
with a ratio 1/1/1 after MChA in ethanol and sub-
sequent thermal treatment at 450 °C, (3) with a ratio
2/1/1 after MChA in ethanol and subsequent thermal
treatment at 450 °C, (4) with a ratio 1/2/1 after MChA
in ethanol and subsequent thermal treatment at 450 °C,
(5) with a ratio 1/1/2 after MChA in ethanol and sub-
sequent thermal treatment at 500 °C.

TABLE II

Photocatalytic properties of V205/MoQO3/ZrO2 composi-
tions mechanochemically activated under different condi-
tions and subsequently thermally treated.

V205/MoQs3/ZrO2| MChA | T | E, | K3V K™
(ratio) medium |[°C]|[eV]|[10° s™!]| [10° s71]
(1/1/1) pure | — |2.95| 3.65 2.75
(1/1/1) water |450[2.42| 4.85 3.6
(1/1/1) ethanol | 450 [2.47| - -
(1/1/2) ethanol | 500 |2.34 - 3.3
(1/1/2) ethanol | 500 [2.35| 6.2 2.5
(1/2/1) ethanol | 500 |2.35 - -

UV-Vis spectra of samples after mechanochemical ac-
tivation and subsequent thermal treatment are shown
in Fig. 4. Spectra of V305/Mo0O3/ZrO2 compositions
contain an asymmetric band with maximum character-
istic for vanadium oxide, as well as broad band in the
region > 600 nm due to the presence of metals with a
low oxidation state. It can be seen that the band gap E,
slightly decreases with enrichment of mixture the molyb-
denum and zirconium oxides, which have smaller values
Eg than V205 [9,].].]

There is also a blue shift of the absorption edge as a re-
sult of mechanochemical treatment of compositions. So,
Eg is equal to 2.95 and 2.42-2.47 eV for the initial and
activated samples, respectively (Table II). Furthermore,
all samples show a strong absorption in the visible re-
gion (its value depends on the ratio of V:Mo:Zr). It
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should be added that a maximum of radiation from the
lamp used for photocatalysis is 568 nm. As a conse-
quence, V205/MoQ3/ZrOy composition exhibits a suf-
ficiently high photocatalytic activity in the degradation
of rhodamine B in an aqueous medium under the influ-
ence of visible light (see Table II, column 4). At the
same time, the degradation rate constant K4, calculated
from the first order kinetic equation obtained for the
photocatalytic reaction by UV irradiation, has higher val-
ues. It is important that the mechanochemical treatment
leads to a substantial increase of photocatalytic activity
of the oxides’ compositions in comparison with starting
mixtures (both in UV and visible region), as exemplified
by the oxides, with a ratio of 1:1:1 (Table II).

Thus, modifying the V405/MoQO3/ZrOs compositions
by mechanochemical treatment in water and ethanol
changes the crystal structure, phase composition and the
dispersity of the samples. Mechanochemical modification
also promotes the change of electronic and spectral prop-
erties of the activated samples and as a result — increase
in the photocatalytic activity of V2O5/MoQO3/ZrOs dur-
ing degradation process of rhodamine B in aqueous
solution.
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