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Abstract: Titania photocatalysts supported on mesoporous MgQO carriers doped with Mo(VI) ions
were prepared and characterized by XRD, BET nitrogen adsorption, FT-IR, and EPR methods. The
photocatalytic activity was evaluated by bleaching an aqueous dye solution in the presence of a dispersed
photocatalyst and by bleaching the dry surface of a solid tablet of photocatalyst using rhodamine B and
nigrosin as model organic pollutants. It was established that TiO, photocatalyst based on MgO carrier
doped with 1 wt.% Mo(VI) ions, with the ratio of MgO:TiO, = 1:0.5, possessed the highest activity under
UV radiation. The increase in the content of molybdenum up to 10 wt.% leads to the formation of a
MoO3 nanophase on the MgO surface, the formation of an isotype n—1 heterojunction at the MoO3 /TiO,
interface, and photocatalytic activity under the action of visible light.
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1. Introduction

Titanium dioxide is the most studied photocatalyst capable of destroying many or-
ganic substances under UV radiation and exhibiting the photoinduced superhydrophilicity;
it is used in photocatalytic systems for water and air purification from organic impurities,
as well as to produce self-cleaning building materials [1,2]. The use of micro- and nanopar-
ticles of titanium dioxide in slurry photocatalytic reactors, although allows for achieving
high efficiency of the water purification process, is associated with the need to ensure the
complete extraction of the photocatalyst from the reaction medium upon completion of
the process. Therefore, the development of a carrier-deposited titanium dioxide photo-
catalyst in the form of particles with sizes optimized for its removal by relatively simple
methods such as settling, filtration, or centrifugation, is of considerable interest. Inactive
in photo-induced processes titanium, aluminum, zirconium, magnesium phosphates [3],
hydroxyapatite [4], silicon dioxide [5], zeolites [6,7], clays [8,9], as well as photoactive form-
ing a semiconductor heterojunction at the interface [10] such as tungsten and molybdenum
oxides [11,12], Fe;O3 [13], carbon nanotubes [14], CdS [15], Fe304 [16], ZnO [17], SnO, [18],
WOs [19], (Ba, Sr)TiO3 [20], BiVOy4 [21], VO, [22], BiFeOj3 [23], CupO [24], V,05 [25] are
used as carriers for titania photocatalysts.

To enhance the functional characteristics of a titania photocatalyst, in particular, in-
crease activity and sensitization in the visible spectral region, is possible by doping it with
various ions—vanadium [26,27], molybdenum [28], iron [29,30], chromium [31], etc. In
this case, it is necessary to justify the optimal concentration of the introduced dopant, as
its excess usually leads to enhanced recombination of photogenerated electron-hole pairs.

Catalysts 2023, 13, 454. https:/ /doi.org/10.3390/ catal13030454

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal13030454
https://doi.org/10.3390/catal13030454
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-4905-3184
https://doi.org/10.3390/catal13030454
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13030454?type=check_update&version=1

Catalysts 2023, 13, 454

20f15

It should be noted that a large number of original works on the combination of titanium
dioxide with other components (carriers) and its doping are summarized in a number of
reviews [32-39].

Nevertheless, a number of problems arising in the development of TiO;-based pho-
tocatalysts are still unresolved. In particular, the choice of a carrier could be limited by
the release of extraneous, including environmentally undesirable ions, fragmented micro-
and nanoparticles resulting from mechanical abrasion and photocorrosion, erosion, and
chemical corrosion during the operation of the deposited photocatalyst [40,41]. Doping of
titania with metal ions, atoms, or nanoparticles also has limitations related to the gradual
removal of doping ions from the surface of the photocatalyst, it is poisoning due to the
binding of doping ions into stable chemical compounds, for example, by sulfide ions, and,
as a rule, a relatively narrow range of dopant concentrations in which it shows high activity.

The purpose of this work was to study the doping of the deposited titanium dioxide
photocatalyst by introducing a doping agent into the volume of the inert carrier rather than onto
the surface or into the near-surface TiO, layer. The Mo(V1]) ion capable of incorporating into the
TiO; lattice or entering the photocatalyst as a MoOs nanophase, was chosen as a dopant.

It should be noted that a number of studies have shown that doping of TiO, with
molybdenum increased the activity of the photocatalyst in the photodegradation of organic
compounds including exposure to visible light [42,43] and provided high antimicrobial
activity [44]. In addition, the formation of MoOj3-TiO, heterostructure made it possible to
carry out the process of water splitting [45], the shifting process of organic dyes photode-
struction [46,47] to the visible light region, in the form of nanofibers [48], thin films [49],
Langmuir-Blodgett films [50] and for photocatalytic energy-storage systems [51]. Some
studies have demonstrated the inhibitory effect of Mo ions and MoO3 on TiO, photocata-
lysts. Thus, the MoO3-TiO, photocatalyst showed lower activity as compared to the initial
TiO, in photodestruction of 2-propanol [52], doping of TiO, with V°* ions reduced the
photoactivity in chlorpyrifos oxidation [53], deposition of MoOj3 shell on the surface of TiO,
core also led to reducing in photoactivity due to the loss of photogenerated charge carriers
involved them in electrochromic processes in the MoOj3 layer [54]. The examples illustrate
the sensitivity of the TiO, photocatalyst both to the doping method with molybdenum and
to its specific content in the photocatalyst.

The choice of magnesium oxide MgO as a photocatalyst carrier is based on the combi-
nation of its photochemical inertness and complete environmental safety of Mg?* ions that
can be released into the treated medium, the possibility to obtain mesoporous materials
with high specific surface area by fairly simple methods, as well as its optical transparency
and the absence of negative involvement in the recombination of charge carriers photogen-
erated in TiO; layer.

It is worth noting that as a component of the TiO,-MgO photocatalyst, magnesium ox-
ide was used as a coating on the porous TiO; microspheres during CO, photo-reduction [55];
TiO, /MgO bilayer was tested during the oxidation of 2-chlorophenol, 2,4-dichlorophenol
(2,/4-DCP) and 4-aminobenzoic acid in an aqueous solution [56]; mixed oxides with a low
MgO content (1-2 mol%) were found to be more UV-active photocatalysts than Degussa
P25 during acetaldehyde degradation [57], and in dye-sensitized solar cells [58].

In this work, the MgO carrier was synthetized by a method that provides a mesoporous
structure and a high specific surface area, which ensure extensive contact with the TiO,
coating and enhance the contribution of molybdenum doping ions or MoO3; nanophase to
photocatalytic processes on the TiO, surface.

2. Results and Discussion
2.1. Preparation of Active Photocatalyst and Its Characterization

When preparing Mo(VI)-doped MgO, it was found that the addition of a small (1 wt.%
Mo vs. MgO mass) (NH4)sMogOn4 amount to the freshly made MgO suspension led to
complete peptization of the precipitate. Therefore, to prepare MgO-Mo(VI) powder, the
pH of the colloidal system was increased by adding an aqueous ammonia solution until
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the formation of the precipitate was suitable for separation by centrifugation or filtration.
Heat treatment at 400 °C of MgO-Mo(VI) samples obtained in this way leads to the forma-
tion of magnesium oxide, which is characterized by a significantly greater broadening of
reflections on the XRD patterns compared to those for the initial MgO obtained without in-
troducing Mo(VI) ions and, accordingly, without the stages of peptization and re-deposition
(Figure 1). Molybdenum in the form of MoOj3 phase inclusions does not appear on the
XRD patterns of these samples not only because of its small amount but, probably, because
of the distribution of Mo(VI) ions in the MgO matrix without MoO3 phase formation. An
increase in molybdenum ions concentration up to 10 wt.% leads to the noticeable MoOj3
phase inclusions (Figure 1b, curve 5) and MgO-MoOs-TiO, heterostructure formation.
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Figure 1. XRD patterns of MgO-TiO, composites based on pristine magnesium oxide (a) and MgO-
Mo(VI)-TiO, composites based on Mo-doped MgO (b) at a molar ratio of components MgO:TiO, = 1:0
(curves 4, 5), 1:0.1 (curve 3), 1:0.25 (curve 2) and 1:0.5 (curve 1). Molybdenum content [Mo(VI)] in MgO
substrate is 1 wt.% (“b”, curves 1-4), 10 wt.% (“b”, curve 5). MgO substrate was heat-treated in air at
400 °C; MgO-TiO, composite—at 500 °C. 0—MgO, x—TiO; (anatase), *—MgTi,O5, +—Mg; 5Ti1 504,
#—MoO3, A—MgMoQO;.

XRD pattern of MgO-TiO, composite based on the pristine MgO with the component
ratio MgO:TiO, = 1:0.1 contains only pure MgO phase (Figure 1a, curve 3), and anatase
reflections appear only at the significant TiO, content (MgO:TiO; = 1:0.5). In addition, in
samples with MgO:TiO, = 1:0.25 and 1:0.5 ratios, MgTi,Os phase is crystallized as a result
of heat treatment at the temperature of 500 °C. The patterns of MgO-TiO, composite based
on Mo-doped MgO show anatase reflections already for the samples with MgO:TiO, = 1:0.1
ratio. MgTiyOs and Mg 5Ti; 504 phases, which are also noticeable for composites with a
high content of TiO, (Figure 1b), also begin to crystallize in these samples. Such a difference
between composites based on pure MgO and Mo-doped is quite understandable, given the
significantly larger specific surface area of the doped samples and their increased surface
reactivity (Table 1).
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Table 1. Average microcrystallite sizes * (r), specific surface area ** (S,), cumulative pore volume
*** (Vp), average pore diameter *** (Dp), and pseudo-first-order rate constant k; for Rhodamine
B photodegradation under UV irradiation (high-pressure mercury quartz UV lamp) and visible
light (A > 420 nm) for pristine MgO, MgO-Mo(VI)-TiO,, MgO-MoO3-TiO; composites **** dispersed
(1 g/L) in an aqueous solution containing 4 X 102 mol/L RhB.

Composite [Mo], wt.% r, nm Sa m?/g Vp, em®/g Dy, nm k1, min—1 (UV) k1, min—1 (vis)
Pristine MgO 0 43.6 42 0.11 6.14 N/A N/A
MgO-TiO, 0 10.1 50 0.18 109 0.028 <0.001
MgO-Mo(VI) 1.0 94 208 0.45 5.46 N/A N/A
MgO-Mo(VI)-TiO, 0.5 12.5 191 0.33 5.05 0.035 <0.001
MgO-Mo(VI)-TiO, 1.0 9.4 63 0.19 7.75 0.037 <0.001
MgO-Mo(VI)-TiO, 2.0 9.3 210 0.37 5.12 0.031 0.002
hl’\lfgj'f\ﬁ’ég?_%g;; 50 97 193 029 401 0.020 0.003
MgO-MoO3-TiO, 10.0 10.9 110 0.22 3.77 0.019 0.012
MgO-MoO3-TiO, 20.0 10.4 76 0.21 3.15 0.014 0.013

* Calculated from the half-width of the (200) XRD line by Debye-Scherrer method; ** measured by Brunauer—
Emmett-Teller method using N, desorption isotherm; *** estimated using the Barret-Joyner-Halenda model with
the Horvath-Kawazoe method for mesopores desorption; **** MgO:TiO, = 1:0.5.

Thus, the crystallite sizes calculated from the broadening of XRD reflections decrease
from 43.6 £ 10.7 nm for the pristine MgO to 9.4 & 2.9 nm for molybdenum (1 wt.%) doped
samples. Such a significant change in the size of crystallites leads to a considerable increase
in porosity and specific surface area S, of MgO samples as a result of their doping with
Mo(VI) (Table 1). The S, values determined from N, adsorption isotherms (Figure 2a)
sharply increase from 42-50 m? /g for the pristine MgO and MgO-TiO, to 208 4 22 m?/g
for 1 wt.% Mo(VI) doped MgO. As follows from Figure 2a, adsorption isotherms of these
samples correspond to the IV IUPAC type. All samples belong to the class of mesoporous
materials with a high porous volume (Figure 2b, Table 1), especially for MgO doped with
molybdenum. It is characteristic that the deposition of the TiO, layer on the MgO-Mo(VI)
surface significantly reduces the surface porosity, leading to a decrease in its S, value to
63 + 5 m?/g, thereby compensating for its significant increase caused by the peptization of
precipitated MgO by Mo(VI) ions. For the Mo-doped MgO, the cumulative pore volume
(diameter from 1.7 nm to 300 nm) calculated by the BJH desorption method is 0.45 cm3/ g,
and the average pore diameter is 5.46 nm. The deposition of a titanium dioxide layer on a
MgO carrier doped with 1 wt.% Mo(VI) leads to a significant (by a factor of 2.4) decrease
in the cumulative pore volume and a decrease in the average pore diameter by a factor of
1.4 (Table 1). It can be expected that the shift of the pore size distribution towards larger
diameters will favor the accessibility of inner-pore space in photocatalytic processes.

The enhanced reactivity of the Mo-doped MgO substrate is confirmed by infrared
spectroscopy data. Figure 3 shows that in the FTIR spectrum of the pristine magnesium
oxide, in addition to the bands of v (Mg-O) at 853 and 1485 cm ™1 [59] there are strain
and valence vibration bands of residual or sorbed water (1529, 1643 and 3600 cm ™) [60].
The doping of MgO with Mo(VI) ions leads to the appearance of bands at 407, 413, 672,
and 3702 cm~!. The band at 3700 cm™ may be related to the valence vibrations of the
hydroxyl ion [60,61] indicating incomplete dehydration of magnesium hydroxide under
heat treatment during sample preparation.
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Figure 2. Adsorption isotherms (a) and desorption pore volume distribution (b) of Mo(VI)-doped
MgO (1), MgO-TiO; (2), and MgO-Mo(VI)-TiO; (3) composites with MgO:TiO, ratio = 1:0.5.
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Figure 3. FTIR spectra of pristine MgO (1), 1 wt.% Mo-doped MgO (2), and MgO-Mo(V])-TiO, (3).

Despite the fact that XRD analysis of Mo-doped MgO sample indicates the presence of
magnesium oxide as the only crystalline phase, the presence of a sharp and strong band
in the FTIR spectrum associated with the valence vibrations of hydroxyl ion inherent in
Mg(OH); [60], indicates the presence of a hydroxide layer on MgO surface. Hydration of
Mo-doped MgO surface can be considered as a significant reason for the increased reactivity
of Mo-doped samples compared to the pristine ones.
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2.2. EPR Investigation

It is known that in the case of molybdenum compounds, especially in molybdenum ox-
ide, MoQOj3, during its preparation, purification, chemical processes, etc., structural defects
such as oxygen vacancies and corresponding reduced Mo®* centers are formed [62-66].
Therefore, electron paramagnetic resonance (EPR) spectroscopy is one of the most informa-
tive methods for the detection of such species, characterization, and monitoring of their
structural behavior [67-69]. According to the works mentioned above, the observed spectra
of MoOj3 compounds, both with axial symmetry and three-axes/three-axial anisotropy
parameters of the g-tensor (Table 2), reflect the state of Mo®* ion in paramagnetic centers
(PCs). Such PCs may be formed as a result of breaking the Mo—O bridge bond in the
O-Mo-O chain of the MoO3 matrix. In some cases, the hyperfine splitting (hfs) is observed
and hfs constants for Mo and *’Mo (nuclear spin Iyj, = 5/2) can be measured [63,68,70].

Table 2. EPR g-tensor parameters of Mo®* species at 77 K.

Sample 81 1) 811 (g2 811 (83)83 Ref.
MgO-MoO3 1.925 - 1.840 This work
MoO; 1.923 1.912 1.839 This work
MoQO3/TiO, 1.9237 - 1.8755 [71]
MoO3/TiO, 1.944 1.844 1.839 [72]
MoO3/TiO, 1.916 - 1.819 [65]
MoO3 1.96 1.94 1.87 [62,63]
MoO;3 1.954 1.941 1.865 (73]
MoO; 1.936 ; 1.899 (73]
MoO3 1.957 1.943 1.864 [70]
MoO3 1.933 - 1.910 [70]

We expected that in the process of obtaining MgO-MoO3; materials and doping them
with nano-TiO,, some structural defects in the matrix would be created and, thus, some
part of the diamagnetic Mo®" ions would be reduced to paramagnetic Mo>* ones. Electron
paramagnetic resonance spectroscopy has been used to detect and characterize centers
with the electronic configuration 4d! in the samples. Typical EPR spectra of MgO powders
modified with MoOj3; are shown in Figure 4. The signals observed, obviously, refer to the
Mo>* cations in the state 4d', which are characterized by the calculated g-tensor values
g1 =1.925+0.003 and g | = 1.840 £ 0.005 (Table 2). As shown in Figure 4, participation
in the catalytic process leads to a sufficient, more than five-fold, increase in the content of
paramagnetic Mo®>* centers in the samples (Table 3).

3
2
* * * * * 1
1 R 1 R 1 R 1 R 1
320 340 360 380 400
B, mT

Figure 4. Typical EPR spectra recorded at 77 K of MoOj applied to MgO surface: 1—before the
reaction, 2—after the reaction at 300 °C, 3—after the reaction at 400 °C. Narrow lines marked as
* belong to the external standard, Mn?* ions in MgO matrix.
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Table 3. Concentrations of paramagnetic Mo®* centers in MgO samples doped by molybdenum.

Sample Mo/Initial Mo/300° Mo/400°
[M>*], spin/g 2.6 x 107 2.1 x 1018 1.6 x 1018

The concentration values listed in Table 3 were computed by double integration of
experimental data of EPR spectra according to the recommendations published in Ref. [74].
For these three samples, the change in Mo®* content reaches almost an order of magnitude.
To verify the accuracy of our measurements, the control samples of molybdenum oxide
MoOj; containing the known amount of Mo>* cations were prepared. As an example, their
EPR spectra are shown in Figure 5. It can be seen from the figure that the amplitude of
the spectrum really increases in proportion to the increase in Mo®* content within the
EPR measurement error. Comparing these results with those obtained for the MgO-MoOs3
system, the data listed in Tables 2 and 3 can be confirmed.

15
=
© 10
()
©
=
=
5
g c
b
0+ a
340 350 360 370 380

B, mT

Figure 5. EPR spectra at 77 K of MoO3 samples containing (a) 8.5 X 1017, (b) 2.1 x 108, and
(c) 4.4 x 108 spin/g Mo>* ions.

2.3. Photocatalytic Properties

The photocatalytic activity of the prepared composites suspended in an aqueous
RhB solution irradiated with the full spectrum of UV lamp is the highest for the MgO-
Mo(V])-TiO; photocatalyst with the ratio of MgO:TiO, = 1:0.5. A similar composite with
MgO:TiO, = 1:0.25 ratio has slightly less activity (Figure 6a) due to reduced titania content.
Although a twofold decrease in TiO; content in MgO-Mo(VI)-TiO, photocatalyst leads to
some decrease in photocatalytic activity, this activity exceeds that of MgO-TiO, composite
with a ratio of 1:1 based on undoped MgO. Thus, doping of the MgO carrier with Mo(VI)
ions makes it possible to reduce the content of the active component (titanium dioxide) in
the supported photocatalyst, while maintaining a rather high level of its activity.

The pseudo-first-order rate constant k; calculated from the slope of the initial sec-
tion of the dye photodestruction kinetic curves according to the equation In(Cy/C) = kqt
(C and Cy—dye concentration and its initial value, t—time) [75] for the MgO-Mo(V])-TiO,
sample is 0.037 min !, that is 1.3 times higher than for undoped one with the same ratio
MgO:TiO, = 1:0.5 (Table 1). A noticeable decrease in the initial concentration of RhB dye
in the solution immediately after immersing MgO-Mo(VI)-TiO, composites is probably
due to the adsorption of dye molecules on the high specific surface area mesoporous
MgO-Mo(VI) carrier.
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Figure 6. Kinetic curves of the photocatalytic destruction of rhodamine B in an aqueous suspension
of the MgO-TiO,, MgO-Mo(VI)-TiO; (1 wt.% Mo), and MgO-MoO3-TiO; (10 wt.% Mo) composite
under the action of UV radiation (a) and visible light (b). Inset (b): schematic energy band diagram
of n—n MoO3-TiO; heterojunction. The concentration of RhB is 40 umol/L.

Under the action of visible light (A > 420 nm), the photocatalytic activity of the suspended
MgO-TiO, composite is very low (Figure 6b), and a slight drop in the dye concentration on
kinetic curves is due to its direct photochemical destruction. Doping of MgO carrier with
Mo(VI) ions does not lead to the manifestation of photocatalytic activity, and the difference in
the kinetic curves for this photocatalyst and the undoped one may be due to some differences
in the porous structures of the doped and undoped MgO carrier (Table 1).

After the introduction of molybdenum into the photocatalyst in larger quantities provid-
ing the MoOj3 phase formation, a noticeable activity of the photocatalyst under visible light is
observed (Figure 6b). According to the schematic energy band diagram (inset in Figure 6b)
constructed using the known energy parameters of the band edges (valence band E, and
conduction band E.) [47], the optical transparency of the TiO, outer layer ensures the access
of photons to MoQj inclusions with a smaller band gap than that of TiO,.

The photocatalytic activity of the MgO-MoOs3-TiO, composite under UV light can
be related to the photogeneration of electron-hole pairs both in the MoO3 and TiO, com-
ponents of the isotype n—n heterojunction [10]. In this case, the implementation of the
S-scheme is also possible, in which photogenerated holes from TiO, recombine with elec-
trons from the conduction band of MoOj [45] thus facilitating the involvement of electrons
from the conduction band of TiO, and holes from the valence band of MoQOj into surface
reactions with the highest energy difference.

Testing the photocatalytic activity of obtained composites in the “dry” experiment,
i.e., in the form of photocatalyst pellets with RhB sprayed on the surfaces, showed the
highest photocatalytic activity of the catalyst based on Mo-doped MgO at the ratio of
components [MgO-Mo(VI)]:TiO; = 1:0.5 (Figure 7a, Table 1).
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Figure 7. Kinetic curves of the photocatalytic degradation of rhodamine B (a) and nigrosin (b) on
the surface of a pelletized MgO-Mo(VI)-TiO; (1 wt.% Mo) photocatalyst under the action of the full
spectrum of a mercury quartz lamp.

When nigrosin is used as a model dye instead of rhodamine B, the photocatalytic
activity of the studied composites turns out to be significantly lower (Figure 7b), which is
probably due to the high absorption capacity of nigrosin in the spectral region actinic for
TiO,, as well as the higher chemical and photochemical stability of this dye.

Thus, the MgO-Mo(VI)-TiO; (1 wt.% Mo) photocatalyst dispersed in an aqueous dye
solution (Figure 6) as well as in a dry tablet form (Figure 7) possesses higher photocatalytic
activity under UV irradiation in comparison with photocatalyst based on pristine MgO carrier.
The appearance of photosensitivity to visible light (Table 1, Figure 6b) is also associated with
the introduction of molybdenum into the MgO carrier, with the difference that the 10-20 wt.%
amount of molybdenum is sufficient for the formation of MoOs nanophase.

Following from the absorbance (A) spectra, Mo(VI) doping of MgO carrier at 1 wt.%
concentration has practically no effect on the position of the longwave absorbance edge,
while the introduction of 10 wt.% of Mo leads to its shift to lower energies (Figure 8a).

Due to the high light scattering, it is difficult to precisely determine the band gap
energy Eg using the conventional procedure of extrapolating the linear part of the (Ahv)1/2,
E dependence to zero absorbance. Figure 8b shows, at the qualitative level, the absence of
a noticeable difference in the Eg values of the photocatalyst, the MgO carrier of which is
undoped and doped with 1 wt.% Mo(VI). A slight decrease in the band gap energy occurs
for the MgO substrate doped with 10 wt.% molybdenum. In our opinion, this effect can be
considered as a photon absorbance in MoO3 phase inclusions with lower band gap energy
than that of TiO;. Accordingly, the sensitivity of the photocatalyst to visible light can be
associated with the intrinsic photocatalytic activity of MoOj inclusions [75,76].



Catalysts 2023, 13, 454

10 of 15

Absorbance, a.u.

70

60~

50+

40

304

204

20+

—=— MgO-Mo(VI)-TiO, —— MgO-Mo(VI)-TiO,

—— MgO-TiO, MgO-Tio,

—=— MgO-MoO,-TiO,

—— MgQ-McQ,-Ti0,

(Ahw)'?, a.u.

T
300

T T T T 1 T — T T T T — T
400 500 600 700 800 15 20 25 30 35 40 45 50

Wavelength, nm Photon energy, eV

(@) (b)

Figure 8. Absorbance spectra (a) and (Ahv)!/2 vs. photon energy curves for MgO-TiO; (curve 1),
MgO-Mo(VI)-TiO; (curve 2), and MgO-MoO;3-TiO; (curve 3) photocatalysts. Dotted lines in (b)
correspond to zero absorption minus the scattering effect; dashed lines mean the linear extrapolation
of (Ahv)Y/2, E curves. The content of molybdenum in the MgO carrier is 1 wt.% (curve 2) and 10 wt.%
(curve 3). MgO:TiO, = 1:0.5.

An increase in the photocatalytic activity of TiO, photocatalyst on MgO carrier due to its
Mo(V])-doping without the formation of MoO3 nanophase (0.5-2 wt.% Mo) can presumably
be associated with the predominant adsorption of RhB molecules by binding the positively
charged diethylamine group with the acid sites associated with Mo(VI) ions (Figure 9A). In
this case, photogenerated holes can directly attack the chromophore system of the dye. This
process seems to be less efficient if the RhB molecules are adsorbed through their carboxyl
group, in particular, when they are bound to the MgO surface (Figure 9B). On the other hand,
if the adsorption of RhB molecules occurs on a microheterogeneous surface containing both
MgO and TiO; sites (Figure 9C), the photocatalytic destruction of the dye can be somewhat
enhanced due to the orientation of the chromophore system to TiO, sites and the binding of
the carboxyl group with hydroxyl groups-enriched MgO surface.

o o0 o, O - - 4 N—Et
N N 7 O ‘ ® ' o &0 o
Mo Mo —Et Mg I [ [
P £ %, P=o i T -Ti-O-Ti-O-Ti-O-
& S 3 L
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Figure 9. Schematic representation of adsorption interaction of rhodamine B molecules with Mo(VI)-
doped MgO (A), MgO (B), and MgO-TiO; (C) sites.
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3. Conclusions

Depending on the amount of introduced MoOs, two fundamentally different pho-
tocatalysts can be obtained: (a) MgO-Mo(VI)-TiO; based on MgO carrier doped with
(0.5-2) wt.% Mo(VI) ions and (b) MgO-MoOs3-TiO, heterostructure with a molybdenum
content >10 wt.%, at which not only doping of TiO, with Mo(VI) ions takes place but also
the formation of MoOj3 phase inclusions. The photocatalytic behavior of Mo(VI)-MgO-TiO,
catalyst is determined by two factors: (a) the peptizing effect of highly charged Mo(VI) ions
on the colloidal particles during the deposition of Mg(OH), with subsequent formation of
the mesoporous MgO carrier and (b) doping of titania through the diffusion of Mo(VI) ions
from Mo(VI)-doped MgO carrier towards TiO, surface contacting the reaction medium.
Such doping results in a noticeable increase in the photocatalytic activity of TiO, under the
action of UV radiation but we failed to detect either a change in the band gap energy or the
appearance of photoactivity in the visible region of the spectrum. At the same time, the
presence of MoOj3 phase inclusions in MgO-MoO3-TiO; heterostructure and the formation
of the isotype n-n heterojunction makes it possible to generate electron-hole pairs under
UV exposure both in the TiO; layer and MoOj inclusions. Such MgO-MoO3;-TiO, photo-
catalyst exhibits activity not only in the UV but also in the visible region of the spectrum,
mainly due to the photon absorption by MoOj inclusions with a band gap smaller than
that of titanium dioxide.

4. Materials and Methods

Magnesium oxide powder with a high specific surface area was prepared by thermal
decomposition of magnesium hydroxide synthesized in the presence of gelatin additive
acting as a template [77]. Precipitation of Mg(OH), was carried out from an aqueous 20%
MgCl, (Merck, Darmstadt, Germany; CAS No. 7791-18-6; 99%) solution containing 1%
gelatin (Merck, Darmstadt, Germany; CAS No. 9000-70-8, from bovine skin) by adding
an aqueous 10% ammonia solution to pH 10.6, followed by maturation of the precipitate
for 45 min, separation from the mother liquor and thorough washing with distilled water.
Mg(OH), samples were dried at room temperature, then heated at 110 °C for 3 h and
calcined at 400 °C for 3 h in air. Doping of MgO with Mo(VI) ions was carried out by
treating the aqueous dispersion of MgO powder with (NH4)sMo07054 (Merck, Darmstadt,
Germany; ACS reagent, CAS No. 12054-85-2; 81.0-83.0% MoQj3 basis) solution in the amount
of 1 wt.% Mo vs. MgO. At the end of two hours after keeping the colloidal MgO dispersion
in the reaction medium, complete peptization of the precipitate took place, so, an additional
amount of ammonia was added for complete precipitation of solid MgO particles.

Titania layer was deposited on the surface of MgO powder using 1%-solution of
isopropanol tetrabutoxytitanium [CH3(CH,)30]4Ti (Merck, Darmstadt, Germany; CAS No.
5593-70-4; reagent grade, 97%) with a variable molar ratio of components: MgO:TiO, = 1:0.5;
1:0.25; 1:0.1. Determined amounts of tetrabutoxytitanium, isopropanol, and MgO carrier
were mixed, and then, the calculated amount of distilled water was introduced into the
colloidal system for the hydrolytic decomposition of tetrabutoxytitanium. After completing
the hydrolysis, the precipitate was separated by centrifugation, dried at room temperature
in air, then in an oven at 110 °C for 3 h, and calcined at 500 °C for 2.5 h in air.

X-ray diffraction (XRD) patterns of the samples were recorded on the ADVANCE D8
diffractometer (Bruker, Karlsruhe, Germany) with CuKo« radiation (A = 1.5405981 A) in
the 20 range from 10 to 70°, speed of 1°/min. The average microcrystallite sizes were
computed from the half-width of the (200) line by Debye-Scherrer’s equation:

K-A
D 19" Bos = 3(2).5 - b(zls

- Bos - cos
where By 5 is the physical broadening, K—coefficient close to 1; A—wavelength (CuK«
radiation); By s—half-width of the line for the sample; by 5—half-width of the instrumental
line. For the reference sample, the value is found to be as by 5 = 3.96 x 1073 rad.
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The specific surface area (S,) was determined using the Brunauer-Emmett-Teller (BET)
method from a linear part of the plot. Adsorption isotherms were obtained with N at 77 K
using ASAP 2020 analyzer (Micromeritics, Norcross, GA, USA). The distribution of the
desorption pore diameter (Dgj) dV/dlogD was estimated using the Barret-Joyner-Halenda
(BJH) model with the Horvath-Kawazoe method for mesopores. Before analysis, the sam-
ples were evacuated for 1 h at temperature 423 K and residual pressure of 133.3 x 103 Pa.
FT-IR spectra of the samples were recorded on a Tensor-27 Fourier spectrophotometer
(Bruker Optik GmbH, Ettlingen, Germany) in the range between 400 and 4000 cm™! with
a pressed KBr pellet (2 mg of substance per 800 mg of KBr) and processed using the
GRAMS/32 program (Galactic Industrial Corporation, Salem, NH, USA). Reflectance UV-
vis spectra were recorded in the diffuse reflectance mode and recalculated to absorption
spectra through the Kubelka-Munk function. Lambda 35 (Perkin Elmer, Llantrisant, UK)
spectrophotometer equipped with an integration sphere with BaSO, powder as a standard
was used.

The photocatalytic activity of the samples was evaluated in two ways: (a) by bleaching
an aqueous dye solution in the presence of a dispersed photocatalyst and (b) by bleaching
the surface of a solid tablet of photocatalyst powder pressed with a binder—microcrystalline
cellulose (Merk, for column chromatography; S, = 2.7 m?/g) containing 30% cellulose and
70% photocatalyst. Two dyes were used as model organic pollutants—rhodamine B (RhB)
(Sigma Aldrich, Merck KGaA, Darmstadt, Germany; CAS No. 81-88-9, dye content 97%)
and nigrosin (Merk, solvent black 5; CAS No. 11099-03-9), which were deposited on the
surface of photocatalyst by spraying from an aqueous ethanol solution with 1 mg/mL
concentration. The UV radiation source was a high-pressure mercury quartz 375 W lamp.
An amount of 50 mL RhB solution containing 1 g/L of dispersed photocatalyst was ir-
radiated with the full spectrum of the lamp through the open top of a 75 mL glass flask.
In experiments with visible light exposure, the short-wave part of the full spectrum was
cut off by an optical glass filter at the wavelength of 420 nm. The initial concentration
of the dye was 4 x 107° mol/L. Changes in dye concentration in periodically sampled
aliquots were determined by the absorption coefficient on an Agilent 8453 spectrophotome-
ter (Agilent Technologies, Waldbronn, Germany). at the wavelength corresponding to the
maximum dye absorption. The optical density of the surface of pelletized photocatalysts
was determined by means of a SpectroDens densitometer (Techkon, Kénigstein, Germany)
and unstained tablets of the same composition as an optical background.

EPR spectra were registered by means of E-3 X-band spectrometer (Varian, Palo
Alto, CA, USA) using quartz ampules with an inner diameter of 3.0 mm (Bruker) at
temperature 77 K in air; microwave field frequency—9.5 GHz, modulation frequency—
100 kHz, and microwave field power—0.5 mW. The spin Hamiltonian parameters of Mo>*
species were determined in accordance with the recommendations given in [78]. The
content of paramagnetic centers (PCs) of molybdenum ions (Mo®*) in the samples was
determined by double integration of the spectra and comparison of the results with the
reference data (spectrum of CuCly-2H,0 crystal with a known number of spins). The
analysis of experimental EPR spectra was carried out using the computation software
package/complex developed by Prof. A. Kh. Vorobyev (Faculty of Chemistry, M. V.
Lomonosov Moscow State University) [79].
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