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Featured Application

The investigation results demonstrated the feasibility of TIOF, /MnO(OH) and TiO, /Mn3O4
powders synthesized via the impregnation method for photocatalytic applications, espe-
cially for the degradation of methylene blue (MB).

Abstract

The heterostructures TiOF, /(0.5-5 wt.%)MnO(OH) attract attention as potential catalysts
for pollutant removal from water. In this paper, a novel synthesis route was proposed
through the precipitation of MnO(OH) particles out of an alkaline solution on the TiOF,
particles. The formation of manganese oxyhydroxide was confirmed by X-ray diffraction
analysis. The presence of manganese in proportions up to 1 wt.% recalculated to MnO(OH)
did not affect the morphology of TiOF, /MnO(OH) particles. Higher concentrations of Mn
caused the appearance of mostly spherical particles of dimensions ca. 100 nm. The effect
of calcination temperatures 300-600 °C on the structure and photocatalytic activity of the
particles was analyzed. It was found that calcination of the powder formed TiO; phase
with mainly anatase structure as well as Mn3Oj. After calcination at 600 °C, the appearance
of fluorine was detected, indicating the formation of fluorinated titanium dioxide. For
higher manganese concentrations, the fluorine proportion in F-TiO; samples decreased.
Increased Mn content in TiOF, /MnO(OH) significantly improved its photocatalytic activity,
shortening the degradation time and increasing the degradation degree of methylene blue
(MB). However, an increase in the calcination temperature decreased the degradation
degree of MB. It was found that the optimal concentration of MnO(OH) was 5 wt.%.

Keywords: synthesis; impregnation method; titanium oxyfluoride; titania; MnO(OH);
photocatalysis

1. Introduction

Titanium oxyfluoride TiOF, is a wide bandgap semiconductor that finds applications
in photocatalysis processes removing organic pollutants [1,2] and in lithium-ion batteries [3]
due to its favorable chemical, optical, electrochemical, and photocatalytic characteristics.
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Moreover, it is used as a precursor for the synthesis of F-TiO; that exhibits photocatalytic
properties [4] and for a thermally stable anatase TiO;, photocatalyst [5].

The photocatalytic properties of TiO, belong to the most explored application since
it generates electron-hole pairs under light irradiation, providing active sites for the pho-
tocatalytic reactions [6]. It was demonstrated that TiO, / TiOF, nanosheets exhibited high
photocatalytic antibacterial efficiency due to the interface that acted as a transport path
from TiO; to TiOF; for the photoexcited electrons [7]. Hou and co-authors [8] synthe-
sized g-C3Ny4/TiOF; heterostructure with enhanced photocatalytic activity for tetracycline
hydrochloride (TCH) degradation under simulated solar light irradiation. Photocatalytic ac-
tivity of TiOF, /(0.5-10 wt.%)CuQ was assessed toward methylene blue (MB) and appeared
to be higher than that of F-TiO, /CuO reported in [9].

Among transition metal oxides, manganese dioxide MnO, is an important component
that can increase the photocatalyst activity under visible light due to its narrow band
gap, negatively charged surface, and large specific surface area [10,11]. The photocatalytic
efficiency of a-MnO, nanowires in degrading the antibiotic tetracycline was found to be
advantageous [12]. Kovinchuk et al. [13] reported the coupling effects of nanoparticles TiO,
and MnO; on the low-density polyethylene (PE) photocatalytic degradation. Ullah, and
co-authors [14], demonstrated promising properties of TiO, anchored «a-MnO, nanorods as
a sunlight-driven photocatalyst for dye degradation. Li and collaborators [15] performed
the synthesis of 3D hierarchical MnOy-TiO; nanostructures with various morphologies
and demonstrated their efficiency for photothermocatalysis of toluene and NO under UV
light irradiation. They demonstrated the appearance of Mn3O4, MnyO3, and MnO, phases,
dependent on the synthesis conditions.

Another manganese compound with promising photocatalytic properties is
MnO(OH) [16]. Some papers reported high sorption capability of manganese oxyhydroxide
compared to manganese oxides [17,18], but not many results are published concerning its
photocatalytic properties. Zhao and co-authors [19] reported adsorption of tetracycline
on the surface of MnO(OH)-hydroxyapatite nanowires, followed by its catalytic degra-
dation via the generated reactive oxygen species. Ren and collaborators [20] explored a
novel RuO, /MnO(OH) heterostructure with respect to the activation of peroxymonosulfate
(PMS) for the degradation of organic pollutants like phenol in water. The degradation
performance of the RuO,/MnO(OH)/PMS system was found advantageous, including
phenol degradation rate, which was 68.8 times higher than that of the MnO(OH)/PMS
system, with 98% removal reached after 10 h. Zheng et al. [21] synthesized a radialized
nanostructure catalyst consisting of MnO(OH)/MnO, nanosheets anchored with Pt single
atoms and demonstrated its feasibility for indoor formaldehyde (HCHO) degradation.
Sui and team [22] found that the presence of manganese vacancies in the y-MnO(OH)
phase significantly improved its catalytic activity toward the degradation of hexanal and
its transformation into CO,. They demonstrated the ability to achieve 100% degradation of
15 ppm hexanal at a temperature of 85 °C.

Thus, manganese oxyhydroxide is known for its photocatalytic activity, which attracts
scientific interest and is still not well examined. From the practical perspective, the combina-
tion of the titanium oxyfluoride with MnO(OH) appears to be promising and advantageous.
The photocatalytic potential of such a heterostructure has not been investigated so far, to
the best of our knowledge.

In the present paper, the properties of heterostructures TiOF; /(0.5-5 wt.%)MnO(OH)
are explored. The particles were synthesized via the precipitation method with different
concentrations of manganese in order to assess their effect on the photocatalytic activity
towards methylene blue dye (MB). Moreover, the impact of thermal processing on the
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phase composition and structures, and subsequent photocatalytic activity under daylight,
was investigated.

2. Materials and Methods
2.1. Reagents

For the experiments, metallic titanium marked BT1-00 was used, as well as 45.1% HEF,
nitric acid 56%, 1.35 g/cm3, manganese (II) chloride tetrahydrate, sodium hydroxide, and
potassium permanganate. All the substances were delivered by CHEMLABORREACTIV
LLC (Brovary, Ukraine) and were classified as chemically pure, without any additional
purification. All the solutions were prepared using distilled water.

2.2. Synthesis of TiOF,

Metallic titanium in the amount of 10 g was put into a fluoroplastic vessel, and 30 mL
of distilled water was added. After the addition of 60 mL of hydrofluoric acid, complete
dissolution of the titanium was reached. Upon completion of the process, concentrated
nitric acid was added drop by drop until the solution became discolored. The resulting
colorless solution was evaporated in a sand bath until a dry powder of TiOF, was formed.
Like in the previous research [9], the obtained powder consisted of two phases: hexagonal
h-TiOF, space group (R3c) and cubic c-TiOF; space group (Pm3m). The phases were
obtained in a proportion of 2:3, respectively. TiOF, consisted mainly of agglomerates
of predominantly spherical shape with dimensions of up to several microns, formed by
spherical particles with a diameter of up to 250 nm.

2.3. Synthesis of TiOF,/MnO(OH) Structures

In total, 5 g of titanium oxyfluoride powder was dispersed in 50 mL of distilled water
for 20 min under an ultrasonic field at room temperature. Then, a sample of manganese
chloride tetrahydrate was added in amounts of 0.5, 1, 2, and 5 wt.% MnO(OH) along
with 20 mL of 10% sodium hydroxide solution. The obtained solution was mixed for
10 min, and then the calculated amount of potassium permanganate was added under
continuous stirring. The solution was mixed using a magnetic stirrer for 1 h. After that, the
sedimented substance was filtered out, washed several times with distilled water, and dried
at a temperature of 60 °C for 24 h. The resulting heterostructures, TIOF, /MnO(OH), had
a brown tint of intensity dependent on the manganese content. The samples underwent
calcination at different temperatures, 300 °C, 400 °C, 500 °C, and 600 °C, in order to assess
the temperature effect on the properties.

2.4. Photocatalytic Tests

The photocatalytic activity of the heterostructures synthesized at different temper-
atures was assessed by the reaction of methylene blue (MB) dye decomposition under
ultraviolet light. For each reaction, 0.1 g of photocatalytic material was well dispersed in
50 mL of an aqueous solution of MB dye, Cy = 5.8 umol/L. The photocatalyst mixed with
dye was placed in an isolated, dark place, ensuring constant room temperature to achieve
adsorption or desorption equilibrium.

Experiments on the catalytic decomposition of MB were conducted in a glass vessel
at 25 °C with constant shaking. A DKB 9 UV lamp (Lisma, Saransk, Russia) with an
effective spectral range of 180-275 nm was used as the irradiation source. The UV radiation
intensity was approximately 3 mW /cm?. The lamp was positioned 10 cm above the solution.
Before adding the catalyst, the maximum absorbance of the model solution was measured
using a UV spectrophotometer in the 200-900 nm range. The pH of the MS solution was
6.5-6.6. Changes in the initial optical density were monitored by taking an aliquot of
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the solution at specified time intervals. The samples were subjected to spectroscopic
analysis. Measurements in the absence of the lamp irradiation were conducted for the
first 30 min. After 30 min of incubation, the solution was exposed to UV irradiation of
wavelength > 320 nm. The aliquots of equal volumes of reaction mixture were taken after
5, 10, 20, 30, 40, and 60 min to measure the absorption.

The equal aliquots were taken until the reaction mixture became colorless. Before
spectroscopic measurements, the collected reaction fractions were centrifuged at 7000 rpm for
10 min to separate any nanomaterial due to background scattering during the measurements.
The intensity change in the UV-Vis spectrograph at the characteristic MB peak of 664 nm was
subsequently monitored to assess the degradation characteristics of the MB.

2.5. Equipment Used in the Research

The Fourier transform infrared spectroscopy (FTIR) analysis was performed using
a Spectrum One FT-IR Spectrometer, made by PerkinElmer (Shelton, CT, USA), with the
application of potassium bromide KBr tablets. The spectra in the area of 400-4000 cm ™!
were registered at room temperature. Phase composition of the starting powders and the
obtained samples was analyzed with the X-ray diffractometer Aeris Research (Malvern
Panalytical, Malvern, UK) with a graphite monochromator and Cu K« radiation.

Morphology of the obtained nanoparticles and their surfaces was analyzed using a
scanning electron microscope (SEM) type JSM-6390LV equipped with an energy-dispersive
(EDS) detector X-Max 50 (Oxford Instruments Analytical, Oxford, UK). The device provided
high-resolution imaging of 15 nm at 1 kV and even 3.0 nm resolution at 30 kV, and enabled
elemental identification and quantification.

Determination of MB dye concentration was carried out using a UV-5800 PC spectropho-
tometer delivered by Metash Instruments (Shanghai, China). The measurement range of
the device was 190-1100 nm, and the bandwidth was 2 nm. The spectrometer ensured the
wavelength accuracy of +0.5 nm, while its photometric accuracy was assessed as +0.3%T.

3. Results
3.1. Synthesis of TiOF,/MnO(OH) Heterostructure

XRD results of the samples obtained by precipitation of manganese oxyhydroxide in
the presence of titanium oxyfluoride particles are shown in Figure 1. Reflections from the
main phase of titanium oxyfluoride are present with cubic and hexagonal modifications.
The proportion of the h-TiOF,:c-TiOF; phases is around 4:1. In the diagram representing
the sample synthesized with 0.5 wt.% manganese oxyhydroxide, no reflection related to
MnO(OH) can be distinguished. As the manganese concentration increases to 1 wt.%
(in terms of oxyhydroxide) and more, an increase in the intensity of the reflections corre-
sponding to the manganese oxyhydroxide phase is noted. Dimensions and morphology of
the particles synthesized with different proportions of MnO(OH) are shown in Figure 2.

SEM images shown in Figure 2 revealed that the content of manganese oxyhydroxide
up to 1 wt.% had a very small effect on the particles” morphology. Figure 2a,b shows large
agglomerates made up of spherical particles of diameter 250 nm, similar to TiIOF, powder.
At higher concentrations of MnO(OH), small particles of spherical shape and diameters
below 100 nm appeared on the surfaces of agglomerates.

Figure 3a shows the IR spectrum of the TiOF,/5 wt.% MnO(OH) heterostructure.
Irrespective of the manganese amount, all spectra were identical, and they are not shown
in the diagram.
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Figure 1. XRD diagrams of the powder samples synthesized with different content of MnO(OH):
(a) 0.5 wt.% MnO(OH); (b) 1 wt.% MnO(OH); (c) 2 wt.% MnO(OH); and (d) 5 wt.% MnO(OH).
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Figure 2. SEM images of the powder samples synthesized with different content of MnO(OH):
(a) 0.5 wt.% MnO(OH); (b) 1 wt.% MnO(OH); (c) 2 wt.% MnO(OH); and (d) 5 wt.% MnO(OH).
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Figure 3. IR spectra of TiOF, /5 wt.% MnO(OH): (a) before calcination; (b) after calcination at 300 °C;
(c) after calcination at 400 °C; (d) after calcination at 500 °C; and (e) after calcination at 600 °C.

The IR spectrum in Figure 3a indicates an absorption band at 1411 cm~! and a broad
absorption band in the 1400-450 cm ! region. The maxima at975 cm ™! and 522 cm ™! can be
attributed to the Ti-O-F bond and the stretching vibration of Ti-O, respectively [23]. How-
ever, absorption bands typical for MnO(OH) around 443 cm ! and 505 cm ™! [17,18] cannot
be distinguished, since they are covered by the strong, broad band of 1400450 cm 1. A sim-
ilar effect of band absence was observed in research on MnO(OH)-modified diatomite [24].
The absorption bands typical for MnO(OH) appeared in IR spectra only when its concen-
tration was high, 30 wt.% or more. Thus, in order to keep the proportion of manganese
under control, microanalysis was performed. Its results, confirming the real amounts of
Mn in the samples, are collected in Table 1.

Table 1. Results of microanalysis of TiOF, /MnO(OH).

Content, wt.%

Sample T, °C o F Ti Mn

25 19.2 43.6 36.9 0.3

300 20.5 40.9 38.3 0.3

TiOF; /0.5 wt.%MnO(OH) 400 29.0 252 45.5 0.3
500 33.6 17.5 48.5 0.4

600 42.3 3.7 53.6 0.4

25 21.5 41.8 36.0 0.7

300 223 39.5 37.5 0.7

TiOF, /1 wt.%MnO(OH) 400 26.3 30.2 42.8 0.7
500 28.5 26.9 43.4 0.8

600 40.7 3.0 55.5 0.8

25 19.5 424 36.7 1.4

300 20.8 41.5 36.3 1.4

TiOF; /2 wt.%MnO(OH) 400 24.5 34.1 39.8 1.6
500 27.7 29.4 41.2 1.7

600 42.5 29 52.9 1.7

25 23.0 38.4 35.1 3.5

300 22.5 38.5 35.5 3.5

TiOF; /5 wt.%MnO(OH) 400 23.4 329 40.1 3.6
500 24.0 28.9 43.2 3.9

600 449 2.6 48.5 4.0
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3.2. Effect of the Calcination Temperature

The thermal decomposition process of the samples appeared to be similar for all
tested concentrations of manganese. Figure 4 presents an example of XRD diagrams
for the TiOF,/5 wt.%MnO(OH) sample calcined in air at different temperatures. The
compound MnO(OH) underwent decomposition at temperatures above 200 °C with the
formation of MnzOy. It is worth noting that in the case of low manganese concentrations in
TiOF, /0.5 wt.%MnO(OH), there are reflections in the XRD diagram that may be attributed
to the Mn,O3 phase. An increase in the manganese content contributed to the oxidation of
Mn,03 to MnzOy, and thus the XRD diagram mainly shows the Mn3Oy reflections. The
results of calculations by the Rietveld method of the phase composition are collected in
Table 2. The results demonstrated that the increase in calcination temperature caused an
increase in the manganese oxide due to improved crystallinity under elevated temperatures.
The hexagonal polymorph h-TiOF; is unstable at temperatures above 300 °C and converts
into the cubic ¢-TiOF, phase [25], so that after calcination at 600 °C, no h-TiOF, is present.
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Figure 4. XRD diagrams of TiOF, /5 wt.%MnO(OH) after calcination at different temperatures:
(a) 300 °C; (b) 400 °C; (c) 500 °C; (d) 600 °C; as well as (e) TiOF, /0.5 wt.%MnO(OH) after calcination
at 600 °C; (f) TiOF, /1 wt.%MnO(OH) at 600 °C; and (g) TiOF, /2 wt.%MnO(OH) at 600 °C.

Table 2. Proportion of different phases in TiOF, /MnO(OH).

Content of MnO(OH), wt.%

0,
T,°C Phase Content, wt.%

h-TiOF, TiO, Anatase TiO, Rutile Mn304 Mn, 03
300 74.5 24.8 - 0.7 -
5 400 414 56 - 2.6 -
500 379 60.1 - 2.0 -
600 - 924 0.6 7.0 -
0.5 600 - 99.7 - - 0.3
1 600 - 99.2 - 0.8 -
2 600 - 98.6 - 14 -

Titanium oxide TiO; is formed with anatase structure at temperatures 300-600 °C, as
seen in Figure 4a-d. Anatase and rutile phases are both used in photocatalysis, but rutile is
more stable in ambient conditions, while the anatase phase is more active [26]. In the case of
TiOF, /5 wt.%MnO(OH) after calcination at 600 °C, the appearance of the rutile phase was
noted. However, when the manganese content was decreased, the formation of the rutile
TiO, did not occur. A similar phenomenon of the rutile structure formation was observed
after the doping of titania with copper oxide [9,27], which was explained by the partial
replacement of the Ti** ions of ionic radius 0.68 A with Cu®* ones of ionic radius 0.73 A in
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the titanium dioxide structure. The process was accompanied by the densification of the
TiO; lattice, which, in turn, promoted the formation of a more compact crystal structure of
rutile. In the presently investigated process, manganese oxide Mn30y; is formed during the
calcination, which contains in its structure Mn3* ions of ionic radius 0.64 A and Mn?* of
ionic radius 0.81 A. Due to the close values of the ionic radii of Mn®* and Ti**, replacement
of titanium ions should be expected in the titania crystal lattice structure. However, the
presence of the Mn?* ion with a much larger ionic radius may prevent ion replacement in
the anatase structure.

The IR spectra presented in Figure 3b are in conformity with the XRD results. With
the increase in calcination temperature, a reduction in the absorption band intensity at
975 cm~! is seen, which corresponds with the stretching vibration of the bond Ti-O-F. The
IR spectrum of the sample calcined at 600 °C fully corresponds to that of titania. Notably,
irrespective of the manganese content, only the anatase phase is formed (Figure 4d-g).

The results of elemental analysis presented in Table 1 showed that during the calcina-
tion, the content of fluorine decreased, accompanied by the respective increase in titanium
and oxygen content. However, after calcination at 600 °C, a concentration of 2-4 wt.%
fluorine indicated formation of fluorinated titanium dioxide F-TiO, [28]. At the same
time, an increase in the manganese concentration caused a decrease in the fluorine in the
F-TiO; samples after calcination. It should be noted that such an effect of manganese on
the formation of F-TiO; differs significantly from the processes of CuO modification [9,23],
where higher copper concentration caused an increase in the fluorine content.

SEM images of the particles with different MnO(OH) concentrations are presented in
Figures 5-7. For the particles with 0.5 wt.% MnO(OH) shown in Figure 5, a decrease in the
large agglomerate dimensions can be noted along with the formation of finely dispersed
spherical particles with diameters ca. 150-300 nm. An increase in the MnO(OH) content
up to 2 wt.% illustrated in Figure 6, with subsequent calcination at 300-500 °C, caused
a further decrease in agglomerate dimensions. In addition, after calcination at 600 °C,
along with particles of 150-300 nm diameters, the larger ones of ca. 0.5 pm can be seen.
Further increase in the MnO(OH) content up to 5 wt.% with subsequent calcination at
300-500 °C caused no significant differences, while after calcination at 600 °C, particles of
various shapes up to several micrometers in size were formed.
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Figure 5. SEM images of the samples with 0.5 wt.% MnO(OH) after calcination at different tempera-
tures: (a) 300 °C; (b) 400 °C; (c) 500 °C; and (d) 600 °C.
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Figure 6. SEM images of the samples with 2 wt.% MnO(OH) after calcination at different temperatures:
(a) 300 °C; (b) 400 °C; (c) 500 °C; and (d) 600 °C.

w @
ABKV.  X5,000 6um 0001 4 . 15kV  X5,000 Spm 0001 &

Figure 7. SEM images of the samples with 5 wt.% MnO(OH) after calcination at different temperatures:
(a) 300 °C; (b) 400 °C; (c) 500 °C; and (d) 600 °C.

3.3. Photocatalytic Activity

The powder samples before and after calcination were used to test the photocatalytic
activity toward the methylene blue (MB) dye. We found no reason to assume a differ-
ent reaction sequence for the photocatalytic decomposition of MB than that described by
Dariani et al. [29] or Wang and co-authors [30]. Similarly, the effect of pH on MB pho-
todegradation was considered established and well known. Higher values of degradation
efficiency 1 were obtained in alkaline environments than in acidic and neutral ones, in
which OH™ can react directly with a hole to form a hydroxyl radical [31]. According to this
research, high activity of the photocatalyst was demonstrated through high degradation
degree of MB in a neutral pH environment.

The samples that did not undergo calcination are denoted as 20 °C in Figures 8-10.
Diagrams presented in Figure 8 illustrate the effect of the calcination temperatures on MB
decomposition kinetics for two manganese concentrations, 0.5 wt.% and 5 wt.%. Clearly,



Appl. Sci. 2025, 15, 11847

10 of 13

an increase in manganese content significantly increased the decomposition degree and
shortened its time. It can be concluded that the photocatalytic process is completed between
10 and 20 min, since after 20 min, very small differences can be noted.

0.5wt.% S5wt.%
0.4 i 0.4 ——20
S \\’\ ——300 —e—300
—8—400 —8— 300
0.3 " <0i§'\ -
P \‘\‘_/,4 —8—600 : —e—500
4 0.2 3 0.2 —e— 600
& =
0.1 0.1
-40 =20 0 20 40 60 -40 =20 0 20 40 60
ts min t, min
(a) (b)
Figure 8. The effect of the calcination temperatures on MB decomposition kinetics: (a) 0.5 wt.% MnO(OH)
and (b) 5 wt.% MnO(OH).
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Figure 9. Degradation degree of MB in the presence of the TiIOF, /MnO(OH) particles with different
manganese concentrations and after calcination at different temperatures.
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Figure 10. Degradation degree of MB in the presence of the TiOF, /MnO(OH) particles after calcina-
tion at different temperatures.
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Histograms in Figures 9 and 10 show the dependence of MB concentration after 10 min
of irradiation in the presence of a respective photocatalyst calcined at different temperatures.
Evidently, the general trend seen from Figures 9 and 10 indicates a decrease in the degree
of MB decomposition with the increase in calcination temperature. This effect is especially
seen in the case of Mn concentrations of 1 wt.% and higher. At the same time, for each
calcination temperature, higher concentrations of manganese generally ensured higher
degrees of MB destruction, with the exceptions of 2 wt.% and 5 wt.% and temperatures
300 °C and 400 °C.

The decreasing trend of the MB decomposition degree with the calcination temperature
increase is clearly seen in Figures 8-10. It can be explained by the intensification of
thermal decomposition of titanium oxyfluoride and manganese oxyhydroxide with the
formation of titanium and manganese oxides, respectively. Lower concentrations of the
active components resulted in reduced catalytic activity.

Increased content of manganese in the powders calcined at 500-600 °C caused a
significant decrease in their photocatalytic activities. From Table 1, it was seen that the
elevated temperatures decreased fluorine content, which, in turn, caused a decrease in the
MB decomposition degree. Moreover, two concurrent reactions took place, directly related
to the presence of the manganese ions. The first one was the oxidation-reduction reaction
associated with variable valence of manganese [32], while the second one blocked light
absorption and reduced photocatalytic activity due to the effective decomposition of O3 in
the presence of a catalyst Mn/TiO, [33].

The results indicate that titanium oxyfluoride doped with manganese hydroxide is a
promising photocatalyst. The results presented in Figure 8 demonstrated completion of the
photocatalytic process between 10 and 20 min, while the recent report [34] registered 85%
decomposition of MB after 300 min UV irradiation in the presence of TiO,. Similarly, in
the paper [9], it was demonstrated that decomposition of MB took 30 min in the presence
of TiOF, /CuO. From this perspective, TiOF, /MnO(OH) heterostructures appear to be a
competitive alternative.

4. Conclusions

The heterostructures TiOF; /(0.5-5 wt.%)MnO(OH) were synthesized via the impreg-
nation method from alkaline solutions of Mn?* and MnO, . Introduction of manganese up
to 1 wt.% recalculated to MnO(OH) had no significant effect on the particle morphology,
namely, TiOF,/MnO(OH) particles of diameter ca. 250 nm formed large agglomerates.
However, when MnO(OH) content was further increased, some small spherical particles of
size ca. 100 nm appeared on the surfaces of the agglomerates.

Calcination of TiOF, /MnO(OH) powders caused the formation of TiO, of anatase
structure and Mn3Oy. An increase in manganese concentration up to 5 wt.% recalculated to
MnO(OH) enabled formation of rutile phase. The phenomenon was attributed to the partial
replacement of Ti** ions in the titania lattice structure and its respective densification.

Appearance of fluorine after calcination at 600 °C indicated formation of fluorinated
titanium dioxide, F-TiO,. It was noted that higher proportions of manganese contributed
to the decrease in fluorine concentration.

Photocatalytic activity of the TIOF, /MnO(OH) heterostructures was assessed against
MB dye before and after calcination at different temperatures. Increased manganese con-
centration significantly increased the degree of MB degradation and shortened process
duration. However, calcination appeared to be unfavorable, since an increase in its temper-
ature caused decreased photocatalytic degradation of MB. In general, results demonstrated
the feasibility of photocatalytic applications of TiOF, /MnO(OH) and TiO, /Mn3O4 powders
synthesized via the impregnation method.
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The results indicated that the superior photocatalytic activity exhibited by TiOF, /MnO(OH)
was achieved without subsequent calcination. It can also be concluded that the optimal propor-
tion of manganese oxyhydroxide was 5 wt.%.
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