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SYNTHESIS AND CHARACTERIZATION OF (Ba,_Sr).Nb,Mo0,

POWDERS FOR PROTON-CONDUCTING SOLID OXIDE FUEL CELLS
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This work reports on the preparation and characterization of Sr**-doped Ba Nb,MoO,,
powders prepared by a solid-state synthesis as promising materials for solid oxide fuel cells.
The influence of synthesis parameters and strontium content (x = 0; 0.05; 0.10; 0.15; 0.20)
on the phase composition and properties of (Ba, Sr ). Nb MoO,, powders was studied. The
results of the phase analysis show that (Ba, Sr ).Nb,MoO, (x = 0; 0.05; 0.10) powders with a
minimum amount of secondary phases can be obtained after at least three repeated synthesis
cycles at 1060-1080 °C for 10 h. According to the laser diffraction analysis, the synthesized
powders comprise particles with a polydisperse size distribution spreading from 0.05 pm to
12 um and average particle size of 2.1 um. Electron microscopy observations support these
findings and demonstrate that the particles and their aggregates have rounded irregular shape.
Moreover, it was found that the morphology and particle size of the powder does not depend
on the strontium content. Doping (Ba _Sr ).Nb,MoO, with 15 mol.% and 20 mol.% Sr** leads
to the formation of a significant amount of secondary phases due to exceeding the solubility
limit of strontium, thus making these compositions unsuitable for use in solid oxide fuel cells.

Keywords: solid-state synthesis, perovskite, Ba Nb,MoO, , powder, electrolyte.

20°

INTRODUCTION

In recent years, the world is increasingly fo-
cused on hydrogen energy as one of the clean
energy sources [1, 2]. The use of hydrogen will
have a positive impact on environmental, ener-
gy security and economic development issues
[3]. Hydrogen can be obtained by electrolysis

of water using electricity produced from excess
renewable energy [4, 5]. The produced hydro-
gen can be burned to generate electricity and
heat using fuel cells, which are more efficient
than combustion engines [6, 7].

Fuel cells (FCs) are electrochemical de-
vices that can convert the chemical energy
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of a fuel directly into electrical and thermal
energy [8]. The main advantages of FCs are
high efficiency (up to 50%) [9], low level of
pollutants and noise emissions, modularity
and compact design, which allows easy and
quick assemble of power plants with different
capacities within one technology [8]. Among
many types of FCs, the most promising for
electrochemical oxidation of hydrogen are
solid oxide fuel cells (SOFCs) with a ceramic
oxide electrolyte. SOFCs can be divided into
two types with respect to the charge trans-
fer mechanism through a dense electrolyte:
oxygen-ion-conducting (O*-SOFCs) and
proton-conducting (H*-SOFCs). The main
advantage of O*-SOFCs is their flexibility in
terms of using different types of gaseous fuel
that is oxidized at the anode [10]. While H*-
SOFCs have higher energy conversion effi-
ciency (up to 60%) due to lower activation en-
ergy of proton conductivity (0.3-0.6 eV) com-
pared to that of ionic conductivity (0.8-1.1
eV) [11]. In addition, water is formed at the
cathode during the operation of H*-SOFCs,
and therefore the fuel does not mix with the
products of its oxidation leading to more ef-
ficient fuel utilization. High efficiency at low
temperatures (500-600 °C) reduces the re-
quirements for other SOFCs components and
significantly decreases the rate of their deg-
radation. These advantages provide 27-37%
lower cost for production of H*-SOFC stacks
with an operating temperature of 550 °C com-
pared to O>-SOFCs operating at 800 °C [12].

Solid solutions of BaZrO, and BaCeO, with
the perovskite-type ABO, structure are the
most widely used electrolytes for H*-SOFCs
[13-16]. However, the need for high sintering
temperatures (up to 1600 °C) [17] and alloying
with rare earth oxides encourage the search for
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new, more technological and cheaper materials
with better functional properties.

High proton and oxide ion conductivity in
Ba Nb,MoO,, compound with a disordered
hexagonal perovskite structure has recently
been discovered [18, 19]. This perovskite has
high oxide ion conductivity in dry oxygen envi-
ronment and proton conductivity in a humidi-
fied or reducing atmosphere. For example, the
bulk conductivity in humidified air at 510 °C
is about twice as high (4 mS/cm) compared to
the conductivity in dry air (1.9 mS/cm). Note
that the bulk conductivity of Ba Nb,MoO,,
in dry oxygen is significantly higher than
that for 8YSZ and is comparable with that of
La Sr Ga Mg O, . whereas in humidi-
fied air (pH,O ~0.021 atm) the proton conduc-
tivity of Ba. Nb,MoO, is close to that of barium
cerates. Fop et al. [20] also demonstrated that
the positional oxide ion disorder generated by
the close proximity of available oxygen sites
due to the particular topology of the palmierite
layers in hydrated Ba Nb, MoO, contributes to
the creation of a frustrated proton sublattice
with high proton mobility and low energy dif-
fusion pathways. Ba Nb,MoO,  also has low
sintering temperature (up to 1200 °C) and rela-
tively high chemical resistance to CO, [18].

Two recent papers [18, 19] have noted that
the properties of Ba Nb MoO, can be im-
proved by doping, in this regard we proposed
the synthesis of (Ba, Sr ). Nb,MoO, (x = 0.05;
0.10; 0.15; 0.20), where part of Ba atoms is re-
placed by Sr atoms. The choice of strontium as
an alloying additive is due to its similar chem-
ical properties and ionic radius (1.39 A for
Sr?*) to barium (1.49 A for Ba*") [21] that will
provide partial replacement of barium atoms
without destroying the crystal lattice of the
perovskite.

ISSN 2708-129X. VKp. Xim. XypH., 2022
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Regarding the synthesis of Ba Nb,MoO,,
it should be noted that this issue is almost not
studied in the available literature. The first re-
port on the synthesis and crystal structure of
Ba,Nb,MoO,, was made by Garcia-Gonzalez
et al. [22], who synthesized it by solid-state
reaction of BaCO,, Nb,O,, and MoO, at
1300 °C for 72 hours. Fop et al. [18] reported
that a single-phase powder can be obtained
after repeated annealing at 1050 °C, while the
synthesis at 1100-1150 °C leads to the for-
mation of phases other than Ba Nb,MoO, .
Whereas in the paper [19], repeated anneal-
ing at 900 °C for 10-12 hours was carried out
to synthesize Ba, Nb,MoO, -based materials.
Taking into account the discrepancies not-
ed above, as well as the fact that strontium
carbonate has a higher melting point (t_ =
1497 °C) than barium carbonate (t = 811 °C)
[23], we tailored the synthesis parameters and
then synthesized (Ba, Sr ). Nb MoO, with
various strontium content (x = 0; 0.05; 0.10;
0.15; 0.20). The phase composition, particles
size and morphology of the obtained powders
were studied.

EXPERIMENT AND DISCUSSION
THE RESULTS

Solid-state synthesis was used to ob-
tain powders with nominal compositions
of (Ba, Sr).Nb,MoO,, x = 0.05; 0.10; 0.15;
0.20. Barium carbonate (BaCO,, >99%, Carl
Roth GmbH + Co. KG), strontium carbonate
(SrCO,, 99%, Alfa Aesar), niobium(V) oxide
(Nb,O,, 99.5%, ChemPur Feinchemikalien
und Forschungsbedarf GmbH), and molyb-
denum(VI) oxide (MoO,, 299.8%, Carl Roth
GmbH + Co. KG) were used as starting ma-
terials. The required amount of materials was
mixed and ground in a porcelain mortar. The

OF
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resulting mechanical mixture was sieved and
packed down tightly into the crucible by tamp-
ing with a glass rod. The solid-state synthesis of
(Ba, Sr ).Nb,MoO, powders was performed
in an air muffle furnace at temperatures of
1000-1100 °C (step 20 °C) to determine the
best reaction conditions for obtaining pow-
ders with the maximum concentration of the
required phase. The duration of each synthesis
was 10 h, and the number of repeated synthe-
sis operations under the same conditions was
varied from two to four in order to optimize
the synthesis process as well. The heating rate
to the dwell temperature was 8 °C/min, while
cooling was allowed to take place naturally. Af-
ter each annealing the powders were addition-
ally grinded and mixed.

The effect of synthesis temperature and
strontium content on the phase composition of
powders was investigated by X-ray diffraction
method using Rigaku Ultima IV diffractometer
(Rigaku Co. Ltd., Japan). The diffractograms
were recorded using continuous scanning with
a step of 0.05° or with a counting time of 4 s per
step at U = 30 kV, I = 30 mA with monochro-
matic Cu Ka radiation. Phase analysis was per-
formed using the JCPDS database and PDXL2
v. 2.0.3.0 software.

The average crystallite size was calculat-
ed using the Scherrer formula [24] from the
two most intense diffraction peaks at ~27.8°
and ~30.5° corresponding to (014) and (110)
planes of Ba Nb, MoO, structure, respectively:

D = 0.89A/Bcost, (1)
where D is the crystallite size, A is the X-ray
wavelength of 1.5406 A, 0 is Bragg diffraction
angle, and f3 is the full wide of half maximum
of the XRD peak.
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Dislocation density was defined by relation

(251 5=1/D 2)

where § is the dislocation density and D is the
crystallite size.

Lattice strain was calculated by using the
following equation [25]:

¢ = B/4tan®, 3)

where ¢ is the strain and f is the full wide of
half maximum of the XRD peak.

The particle size distribution of the powders
was measured by Bettersizer S3 Plus (Better-
size Instruments Ltd., China), which deter-
mine the angular variation in intensity of light
scattered as a laser beam passes through a dis-
persed particulate sample. Distilled water was
used as the dispersing medium. An ultrasonic
actuator built into the device was used to de-
stroy weak agglomerates. The Fraunhofer eva-
luation model was applied to process the raw
data using associated software.

Electron microscopic studies of the ob-
tained powders were performed on a scanning
electron microscope (SEM) Axia ChemiSEM
(Thermo Fisher Scientific Inc., USA).

The synthesized (Ba,_Sr ).Nb,MoO, pow-
ders with a nominal content of Sr** equal to
5mol.%, 10 mol.%, 15 mol.%, and 20 mol.% are
denoted as BSSNMO, BSIONMO, BS15NMO,
and BS20NMO, respectively for convenience.

Chemical reactions between carbonates and
metal oxides take place during the heating and
holding processes at the annealing temperature
of the powder mixture. Due to the low melting
point of barium carbonate (t = 811 °C) and
molybdenum oxide (t = 802 °C) [23], the
synthesis occurs through the formation of a li-
quid phase, which accelerates the processes of
homogenization and phase formation. After
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some period of time, the synthesis proceeds in
the solid phase due to the formation of more
refractory oxides [18], which finally form
Ba Nb,MoO, perovskite at optimal solid-state
reaction conditions.

To determine the optimal temperature for
solid-state reaction, a powder mixture with a
nominal composition of (Ba,,Sr,,).Nb,MoO,,
was selected as a representative sample, the
phase composition of which was investigated
within a 20 range of 23-33°, where the main
peaks of the formed phases are located [18,
19]. Fig. 1 shows XRD patterns of BSIONMO
powder after three annealing cycles for 10 h at
1000 °C, 1020 °C, 1040 °C, 1060 °C, 1080 °C,
and 1100 °C. According to Fig. 1a, the main
phase of the powder after synthesis at 1000 °C
is a solid solution of strontium in Ba Nb,MoO,
(ICDD No. 00-051-0484), there are also two
secondary phases, namely, BaMoO, (ICDD
No. 00-029-0193) and Ba,SrNb,O . (ICDD
No. 00-054-1174). The relative intensity of
Ba SrNb,O . phase is high, indicating its high
concentration possibly due to the incomplete
chemical reaction at low synthesis tempera-
ture. While the amount of BaMoO, phase is
very low as indicated by the intensity of the
main peak (Fig. 1a). The formation of these
phases is possible by the following chemical
reactions (4) - (6):

7(Ba, Sr)CO, + 2Nb,0O, + MoO, —

(Ba,_Sr) NbMoO, +7CO,T,  (4)

BaCO, + MoO, —» BaMoO, + CO,T,  (5)
4BaCO, + SrCO, + 2Nb O, —

Ba,StNb O, +5CO,T. (6)

ISSN 2708-129X. VKp. Xim. XypH., 2022
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Fig. 1. XRD patterns of BSIONMO powder after sythesis at (a) 1000 °C, (b) 1020 °C, (c) 1040 °C,
(d) 1060 °C, (e) 1080 °C, and (f) 1100 °C. Marked peaks: A — (Ba ,Sr; ),Nb,MoO,; B - BaMoO,; @ -

Ba,SrNb,O ; 4 - BaNb.O

13.5°

When the synthesis temperature was in-
creased to 1020 °C (Fig. 1b), the phase com-
position of the powder did not change quali-
tatively, but the diffraction pattern showed
a slight increase in the intensity of BaMoO,
peaks and the opposite for Ba,SrNb O, peaks.
This indicates that the amount of BaMoO,
and Ba SrNb,O . is slightly increased and de-
creased, respectively. A further increase in
the synthesis temperature to 1040 °C (Fig. 1c)
led to an increase in the intensity of the main
phase peaks, while the intensities of BaMoO,
and Ba SrNb,O . peaks decreased, which is ac-
companied by the disappearance of less intense
BaMoO, peak at 26 = ~32.1°. These results in-
dicate that the chemical reaction (4) proceeds

https://ucj.org.ua

more quickly with increasing synthesis tem-
perature.

At the synthesis temperature of 1060 °C
(Fig. 1d), the tendency of reducing the inten-
sities of secondary phases still continues. As a
result, the BaMoO, phase disappeared com-
pletely, and the intensity of Ba,SrNb,O . peaks
decreased by about a quarter. However, the
diffraction pattern shows a peak at 20 = 29.5°,
which mostlikely belongstoBa Nb,O . . (ICDD
No. 00-035-0933). This phase has two main
most intense peaks, which are located at 20 =
27.51° and 29.55°. The peak at 27.51° is not ob-
served, apparently due to its lower intensity in
this case. The formation of Ba Nb,O , . is most

13.5
likely due to the inhomogeneous distribution
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of the starting materials in the mixture and/
or incomplete solid-state synthesis reactions
[18]. It should be noted that the content of
Ba Nb.O, .. phase in the obtained powder is
insignificant.

Increasing the synthesis temperature to
1080 °C under other identical conditions (triple
annealing for 10 h) resulted in the powder that
in addition to the main phase, contains only
one secondary phase, namely Ba,StNb O, (see
Fig. 1e). As could be suggested from the rela-
tive intensity of Ba,StNb,O,, peaks (Fig. le),
the amount of this phase is low in comparison
with the samples obtained at 1000-1040 °C and
remains almost the same as after synthesis at
1060 °C (Fig. 1d).

When the synthesis temperature was in-
creased further to 1100 °C (Fig. 1f), BaMoO,
formed and the relative intensity of Ba SrN-
b,O,, phase increased, indicating its higher
content in the synthesized powder. The most
probable reason for this is the decomposi-
tion of (Ba ,Sr,,).Nb MoO, to BaSrNbO,
and BaMoO, due to the low thermal stability

of (Ba,Sr, ),Nb,MoO,, at high temperatures
[18] and the evaporation of barium oxide [26,
27], according to the chemical reaction (7):

(Ba, Sr).Nb,MoO, —
Ba, Sr Nb,O . +Ba _MoO, + BaOT. (7)

Thus, according to the obtained XRD re-
sults, the optimal temperature interval for
solid-state synthesis of (Ba, Sr ).Nb,MoO, is
1060-1080 °C that provides a minimum con-
centration of secondary phases in the powder.

In the case of solid-state synthesis, it is
common that the intermediates of the reac-
tion can be located in different parts of the
volume of the powder mixture and have dif-
ferent reactivity, as a result the efficiency of
further interaction in the system is signifi-
cantly reduced. Therefore, in order to achieve
homogeneous phase chemistry, it is necessary
to further activate the reactivity in the system,
which can be done by repeated procedures of
grinding and mixing the reaction products,
followed by prolonged annealing [18, 19,
28, 29].

(@) (b)

Intensity, a.u.
Intensity, a.u.

UL

HA A

(€)

Intensity, a.u.

..A A ..A

23 24 25 26 27 28 29 30 31 32 33
20, degrees

23 24 25 26 27 28 29 30 31 32 33
20, degrees

23 24 25 26 27 28 29 30 31 32 33
20, degrees

Fig. 2. XRD patterns of BSIONMO powder after (a) two, (b) three, and (c) four repeated

synthesis cycles at 1080 °C for 10 h. Marked peaks: A - (Ba,Sr ) Nb,MoO

o - Ba4SrNb4015.

68

B - BaMoO 3

20°

ISSN 2708-129X. VKp. Xim. XypH., 2022



0. V. Bezdorozhev, I. V. Solodkyi, A. S. Ostroverkh, I. A. Morozov, Y. M. Ostroverkh, Yu. M. Solonin

UCJ Ne 4 / Vol. 88

The XRD pattern in Fig. 2a indicates that
double annealing at 1080 °C for 10 h is not
enough to obtain pure BSIONMO powder. Al-
though the main phase is (Ba, Sr ).Nb MoO,,
there are still significant amounts of residual
phases such as BaMoO, and Ba,SrNb,O .. After
triple synthesis processes, the concentration of
Ba,SrNb,O,, notably reduced, while BaMoO,
phase disappeared (Fig. 2b). The obtained
powder was then additionally subjected to the
synthesis procedure in order to eliminate un-
wanted phases. However, as can be seen from
Fig. 2¢, the phase composition and intensity of
the peaks remained much the same indicating
that the reaction closely approached its ther-
modynamic equilibrium and further repeated
annealing can be considered as ineffective [29].
Thus, under the applied synthesis conditions,
the solid-state synthesis process should be re-
peated not less than three times in order to
obtain (Ba_Sr ).Nb,MoO, perovskite with a
small amount of secondary phases.

Using the above-established optimized syn-
thesis parameters we carried out solid-state
synthesis of a series of (Ba, Sr ) NbMoO,,
(x=10;0.05;0.10; 0.15; 0.20) powders and stud-
ied their XRD structural parameters.

According to the XRD pattern shown
in Fig. 3a, the powder without the stron-
tium additive contains two phases, namely
Ba Nb,MoO,, and Ba,Nb,O_,, after triple an-
nealing at 1060 °C for 10 h. From the ratio of
peaks’ intensity in Fig. 3a, it can be suggested
that the amount of Ba.Nb,O,, phase is small.

In the case of BSSNMO powder (Fig. 3b), it
can be seen that except the peaks of the main
phase (solid solution of Sr in Ba,Nb,MoO, ),
there are other peaks which belong to
Ba,SrNb,O . and Ba Nb,O,, . phases. The small
intensity of the peaks of Ba Nb,O .. indicates

https://ucj.org.ua

that the amount of this phase is very small, while
the amount of Ba SrNb,O . remained almost
the same compared to that of Ba,Nb,O, phase
in the powder without strontium additive.

To synthesize (Ba _Sr ) Nb MoO, with
10-20 mol.% Sr*, the temperature of multiple
annealing was increased to 1080 °C in order to
accelerate the diffusion processes due to the
increase in the powder mixture of more refrac-
tory SrCO, (t_ = 1497 °C) compared to BaCO,
(t_=811°C) [23]. The XRD pattern of BS10N-
MO powder in Fig. 3c shows that in addition
to the main peaks of Ba_ Nb,MoO, -based oxi-
de, there are peaks that belong to Ba SrNb,O ,
while Ba Nb,O . . or BaMoO, phases were not
detected. It should be noted that the amount
of Ba,SrNb,O,, phase in BSIONMO powder is
slightly higher compared to that of BSSNMO
powder as indicated by the increased intensity
of the respective peaks.

According to the XRD pattern of BSI5SNMO
powder in Fig. 3d, an increase in strontium
content to 15 mol.% resulted in the formation
of BaMoO, and Ba,Nb, O, , . phases, which have
relatively high intensity of XRD peaks. There
is also a significant increase in the intensity
and number of Ba,SrNb,O,, peaks indicating
an increase in the amount of this phase in the
powder. However, the solid solution of Sr in
Ba_Nb,MoO,  remains as the main phase in the
synthesized powder. The most probable reason
for such a significant increase in the amount
of secondary phases is that Sr reached its solu-
bility limit in Ba Nb,MoO,, and as a result the
excess amount of Sr leads to redistribution of
elements and formation of secondary phases.
It should be noted that the crystal lattice pa-
rameters of (Ba, Sr ) Nb MoO, phase in
BS10NMO and BS15NMO powders remained
unchanged.
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M - BaMoO4
O - BasNb4O1s

o - Ba4SrNb4O15
¢ — BagNbzO135
I - unidentified phase

_—
E
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d)
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Fig. 3. XRD patterns of (a) Ba,Nb,MoO,, (b) BSSNMO, (c) BSIONMO, (d) BSI5NMO, and (e)
BS20NMO powders. All unmarked peaks correspond to the main (Ba _Sr ).Nb,MoO, phase.

As can be seen from Fig. 3e, when barium multaneous decrease in the intensity of (Ba, S-
is partially replaced by 20 mol.% Sr*', thereisa r ) Nb,MoO, phase, leading to a significant
further remarkable increase in the intensity of ~difference in phase composition from the ex-
the diffraction peaks of BaMoO,, BaNb O .., pected one. Thus, BSI5NMO and BS20NMO
Ba SrNb,O ,, and unidentified phase with a si- materials cannot be used as an electrolyte for
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H*-SOFCs because they contain a significant
amount of BaMoO,, Ba SrNb,O ,, BaNb O ..
phases, which do not possess high ionic or pro-
ton conductivities [30-32].

It should be noted that Sr-based impurity
phases were not detected in the synthesized
powders (Fig. 3). The reason for this lies in
the following facts: (a) Ba and Sr have simi-
lar chemical properties; (b) strontium has
smaller ionic radius than that of barium [21];
(c) the used concentration of Sr** to dope
Ba Nb,MoO,, was low (5-20 mol.%). There-
fore, strontium would rather substitute part of
barium atoms in Ba-based compounds than
form separate Sr-based phases.

The crystal lattice parameters of (Ba, Sr ).-
Nb,MoO,, (x = 0; 0.05, 0.10, 0.15, 0.20) per-
ovskites are given in Table 1. It can be seen that
the crystal lattice parameters of the synthesized
perovskites have a tendency to decrease with
increase Sr content due to the smaller ionic ra-
dius of Sr** (1.32 A) compared to that of Ba**
(1.49 A) [21]. The volume of the crystal lattice
of Ba,Nb, MoO,, decreases by ~ 0.57% and ~
0.71% with the addition of 5 mol.% Sr** and
10 mol.% Sr**, respectively. The variations in
the crystal lattice parameters and unit cell vo-

lume indicated that the strontium ion is enter-
ing in the lattice of Ba Nb,MoO,  perovskite.

The crystallite size of (Ba,_Sr ).Nb,MoO,,
(x = 0; 0.05, and 0.10) powders was found to
be in the range of 45-53 nm (Table 1). It fol-
lows the same trend of decreasing values with
increasing strontium content reaching a mini-
mum at 10 mol.%. This can be due to the in-
crease in lattice strains because of ionic size
mismatch as ionic size of Sr** is lower than
that of Ba**. The strain increases with the in-
crease in strontium content due to the distor-
tion of the lattice. The incorporation of Sr into
(Ba, Sr).Nb,MoO, not only produced lattice
distortion but lattice defects and nucleation
centers which inhibits the growth of the pe-
rovskite crystals. With increasing the Sr dop-
ing content to 15 mol.% and 20 mol.%, some
fluctuations in the width and intensity of the
two main diffraction peaks of the main phase
are observed (Fig. 3). Although the lattice pa-
rameters remain unchanged (Table 1), the
other structural parameters of BSI5SNMO and
BS20NMO powders most likely to be affected
by significant amount of impurity phases and
chemical inhomogeneity [25].

Table 1
Structural parameters of (Ba, Sr ). Nb MoO, perovskites.

Lattice parameters Unit cell | Crystallite | Lattice | Dislocation

Powder . . . g3l ) . 5
a, A b, A ¢, A |volume, A’| size,nm | strain, % | density, m
BaNbMoO, 5861 5861 16518  491.4 53 0.264  3.63-107
BS5NMO 5.852 5.852 16.473 488.6 48 0.299 4.53-10"
BS10NMO 5.842 5.842  16.409 485.1 45 0.308 4.94-107
BS15NMO 5.842 5.842 16.409 485.1 51 0.267 3.84-10"
BS20NMO 5.842 5.842 16.409 485.1 43 0.317 5.41-10"
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Particle size distribution is an important
characteristic of powders that influences their
physical and chemical properties, and, accord-
ingly, their technological properties as well as
the feasibility of their practical use [33]. For
example, the particle size of the powder affects
its behavior during compaction and sintering,
as well as such characteristics of the sintered
products as microstructure, physical and me-
chanical properties [34-38].

In Fig. 4 and Table 2 is presented the re-
sults of the particle size analysis of the powders
with different strontium content in (Ba, Sr ).-

Nb,MoO,, perovskite. It should be noted that
the particle size distribution and morphology
of BSI5NMO and BS20NMO powders was not
studied here due to the significant amount of
the secondary phases that can affect the results.
A comparison of the particle size distribution
of Ba Nb,MoO,, BSSNMO, and BSIONMO
powders suggests that their size distribution is
approximately the same and does not depend
on the phase and chemical composition of the
powders. The particle size of the synthesized
powders is in the range of 0.05-12 pm, and
their average size is about 2.1 um.

Table 2
Particle size distribution of (Ba,_Sr ) Nb MoO, powders.

Size (d_) below which n-percent of the particles is contained, um
Powder Span

d3 d6 le d16 d25 dSO d75 d84 d90 d97
Ba Nb,MoO,, 0.09 0.12 050 0.76 1.10 1.90 3.10 3.68 4.28 553 1.98
BS5NMO 0.09 0.12 049 0.76 1.10 190 3.09 3.69 4.27 5.53 1.99
BS10NMO 0.09 0.16 0.69 1.15 151 254 375 445 516 6091 1.76

The obtained powders are polydisperse
and show a weak bimodal distribution with
a relatively small fraction of fine particles of
~50-110 nm in size and coarse particles with
sizes from ~0.4 pm to 12 um. The volume
contribution of the fine fraction does not ex-
ceed 12%. The majority of the particles are
within the 1.5-5 um size range and the span
of the particle size distribution is 1.76-1.99.
The formation of the coarse powder fraction
is due to the sintering of small particles into
dense aggregates during synthesis at high
temperatures. While the formed aggregates
cannot be effectively destroyed by the applied
methods in this study. The relatively small

https://ucj.org.ua

particle size of the powders was obtained as
the result of using starting powder materials
with particles less than 5 um in size, as well as
due to the fast nucleation and slow growth of
(Ba, Sr).Nb,MoO, phase [39].

Electron microscopic studies were per-
formed to investigate the morphology and
size of (Ba, Sr ). Nb,MoO,  particles after so-
lid-state synthesis. According to Fig. 5, par-
ticles and their aggregates are characterized
mainly by a rounded irregular shape, which is
the result of formation of new phase, sintering
of nano- and submicron particles, and disin-
tegration of large agglomerates during grind-
ing of synthesis products. Particles and their
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aggregates are characterized by a relatively
wide size distribution, which is in the range of
0.3-10 um. The size of most particles does not
exceed 5 pm, while the fraction of particles/
aggregates with sizes between about 5 pm and
10 pm is relatively small. According to SEM
analysis of (Ba,_Sr ) .Nb MoO, powders, it
can be concluded that the morphology and
particle size of the powder does not depend
on the strontium content. Thus, the effect of

particle size on the powder compaction beha-
vior will be the same for powders with different
strontium content [38]. It should be noted that
the results obtained by SEM and laser diffrac-
tion measurements are in good agreement in-
dicating the correctness of the applied research
methods. Our future efforts will be focused on
the preparation of the electrolyte and anode
from the synthesized powders and their cha-
racterization for SOFC application.

Fig. 5. SEM images of (a, b) Ba. Nb,MoO,, (c, d) BSSNMO, and (e, f) BSIONMO powders at magnifi-
cation of 2500x (a, ¢, €) and 10000x (b, d, ).
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CONCLUSIONS

The effect of solid-state synthesis conditions
and strontium content on the phase composi-
tion and properties of (Ba,_Sr ).Nb,MoO, pow-
ders was studied. It was found that the optimal
temperature interval for solid-state synthesis of
(Ba,_Sr ).Nb,MoO, (x = 0;0.05; 0.10) powders
with a minimum content of secondary phases
is 1060-1080 °C. Moreover, under the applied
synthesis temperatures, the solid-state synthesis
process should be repeated not less than three
times. The X-ray diffraction patterns reveal the
formation of (Ba, Sr ) Nb,MoO, perovskites
with an average crystallite size in the range of
45-53 nm. The crystallite size decreases with
the increase of Sr** content due to the increase
in lattice strains which suppress the growth of
the crystals. It was observed that an increase in
the strontium content in (Ba, Sr ). Nb,MoO,,
above 10 mol.% leads to redistribution of ele-
ments and formation of significant amount of
BaMoO,, Ba,Nb O, ., and Ba SrNb,O .. Ac-
cording to the laser diffraction method, the
synthesized (Ba, Sr ).Nb,MoO, powders had
particle size in the range of 0.05-12 pm with
an average size of about 2.1 pm. Moreover, the
size of the particles was found not to depend
on the strontium content and was mainly in-
fluenced by synthesis parameters, size of start-
ing powders, and grinding efficiency after re-
peated annealing operations. These results cor-
relate with the results obtained by electron mi-
croscopy, according to which the particles and
their aggregates have rounded irregular shape.
The study findings indicate that 15 mol.% and
20 mol.% Sr**-doped Ba Nb,MoO, cannot be
used as an electrolyte for H*-SOFCs due to the
significant amount of second phases.
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CUHTE3 TA BJIACTUBOCTI MOPOLLKIB

(Ba, Sr).Nb,Mo0,, NS NPOTOH-NPOBIAHNX
TBEPAOOKCUAHIX NANMBHUX KOMIPOK
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OpHMM i3 HepcreKTMBHUX HAIPSMIB BU-
pOOJIeHHS Ta CIIOXKMBAHHSA €/IeKTPUYHOI eHep-
rii € BogHeBa eHepreTuka. s BUpoOIeHHs
e/IeKTpoeHeprii 3 BORHIO HaileQeKTUBHilIe
BUKOPUCTOBYBATU €IEKTPOreHepyroYi ycTa-
HOBKM Ha OCHOBi TBEPJOOKCUJHIX Ia/JIVIBHUX
koMipok (TOIIK) i3 mpoToHHOIO TPOBigHICTIO
€IeKTPOJIITY 3aBISKY IXHiil BUCOKIN eeKTUB-
HOCTi 3a poboumx temmeparyp 500-600 °C.
JnA BUKOPUCTAHHA B POJIi €IEKTPOJIITY Iep-
CIEKTUBHVMM BBa)Kal0Th MaTepia/iy Ha OCHOBI
reKcaroHa/IbHOTO nepoBcbKiTy Ba Nb,MoO, ,
B/IACTUBOCTI SIKOTO MOXYTb OyTM IOKpalie-
Hi IIUIAXOM J1OTO JIeryBaHHA. Y 3B’A3KY 3 LIUM
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HaMM OY/I0 3aIIPOIIOHOBAHO 3/IiICHUTY CYHTE3
nepoBcbKity Ba Nb,MoO, , B sikoMy 4acTu-
Ha aToMiB Oapito Oyra 6 3aMilleHa aTOMaMu
CTPOHIIil0, Ta BifjIIpaI[l0BaTy yMOBM JIOTO CHH-
te3y. OTxe, B L1iil poOOTI HOCTII>KEHO BIUIUB
napameTpiB TBepjopasHOro CUHTE3Y Ta BMic-
Ty CTPOHIiI0 Ha ()a30BUIl CKJIaj Ta BIACTU-
BOCTi TNOpOIIKIiB i3 HOMiHaJIbHUM CKJIaZJOM
(Bal_xSrX)7Nb4M0020 (x = 0; 0,05; 0,10; 0,15;
0,20). Insa 1poro BUKOpPMCTaHi Taki mMeTomu
TOCIiPKEHH:, K peHTTeHiBChbKa Audpaxiis,
CKaHyI0O4a €JIeKTPOHHA MIKPOCKOIIA Ta JIa-
3epHa Audpaxuia. BigmosigHo mo pesynbra-
TiB peHTreHoda3oBOro aHaji3y MOPOLIKIB,
cuHTe3oBaHux 3a 1000-1100 °C, BcTaHOB-
JIEHO, IO ONTMMAJIbHMUM TEeMIIEpAaTyPHUM
iHTepBa/IOM [/11 Ofl€p)KaHHA II€POBCHKITIB
(Ba, Sr ).Nb,MoO,, (x = 0; 0,05; 0,10) i3 mi-
HiMa/JIbHUM BMiCTOM BTOpMHHMX (a3 € 1060-
1080 °C. Topi six HeoOXiTHA KiZIbKiCTb IIOBTOP-
HUX Bignanis mo 10 rox mae 6yTu He MeHIe
TppoX. IIpm BMicTi cTpoHmnio 15 Mom.% Ta
20 Monm.% crocrepira€Mo CyTTEBE 3pOCTaHHA
BMicTy BTopuHHUX a3 (BaMoO »Ba 4SrNb 0O,
BaﬁNb3OI3’5) BHACJIiJOK [OCATHEHHA TPaHMI
posunnHOCTi St B Ba.Nb, MoO, , 1110 Bukmoyae
MO>X/IMBICTb BMKOPUCTAHHS 3a3HAYEHUX IIe-
poBcbKiTiB sk enekrponity TOIIK. Jocmimken-
HA TPaHYJIOMETPUYHOIO CK/IaJy IIOpPOLIKiB
(Ba _Sr ). Nb,MoO, (x = 0;0,05; 0,10) moxasa-
710, 1110 AMCIIEPCHICTD IMTOPOLIKIB HE 3a/IeXKUTh
Bil IXHBOTO XiMIYHOIO CKJIaZy Ta BM3HaYa-
€TbCA B OCHOBHOMY AMCIEPCHICTIO BUXITHUX
PEeYOBUH, YMOBaMI CHMHTe3y Ta eeKTUBHic-
TIO NOAPiOHEHHS MOPOIIKY IiC/IA TTOBTOPHMX
omepaniil Bifmany. Bctanoseno, mo posmip
4acTMHOK nopokis (Ba, Sr ) Nb,MoO, sHa-
xomuThcsA B miama3oHi 0,05-12 MKM, Tofmi K
ixHil cepepHiit posmip ckimagae 2,1 mxm. Li
pes3y/nbTaTy CIiBIIAJIAI0Th i3 pesynbraTaMu
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€JIEKTPOHHOI MiKpOCKOIIil, BiATIOBIZHO 1O AKOL
YACTUHKM IIOPOIIKY MalTh HEINPaBUIbHY
OKpyITy (GOpMy, AKa 3yMOBJIEHA IIPOIleCaMMm
dbopMOyTBOpEHHA, IO BifOyBalOTbCA Iif Yac
YTBOpeHH: HOBOi (pasy 3 BUXiJHUX PEYOBUH,
pyliHyBaHHs/arnoMepanii 4acTMHOK IIifi 4Yac
Hofipi6HEeHHA IPOJYKTIB CMHTE3Y Ta CIiKaHHA
MaJIMX YaCTMHOK IIiJ] Ii€l0 TeMIepaTypu.

KnrouoBi cmoBa: TBepmodasHmit CUHTE3,
MePOBCHKIT, Topomok, Ba Nb,MoO,, enex-
TPOIIT.
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The peculiarities of formation and properties of organic-inorganic MAPbI, perovskite
films, obtained from solutions with different ratios of starting reagents (Pbl:MAI = 1:1,1:2,
and 1:3), in the DMF and DMSO solvents, studied. As the PbI :MAI ratio increases, the
temperature of the formation of a single-phase MAPbI, perovskite film also increases.
The slight changes in the structural and electrophysical characteristics for perovskite films
obtained at the different ratios of Pbl :MAI in DMF and DMSO were found. These changes
are related to the solvent that is included in the crystalline structure of perovskite. In the same
ratios of starting reagents, DMF is included in the structure of perovskite in a greater amount

than DMSO.

Keywords: organic-inorganic perovskite, phase transformations, structural parameters,

electrophysical characteristics.

INTRODUCTION. The global energy crisis
is one of the greatest challenges facing human-
ity. It is necessary to develop new technologies
for the successful use of energy from renew-
able sources due to the reduced availability of
fossil fuels. Solar energy is a rich, freely avail-
able source and promising replacement for
non-renewable fossil fuels.

The solar cells based on organic-inorgan-
ic perovskites have attracted the attention of
scientists according to a significant increase
in efficiency to 25.2%, low cost, and ease of
production. [1-2]. This effect was achieved

by improving the design of solar cells, adding
new conductive layers (of n- and p-type), and
improving the quality of the perovskite films.
Organic-inorganic perovskites combine the ad-
vantages of organic and inorganic semiconduc-
tors: high optical absorption, high mobility of
charge carriers [3], and regulated bandgap [4].
Photoactive halide perovskites usually ex-
hibit a three-dimensional crystal structure
with the characteristic chemical formula ABX,,
where A is a monovalent cation of methyl-
ammonium  (CH,NH,*), formamidinium
(HC(NH,),"), cesium (Cs*) or rubidium (Rb*),
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and B is a divalent metal cation Pb*" or Sn*,
and X is a halide anion (CI, Br or I') [5, 6].

Achieving the high photoelectric character-
istics of organic-inorganic perovskite depends
on the nucleation and growth of crystal pro-
cesses. As a result of the process control, it is
possible to obtain a smooth and compact film
of perovskite. External factors (temperature,
moisture, oxygen), as well as solvent, methods
of obtaining films, and annealing can signifi-
cantly affect the structural and physical pro-
perties of organic-inorganic perovskite. It is
known that solvents (DMF, DMSO, y-buty-
rolactone (GBL), NMP) [7, 8] were used for
the synthesis of perovskites can affect the pro-
perties of films.

Changes in the synthesis conditions (ratio
of starting reagents and solvent) may affect the
properties of perovskites. It was shown that the
ratio of starting reagents Pbl,:MAI (CH,NH,])
affects electrophysical characteristics, particu-
larly, the bandgap [9]. Solvent replacement
also affects the properties of organic-inorganic
perovskite. An increase in the stability of films
to moisture and the mobility of charge carriers
detected by using dimethyl sulfoxide instead
of dimethylformamide during the synthesis of
perovskite [10].

The method of obtaining perovskites is a
key factor in achieving high characteristics
(surface coverage, crystallinity, thickness, and
quality of films responsible for the morpho-
logical and transport properties of perovskite).
Several methods can be used to obtain films of
organic-inorganic perovskites. The most com-
mon methods of them are one-step and two-
step deposition, spin-coating, the method of
rapid deposition crystallization, and thermal
evaporation.

It is known that organic-inorganic perov-
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skites are unstable materials that can degrade
and decompose into various components un-
der the influence of external factors. Finding
ways to increase the stability of perovskites is
an urgent task, as its solution will allow them
to be used in the large-scale creation of solar
cells. Nowadays, the best laboratory samples
of elements based on perovskite demonstrate
high efficiency and a low cost of their produc-
tion. However, they have relatively low stabili-
ty, although some solar cells show stable ope-
ration throughout the year [11, 12].

This work aims to study the peculiarities of
perovskite formation, and structural and elec-
trophysical characteristics of organic-inorga-
nic MAPbI, perovskite films depending on the
solvent and the ratio of starting reagents.

EXPERIMENT AND DISCUSSION
THE RESULTS.

Materials. Lead iodide (Pbl)) and methyl-
ammonium iodide MAI (CH,NH,I) were
used as starting reagents for the synthesis of
organic-inorganic perovskites. To stabilize the
structure of perovskite, partial replacement of
iodine with chlorine was carried out by adding
chemically pure methylammonium chloride
MACI (CH,NH,CI). Dried chemically pure
dimethylformamide (DMF) and dimethyl sulf-
oxide (DMSO) were used as solvents.

The starting reagents Pbl, and MAI in the
ratios 1:1, 1:2, 1:3 were dissolved in DMF and
DMSO and stirred at 70 °C for 1 hour to obtain
MAPbI, (CH,NH_ PbL)) films. The formation
of crystalline MAPbI, films was performed
in a dry box. A pre-prepared clear solution
was deposited on cleaned glass substrates by
spin-coating at a speed of 1200 rpm for 30 s.
The heat treatment of the films was performed
on a preheated stove at temperatures from
20 to 205 °C for 15 minutes.
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The identifications of the phase composition
of films and calculations of the parameters of
the unit cell were performed by X-ray diffrac-
tometry (XRD) using a DRON-4-07 (CuKa
radiation and Ni filter, 40 kV, 18 mA) at 20 =
5-50°, a step of 0.04° and a count time of 4 s.

SiO, (angle standard 2@) and ALO, (cer-
tified intensity standard) were used as stand-
ards [13]. The parameters of the unit cell and
the coordinates of atoms were determined us-
ing the FullProf program developed by Juan
Rodriguez-Carvajal, Laboratoire Léon Bril-
louin (France) [14].

Peculiarities of phase transformations in
the formation of organic-inorganic perovskite
MAPbI, in DME, DMSO solvents. Plots of the
percentage of crystalline phases versus the film
treatment temperature were constructed based
on diffractograms of perovskite films obtained
at different ratios of starting reagents in the
DMF solvent (Fig. 1).

Figure 1 shows that the temperature rang-
es of the existence of intermediate compounds
(MA),(DMF) Pb.I, (MA) (DMF) PbI,, (MA),
(DMF)PbL, (MA),(DMF),Pb_I and organic-in-
organic perovskite MAPDI, in the film can be
determined depending on the ratio of reagents.
The structure of MAPDI, perovskite begins to
form at a temperature of 20-25 °C, regardless of
the ratio of starting reagents. The formation of
organic-inorganic perovskite occurs by the for-
mation and decomposition of various amounts
of intermediate compounds. At the ratio of
starting reagents Pbl :MAI - 1:1, there are three
intermediate compounds, and at 1:2, 1:3 four
and two intermediate compounds, respectively.
In a detailed analysis of the percentage of crys-
talline phases and diffractograms, formation re-
actions of MAPbI, perovskite were obtained at
the PbL:MAI = 1:1 ratio in DMF (Table 1).
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Fig. 1. The dependence of the percentage of
crystalline phases on the treatment temperature

of the film obtained at different ratios PbI :MAI in
DMF: a) 1:1; (b) 1:2; (¢) 1:3.
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Table 1

Phase transformations in the formation of MAPDI, perovskite at a ratio of starting

reagents of 1:1 in DMF.

Reagents Temperature Reaction products
20-45°C  [(MA),(DMF)PbI, + (MA),(DMF)Pbl, + 2MAPbI, +
3(MA),(DMF),Pb.I,
50 °C 0.5(MA),(DMF)PbI, + 0.75(MA),(DMF) Pbl, + 1.25MAI
+ 3(MA),(DMF),Pb.I, + 2.75MAPbI,
13PbL, + 13MAI 55°C 0.5(MA) (DMF) PbI, + 2.5(MA) (DMF) Pb I, + 2MAI +
(1:1 in DMF) 5SMAPbI,
>55-105°C  [(MA),(DMF),Pb.I. + I0MAPbI, + MAI
>105-110°C  [0.5(MA),(DMF),Pb.I, + 11IMAPbI, + MAI +0.5Pbl,
>110-115°C |13 MAPbL
13Pbl, + 13MAI 20-45°C  [(MA),(DMF)Pbl, + (MA),(DMF)Pbl, + 2MAPbI, +
3(MA),(DMF),Pb.I
(MA),(DMF)PbI, 0.5(MA),(DMF)PbL, + 0.5(MA),(DMF) Pbl, + 0.5MAI +
50 °C (0.5-0.5x)DMF
2(MA),(DMF) PbI, 0.25(MA),(DMF) Pbl, + 0.75MAPbI, + 0.75MAI +
1.5xDMF
0.5(MA),(DMF)PbI, 0.5(MA),(DMF) PbI, + 0.5MAI + (0.5-0.5x) DMF
0.75(MA),(DMF) Pbl, 55°C 0.75MAPbL, + 0.75MAI + 0.75xDMF
3(MA),(DMF),Pb.I + 2.5(MA),(DMF),Pb.L +1,5MAPbI, + 2DMF
0.5MAI
0.5(MA),(DMF) PbI, 0.5SMAPDL, + 0.5MAI + 0.5xDMF
2.5(MA),(DMF),Pb.I + #25105°C (MA),(DMF),Pb I +4.5MAPbI, + 3DMF
0.5MAI
(MA),(DMF),Pb I | >105-110°C [0.5(MA),(DMF),Pb I + MAPbI, + 0.5PbI, + DMF
0.5(MA),(DMF),Pb.I + 1,5MAPbI, + DMF
0.5MAI >110-115°C
0.5Pbl, + 0.5MAI 0.5MAPbI,

At a ratio of 1:1, a single-phase perovskite
film is formed at 115 °C. There is a gradual de-
composition of the intermediate compound
(MA) (DMF)Pbl, into  (MA),(DMF) PbI,,
which completely decomposes into MAPbI, at
T> 55 °C. The compound (MA),(DMF) Pb.I
is completely decomposed into MAPbI, pe-
rovskite at T> 110 °C.

When the ratio of starting reagents is 1:2 in
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DME a single-phase MAPDI, perovskite film is
formed at 170 °C (Table 2). At this ratio, sim-
ilar transformations of the intermediate com-
pounds (MA) (DMF)PbL, (MA) (DMF) Pbl,,
(MA),(DMF) Pb.I, are observed for the ratio
1:1, but the temperatures of transformations
are greatly different. In addition, the conver-
sion of the intermediate (MA) (DMF) Pb I to
MAPDIL, is observed in this system at T> 30 °C.
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Table 2
Phase transformations in the formation of MAPDI, perovskite at a ratio of starting
reagents of 1:2 in DMFE.

Reagents Temperature Reaction products
20°C 4(MA),(DMF),Pb.I. + 2(MA),(DMF)PbI, + 20MAI +
3(MA),(DMF) Pbl, + 3(MA),(DMF),Pb.I, + 2MAPbI,
25°C 3(MA),(DMF),PbI. + (MA),(DMF)Pbl, + 20MAI +
24Pbl, + 48MAI 4(MA),(DMF) Pbl, + 2(MA),(DMF),Pb.I_ + 7MAPbI,
(1:2 in DMF) >30-130°C | 3(MA),(DMF) PbI, + 0.5(MA),(DMF)PbI, + 20MAI +
20.5MAPbI,

>130-160 °C  |2.5(MA),(DMF) Pbl, + 21.5MAPDIL, + 21.5MAI
>160-170 °C | 24MAPDI, + 24MAI

24Pbl, + 48MAI 20°C 4(MA),(DMF),Pb I+ 2(MA),(DMF)PbI, + 3(MA),(DMF)
PbI + 3(MA),(DMF),Pb.I + 2MAPbI, + 20MAI
4(MA),(DMF),Pb,I_ 3(MA),(DMF),Pb,I_ + 2MAPbI, + 2DMF
2(MA),(DMF)PbI, 25°C (MA),(DMF)PbI, + (MA),(DMF) PbI, + MAI + (1-x)DMF
3(MA),(DMF),Pb.[, + 2(MA),(DMF),Pb.I. + 3MAPbI, + 2DMF
MAI
3(MA),(DMF),Pb,I_ 6MAPbIL, + 6DMF
(MA),(DMF)PbI, 0.5(MA),(DMF)PbL, + 0.5(MA),(DMF) PbI, + 0.5MAI +
>30-130°C  1(0.5-0.5x)DMF
4(MA),(DMF) PbI, 2.5(MA),(DMF) Pbl, + 1. 5MAPbL + 1.5MAI + 1.5xDMF
2(MA),(DMF) Pb,I + 6MAPbI, + 4DMF
2MAI
3(MA),(DMF) PbI, | >130-160°C |2(MA),(DMF) PbI, + MAPbI, + MAI + xDMF
0.5(MA),(DMF)PbI, 0.5(MA),(DMF) PbI, + 0.5MAI + (0.5-0.5x)DMF

2.5(MA),(DMF) Pbl, | >160-170°C |2.5MAPbIL, + 2.5MAI + 2.5xDMF

Table 3
Phase transformations in the formation of MAPDI, perovskite at a ratio of starting
reagents of 1:3 in DMF.
Reagents Temperature Reaction products
20-150°C | 4(MA),(DMF) Pbl, + (MA) (DMF)PbL + 4MAPbI, + 12MAI
9PbL, + 27MAL  [75150-170 °C [2(MA),(DMF) Pbl, + 7MAPbI, + 16MAI
(1:3in DMF) - =1767175°C [OMAPbI, + 18MAI
9PbL + 27MAI 20-150°C | 4(MA),(DMF) PbI, + (MA) (DMF)PbI_ + 4MAPbIL + 12MAI
4(MA) (DMF) Pbl, + | >150-170 °C |2(MA),(DMF) Pbl, + 4MAI + 3MAPbL + (2x+1)DMF
(MA),(DMF)PbI
2(MA) (DMF) Pbl, | >170-175°C |2MAPbL, + 2MAI + 2xDMF
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At the ratio PbI:MAI = 1:3, the formation
of a single-phase MAPDI, perovskite film oc-
curs at 175 °C (Table 3).

There is a gradual decomposition of the in-
termediate compound (MA),(DMF)PbL, into
4MAI and (MA),(DMF) Pbl ; the latter com-
pletely decomposes into MAPbI, at T> 170 °C.

Thus, the ratio of starting reagents in DMF
significantly affects the number of intermediate
compounds that are formed during the synthe-
sis. As the ratio of reagents increases, the tem-
perature of formation of single-phase MAPbI,
perovskite film increases. The MAPDI, phase is
present in the film after heat treatment at 20 °C
in amounts of 15-30 wt. %. However, at high-
er temperatures of 40-60 °C, the intermediate
phases begin to decompose, and in this tempe-
rature range, the transformation of the interme-
diate phases into perovskite is not completed.

For the perovskite films synthesized at dif-
ferent ratios of starting reagents in the DMSO
solvent, plots of the crystalline phase content
versus the film treatment temperature were
constructed (Fig. 2).

Figure 2 shows that the structure of MAPbI,
perovskite begins to form at 60 °C for the ra-
tios 1:1, 1:2, and at 70 °C for the ratio 1:3. At
a ratio of 1:1, the perovskite film obtained at
T> 160 °C begins to degrade, which is accom-
panied by a decrease in the percentage of per-
ovskite MAPbI, and an increase in the percent-
age of the intermediate PbL -DMSO (Fig. 2a).
At this ratio of starting reagents, a single-phase
film is not formed. At a ratio of 1:2, 1:3, inter-
mediate compounds completely decompose
and a single-phase MAPDI, film is formed at
190 and 205 °C, respectively.

The quantitative content of the phases
(MA) (DMSO),PbI,  (MA),(DMSO) Pbl,,
PbIZ-DMSO, Pb12~2DMSO, and organic-inor-
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ganic perovskite MAPbL, in the film depends on
the ratio of reagents and treatment temperature.
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Fig. 2. The dependence of the percentage of
crystalline phases on the treatment temperature
of the film obtained at different ratios PbI :MAI in
DMSO: (a) 1:1; (b) 1:2; (¢) 1:3.
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Table 4

Phase transformations in the formation of MAPDI, perovskite at a ratio of starting
reagents of 1:1 in DMSO.

Reagents Temperature Reaction products
20-50 °C 3(MA),(DMSO),Pb I + PbL-2DMSO + 4MAI
60-85 °C 2(MA),(DMSO),Pb,I, + PbL-2DMSO + 3MAPDL, + 3MAI
90 °C (MA),(DMSO),Pb [+ (MA),(DMSO) Pbl, + 6MAPbI,
>90-100°C | (MA),(DMSO),Pb.I, + 7MAPDI, + MAI
110°C 0.5(MA),(DMSO),Pb.I + 0.5PbL - 2DMSO + MAI +
10PbL, + 10MAI 8MAPbI,
(1:1in DMSO) >110-160°C | 0.5(MA) (DMSO),Pb. I + 8.5MAPbI, + 0.5MAI
>165-180 °C |0.25(MA),(DMSO),Pb.I, + 9MAPDI, + 0.5MAI +
0.25PbI -DMSO
190 °C 0.25(MA),(DMSO),Pb.I, + 7MAPDI, + 2.25PbI - DMSO +
2.5MAI
10PbL, + I0MAI 20-50 °C 3(MA),(DMSO),Pb_I, + PbI-2DMSO + 4MAI
3(MA),(DMSO),Pb.I, 60-85°C 2(MA),(DMSO),Pb.I, + 3 MAPbI, +
+ MAI 2DMSO
2(MA),(DMSO),Pb.I, + (MA),(DMSO),Pb_ L + (2-x)DMSO +
2MAI 90 °C (MA),(DMSO) PbI, + 2MAPbI,
PbL-2DMSO + MAI MAPbDI, + 2DMSO
(MA),(DMSO) PbI, >90-100°C | MAPDL + MAI + xXDMSO
(MA),(DMSO),Pb. I, 110°C 0.5(MA),(DMSO),Pb.I, + MAPbI, +0.5PbL - 2DMSO
0.5PbL-2DMSO + MAI | >110-160°C |0.5 MAPbI, + 0.5 MAI + DMSO
0.5(MA),(DMSO),Pb.I. | >165-180°C |0.25(MA),(DMSO),Pb.I, + 0.5MAPbL, + 0.25PbL- DMSO
+ 0.5MAI + 0.25DMSO
0.25PbL- DMSO + 190 °C 2 MAI + 2.25PbL- DMSO
2MAPDI,

In a detailed analysis of diffractograms
and the phase content of the film, formation
reactions of MAPDI, perovskite at the ratio
PbI:MAI = 1:1 in DMSO were obtained (Ta-
ble 4).

At a ratio of starting reagents of 1:1 in
DMSO, the formation of organic-inorganic
perovskite MAPbI, occurs through the for-
mation and decomposition of 4 intermediates
(MA),(DMSO),Pb I, (MA),(DMSO) PbI,

8)

https://ucj.org.ua

PbI -DMSO, Pbl,-2DMSO. It was shown that the
intermediate compound (MA),(DMSO),Pb,I,
at 90 °C decomposes into the compound
(MA),(DMSO) Pbl, from which perovskite
formation takes place.

At a ratio of 1:2 in DMSO, a single-phase
perovskite film is formed at 190 °C (Table 5). In
this case, the same 4 intermediate compounds
are also formed, which are formed at a ratio
of 1:1.
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Table 5

Phase transformations in the formation of MAPbI, perovskite at a ratio of starting rea-

gents of 1:2 in DMSO.

Reagents Temperature Reaction products
20-55°C 3(MA),(DMSO),Pb_ I, + PbL,-2DMSO + PbI- DMSO +
12MAI
60-85°C 2(MA),(DMSO),Pb.I, + PbL-DMSO + MAPbI, + 11MAI
90-140 °C (MA),(DMSO),Pb. I+ PbL-DMSO + 3MAPbL, + OMAI +
8PbI, + 16MAI (MA),(DMSO) PbI,
(1:2 in DMSO) >140-160 °C | PbI-DMSO + 2(MA),(DMSO) PbI, + 5MAPbI, + 7MAI
165 °C 0.5(MA),(DMSO),Pb.I, + 0.5Pbl-DMSO + 5MAPDIL, +
(MA),(DMSO) PbI, + 8MAI
>165-185°C |0.75(MA),(DMSO),Pb.I + 5.25MAPDIL, + 0.5Pbl -DMSO
+ 9.25MAI
190 °C 8MAPDIL, + 8MAI
8PbI, + 16MAI 20-55°C 2(MA),(DMSO),Pb.I, + PbL-2DMSO + PbL-DMSO +
12MAI
PbI-2DMSO 60-85°C PbIL-DMSO + DMSO
PbI- DMSO + MAI MAPDIL, + DMSO
2(MA),(DMSO),Pb.I, + 90-140 °C (MA),(DMSO),Pb.I. + 2MAPbL, + (2-x)DMSO +
2MAI (MA),(DMSO) PbI,
(MA),(DMSO),Pb.I + >140-160 °C | (MA),(DMSO) Pbl, + 2MAPbL, + (2-x) DMSO
2MAI
2(MA),(DMSO) PbI, + 0.5(MA),(DMSO),Pb.I, + 0.5PbI-DMSO +
PbI- DMSO 165 °C (MA),(DMSO) PbI, + MAI + (x-0.5)DMSO
0.5(MA),(DMSO),Pb I, | >165-185°C |0.75(MA),(DMSO),PbI, + 0.25MAPDI, + 1.25MAI + (x-
+(MA),(DMSO) PbI, 0.5)DMSO
0.75(MA),(DMSO),Pb. I, 2.25 MAPDI, + 1.5DMSO + 0.5MAI
+ 1.25MAI 190 °C
0.5PbL- DMSO + 0.5MAI 0.5MAPbBI, + 0.5DMSO

At a ratio of 1:2, interconversion of com-
pounds (MA),(DMSO),Pb [, <> (MA), (DM-
SO) Pbl, is observed. At low temperatures
(90-160 °C) the preceding reaction proceeds
in the forward direction with the forma-
tion of (MA),(DMSO) Pbl,, while a part of
(MA),(DMSO),Pb. [ is converted into MAPDbL..
At T > 165-185 °C, the reaction proceeds in the
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reverse direction, while a part of (MA), (DM-
SO) Pbl, is converted into MAPbIL,. A con-
version of the compound PbI-2DMSO to
PbI-DMSO is also observed, which in interac-
tion with MAI forms perovskite MAPDI..
When increasing the ratio of starting rea-
gents to 1:3, a single-phase perovskite film is
formed at 205 °C (Table 6). The formation of
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perovskite occurs through the formation and
decomposition of 4 intermediate compounds.
At aratio of 1:3, interconversion of compounds
(MA),(DMSO),Pb I, <> (MA),(DMSO) PbI,
is also observed, but in a wider temperature

range. There is also a conversion of the com-
pound PbL-2DMSO to PbL-DMSO, which
when interacting with MAI forms perovskite
MAPDI, as for the ratio 1:2.

Table 6

Phase transformations in the formation of MAPbI, perovskite at a ratio of starting
reagents of 1:3 in DMSO.

Reagents Temperature Reaction products
20-30 °C 2(MA),(DMSO),Pb,I, + PbL-2DMSO + PbI - DMSO +
20MAI
>30-65°C  |2(MA),(DMSO),Pb.I, + 2PbL-DMSO + 20MAI
70-75°C 2(MA),(DMSO),Pb,I + PbL-DMSO + MAPDL + 19MAI
80-140 °C (MA),(DMSO),Pb_ I, + PbI- DMSO + 3MAPDI, +
8PbI, + 24MAI (MA),(DMSO) PbI, + 17MAI
(1:3 in DMSO) S
>140-160 °C  |3(MA),(DMSO) Pbl, + 5MAPDI, + 13MAI
>165-185°C |0.5(MA),(DMSO),Pb.I, + 0.5(MA),(DMSO) PbI, +
6MAPDI, + 16MAI
>185-200°C | PbL-DMSO + 7MAPbI, + 17MAI
205°C 8MAPbDI, + 16MAI
8PbL, + 24MAI 20-30°C 2(MA),(DMSO),Pb.I, + PbL-2DMSO + PbI - DMSO +
20MAI
PbI-2DMSO + PbL- >30-65°C | 2PbL-DMSO + DMSO
DMSO
2PbL-DMSO + MAI 70-75°C PbL-DMSO + MAPbI, + DMSO
2(MA),(DMSO),Pb.I + 80-140 °C (MA),(DMSO),Pb I, + 2MAPbIL, + (2-x)DMSO +
2MAI (MA),(DMSO) PbI,
(MA),(DMSO),Pb.I + MAPDL + 2(MA),(DMSO) Pbl, + (2-2x) DMSO
3MAI >140-165 °C
PbL-DMSO + MAI MAPDIL, + DMSO
3(MA),(DMSO) PbI, >165-185°C  |0.5(MA),(DMSO),Pb.I, + MAPDL + 3MAI +
0.5(MA),(DMSO) PbI, + (2.5x-1) DMSO
0.5(MA),(DMSO),Pb.I. | >185-200°C |PbL-DMSO + MAPDI, + MAI + 0.5xDMSO
+0.5(MA),(DMSO)
Pbl,
PbL-DMSO + MAI 205 °C MAPbDIL, + DMSO
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Thus, regardless of the ratio of starting re-
agents in DMSO, the formation of MAPDI,
perovskite occurs through the formation of 4
intermediate compounds. When the ratio of
reagents increases, the temperature of forma-
tion of single-phase MAPDI, film increases.

Crystallographic and electrophysical charac-

teristics of organic-inorganic perovskites MAPbI,
obtained at different ratios Pbl :MAI in DME,
and DMSO. The calculation of the unit cell
parameters of organic-inorganic MAPbI, pe-
rovskite films was performed by the Rietveld
tull-profile analysis method using X-ray dif-
fraction patterns (Fig. 3).

a 8~ I _ — 1 b g —1:1
S  « <) —1:2 —~ < S — 12
o -~ = —_ —~ ~N N %
= A =2 g8 —1:3 S T s ~ —13
= S NS =l = o N =2
ot I =~ e 3 b S~
-~ — =~ N
oS | & 8 —
ay S 5
] @«
D U j
Ww * %
— e
r T T T T T T T T T T T T T T T T T 1 T T T T . T T v T v T v T . 1
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Fig. 3. Experimental X-ray diffraction patterns
ratios of starting reagents in the DMSO solvent.
(MA),(DMSO),Pb.I..

It was found that depending on the ratio
of starting reagents and solvent, there are
slight changes in the volume of the cell for
perovskite films (Table 7). The changes in the
unit cell volume are associated with a small
amount of the solvent that is part of the crys-
talline structure of perovskite. It was proved
that the solvent DMSO can replace the cati-
on MA* in the structure of organic-inorganic
perovskite MAPDIL, [15]. The ra(}ius of DMSS)
and DMF molecules are 3.05 A and 3.13 A,
respectively [16], and the radius of the cation
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of samples of MAPDI, films obtained at different
The Miller indices are given in parentheses. * —

MA* is 2.17 A [17]. Since DMF and DMSO
molecules are close in size, it can be assumed
that DMF enters into the crystal structure,
creating deformations. To test this assump-
tion, we will calculate the changes in volume
and solvent concentration.

From literature, it is known that the volu-
me oof the unit cell for perovskite is Vierouskitg =
990 A*[18], or V. . /7 = 990/4 = 247.5 A’.
Table 7 shows that the experimental values of
unit cell volume are slightly larger than the
theoretical value of unit cell volume of 990 A’,
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Table 7

Structural parameters of organic-inorganic perovskites MAPbI,, obtained at different
ratios PbI :MAI (1:1, 1:2, 1:3) in the DMF and DMSO solvents.

DMF DMSO
Parameters
1:1 1:2 1:3 1:1 1:2 1:3
V, A3 994.5(3) 998.6(5) 997.5(4) 991.3(1) 994.7(4) 994.5(2)
Deposition 115°C | 170°C | 175°C | 150°C | 190°C | 205°C
temperature

The calculation of the amount of solvent in
the structure of perovskite was performed ac-
cording to formula (1) using the unit cell vo-

Vperovskite

_ V(ppIy) n Vman + (V
S

lumes of the starting reagents, and perovskite,
as well as the volumes of DME, DMSO solvent
molecules, and methylammonium cation MA*:

(1)

Zy Zy Z3

where Z, Z,, and Z, are the formula unit for
perovskite, Pbl, and MAI, respectively, x is the
amount of solvent included in the structure of
perovskite, V(PbL) is the unit cell volume of
Pbl, V(MAI) is the unit cell volume of MAL
Vo 18 the volume of the solvent molecule,
V (MA") is the volume of the methylammoni-
um cation MA*. Taking into account the values
of the volumes of compounds and their for-
mula units, we obtain V(PbI,)/Z, = 125.69/1 =
125.69 A%, V(MAI)/Z, =235.93/2=117.965 A?,
The calculation of the volume of the solvent
(V, 1er) Was performed according to formula
(2) under the assumption that the solvent mo-
lecule has a spherical shape [18].
(2)

V= 2nR3,
3

where R is the radius of the solvent molecule.

https://ucj.org.ua

olvent — V(MA"’)) "X,

A similar volume calculation was performed
for the MA* cation. The volume of the DMF
and DMSO solvoents is V iy = 1284 A and
V prso) = 118.8 A%, respectively. The volume of
the cation MA*is V (MA*) = 42.8 A3,

The replacement of a smaller MA* cation
with a larger molecule of DMF or DMSO leads
to minor changes in structural and electro-
physical characteristics, which is confirmed by
the following calculations.

The solvent content of the structure (x) was
determined from formula (3), which was de-
rived from formula (1):

Vperovskite V(PbIz) V(MAI)
Zq Zy Z3

3)

X =
Vsolvent_V(MA+)

The results of the calculations are summa-
rized in table 8.
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Table 8

Determination of the amount of solvent in the structure of perovskite depending on the
ratios of starting reagents PbI :MAI in the DME, DMSO solvent.

PbIZMAI Vperovskite' A’ Zl perovskite/Zl' Al Vsolvent' A’ X. %
MAPbI, 990.0 4 247.5 - - 0

1:1 991.3(1) 4 2478 5.5
DMSO 118.8

1:2 994.7(4) 4 248.7 6.6

1:3 994.5(2) 4 248.6 6.5

1:1 994.5(3) 4 248.6 5.8
DMF 128.4

1:2 998.6(5) 4 249.6 7.0

1:3 997.5(4) 4 249.4 6.7

It was found that at the same ratios of start-
ing reagents, the structure of perovskite in-
cluded the DMF solvent in a greater amount
than DMSO.

The fact that the solvent is part of the struc-
ture of perovskite affects not only the struc-
tural parameters but also the electrophysical
characteristics, in particular, the width of the
bandgap (Table 9).

Influence of the solvent on the electrophysical characteristics of perovskite MAPbIrf.a e
Solvent DMF DMSO
PbI :MAI 1:1 1:2 1:3 1:1 1:2 1:3
Solvent content, % 0 5.8 7 6.7 | 55 | 6.6 | 65
Bandgap, eV 1.55 [18] 1.59 (1.62 |1.57 |1.57 |1.53 |1.54

The bandgap for the perovskites obtained at
different ratios of starting reagents in DMSO
is less than for the films obtained using DME.

CONCLUSIONS

The peculiarities of formation and proper-
ties of organic-inorganic MAPbI, perovskite
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films have been studied as a function of the
ratio of starting reagents in DMF and DMSO
solvents. As the Pbl :MAI ratio increases, the
temperature of the formation of single-phase
MAPbI, perovskite film increases. It was found
that when using the DMF solvent, the number
of crystalline phases in the film depends on
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the ratio of starting reagents. At a ratio of 1:1
in DME the number of phases is 4 and at 1:2,
1:3 5, and 3, respectively. When using DMSO,
regardless of the ratio of starting reagents,
there are 5 crystalline phases in the film.

Plots of the percentage of crystalline phases
in the film versus the treatment temperature
have been constructed for perovskite films
synthesized at different ratios of starting rea-
gents in the DMF, and DMSO solvents. It was
shown that the formation of organic-inorganic
perovskite occurs through the formation and
decomposition of intermediate compounds
(phases). Reactions of MAPDI, perovskite for-
mation at different ratios Pbl:MAI in DMF
and DMSO have been obtained.

It was found that for the perovskite films
obtained at different ratios Pbl: MAI in DMF
and DMSO, there are slight changes in the
structural (unit cell volume) and electrophy-
sical (bandgap) characteristics. These changes
are related to the solvent that is included in the
crystalline structure of perovskite. It was found
that at the same ratios of starting reagents,
DMF is included in the structure of perovskite
in a greater amount than DMSO.
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BUXIAHWUX PEATEHTIB HA BNTACTUBOCTI OP-
FAHO-HEOPTAHIYHOr 0 NEPOBCLKITY MAPbI,
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CMHTe30BaHO OpraHO-HEOPTaHIYHUIL IIe-
poscbkit MAPbI, (CH,NH,PbL)) meromom
OJHOCTA/IIfIHOTO OCA/I)XEHHA 3a Pi3HOTO CIIiB-
BiiHONIeHHs Buxiguux pearentis (Pbl, Ta
MAI, sxki 6pamu y cmiBBifHOomenHi 1:1, 1:2,
1:3) y posunaENKy JM®A ta JMCO. [I511 oT-
pUMMaHHA IUIIBOK OpraHO-HEOPraHiYHOTro Ie-
poBcbkiTy MAPDI, BUKOpUCTOBYBanu meToqn
spin-coating.

HocmimkeHo 0coOMMBOCTI YyTBOpPEHHA Ta
BJIAaCTMBOCTI IIIIBOK OPraHO-HEOPraHiYHOTrO
IIEPOBCHKITY MAPbI3 3a7e)KHO BiJl CIiBBif-
HOILEHHA BUXiIHUX PEAreHTiB Y PO3YMHHUKY
DME, DMSO. 3i 36i1plleHHAM CIIiBBiJHOIIEH-
Ha Pbl :MAI spocrae Temneparypa yTBOpeH-
Ha offHo(a3Hoi MIiBKM epoBcbKiTy MAPDL..
IToxasaHo, 1110 yTBOPEHHA OPraHO-HeOpraHiy-
HOTO ITIEPOBCBKITY BiflOyBa€eTbCs 4epes yTBO-
PeHHA Ta PO3KIaJaHHA IPOMDKHMUX CIOTYK
(pas). Orpumano peakuii yTBOpeHHs IepOB-
cokitry MAPDI, 3a pisHoro chiBBimHOMmIEHHS
Pbl:MAl'y DME DMSO.
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Bcranosneno, mo cTpykTypa nepoBChKiTY
MAPbI, nounnae popmyBaTucs sa Temmepa-
Typu 20-25 °C He3a/e)XHO BiJj CIiBBiHOLIEH-
HA BuXigHux pearenTis y DME IIpu Buxkopuc-
tanHi DMSO ctpykTypa neposcbkity MAPDI,
nounHae popmyBaTics 3a TeMmieparypu 60 °C
i cuiBigHowens 1:1, 1:2, Ta mpu 70 °C pna
criBBigHOMIEeHH 1:3.

BcranoBneHo, 10 py BUKOPUCTaHHI po3-
yyaHrka DMF Kinbkicte kpucramiunux ¢as
y IUIBI 3a/IeXKUTh BiJj CIIiBBiJHOLIEHHA BU-
XigHux pearentis. [Ipu cniBBigHOmEHHI 1:1 y
DMEF «xinbkictp ¢a3 cranoButhb 4, a npu 1:2,
1:3 — 5 Ta 3 BignosigHo. IIpu Bukopucranui
DMSO He3ane>XHO Bif CHiBBIMHOIIEHHS BU-
XiJHMX peareHTiB y IIBLi IPUCYTHI 5 KpucTa-
nigHUX das.

[l TIiBOK IEPOBCHKITY, OTPMMaHMX 32
Pi3HOTO CITiBBiJHOIIEHHA BUXiJHUX peareHTiB
y posunuHuky DME DMSO, 6yno nobynosa-
HO 3aJIeXHICTb BMICTYy KpucTamiyHmx a3 y
wiiBLi Bif Temmneparypu o6pobnenHA. Bera-
HOBJIEHO, 1110 /1A IJIIBOK IIEPOBCHKITY, OTPH-
MaHMX 32 pisHOTO criBBigHOmeHHs Pbl :MAI
y DME, DMSO cnocrepiraemo He3HauHi 3Mi-
HJ B CTPYKTYpHUX (00’€M e/leMeHTapHOI KO-
Mipkn) Ta enekTpodisnyHux (mwmprHa 3abo-
poHeHOi 30HM) XapakTepuctukax. L[i 3miHun
TIIOB’sI3aHi 3 PO3YMHHVIKOM, SIKMII BXOOUTH Y
KPUCTa/IiYHy CTPYKTYpy IIepOBCBbKiTy. BcTa-
HOBJIEHO, 10 332 OJHAKOBUX CIIiBBiJJHOIIEHb
BUXigHUX peareHTiB DMF BXopguth B CTpyK-
TYPY HepOBCBKITY y OinbIIiil KimbKOCTi, HiX
DMSO.

KnrodoBi cmoBa: opraHo-HEOpraHiuYHMIA
IIepOBCHKIT, ()a3oBi IepeTBOpEHH:, CTPYK-
TypHi apameTpy, enekTpodisnyHi Xapakre-
PUCTUKMN.
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®OTOKATANIITUMHA AKTUBHICTb ME30MOPUCTOrO Ti0, (AHATA3)

Y PEAKLII BUAUIEHHA BOAHHO 3 BOAHO-ETAHOJIbHOI CYMILLI
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3pasku Me30mopucToro HaHokpucraniudoro TiO, (aHaras i3 posmipom KpuUCTasiTiB
6mm3bko 10 HM) Oy/I0 OTPUMAHO 30JIb-T€lTb-METONOM 3a IPUCYTHOCTI TeMIUIATy HibeH-
30-18-KpayH-6 i HEBENMKUX I06aBOK IMOBEPXHEBO-aKTUBHOI PEYOBMHM JOfIIIVI/IMETUTIETH -
NaMoHio 6pominy Ta/abo jtoniB nanTany (III) y moegHaHHi 3 rizporepmManbHUM 00poOIeH-
HAM 3 HACTYIIHMM IIPO>KapIOBaHHAM Ha nositpi npu 500 °C.

DoTOKaTaMITUIHY aKTUBHICTh OTpUMaHuX 3paskis TiO, mocmipkyBanm y peakuii Bupi-
nerHst H, 3 BOIHO-eTaHONMBHOI CyMillli. BcTaHOB/IEHO, 110 y BCiX BUIAKaX BUKOPUCTAHHS
rifipoTepManbHOTO 00pOOIeHHs 3HAYHO 301/IbIye POTOAKTUBHICTD 3pasKa, sKa B HESKUX
BUIIAIKaX Yy IOHAJ 3-4 pasu IepeBUIYE BiJIIOBIHY XapaKTEPUCTUKY /I KOMEPLITHOIO
¢dorokaranizaropa Evonik P25.

IToxasaHo, 1110 OTpMMaHi 32 OJHAKOBMX KOHIIEHTpPALIifAX PEareHTiB B peaKIiiiHOl CyMmili
3pasku mMikpocdep TiO, feMoHCTPYIOTh fieno 6inblry GOTOKaTaMTUYHY aKTUBHICTD, HiX
BifinoBifHi cTabinisoBaHi 1aHTaHOM 3pasku MopouiKis Mesonopucroro TiO, (YacTUHKM Mi-
KPOMETPOBOrO MacIITaby 3a IpUCYTHOCTI 7ioHiB nmaHTany (III) He yTBOpIOIOTBCA). OHAK
npy 30i/IbIIeHH] KOHLIEHTpallii peareHTiB B peakLiiiHii cymimi Har6inpiry poTokaramiTiy-
HY aKTUBHICTb Ma€ OTPUMaHMI 3pa3oK, [0 MiCTUTD JIaHTaH.

KnrouoBi cmosa: sonmb-renb-cunres, mesonopucri TiO, Mikpocdepn, aHaTas, TaHTaH,
BujienHs H..

BCTYII. ¥V cy4YacHuMX HampsIMKax 3ejle- JOro HETOKCMYHOCTI, BMCOKOI CTiliKOCTi 1O
HOI Ximil HaHOpO3MipHUII fiokcup TMTaHy 3 (oTo- Ta XimMiuHOI KOpo3ii, KoMepuiitHOI 0-
KOHTPO/IbOBAHOK MOPQOJIOTi€l0 Ta TEKCTy- CTYMHOCTI Tomo. Taki HaHOCTPYKTypoOBaHi
pOI0 POS3ITIANAIOTb SIK HANOINbLI IepClieK- CUCTeMU MOTPiOHI i BupilleHHs I7106ajb-
TUBHY OCHOBY 11 (OpPMyBaHHS HAIiBIPO- HMX €HEPTeTMYHNX Ta €KOJOTIYHMX IpobIeM
BifHMKOBUX QoTOKaTanizaTopiB BHacmigok [1-7].
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EdextuBHicTp QoTOKaTaTITUYHUX CHC-
TeM BM3HAYaIOTh HAOOPOM IXHIX pi3HMX Ia-
paMeTpiB (XapaKTepMUCTUK), TaKuX sK ¢aso-
BUII CK/IaJl, CTYIIiHb KPUCTAIi4YHOCTI, PO3Mip
KPUCTaMiTiB, IOPUCTICTh, INUTOMa IUIOIIA
nosepxHi tomo [1, 4, 8, 9]. MesonopucTuii
HaHokpucramiynmit TiO, (meso-nc-TiO,) 3
HeOOXiTHMM TOEJHAHHAM IepeliueHNX BUILe
napaMeTpiB IeMOHCTPY€E 3HAYHO Oinbury ¢o-
TOAKTVBHICTb, IIOPIBHAHO 3 HAaHOKPUCTAJIid-
uum TiO, Evonik P25 [7, 10-17].

Ha cporopHi cepep icHyo04nx crioco6is oT-
pUMaHHA Me30MOPUCTUX OKCUJIIB 30JIb-Te€/lb-
METOJ, € OJHMM i3 HaMOIIbII TOCKOHAIUX
[13-23]. YMOBU IIpOBefieHHS 307Ib-Te/b-TIPO-
1jecy Ta IOfa/blie COMbBO-(Tigpo-) TepMab-
He 06pobnenns (I'TO) (3a BiTHOCHO HU3BKUX
temneparyp < 200 °C) BusHa4aoTh Ga3oBuii
CKJIaJ], KPUCTATIYHICTh, MOPQOJIOTii0 Ta TeKC-
Typy OTpuMaHux 3paskiB meso-nc-TiO,. Haiit-
6i7p111 HOTOAKTUBHOK KPUCTATiYHOK (Ha3oio
TiO, e amaras [24]. Kpucranisauiro spaskis
TiO, mpoBoaATh, AK MPaBUJIO, 3a TEMIIEpATY-
pu 6mmspko 500 °C [25-30].

Bukopucranna temiviaTy i BBeleHHA pis-
HUX J00aBOK, IIJ0 BIUIMBAIOTh Ha B3AEMOII0
MK vactmakamu TiO, mpu yTBOpeHHi mo-
PUCTOTO KapKacy, JO3BOJAE HOCATTU LIMPO-
KOrO pO3MaITTA i€papXiyHO OpraHi3OBaHUX
HAaHO- Ta MiKpOMeTpOBOro mMacmraby (y T. 4.
Mesonopuctux Mmikpocdep) wactunok TiO,,
SKi MalOThb BUCOKY (POTOKATATITUIHY aKTUB-
HicTh [25-33].

[opucti mikpocdepu TiO, eMoHCTpyIOTH
OYeBUJIHY IlepeBary sk OTOKaTami3aTopis,
30KpeMa B IIpoljecaxX OKMCHEHH OpraHi4yHUX
6apBHMKIB [34-40], 6ensony [41], Tonyony
[42], 6icdhenony A [43], mentaxnopdenony
[44], 2-npomanony [45], cynbdonaminis [46],
okcupiB asory [47], BigHoBnenusa Cr(VI)
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[35], CO, [48] Tomo. 3naune spocTanHs do-
ToaktuBHOCTI TiO, Mikpocdep, BoueBumib, €
HAC/TiIKOM MOXX/IMBOCTi IPOHMKHEHHS CBiT-
JIOBOTO TIOTOKY Yy BHYTPIilllHi IOpM MiKpO-
cdep, me BiH 3a3Ha€ 6araTopa3oBOro 3aJI0M-
JIEHHA Ta BifOUTTA, TUM CaMMM 30i/IbIIYIOYN
JIMOBipHicTh moOrMHaHHA cBiTna [1, 31, 39].
Takoxx € 04eBUIHMM, IO B TAaKUX CTPYK-
Typax, fKi cpOpMOBaHi HAHOYACTMHKAMMU
(mepBMHHI 4YacTMHKM), OymyTb 36epiraTim-
cs1 po3MipHi edekTH, 1[0 MalOTb BaXK/INBE
3HaueHHs i Inepebiry ¢GoToKaTamiTMIHUX
IIPOIIECiB, a caMe BeIMKa KOHIJeHTpalid I10-
BEPXHEBUX aTOMIB, MifiBUI€HE CBIT/IONOI/IN-
HaHHS, MIBUIKUI BUXiJ] HA HOBEPXHIO HOTO-
reHEPOBAHMX 3apAJiIB Ta IXHIiNl IPOCTOPOBUIA
HOMiM i T. 1.

Bukopucranna B mpoueci 30/1b-renb-C1H-
Te3y meso-nc-TiO, HeBennkoi f06aBKM JOHIB
La**, mo mnepemkomxkaoTh TpaHchopmalii
aHaTas3 — PyTWI, JO3BO/ISIE 3HAYHO 30iIbIIN-
TV TepMi4HY CTaOi/IbHICTD, TEKCTYPHI Xapak-
TePUCTUKM Ta POTOKATATITUYHY aKTUBHICTD
OTpuUMaHuX Mesonopuctux marepianis TiO.,.
Ponb pinkicHo3emenpHOTrO KaTioHy y cTabimi-
3anii cTpykTypu aBTOpu [49-57] NOACHIOIOTDH
BKJ/IIOYEHHAM J10HiB La’* y xapkac okxcmupgHOl
CUICTEMI TiOz. binpu eneKTpono3suTUBHMI,

. .
IOPiBHAHO 3 TUTAHOM, JIAHTaH YTBOPIOE 3B -
30Kk La-O. 3a paxyHOK 4acCTKOBOIO IepeHe-
CEeHHsA e/eKTPOHiB 3i 3B'A3Ky La-O Ha 3B'a-
30k Ti-O BigOyBaerbcs 3MilTHEHHA 3B'SA3KY
Ti-O.

Panime namu 6y/10 3a1IIpONIOHOBAHO MifIX0-
fiu o oTpuMaHHsA meso-nc-TiO, (anaras Ta
pisHipa3oBiKOMIIO3UIIiT) 30/1b-Te/Ib-MeTOJOM
i3 BUKOPVMCTAaHHAM TeTPabyTOKCUY TUTAHY
(TBOT) y 6yTanoni (BuOH) 3a mpucyTHOCTI
AK TeMIIaTy auben3o-18-kpayn-6 (DB18C6)
6e3/ab0 y INO€NHaHHI 3 TipOTepMaTbHUM
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o6pobenHsam npu 175 °C mpomMiXHOTO mpo-
AYKTY Ta HOAA/NbUINM HPOXXapIOBAHHAM IPU
500 °C [58-61]. byno nokasaHo, 10 BBeJeH-
HA B PeaKkIiifHy CyMill HeBeIMKNUX J00aBOK
COJTi IaHTaHY Ta HOBEPXHEBO AaKTMBHOI pedo-
Bunu (IIAP), manmpukiazg, momenuaMerTnie-
TunamMoHio 6pominy (DDMEABr) a6o nansb-
MiTHOBOI Kucnotu (Palm), sHauno BnmBae
Ha CTYIiHb KpUCTalisanii, TEKCTypy i Mop-
donoriro orpumannx spaskis TiO,. Bctanos-
neno [41], mo 3pasku meso-nc-TiO, BuABmA-
I0Tb BUCOKY (POTOKATa/TiTUYHY aKTUBHICTDb y
peaxiifax rasoasHoro OKUCHeHHs OeH30/my
Ta €TAHOIY.

Y niit po6oTi po3rnsaHyTo poTOKaTAMITIY-
Hi B/IACTUBOCTI pisHUX 3paskiB meso-nc-TiO,,
SAKi 6y)10 OTPMMaHO BI[IIOBiZHO O 3a3Haye-
HUX BUIIE TiAXOMIB, Y peaKlil BUgiIeHHA H2 3
BOJJHO-€TaHO/IbHOI CyMiIi.

EKCIIEPMMIMEHT TA OBI'OBOPEHHA
PE3YJIbTATIB

Y po60Ti BUKOPUCTOBYBa/IM TeTPAOy TOKCH
tutany (IV), pomenmngyMeTVIeTHIaMOHIIO
opomiz, nubenso-18-kpayH-6 (“Fluka"), manb-
MIiTMHOBY Kmcnoty, H-6yrtamon, LaCl:.7H, O,
CuCl, NaCl («XimmaboppeakTus»), €TaHON
(96%), TiO, Evonik P25.

3pasku meso-nc-TiO, 6yno orpumano Mo-
IMGIKOBaHUM 30/Ib-T€/Ib-METOJIOM aHAJIOTIYHO
[59, 60] msIXoM rimpomidy TeTpabyTOKCumy
TUTaHy B OyTaHOII 32 IPUCYTHOCTI KOMIUIEKCY
HaTpito 3 ubeH30-18-kpayH-6 [Na(DB18C6)]
Cl (uepe3s HM3BKY PO3YMHHICTb AMO6EH30-18-
KpayH-6 y 6yTaHO/I 0YyZI0 BMKOPMCTAHO 1OTO
HaTpPieBMIT KOMIUTEKC) i3 BBefleHHsM (260 6e3)
HeBe/MKIX 100aBOK OBEPXHEBO-aKTVBHOI pe-
yoByHM (DDMEABr a60 manbMiTMHOBOI Kuc-
noTH) Ta comi nmaHTaHy. OTpyMaHMil TPORYKT
niggasamu I'TO npu 175 °C nporarom 24 rof,.
i3 HactrynmHuM Bignanom npu 500 °C Ha noBiTpi
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nporarom 4 rop. 3paskn meso-nc-TiO,, omep-
KaHi 3a pi3HUX YMOB, ITO3Ha4eHO K Tn, T(MS)
n ta TnH, T(MS)nH, e MS - mikpocdepu,
n - HoMep 3paska Ta H - rigporepmasnbHe 06-
po6renHs. MonsipHi KOMIO3MILiT peakiiitHOl
CyMillli, BMKOPMUCTaHI [d CUHTE3y 3pasKiB
meso-nc-TiO,, HaBefeHo B Tabmui 1.

[lna peHTreHoQasHOro aHali3y KpucTa-
MiYHOI CTPYKTYpM 3Pa3KiB BUKOPUCTOBYBAJIN
mudpaxromerp “ITPOH-3M” (CuK ). Cepen-
Hiit posmip kpucranitis TiO, pospaxoByBanu
3a MUPUHOK AMQPAKLifHOrO IMiKy aHaTasy
(101) mpm 20 = 25,4°, BUKOPUCTOBYIOUM JO6Ope
Bigomy ¢opmyny lleppepa.

3pasky JOCTipKyBalu MeTOJaMM IPOCBi-
gypanbHOl (IIEM) Ta ckanyBanbHOi (CEM)
€/IEKTPOHHOI MiKpPOCKOIII 3 BMKOPMCTaH-
HAM MiKpockomiB BignosigHo JEM 1230 Ta
JSM-6060LA («JEOL»). I3oTepmu apmcop6buiii/
necopbuii N, peecrpysanmu mpu -196 °C Ha
raso-ajcopOuiitHoMy aHanizaTopi Autosorb-6
(Quantachrome). Ilepen apmcop6bui€eio 3paszok
Bigkauysa/m npu 200 °C mporarom 20 rog.
[Iutomy mosepxuwo (S ) Ta cepenHiit mia-
merp op (D ) BU3HAYA/IM 32 MeTOZOM BET
ta BJH BigmosigHo.

Posnopin nmop 3a posmipamu pospaxoByBa-
M 3 [ecopOIiiHOI TiIKM i30TepMM 3a JIOIO-
Mmoroto Metony NLDFT, BukopucToByroun 1u-
TiHAPUYHY MOJeb IOop. 3arajbHa KiJlbKiCTb
N, azgcop6osanoro mpu p/p° = 0,997 BuKo-
PUCTAHO /I BU3HAYEHHS 3arajJibHOro 00’eMy
nop (Vmop).

@DoToKaTaMiTUYHY aKTUMBHICTh OTPUMMaHMX
3paskiB meso-nc-TiO, mocmimxysanu y mo-
IenbHIi peakuii (orokaramiTMYHOTO BUZI-
JIEHHA BOJHIO 3 BOJHO-CIVPTOBMX CyMiIIeN.
YMOBM TIpOBefileHHA peaxliil aHa/loriyHi 1o
YMOB, OIIMCaHUX Y poborTi [62].
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Tabmm 1
Table 1
YmoBu cunTesy meso-nc-TiO, spaskis
Conditions for the synthesis of meso-nc-TiO, samples
Job6aska

3pasox TBOT | NaDBCCl | BuOH AP e
T(MS) 1 1,0 0,12 78,0 - -
T(MS) 1H 1,0 0,12 78,0 - ]
T(MS) 2H 3,0 0,36 78,0 - ]
T(MS) 3 1,0 0,12 78,0 0,02 (DDMEABr) ]
T(MS) 3H 1,0 0,12 78,0 0,02 (DDMEABr) ]
T(MS) 4 1,0 0,12 78,0 - -
T(MS) 4H' 1,0 0,12 78,0 - ]
T(MS) 5H 1,0 0,12 78,0 0,02 (Palm) ;
T6 1,0 0,12 78,0 - 0,01
T6H 1,0 0,12 78,0 - 0,01
17 1,0 0,12 78,0 0,02 (DDMEABr) 0,01
T7H 1,0 0,12 78,0 0,02 (DDMEABr) 0,01
T8 2,0 0,24 78,0 0,02 (DDMEABr) 0,01
T8H 2,0 0,24 78,0 0,02 (DDMEABT) 0,01

" Honano Bopy (1,0 TBOT:3H,0); y pemri Bunmaskis riffposnis 3/1ificCHI0BaBCsA BOIOTOIO 3 MOBITPSI.

Omnpowminenns 3paskis TiO, sniiicHioBamm
YO citnom (A = 310-390 HM) y cucTeMi, 1110
MiCTUTb BO{HO-eTaHa/IbHY cymint (4 06.% H,O)
ta CuCl,. fIx 3pasok MOPiBHAHHA BUKOPUCTO-
ByBanu Komepliituuit ¢orokaranisarop TiO,
Evonik P25. Yci spasku meso-nc-TiO,, disuuni
XapaKTepUCTUKY AKNX IIPEACTABICHO y Ta0JL. 2,
OTPUMAHO y Pi3HMX YMOBAX 30/Ib-T€/Ib- CUHTE3Y
(tabm. 1). SIx BupHO, 3pasku Mikpocdep MaroTh
HIDKYI BeJIMYMHY TeKCTYPHUX XapaKTEPUCTUK
IIOPiBHAHO 3 BiINIOBiTHUMMM BeIVMYMHAMMN I
3pasKiB, OTPMMaHNX 3a IPUCYTHOCTI HEBE/IN-
KX B00aBOK JioHiB La’* abo itoniB La** y moen-
HaHHI 3 [IAP. fIx BunimBae 3i ciBcTaB/ieHHA
TEKCTYPHUX IapaMeTpiB 3paskis (tabm. 1, 2),
rifporepManbHe OOpOONEHHsI 3pasKa Iepeq
Ka/IbLIHYBaHHAM IPU3BOAUTD IO Kap/iMHa/Ib-
HOTO 3POCTaHHA S, VHOP‘ Ta Dmp,. Mikpocde-
pu TiO, ABNAITH CO6010 MOPUCTi yTBOPEHHSA
MikpoMeTpoBoro Mmacmraby (posmipom Bif 1
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IO 3 MKM), III0 MAalOThb BUP@KEHY TEHMEHIIiIO
o aryioMepariii, BHaC/lTiIOK KoasecleH1lii cdep
y Ipoleci JOCUTb TPUBAIOrO MPO>KaPIOBAHHA
npu 500 °C [59]. BBeeHHA B peakwiiiHy CyMinr
mobaBky JioHIB La’* meperkomxae yTBOpeH-
HI0 Mikpocdep [63]. Sk npuxnap Ha puc. 1(a-
3) npencrasieHo [IEM- ta CEM-300paskeHHs
3paskiB Mikpocdep T(MS)2H, T(MS)5H (y
TOMY 4MC/Ii PparMeHTV 3pyIHOBAaHUX MIKpo-
cdep) Ta 3paskis T6H, T8H, orpumanux 3a
IpUCYTHOCTI 7ioHIB La** Ta ixuboi gudpakro-
rpamu (puc.1 i).

Mixpocdepn TiO, marorh iepapxiuny 6y-
IOBYy — BOHM YTBOPE€HI JOCUTb OZHOPiZHU-
MU CPepUYHMMIU YaCTMHKAMM PO3MipOM Bif
30 10 200 HM, AIKi, CBO€IO Y€PIOI0, CKIAJAI0ThCA
3 IePBMHHUX OY/iBEebHUX ONVIHMIb — OfJHO-
PifHMX, 3 4iTKO BUpaXKeHOH chepuvHoo Gop-
MO0 YacTMHOK (po3mipoM 6mm3pko 10 HM),
AKi HeCyTTEBO PpO3PISHATBCA MDK CO00I0
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3a posmipom, npo mo cBig4garb [IEM-pocni-
IKeHHs 3paskiB (puc. 1(a, B) Ta po3paxyHKI
3a jonomorolo piBHAHHA llleppepa 3 gudpax-
torpamu (ta6n.1, puc. 11)).

Crig 3a3HaYNTH, 110 BBEIEHHA B PeaKIlili-
HYy CyMilll Ipy CUHTe3i HeBeMMKol JoOaBKM
Ha/IbMITUHOBOI KUCIOTK CIienupivyHO BIUIU-
Ba€ Ha MOP(OJIOTiI0 Ta CTPYKTYPY OTPUMAHO-
ro npopykry TiO,. Mikpo4acTUHKN y 3pasKy
T(MS)5H (puc. 1 (6 ir)), mopiBHSHO 3 iHIIN-
MU 3paskamy Mikpocdep [59], aBnsoTH Co-
6or ckmaznui arnomepatu TiO, cdeponopi6-
Hoi opmu (posmipom 61M3bKO 2 MKM), fKi
YTBOPEHI BeMMKUMU CTPYKTYPHUMM 3€pHAMMU
(~200 mM). 1i 3epHa micisa yIbTpa3ByKOBO-
ro oO6poOIeHHs PO3MaaloThCsl Ha APiOHiII
CTPYKTYPHI OMHUIII — HAHOYACTUHKM PO3Mi-
poM 30-35 HM.

Y Bcix 3paskax, OTpMMaHMX 3a IPUCYTHOCTI

toHiB La**, mikpocdepu B3arasni He yTBOpIO-
I0TbCs, a 3pasku meso-nc-TiO, e mopucrumu
ONHOPIJHUMM IIOPOLIKAMU, AKi CKIaJal0ThCsA
3 yacTUHOK cepuynoi (abo cdepoimanpHOI)
dopmu, posmip sikux 6mm3pko 50 M. 1]i Ha-
HOYACTVHKY (BTOPVMHHI) YTBOpEHi arperarji€io
KPUCTAJITIB aHaTasy (IepBMHHUX YaCTUHOK)
po3mipom 6mm3bpko 10 HM (puc. 1(n-3)). Me-
30II0pM Y BCiX 3pa3Kax € IMPOCTOPOM Y HOpax,
cpopMOBaHUX LUIAXOM arnoMepaliii BTOPUH-
HUX YaCTUHOK.

Ha puc. 1(i, x) mpencraBneHo audpax-
torpamu 3paskiB T(MS)2H, T(MS)5H Ta
T6H, T8H. ¥V Bcix mudpakrorpamax romaos-
Hi gudpaxkuiiHi miku ingexcosaHo sk (101),
(200), (105) Ta (211) pednexcn dasu aHarasy
(JCPDS, Ne 21-1272) 3a moBHOI BiICyTHOCTI
OyZIb-KUX O3HAK KpUCTamiqyHuX a3 Opykity
Ta PYyTUILY.

Tabnung 2
Table 2

Texcrypni xapakTepucrukn spaskis meso-nc-TiO,, a Takox ixHi poroxkaramiTnuni Brac-
THBOCTI y Ipo1leci BiJHOBIEHHA BOAU €TAaHOTIOM
Textural characteristics of meso-nc-TiO, samples, as well as their photocatalytic properties

in the process of water reduction with ethanol.

S . ’ Posmip xpucraniris, H 107,

3pasox M/r oM/t HM b MOIzlb/XB

XRD )
T(MS)1 61 0,14 9,0 10,5 3,8
T(MS)IH 84 0,33 15,5 11,0 6,6
T(MS)2H 92 0,37 16,2 10,5 8,5
T(MS)3 33 0,06 5,3 9,9 3,0
T(MS)3H 95 0,46 19,4 11,5 7,2
T(MS)4 97 0,30 12,3 8,7 4,0
T(MS)4H 116 0,50 17,3 10,0 5,0
T(MS)5H 88 0,48 21,8 10,0 6,0
T6 71 0,13 7,0 6,6 2,3
T6H 128 0,54 18,6 6,3 4,9
T7 71 0,14 7,0 6,8 3,3
T7H 131 0,59 15,9 6,6 5,3
T8 69 0,20 13,9 9,9 4,3
T8H 137 0,97 17,3 7,2 9,5
P25 50 25 2,2

98 ISSN 2708-129X. Vkp. XiM. XypH., 2022




H. I. Epmoxina, I'. B. Kopxak, H. |. Pomanoscbka, B. M. Mpe6entikos,0. B. Lynbxetko, [1. 0. Knumuyk, 0. M. Mysii, 1. A. Manopuk YXX Ne 4/ TOM 88

L X368, 6888

T(MS)5H

s
,

T(MS)2H
20 » 330 3/ 40 45 5 5 @0
20, rpap,
1 K
g | T8H
z
g
m 4
E TeH
T T T T T T T
20 2 30 35 40 45 50 55 &

20, pag

Puc. 1.TIEM-ta CEM-306paxenns spaskis meso-nc-TiO,: T(MS)2H (a, 6), T(MS)5H (8, 1), T6H (1, €),
T8H (x, 3) Ta ixHi gudpakrorpamn (i, k)

Fig. 1 TEM and SEM images of meso-nc-TiO, samples: T (MS) 2H (a, b), T (MS) 5H (c, d), T6H (d, e),
T8H (w, ¢) and their diffraction patterns (i, k).
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Homep micua 3paska cepen aKTMBHOCTI

Puc. 2. KineTnyni kpuBi HakONM4eHHS BOAHIO B IIpoleci pOTOKATAITUIHOrO BiffHOBIEHHS BOAU
eTaHosnoM 3a npucytHoctispaskis T8H, T(MS)2H 1a TiO, Evonic P25(a); mBupxicts porokaramituanoro
Bupiinenns H, (6) Ta 4ac moBHOTo OTOKATAMTUIHOTO OKMCIEHHS €TAHOMTY Ta alleTabJerily B cucTemi
3a yJacTio pisHux 3paskis meso-nc-TiO, (8)

Fig. 2. Kinetic curves of hydrogen accumulation in the process of photocatalytic reduction of water
with ethanol in the presence of samples T8H, T (MS) 2H and TiO, Evonic P25 (a); rate of photocatalytic
release of H2 (b) and time of complete photocatalytic oxidation of ethanol and acetaldehyde in the system
with the participation of different samples of meso-nc-TiO, (c).
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Panime Hamm 6yno mokasaHo ¢orokara-
TTUYHY aKTUBHICTH Mesomopuctoro TiO,,
Mozn(iKoBaHOTO HAHOYACTMHKAMM METasliB
(Cu, Ag, Ni), y nporeci Bupii/ieHHs BOJHIO 3
BOJIHO-€TAaHO/IPHMX cyMinleit 3a fil YP-cBiTna
[64]. Y mocnimxenux cucreMax GoTOOCAIIKEH]
HAaHOYACTMHKM MeTaJly BilirpaloTh POJIb CIIiB-
KaTajizaTopa, SIKMil akKienTye QororeHepo-
BaHi B 30Hi nposigHocti TiO, enexTponu Ta
IIPUCKOPIOE IXHE IEPEHECEHHA Ha MOJIEKYITY
Boju. Haitbinpin akTMBHUM cCIiBKaTamisaTo-
POM BUABMINCA HAaHOYACTMHKM Mifi. BomHo-
Yyac 3[iJICHIOETbCA 3alIOBHEHH A NiPOK BaJIEHT-
Hoi 30HM TiO, 3a MOMOMOTOW NepeHeceHHs
€/IEKTPOHIB MOJIEKYJI €TaHONy. B aHanmoriunmnx
yMOBax IIpM OIPOMiHEHHi 3pa3KiB meso-nc-
TiO, (Ta6n. 2) BinbyBaerbcsa mBupuke GoTo-
OCa/)KEHHsA HAHOYACTMHOK Mijli, fIKe MOXKHa
criocrepiraty BisyaspHO 3a 3MiHM 3abaps-
nennsa 3paska TiO, Bin 6i710r0 O TEMHO-KO-
puuHeBoro. IIBuaxicTh Impouecy BUiIEHHA
MOJIEKY/IIPHOTO BOJHIO 30epiraeTbcs MOCTiil-
HOI0O IIPOTATOM YCbOTO 4Yacy BUMipIOBAaHHS.
Ha puc. 2a Ak npukiaj HaBefeHO KiHeTUYHI
KpUBi 1 Hayibinbur akTuBHKX 3paskiB T8H
ta T(MS)2H. ¥ nux ymoBax 3pasok P25 mpo-
ABJISIE 3HAUHO HIDKYY (POTOKATANITMYHY aK-
TUBHICTD. SIK BUmHO 3 Tabmuii 2 ta puc. 26,
BUJII/IEHHA BOJHIO 3a IIPUCYTHOCTI 3paska
T8H BinbyBaeTbcs 31 MBUAKICTIO OIIBII HiX
BYETBEpPO, a y pasi spaska T(MS)2H maibxke
BYETBEPO BUIJO0 33 IIBUJKICTD IJbOTO IpOIe-
Cy 3a mpucyTHOCTI P25.

Komepuiitamit  porokaramizatop ckmaja-
€TbCA 3 CyMillli HAHOKPUCTATIYHUX (a3 aHa-
Tasy (=80%) Ta pytmny (=20%) i3 cepegHim
po3MipoM 4YacTMHOK 20-25 HM Ta IUTOMOIO
noBepxHeo 50 M?/T, 110 3HAYHO MOCTYIAETh-
CsA 3a BEIMYMHOIO BigNOBIiZHMM 3HaYeHHSIM
NUTOMOI TOBepXHi 3paskiB meso-nc-TiO,,

https://ucj.org.ua

3a BUHATKOM 3paska T(MS)3 (Tabn. 2). Po-
TOKATA/JITUYHY aKTUBHICTb P25 mnpuitHATO
IIOB'I3yBaTVl 3 MOXIUBICTIO IPOCTOPOBOrO
nofiiny GOTOreHepOBaHUX Pi3HOMMEHHUX HO-
CilB 3apaAny MDK HaHOKpMCTa/JaMM aHaTasy
Ta PYTU/IY Yepe3 HEBENMKY Pi3HUII0 Y Be/lu-
YIHI NOTeHIialy 30HM MpOoBifHOCTI Mx a3
TiO, [65].

lictorpamm Ha puc. 26 HAOYHO [IE€MOH-
CTPYIOTb BUILY (OTOKATAITUYHY aKTUBHICTh
3paskiB meso-nc-TiO, nopisuano 3 P25. Iin-
KOM OYeBUIHUM € MifBuieHHs (0ibpio0 un
MEHIIOK MipOI0) aKTUMBHOCTI BCiX 3paskis,
AKi O6yno orpumano 3 BuxopuctaHuam ['TO.
KrtouoBnit BrmuB ['TO Ha migBuimieHHs ¢o-
TOAKTMBHOCTI 3paskiB, MaOyTb, € HACTIAKOM
KapHaIbHOTO 30iMblileHHsT B 00poOIeHNX
3paskax o0'eMy Ta HAiaMeTpa IOp, a TaKOX
3MEHIIEHHAM PO3MipiB KpUCTAJIITIB aHATa3Yy.
11i 3miHu (TTopsiy 31 3HAYHUM 3POCTAHHSM TN~
TOMOI IUIOLIi ITOBepXHi) € OibI IMMboKMM
IJIA 3pas3KiB, OTPMMAHUX 3a IPUCYTHOCTI J10-
HiB La’*. Cepep 3pa3kiB, OTpMMaHNX 32 OHUX
i TMX caMuX KOHI[eHTpanLiitHux ymoB (Ta6m.1),
HalOiIbII aKTMBHMMM € 3pa3ku Mikpocdep
T(MS)3H, T(MS)1H i T(MS)5H, He3Bakaroun
Ha Te, 1[0 BOHM MAlTb MEHII BeIMYVHY K-
TOMOI ITOBEPXHi MOPiBHAHO 3i 3paskamy T6H
ta T7H. IlepmmMm y ibomMy psALy CTOITh 3pa3ok
T(MS)3H (oTpumanmit 3a mpucyTHOCTi f06aB-
k1 DDMEABT). 3pasok mikpochep T(MS)2H
(oTpuMaHMit Ipy 30iNbILIIEHH] BTPUYi KOHIIEH-
Tpalii peareHTiB y peakuiiuii cymimi) mae
Hai161/IbIITy aKTVUBHICTD cepelt 3pasKiB Mikpoc-
dep (3aiiMae pyre Miclie B 3araJIbLHOMY Py
3paskiB). IligBuiieHa ¢OTOAKTUBHICTD Mi-
kpocdep TiO,, iiMOBipHO, 3yMOB/IeHa HasABHiC-
TIO TOYOK KOHTaKTy MXK HEIIi/IbHO arperosa-
HMU HaHOKpucTanamu TiO, y ixapoMy cKma-
Oi, 1[0 cOpusA€ €IeKTPOHHOMY TPaHCHOPTY
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10 MepeXXi KOHTAKTYHUMX YaCTMHOK HalliBII-
POBifiHMKA O HAHOYACTOK Mifli, Ha AKUX Bifi-
OyBaeTbcsl BigHOB/IEHHA Bomu. Jemo Buiny
aktuBHicTh T(MS)1H nopiBusino 3 T(MS)5H
MO>KHA HOSACHUTHU OiNbLI peryisipHol ¢op-
Moto 3paska Mikpocdep T(MS)1H, mo fosBo-
7€ MOBHillle peaisyBaTy epeKT MHOKMHHO-
ro INpOMEHe3a/IOMJIEHH:A/CBITIOPO3CilOBaHHA
B 00'eMi Takoi Mikpocdepyu Ta gocArty 6inpur
iHTEeHCMBHOTO IIOITIMHAHHA cBiTna [1, 31, 39].

ITpoBigHe Micne Hanmexutb 3pasky T8H,
KU OTPYMAHO 3 BUKOPUCTaHHAM J0OaBOK
itonis La** ta DDMEABr 3a 11ogBo€HoI KOH-
LEeHTpalil peareHTiB y peakLiiiHii cymimi.
VIMOBipHO, 1]e MOXXKHA TMOACHUTU BUCOKUMMU
TEeKCTYPHUMM XapaKTepUCTUKaMM 3pasKa y
HO€MHAHHI 3 0COOMMBOCTAMMU 110T0 MOpPdO-
JIOTil — YTBOPEHHAM BTOPMHHMX HAaHOYACTOK
arZIoOMEpOBaHNX YTBOPEHb Ta BIUIMBOM JiO-
HiB La’** [60]. Oco6mmBo ci1ij Big3HauUTU TOI
¢axT, 10 GoTOKATAIITIYHA AKTUBHICTD 3pas-
KiB, OTpMMaHNX 3a IPUCYTHOCTi JoHiB La’,
3MEHIIYETbCA IPY 3MEHILIEHHI BeIMYMHU IX-
HbOI MMTOMOI IIOBEPXHi.

HesBaskaroun Ha Te, 110 3pasky Mikpocgep
T(MS)2H, T(MS)3H, T(MS)1H, T(MS)5H Ta
T(MS)4H maioTh MeHIIN BeIMYMHU IIUTOMOI
NOBEPXHi NOopiBHAHO 3i 3paskamu T6H, T7H
ta T8H, BOHN 3a CBO€EI POTOAKTUBHICTIO 3a-
JIMAaIOTh MiCISl 3 IPYroro Io m'site i cboMe,
npudomy 3pazok T7H (mocre micre) 3a cBo-
€10 AKTVBHICTIO NIPAKTUYHO HE IIOCTYIAEThCA
3pasky T(MS)4.

[TopiBHAHHA ricTOrpam I NPOLeCy BUJi-
NIeHHsI BOHIO (puc. 26) Ta BifIOBiIHMX TicTO-
rpaM JUIs NPOLeCy ra3opasHOro OKMCHEHH:A
€TaHOJIy 3a INPUCYTHOCTI 3pas3KiB meso-nc-
TiO, [59,60] (puc. 2B) femoHcTpYye pisHi Kap-
TUHNM (POTOAKTMBHOCTI 3paskiB. Y mpoueci
OKVICHEHHA CIUPTY, 3TiJHO 3 puUC. 2B, Haii-
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6inpmr aktuBHi 3pasku T6H, T7H i T8H (3a-
JIMAIOTh IIepIIi TpM Micl) y psAAi aKTMBHOC-
Ti JI/IA MPOLIECY BUZIJIEHHSA BOJHIO 3alIMalOTh
BiIIOBIJHO BOCbME, LIOCTE Ta Ileplle Micle.
Cepen 3paskiB Mikpochep fABHy mepeBary
Mae 3pasok T(MS)5H. ¥V mporeci BugineHHa
BOJHIO JIOTO IIEpEBUIIYIOTh 3pasKy MiKpo-
cep T(MS)2H, T(MS)3H i T(MS)1H. Ananis
JAHMX [O3BOJIAE€ IPUITYCTUTH, 11O HasABHICTDb
KOHTAaKTy MK OKpEMMMM HEIli/IbHO arpero-
BaHuMU HaHoKpucTanamu TiO,, 1m0 € 3Hauy-
myM GaKTOpOM y MpoLeci BUJiIIEHHS BOLHIO
B Ll oTOKAaTaMTUYHIiI CUCTeMi, HalleBHe,
B IIPOLIECi OKMICHEHHA €TaHOJy Bifiirpae apy-
TOPARHY POJb, @ KIIOYOBMM (paKTOpoOM CIIy-
XUTh po3mip nop. Y 3pasky T(MS)5H, iimo-
BipHO, MaIOTb MiClle CIIPUATAUBIILL YMOBH JI/IA
TPAHCIOPTY KMUCHIO 0 aicOPOOBAHOTO0 Y 6i/b-
MMX Me3omopax (oTokaTamizaTopa eTaHOTY
Ta MPOMDKHUM IIPOJYKTOM J10TO OKVMCHEHHA.
AHaJIOTiYHy KapTHHY CIIOCTEPIra€EMo y Ipolie-
ci GOTOKATaTITMYHOTO OKVCHEHH: 6eH307Ty 3a
HIPUCYTHOCTI 3pasKiB 1ux Mikpocdep [58].

BMCHOBKMN

TakyM YMHOM, Ha HOpPUKIAAi IMIMPOKOTO
Koma 3paskiB meso-nc-TiO, (anaras), oTpu-
MaHNUX Y paMKax OJHOro MopudikoBaHO-
TO 30/Ib-T€/Ib-METOJly, BCTAHOBJIEHO, IO BCi
3pasKi BUABJIAITD BUCOKY (POTOKATATiTUYHY
aKTMBHICTD y mporeci Bupinenus H, 3 Bog-
HO-eTaHOJIbHOI CyMillli. 3pa3Ky, 110 IPOILIIN
rifjporepManbHe 0OpOO/IeHHS, IeMOHCTPYIOTh
Halt61/1p11y GOTOKATAIITUYIHY aKTUBHICTB, 110
3HAYHO IepeBUIIY€e aKTUBHICTb KOMEpIiliHO-
ro ¢orokaramizaropa Evonik P25, a B meskux
BMITAZIKaxX OinbLI HDX y 3—-4 pasiu.

[IokasaHo, o cepepn 3pasKiB meso-nc-
TiO,, oTpumMaHux 3a OMHAKOBMX KOHI[EHTpa-
1iJf peareHTiB peakuiitHOI cymimi, Hat6imbITy
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aKTUBHICTb MaIOTh 3pa3ku Mikpocdep, a BBe-
nenHsa nob6asku DDMEABr a6o migBuiieH-
HA KOHLIEHTpaLii peareHTiB NPU3BOAUTH [0
mifiBUIEHHS (POTOKATANTITUIHOI AKTMBHOCTI
OTpUMAHMX MiKpocdep. 3a IPUCYTHOCTI [j0-
6aBKu JioHIB La** yacTMHKM MiKpOMeTpPOBOro
MaciTaby He yTBOPIOITHCSA, IpUIOMy PoTo-
KaTaJliTH4Ha aKTUBHICTb OTPMMaHUX 3Pa3KiB
3HIDKYeTbcA. OfHAK y pasi 30iIbllIeHHA KOH-
LIEHTpallil peareHTiB y peakuiiiHiin cymimnri
OTPUMAaHMII JTAHTAHOBMICHUII (oToKaTamiza-
TOpP Ma€ Hal0i/bIy aKTUBHICTb.

—>_ Po6oTy BukoHaHo 3a migrpumknu Ha-
IiOHA/IbHOI aKa/ieMil HayK YKpaiHu.

PHOTOCATALYTIC ACTIVITY OF MESOPOROUS
Ti02 (ANATAS) IN THE REACTION OF HYDRO-

GEN RELEASE FROM AQUEOUS-ETHANOLIC
MIXTURE

N. I. Ermokhina’, G. V. Korzhak’,
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Samples of mesoporous nanocrystalline tita-
nium dioxide (anatase with a crystallite size
of about 10 nm) were obtained by a modified
sol-gel method in the presence of a template
of dibenzo-18-crown-6 and small additives of
surfactant ~ (dodecylmethylethylammonium
bromide) or ions of lanthanum (III) in butyl
alcohol in combination with hydrothermal
treatment at 175 °C for 24 hours followed by
calcination in air at 500 °C for 4 hours. The
photocatalytic activity of the obtained TiO,
samples was investigated in a model reaction
of the photocatalytic release of H, from an
aqueous-ethanol mixture. It was found that
in all cases the use of hydrothermal treatment
significantly increases the photoactivity of the
obtained sample, which in some cases is more
than 3-4 times higher than the corresponding
characteristic for commercial photocatalyst
Evonik P25. The key effect of hydrothermal
treatment on the increase of photoactivity of
the samples is probably the consequence of a
drastic increase in the treated samples of pore
volume and diameter, as well as a decrease in
the size of anatase crystallites. These changes
(along with a significant increase in the spe-
cific surface area) are greater for samples ob-
tained in the presence of La** ions. It is shown
that samples of TiO, microspheres obtained
at the same concentrations of reagents in the
reaction mixture show slightly higher photo-
catalytic activity than the corresponding lan-
thanum-stabilized samples of mesoporous
TiO, powders (micrometer-scale particles are
not formed in the presence of lanthanum (III)
ions). However, with an increasing concentra-
tion of reagents in the reaction mixture, the
photocatalytic activity has the sample contain-
ing lanthanum. Probably, this can be explained
by the high textural characteristics of the TiO,
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sample in combination with the peculiarities
of its morphology - the formation of secondary
nanoparticles of agglomerated formations and

the

influence of La’** ions. It is worth noting

that the photocatalytic activity of TiO, samples
prepared in the presence of La** ions reduces
as their specific surface area decreases.

Keywords: sol-gel synthesis, mesoporous TiO,
microspheres, anatase, lanthanum, H, release.
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In the work it is shown by the spectrophotometry method that depending on the concen-
tration ratio of ligands [PPi*’]/[Cit*"] in the pyrophosphate-citrate electrolyte, cobalt (II) ions
form not only citrate [Co(Cit),]*" and pyrophosphate [Co(PPi),]*, but also polyligand com-
plexes [Co(PPi)_(Cit) |*>“™**»_The composition of polyligand complexes [Co(PPi)Cit]>" was
determined, and the equilibrium constant of the reaction of their formation and the constant
of their stability were calculated (pP = 8.47). The dependence of the degree of formation of
citrate, polyligand, and pyrophosphate complexes of cobalt (II) in the pyrophosphate-citrate
electrolyte on the logarithm of the ratio of equilibrium concentrations of ligands is calculated.

Keywords: cobalt (II), polyligand complex, composition, stability constant, spectro-

photometry.

INTRODUCTION. The structure of metal
and alloy coatings deposited from complex
electrolytes, the uniformity of their distribution
on the sample surface are determined by the
magnitude of the overvoltage of the cathodic
process — a preliminary chemical reaction and
the magnitude of activation energy of electro-
chemically active complexes (EAC). Overvolt-
age is the most important characteristic of the
electrode process, as it affects the morphology,
structure and functional properties of metal
and alloy coatings. In the development of tech-
nological processes for coating from complex
electrolytes not only the composition and sta-
bility of coordination compounds, but also the

geometric structure and electronic configura-
tion of the EAC are important. These factors
ultimately determine the rate and mechanism
of electrode processes.

Monoligand and polyligand (pyrophos-
phate, citrate and pyrophosphate-citrate) elec-
trolytes have been widely used for the deposi-
tion of coatings of binary and ternary alloys of
refractory metals (Mo, W and Re) with iron
subgroup metals (Fe, Co, Ni), in particular co-
balt. [1].

A pyrophosphate-citrate electrolyte was
chosen as the study object because it allows
the deposition of high-quality coatings of mo-
lybdenum, tungsten, and rhenium alloys with
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cobalt with a higher current efficiency than
monoligand electrolytes [1-9]. These alloys
have valuable physicochemical and operation-
al properties [2], which make them indispen-
sable in practical use.

Determining the ionic composition in the
bulk electrolyte for polyligand systems such
as electrolyte containing cobalt (II) ions and
two ligands simultaneously - citrate (Cit*)
and pyrophosphate (PPi*’) is an important and
challenging task. Information on the compo-
sition of complex compounds in the bulk of
pyrophosphate-citrate electrolyte, kinetics and
mechanism of deposition of alloys will allow to
control the relevant processes of their produc-
tion, and hence the structure and functional
properties of the resulting coatings.

The aim of the work aim is to establish the
composition and determine the stability con-
stant of polyligand complexes of cobalt (II)
with Cit*” and PPi* ions by spectrophotomet-
ric method and to study the effect of the ionic
composition in the electrolyte on the ratio of
ligand equilibrium concentrations.

Cobalt (IT) ions form with Cit* and PPi*
ions, depending on the solution pH and the
equilibrium concentration of ligands, pro-
tonated and unprotonated pyrophosphate
[CoHPPi]", [Co(HPPi),]*, [Co(HPPi)(PPi)]*,
[CoPPi]*, [Co(PPi),]* and citrate [CoH,Cit]*,
[CoHCit], [CoCit], [Co(Cit),]* complexes
[10, 11]. Polymeric, polynuclear complex-
es of cobalt (II) with citrate of the composi-
tions [Co,(Cit), [Co(H,0).],*, K,[Co,(Cit),
(H,0),]-6H,O were synthesized and isolated in
solid the state [12, 13] and others, which have
magnetic properties [13] and biocompatibility
[14, 15]. The thermodynamics of protonated
cobalt (II) citrate complexes formation have
also been studied [16]. There are no data on
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the possibility of formation of polyligand com-
plexes of cobalt (II) with Cit*- and PPi* ions
in the pyrophosphate-citrate electrolyte, their
composition and stability constant are not
available in the literature.

Spectrophotometry is one of the most pre-
tentious methods for determining the com-
position and stability constants of colored
complex compounds. General characteristics
of methods for determining the composition
and stability constants of metal complex-
es from spectrophotometric measurements,
their advantages, scope, limitations and dis-
advantages are detailed in the monograph of
A K. Babko [17].

The spectrophotometric study of the forma-
tion of polyligand complexes of cobalt (II) with
Cit* and PPi* ions involves significant difficul-
ties, because along with them in the system
under study, depending on the pH of the solu-
tion, there may also exist monoligand proto-
nated and unprotonated citrate and pyrophos-
phate complexes of Co (II). The distribution of
complexes in the bulk electrolyte in this case
strongly depends on the equilibrium concen-
tration of metal ions, the ratio of the equilibri-
um concentrations of free ligands and the pH
of the solution.

Since Cit*” and PPi* ions are anions of
weak acids, their equilibrium concentrations
in the test solution depend on the pH of the
solution and can be determined by the pH-po-
tentiometric method. Therefore, when con-
ducting spectrophotometric studies it is nec-
essary to maintain the optimal and constant
concentration of hydrogen ions (pH = const)
to form complex ions of constant composition
at a certain ratio of the concentrations of the
main components of the investigated solution
C."C,*and C_*:C_> = const.
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The values of the equilibrium concentra-
tions of free ligands [PPi]* and [Cit]*~ were de-
termined from the spectrophotometric studies,
considering their total concentrations and the
pH according to the equation (1) [18, 19]:

Cy . _n*(CC02+ _[C0]2+)
L= W
1+ > K[H'] ’

where C, [L]™ are the total and equilibri-
um concentrations of ligands (citrate and py-
rophosphate) in the test solution (mol-1™") re-
spectively; C_*" and [Co]** are the total and
equilibrium concentrations of cobalt (II) ions
in the test solution (mol-1™") respectively; n" is
the average coordination number of pyrophos-
phate and citrate complexes formed in the test
solution; K, is the general stability constants
of citrate and pyrophosphate ions (pK, = 5.68;
pK, = 10.03; pK, = 12.90 i pK, = 8.30; pK, =
14.30; pK, = 17.00; pK,, = 19.50) [20].

The equilibrium concentrations of free li-
gands [Cit]*~ and [PPi]*, determined by spec-
trophotometric studies conditions based on
their total concentrations, mol-1"": C_ ** = 0.01;
C,,=0.05 C_ > = 0.05 at the solution pH 9.0
according to equation (1) [18, 19] are 3.0-107
and 2.5-102% (n* = 2); 4.0-102 and 3.3-102
(n* = 1),respectively. The ratio of free ligand
equilibrium concentrations [PPi]* : [Cit]*
in a pyrophosphate-citrate electrolyte at a
pH of 9.0 practically does not change, that is
[Cit]*/ [PPi]* = 1.2at 1 <n* < 2.

The relation between the absorption and
composition of the studied solution in the ide-
al case described by the Lambert — Bouguer -
Beer law [21, 22] is:

D=1-2¢C, (2)
where D is the absorption of the solution; [ is

https://ucj.org.ua

the thickness of the absorbing layer (cuvette
length, cm); € is the molar absorption coeffi-
cient of the i-th particle at a given wavelength A
and temperature; C, is the molar concentration
of the absorbing particle.

The main requirement for the spectropho-
tometric method is that the absorption of the
solution D, property of the measured system
must be, according to the Lambert — Beer law,
a strictly linear function of the molar concen-
tration of absorbing complexes C.. In addition,
the colored complex should have high stability
(stability constant), constant composition (in
a wide range of ratios of the concentrations of
the main components and pH of the solution),
as well as high color intensity per 1 g mole of
the substance (molar absorption coefficient € )
[23, 24].

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Composition of the studied
solutions, mol-1"": Co** = 0.01; PPi* = 0.05;
Cit’” = 0.05; Na_SO, = 0.30; pH 9.0. Analytical
grade reagents were used to prepare electro-
lytes. The pH of the studied solutions was cor-
rected on an electronic pH meter (pH-150MI)
using NaOH and Na,SO,.

The absorption spectra of the studied solu-
tions of cobalt (IT) complexes were recorded on
a UV-VIS Spectrophotometer UV mini 1240
(Shimadzu) in a 1 cm cuvette.

The possibility of the formation of polyli-
gand complexes of cobalt (II) from Cit> and
PPi* ions was studied by the method of isomo-
lar series [17,21,25] ata constant ionic strength
of the solution (0.3 mol-1"" Na SO, ) using ini-
tial solutions with a constant ratio of the con-
centrations of ions C_* : C, > =1 :5 and
C.: C,Y =1:5. The use of this solution
is due to the fact that at pH 9.0, in contrast to
the citrate solution with C_*: C_> =1:2itis
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impossible to experimentally prepare an initial
pyrophosphate solution with a constant con-
centration ratio of C_**: C,,* = 1: 2 because
under these conditions, partial hydrolysis of the
cobalt(II) salt and, as a result, clouding of the
solution take place, since the solubility product
of cobalt(II) hydroxide SP(Co(OH),)=1,8-10**
[26]; the instability constant K of [Co(PPi),]*
pyrophosphate complexes is 1.8-10 [10]; the
total concentration of cobalt (II) ions in the
test solution is 0.01 mol-1°".

To establish the composition and determine
the stability constant of the polyligand com-
plexes of cobalt (II) formed in the system un-
der study, the absorption of the solution D, as a
function of its composition was determined by
the method of isomolar series (Ostromyslensky
Zhoba method) [17, 21, 25]. A series of solu-
tions was prepared by mixing initial solutions
with a constant concentration ratio of C_** :
C, =1:5(xml)and C_**:C,*" =1:5
(10 - x) ml at a constant total concentration of
cobalt (II) ions (C_ ** = 0.01 mol-1"') and wave-
length A. In this case, the total concentration
of metal ions in the studied solutions remains
constant, and the ratio of the total concentra-
tions ofligands C,,* : (C,,,* + C_*) decreases
from 1 to 0. The ratio of the total concentra-
tions of ligands C_ > : (C,,,* + C_ ) increas-
es from 0 to 1. The ratios of the equilibrium
concentrations of free ligands [PPi]*:([PPi]* +
[Cit]*) and [Cit]*:([Cit]*~ + [PPi]*) change in
a similar way.

The absorption spectra of the studied solu-
tions are shown in Fig. 1. The presence of two
isosbestic points on the absorption curves at
the wavelengths A = 592 and 632 nm allows us
to assume that there are three complex com-
pounds in the solution under study, namely:
citrate [Co(Cit),]*, pyrophosphate [Co(PPi),]*
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and polyligand complexes of cobalt (II). At the
isosbestic point (A = 592 nm), as can be seen
from Fig. 1, two complex compounds are in
equilibrium: pyrophosphate [Co(PPi),|* (cur-
ve 1) and polyligand [Co(PPi)_(Cit) ]+~
(curves 2-6) cobalt(II) complexes. Citrate
complexes [Co(Cit),]* do not take part in
the equilibrium, since curve 7 does not pass
through this isosbestic point (A = 592 nm).

030 9D
0.25 -
0.20 -
0.15 -
0.10 -

0.05 7

0.00 -

400 500 600 700 800 A» nm 9

Fig. 1. Absorption spectra in pyrophosphate-cit-
rate electrolyte obtained by the isomolar series
method at pH 9.0, a concentration of cobalt (II)
ions of 0.01 mol-1™! with the ratio of concentrations
C,47:C.*=10:0(1); 9:1(2);7:3(3);5:5(4);

PPi Cit

3:7(5);1:9(6);0:10 (7).

Since [Co(Cit),]* citrate complexes do not
take part in the formation of polyligand com-
plexes [Co(PPi) (Cit) |*“m+n, the equilib-
rium between the latter and pyrophosphate
complexes [Co(PPi),]* is described by the
equation:

[Co(PPi),]* + [Cit]* <> [Co(PPi)Cit]* +
+ [PPi]*. (3)
Therefore, the equilibrium constant K_of
the reaction for the formation of polyligand
complexes of cobalt (II) is:

K =p/p,, (4)
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where 3 and ', are the stability constants of
polyligand and pyrophosphate complexes
[Co(PPi), ], respectively.

It should be noted that the interpretation of
spectrophotometric data for the systems under
study, in which three or more complex com-
pounds are formed, can be ambiguous [26],
since the error in determining the stability
constants of the corresponding complexes in-
creases. In this case, the determination of the
stability constants of the complexes formed
in the system under study from spectropho-
tometric data must be carried out at a wave-
length corresponding to the isosbestic point
in absorption spectra, at which the extinction
coefficients of all absorbing species are equal
(e,=¢,=...=¢ =¢¥)[26].

The results of the analysis of spectrophoto-
metric data are shown in Fig. 2 at the wave-
lengths A = 500 and 540 nm in the coordinates:
D=f[C,,"]/I[C," + C.,>) (curves 1, 2)
and D =f(C_> / (C_> + C,,*) (curves 3, 4)
[21, 25], where D is the absorption of the test
solution, C,,*" and C_’ are the total concen-
trations of ligands. The linear plots indicate
the formation of stable polyligand complexes
of cobalt (IT) with Cit> and PPi* ions in the
system under study. The abscissa of the point
of maximum absorption x_does not depend
on the wavelength | = 500 (curves 1, 3) and
540 nm (curves 2, 4) and is given by:

Xmax = CPPi4_ /(CPPi4_ + CCit3_) =
=n/(n +m)=0.5. (5)
This is consistent with the data [21] that
when a polyligand (mixed) complex with the
composition MLX is formed by the reaction:
ML, + MX, > 2 MLX, (6)
the partial mole fraction of each of the com-
plexes ML, and MX is 0.50 since o, + o.,.= 1.

https://ucj.org.ua

0.30 - D
0.25 A
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0.15 A 3
0.10

0.05 -
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0.0 0.2 0.4 0.6 0.8 1.0

Copit (Cpp+ + Cie)

Fig. 2. Absorption of isomolar series in a pyro-
phosphate-citrate electrolyte at pH 9.0 and wave-
lengths A = 500 nm (curves 1, 3) and 540 nm
(curves 2, 4) and the concentration of cobalt ions
in the investigated solutions C_ ** = 0.01 mol-I"".

The obtained data (Fig. 2) make it possible
to determine the composition of the cobalt (II)
polyligand complexes formed under the ex-
perimental conditions. The maximum coordi-
nation numbers m and n for the polydentate
ligands PPi* and Cit> of cobalt (II) polyligand
complex formed in the system under study, as
follows from Fig. 2 and equation (5), are equal
to m = n = 1. Thus, polyligand complexes [Co
(PPi)Cit]* are formed in the pyrophosphate—
citrate electrolyte at pH 9.0.

The composition of the cobalt (II) polyli-
gand complexes formed in the system under
study under given conditions and their stabi-
lity constant were also determined by the
equilibrium shift method [17]. We denote
the maximum absorption of the solution un-
der study at the corresponding wavelength
A =500 nm by D, and the optical density of
the solution at certain ratios of equilibrium
concentrations of ligands [PPI]* / [Cit]*~ until
almost complete binding of the central ion into
a colored polyligand complex D_. Since the
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optical density of thesolutionby D _is proportio-
nal to the concentration of the colored complex
[Co(PPi)_(Cit) ]** ™", the ratio is [Co(PPi)_
(Cit) ]*>m+n) [ [Co(PPi),]* = D_/ (D, - D).
So, from the plots of Ig D_/ (D, - D) = f (Ig
[PPi]*/ [Cit]*) (Fig. 3a, curve 1) and Ig D_/
(D, - D) = f (Ig [Cit]*/ [PPi]*) (Fig. 3a, cur-
ve 2) it is possible to establish the composition
of the cobalt (II) polyligand complexes that are
formed in the studying system at pH 9.0 and
their stability constant.

The plots of Ig D /(D, - D) = f (Ig [PPi]*/
[Cit]*") (Fig. 3a, curve 1) and g D /(D - D) =
f (Ig [Cit]*/[PPi]*) (Fig. 3a, curve 2) are rec-
tilinear; the abscissa of the intersection point

1211g [D_/(D - D,)]
a
0.8 1
2
0.4 1
0.0 -
v
-0.4 1
0.8 1 1e(|PPi]"7 [Cit])
-1.0 -0.5 0.0 0.5 1.0

of them lIg ([PPi]*/ [Cit]*") = 0. This indicates
that the molar ratio of the equilibrium con-
centrations of polydentate ligands [PPi]*/
[Cit]*" in the polyligand complex [Co(PPi)_
(Cit) ]*> =+ is1,i.e.m=n=1.Theratio [Cit]*/
[PPi]*, as can be seen from Fig. 3a, curve 2 is 1.
Thus, polyligand complexes [Co(PPi)Cit]* are
formed in the system under study at pH 9.0.
The slope of the straight line Ig D /(D -D,) =
flg [PPi]*/[Cit]*) (Fig. 3a, curve 1) is —0.4886
and is equal to the logarithm of the equilibri-
um constant Kr of the reaction of formation
of polyligand complexes [Co(PPi)Cit]*". The
value of the equilibrium constant Kr calculated
from equation (3) is 0.3246.

15 11g[D /(D ,-D )]

1.0 A
0.5 1
0.0 1

-0.5 A

1g [PPi]"

-1.0

-2.6 -2.4 2.2 -2.0 -1.8 -1.6 -1.4

Fig. 3. Dependences Ig D_/ (D, - D,) obtained by the method of equilibrium shift in the studied system
at pH 9.0, the concentration of ions C_ ** -~ 0.01 mol-I™’, the wavelength A = 500 nm on Ig([PPi]*: [Cit]*")
(Fig. 3a, (1)); on Ig([Cit]*: [PPi]*) (Fig. 3a, (2)); on Ig[PPi]* (Fig. 3b, (1)) and on Ig[Cit]* (Fig. 3b, (2)).

The value of the stability constant B of
[Co(PPi)Cit]* polyligand complexes calculat-
ed by the equilibrium shift method [17] using
experimental data (Fig. 3a) according to equa-
tion (4) is 1.80-10° (pp = 8.26).

The composition of cobalt (II) polyligand
complexes, and not only the ratio of coordina-
tion numbers m/n, was determined from spec-
trophotometric data (Fig. 1) by the equilibrium
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shift method [17]; plots of Ig D_/ (D, - D) =
f (g [PPi]*) (Fig. 3b, curve 1) and lg D_/
(D, - D) = f (Ig [Cit]*) (Fig. 3b, curve 2) ob-
tained from the spectrophotometric data (Fig. 1)
by the equilibrium shift method in the system
under study at pH 9.0, the total concentration
of C_** ions - 0.01 mol-1", and the wavelength
A =500 nm (Fig. 3b) are shown in Fig. 3b.

The slope of the straight line g D /(D -D)
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= f (Ig [PPi]*) (Fig. 3b, curve 1) at [Cit]* — 0

is equal to the coordination number m of the

polyligand complex for [PPi]* ions and is 1.07:
olg[P,0,1"

=m, (7)

The value of the coordination number n,
calculated from the slope of the straight line
lgD_/ (D, - D) = f (g [Cit]*) at [PPi]* — 0,
is 0.96. The obtained values of the coordina-
tion numbers m and n (m=n=1) indicate the
formation of [Co(PPi)Cit]* polyligand com-
plexes in the pyrophosphate-citrate electrolyte
at pH 9.0.

The composition of [Co(PPi)Cit]*" polyli-
gand complexes in a pyrophosphate-citrate
electrolyte was confirmed by the Newman
and Hume method [27]. This method is one
of the most reliable methods for determining
the composition of polyligand complexes and

0259 D

0.02 0.04 0.06, 0.08

0.00 4 8
[(D - C2¢ ) [PPil / [Cit] ]

their formation constants [25]. The equilibri-
um constant Kr of reaction (3) for the forma-
tion of [Co(PPi)Cit]> polyligand complexes in
the system under study at pH 9.0 calculated by
the Newman and Hume method (Fig. 4a) ac-
cording to the equation:

D=C_ ¢ -1/K[(D-C_ ¢,)

Cit-PPi Co “PPi
([PPi]*/ [Cit]*),  (8)
where ¢ . and ¢, are the molar absorp-

tion coeflicients of the polyligand and pyro-
phosphate complexes of cobalt (II), respective-
ly, is 0.5755.

Ascanbeseen from Fig. 4a, the experimental
points lie on a straight line, which confirms the
correctness of the determination from equa-
tion (8) of the numbers of coordination groups
of ligands (m=n=1) in the polyligand complex
[Co(PPi)_(Cit) ]J** ™+, Thus, polyligand co-
balt (II) complexes [Co(PPi)Cit]*- are formed
in the system under study at pH 9.0.

(cit”> /1ppi|E*- ¢ )
1.6 1
b
1.2 1
0.8
0.4 4
0.0 T T T T T T 1

6 .8 10 12 14 16
[Cit]” /[PPi]

0 2 4

Fig. 4. Graphical determination of the equilibrium constant K_of the polyligand cobalt (IT) complexes
formation reaction in pyrophosphate-citrate electrolyte at pH 9.0, wavelength A = 500 nm by the method:

(a) - Newman and Hume; (b) - Watters.

The equilibrium constant Kr of formation of
[Co(PPi)Cit]* polyligand complexes at pH 9 by
reaction (3) was also determined by the Watters
method [28] (Fig. 4b) according to the equation:

https://ucj.org.ua

([Cit]/[PP]“)/(e*~ &) = 1/[(e,, ~ &, ) K] +

+1/(e,, - &, )-(([Cit]*/[PPi]*),  (9)
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where ¢, . and ¢, are the molar absorption
coefficients of a polyligand and a pyrophos-
phate complex of cobalt (II), respectively; €* is
the average coefficient of molar absorption of
all forms of cobalt (II) ions.

The value of the equilibrium constant Kr
of the reaction of formation of polyligand
complexes [Co(PPi)Cit]* formation reaction,
calculated from the slope of the linear plot of
([Cit]*/[PPi]*)/(e*~ &) = f ([Cit]*/[PPi]*),
which is 1/(e_, ., — €,,) = 0.0794 (Fig. 4b),
and the y-intercept (1/(e,, — ¢ )K = 0.160) is
0.4963. The value of the equiliﬁrium constant
Kr of formation of polyligand complexes ob-
tained by the Watters method [28] agrees with
the Kr value obtained by the Newman and
Hume method [27] (0.5755).

The stability constants of [Co(PPi)Cit]*
polyligand complexes calculated by the Wat-
ters [28], Newman and Hume [27] methods
using the equilibrium constants Kr of the re-
action of their formation of 0.4963 and 0.5755
respectively, in accordance with Eq. (4) are
2.76:10° (pp = 8.44) and 3.20-10° (pp = 8.51),
respectively. The obtained average value of the
stability constant of [Co(PPi)Cit]*~ polyligand
complexes (p = 2.98:10° (pP = 8.47)) agrees
with the value calculated from experimental
data (Fig. 3a) by the equilibrium shift method
(pp = 8.26).

Taking into account the stability constants
of citrate [Co(Cit),]* (pB, = 5.30), pyrophos-
phate [Co(PPi),]* (pp’, = 8.74) and polyli-
gand [Co(PPi)Cit]* (pp = 8.47) complexes
of cobalt (II), the dependence of the degree
of their formation in a pyrophosphate-citrate
electrolyte on the ratio of equilibrium con-
centrations of ligands lg ([PPi]*7/ [Cit]*") was
calculated (Fig. 5). As can be seen from fig. 5,
citrate complexes [Co(Cit),]* exist in the
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range of the ratios of equilibrium concentra-
tions of ligands lg ([PPi]*/ [Cit]*") from -1
to +1, polyligand complexes [Co(PPi)Cit]*" in
the range from -1 to +2, and [Co(PPi),]* pyro-
phosphate complexes in the range >0.

1.0
1 2 3

0.8 1

0.6

£
3

0.4

0.21

0.0 T -
-1.0 -0.5 0.0 0.5 0 1.5 2.0

lg([PPi]4_/[Cit]]3_)

Fig. 5. Dependence of the degree of formation
of citrate (1), polyligand (2) and pyrophosphate (3)
complexes of cobalt (II) in pyrophosphate-citrate
electrolyte on the logarithm of the ratio of equi-
librium concentrations of ligands: I - [Co(Cit),]*;
2 - [Co(PPi)Cit]*;; 3 - [Co(PPi),]|*.

CONCLUSIONS.

It has been established that in a pyrophos-
phate-citrate electrolyte at pH 9.0, cobalt
(II) ions form with Cit>- and PPi*" ions not
only citrate [Co(Cit),]* and pyrophosphate
[Co(PPi),|*, but also polyligand complexes
[Co(PPi)_(Cit) ]**m*m, The composition of
[Co(PPi)Cit]* polyligand complexes was de-
termined, the equilibrium constant Kr of the
reaction of their formation and their stability
constant (pp=8.47) were calculated. In terms of
stability, [Co(PPi)Cit]* (pp = 8.47) polyligand
complexes approach pyrophosphate complex-
es [Co(PPi),|* (pP', = 8.74). The dependence
of the degree of formation of citrate, polyli-
gand, and pyrophosphate complexes of cobalt

ISSN 2708-129X. VKp. Xim. XypH., 2022



V. M. Nikitenko, Yu. S. Yapontseva, V.. S. Kublanovsky

UCJ Ne 4 / Vol. 88

(II) in a pyrophosphate-citrate electrolyte on
the logarithm of the ratio of equilibrium con-
centrations of ligands was calculated.
Sj/r was carried out in the framework of
the target research program of the
NAS of Ukraine «Promising basic research
and innovative development of nanomate-
rials and nanotechnologies for the needs of

industry, health and agriculture», project
Ne 28/22-N, 2022.

ACKNOWLEDGMENT. This work

BU3HAYEHHA NONITAHAHNX KOMMNEKCIB

KOBANbTY (Il) 3 UUTPATHUMW TA NIPO®OC-
®ATHAMUW IOHAMU

B. M. Hiximenxo, IO. C. Anonuyesa*,
B. C. Ky6nanoscoxuii

Incmumym 3azanvroi ma Heop2axHiuHOi Ximil
im. B. I. Bepnaocvkoeo HAH Ykpainu,

npocn. Axademika Ilannadina, 32/34, Kuie
03142, Yxpaina

*e-mail: juliya_yap@ukr.net

CrnexTpohOTOMETPUYHIM METOLOM BCTa-
HOBJIEHO, 110 Y mipodocdaTrHO-IUTPaTHOMY
efeKTporiti ionn kobanery (II) yrBOprooOTH
3aJIeXKHO BiJi CIIIBBIZHOIIEHHA KOHIJEHTPaLlill
niraggis [PPi*] / [Cit’"] He Tinbku muTpar-
Hi [Co(Cit),]*, mipodocdarni [Co(PPi) ]*,
a it mominmirangni xommexcu [Co(PPi)
(Cit) ]*>“m+), BusHadeHO CKmaj MOIii-
raugunx komiuiekciB [Co(PPi)Cit]>-, o6unc-
YTBOPEHHA Ta KOHCTAHTY IXHBOI CTilIKOCTI
(pP = 8.47). PospaxoBaHO 3a/1e>XHICTb CTYyIIe-

https://ucj.org.ua

HA YTBOPEHHA LIMTPATHUX, IOMTTaHAHUX Ta
nipodocdarHux Komiviekcis kobansry(ll) B
nipodocdaTHO-IUTPATHOMY €eKTPOJITI Bif
norapudMy CIiBBi[HOIIEHHS PiBHOBAXXHIX
KOHIL|€HTpallill IiraHfiB.

Kmrouosi croBa: xo6anbt (1), momimirany-
Hi KOMIIJIEKCM, CKjaJl, KOHCTaHTa CTiliKOCTI,
CIIeKTPOQOTOMETPis.
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