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This work reports on the preparation and characterization of Sr2+-doped Ba7Nb4MoO20 
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 (Ba1-xSrx)7Nb4MoO20 powders was studied. The 
results of the phase analysis show that (Ba1-xSrx)7Nb4MoO20 (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 оС for 10 h. According to the laser diffraction analysis, the synthesized 
powders comprise particles with a polydisperse size distribution spreading from 0.05 μm to 
12 μm and average particle size of 2.1 μm. 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 (Ba1-xSrx)7Nb4MoO20 with 15 mol.% and 20 mol.% Sr2+ 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, Ba7Nb4MoO20, powder, electrolyte.

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 (O2--SOFCs) and 
proton-conducting (H+-SOFCs). The main 
advantage of O2--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  oC) 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 oC com-
pared to O2--SOFCs operating at 800 oC [12].

Solid solutions of BaZrO3 and BaCeO3 with 
the perovskite-type ABO3 structure are the 
most widely used electrolytes for H+-SOFCs 
[13–16]. However, the need for high sintering 
temperatures (up to 1600 oC) [17] and alloying 
with rare earth oxides encourage the search for 

new, more technological and cheaper materials 
with better functional properties.

High proton and oxide ion conductivity in 
Ba7Nb4MoO20 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 oC 
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 Ba7Nb4MoO20 
in dry oxygen is significantly higher than 
that for 8YSZ and is comparable with that of  
La0.8Sr0.2Ga0.83Mg0.17O2.815, whereas in humidi-
fied air (pH2O ∼0.021 atm) the proton conduc-
tivity of Ba7Nb4MoO20 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 Ba7Nb4MoO20 contributes to 
the creation of a frustrated proton sublattice 
with high proton mobility and low energy dif-
fusion pathways. Ba7Nb4MoO20 also has low 
sintering temperature (up to 1200 oC) and rela-
tively high chemical resistance to CO2 [18].

Two recent papers [18, 19] have noted that 
the properties of Ba7Nb4MoO20 can be im-
proved by doping, in this regard we proposed 
the synthesis of (Ba1-xSrx)7Nb4MoO20 (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 Å for 
Sr2+) to barium (1.49 Å for Ba2+) [21] that will 
provide partial replacement of barium atoms 
without destroying the crystal lattice of the 
perovskite.
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Regarding the synthesis of Ba7Nb4MoO20, 
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 
Ba7Nb4MoO20 was made by Garcia-Gonzalez 
et al. [22], who synthesized it by solid-state 
reaction of BaCO3, Nb2O5, and MoO3 at 
1300 oC for 72 hours. Fop et al. [18] reported 
that a single-phase powder can be obtained 
after repeated annealing at 1050 oC, while the 
synthesis at 1100–1150 oC leads to the for-
mation of phases other than Ba7Nb4MoO20. 
Whereas in the paper [19], repeated anneal-
ing at 900 oC for 10–12 hours was carried out 
to synthesize Ba7Nb4MoO20-based materials. 
Taking into account the discrepancies not-
ed above, as well as the fact that strontium 
carbonate has a higher melting point (tm = 
1497 oC) than barium carbonate (tm = 811 oC) 
[23], we tailored the synthesis parameters and 
then synthesized (Ba1-xSrx)7Nb4MoO20 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 OF 
THE RESULTS

Solid-state synthesis was used to ob-
tain powders with nominal compositions 
of (Ba1-хSrx)7Nb4MoO20, х = 0.05; 0.10; 0.15; 
0.20. Barium carbonate (BaCO3, ≥99%, Carl 
Roth GmbH + Co. KG), strontium carbonate 
(SrCO3, 99%, Alfa Aesar), niobium(V) oxide 
(Nb2O5, 99.5%, ChemPur Feinchemikalien 
und Forschungsbedarf GmbH), and molyb-
denum(VI) oxide (MoO3, ≥99.8%, 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 

resulting mechanical mixture was sieved and 
packed down tightly into the crucible by tamp-
ing with a glass rod. The solid-state synthesis of 
(Ba1-хSrx)7Nb4MoO20 powders was performed 
in an air muffle furnace at temperatures of 
1000–1100 oC (step 20 oC) 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 oC/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 0.05o or with a counting time of 4 s per 
step at U = 30 kV, I = 30 mA with monochro-
matic Cu Kα 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 ~27.8o 
and ~30.5o corresponding to (014) and (110) 
planes of Ba7Nb4MoO20 structure, respectively:

D = 0.89λ/βcosθ ,                 (1)

where D is the crystallite size, λ is the X-ray 
wavelength of 1.5406 Å, θ is Bragg diffraction 
angle, and β is the full wide of half maximum 
of the XRD peak.



66 ISSN 2708-129X. Укр. хім. журн., 2022

SYNTHESIS AND CHARACTERIZATION OF (Ba1-хSrx)7Nb4MoO20  POWDERS FOR PROTON-CONDUCTING SOLID OXIDE FUEL CELLSINORGANIC CHEMISTRY

Dislocation density was defined by relation 
[25]:

δ = 1/D2.                       (2)
where δ is the dislocation density and D is the 
crystallite size.

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

ε = β/4tanθ,                      (3)
where ε is the strain and β 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 (Ba1-хSrx)7Nb4MoO20 pow-
ders with a nominal content of Sr2+ equal to 
5 mol.%, 10 mol.%, 15 mol.%, and 20 mol.% are 
denoted as BS5NMO, BS10NMO, 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 (tm = 811  оС) and 
molybdenum oxide (tm = 802 оС) [23], the 
synthesis occurs through the formation of a li
quid phase, which accelerates the processes of 
homogenization and phase formation. After 

some period of time, the synthesis proceeds in 
the solid phase due to the formation of more 
refractory oxides [18], which finally form 
Ba7Nb4MoO20 perovskite at optimal solid-state 
reaction conditions. 

To determine the optimal temperature for 
solid-state reaction, a powder mixture with a 
nominal composition of (Ba0.9Sr0.1)7Nb4MoO20 
was selected as a representative sample, the 
phase composition of which was investigated 
within a 2θ range of 23–33o, where the main 
peaks of the formed phases are located [18, 
19]. Fig. 1 shows XRD patterns of BS10NMO 
powder after three annealing cycles for 10 h at 
1000 oC, 1020 oC, 1040 oC, 1060 oC, 1080 oC, 
and 1100 oC. According to Fig. 1a, the main 
phase of the powder after synthesis at 1000 oC 
is a solid solution of strontium in Ba7Nb4MoO20 
(ICDD No. 00-051-0484), there are also two 
secondary phases, namely, BaMoO4 (ICDD 
No. 00-029-0193) and Ba4SrNb4O15 (ICDD 
No. 00-054-1174). The relative intensity of  
Ba4SrNb4O15 phase is high, indicating its high 
concentration possibly due to the incomplete 
chemical reaction at low synthesis tempera-
ture. While the amount of BaMoO4 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(Ba1-хSrх)CO3 + 2Nb2O5 + MoO3 → 
(Ba1-хSrх)7Nb4MoO20 + 7CO2↑ ,       (4)

BaCO3 + MoO3 → BaMoO4 + CO2↑,     (5)

4BaCO3 + SrCO3 + 2Nb2O5 → 
Ba4SrNb4O15 + 5CO2↑.             (6)
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Fig. 1. XRD patterns of BS10NMO powder after sythesis at (a) 1000 оС, (b) 1020 оС, (c) 1040 оС, 
(d) 1060 оС, (e) 1080 оС, and (f) 1100 оС. Marked peaks: ▲ – (Ba0,9Sr0,1)7Nb4MoO20; ■ – BaMoO4; ● – 
 Ba4SrNb4O15; ♦ – Ba6Nb3O13.5.

 
Fig. 1. XRD patterns of BS10NMO powder after sythesis at (a) 1000 оС, (b) 1020 оС, (c) 1040 оС, 

(d) 1060 оС, (e) 1080 оС, and (f) 1100 оС. Marked peaks: ▲ – (Ba0,9Sr0,1)7Nb4MoO20; ■ – BaMoO4; 

● – Ba4SrNb4O15; ♦ – Ba6Nb3O13.5. 

 

When the synthesis temperature was increased to 1020 oC (Fig. 1b), the phase composition 

of the powder did not change qualitatively, but the diffraction pattern showed a slight increase in 

the intensity of BaMoO4 peaks and the opposite for Ba4SrNb4O15 peaks. This indicates that the 

amount of BaMoO4 and Ba4SrNb4O15 is slightly increased and decreased, respectively. A further 

increase in the synthesis temperature to 1040 оС (Fig. 1c) led to an increase in the intensity of the 

main phase peaks, while the intensities of BaMoO4 and Ba4SrNb4O15 peaks decreased, which is 

accompanied by the disappearance of less intense BaMoO4 peak at 2θ = ~32.1о. These results 

indicate that the chemical reaction (4) proceeds more quickly with increasing synthesis temperature. 

At the synthesis temperature of 1060 oC (Fig. 1d), the tendency of reducing the intensities of 

secondary phases still continues. As a result, the BaMoO4 phase disappeared completely, and the 

intensity of Ba4SrNb4O15 peaks decreased by about a quarter. However, the diffraction pattern 

shows a peak at 2θ = 29.5o, which most likely belongs to Ba6Nb3O13.5 (ICDD No. 00-035-0933). 

This phase has two main most intense peaks, which are located at 2θ = 27.51o and 29.55o. The peak 

at 27.51o is not observed, apparently due to its lower intensity in this case. The formation of 

Ba6Nb3O13.5 is most likely due to the inhomogeneous distribution of the starting materials in the 

mixture and/or incomplete solid-state synthesis reactions [18]. It should be noted that the content of 

Ba6Nb3O13.5 phase in the obtained powder is insignificant. 

When the synthesis temperature was in-
creased to 1020 oC (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 BaMoO4 
peaks and the opposite for Ba4SrNb4O15 peaks. 
This indicates that the amount of BaMoO4 
and Ba4SrNb4O15 is slightly increased and de-
creased, respectively. A further increase in 
the synthesis temperature to 1040 оС (Fig. 1c) 
led to an increase in the intensity of the main 
phase peaks, while the intensities of BaMoO4 
and Ba4SrNb4O15 peaks decreased, which is ac-
companied by the disappearance of less intense 
BaMoO4 peak at 2θ = ~32.1о. These results in-
dicate that the chemical reaction (4) proceeds 

more quickly with increasing synthesis tem-
perature.

At the synthesis temperature of 1060 oC 
(Fig. 1d), the tendency of reducing the inten-
sities of secondary phases still continues. As a 
result, the BaMoO4 phase disappeared com-
pletely, and the intensity of Ba4SrNb4O15 peaks 
decreased by about a quarter. However, the 
diffraction pattern shows a peak at 2θ = 29.5o, 
which most likely belongs to Ba6Nb3O13.5 (ICDD 
No. 00-035-0933). This phase has two main 
most intense peaks, which are located at 2θ = 
27.51o and 29.55o. The peak at 27.51o is not ob-
served, apparently due to its lower intensity in 
this case. The formation of Ba6Nb3O13.5 is most 
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  
Ba6Nb3O13.5 phase in the obtained powder is 
insignificant.

Increasing the synthesis temperature to 
1080 oC 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 Ba4SrNb4O15 (see 
Fig. 1e). As could be suggested from the rela-
tive intensity of Ba4SrNb4O15 peaks (Fig. 1e), 
the amount of this phase is low in comparison 
with the samples obtained at 1000-1040 oC and 
remains almost the same as after synthesis at 
1060 oC (Fig. 1d).

When the synthesis temperature was in-
creased further to 1100 oC (Fig. 1f), BaMoO4 
formed and the relative intensity of Ba4SrN-
b4O15 phase increased, indicating its higher 
content in the synthesized powder. The most 
probable reason for this is the decomposi-
tion of (Ba0.9Sr0.1)7Nb4MoO20 to Ba4SrNb4O15 
and BaMoO4 due to the low thermal stability 

of (Ba0.9Sr0.1)7Nb4MoO20 at high temperatures 
[18] and the evaporation of barium oxide [26, 
27], according to the chemical reaction (7):

(Ba1-xSrx)7Nb4MoO20 → 
Ba4-xSrxNb4O15 + Ba1-xMoO4 + BaO↑.    (7)

Thus, according to the obtained XRD re-
sults, the optimal temperature interval for 
solid-state synthesis of (Ba1-xSrx)7Nb4MoO20 is 
1060–1080 оС 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].

Fig. 2. XRD patterns of BS10NMO powder after (a) two, (b) three, and (c) four repeated 
synthesis cycles at 1080 оС for 10 h. Marked peaks: ▲ – (Ba0,9Sr0,1)7Nb4MoO20; ■ – BaMoO4; 
● – Ba4SrNb4O15.

Increasing the synthesis temperature to 1080 oC 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 Ba4SrNb4O15 (see Fig. 1e). As could be suggested from the relative 

intensity of Ba4SrNb4O15 peaks (Fig. 1e), the amount of this phase is low in comparison with the 

samples obtained at 1000-1040 oC and remains almost the same as after synthesis at 1060 oC (Fig. 

1d). 
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and the relative intensity of Ba4SrNb4O15 phase increased, indicating its higher content in the 

synthesized powder. The most probable reason for this is the decomposition of 

(Ba0.9Sr0.1)7Nb4MoO20 to Ba4SrNb4O15 and BaMoO4 due to the low thermal stability of 

(Ba0.9Sr0.1)7Nb4MoO20 at high temperatures [18] and the evaporation of barium oxide [26, 27], 

according to the chemical reaction (7): 

(Ba1-xSrx)7Nb4MoO20 → Ba4-xSrxNb4O15 + Ba1-xMoO4 + BaO↑. (7) 

Thus, according to the obtained XRD results, the optimal temperature interval for solid-state 

synthesis of (Ba1-xSrx)7Nb4MoO20 is 1060–1080 оС that provides a minimum concentration of 

secondary phases in the powder. 

In the case of solid-state synthesis, it is common that the intermediates of the reaction can be 

located in different parts of the volume of the powder mixture and have different reactivity, as a 

result the efficiency of further interaction in the system is significantly 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]. 

 

 
Fig. 2. XRD patterns of BS10NMO powder after (a) two, (b) three, and (c) four repeated synthesis 

cycles at 1080 оС for 10 h. Marked peaks: ▲ – (Ba0,9Sr0,1)7Nb4MoO20; ■ – BaMoO4; ● – 

Ba4SrNb4O15. 
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The XRD pattern in Fig. 2a indicates that 
double annealing at 1080 оС for 10 h is not 
enough to obtain pure BS10NMO powder. Al-
though the main phase is (Ba1-xSrx)7Nb4MoO20, 
there are still significant amounts of residual 
phases such as BaMoO4 and Ba4SrNb4O15. After 
triple synthesis processes, the concentration of 
Ba4SrNb4O15 notably reduced, while BaMoO4 
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. 2c, 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 (Ba1-xSrx)7Nb4MoO20 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 (Ba1-xSrx)7Nb4MoO20  
(x = 0; 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  
Ba7Nb4MoO20 and Ba5Nb4O15, after triple an-
nealing at 1060 oC for 10 h. From the ratio of 
peaks’ intensity in Fig. 3a, it can be suggested 
that the amount of Ba5Nb4O15 phase is small.

In the case of BS5NMO powder (Fig. 3b), it 
can be seen that except the peaks of the main 
phase (solid solution of Sr in Ba7Nb4MoO20), 
there are other peaks which belong to  
Ba4SrNb4O15 and Ba6Nb3O13.5 phases. The small 
intensity of the peaks of Ba6Nb3O13.5 indicates 

that the amount of this phase is very small, while 
the amount of Ba4SrNb4O15 remained almost 
the same compared to that of Ba5Nb4O15 phase 
in the powder without strontium additive.

To synthesize (Ba1-xSrx)7Nb4MoO20 with 
10–20 mol.% Sr2+, the temperature of multiple 
annealing was increased to 1080 oC in order to 
accelerate the diffusion processes due to the 
increase in the powder mixture of more refrac-
tory SrCO3 (tm = 1497 oC) compared to BaCO3 
(tm = 811 oC) [23]. The XRD pattern of BS10N-
MO powder in Fig. 3c shows that in addition 
to the main peaks of Ba7Nb4MoO20-based oxi
de, there are peaks that belong to Ba4SrNb4O15, 
while Ba6Nb3O13.5 or BaMoO4 phases were not 
detected. It should be noted that the amount 
of Ba4SrNb4O15 phase in BS10NMO powder is 
slightly higher compared to that of BS5NMO 
powder as indicated by the increased intensity 
of the respective peaks.

According to the XRD pattern of BS15NMO 
powder in Fig. 3d, an increase in strontium 
content to 15 mol.% resulted in the formation 
of BaMoO4 and Ba3Nb6O13.5 phases, which have 
relatively high intensity of XRD peaks. There 
is also a significant increase in the intensity 
and number of Ba4SrNb4O15 peaks indicating 
an increase in the amount of this phase in the 
powder. However, the solid solution of Sr in 
Ba7Nb4MoO20 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 Ba7Nb4MoO20, 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 (Ba1-xSrx)7Nb4MoO20 phase in 
BS10NMO and BS15NMO powders remained 
unchanged. 
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Fig. 3. XRD patterns of (a) Ba7Nb4MoO20, (b) BS5NMO, (c) BS10NMO, (d) BS15NMO, and (e) 
BS20NMO powders. All unmarked peaks correspond to the main (Ba1-хSrх)7Nb4MoO20 phase.

 
Fig. 3. XRD patterns of (a) Ba7Nb4MoO20, (b) BS5NMO, (c) BS10NMO, (d) BS15NMO, and (e) 

BS20NMO powders. All unmarked peaks correspond to the main (Ba1-хSrх)7Nb4MoO20 phase. 

 

According to the XRD pattern shown in Fig. 3a, the powder without the strontium additive 

contains two phases, namely Ba7Nb4MoO20 and Ba5Nb4O15, after triple annealing at 1060 oC for 10 

h. From the ratio of peaks’ intensity in Fig. 3a, it can be suggested that the amount of Ba5Nb4O15 

phase is small. 

In the case of BS5NMO powder (Fig. 3b), it can be seen that except the peaks of the main 

phase (solid solution of Sr in Ba7Nb4MoO20), there are other peaks which belong to Ba4SrNb4O15 

and Ba6Nb3O13.5 phases. The small intensity of the peaks of Ba6Nb3O13.5 indicates that the amount 

As can be seen from Fig. 3e, when barium 
is partially replaced by 20 mol.% Sr2+, there is a 
further remarkable increase in the intensity of 
the diffraction peaks of BaMoO4, Ba3Nb6O13.5, 
Ba4SrNb4O15, and unidentified phase with a si-

multaneous decrease in the intensity of (Ba1-xS-
rx)7Nb4MoO20 phase, leading to a significant 
difference in phase composition from the ex-
pected one. Thus, BS15NMO and BS20NMO 
materials cannot be used as an electrolyte for 
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H+-SOFCs because they contain a significant 
amount of BaMoO4, Ba4SrNb4O15, Ba3Nb6O13.5 
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 Sr2+ to dope  
Ba7Nb4MoO20 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 (Ba1-xSrx)7
Nb4MoO20 (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 Sr2+ (1.32 Å) compared to that of Ba2+ 
(1.49 Å) [21]. The volume of the crystal lattice 
of Ba7Nb4MoO20 decreases by ~ 0.57% and ~ 
0.71% with the addition of 5 mol.% Sr2+ and 
10  mol.% Sr2+, 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 Ba7Nb4MoO20 perovskite. 

The crystallite size of (Ba1-xSrx)7Nb4MoO20 
(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 Sr2+ is lower than 
that of Ba2+. The strain increases with the in-
crease in strontium content due to the distor-
tion of the lattice. The incorporation of Sr into  
(Ba1-xSrx)7Nb4MoO20 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 BS15NMO and 
BS20NMO powders most likely to be affected 
by significant amount of impurity phases and 
chemical inhomogeneity [25].

Table 1
Structural parameters of (Ba1-хSrх)7Nb4MoO20 perovskites.

Powder
Lattice parameters Unit cell 

volume, Å3
Crystallite 
size, nm

Lattice 
strain, %

Dislocation 
density, m-2а, Å b, Å c, Å

Ba7Nb4MoO20 5.861 5.861 16.518 491.4 53 0.264 3.63·1017

BS5NMO 5.852 5.852 16.473 488.6 48 0.299 4.53·1017

BS10NMO 5.842 5.842 16.409 485.1 45 0.308 4.94·1017

BS15NMO 5.842 5.842 16.409 485.1 51 0.267 3.84·1017

BS20NMO 5.842 5.842 16.409 485.1 43 0.317 5.41·1017
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Fig. 4. Particle size distribution of (a) Ba7Nb4MoO20, (b) BS5NMO, and (c) BS10NMO powders.
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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 (Ba1-xSrx)7

Nb4MoO20 perovskite. It should be noted that 
the particle size distribution and morphology 
of BS15NMO 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 Ba7Nb4MoO20, BS5NMO, and BS10NMO 
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 μm, and 
their average size is about 2.1 μm.

Table 2
Particle size distribution of (Ba1-хSrх)7Nb4MoO20 powders.

Powder
Size (dn) below which n-percent of the particles is contained, μm

Span
d3 d6 d10 d16 d25 d50 d75 d84 d90 d97

Ba7Nb4MoO20 0.09 0.12 0.50 0.76 1.10 1.90 3.10 3.68 4.28 5.53 1.98

BS5NMO 0.09 0.12 0.49 0.76 1.10 1.90 3.09 3.69 4.27 5.53 1.99

BS10NMO 0.09 0.16 0.69 1.15 1.51 2.54 3.75 4.45 5.16 6.91 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 μm to 12 μm. The volume 
contribution of the fine fraction does not ex-
ceed 12%. The majority of the particles are 
within the 1.5–5 μm 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 

particle size of the powders was obtained as 
the result of using starting powder materials 
with particles less than 5 μm in size, as well as 
due to the fast nucleation and slow growth of  
(Ba1-xSrx)7Nb4MoO20 phase [39].

Electron microscopic studies were per-
formed to investigate the morphology and 
size of (Ba1-xSrx)7Nb4MoO20 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 μm. The size of most particles does not 
exceed 5 μm, while the fraction of particles/
aggregates with sizes between about 5 μm and  
10 μm is relatively small. According to SEM 
analysis of (Ba1-xSrx)7Nb4MoO20 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) Ba7Nb4MoO20, (c, d) BS5NMO, and (e, f) BS10NMO powders at magnifi-
cation of 2500× (a, c, e) and 10000× (b, d, f).

 
Fig. 5. SEM images of (a, b) Ba7Nb4MoO20, (c, d) BS5NMO, and (e, f) BS10NMO powders at 

magnification of 2500× (a, c, e) and 10000× (b, d, f). 

 

Electron microscopic studies were performed to investigate the morphology and size of 

(Ba1-xSrx)7Nb4MoO20 particles after solid-state synthesis. According to Fig. 5, particles 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 disintegration of large agglomerates 

during grinding of synthesis products. Particles and their aggregates are characterized by a 

relatively wide size distribution, which is in the range of 0.3–10 μm. The size of most particles does 

not exceed 5 μm, while the fraction of particles/aggregates with sizes between about 5 μm and 10 
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CONCLUSIONS
The effect of solid-state synthesis conditions 

and strontium content on the phase composi-
tion and properties of (Ba1-xSrx)7Nb4MoO20 pow-
ders was studied. It was found that the optimal 
temperature interval for solid-state synthesis of 
(Ba1-xSrx)7Nb4MoO20 (x = 0; 0.05; 0.10) powders 
with a minimum content of secondary phases 
is 1060–1080 оС. 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 (Ba1-xSrx)7Nb4MoO20 perovskites 
with an average crystallite size in the range of 
45–53 nm. The crystallite size decreases with 
the increase of Sr2+ 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 (Ba1-xSrx)7Nb4MoO20 
above 10 mol.% leads to redistribution of ele
ments and formation of significant amount of 
BaMoO4, Ba3Nb6O13.5, and Ba4SrNb4O15. Ac-
cording to the laser diffraction method, the 
synthesized (Ba1-xSrx)7Nb4MoO20 powders had 
particle size in the range of 0.05–12 μm with 
an average size of about 2.1 μm. 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.% Sr2+-doped Ba7Nb4MoO20 cannot be 
used as an electrolyte for H+-SOFCs due to the 
significant amount of second phases.
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Одним із перспективних напрямів ви-
роблення та споживання електричної енер-
гії є воднева енергетика. Для вироблення 
електроенергії з водню найефективніше 
використовувати електрогенеруючі уста-
новки на основі твердооксидних паливних 
комірок (ТОПК) із протонною провідністю 
електроліту завдяки їхній високій ефектив-
ності за робочих температур 500–600 оС. 
Для використання в ролі електроліту пер-
спективними вважають матеріали на основі 
гексагонального перовськіту Ba7Nb4MoO20, 
властивості якого можуть бути покраще-
ні шляхом його легування. У зв’язку з цим 
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нами було запропоновано здійснити синтез 
перовськіту Ba7Nb4MoO20, в якому части-
на атомів барію була б заміщена атомами 
стронцію, та відпрацювати умови його син-
тезу. Отже, в цій роботі досліджено вплив 
параметрів твердофазного синтезу та вміс-
ту стронцію на фазовий склад та власти-
вості порошків із номінальним складом  
(Ba1-хSrx)7Nb4MoO20 (х = 0; 0,05; 0,10; 0,15; 
0,20). Для цього використані такі методи 
дослідження, як рентгенівська дифракція, 
скануюча електронна мікроскопія та ла-
зерна дифракція. Відповідно до результа-
тів рентгенофазового аналізу порошків, 
синтезованих за 1000–1100 оС, встанов-
лено, що оптимальним температурним 
інтервалом для одержання перовськітів  
(Ba1-хSrх)7Nb4MoO20 (х = 0; 0,05; 0,10) із мі-
німальним вмістом вторинних фаз є 1060–
1080 оС. Тоді як необхідна кількість повтор-
них відпалів по 10 год має бути не менше 
трьох. При вмісті стронцію 15 мол.% та 
20 мол.% спостерігаємо суттєве зростання 
вмісту вторинних фаз (BaMoO4, Ba4SrNb4O15, 
Ba6Nb3O13,5) внаслідок досягнення границі 
розчинності Sr в Ba7Nb4MoO20, що виключає 
можливість використання зазначених пе-
ровськітів як електроліту ТОПК. Досліджен-
ня гранулометричного складу порошків 
(Ba1-хSrх)7Nb4MoO20 (х = 0; 0,05; 0,10) показа-
ло, що дисперсність порошків не залежить 
від їхнього хімічного складу та визнача-
ється в основному дисперсністю вихідних 
речовин, умовами синтезу та ефективніс-
тю подрібнення порошку після повторних 
операцій відпалу. Встановлено, що розмір 
частинок порошків (Ba1-хSrх)7Nb4MoO20 зна-
ходиться в діапазоні 0,05–12 мкм, тоді як 
їхній середній розмір складає 2,1 мкм. Ці 
результати співпадають із результатами 

електронної мікроскопії, відповідно до якої 
частинки порошку мають неправильну 
округлу форму, яка зумовлена процесами 
формоутворення, що відбуваються під час 
утворення нової фази з вихідних речовин, 
руйнування/агломерації частинок під час 
подрібнення продуктів синтезу та спікання 
малих частинок під дією температури.

Ключові слова: твердофазний синтез, 
перовськіт, порошок, Ba7Nb4MoO20, елек-
троліт.
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The peculiarities of formation and properties of organiс-inorganic MAPbI3 perovskite 
films, obtained from solutions with different ratios of starting reagents (PbI2:MAI = 1:1,1:2, 
and 1:3), in the DMF and DMSO solvents, studied. As the PbI2:MAI ratio increases, the 
temperature of the formation of a single-phase MAPbI3 perovskite film also increases. 
The slight changes in the structural and electrophysical characteristics for perovskite films 
obtained at the  different ratios of PbI2: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 ABX3, 
where A is a monovalent cation of methyl-
ammonium (CH3NH3

+), formamidinium 
(HC(NH2)2

+), cesium (Cs+) or rubidium (Rb+), 
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and B is a divalent metal cation Pb2+ or Sn2+, 
and X is a halide anion (Cl-, 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, γ-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 PbI2:MAI (CH3NH3I) 
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

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 MAPbI3 perovskite films depending on the 
solvent and the ratio of starting reagents.

EXPERIMENT AND DISCUSSION OF 
THE RESULTS.

Materials. Lead iodide (PbI2) and methyl
ammonium iodide MAI (CH3NH3I) 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 
MACl (CH3NH3Cl). Dried chemically pure 
dimethylformamide (DMF) and dimethyl sulf
oxide (DMSO) were used as solvents.

The starting reagents PbI2 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 
MAPbI3 (CH3NH3PbI3) films. The formation 
of crystalline MAPbI3 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 (CuKα 
radiation and Ni filter, 40 kV, 18 mA) at 2Θ = 
5–50º, a step of 0.04º and a count time of 4 s.

SiO2 (angle standard 2Θ) and Al2O3 (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 
Rodríguez-Carvajal, Laboratoire Léon Bril-
louin (France) [14]. 

Peculiarities of phase transformations in 
the formation of organic-inorganic perovskite 
MAPbI3 in DMF, 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)2(DMF)2Pb3I8, (MA)2(DMF)xPbI4, (MA)3 
(DMF)PbI5, (MA)2(DMF)2Pb2I6 and organic-in-
organic perovskite MAPbI3 in the film can be 
determined depending on the ratio of reagents. 
The structure of MAPbI3 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 PbI2: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 MAPbI3 perovskite were obtained at 
the PbI2:MAI = 1:1 ratio in DMF (Table 1).

Fig. 1. The dependence of the percentage of 
crystalline phases on the treatment temperature 
of the film obtained at different ratios PbI2:MAI in 
DMF: a) 1:1; (b) 1:2; (с) 1:3.
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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 PbI2:MAI in DMF: a) 1:1; (b) 1:2; (с) 1:3. 
 

Figure 1 shows that the temperature ranges of the existence of intermediate compounds 
(MA)2(DMF)2Pb3I8, (MA)2(DMF)xPbI4, (MA)3(DMF)PbI5, (MA)2(DMF)2Pb2I6  and organic-inorganic 
perovskite MAPbI3  in the film can be determined depending on the ratio of reagents. The structure of 
MAPbI3 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 formation and decomposition of various 
amounts of intermediate compounds. At the ratio of starting reagents PbI2: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 crystalline phases and diffractograms, formation reactions of MAPbI3 
perovskite were obtained at the PbI2:MAI = 1:1 ratio in DMF (Table 1). 

Table 1  
Phase transformations in the formation of MAPbI3 perovskite at a ratio of starting reagents of 1:1 in 

DMF. 
Reagents  Temperature Reaction products 

 
 

 
 

20-45 °C (MA)3(DMF)PbI5 + (MA)2(DMF)xPbI4  + 2MAPbI3 +  

3(MA)2(DMF)2Pb3I8   
50 °C 0,5(MA)3(DMF)PbI5 + 0,75(MA)2(DMF)xPbI4  + 

1,25MAI + 3(MA)2(DMF)2Pb3I8 + 2,75MAPbI3  
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Table 1 
Phase transformations in the formation of MAPbI3 perovskite at a ratio of starting  

reagents of 1:1 in DMF.
Reagents Temperature Reaction products

13PbI2 + 13MAI
(1:1 in DMF)

20–45 °C (MA)3(DMF)PbI5 + (MA)2(DMF)xPbI4 + 2MAPbI3 +  
3(MA)2(DMF)2Pb3I8  

50 °C 0.5(MA)3(DMF)PbI5 + 0.75(MA)2(DMF)xPbI4  + 1.25MAI 
+ 3(MA)2(DMF)2Pb3I8 + 2.75MAPbI3 

55°C 0.5(MA)2(DMF)xPbI4 + 2.5(MA)2(DMF)2Pb3I8 + 2MAI + 
5MAPbI3 

> 55–105 °C (MA)2(DMF)2Pb3I8 + 10MAPbI3 + MAI
>105–110 °C 0.5(MA)2(DMF)2Pb3I8 + 11MAPbI3 + MAI +0.5PbI2

> 110–115 °C 13 MAPbI3

13PbI2 + 13MAI 20–45° C (MA)3(DMF)PbI5 + (MA)2(DMF)xPbI4  + 2MAPbI3 + 
3(MA)2(DMF)2Pb3I8 

(MA)3(DMF)PbI5
50 °C

0.5(MA)3(DMF)PbI5 + 0.5(MA)2(DMF)xPbI4 + 0.5MAI + 
(0.5-0.5x)DMF

2(MA)2(DMF)xPbI4 0.25(MA)2(DMF)xPbI4 + 0.75MAPbI3 + 0.75MAI + 
1.5xDMF 

0.5(MA)3(DMF)PbI5
55 °C

0.5(MA)2(DMF)xPbI4 + 0.5MAI + (0.5-0.5x)DMF
0.75(MA)2(DMF)xPbI4 0.75MAPbI3 + 0.75MAI + 0.75xDMF
3(MA)2(DMF)2Pb3I8 + 

0.5MAI
2.5(MA)2(DMF)2Pb3I8 + 1,5MAPbI3 + 2DMF

0.5(MA)2(DMF)xPbI4
>55-105 °C

0.5MAPbI3 + 0.5MAI + 0.5xDMF 

2.5(MA)2(DMF)2Pb3I8 + 
0.5MAI

(MA)2(DMF)2Pb3I8 + 4.5MAPbI3 + 3DMF

(MA)2(DMF)2Pb3I8 > 105–110 °C 0.5(MA)2(DMF)2Pb3I8 + MAPbI3 + 0.5PbI2 + DMF
0.5(MA)2(DMF)2Pb3I8 + 

0.5MAI > 110–115 °C
1,5MAPbI3 + DMF

0.5PbI2 + 0.5MAI 0.5MAPbI3

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)3(DMF)PbI5 into (MA)2(DMF)xPbI4, 
which completely decomposes into MAPbI3 at 
T> 55 °C. The compound (MA)2(DMF)2Pb3I8  
is completely decomposed into MAPbI3 pe
rovskite at T> 110 °C.

When the ratio of starting reagents is 1:2 in 

DMF, a single-phase MAPbI3 perovskite film is 
formed at 170 °C (Table 2). At this ratio, sim-
ilar transformations of the intermediate com-
pounds (MA)3(DMF)PbI5, (MA)2(DMF)xPbI4, 
(MA)2(DMF)2Pb3I8 are observed for the ratio 
1:1, but the temperatures of transformations 
are greatly different. In addition, the conver-
sion of the intermediate (MA)2(DMF)2Pb2I6 to 
MAPbI3 is observed in this system at T> 30 °C.
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Table 2 
Phase transformations in the formation of MAPbI3 perovskite at a ratio of starting  

reagents of 1:2 in DMF.
Reagents Temperature Reaction products

24PbI2 + 48MAI
(1:2 in DMF)

20 °C 4(MA)2(DMF)2Pb2I6  + 2(MA)3(DMF)PbI5 + 20MAI + 
3(MA)2(DMF)xPbI4 + 3(MA)2(DMF)2Pb3I8 + 2MAPbI3  

25 °C 3(MA)2(DMF)2Pb2I6  + (MA)3(DMF)PbI5 + 20MAI + 
4(MA)2(DMF)xPbI4  + 2(MA)2(DMF)2Pb3I8 + 7MAPbI3 

>30–130 °C 3(MA)2(DMF)xPbI4  + 0.5(MA)3(DMF)PbI5  + 20MAI + 
20.5MAPbI3 

>130–160 °C 2.5(MA)2(DMF)xPbI4  + 21.5MAPbI3 + 21.5MAI
>160–170 °C 24MAPbI3 + 24MAI

24PbI2 + 48MAI 20 °C 4(MA)2(DMF)2Pb2I6  + 2(MA)3(DMF)PbI5 + 3(MA)2(DMF)
xPbI4 + 3(MA)2(DMF)2Pb3I8 + 2MAPbI3 + 20MAI

4(MA)2(DMF)2Pb2I6
25 °C

3(MA)2(DMF)2Pb2I6  + 2MAPbI3 + 2DMF
2(MA)3(DMF)PbI5 (MA)3(DMF)PbI5 + (MA)2(DMF)xPbI4 + МАІ + (1-x)DMF

3(MA)2(DMF)2Pb3I8 + 
MAI

2(MA)2(DMF)2Pb3I8  + 3MAPbI3 + 2DMF

3(MA)2(DMF)2Pb2I6

>30–130 °C

6MAPbI3 + 6DMF
(MA)3(DMF)PbI5 0.5(MA)3(DMF)PbI5 + 0.5(MA)2(DMF)xPbI4 + 0.5МАІ + 

(0.5-0.5x)DMF
4(MA)2(DMF)xPbI4 2.5(MA)2(DMF)xPbI4 + 1.5MAPbI3 + 1.5MAI + 1.5xDMF

2(MA)2(DMF)2Pb3I8 + 
2MAI

6MAPbI3 + 4DMF

3(MA)2(DMF)xPbI4 >130–160 °C 2(MA)2(DMF)xPbI4 + MAPbI3 + MAI + xDMF
0.5(MA)3(DMF)PbI5 0.5(MA)2(DMF)xPbI4 + 0.5МАІ + (0.5-0.5x)DMF
2.5(MA)2(DMF)xPbI4 >160–170 °C 2.5MAPbI3 + 2.5MAI + 2.5xDMF

Table 3 
Phase transformations in the formation of MAPbI3 perovskite at a ratio of starting  

reagents of 1:3 in DMF.
Reagents Temperature Reaction products

9PbI2 + 27MAI
(1:3 in DMF)

20–150 °C 4(MA)2(DMF)xPbI4  + (MA)3(DMF)PbI5 + 4MAPbI3 + 12MAI
>150–170 °C 2(MA)2(DMF)xPbI4  + 7MAPbI3 + 16MAI
>170–175 °C 9MAPbI3 + 18MAI

9PbI2 + 27MAI 20–150 °C 4(MA)2(DMF)xPbI4  + (MA)3(DMF)PbI5 + 4MAPbI3 + 12MAI
4(MA)2(DMF)xPbI4  + 

(MA)3(DMF)PbI5

>150–170 °C 2(MA)2(DMF)xPbI4  + 4МАІ + 3MAPbI3 + (2x+1)DMF 

2(MA)2(DMF)xPbI4 >170–175 °C 2MAPbI3 + 2MAI + 2xDMF
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At the ratio PbI2:MAI = 1:3, the formation 
of a single-phase MAPbI3 perovskite film oc-
curs at 175 °C (Table 3).

There is a gradual decomposition of the in-
termediate compound (MA)3(DMF)PbI5 into 
4MAI and (MA)2(DMF)xPbI4; the latter com-
pletely decomposes into MAPbI3 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 MAPbI3 
perovskite film increases. The MAPbI3 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 MAPbI3 
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 MAPbI3 and an increase in the percent-
age of the intermediate PbI2∙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 MAPbI3 film is formed at 
190 and 205 °C, respectively.

The quantitative content of the phases 
(MA)2(DMSO)2Pb3I8, (MA)2(DMSO)xPbI4, 
PbI2∙DMSO, PbI2∙2DMSO, and organic-inor-

ganic perovskite MAPbI3 in the film depends on 
the ratio of reagents and treatment temperature.

Fig. 2. The dependence of the percentage of 
crystalline phases on the treatment temperature 
of the film obtained at different ratios PbI2:MAI in 
DMSO: (a) 1:1; (b) 1:2; (с) 1:3.

6 
 

 
Fig. 2. The dependence of the percentage of crystalline phases on the treatment temperature of the film obtained at 

different ratios PbI2:MAI in DMSO: (a) 1:1; (b) 1:2; (с) 1:3. 
 
The quantitative content of the phases (MA)2(DMSO)2Pb3I8, (MA)2(DMSO)xPbI4, PbI2∙DMSO, 

PbI2∙2DMSO, and organic-inorganic perovskite MAPbI3 in the film depends on the ratio of reagents and 
treatment temperature. 

In a detailed analysis of diffractograms and the phase content of the film, formation reactions of 
MAPbI3 perovskite at the ratio PbI2:MAI = 1:1 in DMSO were obtained  (Table 4). 

Table 4  
Phase transformations in the formation of MAPbI3 perovskite at a ratio of starting reagents of 1:1 in 

DMSO. 
Reagents Temperature Reaction products 

 
 
 

 
 

 
10PbI2 + 10MAI 
(1:1 in DMSO) 

20-50 °C 3(MA)2(DMSO)2Pb3I8 + PbI2∙ 2DMSO + 4MAI 
60-85 °C 2(MA)2(DMSO)2Pb3I8 + PbI2∙ 2DMSO + 3MAPbI3 + 

3MAI 
90 °C (MA)2(DMSO)2Pb3I8+ (MA)2(DMSO)xPbI4 + 

6MAPbI3 
> 90-100 °C (MA)2(DMSO)2Pb3I8  + 7MAPbI3 + MAI 

110 °C 0,5(MA)2(DMSO)2Pb3I8 + 0,5PbI2∙ 2DMSO + MAI + 
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Table 4 
Phase transformations in the formation of MAPbI3 perovskite at a ratio of starting  

reagents of 1:1 in DMSO.
Reagents Temperature Reaction products

10PbI2 + 10MAI
(1:1 in DMSO)

20–50 °C 3(MA)2(DMSO)2Pb3I8 + PbI2∙ 2DMSO + 4MAI
60–85 °C 2(MA)2(DMSO)2Pb3I8 + PbI2∙ 2DMSO + 3MAPbI3 + 3MAI

90 °C (MA)2(DMSO)2Pb3I8+ (MA)2(DMSO)xPbI4 + 6MAPbI3

> 90–100 °C (MA)2(DMSO)2Pb3I8  + 7MAPbI3 + MAI
110 °C 0.5(MA)2(DMSO)2Pb3I8 + 0.5PbI2∙ 2DMSO + MAI + 

8MAPbI3   
> 110–160 °C 0.5(MA)2(DMSO)2Pb3I8 + 8.5MAPbI3  + 0.5MAI
> 165–180 °C 0.25(MA)2(DMSO)2Pb3I8 + 9MAPbI3  + 0.5MAI + 

0.25PbI2∙DMSO  
190 °C 0.25(MA)2(DMSO)2Pb3I8 + 7MAPbI3  + 2.25PbI2∙ DMSO +  

2.5MAI
10PbI2 + 10MAI 20–50 °C 3(MA)2(DMSO)2Pb3I8   + PbI2∙ 2DMSO + 4MAI

3(MA)2(DMSO)2Pb3I8 
+ MAI

60–85 °C 2(MA)2(DMSO)2Pb3I8 + 3 MAPbI3 +
2DMSO

2(MA)2(DMSO)2Pb3I8 + 
2MAI 90 °C

(MA)2(DMSO)2Pb3I8 + (2-x)DMSO +
(MA)2(DMSO)xPbI4  + 2MAPbI3

PbI2∙ 2DMSO + MAI MAPbI3 + 2DMSO
(MA)2(DMSO)xPbI4 > 90–100 °C MAPbI3 + MAI + xDMSO
(MA)2(DMSO)2Pb3I8 110 °C 0.5(MA)2(DMSO)2Pb3I8 + MAPbI3 + 0.5PbI2∙ 2DMSO

0.5PbI2∙ 2DMSO + MAI > 110–160 °C 0.5 MAPbI3  + 0.5 MAI + DMSO
0.5(MA)2(DMSO)2Pb3I8 

+ 0.5MAI
> 165–180 °C 0.25(MA)2(DMSO)2Pb3I8 + 0.5MAPbI3  + 0.25PbI2∙ DMSO 

+ 0.25DMSO
0.25PbI2∙ DMSO + 

2MAPbI3

190 °C 2 MAI  + 2.25PbI2∙ DMSO

In a detailed analysis of diffractograms 
and the phase content of the film, formation 
reactions of MAPbI3 perovskite at the ratio  
PbI2: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 MAPbI3 occurs through the for-
mation and decomposition of 4 intermediates 
(MA)2(DMSO)2Pb3I8,  (MA)2(DMSO)xPbI4,  

PbI2∙DMSO, PbI2∙2DMSO. It was shown that the 
intermediate compound (MA)2(DMSO)2Pb3I8 
at 90 °C decomposes into the compound 
(MA)2(DMSO)xPbI4, 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 MAPbI3 perovskite at a ratio of starting rea-

gents of 1:2 in DMSO.
Reagents Temperature Reaction products

8PbI2 + 16MAI
(1:2 in DMSO)

20–55 °C 3(MA)2(DMSO)2Pb3I8 + PbI2∙2DMSO + PbI2∙ DMSO + 
12MAI

60–85 °C 2(MA)2(DMSO)2Pb3I8 + PbI2∙DMSO + MAPbI3 + 11MAI
90–140 °C (MA)2(DMSO)2Pb3I8 + PbI2∙DMSO + 3MAPbI3 + 9MAI + 

(MA)2(DMSO)xPbI4

>140–160 °C PbI2∙DMSO + 2(MA)2(DMSO)xPbI4 + 5MAPbI3 + 7MAI
165 °C 0.5(MA)2(DMSO)2Pb3I8 + 0.5PbI2∙DMSO + 5MAPbI3 + 

(MA)2(DMSO)xPbI4 + 8MAI
>165–185 °C 0.75(MA)2(DMSO)2Pb3I8 + 5.25MAPbI3 + 0.5PbI2∙DMSO  

+ 9.25MAI
190 °C 8MAPbI3 + 8MAI

8PbI2 + 16MAI 20–55 °C 2(MA)2(DMSO)2Pb3I8 + PbI2∙2DMSO + PbI2∙DMSO + 
12MAI

PbI2∙ 2DMSO 60–85 °C PbI2∙DMSO + DMSO
PbI2∙ DMSO + MAI MAPbI3 + DMSO

2(MA)2(DMSO)2Pb3I8 + 
2MAI

90–140 °C (MA)2(DMSO)2Pb3I8 + 2MAPbI3 + (2-x)DMSO + 
(MA)2(DMSO)xPbI4  

(MA)2(DMSO)2Pb3I8 + 
2MAI

>140–160 °C (MA)2(DMSO)xPbI4 + 2MAPbI3 + (2-x)DMSO

2(MA)2(DMSO)xPbI4 +
PbI2∙ DMSO 165 °C

0.5(MA)2(DMSO)2Pb3I8 + 0.5PbI2∙DMSO + 
(MA)2(DMSO)xPbI4 + MAI + (x-0.5)DMSO

0.5(MA)2(DMSO)2Pb3I8 
+ (MA)2(DMSO)xPbI4

>165-185 °C 0.75(MA)2(DMSO)2Pb3I8 + 0.25MAPbI3 + 1.25MAI + (x-
0.5)DMSO

0.75(MA)2(DMSO)2Pb3I8 
+ 1.25MAI 190 °C

2.25 MAPbI3 + 1.5DMSO + 0.5MAI

0.5PbI2∙ DMSO + 0.5MAI 0.5MAPbI3 + 0.5DMSO 

 
At a ratio of 1:2, interconversion of com-

pounds (MA)2(DMSO)2Pb3I8 ↔ (MA)2(DM-
SO)xPbI4 is observed. At low temperatures 
(90-160 °C) the preceding reaction proceeds 
in the forward direction with the forma-
tion of (MA)2(DMSO)xPbI4, while a part of 
(MA)2(DMSO)2Pb3I8  is converted into MAPbI3. 
At T > 165-185 °C, the reaction proceeds in the 

reverse direction, while a part of (MA)2(DM-
SO)xPbI4 is converted into MAPbI3. A con-
version of the compound PbI2∙2DMSO to 
PbI2∙DMSO is also observed, which in interac-
tion with MAI forms perovskite MAPbI3.

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 a ratio of 1:3, interconversion of compounds 
(MA)2(DMSO)2Pb3I8 ↔ (MA)2(DMSO)xPbI4 
is also observed, but in a wider temperature 

range. There is also a conversion of the com-
pound PbI2∙2DMSO to PbI2∙DMSO, which 
when interacting with MAI forms perovskite 
MAPbI3 as for the ratio 1:2.

Table 6 
Phase transformations in the formation of MAPbI3 perovskite at a ratio of starting  

reagents of 1:3 in DMSO.
Reagents Temperature Reaction products

8PbI2 + 24MAI
(1:3 in DMSO)

20–30 °C 2(MA)2(DMSO)2Pb3I8   + PbI2∙ 2DMSO + PbI2∙ DMSO + 
20MAI

>30–65 °C 2(MA)2(DMSO)2Pb3I8   + 2PbI2∙ DMSO +  20MAI
70–75 °C 2(MA)2(DMSO)2Pb3I8 + PbI2∙ DMSO + MAPbI3 + 19MAI

80–140 °C (MA)2(DMSO)2Pb3I8   + PbI2∙ DMSO + 3MAPbI3  + 
(MA)2(DMSO)xPbI4 + 17MAI

>140–160 °C 3(MA)2(DMSO)xPbI4 +  5MAPbI3 + 13MAI
>165–185 °C 0.5(MA)2(DMSO)2Pb3I8 + 0.5(MA)2(DMSO)xPbI4 +  

6MAPbI3 + 16MAI
>185–200 °C PbI2∙ DMSO + 7MAPbI3 + 17MAI

205 °C 8MAPbI3 + 16MAI
8PbI2 + 24MAI 20–30 °C 2(MA)2(DMSO)2Pb3I8   + PbI2∙ 2DMSO + PbI2∙ DMSO + 

20MAI
PbI2∙ 2DMSO + PbI2∙ 

DMSO
>30–65 °C 2PbI2∙ DMSO + DMSO

2PbI2∙ DMSO + MAI 70–75 °C PbI2∙ DMSO + MAPbI3 + DMSO
2(MA)2(DMSO)2Pb3I8 + 

2MAI
80–140 °C (MA)2(DMSO)2Pb3I8 + 2MAPbI3 + (2-x)DMSO + 

(MA)2(DMSO)xPbI4   
(MA)2(DMSO)2Pb3I8 + 

3MAI >140–165 °C
MAPbI3 + 2(MA)2(DMSO)xPbI4 + (2-2x) DMSO

PbI2∙ DMSO + MAI MAPbI3 + DMSO
3(MA)2(DMSO)xPbI4 >165-185 °C 0.5(MA)2(DMSO)2Pb3I8 + MAPbI3 + 3MAI + 

0.5(MA)2(DMSO)xPbI4 + (2.5x-1) DMSO
0.5(MA)2(DMSO)2Pb3I8 

+ 0.5(MA)2(DMSO)

xPbI4

>185-200 °C PbI2∙ DMSO + MAPbI3 + MAI + 0.5xDMSO

PbI2∙ DMSO + MAI 205 °C MAPbI3 + DMSO 
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Thus, regardless of the ratio of starting re-
agents in DMSO, the formation of MAPbI3 
perovskite occurs through the formation of 4 
intermediate compounds. When the ratio of 
reagents increases, the temperature of forma-
tion of single-phase MAPbI3 film increases.

Crystallographic and electrophysical charac-

teristics of organic-inorganic perovskites MAPbI3, 
obtained at different ratios PbI2:MAI in DMF, 
and DMSO. The calculation of the unit cell 
parameters of organic-inorganic MAPbI3 pe
rovskite films was performed by the Rietveld 
full-profile analysis method using X-ray dif-
fraction patterns (Fig. 3).

Fig. 3. Experimental X-ray diffraction patterns of samples of MAPbI3 films obtained at different 
ratios of starting reagents in the DMSO solvent. The Miller indices are given in parentheses. * – 
(MA)2(DMSO)2Pb3I8.
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>185-200 °C PbI2∙ DMSO + MAPbI3 + MAI + 0,5xDMSO 

PbI2∙ DMSO + MAI 205 °C MAPbI3 + DMSO  
  

Thus, regardless of the ratio of starting reagents in DMSO, the formation of MAPbI3 perovskite occurs 
through the formation of 4 intermediate compounds. When the ratio of reagents increases, the temperature of 
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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 crystalline structure of perovskite. It was proved that the 
solvent DMSO can replace the cation MA+ in the structure of organic-inorganic perovskite MAPbI3 [17]. The 
radius of DMSO and DMF molecules are  3.05 Å and 3.13 Å, respectively [18], and the radius of the cation 
MA+  is 2.17 Å [19]. 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 assumption, we will calculate the changes in 
volume and solvent concentration. 

From literature, it is known that the volume of the unit cell for perovskite is Vperovskite = 990 Å3 [20], or 
Vperovskite/Z = 990/4 = 247.5 Å3. Table 7 shows that the experimental values of unit cell volume are slightly 
larger than the theoretical value of unit cell volume of 990 Å3. 

Table 7 
Structural parameters of organic-inorganic perovskites MAPbI3, obtained at different ratios 

PbI2:MAI (1:1, 1:2, 1:3) in the DMF and DMSO solvents. 
Parameters DMF DMSO 

1:1 1:2 1:3 1:1 1:2 1:3 
V, Å3 994.5(3) 998.6(5) 997.5(4) 991.3(1) 994.7(4) 994.5(2) 

Deposition 
temperature 

115 °С 170 °С 175 °С 150 °С 190 °С 205 °С 

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 MAPbI3 [15]. The radius of DMSO 
and DMF molecules are  3.05 Å and 3.13 Å, 
respectively [16], and the radius of the cation 

MA+ is 2.17 Å [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 of the unit cell for perovskite is Vperovskite = 
990 Å3

 [18], or Vperovskite/Z = 990/4 = 247.5 Å3. 
Table 7 shows that the experimental values of 
unit cell volume are slightly larger than the 
theoretical value of unit cell volume of 990 Å3.
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Table 7
Structural parameters of organic-inorganic perovskites MAPbI3, obtained at different  

ratios PbI2:MAI (1:1, 1:2, 1:3) in the DMF and DMSO solvents.

Parameters
DMF DMSO

1:1 1:2 1:3 1:1 1:2 1:3

V, Å3 994.5(3) 998.6(5) 997.5(4) 991.3(1) 994.7(4) 994.5(2)

Deposition 
temperature 115 °С 170 °С 175 °С 150 °С 190 °С 205 °С

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

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

where Z1, Z2, and Z3 are the formula unit for 
perovskite, PbI2, and MAI, respectively, x is the 
amount of solvent included in the structure of 
perovskite, V(PbI2) is the unit cell volume of 
PbI2, V(MAI) is the unit cell volume of MAI, 
Vsolvent is 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(PbI2)/Z2 = 125.69/1 = 
125.69 Å3, V(MAI)/Z3 = 235.93/2 = 117.965 Å3, 

The calculation of the volume of the solvent 
(Vsolvent) was performed according to formula 
(2) under the assumption that the solvent mo
lecule has a spherical shape [18]. 

,                     (2)

where R is the radius of the solvent molecule. 

A similar volume calculation was performed 
for the MA+ cation. The volume of the DMF 
and DMSO solvents is V(DMF) = 128.4 Å3, and 
V(DMSO) = 118.8 Å3, respectively. The volume of 
the cation MA+ is V (MA+) = 42.8 Å3.

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):

.    (3)

The results of the calculations are summa-
rized in table 8.
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volume of MAI, Vsolvent is the volume of the solvent molecule, V (MA+) is the volume of the 
methylammonium cation MA+. Taking into account the values of the volumes of compounds and their 
formula units, we obtain V(PbI2)/Z2 = 125.69/1 = 125.69 Å3, V(MAI)/Z3 = 235.93/2 = 117.965 Å3,  

The calculation of the volume of the solvent (Vsolvent) was performed according to formula (2) under 
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Table 8 
Determination of the amount of solvent in the structure of perovskite depending on the 

ratios of starting reagents PbI2:MAI in the DMF, DMSO solvent.

PbI2:MAI Vperovskite. Å
3 Z1 Vperovskite/Z1. Å

3 Vsolvent. Å
3 x. %

MAPbI3 990.0 4 247.5 – – 0

1:1 991.3(1) 4 247.8
DMSO 118.8

5.5

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
DMF 128.4

5.8

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).

Table 9
Influence of the solvent on the electrophysical characteristics of perovskite MAPbI3.

Solvent DMF DMSO

PbI2:MAI 1:1 1:2 1:3 1:1 1:2 1:3

Solvent content, % 0 5.8 7 6.7 5.5 6.6 6.5

Bandgap, еV 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 DMF.

CONCLUSIONS
The peculiarities of formation and proper-

ties of organic-inorganic MAPbI3 perovskite 

films have been studied as a function of the 
ratio of starting reagents in DMF and DMSO 
solvents. As the PbI2:MAI ratio increases, the 
temperature of the formation of single-phase 
MAPbI3 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 DMF, 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  MAPbI3 perovskite for-
mation at different ratios PbI2:MAI in DMF 
and DMSO have been obtained.

It was found that for the perovskite films 
obtained at different ratios PbI2: 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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ВИХІДНИХ РЕАГЕНТІВ НА ВЛАСТИВОСТІ ОР
ГАНО-НЕОРГАНІЧНОГО ПЕРОВСЬКІТУ MAPbI3 
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Синтезовано органо-неорганічний пе-
ровськіт MAPbI3  (CH3NH3PbI3) методом 
одностадійного осадження за різного спів-
відношення вихідних реагентів (PbI2 та 
MAI, які брали у співвідношенні 1:1, 1:2, 
1:3) у розчиннику ДМФА та ДМСО. Для от-
римання плівок органо-неорганічного пе-
ровськіту MAPbI3 використовували метод 
spin-coating.

Досліджено особливості утворення та 
властивості плівок органо-неорганічного 
перовськіту MAPbI3 залежно від співвід-
ношення вихідних реагентів у розчиннику 
DMF, DMSO. Зі збільшенням співвідношен-
ня PbI2:MAI зростає температура утворен-
ня однофазної плівки перовськіту MAPbI3. 
Показано, що утворення органо-неорганіч-
ного перовськіту відбувається через утво-
рення та розкладання проміжних сполук  
(фаз). Отримано реакції утворення перов-
ськіту MAPbI3 за різного співвідношення 
PbI2:MAI у  DMF, DMSO.
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Встановлено, що структура перовськіту 
MAPbI3 починає формуватися за темпера-
тури 20–25 °C незалежно від співвідношен-
ня вихідних реагентів у DMF. При викорис-
танні DMSO структура перовськіту MAPbI3 
починає формуватися за температури 60 °C 
для співвідношень 1:1, 1:2, та при 70 °C для 
співвідношення 1:3. 

Встановлено, що при використанні роз-
чинника DMF кількість кристалічних фаз 
у плівці залежить від співвідношення ви-
хідних реагентів. При співвідношенні 1:1 у 
DMF кількість фаз становить 4, а при 1:2, 
1:3 – 5 та 3 відповідно. При використанні 
DMSO незалежно від співвідношення ви-
хідних реагентів у плівці присутні 5 криста-
лічних фаз. 

Для плівок перовськіту, отриманих за 
різного співвідношення вихідних реагентів 
у розчиннику DMF, DMSO, було побудова-
но залежність вмісту кристалічних фаз у 
плівці від температури оброблення. Вста-
новлено, що для плівок перовськіту, отри-
маних за різного співвідношення PbI2:MAI 
у DMF, DMSO спостерігаємо незначні змі-
ни в структурних (об’єм елементарної ко-
мірки)  та електрофізичних (ширина забо-
роненої зони) характеристиках. Ці зміни 
пов’язані з розчинником, який входить у 
кристалічну структуру перовськіту. Вста-
новлено, що за однакових співвідношень 
вихідних реагентів DMF входить в струк-
туру перовськіту у більшій кількості, ніж 
DMSO. 

Ключові слова: органо-неорганічний 
перовськіт, фазові перетворення, струк-
турні параметри,  електрофізичні характе-
ристики.
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Зразки мезопористого нанокристалічного TiO2 (анатаз із розміром кристалітів 
близько 10 нм) було отримано золь-гель-методом за присутності темплату дібен-
зо-18-краун-6 і невеликих добавок поверхнево-активної речовини додецилметилети-
ламонію броміду та/або йонів лантану (III) у поєднанні з гідротермальним оброблен-
ням з наступним прожарюванням на повітрі при 500 oC.

Фотокаталітичну активність отриманих зразків TiO2 досліджували у реакції виді-
лення H2 з водно-етанольної суміші. Встановлено, що у всіх випадках використання 
гідротермального оброблення значно збільшує фотоактивність зразка, яка в деяких 
випадках у понад 3–4 рази перевищує відповідну характеристику для комерційного 
фотокаталізатора Evonik P25. 

Показано, що отримані за однакових концентраціях реагентів в реакційної суміші 
зразки мікросфер TiO2 демонструють дещо більшу фотокаталітичну активність, ніж 
відповідні стабілізовані лантаном зразки порошків мезопористого TiO2 (частинки мі-
крометрового масштабу за присутності йонів лантану (III) не утворюються). Однак 
при збільшенні концентрації реагентів в реакційній суміші найбільшу фотокаталітич-
ну активність має отриманий зразок, що містить лантан.

Ключові слова: золь-гель-синтез, мезопористі TiO2 мікросфери, анатаз, лантан, 
виділення Н2.

ВСТУП. У сучасних напрямках зеле-
ної хімії нанорозмірний діоксид титану з 
контрольованою морфологією та тексту-
рою розглядають як найбільш перспек-
тивну основу для формування напівпро-
відникових фотокаталізаторів внаслідок 

його нетоксичності, високої стійкості до 
фото- та хімічної корозії, комерційної до-
ступності тощо. Такі наноструктуровані 
системи потрібні для вирішення глобаль-
них енергетичних та екологічних проблем 
[1–7].
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Ефективність фотокаталітичних сис-
тем визначають набором їхніх різних  па-
раметрів (характеристик), таких як фазо-
вий склад, ступінь кристалічності, розмір 
кристалітів, пористість, питома площа 
поверхні тощо [1, 4, 8, 9]. Мезопористий 
нанокристалічний TiO2 (mesо-nc-TiO2) з 
необхідним поєднанням перелічених вище 
параметрів демонструє значно більшу фо-
тоактивність, порівняно з нанокристаліч-
ним TiO2 Evonik P25 [7, 10–17].

На сьогодні серед існуючих способів от-
римання мезопористих оксидів золь-гель- 
метод є одним із найбільш досконалих 
[13–23]. Умови проведення золь-гель-про-
цесу та подальше сольво-(гідро-) термаль-
не оброблення (ГТО) (за відносно низьких 
температур < 200 oC) визначають фазовий 
склад, кристалічність, морфологію та текс
туру отриманих зразків meso-nc-TiO2. Най-
більш фотоактивною кристалічною фазою 
TiO2 є анатаз [24]. Кристалізацію зразків 
TiO2 проводять, як правило, за температу-
ри близько 500 oC [25–30].

Використання темплату і введення різ-
них добавок, що впливають на взаємодію 
між частинками TiO2 при утворенні по-
ристого каркасу, дозволяє досягти широ-
кого розмаїття ієрархічно організованих 
нано- та мікрометрового масштабу (у т. ч. 
мезопористих мікросфер) частинок TiO2, 
які мають високу фотокаталітичну актив-
ність [25–33].

Пористі мікросфери TiO2 демонструють 
очевидну перевагу як фотокаталізаторів, 
зокрема в процесах окиснення органічних 
барвників [34–40], бензолу [41], толуолу 
[42], бісфенолу А [43], пентахлорфенолу 
[44], 2-пропанолу [45], сульфонамідів [46], 
оксидів азоту [47], відновлення Cr(VI) 

[35], CO2 [48] тощо. Значне зростання фо-
тоактивності TiO2 мікросфер, вочевидь, є 
наслідком можливості проникнення світ-
лового потоку у внутрішні пори мікро
сфер, де він зазнає багаторазового залом-
лення та відбиття, тим самим збільшуючи 
ймовірність поглинання світла [1, 31, 39]. 
Також є очевидним, що в таких струк-
турах, які сформовані наночастинками 
(первинні частинки), будуть зберігати-
ся розмірні ефекти, що мають важливе 
значення для перебігу фотокаталітичних 
процесів, а саме велика концентрація по-
верхневих атомів, підвищене світлопогли-
нання, швидкий вихід на поверхню фото-
генерованих зарядів та їхній просторовий  
поділ і т. д.

Використання в процесі золь-гель-син-
тезу meso-nc-TiO2 невеликої добавки йонів 
La3+, що перешкоджають трансформації 
анатаз – рутил, дозволяє значно збільши-
ти термічну стабільність, текстурні харак-
теристики та фотокаталітичну активність 
отриманих мезопористих матеріалів TiO2. 
Роль рідкісноземельного катіону у стабілі-
зації структури автори [49–57] пояснюють 
включенням йонів La3+ у каркас оксидної 
системи TiO2. Більш електропозитивний, 
порівняно з титаном, лантан утворює зв'я-
зок La–O. За рахунок часткового перене-
сення електронів зі зв'язку La–O на зв'я-
зок Ti–O відбувається зміцнення зв'язку  
Ti–O.

Раніше нами було запропоновано підхо-
ди до отримання meso-nc-TiO2 (анатаз та 
різні фазові композиції) золь-гель-методом 
із використанням тетрабутоксиду титану 
(ТВОТ) у бутанолі (ВuОН) за присутності 
як темплату дибензо-18-краун-6 (DВ18С6) 
без/або у поєднанні з гідротермальним  
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обробленням при 175 oC проміжного про-
дукту та подальшим прожарюванням при 
500 oC [58–61]. Було показано, що введен-
ня в реакційну суміш невеликих добавок 
солі лантану та поверхнево активної речо-
вини (ПАР), наприклад, додецилметиле-
тиламонію броміду (DDMEABr) або паль-
мітинової кислоти (Palm), значно впливає 
на ступінь кристалізації, текстуру і мор-
фологію отриманих зразків TiO2. Встанов-
лено [41], що зразки meso-nc-TiO2 виявля-
ють високу фотокаталітичну активність у 
реакціях газофазного окиснення бензолу  
та етанолу.

У цій роботі розглянуто фотокаталітич-
ні властивості різних зразків meso-nc-TiO2, 
які було отримано відповідно до зазначе-
них вище підходів, у реакції виділення Н2 з 
водно-етанольної суміші.

ЕКСПЕРИМЕНТ ТА ОБГОВОРЕННЯ 
РЕЗУЛЬТАТІВ

У роботі використовували тетрабутоксид 
титану (IV), додецилдиметилетиламонію 
бромід, дибензо-18-краун-6 ("Fluka"), паль-
мітинову кислоту, н-бутанол, LaCl3·7H2O, 
CuCl2, NaCl («Хімлаборреактив»), етанол 
(96%), TiO2 Evonik P25.

Зразки meso-nc-TiO2 було отримано мо-
дифікованим золь-гель-методом аналогічно 
[59, 60] шляхом гідролізу тетрабутоксиду 
титану в бутанолі за присутності комплексу 
натрію з дибензо-18-краун-6 [Na(DB18C6)]
Cl (через низьку розчинність дибензо-18-
краун-6 у бутанолі було використано його 
натрієвий комплекс) із введенням (або без) 
невеликих добавок поверхнево-активної ре-
човини (DDMEABr або пальмітинової кис-
лоти) та солі лантану. Отриманий продукт 
піддавали ГТО при 175 oC протягом 24 год. 
із наступним відпалом при 500 oC на повітрі 

протягом 4 год. Зразки meso-nc-TiO2, одер-
жані за різних умов, позначено як Tn, T(MS)
n та TnH, T(MS)nН, де MS – мікросфери,  
n – номер зразка та Н – гідротермальне об-
роблення. Молярні композиції реакційної 
суміші, використані для синтезу зразків 
meso-nc-TiO2, наведено в таблиці 1.

Для рентгенофазного аналізу криста-
лічної структури зразків використовували 
дифрактометр “ДРОН-3М” (CuKα). Серед-
ній розмір кристалітів TiO2 розраховували 
за шириною дифракційного піку анатазу 
(101) при 2θ = 25,4о, використовуючи добре 
відому формулу Шеррера.

Зразки досліджували методами просві-
чувальної (ПЕМ) та сканувальної (СЕМ) 
електронної мікроскопії з використан-
ням мікроскопів відповідно JEM 1230 та  
JSM-6060LA («JEOL»). Ізотерми адсорбції/
десорбції N2 реєстрували при –196 oC на 
газо-адсорбційному аналізаторі Autosorb-6 
(Quantachrome). Перед адсорбцією зразок 
відкачували при 200 oC протягом 20 год. 
Питому поверхню (Sпит.) та середній діа-
метр пор (,D пор) визначали за методом ВЕТ 
та ВJН відповідно.

Розподіл пор за розмірами розраховува-
ли з десорбційної гілки ізотерми за допо-
могою методу NLDFT, використовуючи ци-
ліндричну модель пор. Загальна кількість 
N2 адсорбованого при р/р0 = 0,997 вико-
ристано для визначення загального об’єму 
пор (Vпор).

Фотокаталітичну активність отриманих 
зразків meso-nc-TiO2 досліджували у мо-
дельній реакції фотокаталітичного виді-
лення водню з водно-спиртових сумішей. 
Умови проведення реакції аналогічні до 
умов, описаних у роботі [62].
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Таблиця 1
Table 1 

Умови синтезу meso-nc-TiO2 зразків
Conditions for the synthesis of meso-nc-TiO2 samples

Зразок TBOT NaDBCCl BuOH Добавка
ПАР La3+

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
T7 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 (DDMEABr) 0,01

* Додано воду (1,0 TBOT:3H2O); у решті випадків гідроліз здійснювався вологою з повітря.

Опромінення зразків TiO2 здійснювали 
УФ світлом (λ = 310–390 нм) у системі, що 
містить водно-етанальну суміш (4 об.% H2O) 
та CuCl2. Як зразок порівняння використо-
вували комерційний фотокаталізатор TiO2 
Evonik P25. Усі зразки meso-nc-TiO2, фізичні 
характеристики яких представлено у табл. 2, 
отримано у різних умовах золь-гель- синтезу 
(табл. 1). Як видно, зразки мікросфер мають 
нижчі величини текстурних характеристик 
порівняно з відповідними величинами для 
зразків, отриманих за  присутності невели-
ких добавок йонів La3+ або йонів La3+ у поєд-
нанні з ПАР. Як випливає зі співставлення 
текстурних параметрів зразків (табл. 1, 2), 
гідротермальне оброблення зразка перед 
кальцинуванням призводить до кардиналь-
ного зростання Sпит., Vпор. та Dпор,. Мікросфе-
ри TiO2 являють собою пористі утворення 
мікрометрового масштабу (розміром від 1 

до 3 мкм), що мають виражену тенденцію 
до агломерації, внаслідок коалесценції сфер 
у процесі досить тривалого прожарювання 
при 500 oC [59]. Введення в реакційну суміш 
добавки йонів La3+ перешкоджає утворен-
ню мікросфер [63]. Як приклад на рис. 1(а-
з) представлено ПЕМ- та СЕМ-зображення 
зразків мікросфер Т(MS)2Н, Т(MS)5H (у 
тому числі фрагменти зруйнованих мікро
сфер) та зразків T6H, T8H, отриманих за 
присутності йонів La3+ та їхньої дифракто-
грами (рис.1 і).

Мікросфери TiO2 мають ієрархічну бу-
дову – вони утворені досить однорідни-
ми сферичними частинками розміром від  
30 до 200 нм, які, своєю чергою, складаються 
з первинних будівельних одиниць – одно-
рідних, з чітко вираженою сферичною фор-
мою частинок (розміром близько 10  нм), 
які несуттєво розрізняються між собою 
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за розміром, про що свідчать ПЕМ-дослі-
дження зразків (рис. 1(а, в) та розрахунки 
за допомогою рівняння Шеррера з дифрак-
тограми (табл.1, рис. 1 і)).

Слід зазначити, що введення в реакцій-
ну суміш при синтезі невеликої добавки 
пальмітинової кислоти специфічно впли-
ває на морфологію та структуру отримано-
го продукту TiO2. Мікрочастинки у зразку 
T(MS)5Н (рис. 1 (б і г)), порівняно з інши-
ми зразками мікросфер [59], являють со-
бою складні агломерати TiO2 сфероподіб-
ної форми (розміром близько 2 мкм), які 
утворені великими структурними зернами 
(~200 нм). Ці зерна після ультразвуково-
го оброблення розпадаються на дрібніші 
структурні одиниці – наночастинки розмі-
ром 30–35 нм.

У всіх зразках, отриманих за присутності 

йонів La3+, мікросфери взагалі не утворю-
ються, а зразки meso-nc-TiO2 є пористими 
однорідними порошками, які складаються 
з частинок сферичної (або сфероїдальної) 
форми, розмір яких близько 50 нм. Ці на-
ночастинки (вторинні) утворені агрегацією 
кристалітів анатазу (первинних частинок) 
розміром близько 10 нм (рис. 1(д–з)). Ме-
зопори у всіх зразках є простором у порах, 
сформованих шляхом агломерації вторин-
них частинок.

На рис. 1(і, к) представлено дифрак-
тограми зразків T(MS)2Н, T(MS)5H та 
T6H, T8H. У всіх дифрактограмах голов-
ні дифракційні піки індексовано як (101), 
(200), (105) та (211) рефлекси фази анатазу 
(JCPDS, № 21–1272) за повної відсутності 
будь-яких ознак кристалічних фаз брукіту 
та рутилу.

Таблиця 2
Table 2 

Текстурні характеристики зразків meso-nc-TiO2, а також їхні фотокаталітичні влас
тивості у процесі відновлення води етанолом

Textural characteristics of meso-nc-TiO2 samples, as well as their photocatalytic properties 
in the process of water reduction with ethanol.

Зразок Sпит,
м2/г

Vпор,
см3/г

Dпор,
нм

Розмір кристалітів,
нм H2 107,

моль/хв.XRD
T(MS)1 61 0,14 9,0 10,5 3,8
T(MS)1H 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
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Рис. 1. ПЕМ- та СЕМ-зображення зразків meso-nc-TiO2: T(MS)2H (а, б), T(MS)5H (в, г), T6H (д, е),  
T8H (ж, з) та їхні дифрактограми (і, к)

Fig. 1 TEM and SEM images of meso-nc-TiO2 samples: T (MS) 2H (a, b), T (MS) 5H (c, d), T6H (d, e), 
 T8H (w, c) and their diffraction patterns (i, k).
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Рис. 2. Кінетичні криві накопичення водню в процесі фотокаталітичного відновлення води 
етанолом за присутності зразків T8H, T(MS)2H та TiO2 Evonic P25(а); швидкість фотокаталітичного 
виділення H2 (б) та час повного фотокаталітичного окислення етанолу та ацетальдегіду в системі 
за участю різних зразків meso-nc-TiO2 (в)

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 TiO2 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-TiO2 (c).
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Раніше нами було показано фотоката-
літичну активність мезопористого TiO2, 
модифікованого наночастинками металів 
(Cu, Ag, Ni), у процесі виділення водню з 
водно-етанольних сумішей за дії УФ-світла 
[64]. У досліджених системах фотоосаджені 
наночастинки металу відіграють роль спів-
каталізатора, який акцептує фотогенеро-
вані в зоні провідності TiO2 електрони та 
прискорює їхнє перенесення на молекулу 
води. Найбільш активним співкаталізато-
ром виявилися наночастинки міді. Водно-
час  здійснюється заповнення дірок валент-
ної зони TiO2 за допомогою перенесення 
електронів молекул етанолу. В аналогічних 
умовах при опроміненні зразків meso-nc-
TiO2 (Табл. 2) відбувається швидке фото-
осадження наночастинок міді, яке можна 
спостерігати візуально за зміни забарв-
лення зразка TiO2 від білого до темно-ко-
ричневого. Швидкість процесу виділення 
молекулярного водню зберігається постій-
ною протягом усього часу вимірювання. 
На рис. 2а як приклад наведено кінетичні 
криві для найбільш активних зразків T8H 
та T(MS)2H. У цих умовах зразок P25 про-
являє значно нижчу фотокаталітичну ак-
тивність. Як видно з таблиці 2 та рис. 2б, 
виділення водню за  присутності зразка 
T8H відбувається зі швидкістю більш ніж 
вчетверо, а у разі зразка T(MS)2H майже 
вчетверо вищою за швидкість цього проце-
су за присутності P25.

Комерційний фотокаталізатор склада-
ється з суміші нанокристалічних фаз ана-
тазу (≈80%) та рутилу (≈20%) із середнім 
розміром частинок 20–25 нм та питомою 
поверхнею 50 м2/г, що значно поступаєть-
ся за величиною відповідним значенням 
питомої поверхні зразків meso-nc-TiO2, 

за винятком зразка T(MS)3 (Табл. 2). Фо-
токаталітичну активність P25 прийнято 
пов'язувати з можливістю просторового 
поділу фотогенерованих різнойменних но-
сіїв заряду між нанокристалами анатазу 
та рутилу через невелику різницю у вели-
чині потенціалу зони провідності цих фаз 
TiO2 [65].

Гістограми на рис. 2б наочно демон-
струють вищу фотокаталітичну активність 
зразків meso-nc-TiO2 порівняно з P25. Ціл-
ком очевидним є підвищення (більшою чи 
меншою мірою) активності всіх зразків, 
які було отримано з використанням ГТО. 
Ключовий вплив ГТО на підвищення фо-
тоактивності зразків, мабуть, є наслідком 
кардинального збільшення в оброблених 
зразках об'єму та діаметра пор, а також 
зменшенням розмірів кристалітів анатазу. 
Ці зміни (поряд зі значним зростанням пи-
томої площі поверхні) є більш глибокими 
для зразків, отриманих за присутності йо-
нів La3+. Серед зразків, отриманих за одних 
і тих самих концентраційних умов (Табл.1), 
найбільш активними є зразки мікросфер 
T(MS)3H, T(MS)1H і T(MS)5H, незважаючи 
на те, що вони мають менші величини пи-
томої поверхні порівняно зі зразками T6H 
та T7H. Першим у цьому ряду стоїть зразок 
T(MS)3H (отриманий за присутності добав-
ки DDMEABr). Зразок мікросфер T(MS)2H 
(отриманий при збільшенні втричі концен-
трації реагентів у реакційній суміші) має 
найбільшу активність серед зразків мікрос-
фер (займає друге місце в загальному ряду 
зразків). Підвищена фотоактивність мі-
кросфер TiO2, ймовірно, зумовлена наявніс-
тю точок контакту між нещільно агрегова-
ними нанокристалами TiO2 у їхньому скла-
ді, що сприяє електронному транспорту 
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по мережі контактуючих частинок напівп-
ровідника до наночасток міді, на яких від-
бувається відновлення води. Дещо вищу 
активність T(MS)1H порівняно з T(MS)5H 
можна пояснити більш регулярною фор-
мою зразка мікросфер T(MS)1H, що дозво-
ляє повніше реалізувати ефект множинно-
го променезаломлення/світлорозсіювання 
в об'ємі такої мікросфери та досягти більш 
інтенсивного поглинання світла [1, 31, 39].

Провідне місце належить зразку T8H, 
який отримано з використанням добавок 
йонів La3+ та DDMEABr за подвоєної кон-
центрації реагентів у реакційній суміші. 
Ймовірно, це можна пояснити високими 
текстурними характеристиками зразка у 
поєднанні з особливостями його морфо-
логії – утворенням вторинних наночасток 
агломерованих утворень та впливом йо-
нів La3+ [60]. Особливо слід відзначити той 
факт, що фотокаталітична активність зраз-
ків, отриманих за присутності йонів La3+, 
зменшується при зменшенні величини їх-
ньої питомої поверхні.

Незважаючи на те, що зразки мікросфер 
T(MS)2Н, T(MS)3Н, T(MS)1Н, T(MS)5Н та 
T(MS)4Н мають менші величини питомої 
поверхні порівняно зі зразками T6Н, T7Н 
та T8Н, вони за своєю фотоактивністю за-
ймають місця з другого по п'яте і сьоме, 
причому зразок T7Н (шосте місце) за сво-
єю активністю практично не поступається 
зразку T(MS)4.

Порівняння гістограм для процесу виді-
лення водню (рис. 2б) та відповідних гісто-
грам для процесу газофазного окиснення 
етанолу за присутності зразків meso-nc-
TiO2 [59,60] (рис. 2в) демонструє різні кар-
тини фотоактивності зразків. У процесі 
окиснення спирту, згідно з рис. 2в, най-

більш активні зразки T6Н, T7Н і T8Н (за
ймають перші три місця) у ряді активнос-
ті для процесу виділення водню займають 
відповідно восьме, шосте та перше місце. 
Серед зразків мікросфер явну перевагу 
має зразок T(MS)5Н. У процесі виділення 
водню його перевищують зразки мікро
сфер T(MS)2Н, T(MS)3Н і T(MS)1Н. Аналіз 
даних дозволяє припустити, що наявність 
контакту між окремими нещільно агрего-
ваними нанокристалами TiO2, що є значу-
щим фактором у процесі виділення водню 
в цій фотокаталітичній системі, напевне, 
в процесі окиснення етанолу відіграє дру-
горядну роль, а ключовим фактором слу-
жить розмір пор. У зразку T(MS)5Н, ймо-
вірно, мають місце сприятливіші умови для 
транспорту кисню до адсорбованого у біль-
ших мезопорах фотокаталізатора етанолу 
та проміжним продуктом його окиснення. 
Аналогічну картину спостерігаємо у проце-
сі фотокаталітичного окиснення бензолу за 
присутності зразків цих мікросфер [58].

ВИСНОВКИ
Таким чином, на прикладі широкого 

кола зразків meso-nc-TiO2 (анатаз), отри-
маних у рамках одного модифіковано-
го золь-гель-методу, встановлено, що всі 
зразки виявляють високу фотокаталітичну 
активність у процесі виділення H2 з вод-
но-етанольної суміші. Зразки, що пройшли 
гідротермальне оброблення, демонструють 
найбільшу фотокаталітичну активність, що 
значно перевищує активність комерційно-
го фотокаталізатора Evonik P25, а в деяких 
випадках більш ніж у 3–4 рази.

Показано, що серед зразків meso-nc-
TiO2, отриманих за однакових концентра-
цій реагентів реакційної суміші, найбільшу 
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активність мають зразки мікросфер, а вве-
дення добавки DDMEABr або підвищен-
ня концентрації реагентів призводить до 
підвищення фотокаталітичної активності 
отриманих мікросфер. За присутності до-
бавки йонів La3+ частинки мікрометрового 
масштабу не утворюються, причому фото-
каталітична активність отриманих зразків 
знижується. Однак у разі збільшення кон-
центрації реагентів у реакційній суміші 
отриманий лантановмісний фотокаталіза-
тор має найбільшу активність.

Роботу виконано за підтримки На-
ціональної академії наук України.
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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 TiO2 
samples was investigated in a model reaction 
of the photocatalytic release of H2 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 La3+ ions. It is shown 
that samples of TiO2 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 
TiO2 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 TiO2 
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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 La3+ ions. It is worth noting 
that the photocatalytic activity of TiO2 samples 
prepared in the presence of La3+ ions reduces 
as their specific surface area decreases.

Keywords: sol-gel synthesis, mesoporous TiO2 
microspheres, anatase, lanthanum, H2 release.
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In the work it is shown by the spectrophotometry method that depending on the concen-
tration ratio of ligands [PPi4–]/[Cit3–] in the pyrophosphate-citrate electrolyte, cobalt (II) ions 
form not only citrate [Co(Cit)2]

4– and pyrophosphate [Co(PPi)2]
6–, but also polyligand com-

plexes [Co(PPi)m(Cit)n]+2–(4m+3n). The composition of polyligand complexes [Co(PPi)Cit]5– was 
determined, and the equilibrium constant of the reaction of their formation and the constant 
of their stability were calculated (pβ = 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 (Cit3–) 
and pyrophosphate (PPi4–) 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 Cit3– and PPi4– 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 (II) ions form with Cit3- and PPi4- 
ions, depending on the solution pH and the 
equilibrium concentration of ligands, pro-
tonated and unprotonated pyrophosphate 
[CoHPPi]–, [Co(HPPi)2]

4–, [Co(HPPi)(PPi)]5–, 
[CoPPi]2–, [Co(PPi)2]

6– and citrate [CoH2Cit]+, 
[CoHCit], [CoCit]–, [Co(Cit)2]

4– complexes 
[10, 11]. Polymeric, polynuclear complex-
es of cobalt (II) with citrate of the composi-
tions [Co4(Cit)4 [Co(H2O)5]2

4–, K3[Co2(Cit)2 
(H2O)4]·6H2O 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 

the possibility of formation of polyligand com-
plexes of cobalt (II) with Cit3– and PPi4– 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 
Cit3- and PPi4- 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 Cit3– and PPi4– 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 
СCo

2+:CPPi
4– and СCo

2+:CCit
3–  = const.
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The values of the equilibrium concentra-
tions of free ligands [PPi]4– and [Cit]3– were de-
termined from the spectrophotometric studies, 
considering their total concentrations and the 
pH according to the equation (1) [18, 19]:
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where CHmL, [L]m– are the total and equilibri-
um concentrations of ligands (citrate and py-
rophosphate) in the test solution (mol·l–1) re-
spectively; CCo

2+ and [Co]2+ are the total and 
equilibrium concentrations of cobalt (II) ions 
in the test solution (mol·l–1) respectively; n* is 
the average coordination number of pyrophos-
phate and citrate complexes formed in the test 
solution; Ki is the general stability constants 
of citrate and pyrophosphate ions (pK1 = 5.68; 
pK2 = 10.03; pK3 = 12.90 і pK1 = 8.30; pK2 = 
14.30; pK3 = 17.00; pK4 = 19.50) [20].

The equilibrium concentrations of free li
gands [Cit]3– and [PPi]4–, determined by spec-
trophotometric studies conditions based on 
their total concentrations, mol·l–1: CCo

2+ = 0.01;  
CPPi

4– = 0.05; CCit
3– = 0.05 at the solution pH 9.0 

according to equation (1) [18, 19] are 3.0·10–2 
and 2.5·10–2 (n* = 2); 4.0·10–2 and 3.3·10–2  

(n* = 1),respectively. The ratio of free ligand 
equilibrium concentrations [PPi]4 : [Cit]3– 
in a pyrophosphate-citrate electrolyte at a 
pH of 9.0 practically does not change, that is  
[Cit]3– / [PPi]4– = 1.2 at 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 = l ·.∑ εi Ci ,                     (2)
where D is the absorption of the solution; l is 

the thickness of the absorbing layer (cuvette 
length, cm); εi is the molar absorption coeffi-
cient of the i-th particle at a given wavelength λ 
and temperature; Ci 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 Ci. 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 εi) 
[23, 24].

EXPERIMENT AND DISCUSSION OF 
THE RESULTS. Composition of the studied 
solutions, mol·1-1: Co2+ = 0.01; PPi4– =  0.05; 
Cit3– = 0.05; Na2SO4 = 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 Na2SO4.

The absorption spectra of the studied solu-
tions of cobalt (II) 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 Cit3- and 
PPi4- ions was studied by the method of isomo-
lar series [17, 21, 25] at a constant ionic strength 
of the solution (0.3 mol·1-1 Na2SO4 ) using ini-
tial solutions with a constant ratio of the con-
centrations of ions СCo

2+ : CCit
3– = 1 : 5 and  

СCo
2+ : CPPi

4–  = 1 : 5. The use of this solution 
is due to the fact that at pH 9.0, in contrast to 
the citrate solution with СCo

2+ : CCit
3– = 1 : 2 it is 
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impossible to experimentally prepare an initial 
pyrophosphate solution with a constant con-
centration ratio of СCo

2+ : СPPi
4– = 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)2) = 1,8·10–18 

[26]; the instability constant K of [Co(PPі)2]
6– 

pyrophosphate complexes is 1.8·10–9 [10]; the 
total concentration of cobalt (II) ions in the 
test solution is 0.01 mol·1-1.

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 СCo

2+ : 
CCit

3– = 1 : 5 (х ml) and СCo
2+ : CPPі

4–  = 1 : 5 
(10 – х) ml at a constant total concentration of 
cobalt (II) ions (СCo

2+ = 0.01 mol·1-1) and wave-
length λ. In this case, the total concentration 
of metal ions in the studied solutions remains 
constant, and the ratio of the total concentra-
tions of ligands CPPI

4– : (CPPі
4– + CCit

3–) decreases 
from 1 to 0. The ratio of the total concentra-
tions of ligands CCit

3- : (CPPі
4– + CCit

3–) increas-
es from 0 to 1. The ratios of the equilibrium 
concentrations of free ligands [PPі]4–:([PPі]4– + 
[Cit]3–) and [Cit]3–:([Cit]3– + [PPі]4–) 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 λ = 592 and 632 nm allows us 
to assume that there are three complex com-
pounds in the solution under study, namely: 
citrate [Co(Cit)2]

4–, pyrophosphate [Co(PPі)2]
6– 

and polyligand complexes of cobalt (II). At the 
isosbestic point (λ = 592 nm), as can be seen 
from Fig. 1, two complex compounds are in 
equilibrium: pyrophosphate [Co(PPі)2]

6– (cur
ve  1) and polyligand [Co(PPi)m(Cit)n]+2–(4m+3n) 

(curves 2–6) cobalt(II) complexes. Citrate 
complexes [Co(Cit)2]

4– do not take part in 
the equilibrium, since curve 7 does not pass 
through this isosbestic point (λ = 592 nm).

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·l−1 with the ratio of concentrations 
CPPі

4– : CCit
3– = 10 : 0 (1);  9 : 1 (2); 7 : 3 (3); 5 : 5 (4); 

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

Since [Co(Cit)2]
4– citrate complexes do not 

take part in the formation of polyligand com-
plexes [Co(PPi)m(Cit)n]+2–(4m+3n), the equilib-
rium between the latter and pyrophosphate 
complexes [Co(PPі)2]

6– is described by the 
equation:

[Co(PPі)2]
6–  + [Cit]3– ↔ [Co(PPі)Cit]5– + 

+ [PPі]4– .    (3)
Therefore, the equilibrium constant Kr of 

the reaction for the formation of polyligand 
complexes of cobalt (II) is:

Kr = β / β'2 ,                      (4)



117https://ucj.org.ua

V. М. Nikitenko, Yu. S. Yapontseva, V. S. Kublanovsky UCJ № 4 / Vol. 88

where β and β'2 are the stability constants of 
polyligand and pyrophosphate complexes 
[Co(PPі)2]

6–, 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 
(ε1 = ε2 = … = εn = ε*) [26].

The results of the analysis of spectrophoto-
metric data are shown in Fig. 2 at the wave-
lengths λ = 500 and 540 nm in the coordinates: 
D = f [ CPPі

4–] / [CPPі
4– + CCit

3–) (curves 1, 2) 
and D = f (CCit

3– / (CCit
3– + CPPі

4–) (curves 3, 4) 
[21, 25], where D is the absorption of the test 
solution, CPPі

4– and CCit
3– are the total concen-

trations of ligands. The linear plots indicate 
the formation of stable polyligand complexes 
of cobalt (II) with Cit3- and PPi4- ions in the 
system under study. The abscissa of the point 
of maximum absorption хmax does not depend 
on the wavelength  = 500 (curves 1, 3) and 
540 nm (curves 2, 4) and is given by:

 Хmax = CPPі
4– /(CPPі

4– + CCit
3–) = 

=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: 

ML2 + MX2 ↔ 2 MLX,                 (6)
the partial mole fraction of each of the com-
plexes ML2 and MX2 is 0.50 since α1 + α2.= 1. 

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

2+ = 0.01 mol·l−1.

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 PPi4- and Cit3- 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]5– 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  
λ = 500 nm by Do, and the optical density of 
the solution at certain ratios of equilibrium 
concentrations of ligands [PPI]4– / [Cit]3– until 
almost complete binding of the central ion into 
a colored polyligand complex Dx. Since the  
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optical density of the solution by Dx is proportio
nal to the concentration of the colored complex  
[Co(PPi)m(Cit)n]+2–(4m+3n), the ratio is [Co(PPi)m 
(Cit)n]+2–(4m+3n) / [Co(PPi)2]

6– = Dx / (Do – Dx). 
So, from the plots of lg Dx / (Do – Dx) = f (lg 
[PPi]4–/ [Cit]3–) (Fig. 3a, curve 1) and lg Dx / 
(Do – Dx) = f (lg [Cit]3–/ [PPi]4–) (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 lg Dx/(Do – Dx) = f (lg [PPi]4–/ 
[Cit]3–) (Fig. 3a, curve 1) and lg Dx/(Do – Dx) = 
f (lg [Cit]3–/[PPi]4–) (Fig. 3a, curve 2) are rec-
tilinear; the abscissa of the intersection point 

of them lg ([PPi]4–/ [Cit]3–) = 0. This indicates 
that the molar ratio of the equilibrium con-
centrations of polydentate ligands [PPi]4–/
[Cit]3– in the polyligand complex [Co(PPi)m 
(Cit)n]+2–(4m+3n) is 1, i.e. m=n=1 . The ratio [Cit]3–/
[PPi]4–, as can be seen from Fig. 3a, curve 2 is 1. 
Thus, polyligand complexes [Co(PPi)Cit]5– are 
formed in the system under study at pH 9.0. 
The slope of the straight line lg Dx/(Do–Dx) = 
f(lg [PPi]4–/[Cit]3–) (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]5–. The 
value of the equilibrium constant Kr calculated 
from equation (3) is 0.3246.

Fig. 3. Dependences lg Dx / (Do – Dx) obtained by the method of equilibrium shift in the studied system 
at pH 9.0, the concentration of ions СCo

2+ – 0.01 mol·l−1, the wavelength λ = 500 nm on lg([PPi]4–: [Cit]3–) 
(Fig. 3а, (1)); on lg([Cit]3–: [PPi]4–) (Fig. 3а, (2)); on lg[PPi]4– (Fig. 3b, (1)) and on lg[Cit]3– (Fig. 3b, (2)).

The value of the stability constant β of 
[Co(PPi)Cit]5– polyligand complexes calculat-
ed by the equilibrium shift method [17] using 
experimental data (Fig. 3a) according to equa-
tion (4) is 1.80·108  (pβ = 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 

shift method [17]; plots of lg Dx / (Do – Dx) = 
f (lg [PPi]4–) (Fig. 3b, curve 1) and lg Dx /  
(Do – Dx) = f (lg [Cit]3–) (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 СCo

2+ ions – 0.01 mol·l–1, and the wavelength  
λ = 500 nm (Fig. 3b) are shown in Fig. 3b.

The slope of the straight line lg Dx/(Do–Dx) 
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= f (lg [PPi]4–) (Fig. 3b, curve 1) at [Cit]3– → 0 
is equal to the coordination number m of the 
polyligand complex for [PPi]4– ions and is 1.07:

					   
.          (7)

The value of the coordination number n, 
calculated from the slope of the straight line  
lg Dx / (Do – Dx) = f (lg [Cit]3–) at [PPi]4– → 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]5– polyligand com-
plexes in the pyrophosphate–citrate electrolyte 
at pH 9.0.

The composition of [Co(PPi)Cit]5– 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 

their formation constants [25]. The equilibri-
um constant Kr of reaction (3) for the forma-
tion of [Co(PPi)Cit]5– 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 = CCo ·εCit-PPi – 1/Kr[(D – CCo·εPPi)·
( [PPi]4–/ [Cit]3–),         (8)

where εCit-PPi and εPPi are the molar absorp-
tion coefficients of the polyligand and pyro
phosphate complexes of cobalt (II), respective-
ly, is 0.5755.

As can be seen 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)m(Cit)n]+2–(4m+3n). Thus, polyligand co-
balt (II) complexes [Co(PPi)Cit]5– are formed 
in the system under study at pH 9.0.

Fig. 4. Graphical determination of the equilibrium constant Kr of the polyligand cobalt (II) complexes 
formation reaction in pyrophosphate-citrate electrolyte at pH 9.0, wavelength λ = 500 nm by the method: 
(a) – Newman and Hume; (b) – Watters.

The equilibrium constant Kr of formation of 
[Co(PPi)Cit]5– polyligand complexes at pH 9 by 
reaction (3) was also determined by the Watters 
method [28] (Fig. 4b) according to the equation:

([Cit]3–/[PPi]4–)/(ε*– εp) = 1/[(εзм – εпір)·Kr] +

+ 1/(εзм – εпір)·( ([Cit]3–/[PPi]4–),        (9)
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where εCit-PPi and εPPi are the molar absorption 
coefficients of a polyligand and a pyrophos-
phate complex of cobalt (II), respectively; ε* 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]5– formation reaction, 
calculated from the slope of the linear plot of 
([Cit]3–/[PPi]4–)/(ε*– εp) = f ([Cit]3–/[PPi]4–), 
which is 1/(εCit-PPi – εPPi) = 0.0794 (Fig. 4b), 
and the y-intercept (1/(εзм – εпір)Kr = 0.160) is 
0.4963. The value of the equilibrium 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]5– 
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  
2.76·108  (pβ = 8.44) and 3.20·108  (pβ = 8.51), 
respectively. The obtained average value of the 
stability constant of [Co(PPi)Cit]5– polyligand 
complexes (β = 2.98·108  (pβ = 8.47)) agrees 
with the value calculated from experimental 
data (Fig. 3a) by the equilibrium shift method 
(pβ = 8.26).

Taking into account the stability constants 
of citrate [Co(Cit)2]

4– (pβ2 = 5.30), pyrophos
phate [Co(PPi)2]

6– (pβ'2 = 8.74) and polyli-
gand [Co(PPi)Cit]5– (pβ = 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]4–/ [Cit]3–) was 
calculated (Fig. 5). As can be seen from fig. 5, 
citrate complexes [Co(Cit)2]

4– exist in the 

range of the ratios of equilibrium concentra-
tions of ligands lg ([PPi]4–/ [Cit]3–) from –1  
to +1, polyligand complexes [Co(PPi)Cit]5– in 
the range from –1 to +2, and [Co(PPi)2]

6– pyro
phosphate complexes  in the range >0.

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: 1 – [Co(Cit)2]

4–;  
2 – [Co(PPi)Cit]5–; 3 – [Co(PPi)2]

6–.

CONCLUSIONS. 
It has been established that in a pyrophos

phate-citrate electrolyte at pH 9.0, cobalt 
(II) ions form with Cit3– and PPi4– ions not 
only citrate [Co(Cit)2]

4– and pyrophosphate  
[Co(PPi)2]

6–, but also polyligand complexes 
[Co(PPi)m(Cit)n]+2–(4m+3n). The composition of 
[Co(PPi)Cit]5– polyligand complexes was de-
termined, the equilibrium constant Kr of the 
reaction of their formation and their stability 
constant (pβ=8.47) were calculated. In terms of 
stability, [Co(PPi)Cit]5– (pβ = 8.47) polyligand 
complexes approach pyrophosphate complex-
es [Co(PPi)2]

6– (pβ'2 = 8.74). The dependence 
of the degree of formation of citrate, polyli-
gand, and pyrophosphate complexes of cobalt 
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(II) in a pyrophosphate-citrate electrolyte on 
the logarithm of the ratio of equilibrium con-
centrations of ligands was calculated.
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Спектрофотометричним методом вста-
новлено, що у пірофосфатно-цитратному 
електроліті іони кобальту (II) утворюють 
залежно від співвідношення концентрацій 
лігандів [PPi4–] / [Cit3–] не тільки цитрат-
ні [Co(Cit)2]

4–, пірофосфатні [Co(PPi)2]
6–, 

а й полілігандні комплекси [Co(PPi)m 
(Cit)n]+2–(4m+3n). Визначено склад полілі-
гандних комплексів [Co(PPi)Cit]5–, обчис-
лено константу рівноваги реакції їхнього 
утворення та константу їхньої стійкості  
(pβ = 8.47). Розраховано залежність ступе-

ня утворення цитратних, полілігандних та 
пірофосфатних комплексів кобальту(II) в 
пірофосфатно-цитратному електроліті від 
логарифму співвідношення рівноважних 
концентрацій лігандів.

Ключові слова: кобальт (II), поліліганд-
ні комплекси,  склад, константа стійкості, 
спектрофотометрія.
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