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ELECTROCHEMICAL AND PHYSICAL PROPERTIES OF ACTINIDES 

AND LANTHANIDES IN HIGH TEMPERATURE MOLTEN SALTS  

S.-E. Bae*, T.-H. Park, S. Choi, J.-Y. Kim, Y.-H. Cho, J.-W. Yeon 
Nuclear Chemistry Research Division, Korea Atomic Energy Research Institute, Daejeon, Korea  

*e-mail: sebae@kaeri.re.kr  
  

Introduction 

Pyrochemical process, considered as a promising fuel cycle option to resolve 
spent fuel accumulation problems, is able to recover actinides and fission products 
from the spent fuel in terms of proliferation resistance [1]. This technology is based 
on the chemical and electrochemical reactions in molten salt [2]. In the process there 
exist various chemical elements whose electrochemical, chemical, and physical 
properties may significantly affect the pyrochemical process. Therefore, the 
understanding of the electrochemical behaviors of the actinides and lanthanides in the 
molten salt as well as the physical properties of the medium is extensively important 
for the technical development and efficient operation of the process.  

Our Division, Nuclear Chemistry Research Division (NCRD) at Korea Atomic 
Energy Research Institute (KAERI), has developed techniques and tools for the 
measurements of electrochemical reactions and physical properties of actinide and 
lanthanide elements in LiCl-KCl eutectic at high temperatures. This presentation 
shows research progress of actinide and lanthanide chemistry in molten salt at NCRD 

 
Electrochemical measurements 

Various electrochemical techniques, cyclic voltammetry, chronoamperometry, 
square wave voltammetry, etc. were tested for on-line monitoring of solute 
concentrations in molten salt. After test of the techniques, we have chosen and 
developed repeating chronoamperometry (RCA) to measure the concentrations of 
trivalent uranium and lanthanide ions up to 9 wt% [3]. The results showed that the 
current and passed charges measured during anodic dissolution linearly increase with 
solute concentrations. In multi-component molten salt, the response for the actinide 
and lanthanide elements did not change without their concentration changes, 
indicating that RCA technique is very promising to measure highly concentrated 
solutes in molten salt. 

Rotating disk electrode (RDE) measurement system was also built and 
employed for the estimation of various electrochemical parameters for metal ions in 
the LiCl-KCl melt, including diffusion coefficients, exchange current density, and 
electron transfer coefficient of metal ions.  

 
Physical properties measurements 

Measurement systems have been developed and improved for determining 
physical properties such as electrical conductivity, viscosity, density, and melting 
point of the high-temperature corrosive molten salts under the inert atmosphere. In 
addition, technical methods for estimating surface tension, liquid level in a reaction 
vessel, and phase diagram were developed and the data were collected for various 
molten salt systems. A density measurement system based on the maximum bubble 
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pressure method allowed for the measurements of the surface tension as well as the 
density. It was found that this system could estimate the liquid level of the molten 
salts by detecting a surface of the melt. Note that the liquid level of a reaction vessel 
is used to compute the volume and the mass of the reaction medium, which are very 
important in terms of safeguards as well as process control in the pyroprocess. An 
electrical conductivity measurement system was also developed for the high 
temperature molten salt and used for its conductivity measurement as well as the 
liquidus temperatures and solidus temperatures of multi-component molten salt 
systems, providing information on the system phase. 

 
Conclusion 

NCRD at KAERI has developed and improved a variety of methods for 
measuring the electrochemical reactions in the melt and the physical properties of the 
LiCl-KCl molten salt. The accumulation and interpretation of the data will contribute 
to understanding and design of pyrochemical process 
 

This work was supported by the National Research Foundation of Korea (NRF) 
grant funded by the Korea government (MSIP). 
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PROTONIC TRANSPORT IN SELF-ORGANIZED NANOSTRUCTERED 

HYDROXIDE EUTECTICS AT 250-400 K 

Yu.M. Baikov*, V.M. Egorov, E.I. Nikulin  
Institute Ioffe St-Petersburg, Russia  
*e-mail: baikov,solid@gmail.com  

  
1. Introduction 

Special phenomenon - namely sufficient higher conductivity of self-organized 
micro-heterogeneity of a NaOH+KOH solid eutectic - was presented at previous 
papers [1-6]. The basic and applied interest in this phenomenon has related both to a 
high proton conductivity of the NaOH+KOH solid (!!!) eutectic (10–30 mS/cm). It 
was several orders of magnitude (!) higher than the conductivity of NaOH and\or 
KOH individual compounds at moderate temperatures (360–450 K) (figure 1). 
Moreover the electrochemical activity of such heterostructures was revealed in 
pioneering special study [2-4]. The much greater conductivity in the indicated 
temperature range and specific features of the low-frequency impedance spectrum 
are related to the formation of a micro-heterogeneous mixture of NaOH and KOH 
crystals in the course of self-organization accompanying solidification of the 
eutectic. The conductivity by proton transport in three eutectics NaOH+KOH(or 
EA), KOH+KOH.H2O(or EW) and LiOH+NaOH (or ELiNa) are presented and 
discussed from points of physics of solid electrolytes in nano-heterogeneous state as 
well as the properties of electrochemical devices for energy conversion and storage. 
It is important that compounds under study could work together electrodes without 
noble metals and special catalysators.  

 

 
Figure 1. Self-organized three eutectics and three crystallo-hydrates as protonic 

conductors have more higher conductivity than parents Individual hydroxides (three 
curves), - LiOH, NaOH, KOH - at T>360 K. Note: phase transition in individual 
KOH (3) remains in two solid eutectics, but not in pure hydrates. 

7 
 

2. Analysis of DSC to study texture of eutectics 

Generally accepted ideas of physical chemistry about the characteristic 
heterogeneity for solid-state eutectic mixtures at micro- and nano-size level and its 
sometimes dramatic influence on physic-chemical properties are fundamental. There 
are two versions of the hypothesis for the reason of the increased conductivity of the 
EA eutectic mentioned above. The first version rests on the intensively studied 
increased ionic conductivity of composite materials with electrolytes by means of the 
production of synthetic (i.d. artificial) micro-heterogeneity. However, the micro-
heterogeneity of eutectics is factually natural one (!). The second version rests on the 
fact that physic-chemical properties of micro- or nano-clusters of NaOH or KOH can 
be modified through the process of eutectic self-organization. This can appear 
specifically in the drop in temperature of solid-state phase transitions, i.e., in the 
region in which high proton conductivity exists. 
 

 
Figure 2. Detailed analysis of DSC spectra of eutectic NaOH+KOH in the range 

of sharp change of the conductivity in the range 358 K.  
 

The choice of these or some other version requires specialized investigations . 
At detailed study by DSC we observed two phenomena due to namely phase 
transformation in such heterogeneous material as the eutectic. First one seems trivial 
one - strong change of heat capacity at the certain temperature range. Second one 
consists in nontrivial temperature run of heat capacity allowed to find clear evidence 
on existing in each eutectics not only one component. Of course it is rather trivial if 
to show standard curves from any textbooks for physical chemistry. However, special 
theoretical consideration [6] allowed to get attractive picture shown on Figure 2. The 
pair peaks (1 &2) differ by a height (more than 2 times ). Lower peak 2 is evidently 
remarkably wider than peak 1. Besides the position of the Tmax of peak 1 at heating 
replaced on 1.5 K higher than one of peak 2. Although at cooling both peaks stay on 
the same position. Special straight lines showed the run of Tmax at different rate of 
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temperature scan. The different slopes of these curves connected with different 
reaction of both components on temperature changing. By our opinion the more sharp 
peak n1 is due to the phase transition in pure KOH at 360 K. However it was not 
fixed by DSC, only at conductivity measurements [3,4]. It is interesting fact could be 
considered as keeping some properties, but now the nature of this phase transition is 
not clear, moreover did not described in literature.  

The main result from view point on the role of nanostructures was obtained 
using above mentioned theory (elaborated in Ioffe Institute, by the way). Analysis 
DSC data allowed to determine the real mean size of nano- or micro-particle forming 
eutectic under study [1]. 
 

3. Why can migrate the proton in heterogeneous solid eutectics and to perform 

interphase protiun-deuterium exchange  

The question in title above could be discussed on different conferences, 
particularly having fundamental interest in physical, chemical, biological etc. 
directions. The matter is that hydrogen as chemical elements “Number 1” and one 
having enough accessible isotopic pair could be very useful from both point of view: 
for applied direction as strong modificatory and from basic direction as a tool for 
effective decision of any puzzles. 

The aim of the collection on the next Figure 3 is to create of the comparison of 
two different ways for proton migration: under electric field as conductivity and 
under chemical field as self-diffusion. Two different (or maybe the same) parameters 
of proton migration in proton-conducting materials are compared. First one is directly 
measured proton self-diffusion and second one is evaluated by Nernst-Einstein (N-E) 
relation between the conductivity (maybe partially of whole one of material) and 
diffusivity of the certain ions. For the question on the role of nano-structure we would 
like to draw attention on three rows (1, 2, 3). Rows n1 and n2 compare Dsd (self-
diffusion) and D  (from N–E) for two eutectics: row n1-(LiOH + 1.5NaOH) and row 
n2-(NaOH+KOH). As it indicate of Figure 3 “bigger sign” correspond Dsd. In both 
cases it has turned out D  /Dsd ≈ (50–70).  

Row n3 allows to compare the same data for monohydrate of KOH. Omitting 
some details, note that in this case Dsd (triangles with white top) could be closer to 
D  depending on the part of protons take into the proceess of charge transfer. Two 
paralleled lines with smaller triangles were evaluated NE relation supposing the 
following: for bottom line- taking part of all three protons of KOH·H2O; top line - 
only one proton. It is necessary to discuss some features of proton motion in eutectics 
material, and also the ability to penetrate into and leave out the solid oxide. Isotopic 
exchange between dihydrogen as gas phase and eutectic as solid phase allowed to 
watch the hydrogen species motion in solid state. 

Basing on material balance it was possible to estimate that both component – 
NaOH and KOH – was involved into exchange process. However, kinetic of isotopic 
exchange did not revealed remarkably evident difference of chemical activity. At the 
same time taken separately individual hydroxides showed very high difference in the 
ability to isotopic exchange at temperature 360–420 K. Most probable explanation of 
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this effect can be based on the sufficient modification physicochemical properties 
resulting from not only decreasing size of particles, but also from the transformation 
them in state likely high-temperature super-protonic state.  
 

 
Figure 3. Two version of coefficients of diffusion of protons in different 

materials on the base of solid alkaline hydroxides: individual, eutectic and 
hydrates.(See text)/Note: all of this compounds take part in the formation of eutectic 
under consideration in this paper.  
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Yu.M. Baikov  

Ioffe Institute, St-Petersburg, Russia  
*e-mail: baikov.solid@gmail.com  

  
By using such title of this presentation author intends to highlight the specificity 

of the state of hydrogen species in inorganic materials as well as the question on so 
named “exotic state of hydrogen species in oxides”[1,2]. The matter is that the mutual 
relations “Hydrogen & Oxides” are interesting to different fundamental as well as 
applied directions of intellectual approaches to decide advanced aims of technologies 
including energetic one. However, if we limit ourselves to even only electrochemical 
energetic, it is necessary to distinguish two enough clear hydrogen species state: 
hydrogen is the “guest” and hydrogen is the “host”. As clear example, let us consider 
figure 1, where the main attention directed to solid inorganic ones. 

 

 
Figure 1. Possible classification of protonic conductors taking into account the 

chemical state of hydrogen species. 
 

The aim of this presentation is to follow faithfully the historical sequence of 
basic research and appearing of some definitions related to understanding the 
chemical state as well as the mechanism of migration in solids the hydrogen species. 
Nevertheless, let us start not from T. Grotthus (2006), but from Y.I. Frenkel (1926) 
and J.D. Bernal (1933). The matter is that the first has thought about only on liquid. 
Outstanding contributions of both last ones into developing of solid state science 
consist particularly into understanding the simultaneously effect of disordering in 
solid state (e.g. Frenkel’s defects) and specificity of chemical bonds (e.g.Bernal‘s 
grid of hydrogen bonds). The direct joining of these conceptions to hydrogen 
behavior has been advanced by Bjerrum [3] proposed various types of defects of a 
grid of hydrogen bonds. Such approach to proton motion in solids has been joined in 
the middle of XX century with conception on superionic conductors, e.g. Ag-ion in 
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Ag4RbJ5. However, Ag+ moves, supposedly, freely around bigger J -anions and the 
role of chemical bond could take into account only in next order approximation. Such 
simple model was accepted to consider the proton motion, at least in inorganic 
materials. Three families of them were perovskites, acidic salts and hydroxides, with 
proton bonded with oxygen ions. Factually, electron subsystems of acidic salts and 
hydroxides is considering as the passive ”landing ground” for “running protons”. 
Seemingly another situation is relating to hydrogen species in HTPC on the base of 
oxides. Firstly, the proton in HTPC is the “guest”. But, secondly, this proton is very 
active “guest”, which could effectively change the “life” of the “host”: structural, 
physical and chemical properties. It was revealed not only for doped oxide, but also 
for nominally pure BaCeO3 prepared by skull technology. Using effect of isotopic 
exchange, it was shown [4] that even unlopped oxide contains hydrogen because of 
mixed valence of cerium (Ce+3/Ce+4 ). At search the phase transition in pure material 
by DSC [5] it was revealed that the peak pair (curve A) can be obtained only after 
treatment at oxidizing conditions (dry oxygen). However at second run (A ) effect 
was quite another. The treatment by water vapor (B), by dihydrogen (C) and by high 
vacuum (D) lead to enough strong and different by shape exo-effect effect. (Figure 2. 
Figure means the heat effect in J/mol). 

 

 
Figure 2. Thermal properties of pure BaCeO3 after different treatment (see text).  
 
Curves (on figure 2) B and C show, as example, that hydrogen as a “guest” 

changes cardinally the physic-chemical properties. Moreover, two peaks on C (near 
580 K and 690 K) appears after molecular hydrogen influence. Probably, first peak 
reflects the result of previous proton intercalation by reaction of water molecule with 
oxygen vacancy like on the curve B. The second peak on C reflects the oxygen 
removal at reducing conditions like on the curve D. These data as well as many 
others from worldwide published ones give evidence of various physic-chemical 
states of hydrogen containing oxides. Usually it is relate to various states of hydrogen 
species. Although, not only macroscopic data but also most of spectroscopic ones 
should be explained sooner as various types of states of the threefold system 
“Oxygen ion- Electron-Proton”. Of course, such statement is only trivial one and it 
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do not pretend to be new generalization. However, scientists are explaining usually 
experimental data using above mentioned components only in pairs. Such approach 
gives enough pleased results, particularly if it is concern to applied tasks. Therefore 
the term “normal state of hydrogen species” relates to more frequently studied system 
and any deviations from standard may be taken as “exotic” one. 

Factually T. Norby [1] has advanced very intensively the idea on “exotic” state 
of hydrogen species in proton-conducting perovskites oxides. The impetus was done 
after revealing the “unusual” behavior of hydrogen at very strong reducing 
conditions: the open circuit potential of certainly arranged electrochemical cell . It 
has turned out that result could be considered as negatively charged ion carrier, i.d. 
hydride ion. The situation has been discussed last ten years, but unambiguously.  

New step of the interest to hydride form in oxides was presented in [6-8]. (Only 
first name is indicated because of too much authors in each teams).The substitution of 
oxygen by hydride anions to form oxyhydrides has been difficult it requires highly 
reducing conditions without transferring an electron from the hydride. However, it 
was done even with BaTiO3 whih is electronically conducting. To explain this was to 
advance the new idea on the role of d-electron orbital for this event. 

It would like to note that specific interest to hydrogen species in oxides has 
arose not only after Iwahara’s (1981 year) discovery of high-temperatures proton 
conductivity (HTPC) in doped perovskites, but slightly later (1987 year), namely after 
the discovery of complex perovskites possess the superconducting properties. Really, 
YBa2Cu3Oy (y 7) hereafter (YBCOy) was synthesized in February I987 as high-
temperature superconducting oxide. Investigations into the influence of hydrogen on 
the properties of YBCOy have already been started in summer 1987. The history and 
results of these investigations were described in many reviews in detail, e.g.[9,10]. 
What is common between HTSC and HTPC and Hydrogen?  

In reality the synthesis HTSC and HTPC have been later and is now performed 
by similar variants of solid state chemical technologies. Moreover , the hydrogen 
could be used (for HTSC) or must be used (for HTPC) to control official duties 
(functions) of these compounds. Particularly, this generality is interesting to decide 
inclusive intellectual tasks from joint viewpoints of physics and chemistry. 

The main objective of researches in the field of HTSC physics was to modify the 
electronic subsystem of any oxides using electrons of intercalated hydrogen atoms. 
Meantime, nuclei of hydrogen atoms (protons) were assigned the role of a probe 
sensitive to local features of magnetic fields in the lattice. Such explorations were 
carried out with a wide variety of physical methods at different laboratories in 
Europe, Israel, America, Japan, e.g. [11-16]. The results obtained in such direction 
were not universally unambiguous. Some effects, for example, the direction of 
variations in the lattice parameters or the Tc- temperature upon hydrogen 
incorporation (see [9,10]) differed qualitatively. It has become evident that there are 
uncontrollable “nonphysical” factors, among which the process of hydrogen 
intercalation is of decisive importance.  

At present, chemical aspects of the system “hydrogen – YBCOy” have been 
studied in sufficient detail taking into account the interaction between water vapor 

13 
 

[11-16]. One of these processes-deintercalation of oxygen- does not lead to hydrogen 
incorporation but accompanies two other processes-the formation of hydride-like 
“hydrogen bronze” at a low hydrogen content (less than 10 at. %) and the formation 
of a hydrogenated form in the initial cuprate matrix. The formula HxYBa2Cu3Oy will 
be referred to as hydrocuprate at y < 7`and as oxyhydrocuprate at y > 7).  
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In recent decades, there has been a significant interest in the electrodeposition of 
coatings based on zinc and its alloys [1]. Zinc coatings are usually used as a 
protective layer, which slows down corrosion of iron-containing products. In addition 
to resistance to corrosion, zinc improves the appearance of products, as well as a 
good sub-layer for applying paint and varnish [2]. The production of a high quality 
galvanic zinc coating depends to a large extent on the deposition conditions, such as 
the operating current density, the electrolyte composition, temperature, and the 
presence of additives in it. The presence of additives is an important factor 
contributing to the production of quality precipitation on an industrial scale. 

Additives are often organic compounds that, when added to a coating bath in 
small amounts, are capable of modifying crystal growth, thereby altering the 
properties of the precipitate. Effects of additives on the electrodeposition of Zn from 
alkaline zincate baths are described in the literature [3-5]. Additives are often 
classified as glossy and / or leveling, which, as is known, have a different effect on 
the electrodeposition of metals, but the mechanism of action of these compounds 
remains the subject of study. Brighteners generally consist of small molecules with 
specific functional groups, whereas leveling additives are often polymeric or 
macromolecular compounds. These polymer additives [6] are used to increase the 
coating ability of electrolyte in areas with low current density, such as cavities and 
depressions. A large number of works [3-6] are aimed at finding suitable additives 
that increase the coating ability, preventing the growth of dendritic deposits and the 
hydrogenation of the substrate metal / parts.  

The purpose of this study was to create an alkaline galvanizing bath containing 
various additives and to evaluate the effect of these organic additives on the 
hydrogenation of steel samples. The hydrogen content of the samples was evaluated 
by the electrochemical method. 

Based on the analysis of literature sources and model calculations of the 
galvanizing bath, an alkaline zincate electrolyte containing 8 g/L of ZnO and 120 g/L 
of NaOH with different gloss-forming additives was chosen for the experiments: 1) a 
mixture of additives «Ecomet C1» and « Ecomet C18», 2) «Ecomet C1», 
3) «Impulse C2» and 4) DHTI. The concentration of additives in the electrolyte was 
set according to the manufacturer's recommendations. The additives chosen for the 
study are characterized as improving electrolyte properties and improving the quality 
of the coating.  

A wide range of working current densities is characteristic for all the chosen 
bright-forming additives. To find the optimal value of the working current density, 
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experiments were conducted to determine the zinc current yield (gravimetric 
method), depending on the cathode current density in the range from 2 to 5 A/dm2. 
The results are shown in Figure 1. 
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Figure 1. Zinc current output as a function of current density 

 
The evaluation of hydrogen embrittlement of steel was carried out for samples 

susceptible to deposition of zinc coating from all presented electrolytes at operating 
current densities similar to those for determining the current yield [7]. The essence of 
the method of electrochemical evaluation of hydrogenation is the fixation and 
comparison of the amount of electricity spent on extraction of hydrogen, penetrated 
into the crystal lattice during coating, from steel samples. 

Hydrogen extraction was carried out with AUTOLAB PGSTAT 302N using a 
three-electrode connection scheme. As working electrode, samples of St3 steel were 
used with an area of 9 cm2 from which the previously deposited zinc coating was 
removed by chemical etching in a solution containing NH4NO3 150 g/L, NH4OH 
(conc.) 550 mL/L, triethanolamine 50 mL/L , just before the measurements. As an 
auxiliary electrode we used a platinum plate with an area of 2 cm2, and the reference 
electrode was a saturated silver chloride electrode. The measurements were carried 
out in a 0,1 M potassium hydroxide solution, fresh electrolyte was used for each new 
measurement. Electroextraction was carried out in the potentiostatic mode at a 
potential of 900 mV (NHE) while a chronoamperogram was recorded. The 
electroextraction potential was determined from the stationary polarization curve as 
the potential for the initiation of active oxidation of the steel sample (figure 2). 

The quantity of electricity spent on hydrogen evolution was calculated as the 
difference between the total amount of electricity calculated as the area under the 
chronoamperogram curve (figure 3) and the residual amount of electricity determined 
as the product of the current at the time of completion of the experiment for the 
whole measurement time. 

The experimental data on the quantity of electricity spent on hydrogen 
evolution, shown in figure 4, are averaged over three tests for each coating electrolyte 
and for each operating current density. 

 

16 17

INFLUENCE OF THE ADDITIVES ON HYDROGENATION DURING GALVANIC 
ZINC COATING FROM ALKALINE BATH

A.A. Chernyshev, V.G. Ilkin, A.B. Darintseva, A.E. Novikov
Ural Federal University named after the first President of Russia B.N. Yeltsin, 

Ekaterinburg, Russia
2The Institute of High-Temperature Electrochemistry of the Ural Branch of the Russian Academy of 

Sciences, Ekaterinburg, Russia
e-mail: aac-vp@yandex.ru 

INFLUENCE OF THE ADDITIVES ON HYDROGENATION DURING GALVANIC 
ZINC COATING FROM ALKALINE BATH

Chernyshev A.A., Ilkin V.G., Darintseva A.B., Novikov A.E.
Ural Federal University named after the first President of Russia B.N. Yeltsin, 

Ekaterinburg, Russia
The Institute of High-Temperature Electrochemistry of the Ural Branch of the Russian Academy of 

Sciences, Ekaterinburg, Russia
e-mail: aac-vp@yandex.ru 

INFLUENCE OF THE ADDITIVES ON HYDROGENATION DURING GALVANIC 
ZINC COATING FROM ALKALINE BATH

A.A. Chernyshev1,2, V.G. Ilkin1, A.B. Darintseva1, A.E. Novikov1

1Ural Federal University named after the first President of Russia B.N. Yeltsin, 
Ekaterinburg, Russia

2The Institute of High-Temperature Electrochemistry of the Ural Branch of the Russian Academy of 
Sciences, Ekaterinburg, Russia

*e-mail: aac-vp@yandex.ru 



16 
 

0,0

6,0

12,0

18,0

0,6 0,7 0,8 0,9 1 1,1

C
ur

re
nt

 D
en

si
ty

,A
/d

m
2

E, V  
Figure 2. Polarization curve of oxidation of steel St3 
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Figure 3. Chronoamperogram of hydrogen extraction 
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Figure 4. Results of calculating the quantity of electricity spent on hydrogen 
extraction 

 
An analysis of the results obtained showed that the brightening additive DHTI 

least effectively protects the steel samples from hydrogen embrittlement, but it has 
quite high, for zincate electrolytes, zinc current efficiency over the entire range of 
operating current densities. Electrolyte with the addition of «Impulse C2» can be 
recommended for use at high operating current densities, but it is worth paying 
attention to the low current output values, hence the high cost of the specific surface 
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of the coating. Virtually identical results from the point of view of hydrogenation 
showed two electrolytes with the addition of "Ecomet C1" and a mixture of additives 
«Ecomet C1» and «Ecomet C18», however, the current efficiency obtained from the 
electrolyte with the mixture of additives turned out to be the highest on the entire 
range of working current densities.  

Summarizing all of the above, we can recommend a mixture of additives 
«Ecomet C1» and «Ecomet C18» as the most effective for an alkaline galvanizing 
bath when operating at current densities in the range from 2 to 5 A/dm2. 
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Fine tantalum powder is mainly used in the manufacture of capacitors for 

electronic devices. Tantalum powders are usually industrially produced by sodium 
reduction of K2TaF7 in a salt melt containing KCl, NaCl and NaF, this process is 
commonly referred to as the Hunter process. This process is of periodic type, as a 
result of which it is difficult to scale and make it continuous [1]. Another popular 
method of industrial production of metal powders, in particular tantalum, is 
magnesium reduction (Kroll process) [2]. Recently, great interest is represented by 
calcium, since it has a high reducing ability and can easily repair a large number of 
metals from its oxides in a molten salt, for example, CaCl2. The process of direct 
reduction of metal with a low oxygen content from its oxide, was called OS process 
[3]. These processes are energy-intensive and require a preliminary preparation of the 
metal of the reducing agent. 

Another popular method for obtaining metallic tantalum from pentoxide is the 
so-called FFC-Cambridge process [2, 4]. The authors of the method report that such 
metals as niobium, zirconium, titanium, hafnium and other metals and alloys can be 
obtained directly from their oxides by the FFC-Cambridge process [5]. This process 
can not be carried out completely. The obstacle is the progressively increasing 
diffusion difficulties of the reducing agent and the products of the reaction at the 
oxide / reducible interface. 

A promising way of forming powders with given morphological and structural 
characteristics is the electrolysis of salt melts. Synthesis of tantalum powders by 
secondary reduction is a special case of electrolysis of salt melt. 

The method of secondary recovery has a relatively simple hardware design and 
has great potential in terms of energy and resource saving.  

The process of secondary recovery can be described by four basic types of 
interaction. During the electrolysis of the salt melt, the alkali metal is reduced at the 
cathode as a result of the electrochemical reaction (1) and dissolves in the 
electrolyte (2). Dissolution of metallic tantalum (3) takes place at the anode. Then, a 
chemical reaction of the secondary reduction of the metal ions (4) in the solution 
takes place with an alkali metal diffusing from the cathode into the volume of the 
electrolyte. 

NaeNa =+ −+       (1) 
++ =+ 2NaNaNa      (2) 
+− =⋅− nTaenTa      (3) 

+++ ⋅+=+ nNaTanNaTan 22      (4) 
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Based on the literature, a melt of potassium and sodium chlorides with a molar 
ratio of 1:1 was chosen for the experiments [6, 7]. Electrolysis was performed in 
galvanostatic mode for 180 minutes. As the anode, a tantalum rod with a diameter of 
12 mm was used, and a cathode was made of a stainless steel pipe of grade 
Cr18N10T with an inner diameter of 36 mm. The rated current load corresponding to 
the selected current density (Table 1) was set using a programmable current source 
GITMK-10x12R-220-P. 

 

Table 1. Experimental conditions 

 
Current density, A/cm2 

ik/ia Temperature, °  
Cathodic Anodic 

1 0,1 0,1 1 700 
2 0,1 0,1 1 800 
3 0,1 0,05 2 700 
4 0,1 0,05 2 800 
5 0,5 0,1 5 700 
6 0,5 0,1 5 800 

 

After completion of the electrolysis, the solidified melt of the salts with the 
resulting tantalum powder was dissolved in hot distilled water. The fine particles of 
the tantalum powder were separated from the salt solution by decantation and / or 
centrifugation, after which the powders were washed in distilled water, the sequence 
of these operations was performed at least 5 times for each of the experiments. The 
powder dried at 120 ° C was analyzed by the XRD method. 

X-ray diffraction analysis of tantalum powder showed that the obtained tantalum 
powders are a two-phase sample, core-shell type, metal tantalum coated with a layer 
of Ta2O5 oxide. It should be noted that no other phases were detected.  

The results of electron microscopy are confirmed by the XRD data, two phases 
are viewed on microphotographs. Also, SEM analysis data showed that, in general, 
the particles have practically the same size, but the morphology of their surface 
differs. The particles obtained at 700 C (figure 1, a) have a more developed surface 
than at 800 C (figure 1, b). In addition, the dependence of the specific surface area  
determined by the BET method has been established, depending on the ratio of the 
current densities. 

 

 
Figure 1. Photomicrographs of tantalum powders: a – 700 oC; b – 800 oC. 
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With increasing cathode current share, the specific surface area increases, 
further increasing the cathode current does not lead to an increase in the specific 
surface, forming a curve with a characteristic maximum (figure 2). The change in the 
process temperature did not affect the obtained dependence, except for the absolute 
value of the surface. 
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Figure 2. Influence of the cathode current share on the specific surface of the 

powder: a – 700 oC; b – 800 oC. 
 
The decrease in the specific surface at the current density ratio ik/ia=5 seems to 

be related to the formation of larger particles, which confirms the laser particle size 
analysis (figure 3) used to determine the dimensional characteristics of the material. 
This approach made it possible to estimate not only the average size, but also to 
determine the proportionality of various fractions of the powder. 
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Figure 3. The graph of the distribution of particles Ta at different ik/ia. 
 
Analysis of the results obtained (figure 4) showed that characteristic bands with 

maxima in the region of 0.4 and 1.9 m remained for samples obtained with the ratio 
ik/ia=1 (black) with temperature increase. It should be noted that as the temperature 
increased, the number of larger particles increased, which reduced the specific 
surface area. This regularity can also be observed for other ratios of current densities 
ik/ia=2 (gray).  

Fine-dispersed tantalum powders are obtained. Characteristic for the particle 
size distribution obtained at the current density ratios ik/ia=1 and ik/ia=2 was a range 
of fineness of 0.5-10 m. An increase in the fraction of the cathode current has led to 
an expansion of the particle distribution range up to 100 m with a maximum particle 
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fraction in the 10 m band. The increase in the particle size led to a decrease in the 
specific surface area of the tantalum powders, which is associated with a change in 
the morphology of the particle surface. The maximum specific surface area 22.9 m2/g 
of the powder was obtained at the optimum ratio ik/ia=2. Thus, an energy and 
resource-saving mode of electrolysis has been developed for the synthesis of fine-
dispersed tantalum powders with a developed surface. 
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Figure 4. Graph of the distribution of Ta particles at different temperatures 
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Electrolytic powders are used for fabrication of electrodes of electrochemical 

power sources. Such powders have highly developed surface, which allows to 
decrease the value of overpotential on interphase boundary and to improve 
technological characteristics of power sources. 

Crystallization of loose deposits on electrode requires currents, which exceed by 
several times the limiting diffusion current on the flat electrode, or potentials, 
corresponding to those currents. In such conditions, deposition of most of metals is 
accompanied by intensive reduction of gaseous hydrogen in the depth of loose layer 
of deposit. 

Application of pulse modes of current or potential allows to change the 
morphology of particles of loose deposits of metal, without adding any surfactants to 
the solution, which include into the deposit. Pulse modes of electrolysis represent 
alternation of current (or potential) pulses and pauses. During the pauses, discharging 
ions of metal diffuse from the bulk solution inside the loose deposit, and thus lead to 
the increase of ions concentration near the surface of electrode and supposedly to the 
changes in the morphology and physical properties of loose deposits. 

The aim of this work was to investigate the effect of concentration changes 
during pulse potential mode on growth dynamics, properties and morphology of loose 
zinc deposits. 

Loose zinc deposits were obtained from zincate electrolyte, containing 0.3 mol/l 
of ZnO and 4 mol/l of NaOH. In order to obtain loose deposits, potential value of 
-0.38V relative to the zinc reference electrode was set, corresponding to the cathodic 
current density, which exceeded by 6 times the limiting diffusion current density on 
initial electrode surface. In pulse modes, we varied pulse ( pulse) and pause ( pause) 
durations from 1 to 30 s, while maintaining constant ratio pulse/ pause=2. 

To investigate the growth dynamics of loose deposits, we used an experimental 
set-up, which allowed us to record the growth process of deposits on a camcorder, to 
perform electrochemical measurements by means of electrochemical plant Solartron 
1280 , and to collect gaseous hydrogen into the burette, connected to a funnel above 
the working electrode. Pin-type working electrode was made from the zinc wire of 
diameter of 2 mm and of height of 1 cm. We were measuring the potential of the 
working electrode relative to the unpolarized zinc electrode in the working solution. 
We estimated the changes in thickness of loose deposits in time, using the video 
record. Taking into account the volume of released gas, we calculated current 
efficiencies of hydrogen and metal in a certain moment of time. Changes of mass and 
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volume of loose deposits for a certain period of time allowed us to determine 
differential porosity in a certain moment of time. 

At constant potential, a high and constant level of diffusion limitations is 
maintained during the whole electrolysis, and so, dendrites are lengthening with a 
constant growth rate (figure 1, curve 1). Growth rate of deposit decreases with a 
decrease of pulse duration in pulse potential mode and is less than that at constant 
potential (figure 1, curves 2,3). 

 

 
Figure 1. Changes in thickness of loose layer of deposits in time. pulse/ pause: 1 – 

potentiostatic regime; 2 – 30/30 s; 3 – 1/1 s. 
 
Density of zinc loose deposits, obtained at constant potential, does not change 

along the thickness of loose layer (figure 2, curve 3). In pulse modes, density 
increases along the thickness of loose layer (figure 2, curves 1,2). The shorter the 
duration of potential pulse, the greater the density of loose deposits. 

 

 
Figure 2. Changes in differential density of deposits along the thickness of loose 

layer. pulse/ pause: 1 – 1/1 s; 2 – 30/30 s; 3 – potentiostatic regime. 
 
The shape of current profile maintains during a pulse and a following pause 

throughout the electrolysis (figure 3). At first, a peak of cathodic current appears, 
which is due to a decrease of concentration of discharging ions near the electrode, 
following by a cathodic current plateau. During the pause, the anodic process of 
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metal oxidation takes place on the working electrode, since the system remains under 
potentiostatic control and a potential of reference electrode is set on the working 
electrode, which value becomes more positive, relative to the potential of the 
electrode with deposit. This is caused by a smaller concentration of discharging ions 
in the near-electrode layer, compared to the bulk solution concentration, and also by 
the fact, that the equilibrium potential of the dendrite tips of a small curvature radius 
shifts to the negative values compared to the flat surface equilibrium potential [1]. 

 

 
Figure 3. Changes in current during the deposition of zinc in pulse potential 

regime ( pulse/ pause=30/30 s). 
 
The smaller the ratio of quantities of electricity, spent on the cathodic reduction 

during the pulse, and of that, caused by the oxidation of metal during the pause, the 
more dense deposits are formed on the electrode (figure 4B). At constant potential, 
the flat fern-like dendrites are formed (figure 4A). 

 

 
Figure 4. Micrographs of zinc loose deposits, obtained in potentiostatic (A) and 

pulse potential mode at pulse/ pause=1/1 s (B). 
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In conclusion, varying the parameters of pulse electrolysis allows to obtain 
particles of loose deposits of metals with a morphology of different branching and 
different density along the thickness of loose layer. 

The work was supported by Act 221 Government of the Russian Federation, 
contract  02. 03.21.0006. 

The work was carried out with the financial support of the Ministry of Education 
of the Russian Federation within the framework of the basic part of the state task, 
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Solid ionic conductors which are arousing presently an ever increasing interest 
in connection with progress in the development of both electrochemical methods of 
energy conversion and storage and other related electrochemical devices, have 
become a subject of active research for basic sciences and application area alike. 
Significantly, these materials should not only have a high iconicity, but be 
electrochemically active as well, i.e. be capable of supporting operation in 
heterogeneous systems of the type of electrode–electrolyte–electrode. Modifications 
of available materials by way of complicating their composition and structure is 
considered presently an efficient intellectual approach. Following them we are 
considering a family of solid inorganic protonic conductors based on alkali metal 
hydroxides (Li, Na, K) and water. Here attention is focused not on the individual 
KOH as solid hydroxide, but on their derivatives as well obtained by variation of the 
chemical composition, structure, and texture. Complication of the composition and 
texture is reached here through formation, accordingly, of the corresponding 
crystalline hydrates and eutectic mixtures. The impressive differences in the character 
and magnitude of the conductivity observed in the new products are both of pure 
basic and distinctly applied interest. 

Solid hydroxides of alkali metals became a subject of interest in the field of 
ionic conductors of solids more than 40 years ago. As an impetus to this, served 
successful application of KOH·0.5H2O as a molten electrolyte for use in fuel cells in 
spacecraft [1]. Interestingly, in the ensuing ~20 years (1980–2000), the number of 
publications dealing with investigation of the ionic conductivity of alkali metal 
hydroxides has hardly risen over two dozens (see [2–6] and references therein). This 
should be attributed primarily to the pessimistic conclusions inferred from assessment 
of the potential application of these compounds, which were based on noticeable 
amounts of impurities in interaction with the ambient medium (as a joke: It is 
impossible to keep KOH in hip pocket together with money). However, these aspects 
are outside the scope of the present paper. 

In the recent ten years it has turned out, however, that chemical and structural 
complication of hydroxides based on NaOH, KOH, and H2O gives rise to 
development of materials which have a high protonic conductivity and retain 
electrochemical activity in the 400–250 K temperature region, a feature of 
considerable potential [7-10]. These results provided a driving force to a broad 
spectrum of basic studies. The attention is focused primarily on a comparative study 
of protonic conductivity and self-diffusion of hydrogen species in the crystalline 
hydrates and eutectics by isotopic method and aiming to possibly low temperature. 

27 
 

The physico-chemical properties of three types of compounds under study 
and/or discussion are well known and was described in considerable detail in 
literature only in protonated form. We have not enough much D2O and have missed 
the phase diagram study in detail of deuterated forms. Nevertheless, data on figure 1 
could be considered as the isotopic effect: monohydrate KOH·H2O (Tmelt=419 K, 
mhH or mhD), the dihydrate KOH·2H2O (Tmelt =315 K, dhH or dhD) and the 
eutectics KOH + KOH·H2O (Tmelt= 375 K, ewH or ewD). Here “mh”, “dh” and 
“ew” mean “monohydrate”, “dihydrate” and “eutectic” correspondingly. Capital 
letters “H” or “D” means isotopic form of proton Protium or Deuterium. New, 
unavailable data were obtained for conductivity at temperature up to 200 K. It has 
turn out that temperature behavior of the conductivity turned out below room 
temperatures far from classic Arrhenius-type (i.d linear ln( ) or ln( T) vs T-1). 
 

 
Figure 1. Conductivity of some hydrates of different alkaline metals. (Our 

collection)  
Figure 2. Pa.rt of phase diagram KOH–H2O [11]. Three main points described 

in text. 
 

Specific features of conductivity measurements. For determination of the 
electrical conductivity of crystalline hydrates, a version of dc measurements with an 
electrochemical cell of some types ‘(Ti, or Sn|) KOH·nH2O|C’ (n = 0.5; 1; 2) was 
developed. The EMF of them is approximately 1.15 V. Four-electrodes arrangements 
were used. Such cells can operate into an external ohmic load as rechargeable 
batteries for over 100 h, with a current output of up to 200 A at 320–410 K for n = 
1, and at 260–320 K for n = 2. More important: in such cells the electrolyte is not in 
direct contact with the outer medium. Cell on figure 3 seems primitive, but effective. 

 

 
Figure 3. Glass tube at 300 K, left-graphite, middle-electrolyte, right Sn wire; 

1.2 V. 
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The interest in complex hydroxide-based compounds stems from the possibility: 
1) of these compounds to operate at close to room temperatures, 2) of their 
competitive protonic conductivity and 3) of electrochemical activity achievable 
without the use of expensive catalysts. 4)The low melting temperature of these 
compounds is suitable for the development of a variety of electrochemical devices, 
including modest-sized low-power supplies etc. [12-14]. 5) Physical and 
electrochemical properties of these materials are the object of the real intellect-
intensive investigations to advance the electrochemistry of solid electrolytes not only 
in technologies, but also for basic researches. 

Saying about proton conductivity of materials under our study and slightly 
advertising them we are omitting to prove the existence of namely charge and mass 
transfer at temperature under 250 K. The matter is that the experiment arrangement is 
not so simple to present it on half page of thesis. Moreover, more some of them must 
be discussed in wider circle. Therefore, we would like to present only two 
experimental facts concerning the mechanism of charge and mass transport below 
220 K. On figure 4 one presented the temperature run of conductivity of mono- and 
dihydrate of KOH up to 200 K. Let us to highlight two features. First of all, there are 
no difference which could be related to isotopic effect (H<>D), contrary to results on 
figure 1 at temperature near 273 K (1000/T >3.7). Secondly, there are the pictures 
characterized for the glass transitions at freezing the electrolyte. In spite of the 
similarity of electrochemical cells, like on figure 3, the similarity of curve’s run could 
be related only for mono- and dihydrate KOH. It is may be explained by the leading 
role of phase transformations solid KOH· nH2O according phase diagram on figure 2. 
In certain sense it would be considered as the role of hydrogen species in this electric 
properties. 

 

 
Figure 4. Special forms of 100%-Deuterated hydrates of KOH at different 

temperatures, to study the conductivity presented in ADF form with α≈0.33.  
 

In the course of these searches we have undertaken to search principal effect for 
mechanism of proton transfer in our materials, namely protonic Hall effect [13]. On 
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figure 5 it is presented experimental data which could be interpret as influence of 
switch on magnetic field perpendicular to total current.  

 
Figure 5. In special cells like on figure 3 was add two electrodes perpendicular 

current flow. The run of data shown on the left. After switching the magnetic field 
enough strong effect could be watch (blue points) on the right. Then after off at 8th 
minute could be watch the relax. Such effect repeated many times. 

 
A totally different conclusion about the prospects in both basic and applied 

sciences evolves with respect to complex compounds based on alkali metal 
hydroxides. Two types of complication have been considered, namely, a purely 
chemical one, through formation of crystalline hydrates and a physico-chemical 
approach involving formation of eutectics. Materials of both types have been studied, 
and they demonstrated a high protonic conductivity (>10-3 S/cm) at temperatures 
below 370 K, and the crystalline hydrates, down to room temperatures. This is 
essentially a new family of inorganic protonic conductors. Variation of their 
composition and texture appears to be a potentially promising approach for both basic 
science and as a contribution to new emerging technologies.  
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The family of acid salts of alkali metals MnHm(XO4)p, where (M = Cs, Rb, K, 

Na, Li, NH4; A = S, Se, As, P) presents one of the numerous groups of related crystal 
with high superprotonic conductivity  = 10-2 -6*10-2 S cm-1 in superionic phase with 
a low activation energy Ea = 0.2-0.4 eV. These electrolytes are characterized by a 
selective proton transport and very low electronic conductivity. The compounds of 
this family are divided into three groups of superprotonic salts with the general 
formula MHAO4, M3H(AO4)2 and MH2RO4.  

Intermediate temperature proton membranes are one of the most promising for 
the development of hydrogen energy and the creation of electrochemical devices. 
Among the family of acid salts CsH2PO4, possessing the higher superprotonic 
conductivity, is more perspective proton membrane for intermediate temperature fuel 
cells (FCs) of new generation and is studied intensively today. The considerable 
progress has been made in improving of the electrochemical characteristics of FCs 
based on CsH2PO4  membranes from 2005 due to a reduction in the membrane 
thickness and the technology of fuel cells [1-3]. The specific power and the current 
density of the hydrogen fuel cell with CsH2PO4  membranes reach ~ 460 mW/cm2 and 
2 A/cm2 respectively at 250°C under 30 mol% of water vapor [4]. FCs show great 
tolerance to CO, H2S, NH3, C3H8, CH4, it allows the use of gases without additional 
purification [4,5]. 

The phase transitions and poorly conducting low temperature phases stimulate 
researches of the salt modification to increase the conductivity at low temperatures 
and stabilization of high-conductivity phase of CsH2PO4 at the lower partial 
pressures.  

Various methods of modification, such as heterogeneous doping, and 
homogeneous substitution in the anion and cation sublattice significantly alter the 
properties of the CsH2PO4 to smooth out the superionic phase transition with the 
increase of low temperature phase conductivity. Composite solid proton electrolytes 
are considered as a new class of proton conductors with increased mechanical 
strength and high conductivity, which exceeds by several orders of magnitude for the 
original salt due to a change in its structural and thermodynamic properties. The 
mechanism of formation and conductivity for composites has been regarded [5-7]. By 
optimizing the surface interaction of the salt with the matrix the composites with high 
conductivity at 180-210°C and low relative humidity were obtained [8].  

The other important way was stabilization of CsH2PO4 in superionic phase at the 
lower partial pressures by creating composites based on matrix with high water 
sorbtion and retention at intermediate temperatures [9]. The investigation of the new 
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types of composite (1-x)CsH2PO4-xA electrolytes, where A = SrZrO3 and SnP2O7 
with different compositions, x=0.1-0.8, was carried out. The high water retention at 
relatively high temperatures of the matrix was shown to be important for the 
improvement of thermal stability of CsH2PO4 in superionic state at the lower water 
partial pressure. The microstructure, phase composition, electrotransport and thermal 
properties were investigated firstly in a wide range of compositions at different water 
vapor partial pressures. The proton composites were shown to have significant 
thermal stability and conductivity ~10-2 S/cm during a long term storage at the 
significantly lower water partial pressure (~12 mol %) in comparison with an 
individual CsH2PO4. The substantial effect of the heterogeneous matrix with high 
water retention SrZrO3 or SnP2O7 on the stability of CsH2PO4 in superionic phase at 
230-260  in (1-x)CsH2PO4- n 2 7 and (1-x)CsH2PO4- SrZrO3 nanocomposites 
has been detected firstly that is extremely important for creating intermediate-
temperature proton membrane for the fuel cells. 

At the same time, the significant results can be obtained with homogeneous 
substitution, as well as its combination with heterogeneous substitution. Thus, the 
substitution of H2PO4

- by small additives of hydrogen sulphate-ions in CsH2PO4 
results in the stabilization of the superionic high-temperature phase at room 
temperature with the disappearance of the superionic phase transition [10]. The data 
on creating and studying new electrolytes of this family are considered, a mechanism 
of their formation and proton conductivity are regarded.  

The detailed study of the phase composition, the thermal stability and 
electrotransport properties in the (1-x)CsH2PO4-xCs2HPO4*yH2O with different 
composition was of particular interest and has been carried out firstly. The new phase 
Cs3(H2PO4)(HPO4)*2H2O was founded and its crystal structure was determined 
firstly along with the thermodynamic properties and proton conductivity. The high 
conductive composite electrolytes were found in the (1-x)CsH2PO4-xCs2HPO4  
system. 

 
The work was partially supported by SB RAS project. 
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CsH2PO4 is one of the high conductive compounds in the family of solid acids 
of alkali metals MnHm(AO4)p, where  = Cs, Rb, K, Na, Li, NH4;  = S, Se, As, P to 
be used as a proton membrane in intermediate temperature fuel cells. Its proton 
conductivity is 6·10-2 Scm-1 in superionic phase. The conductivity of CsH2PO4 in the 
low temperature phase (LT) (P21/m) is less than 10-6 S•cm-1 [1]. Homogeneous 
doping of CsH2PO4 by anions and cations improves usually electro transport 
properties of LT phase due to a formation of disordered solid solutions or 
stabilization of superionic phase at the lower temperatures [2,3]. The structural 
properties and proton conductivity of Cs1-xMxH2PO4 where M=Rb, K, Na, were 
investigated in details. The solid solutions isostructural to CsH2PO4 were formed with 
decreasing unit cell parameters [3,4]. The region of existance of Cs1- M H2PO4 solid 
solutions depends markedly on the size of substituting cation. A wide range of  
Cs1- Rb H2PO4 solid solutions up to =0-0.9 was shown to exist; Cs1- K H2PO4 solid 
solutions were found at x=0-0.3 and at x=0-0.2 for Na+ substituting cations. The 
isovalent substitution in CsH2PO4 was not investigated earlier and is of scientific 
interest as the disordered systems. Besides the proton conductivity of initial 
component Ba(H2PO4)2 wasn’t studied also.  

The work was directed to the investigation of electrotransport, structural, 
thermodynamic properties of (1-x)CsH2PO4 – xBa(H2PO4)2 system in wide range of 
compositions, x=0-0.4, and to the study of proton conductivity of Ba(H2PO4)2.  

Cs1-2 Ba H2PO4 were synthesized by prolong mechanical mixing of the 
stoichiometric quantities of CsH2PO4 and Ba(H2PO4)2 and following heating 

Ba(H2PO4)2 single crystals were synthesized from aqueous solutions. The 
investigation was carried out using IR and impedance spectroscopies and XRD, DSC, 
TGA analysis. 

Ba(H2PO4)2 single crystals were analyzed in detail by impedance spectroscopy. 
The measurements of the proton conductivity have been realized in different 
atmospheres (nitrogen, argon, air RH=10%) and showed the significant effect of 
adsorbed water at 30-160° . The anisotropy of proton conductivity was found in 
Ba(H2PO4)2, which is caused by peculiar structural features of the salt: the presence 
of corrugated sheets of phosphate tetrahedra lying in the ac plane alternating with 
Ba2+ cations. The higher values of proton conductivity (4*10-9 - 1.5 *10-7 S/cm at 60-
160°C) were observed along the [100] crystallographic direction in comparison with 
[010]. The energy of activation of proton conductivity for Ba(H2PO4)2 0.8 eV was 
determined.  
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The Xray diffraction data of Cs1-2 BaxH2PO4 shown the formation of solid 
solutions isostructural to CsH2PO4 (P21/m) at = 0.03-0.1 with small decrease of unit 
cell parameters. The reflexes of substituted CsH2PO4 are broadened and decreased in 
intensity. The proton conductivity of Cs1-2 BaxH2PO4 increases more than three 
orders of magnitude in the low temperature phase and the superionic phase transition 
practically disappears with x. In contrast to substitution of monovalent cation, 
heterovalent substitution of CsH2PO4 includes the formation of Cs+ vacancies in 
CsH2PO4. The conductivity in superionic phase doesn’t change up to x=0.2. The 
stability of high conductivity has been verified at high temperatures for the long term 
storage at the low relative humidity, RH=10%. A mechanism of conductivity 
improvement includes the formation of Cs vacancies during heterovalent replacement 
which lead to phosphate tetrahedra reorientation and structural disordering of the salt 
up to its amorphization with x increase with weakening of hydrogen bond network. 
Significant changes of Cs1-2 BaxH2PO4 thermal properties were revealed, which were 
in accordance with structural and transport characteristics.  

With the growth of Ba2+ mole fraction, >0.10 the solid solutions are not 
observed; the reflexes of Ba(H2PO4)2 are appeared and two phases coexist, forming a 
composite system based on related salts. The heterophase high-conductivity systems 
was revealed in the range x = 0.15-0.4 with the maximum conductivity values at 
x=0.1-0.2. Superionic phase transition disappears with x increase. The further proton 
conductivity increasing takes place up to =0.25 while the initial salts have the 
extremely low conductivity values (see figure). The mechanism of proton transport 
for (1-x)CsH2PO4-xBa(H2PO4)2 system in wide range of Ba(H2PO4)2 is discussed. 
The high conductivity at x>0.1 deals with the formation of composite electrolytes 
based on related salts where the protons of water molecules adsorbed on the grain 
boundaries participate in the proton transport.  
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The formation of composite systems with the optimal x values at 0.15-0.2 with 

the high proton conductivity ~ 10-2 S/cm, chemically stable at a temperature of ~ 200-
210 ° C in an atmosphere with low humidity was determined. It creates perspectives 
for the development of new functional highly conductive proton membranes for 
medium-temperature electrochemical devices. 

 
The work was carried out with a partial financial support from the grant of 

RFBR n 15-08-08961 
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The structure of equilibrium molten electrolytes, the nature and distribution of 

structural species in them determine their physicochemical properties, the 
mechanisms and kinetic pathways that decrease energetic efficiency of metals 
production technologies. Energy efficiency of electrochemical technologies depends 
on the Ohm and Faraday voltage drops. These main two factors are dependent on the 
structure of the molten electrolyte (ME), the nature and distribution their structural 
units. Electrochemical parameters are defined in the stationary conditions of 
unperturbed or weakly perturbed state of the ME. Meanwhile, these parameters can 
be changed, and sometimes considerably, in a favorable direction, if to convert the 
system into a non-equilibrium state under the influence of external forces. One way 
to achieve this is to impact on the molten system by short electrical pulses of high 
energy causing the simplifying their structure. The stimulated dissociation of 
complex ions can be manifested in the increase of the electrical conductivity and the 
electrolysis current, reducing decomposition potential of the salts, changes in the 
spectra of the melts. These changes could provide the intensification of the 
electrochemical technologies process. We have established the regularity in 
dependence of conductivity of molten salts on electric field strength (EFS) by 
analyzing the waveforms of pulsed ( s) discharges in them (Wien effect) [1]. 

After completion of high-voltage pulsed discharges in ME, their low-voltage 
conductivity (measured by a conventional AC bridge) turns out to be increased, the 
electrochemical potentials of the metals turn out to be more positive [2], while the 
characteristic peaks of Raman spectra almost disappear [3], i.e., the “memory" effect 
is observed in them, which is expressed as «activation» of the melts. In this report we 
present some results in studying the phenomenon of molten electrolytes activation 
followed by a prolonged structural relaxation in a non-equilibrium state. 

The activation degree is expressed as 
0

0

0 χ
χχ

χ
χ τ −=

Δ , where 0χ  is the initial (low-

voltage) conductivity and τχ  is the low-voltage conductivity at time =0 after the end 
of a high-voltage pulse. The activation degree of conductivity also rises with 
increasing number of pulses and their voltage amplitude, and tends to the saturation. 
In figure 1 these dependences are presented for MgCl2-KCl and NdCl3-KCl, as 
examples. Similar results were obtained for other compositions of molten mixtures 
MCln–KCl (M=Mg, La, Ce, Nd) and at different temperatures. The activated molten 
electrolytes are in the non-equilibrium state with the increased conductivity. 
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Figure 1. A) Dependence of relative increase in conductivity 0/ χχΔ of the 

molten mixture 0.2MgCl2-0.8KCl on the number of activating pulses in series with 
the voltage amplitude of 8.5 kV at 1000 K; B) dependence of 0/ χχΔ  on the voltage 
amplitude of activating single pulses for the molten mixture NdCl3-0.2KCl, 
T=1000K. 

 
These systems tend to the equilibrium state with the restoration of the 

equilibrium values of the electrical conductivity at unchanged temperature; in these 
systems the relaxation processes take place. The figures below show some examples 
of the relaxation curves in the form of a change in 0/ χχΔ  in time after the completion 
of activating pulses in chloride electrolytes MgCl2-KCl, LaCl3-KCl and NdCl3-KCl. 

The activation of molten electrolytes is followed by the recombination of 
complex ions during prolonged relaxation processes in them. The increased 
conductivity of activated molten electrolytes decreases with the time and tends to the 
initial (equilibrium) values, the relaxation of conductivity occurs in multi-step and 
oscillatory regime, the duration of relaxation is up to 5-10 minutes. 
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Figure 2. Change of relative values 0/ χχΔ  in time for the molten mixture 

0.2MgCl2-KCl activated a) by one pulse of voltage amplitude 2.2 kV and b) by 3 
pulses of voltage amplitude 10kV. 
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Figure 3. Change of the relative values 0/ χχΔ , % in time in the molten mixtures 

LaCl3-0.6KCl (a) and NdCl3-0.2KCl (b) activated by single pulses of the voltage 
amplitude 6 kV at 1000 K. 

 
The multi-step nature of the relaxation processes indicates the recombination of 

a variety of structural units-complex ions nz
n ][MCl − , the content of which in mixtures 

reaches up to 80% and they become more stable [4]. Performing a Fourier analysis of 
the time series for the relaxation in non-equilibrium molten electrolytes leads to the 
conclusion about realization of a quasi-periodic regime of oscillation and about 
deterministic chaos. 

The results above allow expecting that the potentials of decomposition of metals 
chlorides in non-equilibrium state would be less than in «equilibrium» state metal 
chlorides in non-equilibrium state would be less than in «equilibrium» state. To 
obtain such experimental data, we investigated the potential-current dependence of 
the magnesium, aluminum, and cesium chlorides electrolytes electrolyze. Derived 
from this dependence the values of the decomposition potentials of MgCl2 and CeCl3 
in non-perturbed melts were found equal to 2.73 V and 2.1 V, respectively, 
respectively, in good agreement with the literature. After exposure to the molten 
electrolyte of 10 pulses with voltage amplitude of 6 kV, electrolyze current is 
increased by more than 20%, while the electrolysis voltage was maintained equal to 
initial (points 1-2). 
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Figure 4. Linear sweep voltammograms in MgCl2-NaCl-KCl (a) and NaCl-KCl-

CeCl3 (b). 
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While maintaining the same initial value of the electrolysis current, the voltage 
on the cell is correspondingly reduced (points 1'-2'). A similar analysis was 
performed and similar results have been found for the electrolysis of aluminum and 
neodim chloride electrolytes. The degree of electrolyze intensification rises with 
increasing number of pulses and their voltage amplitude, and tends to the saturation. 
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Processing and utilization of associated petroleum gas (APG) is one of the key 

tasks ensuring the progress of gas-and-oil producing industry in the north regions of 
Russia and new oil-field territories of Arctic shelf. APG is a high-caloric gas of 
variable composition consisting of methane, ethane, LPG, nitrogen, carbon dioxide. 
Because of relatively high content of non-methane fraction, APG could not be 
pumped directly into gas pipelines or used as a mono-fuel for power generation. 
Since oil fields in Russian North and Arctic shelf locates far away from industrial 
centers and cities where construction of transportation infrastructure comes highly 
expensive, the APG utilization approaches are focused mainly on generation of 
electric power, which can be used both for local needs and transported for long 
distances. Direct use of APG as a mono-fuel for power generation (gas engines, gas 
turbines) is limited by low methane content, unstable gas composition and high 
coking risk that decreases service life and causes engine damage. Direct use of APG 
as a fuel for solid oxide fuel cell (SOFC) is also problematic. To overcome these 
problems, it is proposed to perform preliminary catalytic steam reforming of APG 
hydrocarbon components [1-4] to produce methane-hydrogen mixture, which can be 
used for different power generation applications, figure 1. 

 

 
Figure 1. Applications of APG catalytic reformer.  
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Laboratory and small pilot scale studies of the reaction of steam reforming of 
light hydrocarbons into methane-hydrogen mixture were performed. Ni- and Ru-
containing systems were studied as the catalysts. A prototype catalytic converter 
capable of 10 m3 APG /h  was developed and tested using real APG. Conversion of 
LPG fraction and ethane was more than 95-99% during converter testing at 330ºC. 
Increasing reaction temperature leads to increasing H2 and CO contents in reaction 
mixture with complete conversion of LPG and ethane fraction. Both initial and 
reformed APG were used for fuelling a power plant on the base of gas internal 
combustion engine MTES-30 (nominal power 36 kW). In case of initial APG 
fuelling, electric power of the plant decreased by 8 kW (power loss ~22%), exhaust 
gas contained black smoke. When the power plant was fuelled by methane-hydrogen 
mixture produced by APG catalytic reforming, the engine power increased by 21% 
and attained the nominal value; the engine showed excellent dynamic and 
temperature characteristics, stably supported crank rotation frequency.  

Full size study of the reaction of steam reforming of light hydrocarbons into 
methane-hydrogen mixture was developed at Kropivinskoe oilfield (Gazpromneft’-
Vostok Co., Tomsk) [5]. Industrial size propotype capable for APG conversion of 
300 m3/h was developed and investigated (Figure 1).  
 

 
Figure 2. Full size prototype of APG conversion unit.  
 
The benchmark test, pilot-scale and pre-commercial experimental studies and 

the results of mathematical modeling clearly demonstrate that the proposed 
technology is promising for APG processing into fuel gas that is similar in 
characteristics to commercial natural gas. Depending on the 2+ content of APG, the 
process results in a considerable increase in the volume of the fuel mixture. It is 
believed that, at present, there is no other commercially reasonable technical solution 
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intended for small and low-pressure oilfields and aimed at obtaining a gas fuel for 
local autonomous energy production including usage of SOFC technology 
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Solid ionic conductors which are arousing presently an ever increasing interest 

in connection with progress in the development of both electrochemical methods of 
energy conversion and storage and other related electrochemical devices, have 
become a subject of active research for basic sciences and application area alike. 
Significantly, these materials should not only have a high iconicity, but be 
electrochemically activity as well, i.e. be capable of supporting operation in 
heterogeneous systems of the type of electrode–electrolyte–electrode. Modifications 
of available materials by way of complicating their composition and structure is 
considered presently an efficient intellectual approach. Following them we are 
considering certain representatives of three families of solid inorganic protonic 
conductors. Contrary to high temperature perovskites ceramic, in which hydrogen is 
“guest”, our attention is concentrated on inorganic materials, in which hydrogen is 
the part of “host”, first of all anions. But there is subtle difference between hydrogen 
containing anions, depended on “small” numbers circumstances: hydroxide ion is 
sooner keeper of basicity contrary to acidic ion. Besides of these fundamental aspects 
there is the special aspect due to the role of water molecules, which are not only in 
surrounding atmosphere, but also as the structural component of hydrates of both 
acidic salts and hydroxides. It is very interesting from both applied and basic point of 
view. The matter is that the amphoteric properties of water molecules sufficiently 
change the level of acidic-basic properties, which, according to widely spread idea, 
responsible namely for proton migration randomly as well as under the electric and/or 
chemical potential gradient. Therefore, for further discussion it is useful to consider 
separately the individual compounds, even like solid compound Cs2(HSO4)(H2PO4) 
or solid eutectic KOH+KOH•H2O, and hydrates of individual hydroxides. Of course, 
here authors do not claim to discuss various sides of such distinguished event as 
proton transport. We are simply trying to attract the attention of “protonic 
community“ to seeming enough not important the deviation from Arrenius –type 
dependence “ physico-chemical properties – temperature”. The matter is that the 
high-temperature phase of protonic conductors is characterized, as a rules, enough 
small Eact from linear curve ln( T) vs T-1. Such simple curve is sufficient from applied 
(technological) point of view. However, it is not enough for intellectual treatment of 
available experimental data at the search of advanced materials. 

 To illustrate one's point of view by examples let us consider some our data 
relating to three different families of inorganic proton conductors studied in Ibaraki 
University (Japan) and Ioffe Institute (Russian Federation).  
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Hereafter the superprotonic phase of Cs2(HSO4)(H2PO4) is abbreviated to HT 
phase. The characteristic feature of Cs2(HSO4)(H2PO4) is that the HT phase is readily 
supercooled as a metastable state at room temperature [1]. Takeya et al. have 
investigated the stability of the supercooled state of HT phase [2]. They have proved 
that the phase is stable at room temperature for a few days under a dry atmosphere. 
The Cs2(HSO4)(H2PO4) enables us to examine the structural and the dynamical 
properties of the HT phase in wide temperature range. So it is considered to be a 
model material for investigating the superprotonic conduction mechanism in the solid 
acids. Takahashi et al [3] (Figure1) investigated the temperature change of the 
structure and the proton conduction for the HT phase of Cs2(HSO4)(H2PO4) in order 
to elucidate the nature of the superprotonic conduction in inorganic solid acids. 

 

 
 Figure 1. Different types of the presentation the same data from [3] on the 

conductivity of Cs2(HSO4)(H2PO4) vs temperature: Vogel-Tamman- Fulcher (black 
dot curve) and traditional approach for physics of unordered system (red line). 

 
Inorganic solid bases were discovered as protonic conductors historically 

simultaneously (1981-1982 years) with acidic salts. But because of any applied 
requirements solid alkali metal hydroxides (Li, Na, K, Cs, Rb) have not retained in 
concurrent run. Although they became a subject of interest in the field of ionic 
conductors of solids more than 40 years ago. As an impetus to this, served successful 
application of KOH·0.5H2O as a molten electrolyte for use in fuel cells in 
spacecraft[4]. In the ensuing ~20 years (1980–2000), the number of publications 
dealing with the conductivity of alkali metal hydroxides has hardly risen over two 
dozens [5,6] . This should be attributed primarily to the pessimistic conclusions 
inferred from assessment of the potential application of these compounds , which 
were based on the interaction with the ambient medium.(As a joke: It is impossible to 
keep KOH in hip pocket together with money). However, these aspects are outside the 
scope of this presentation. The special team from Ioffe Institute has started also from 
molten eutectic NaOH-KOH as liquid phase of countercurrent technological columns. 
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Namely then the high proton mobility was observed not only in molten, but also in 
high-temperature solid phase [7].  

 In the recent ten years it has turned out, however, that chemical and structural 
complication of hydroxides based on NaOH, KOH, and H2O gives rise to 
development of materials which have a high protonic conductivity and retain 
electrochemical activity in the 400–250 K temperature region. This is the feature of 
considerable potential [9, 10]. These results provided a driving force to a broad 
spectrum of basic studies. The attention is focused primarily on a comparative study 
of protonic conductivity and self-diffusion of hydrogen species in the crystalline 
hydrates and eutectics by isotopic method and aiming to possibly low temperature. 

 

 
Figure 2. Special presentation the data on the conductivity of crystalline 

hydrates of potassium hydroxide in the form as well monohydrate as dihydrate of 
deuterated compounds. Isotopic effect is not discussed here. In insert: the more 
frequently used presentation are shown in the framework of this thesises. Ln-ln 
mastab allows to indicate the power law parameter. 

 
Saying about proton conductivity of materials under our study and slightly 

advertising them we are omitting to prove the existence of namely charge and mass 
transfer at temperature under 250 K. The matter is that the experiment arrangement is 
not so simple to present it on half page of thesis. Moreover, more some of them must 
be discussed in wider circle. Therefore we would like to present only two 
experimental facts concerning the mechanism of charge and mass transport below 
220 K. These two families on which our attention is focused above are not individual 
NaOH and KOH as solid hydroxide, but on their derivatives as well obtained by 
variation of the chemical composition, structure, and texture. Complication of the 
composition and texture is reached through formation, accordingly, of the 
corresponding crystalline hydrates and eutectic mixtures. The impressive differences 
in the character and magnitude of the conductivity observed in the new products are 
both of pure basic and distinctly applied interest. 

In the framework of announced topic in the title the next two pictures relates to 
sooner fundamental problem of protonic transport in solids. Nevertheless, these data 
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allows to do some general conclusion that PROTON TRANSPORT is now not 
understand fully. The necessary explanation is in figure captions. 

 

 
Figure 3 (left) and Figure 4 (right) show different forms of the presentation of 

the conductivity in solid individual hydroxides (NaOH left, KOH right) at 
temperature below approximately 500 K, i.d. phase transformations into superionic 
states [8,11].  
 

For both materials there are remarkable deviation from simple Arrenius’s form 
and possible using presentation based on physical theories on disoredered materials. 
For NaOH there is couple of interesting phenomena:  

1) evident difference Arrenius’s law (insert) and power law and  
2) different temperature run of conductivity (red circles) and self - diffusion of 

proton measured by isotopic method (blue points).  
The same difference take place for KOH, (but not shown here). For KOH is 

most interesting the strong peaks at 360 K [11] accompanied by slow relaxation of 
another physico-chemical properties. 
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Using of oxygen from ambient atmosphere as one of the reagents in metal-air 
current sources theoretically opens the possibility of a significant increase in their 
energy capacity. To obtain high efficiency when discharging such current sources at 
the cathode, there must be a 4-electron oxygen reduction reaction, which can be 
obtained in the form of a total equation: 

O2+2H2O+4e=4OH-  (1) 
Implementation of an oxygen electrode with a low overpotential is possible 

when using the phenomenon of electrocatalysis. This is achieved by using such 
cathode materials that have electrocatalytic activity. In practice, electrodes with a 
highly developed surface are usually used. For comparison of different catalysts, such 
electrodes are inconvenient, because besides the catalytic properties the speed of the 
electrode process is affected by the degree of surface development and its availability 
for diffusion. It is practically impossible to ensure the equality of these factors for 
different electrodes. Therefore, it is desirable to carry out measurements on flat 
electrodes on which the catalyst is applied. In order to compare the catalytic 
properties, it is also important to provide the same treatment of the catalyst surface.  

The purpose of this study was to develop a technique and determine the density 
of the location of the catalytic centers on the electrode surface, which affect the rate 
of oxygen reduction. The study was carried out on three types of electrodes. As a 
reference we used nickel with a thickness of 10 m, applied to a copper plate. Co3O4 
and NiCo2O4 were applied for two other electrodes over the Ni layer using 
hydrothermal method [1,2]. Electrochemical tests were carried out using the cyclic 
voltammetry at a rate of 1 mV/s. The reference electrode was a saturated silver 
chloride electrode. All the potentials in the work are referred to a normal hydrogen 
electrode. The cyclograms were taken in a 1M NaOH solution in the range of 
potentials from -0.6 to 1.0 V (NHE). 

Various mechanisms of oxygen reduction on nickel and cobalt oxides are 
described in the literature. In this paper we have considered the binuclear mechanism 
described in [3]. A feature of this mechanism is the presence of two fast 
electrochemical stages separated by a slow chemical reaction of innercluster 
reduction of chemisorbed oxygen. This mechanism was considered most thoroughly 
by Trunov in connection with Co3O4 electrode. 

In our work, in order to obtain catalytically active centers, the electrode was 
polarized by cyclic voltammetry. As a result of cycling in the anodic region, the 
oxidation of the Co3O4 to CoO2 takes place. In the cathodic region, a reduction 
reaction occurs: 

CoO2+ H2O+ e− =CoOOH+ OH− (2) 

48 49

DENSITY OF ELECTROCATALYTIC CENTERS ON ELECTRODES WITH NiO, 
Co3O4 AND NiCo2O4 COATINGS

A.A. Trofimov, V.M. Rudoi, T.S. Kuloshvili, D.Y. Frolova 
Ural Federal University named after the first President of Russia B.N. Yeltsin, 

Ekaterinburg, Russia
e-mail: 1497535@gmail.com

DENSITY OF ELECTROCATALYTIC CENTERS ON ELECTRODES WITH NiO, 
Co3O4 AND NiCo2O4 COATINGS

Trofimov A.A., Rudoi V.M., Kuloshvili T.S., Frolova D.Y. 
Ural Federal University named after the first President of Russia B.N. Yeltsin, 

Ekaterinburg, Russia
e-mail: 1497535@gmail.com

DENSITY OF ELECTROCATALYTIC CENTERS ON ELECTRODES WITH NiO, 
Co3O4 AND NiCo2O4 COATINGS

A.A. Trofimov*, V.M. Rudoi, T.S. Kuloshvili, D.Y. Frolova 
Ural Federal University named after the first President of Russia B.N. Yeltsin, 

Ekaterinburg, Russia
*e-mail: 1497535@gmail.com



48 
 

The equilibrium potential of this reaction in a 1M KOH solution was estimated by the 
authors of [4] as 0.65 V (NHE). In our case, the beginning of the cathodic process is 
observed approximately at the same potential (figure 1), with the subsequent 
formation of binuclear complexes: 

2  + 2 =( )2  –  – ( )2.  (3) 
The reduction rate of reaction (2) depends on the degree of surface coverage (1- ) 
with cobalt oxide, where  is the fraction of binuclear complexes that varies as the 
reaction proceeds and can be calculated from the amount of electricity (Q) that passed 
during the cathodic process: 

=1- Q(E)/Qsum..                                    (4) 
In this case,  does not in fact mean a portion of the surface, but represents a 

fraction of the maximum possible number of binuclear complexes that can form on 
the electrode. Thus, for  = 1, the number of catalytic centers at different electrodes 
can differ substantially.  
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Figure 1. Cyclic voltammogram at a sweep rate of 20 mV/s of Co3O4 on nickel 

in 1M NaOH. 
 
The integration was carried out along the cathode part of the curve to a potential 

of 0.2 V. The results of the calculation are shown in figure 2.  
 

 
Figure 2. Surface coverage: solid line - experiment, markers - approximation by 

the Frumkin-Temkin isotherm (c = 5.96  10-5, a = 0.57) 
 

The number of binuclear complexes is proportional to the amount of electricity 
spent on their formation. Expressed in mC / cm2, it was for pure Ni with a film of 
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NiO 2.6, for Co3O4 31.7 and for NiCo2O4 73.0. The experimental data on the 
surface coverage  were approximated by the Frumkin-Temkin adsorption isotherm. 

exp

1 exp

⋅ ⋅
=

+ ⋅ ⋅
θ

F
c a E

RT
F

c a E
RT

 

Here c is a dimensionless adsorption constant, and a is a lateral attraction constant (at 
a > 0 there is an attraction between the particles). 

 To form a binuclear complex according to reaction (3), 2 electrons are 
consumed, and the density of catalytic centers can be calculated (table).  

 
Table. Density of the catalytic centers. 

Catalyst Q, mC/cm2 Number of centers, cm-2 Average distance, cm 
NiO 2.6 8.07 1015 1.11 10-8 

3 4 31.7 9.84 1016 3.19 10-9 
NiCo2O4 73.0 2.27 1017 2.10 10-9 

 
As follows from the data of the last column, at such a short distance binuclear 

complexes cannot be located. Apparently, two factors are decisive: the resulting 
oxides have a three-dimensional structure with a developed surface, in addition, 
perhaps their multilayer arrangement. In this case, it is unclear to what extent the high 
density of catalytic centers will contribute to the increase in the available reaction 
surface. In further studies it is necessary to determine the fraction of active sites of 
oxygen available for diffusion.  
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The territory of the Urals is rich in non-ferrous smelters, where wastes in forms 

of lead containing dust, cakes and slugs are formed. Lead concentration is such 
wastes reaches from 15.0 to 40.0 wt. %.  That is why a new source for metallic lead 
production from the secondary metallurgical plants by-products appears. Lead 
containing wastes may be divided into two large groups: industrial wastes (converter 
dust, sublimation, lead cakes, electrolytic production slugs, electric filters dust) and 
scrap (battery scrap, lead scrap, lead-tin scrap). The basic accompanying metals in 
black lead, which is obtained from the secondary materials, are antimony (battery 
scrap) [1] and bismuth (bismuth lead) [2]. Lead is industrially produced by two 
methods: pyrometallurgical refining in crucibles and electrorefining from water 
solutions. There are a number of disadvantages in these methods. The alternative 
method of pure lead production is the electrochemical refining in molten salts [3, 4].   

We have previously calculated thermodynamically possible concentrations of 
bismuth and antimony ions in the chloride KCl-PbCl2 melt using the equilibrium 
constants [5, 6]. The antimony and bismuth concentration in the melt was found to be 
less than 10-4 mol. % at 773 K at the contact between chloride melt and lead alloy, 
which contained up to 80.0 mol. % of antimony and 98.5 mol. % of bismuth. 
Therefore, we may assume that there is a high level of electrochemical separation of 
lead-antimony and lead-bismuth alloys.  

The present work is aimed at the calculation of the equilibrium separation 
coefficients of double lead-antimony and lead-bismuth alloys. 

As lead alloys are impregnated into the KCl-PbCl2 melt equilibria are set at the 
phase boundary: 

, (1) 
. (2) 

According to the Nernst equation the equilibrium potentials may be presented as 
follows: 

(3) 

(4) 
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Transforming eqs. (3) and (4) the following dependencies for calculation of 
equilibrium concentrations of antimony and bismuth in the melt bulk were obtained: 

(5) 

(6) 

 
The following temperature dependencies of conditional standard potentials were 

used for calculations [7]: 
 = - (1,679) + (5,0·10-4)·  ±0,008,  (7) 

 = - (1,343) + (6,0·10-4)·  ±0,007,   (8) 

= - (1,296) + (5,0·10-4)·  ±0,002,  (9) 

 
The estimated antimony (III) and bismuth (III) concentrations are presented in 

Tables 1 and 2. 
 

Table 1. Estimated concentration of antimony ions in molten salts. 
CPb(Pb-Sb), mole 

fraction 
Sb3+, mole 
fraction 

0.95 1.71·10-06 
0.90 3.86·10-06 
0.80 1.01·10-05 
0.70 2.04·10-05 
0.47 8.82·10-05 
0.40 1.44·10-04 
0.35 2.10·10-04 
0.30 3.24·10-04 
0.20 9.31·10-04 

 

Table 2.  Estimated concentration of bismuth ions in molten salts. 
CPb(Pb-Bi), mole 

fraction 
Bi3+, mole 
fraction 

0.95 8.6·10-07 
0.88 2.5·10-06 
0.72 9.1·10-06 
0.56 2.5·10-05 
0.35 1.1·10-04 
0.18 5.9·10-04 

As the equlibrium potentials of lead and bismuth, lead and antimony are equal 
the following equation to calculate the separation coefficients ( ) of the Pb-Sb and 
Pb-Bi alloys was obtained: 
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 =  (10) 

 =  (11) 

 
Table 3 presents the conditional standard potentials of individual metals and 

separation coefficients of the double Pb-Sb and Pb-Bi alloys. 
 

Table 3. Separation coefficients of the Pb-Sb and Pb-Bi alloys in the chloride 

KCl-PbCl2 melt at 773 K. 
System Pb,mole 

fraction 
, V , V , V Ln   

Pb-Bi  0.18 
-1.293 -0.879 -0.909 

11.67 1.17·105 

Pb-Sb 0.20 10.87 5.26·104 

  
The data obtained proves that the electrochemical method of Pb-Sb and Pb-Bi 

alloys separation in the chloride melt using liquid metal electrodes is highly 
perspective.  
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 LiF-NaBO2-Na2CO3-WO3    [1].  

         
 [2].       
    : 1)  -  

     ; 2)  -
 . 

        
 : KCI-NaCI -Na3WO3F3 -     

 .       
      0,5 / 2,  

750-900 °      O2 2-12 . ,   
       : 

 850 °       10-12 . 
   ,     

         
-        

Li2WO4-Na2WO4 -Li2CO3. 
    ,  

  Na2WO4-Li2WO4-Li2CO3    , 
     1.   ,   
     850 °    
  0,1-0,5 / 2. 

    

     : KCl–
NaCl(1:1) – NaF (7,84 %) - Na2WO4

 (1,0 %) - B2O3(1,0-3,0 %). 
      (S=6 2),  
   (S=1,3 2).     

  24 3   7500     
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(  = -2,8 ).     , 
    NaCl - KCl – NaF - Na2WO4

 - B2O3  
        2   . 

 
 1.        

 
 

/   

 , /
2
 

0,5-1,0 0,1-0,5 0,05-0,1 

900º  WC WC WC, W2C 
850 º  WC, W2C W2C W, W2C 
800 º  W2C, W W, W2C W, W2C 
 

 2.       
 B2O3 

 B2O3 

( .%) 

  

1,0 W 
3,0 W2B, W 

 

                        

 
.   ,    

 KCl–NaCl– NaF (7,84 %) - Na2WO4
 (1,0 %) - B2O3(3,0 %) 

  750°    E = - 2,8 / 2.  
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 (  1) 

2Ni(OH)2( ) +11NH3·H2O( - )+ NH4HCO3( - ) = 
[Ni(NH3)6](OH)2( - ) + [Ni(NH3)6]CO3( - ) + 13H2O( );   (1) 

-       -  
         

(  2) 
[Ni(NH3)6](OH)2 ( - ) + [Ni(NH3)6]CO3 ( - ) + 2 ( ) = 

 = Ni2(OH)2CO3( ) +12NH3( )  + 2 ( )    (2) 
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      (  3) 
Ni2(OH)2CO3( )  2NiO( ) + CO2( )  + H2O( ) .   (3) 
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      -
     [1, 2].   

    ,      
      [3, 4]. 

           
 .   ,    

       [5, 6]: 
 δ = δdep + δdd + δid + δrep + δres + δimp + δR. (1) 

 δdep –         
; δdd, δid, δrep –    - , - , 

 ; δres –      
 ; δimp –      

  -  . 
        

        
,       

 -      
       . 

         
 LiNO3, LiClO4, NaNO3, NaClO4, KNO3, KClO4,   

  LiNO3 – LiClO4, NaNO3 – NaClO4  KNO3 – KClO4. 
   -     

  .     NO3
–   

       
   : D3h – C3v – C2v – Cs.   

 (  D3h)  -    
,      ( ): ν1( ) – 
   (1050 –1), ν2(B) –  

  (800 –1), ν3(E) –   
   (1300 –1), ν4(E) –   
   (700 –1) [1 – 3]. 

-  ClO4
– (  Td)   

   : ν1( ) –    
(963 –1), ν2( ) –    (455; (463; 467) –1), ν3(F2) 
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–    (1058; (1094; 1110); 1142 –1), ν4(F2) – 
   (619; 657; 665 –1) [4 – 6]. 

         
         
   .    

,     ,  
        
     . 

 

 
 1.   LiNO3 – 

LiClO4 (1, 2), NaNO3 – NaClO4 (3, 4)  
KNO3 – KClO4 (5, 6)   

 ν1(NO3) (1, 3, 5)  ν1(ClO4) 
(2, 4, 6). 

 2.  
     

  ν1(NO3)  LiNO3 (1) 
  LiNO3 – LiClO4 (2). 

 
 3.  

     
  ν1(NO3)  NaNO3 

(1)   NaNO3 – NaClO4 (2). 

 4.  
     

  ν1(NO3)  KNO3 (1) 
  KNO3 – KClO4 (2). 

 
      -106 -1  

  λ = 488 nm    -52   
  ν1(NO3)  ν1(ClO4)  850  1150 cm–1   

 25 – 350° .     
         100 

μm  200 μm.       
 ±0.5 –1,     ±0.1 –1.   
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       ±0.5 . 
         [1 – 6]. 

  1    LiNO3 – LiClO4, NaNO3 – NaClO4, 
KNO3 – KClO4    ν1  NO3

–  ClO4
–.  

       
     . 
  2 – 4      δ 
 ν1(A)  NO3

–   LiNO3 (1), NaNO3 (1)  KNO3 (1)   
  LiNO3 – LiClO4 (2), NaNO3 – NaClO4 (2)  KNO3 – KClO4 (2) 

.   δ  ν1(A)  NO3
–   

      LiNO3, NaNO3  KNO3 
,   δ      

      LiNO3 – LiClO4, NaNO3 – NaClO4  KNO3 – 
KClO4 . 

     ,  
   ,      
.    ,       

  ,       
   . ,   

 ,     ,   
  ,      

     ( ).   
  νi      

   νj   
  ,      .  

       
: 

 νi > νj,                    νi – νj < νm = kB⋅TD⋅(h⋅c)–1 = TD⋅0.6938 cm–1K–1, (2) 
 νm –      cm–1, TD –  

  K.  TD = 200 K,  νm = 139 cm–1.     
  TD > 200 K , , νm > 139 cm–1.  

    ,    
 (2).        

   : 
 δ = δdep + δdd + δid + δrep + δres + δimp + δemp + δR, (3) 
δemp –          

-  ,    
   . 

    «  – »  (2) 
,     νi   ν1(NO3)≈1050-

1070 cm–1,     νj   ν1(ClO4)≈950–960 cm–1 
[1 – 5].      νi – νj ≈ 90–120 cm–1. 
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  ( )  LiNO3, NaNO3, KNO3  
 350, 250, 180 cm−1  [5, 6].    

    νm  .  
     ,     LiNO3, 

NaNO3, KNO3   446, 375 (367 K [5]), 230 K [6].    
  LiClO4, NaClO4, and KClO4   332, 280, 227 K [6]. 

   ,      «  – 
» TD > 200 K , , νm > 139 cm–1.    νi – 

νj   -   -   ,  
  νm      (2)  
. ,     

 -       
-     ,      
         
    [1 – 6]. 
 , ,    ,  
       

       . 
  ,      

,       
-      .  

        
        

  .    
   « »  ,  

       
.     ,  

    ,     
 . 

 
     (   17-02-00920_ ). 

 
  

1.  . .,  . . // . 2000.  2. . 41-46. 
2.  . .,  . . // . 2001. . 75.  3. . 477-480. 
3. Aliev A.R., Gafurov M.M., Akhmedov I.R. // Chem. Phys. Lett. 2002. V. 359.  
3-4. P. 262-266. 
4.  . .,  . .,  . .,  . . //  

  . 2015. . 30.  6. . 56-61. 
5.  . .,  . .,  . .,  . .,  . ., 

 . .,  . . // . 2017. . 59.  4. . 736-740. 
6.  . .,  . .,  . .,  . .,  . . // 

  (  ). 2017.  2.
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,       
 -      

       .  
 [1 – 3]      «  – ». 

       
 . 

   ,    
 ,       [1 – 3]. 

   ,        
 ,        

  . ,    
,     ,    

 ,       
    ( ).    

 νi       
  νj     

,      .   
       

[4 – 6]: 
 νi > νj,                    νi – νj < νm = kB⋅TD⋅(h⋅c)–1 = TD⋅0.6938 cm–1K–1, (1) 

 νm –      cm–1, TD –  
  K.  TD = 200 K,  νm = 139 cm–1.     

  TD > 200 K , , νm > 139 cm–1.  
    ,    

 (1). 
         

Li2CO3, Li2SO4, Na2CO3, Na2SO4, K2CO3, K2SO4,    : 
Li2CO3 – Li2SO4, Na2CO3 – Na2SO4  K2CO3 – K2SO4. 

  «  – »  
     150°C 

    .    
    .      

,      .  
      .  

67 
 

    CO3
2–  SO4

2– .   
       

     [1 – 6].   
         

    (   ). 
      

   STA 449 F3 Jupiter («NETZSCH»)  
  20 K/min         

 .         
    «NETZSCH». 

  Li2CO3 – Li2SO4, Na2CO3 – Na2SO4, K2CO3 – K2SO4 
   550 – 553° , 800 – 830°   920 – 940°  

. 
       

         
   ( )  .  

        
.       
,  ,      

,      
( , )    . 

       
        , 
  .    ,    

         
         . 

   ,  
   ,     

        
  . 

      -106 -1  
  λ = 488 nm    -52   900 

 1170 cm–1     ν1(A) -  
ν1(CO3

2–) ≈ 1040–1080 cm–1  -  ν1(SO4
2–) ≈ 970–1005 cm–1  

  20–640° .      
       
    100 μm  200 μm.  

      ±0.5 cm–1,   
   ±0.1 cm–1.     
     ±0.5 K.    

      [1 – 6]. 
  1      Li2CO3 – Li2SO4, 

Na2CO3 – Na2SO4, K2CO3 – K2SO4    ν1  CO3
2–  SO4

2–. 
    (  
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)         
 . 

  2 – 4      δ 
 ν1(A)  CO3

2–   Li2CO3 (1), Na2CO3 (1)  K2CO3 (1) 
    Li2CO3 – Li2SO4 (2), Na2CO3 – Na2SO4 (2)  K2CO3 – 

K2SO4 (2) . 
 

  
 1.    

Li2CO3 – Li2SO4 (1), Na2CO3 – Na2SO4 
(2)  K2CO3 – K2SO4 (3)   

 ν1(CO3
2–)  ν1(SO4

2–). 

 2.  
     

  ν1(CO3
2–)  Li2CO3 

(1)   Li2CO3 – Li2SO4 (2). 

 3.  
     

  ν1(CO3
2–)  Na2CO3 

(1)   Na2CO3 – Na2SO4 (2). 

 4.  
     

  ν1(CO3
2–)  K2CO3 

(1)   K2CO3 – K2SO4 (2). 
 

  δ  ν1(A)  CO3
2–     

    Li2CO3, Na2CO3  K2CO3 
,   δ      

      Li2CO3 – Li2SO4, Na2CO3 – Na2SO4  K2CO3 
– K2SO4 . 

    «  – »  (1) 
,     νi   ν1(CO3

2–) ≈ 1040–

69 
 

1080 cm–1,     νj   ν1(SO4
2–) ≈ 970–1005 

cm–1 [1 – 6].      νi – νj ≈ 35–110 cm–1. 
     Li2SO4, Na2SO4, K2SO4   

705, 521, 481 K.    Li2CO3, Na2CO3, K2CO3 –  
   .    ,    

  «  – » TD > 300 K , , νm > 208 
cm–1.    νi – νj   -   -  

 ,    νm     
 (1)  . ,   

   -     
  -     ,  

           
      [1 – 6]. 
 , ,    ,  
       

       . 
  ,      

,       
-      .  

        
        

  .    
   « »  ,  

       
.     ,  

    ,     
 . 

 
     (   17-02-00920_ ). 

 
  

1.  . .,  . . // . 2000.  2. . 41-46. 
2.  . .,  . . // . 2001. . 75.  3. . 477-480. 
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4.  . .,  . .,  . .,  . . //  

  . 2015. . 30.  6. . 56-61. 
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 .       

   [1]: 
 δ = δV + δR, (1) 

 δ –   ; δV, δR –      
    .  

 ,   ,    
  [2]: 

 δV = δad + δnad, (2) 
 δad, δnad –         

  .    
     [3].   

      [4], -
 [5]  -  [6] ,    

   [5]    
     [6].    

     
        

  . 
  ,       

    [1 – 6]: 
 δ = δdep + δdd + δid + δrep + δres + δimp + δR. (3) 

 δdep –         
; δdd, δid, δrep –    - , - , 

 ; δres –      
 ; δimp –      

  -  . 
        

        
,       

 -      
       . 

         
 NaNO3, NaNO2, KNO3, KNO2,     

  NaNO3 – NaNO2  KNO3 – KNO2. 
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  150°C     .  

   ,     
.       

.     NO3
–  NO2

– .  
        

  NO3
–  NO2

–    [1 – 6]. 
 

 

 
 

 1.   0.5NaNO3 
– 0.5NaNO2 (1), NaNO2 (2), NaNO3 (3). 

 2.   KNO2 
(1), 0.5 KNO2 – 0.5 KNO3 (2), KNO3 (3). 

 3.  
     

  ν1(NO3
–)  NaNO3 (1) 

  NaNO3 – NaNO2 (2). 

 4.  
     

  ν1(NO3
–)  KNO3 (1) 

  KNO3 – KNO2 (2). 
 

         
      (   

).  NaNO3 – NaNO2      155  177°C, 
  232°C (  1).  KNO3 – KNO2   325°C 

(  2). 
       

   STA 449 F3 Jupiter («NETZSCH»)  
  10 K/min       (  1, 

2)    .       
      «NETZSCH». 

      -106 -1  
  λ = 488 nm    -52   
  ν1(NO3

–)  ν3(NO2
–)  800  1150 cm–1   
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 25 – 350° .       
        

  100 μm  200 μm.    
    ±0.5 cm–1,     ±0.1 cm–1. 

     ±0.5 K.  
        [1 – 6]. 

  3, 4     δ 
 ν1(A)  NO3

–   NaNO3 (1)  KNO3 (1)    
 NaNO3 – NaNO2 (2)  KNO3 – KNO2 (2) .  

 δ  ν1(A)  NO3
–     

    NaNO3  KNO3 ,  
 δ         

   NaNO3 – NaNO2  KNO3 – KNO2 . 
     ,  

   ,     .  
  ,         

,         
 . ,    ,   

  ,     , 
        

  ( ).     νi 
       

 νj     ,   
   .    

     : 
 νi > νj,                    νi – νj < νm = kB⋅TD⋅(h⋅c)–1 = TD⋅0.6938 cm–1K–1, (4) 

 νm –      cm–1, TD –  
  K.  TD = 200 K,  νm = 139 cm–1.  TD = 300 K,  νm = 208 cm–1. 

      TD > 200 K , , 
νm > 139 cm–1.      ,  

   (4).     
      : 

 δ = δdep + δdd + δid + δrep + δres + δimp + δemp + δR, (5) 
δemp –          

-  ,    
   . 

    «  – »  (4) , 
    νi   ν1(NO3

–), ν1(NaNO3)≈1060 cm–1, 
ν1(KNO3)≈1040 cm–1,     νj   ν3(NO2

–), 
ν3(NaNO2)≈830 cm–1, ν3(KNO2)≈880 cm–1 [1 – 6].     

 νi – νj ≈ 230 cm–1  NaNO3 – NaNO2  νi – νj ≈ 160 cm–1  KNO3 – 
KNO2. 

73 
 

  ( )  NaNO3, KNO3   250, 
180 cm−1  [4 – 6].      

  νm  .      
 ,     NaNO3, KNO3   367 – 

375 K, 230 K [4 – 6]; νm(NaNO3) = 255 – 260 cm–1, νm(KNO3) = 160 cm–1. 
   NaNO2  TD(NaNO2) = 333 K, νm(NaNO2) = 231 cm–1. 

   ,      «  – 
»  νi – νj   -   -    
,    νm      (4) 

 . ,    
  -      

 -     ,     
         

     [1 – 6]. 
 , ,    ,  
       

       . 
  ,      

,       
-      .  

        
        

  .    
   « »  ,  

       
.     ,  

    ,     
 . 

 
     (   17-02-00920_ ). 
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    , 
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  1 –  KCl-NaCl,  2 – (K2Cr2O7) = 1.0*10-4 / 3, (K2Cr2O7) 
=2.0*10-4 / 3, (K2Cr2O7) =4.0*10-4 / 3

.   v = 0,1 
/ .   T = 800° C.  –  ,   – Pt,   

 Pt/O. 
 

       
      

     .  
,         

   . 
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 .    

     
       .  

        
   . 
      : 

NaCl-KCl (  2 1). 
       

     (  3 ). 
 

 

 
 3.   ,  , 

      (CrB4, Cr2B). 
 

 

      
 : 

1.  -     
   .    

2.         
      -  

  NaCl-KCl-K2Cr2O7-KBF4. 
3.     -   

 NaCl-KCl-K2Cr2O7     
    (K2Cr2O7).    

95 
 

      –(1,3 ÷1,5)   –(1,9 
÷2,3)   -   .  

4.       
,        (CrB4, Cr2B). 

 
      «  
 ».      

4.7481.2017/ . 
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  .  : . . ./ . 

– , – , 2013, . 98. 
2.  . .,  . .,  . . // . ,  

.  2011. 10. . 111. 
 . .,  . .,  . .,  . . //  -

  .  .- . – , 
– , 2012, - . 30. . 77. 
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  1.     .                   
 

       
     ,    

.    ,    
,         : 

« »    « »     . , 
 « »  ,    «  »  

 .         
     . 

 .      ( ) 
   ( )   ,    

,       
 . ,  LiOH,       

 ,   .       «   
»   ,      ,  

  .     .   
 – « »       
  ,        

  : , «   »  
.     –   , 

         
.    (  )    « »   

 ,     . ( ,  
Cs2SO4 c         

  ~1300 ).       ,   
      ,   

     sp3  .   
        , 
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   . ,    
CsOH  1.5  ,    CsHSO4,     

        . 
    .      

     (CsHSO4).     
  ,  HT,      = SO4.  

       
:   (H1A 2T)-1(x)(α1)   « »:   

(H2A1T)0(•) (α2) ,    (A3T)+1(  ) (α0).    Ai – « », .  
       ;  , 

      ,   
  -     .       

   ,   αi =1,    
   α2 = α0.   F    
         

-   (μi )     c  εik :   
                                    F= αi μi + εik αi αk ……………..(1). 

     F    ( )  
   αi ,   -  .  

     (μi
0
 )  

 . (   (1)  i  k  -0; 1; 2.) 
       

  ,    ∂F/∂αi=0. 
       

,     « »    α2, .   
   .     ,  

  « »    . (   
    . .  [2]).     

   α  ,   α1=(1-2α), α2 = α0 = α. 
F = {μ1

0
 + αƒ1(μi ,εi)  + ½α2

ƒ2(εi)} + kBT {(1-2α) ln(1-2α)+2α lnα}…….(2) 

  (2)       :   
  – ,   - .    

     F, μ1
0
,ƒ1(μi εi)  ƒ2(εi) 

    (2)  kBT,  kB –  ,  «    
»     . ,    ƒ1(μi εi)  
      ,  

 ƒ2(εi)  .    ƒ1(μi εi)  ƒ2(εi)   
. , ƒ2 = ε2,0 – 2(ε2,1 + ε1,0) ,  ε2,0<0 ( ),   

ε2,1>0 ( ), ,   ,      ƒ2 ,  , 
  ƒ1 ,       . 

        
    ? 
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     ,    
     /   ( , 

).       
 [6]       

.       –  .   
  ,    , 

     (2)       
ƒ1(μi εi) ≈ +8 ±1   ƒ2(εi)≈ -12±1.    300 – 400   

  :  +0.25   
 –0.35 .      : 

    α=1/3 (ΔS=ln3),   
 α=0 (α1=1, ΔS=0 )  -   HSO4

-1  (H1A 2T)-1(x)
,   

      c α=1/2 (ΔS=ln2),   
     (H2SO4 

0 + SO4
-2).  

    2:      
( ),   ( )   ( )     

  ,    0.9<α1≤ 1       0.4≤α 2 ≤0.5.   2 
    :  « »    

      . 

 
  2.        CsHSO4. 

 
  

1. de Grotthuss C.J.T. // Ann. Chim. (Paris). 1806. T. LVIII. P. 54–74. 
2.  Frenkel Ya.I. // Z.Phys. 1926. V. 35.  S. 652. 
3. Bernal J.D. and Fowler R.H. // J. Chem. Phys. 1933  V.1. P.515. 
4. Bjerrum N.K. // Dan.Videwisk S.M.F.Medd. 1951,  V.276,  1. P. 3–56. 
5.  . .,  . . // .  . .1980  .43,  1. .78–90. 
6.  . . // . 2003. .41,  6. . 1081–1107. 
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        (500-700 

° )   (  500 ° ) ,     
      
.      BaCeO3  

        
.         

     .  
  -    ( , 

  )   BaCeO3,    
  3       

      BaCe1-xMxO3 (M=Nd3+, 
Ta+5),    2, pH2O  . 

  3, BaCe1-yNdyO3-a (BCN)  BaCe1-yTayO3+a 

(BC ),   = 0-0.01,       
    1530 °  (4 ).   

    .    (ti)  
 (t )   . . . , , 

    .  
 ,      

.       , . . 
  Ta+5,  0.064   ,    

Ce4+ (0.087 )        , 
    .  

        ,  
  Nd3+ (0.0983 )   .     

  ,     
 ,     .   

       
,   ,  0,1 % Nd (  1).  ,  
          

CeO2.  (  1) ,    CeO2   
 0< <0,001.  

     (  2)   
  (  3)       

“ ” ( 2   40 )   ( 2  = 610  2340 ) .  
Nd3+  Ta5+      BaCeO3,   

101 
 

   ,  0.1%Nd,  
     (  1). 

-0,6 -0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2

0,6200

0,6205

0,6210

0,6215

 

 

a
, 
n
m

X, at%Ta, Nd

Ta Nd

 
 1.      

BaCe1-xMxO3    (M = Ta, Nd).  

        

-1,0 -0,5 0,0 0,5 1,0

-6

-5

-4

-3

 

 

X (Nd, Ta), at%

lg
σ
, 

/

 

 

Ta Nd

1

2

3

1

2

3

703 
o
C

0,80 0,85 0,90 0,95 1,00 1,05 1,10 1,15 1,20
-2,0

-1,5

-1,0

-0,5

 

 

1 2 

lg
 t

i

1000/T, K
-1

1170K

1030K

900K

2 

1

2

3

 
 2.   (1),  (2)   (3) 

 BaCe1-yMyO3±   703 °      
(M = Nd3+, Ta5+)     2 =2340 . 

 3.       3 

   : 1- 2   40 , 2 - 2  = 610 ; 3- 
2  = 2340 .   –    [1]. 

 
   ,   ,   

  ,   ,  
 ,      . 

  950º       3  
“ ”  ( 2 0.04 )  ti = 0.016, . .   

   (  3).    
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         3 
 .   “ ”      

560 º      ,   :  ti = 0.016  ti 

= 0.19.     0.04   2.4     
   ti  0.04  0.48  700° .  

        
        BaCeO3. 

           
: 

H2  + Vo
••= 2Hi

•+Oo
x                                           (1) 

   : 
                                              H2O +Vi

× = 2Hi
• + Oi

′′.                                      (2) 
      (  1),   
       , . . 

         
BCN   ,       
BC    . 

         
  [1]:  627±10  (900 ), 757±20  (1030 )  897±10  

(1170 ),    2   .  
 ,   ,  757  897 ,   

        « » : 
  757     2-      897   

  1-  .      BaCeO3  
   ( 2  = 0,613  2,4 )     

  700-900 º ,       
  757 º .   ,     ,  

          
     (  2).   

,          
, . .         

 .   [2]    
 OHo

•       ,   
,    ,      

     ,   
   .   , 

    ,       
          

.   
    ti   tH  BaCeO3   

 2 ,    ,     
 ti  tH    , . .       
     ( 2 =610 )  

 .  
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 -   n-    pO2   +1/6  –1/6, 
 (  4). 

-20 -15 -10 -5 0

-5,0

-4,5

-4,0

-3,5

-3,0

-2,5

 

 

994
o
C

900

800

694

lg
σ
, 

/

lg pO
2
, tm.

-1/6
1/6

 
 4.  p-  n-   BaCeO3    

 2 ( 2  = 610 ). 
 

    ,   
  -   n-     

   (  4).      
       , , 

1.25±0.02   2.03±0.07 . 
 

 

   3   
    ,     

     .  ,   , 
  ,  

   ,      
 BaCeO3.  

 

  

1. Kuzmin A.V., Gorelov V.P., Melekh B.A.-T., Glerup M., Poulsen F.W. // Solid 
State Ionics, 2003. V.162/163. P. 13-22. 
2. Glockner R., Islam M.S., Norby T. // Solid State Ionics, 1999.V.122.P.145-156. 
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     CaV1-xMoxO3-  

. . 1*, . . 1, . . 2, . . 2 
1     , ,  

2      , ,  
*e-mail: bca2@mail.ru  

     
   ( )   

        
.      -  
         

 . 
        

     AMoO3 (A = Ca, Sr),  
  .    ,  

       
. ,      

 .      
,  ,    
    .  -

   ,      
 ,      

  .  ,    
    ,  ,  
   (LSGM).     

-       
   . 

        
   -  .    

 CaV1-xMoxO3-      ,   
     = 0  x = 0,6.  

      
-  ,     

        
 .     

     , 
        

   (3%) .  (  1),   
    ,  ,  

   -  (   (n)  
  2)  - .  

   ( )  
   V 2p  Mo 3d,  ,   

      (  2). 
105 

 

         
,        

   .     
      . 

 

 
 1.    CaV1-xMoxO3- .  

 –       . 
 

 
 2.   3d    CaV0,5Mo0,5O3- . 

 
     

     
 ( )     ,  

    .  ,  
       ~ 500 °C, 

       . 
 , CaV1-xMoxO3-     

 ,          
(LSGM). 

 
       
 «  »   . 
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  (MeLn2S4 – Ln2S3)     

      
    [1, 2].     

      (10-5 – 10-8 ⋅ -1),  
    ,    , 

     ,    
   .    

      
    «   – 

 ».    ,   
    «   – 

 »[3, 4]     
 ,   - -     
 . 

      
    MeLn2S4  

 Me/S2.     – ZrS2  SiS2 –  
  BaSm2S4        - ZrS2 –   
  – CaY2S4  BaSm2S4.      

     ,  
 –   .    

  -  .   
     .     

     .   
      

    .    
        

 .   ,    
 CaY2S4- ZrS2,   ,   Y2ZrS5, 

   BaSm2S4- ZrS2 –  BaZrS3   . 
      
 .      

      
.  ,  ZrS2,    

107 
 

813  (540 0 ),      ,   
       

-  .   BaSm2S4- ZrS2,  , 
  680-6900    ,   

     - BaZrS3. 
 

 
 ) ) 

 1.  ( )   ( )    
BaSm2S4( ) – ZrS2( ). 

 
      

    740 ,    ,  
  ,   0,6  0,9 .     

  600-700     , 
  .   

   .  
   (CaY2S4  BaSm2S4)   

     .  
       

        
      5 .% ZrS2:   

 CaY2S4 –  2-2,5 ,    BaSm2S4 –  3 . 
      .  
 ,       

    Y2ZrS5  BaZrS3 [5] 
     –  .   

   .  
        

 BaSm2S4      BaSm2(1-x) 

S4(1+x) – xBa2Si        
  .     

        
     ( = 

0,4 ± 0,1). 
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 ) ) 

 2.    –   ( )(100 – ) 
CaY2S4 –  ZrS2: 1-3 –  ; 4 –    

  617 , ( ) (100 – ) BaSm2S4 –  ZrS2. 
 

 1.   . 
 , ⋅ -1   ,  

CaY2S4 10-7 – 10-6 620-700 
BaSm2S4 10-7 – 10-6 620-700 
ZrS2 10-5,5 – 10-4,5  540-650 
CaY2S4- ZrS2 10-5 – 10-4 570-700 
BaSm2S4- ZrS2 10-5 – 10-4 570-700 
BaSm2S4- SiS2 10-6 – 10-5 600-700 

 
       

  ,   ,  
     
. 

 
      1.4539.2017/8.9. 

 

  

1.  . .,  . .,  . .,  . .,  . ., 
 . . // . . . 2000. . 73. . 1324. 

2. Kalinina L., Ushakova Ju., Fominykh H., Medvedeva O. // Curr. Appl. Phys. 2007. 
N 8. P. 107. 
3.  . .   WO3   CaWO4-
WO3: . … . . : 02.00.04 /   . – 

, 1998. – 119 . 
4. , . .        
Me2+{WO4} (Ca, Sr, Ba)  Me{WO4}3+ (Al, Sc, In)     
/ .  , . . , .Y.Zhou, . .  [  .] // . 
– 2013. – T. 49. –  7. – C. 999–1012. 
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 : . … . . : 02.00.01 /  

 . – .: , 1976. – 152 . 
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. . *, . . , . . , . . , . . , 
. . , . .  

     
      , ,  

*e-mail: bredikh@issp.ac.ru 
 

         
    ( )   

       
    (  ). 

 -   ( )   
  (150 )     

  « - » ( . ) [1,2].   
        

.         
  [3]     

,      ,  ,  
   .    , 

        
      . 

 ,       
350 / 2    850  (     

,     – ). 
       

      
         

  [4].      
     ,   
       

 Crofer 22 H (ThyssenKrupp, ). 
      «  

  –  »     
   [5].      

      20 000     
 . 

   10   50 50    
       850 , 

   280 / 2,   –  
50 .   100 100      

  25 ,       
FuelCon Evaluator C-1000,    500 . 

111 
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7407 VSM.      298 – 1273 T, K  

    10 .     
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     YFe1-xCoxO3±  

(0 x 0.45)    Ce0.8Sm0.2O2-      
 20   1173 – 1373 K. ,  ,  
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 .      3  
      1373 . 

 

 
 3.     YFe1-xCoxO3±  ( =0.0, 

0.45)   Ce0.8Sm0.2O2-   T=1373 . 
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[LaCl9](Li)9     [LaCl9](Li)10-Cl 

.      [LaCl9](Li)9 
 [LaCl9](Li)10-Cl. 
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[LaCln](Li)n. 
n 6 7 8 9 10 

R(La-Cl) , Å 2,867 2,876 2,919 2,996 3,003 
 

    [7]   XAFS 
   (LaCl3)0,3-(LiCl-KCl)0,7  1023   

 La-Cl  2,83±0,02 Å     = 6,8,  
     1. 

 ,      
    [LaCln](Li)n    

  ,       LiCl 
  c      La(III)  

   [LaCl9]
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,     U  = E - Wn = 34 /      
  -     [3]. 
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 .        

 ,       
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 Wn = 16 / . 
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   K,Rb||I,CrO4   
 .     

 [1],      – 
  [2-5].  KI-K2CrO4  RbI-Rb2CrO4   

  ;      
  ,    K2CrO4  Rb2CrO4 

,    : -Me2CrO4  
-Me2CrO4+  (  Me – K  Rb).   KI-RbI  K2CrO4-Rb2CrO4 

       
–       KxRb1-xI   
KyRb2-yCrO4  (  0<x<1  0<y<2).     

  –       
. 

 K,Rb||I,CrO4 (  1)    [6]  
  -  .     

   ,   :  
2KI+Rb2CrO4 2RbI+K2CrO4. 

        
       

  .       
     : 2x 2−2x 2−2m( 4)m  2x 2−2x( 4)1-n 2n  

(  m  n –      , 
   0,1-0,3).      

  e 620-e 592  e 606-e 592,    , 
     

  .     
    :    

   min1 626 – min2 938 (  2),  
 -        
    592,    
 + ,       

    . 
      3D-  

   –   , 
       

(  3).         
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 -        

     .  
,      
   , ,    
        [1].   

        
  .      ,  

       
    ,  , , , 

,  [2-6].     Ni-Pr 
    [7],       

     [8].     
  -    

,       
 ,     

       [2-4]. 
          

         
    ,  
   - .  

     Ni2Pr. 
    ,    

 .      
,   [9].       

        .  
     , 

   .    
    -2000.    

 ,     , 
      NaCl-KCl+2,56 .% PbCl2  

 .     
  [0]: 

4E 1,768 3,9 10 T−= − ⋅ ⋅  
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     NaCl-KCl+3 .% PrCl3 
  1073      50 / . 

    1. 
 

-1 8 0 0 -1 6 0 0 -1 4 0 0 -1 2 0 0 -1 0 0 0 -8 0 0 -6 0 0 -4 0 0 -2 0 0
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0

1 0 0
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1  ( -1 2 6 0  )

2  ( -1 4 2 0  )

3  ( -1 5 6 0  )

3 `( -1 4 1 0  )
2 `( -1 3 1 0  )

V , 

i, 
/

2

1 ` ( -1 1 1 5  )

 
 1.    NaCl-KCl-PrCl3  

      50 / , T=1073 K, 
  . 

 
        

          
  .   [4, 5, 6],   

   ,      
, ,   ,   

   ,   
   ,      

      . 
 ,       

    ,  
   ,    ,  

   .     . 
      

.    - ,  
    -1680    

     3.  
       

  ,   
 - ,   515 ,   4  

,    .   ,   
    ,    4. 
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 ,    Nd- -Fe-O 

( =Sr, Ca) 

. . * 
      

  . . , ,  
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        ABO3±δ, 
A4B3O10±δ, A3B2O3±δ, A2BO4±δ,     –   ,    
– 3d-   (Fe, Co, Ni, Cu, Ti, Cr, Mn).   

        
    ,    

   ,  
,    ,  . 

      
  -  ,     

 ,       
,   -    

  . 
       A- /  -
         

 -    .     
         

   ,   
 Nd- -Fe-O ( =Sr, Ca). 
      
  -     70   

       Nd-Sr-Fe-
O  46    Nd-Ca-Fe-O.    ,  

 Nd-Sr-Fe-O      
   : Nd1-xSrxFeO3- , Sr2-yNdyFeO4- , 

Sr3-zNdzFe2O7-   Sr4-uNduFe3O10- ,    Nd-Ca-Fe-O  
      : Nd1-vCavFeO3- . 

    Nd1-xSrxFeO3-δ   
 0.0≤x≤0.6       

( . . Pbnm). 
 ,       =0.0  

=0.3    Nd1-xSrxFeO3-δ   
     30–45°  55–60°,  
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;       =0.5  0.6  
     58.5°  68.7° (  1). 

 

 
 1.    Nd1-xSrxFeO3-δ. 

 
    D  

  NdFeO3-δ ( =0.0)      
    =0.4,  >0.4    

.  ,      =0.0  =0.6 
 Nd1-xSrxFeO3-δ  1373 K      

 : –   O/–   – . 
        

  ,    0.7≤x≤0.9  
    ( . . Pm3m). 
  Sr2-yNdyFeO4-  Sr4-uNduFe3O10-     

    0.7≤y/u≤0.9    
  ( . . I4/mmm).   Sr2FeO4-δ 

 Sr4Fe3O10-δ  1373 K    .  
         

  ,     .  
 Sr2-yNdyFeO4-   Sr4-uNduFe3O10-  (0.7≤y/u≤0.9)    

-     ( 3)n,  n=2  n=3, 
.      ,  

     3     
  NaCl (  2). 
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( ) 

( ) 

( ) 
 2.      

AO(ABO3)n, : ( ) n=∞,  ABO3; ( ) n=1,  A2BO4; ( ) n=2, 
 A3B2O7. 

 
      Sr3-zNdzFe2O7-  

    : 0.0≤z≤0.4  1.8≤z≤1.9.  
  Sr3Fe2O7-δ,   Sr3-zNdzFe2O7-δ  
       

I4/mmm. 
        

       
       ~ +3.   
    ,  , 

   Sr3-zNdzFe2O7-    0.0≤z≤0.4  
       +3.06  z=0.0  

+2.94  z=0.4.        
    ,    

       Sr3-zNdzFe2O7-   
Sr2-yNdyFeO4-   Sr4-uNduFe3O10- .     
(1.8≤z≤1.9)      1373     

       Sr1.1Nd1.9Fe2O7- ,  
+2.96. 

      ,  
  ,    -

    Nd-Sr-Fe-O  1373 K  
 (  3).  

  Nd-Ca-Fe-O  ,    
   Nd1-vCavFeO3-    v=0  v=0.35 

(  4).        
    Pbnm. 
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    Ca1.1Nd0.9FeO4±   
       . . Cmca. 

 

 
 3. -     

c  Nd-Sr-Fe-O  1373   . 
 

,          
-     Nd-Ca-Fe-O  

1373   : 

 
 4. -     

 Nd-Ca-Fe-O  1373   . 
 

      
. . . . . , . . . . . , . . . . 
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   -  Nb(V)/Nb(IV)  
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         . . .  
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  (ks)  -  Nb(V)/Nb(IV)   (NaCl-KCl) -
NaF(10 .%)-K2NbF7      
Mg2+, Ca2+, Sr2+  Ba2+      - .  

     973-1123   
     «VoltaLab 40» c 

   «VoltaMaster 4» (  6).   
   0.3  2.0 ⋅ -1.      

     -2000,   
  .  

  (  1)     
  -2000  2.0   

 -   [1-3]. 

-600 -400 -200 0 200 400 600 800
-40

-30

-20

-10

0
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I,
 

v, B/c
 

 1.    (NaCl-KCl) -NaF(10 
.%)-K2NbF7 ( (K2NbF7)=1,121⋅10-4 ⋅ -3)  =1023 K.  

 ( ⋅ -1): 0.75 (  ); 1.0, 1.25, 1.5, 1.75, 2.0 ( ). 
 

     [4]  
,    : 

Nb(V)+e-→Nb(IV)       (1) 
    0.5 ⋅ -1  . 

      -  Nb(V)/Nb(IV) 
     [5]: 
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( )
RTnFD

DDk

ox

redoxs
T

/)(

2

νπ
ψ

α

= ,     (2) 

α –  , 
n –  ,   . 

 ΔEp  ψ,    [5]   298 ,  
     [6]: 

T
E Tp

p

298)(
)( 298

Δ
=Δ ,     

 (3)
298298

T
T ψψ =

.
       (4) 

       
        

 2.   ks     
   ,     

 [7].  

0,8 1,0 1,2 1,4 1,6 1,8 2,0

0,030

0,036

0,042

0,048

0,054

 

 

1123

1073

1023

973

k s
, 

/

v, /
 

 2.        
    . 

 
       

-  Nb(V)/Nb(IV)     
  :  

lgks( )=(0.78±0.15)–(1965±390)/     (5) 
   R2=0.995. 

  (5)      , 
 (38±7) ⋅ -1. 

      
  -  Nb(V)/Nb(IV) ,     

Mg2+      ks    
Mg2+/Nb(V)<1.1 (  3).       

  Ca2+, Sr2+  Ba2+   .   
Me2+/Nb(V),      ks,  , 
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      ,  
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    ,   
      .  

     ks( )   
 Mg2+, Ca2+, Sr2+  2+       

  ,     . , 
     ,    ,  

   . 
 

.       (NaCl-KCl) -
NaF(10 .%)-K2NbF7       

 , /  
Mg2+ 17±3 
Ca2+ 19±4 
Sr2+ 22±4 
Ba2+ 23±3 

 
      (   

 15-03-02290_ ). 
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-      ABO3 
      .  

       H2O,  
    : 

, (1) 
  –      ,  –  

  , –     . 
  ,       

      H2 [1].      
   . ,    

 : 
(2) 

,        , 
 , ,      

 ,      . 
        
      

La1–xSrxScO3–x/2       
 H2, H2O  O2  . 

  La1–xSrxScO3–x/2 (  LSS)   
-    x = 2, 5  10 (LSS-02, LSS-05, LSS-10).  
      ~20 ,   

   8–12 2/ .     O2  H2 
   : 1 –     

  T = 950 °  (60 ° / )       
 45 .; 2 –     15 .; 3 –   

  T = 500 °  (60 ° / )     3 ; 4 – 
    T = 100 °  (60 ° / ).  O2  

H2  50 .     H2O   
   NetzschSTA 449 F3 Jupiter  , 

  [1].      
      (DRS)  

 Shimadzu 2450 UV-VIS     900–200 .  
    BaSO4.  DRS- 
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   F(R),   , 
   - : F(R) = (1–R)2 / 2R,  R – 

  . 
     O2  
     6.1   

    5.7, 2.4, 3.2  4.2  (  1,  1). 
,     H2   

    ,  
   -   (  2).  

  ,       
   .    

H2O    -    ,    5.7  
 (  3).  ,     O2  H2O  

     [2]   LSS,    
   .   5.7   

    [2]    . 
,     «2+» [3]. ,   

     2.4  4.2  ,   
       

 (  2,  1  2). , ,  
 2.4  4.2 ,      .   

  (  1,  4)  ,    
  ,     (2). 

  , ,    . 
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  NaF-RaF2      NaF-MeF2 

(  Me – Ca, Sr, Ba, Ra)   [1].    
     [2–9].     

     (  1–3).   
      

   T = f(x)       
  (  1). 

        
     (     10, 20 30, 55, 65, 

75, 85, 95 . % MeF2),     , 
   1,    T/z=f(z)   

  (   –     
 , , z –      

(Ca-Sr-Ba-Ra)).   4    8   
  20% MeF2-80% NaF.   

     NaF-RaF2  
  .     

    T=f (x) (  1)  
    -    NaF-RaF2 (  5). 

  ( =1148 K, 51.4% RaF2, 47.6% NaF)   
         

NaF  RaF2 ( ). 
 

 
 1. -     NaF-CaF2. 
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 2. -     NaF-SrF2. 

 
 

 
 3. -     NaF-BaF2. 

 

.   T=f (x) (  T –    ,  
x –   . %)      

   NaF-MeF2 (  Me – Ca, Sr, Ba, Ra) 

 
     : 

NaF MeF2 

NaF-CaF2 
T = -0,0025x2 - 5,4541x + 1263,1 
R = 1 

T = 0,0167x2 + 5,8507x + 879,15 
R = 0,9995 

NaF-SrF2 
T = -0,0176x2 - 1,9653x + 1269,7 
R = 0,9950 

T = 0,0712x2 + 1,5914x + 878,32 
R = 0,9998 

NaF-BaF2 
T = 0,0262x2 - 5,7484x + 1265,5 
R = 0,9993 

T = 0,01x2 + 6,1283x + 852,08 
R = 0,9987 

NaF-RaF2* 
T = 0,0515x2 - 5,1195x + 1275,2 
R = 0,9993 

T = 0,0207x2 + 6,2285x + 773,51 
R = 0,9999 

:  *    . 
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  NaF-RaF2. 
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    Pr  Sr c  ,    

    (  ) r(Pr3+)+ r(Ni2+)=0,168    
r(Sr2+)+r(Ni3+) =0,166   0,002 .     

   ,     +3
2Ni δ    

 +2
2-1Ni δ .    (2+)r(Ni2+)=0,69    

 Ni3+( r(Ni3+) =0,056 ),       
    0,0  0,05   0,16  0,20.   
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CPE1 
Y, -1·c -2· n 1.1 0.51 0.16 0.11 0.14 0.16 

n 0.62 0.60 0.43 0.57 0.41 0.47 
R2, ·c 2 37 150 33 110 45 60 

W1-R, ·c-0.5 1.8 2.8 7.1 5.9 8.0 4.3 
W1-T 0.080 0.35 0.010 0.010 0.020 0.020 
W1-P 0.5 0.5 0.5 0.5 0.5 0.5 

R3, ·c 2 11 42 0.37 0.56 0.61 0.25 
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     Shimadzu XRD-7000 
 CuKα-  (  = 1.5418 Å).      

10≤2Θ≤90  0.02      4 .   
       

JCPDS    "freak".  
       

   “ elref 3”      
   “Fullprof 2017”.  

     1   
   YBaCuFeO5± .  

    ,     
YBaCoxFe1-xCuO5±  (0.0 x<0.25)      

  × ×2  ( . . P4mm).  
     

YBaCo0.5Fe0.5CuO5± ,     , 
   2. 

        
   ,    1.  

   ,       
  YBaCoxFe1-xCuO5±      

,      (rFe
3+

/Fe
4+ = 0.785 / 0.725 Å, 

. . = 6  rCo
3+

/Co
4+ = 0.61 / 0.53 Å, . . = 6)[1].  
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 1.     YBaCuFeO5± , 
   :  -  ; 

  -  ;    -  
     . 

 

 2.     YBaCo0.5Fe0.5CuO5± , 
   . 

 

243 
 

 1.        
  YBaCoxFe1-xCuO5±  ( . . P4mm). 

 , Å , Å V, Å Rp,% Rwp,% Rexp,% RBr,%  
YBaFeCuO5±  3.871(1) 7.662(1) 114.839(3) 6.85 9.13 6.19 1.88 
YBaCo0.05Fe0.95CuO5±  3.872(1) 7.657(1) 114.813(3) 6.21 8.79 10.6 1.33 
YBaCo0.1Fe0.9CuO5±  3.871(1) 7.653(1) 114.676(1) 6.47 8.83 12.4 1.38 
YBaCo0.2Fe0.8CuO5±  3.871(1) 7.644(1) 114.538(3) 5.42 7.29 10.9 1.39 
YBaCo0.25Fe0.75CuO5±  3.871(1) 7.640(1) 114.502(9) 11.6 16.1 13.2 1.71 

 
      

STA 409 PC  Netzsch Gmbh   YBaFeCuO5±   
YBa 0.25Fe0.75CuO5±      (δ) 

  T = 25 – 1000    .  
       

YBaCoxFe1-xCuO5±   ,     YBaCuFeO5± . 
     

      Netzsch DIL 402C   
 25–1000   . 

       
.   YBaFeCuO5±     13.7*106 K-1.  

 
  

1. Shannon R.D. // Acta Cryst. 1976. A. 32. P. 751–767. 
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  .    -     

4  ,    .   
           

 1.      -
  . 

Zn 
Zn- 0.1% 

 
Zn - 0.2% 

 
E corr, (V) -1.45 -1.43 -1.43 
j corr, (mA/cm2) 2.17 8.08 8.06 
Corrosion rate (mm/year) 64.75 241.2 240.8 
Polarisation resistance ( ) 41.05 13.52 12.42 
I pass (m / 2) 2.38 9.50 8.80 
E pass (V) -0.97 -0.87 -0.90 
 

 
 2.      -  

  2   . 
 

  -    
  -       

[3].    -     
.        
    . 

         
 10 / .     ,   
.      25  60  (  3). 
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1. Dyakov S.A., Perova T.S., Miao C.Q. // J. Raman Spec. 2013. V44. P. 803–809. 
2.  . .   .:  ,1969. 
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 1.      
 . 

 Q,  m,   
Mg 33,85 0,0054 1,57 0,79 0,21 

Mg - 0,1%gr 27,60 0,0045 1,56 0,78 0,22 
Mg - 0,2%gr 58,78 0,0081 1,82 0,91 0,09 

 

 
 2.    -   

   0,1  0,2 . %. 
 
 

 
 3.  , EDS      

 . 
 
      

,     ,   
    . ,    
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  ,     
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 . 
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 .  ,    

       
 [4]. 

     
   25–500°C    
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(  0301-2016-00150). 

 
 : 

1. Ju H., Luo J.H.  // Appl. Mech. Mater. 2011. V. 121–126. P. 3401–3405. 
2. Widatallah H.M., Berry F.J. // J. Solid State Chem. 2002. V. 164(2). P. 230–236.  
3. Hase Y., Yoshida I.V.P. // Spectrochimica Acta. V. 35A. 1979. P. 377-378 
4.  . . .: , 1987. 
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 3.  in situ ,    
   Al(OH)3  Li2CO3.  –  ; , ,  – , 

   1, 5  10 . :  –  - LiAlO2;   – ;  
 – Al(OH)3;   – Li2CO3;  * – LiAl5O8. 

 
        

 2   800     4.     
        - LiAlO2,  - 

LiAlO2  LiAl5O8.        
LiAl5O8  ,    , , 

     Topas  , 
  .    
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 4.   ,     

 ,     800    2 
. :  –  - LiAlO2;  * – LiAl5O8. 
 

.      ,   
         

  . 
 

,  
 , %  ,  

- LiAlO2  - LiAlO2 LiAl5O8 - LiAlO2  - LiAlO2 LiAl5O8 
0 8,3 2,8 88,9 43,6 34,2 12 
1 0,3 1,5 98,2 46,3 34,2 14 
5 - - 100 - - 13,7 

10 - - 100 - - 13,9 
 

     
      

  .     
       

  .        
     ,   

,   ,  .  
       

 -2   LiAl5O8   800 .   
 

  

1. Morita M., Fujisaki T., Yoshimoto N., Ishikawa M. // Electrochimica Acta. 
2001. V. 46.  10–11. P.1565–1569. 
2. Hummel F.A. // J. Am. Ceram. Soc. 1951. V. 34. N 8. P. 235–240. 
3. Lehmann H.-A., Hesselbarth, H.Z. // Anorg. Allg. Chem. 1961. V. 313. P. 117–
120. 
4.  . .,  . .,  . . //    

 . 2012. . 20.  1. . 73–77. 
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    KF–KCl–KI–K2SiF6 

. . *, . . , . . , . . , . .  
    , ,  
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  KF(16.5 .%)–KCl(8.2 .%)–KI(75.0 .%)–K2SiF6(0.3 .%). 

     
       725 . 

     , 
    –  , 

  –    ∼ 2 2. 
    ( ), -

 , . 
     1 .    0.1–1.2 

/        ,  
   , .  

       (Si4++ 4e = Si0).  
    -  

. 
 

 
 1.  ,   

 Si     KF(16.5 .%)–
KCl(8.2 .%)–KI(75.0 .%)–K2SiF6(0.3 .%)  725 :  –  ; 

 –  . 
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 ,     , 
 ,        

/  [1, 2]:      ,  
 –    .  

      1 . 
  ,    (i/imax)

2-t/tmax,  
 ,    - , 

, , - ,       
 ( + ).   ,     

KF-KCl (2:1) – (0-4 .%) KI – 0.2 .% K2SiF6  Si   
-  [2, 3],  ,   
         

      . 
 

  

1. Fletcher S., Halliday C.S., Gates D., Westcott M., Lwin T., Nelson G. // J. 
Electroanal. Chem. 1983. V. 159. P. 267–285. 
2. Zaykov Yu.P., Zhuk S.I., Isakov A.V., Grishenkova O.V., Isaev V.A. // J. Solid State 
Electrochem. 2015. V. 19. P. 1341–1345. 
3.  . .,  . .,  . .,  . .  . . // . 
2016.  5. C. 441–454. 
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 541.13 
 

    

     

    

. . 1, . . 1, . . 1*, . . 2 
1    . . . , ,  

2  -    . . , ,  
*e-mail: zhirkovynsk@rambler.ru 

 
     

 Me(Ml) – (Me – Ca, Sr, Ba)      
  MeCl2 – MCl (M – Na, K)   

     ,   . 
       MeCl2 

.      Ca2+, Sr2+, Ba2+ - ( 2+Me
D ) 

   (K-Na)Cl  ,  ,   
      ,  

     .   
     

  [1]    (K-Na) – X MeCl2  
 2+Me

D   , . .   
Ca, Sr, Ba ,   .    

      D  Ca2+, Sr2+, Ba2+  
 (K-Na)Cl  – 1,45 .% MeCl2   973-1073  [2]. 

 2+Me
D      2-  

  
Me2+ + 2e + (Zn)   Me(Zn)   (1) 

     2+ - C0
2    

i,      2+ (i . .),  
 CS

2 = 0    – .     i 0,5  
 2+Me
D  [2]    

2
2 0,5 0 2

2( C )
Me

D i Fτ π+
−=   (2) 

   ,    
    ,  [2] 

    2+Me
D   (K-Na)Cl .   

     Ca2+, Sr2+, Ba2+,   
2+

0

Me
D   -   

 2
0 1

2(6 )AMe
D RT N rMeπ η+

−
+=    (3) 

       [3],  
 -  - .  
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   ( )    -
 2+    –    

  2+ 2+
0' 0

Me Me
D =D K⋅ .    [1]   

 2
1,52

Me
r n+

−=  (4) 

  [5]        
n+Me

D     n+ n+
''

Me Me
D =f(T,n/r )  

 ''D     n = +1 (Ag+)  n = +5 (W+5)  (K-Na)Cl . 
   |MeCl4|

2-,       
  Ca2+, Sr2+, Ba2+,    ,  

Mg2+, Fe2+, Cu2+, Zn2+, Cd2+, Zr2+, Pb2+.    [1,4] 
       

(  Ca2+, Sr2+, Ba2+)   , ,  1000 , ( 2/ )  

 2 2
''' 1 9

(1000 )
0,1 0,39( ) 10

Me K Me
D r+ +

− −= + ⋅  (5) 

 (5)      
 ''D  Ca2+, Sr2+, Ba2+,     

  .   [1]   
 (2)    2+  Mg2+ ( 2+

0

Me (K)D )  

        
 |MeCl4|

2-   «r ». 
       

 Ca2+, Sr2+, Ba2+ [2],   Mg2+ [1],   . 
 

.    2+    
(K-Na)Cl   1000  - (DMe

2+ 109, 2/ ). 
 

Me2+ 
2+Me

r ,  

 

2+Me
D  

. 

2+

0

MeD  
  (3) 

2+

0 '

MeD   
 (3, 4) 

2+

' ' '

MeD   
 (5) 

2+

' '

MeD   
[4] 

2+

0

Me ( )D  

[1] 
Mg2+ 

Ca2+ 

Sr2+ 

Ba2+ 

0,074 
0,104 
0,120 
0,138 

4,8; 5,7 
1,86 
1,31 
0,96 

6,24 
4,44 
3,85 
3,35 

4,49 
3,82 
3,54 
3,28 

5,37 
3,8 
3,3 
2,9 

3,4 
4,2 
4,6 
5,0 

1,07 
0,98 
0,97 
0,94 

 
 ,    1 ,   

      (5), 
 2+Mg

D ,      (3)  

    (4) - 2+
0 '

Me
D .    

    ,  
        

  [1].     [5]   
   ,    2+   

 .   ,    2+
0

Me (K)
D   

, . .    |MeCl4|
2-  -  
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  .     ,   2+Ca
D , 2+Sr

D   

2+Ba
D  [2]  ,    - 0 '

MeD   2+
' ' '

Me
D . 

   (K-Na)Cl   MeCl2  MgCl2    
 ,      2+Me

D [2]. 
       Ca2+, 

Sr2+  Ba2+     ,   
      Ca, Sr  Ba   

,       [6].   (1)  
    ,   – i . 

 Zn2+ + 2e  Zn  (6) 
   2+   + - i . 

 2+ + e  Me+ (7) 
   (1)      Me2+ - 

C0
2,   CS

2 –   2+    (7), 
    ,     

 2
0 0,5 0,5 0,5 1

2 (2 )(FD )S

Me
C C iτ τ+ −= −  (8) 

 2+Me
D ,   ,     

 CS
2,   C0

2     ( - ) 

 2
2 0,5 2

2( )( )S

Me
D i F Cτ τ π+ = −  (9) 

  (2)  (9)  ,   ( ) 
  

 2 2
1 0 2 2 1

2 2 2( ) ( ) ( )S

Me Me
D D C C τ τ τ+ +

− − −= ⋅ = ⋅ ⋅ − ⋅  (10) 
 ,  « ,   [1]    

 2+    

 
0,5 0,5 0 0 1

2 2 20,5(C ) ( )SC Cτ τ − −⋅ = − ⋅  (11) 

         
,     CS

2   2+D   (9) 
      (10)    

2+Me
D ,    (2). 

       
     (K-Na)Cl  – 1,45 .% MeCl2, . . 

  ,     [2],    
   [6]     

 (6) – i ,  (7) – (i  + i )   (1) – i . .. 
    i   i . .    

    2+   
  CS

2  C0
2=0 .     

   

 
1 0 0 1
. . 2 2 22 ( )( )Si i C C C− −⋅ = −  (12) 

  (11)  (12)   
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1 2 2

. .i iτ τ − −⋅ = ⋅  (13) 

     (12)  (13)  (10) 
       i   i . .,   

  

 
2

2

2 2

. .

. . . .

1
2

D i i
K

D i i i

+

+

= = ⋅ −
−

 (14) 

 ,      (1)   2+ 
, n=2,   i . .     i  

 i  

 . . . .i i i i= + −  (15) 
       

,  1,45 .% CaCl2, SrCl2  BaCl2,  
  ( ) ,   

 2.  
 

 2.      
   (K-Na)Cl – 1,45  % MeCl2  1000 . 

 , / 2 CaCl2 SrCl2 BaCl2 
i . . Me2+  145±10 125±10 105±10 

i   Me2+  20±5 25±5 30±5 
i   5±2 5±2 5±2 

i . . Me2+  (15) 160±10 145±10 140±10 
 

 ,   (14, 15),    
 2,  2+Ca

D , 2+Sr
D   2+Ba

D   1,75±0,2; 2,3±0,4; 2,9±0,5,   
  - (2,8±0,5) 10-9; (3,0±0,5) 10-9; (3,3±0,5 10-9) 2/ , 
.   2+Me

D    
   (3, 4)  (5),    

 ,        2+, 
     . 

 
  

1.  . .     . 
.: , 1976. 

2.  . . // . 1993. 2. .43-46. 
3.  . .,  . .,  . .   

      . .: , 1979. 
4.  . .,  . .,  . . // . 1968. .22. 

.4. .478-482. 
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5.  . .,  . .,  . . //     
 : . . . .:  . . . , 2016. . 

XXX. 3. (172). .56-58 
6.  . .,  . .,  . . //  .   

 . 2009. .52. .6. .105-109. 
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  PuPd3   

      

3LiCl – 2KCl 

. . *, . . , . . , . .  
AO « »  « », 115409, . ,  , .33 

*e-mail: mmgzavarzin@mail.ru 
 

  ( )     Ru, Rh  Pd 
       

   ( )      
   (U,Pu)N.     

    –   , 
       

   ,   99,9%   
 . 

         
    PuPd3.    

   .   
        

   PuPdx     . 
        

     Pu:Pd = 1:4,2. 
  ,     40-60 

,    Pu    
 Pu:Pd = 1:2,23.      

 ,   ,     
 . 

      PuPd3  
  3LiCl–2KCl.     

 ( ) (  1)     
   PuPd3   –1,73; –1,24  –0,09  / 

Ag/AgCl.         
         , 

       , 
    .  

,     , 
   ,    

.        
[1],     .  

       
 Pu(III)/Pu  Pd(II)/Pd [2] ,     

      
. 
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 1.  ,    PuPd3  

 3LiCl–2KCl       
 .  : S . = 2,55 c 2, dE/dt=20 - 1000 

/ ,  = 450 – 650 . 
 

    450  650 oC    
   Ip0, Ip1  Ip2,     

        
 ( ).   Ip0/Ip1       

 Ip0,   ,    
 p0.    Ip0  Ip1   
  Ip2      650oC. 

     100 /    
   p0,      

  .   ,  
       

PuPd3,    . ,  
        Pu 

, ,  ,    .  , 
   PuPd3     

    , ,   
       

   ó   ,    , 
  . 

      
450 oC    15,7  35,3 / 2.    

    Ip1  Ip2,    , 
    20 /  ( ).   

  i = 15,7 / 2    10-15   
       

 .      
   = – 0,160 ± 0,005  / Ag/AgCl.   

  ,    1,    
        

 Ep2,   Pu-Pd ,   
 Pd.     35,3 / 2   
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      = +0,607 ± 0,005  / Ag/AgCl. 
    PuPd3     

( ),     
 . 

       
    . 1.   ,  

    15,7 / 2,    
   . ,    

  PuPd3  Pu3+  Pd2+. ,  
,        , 

     Pd2+   , , 
 Pd2+        

 Pd.  . 1 ,   5 %  
Pd      .   

  35,5 / 2  Pd2+ ,    
  . ,      

      
.     ,     
 Pu  90% ( ). 

 
.      PuPd3,  

   3LiCl – 2KCl    .  
: S . = 2,55 c 2,  = 450 . 

i, / 2 , 
 

m(Pu)  
-

,  

m(Pd)  
-

,  
m ,  

  
 

 
-

 Pu, % 

  
 

 
-

 Pd, % 
15,7 3 104±6 6,2±0,7 110±2 88±4 4,1±0,5 
35,3 2 162±8 175±9 337±2 91±6 77±6 
 

      ,   
,  +0,6  / Ag/AgCl, PuPd3    

.        
    Pu(III),    

   ,     
   . 

 
  

1. Bard A.J., Faulkner L.R. Electrochemical methods. Fundamentals and applications 
– 2nd ed. // Wiley, 2001, 833p. 
2.  . .     

  // : , 1993, 232c.
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 ZrO2 

. . *, . . , . . , . . , . . ,  
. .   

       . . , 
,  
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       [1]. 

    ,      
    .   

  , ,     
,        

     .  [2] ,  
 ,  ,    1 .  

       ZrO2-7%Y2O3, 
     12 18 10 .    

 .    ZrO2-
7%Y2O3       .  

     : ZrO2 – 14-17%; Al2O3 
– 50-56 %; SiO2 – 27-36%.        

 ,        
       .  

        , 
     70° .    
    1200° .   ,  

          
,      (  ). 

      
  ,     ZrO2 

 7%Y2O3   .  
    [3,4].   60°  
         

    .   ,  . 
      . 
  =5, 8     

     ,  .  
         9   

   1 .    
  -     , 

  60° .    120°    .  
    1   800°    .  
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     :  
        

    ,       
,     ,   

 130°    >3 ,  .  
       

 , ,   ,   . 
          3 

. 
       

 (5 )   ,    
  .      

 .  
 

 
.    ZrO2-7%Y2O3-10% 
      12 18 10 :  -   

   ;  –    . 
 

  

1.  . .,  . .,  . .   
   . – ., , 2002 – . 184. 

2.  .,  .    . – ., , 1984 – 
C.169.  
3. Yasuhide Takao, Colin Norman, Gavin Edwards, Ian Chisem. . 2006088463 
( ). 2006. 
4. Hanada K., Kimura K., Takahashi K., Kawakami O., Uruno M. . 2010143813 
( ). 2010. 
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Pb3O2X2 (X = Cl, Br, I) 

. . 1*, . . 2,  
1     , ,  

2    .    . . , 
,  
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 ,      

[1-3]. 
 ,   Pb3O2X2 (   

Pnma)    . ,   
  Pb3O2Cl2      

  [1].  Pb3O2I2  
    [2],    

         
.           

 .        ab 
initio      Pb3O2Cl2  Pb3O2Br2  Pb3O2I2. 

          
,     PBE0,  

     [4].  PBE0  
    ,  

    [5]. 
     CRYSTAL [6],   

       .    
     Pb, Cl, Br  I  

.   ,      
  .  

      
  . 

 
 –   . 

 ,  
Pb3O2Cl2 4,3 
Pb3O2Br2 4,2 
Pb3O2I2 4,0 

 
        

(  1–3).   ,    Pb3O2Cl2 
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.   Pb3O2Br2      
       .  Pb3O2I2   

    .  ,   Pb3O2Cl2  
Pb3O2Br2  Pb3O2I2        

   .      
    . 

 

 
 1.       

 Pb3O2Cl2. 
 

 
 2.       

 Pb3O2Br2. 

 
 3.       

 Pb3O2I2. 

278 279

УДК 538.915
 

РАСЧЕТ ЗОННОЙ СТРУКТУРЫ ОКСИГАЛОГЕНИДОВ СВИНЦА  
Pb3O2X2 (X = Cl, Br, I)

Д.О. Закирьянов, В.А. Чернышев, 
Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

Уральский Федеральный Университет им. первого Президента России Б. Н. Ельцина, 
Екатеринбург, Россия

e-mail: dmitry.usu.ph@yandex.ru 

УДК 538.915
 

РАСЧЕТ ЗОННОЙ СТРУКТУРЫ ОКСИГАЛОГЕНИДОВ СВИНЦА  
Pb3O2X2 (X = Cl, Br, I)

Закирьянов Д.О., Чернышев В.А., 
Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

Уральский Федеральный Университет им. первого Президента России Б. Н. Ельцина, 
Екатеринбург, Россия

e-mail: dmitry.usu.ph@yandex.ru 

УДК 538.915
 

РАСЧЕТ ЗОННОЙ СТРУКТУРЫ ОКСИГАЛОГЕНИДОВ СВИНЦА  
Pb3O2X2 (X = Cl, Br, I)

Д.О. Закирьянов1*, В.А. Чернышев2, 
1Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

2Уральский Федеральный Университет им. первого Президента России Б. Н. Ельцина, 
Екатеринбург, Россия

*e-mail: dmitry.usu.ph@yandex.ru 



278 
 

       
 4. 

 

 
 4.     Pb3O2X2 (X = Cl, 

Br, I). 
 

   ,    Pb3O2X2 
(X = Cl, Br)       

,   Pb3O2I2. 
 

       
  (   15-03-00368 ). 

 
  

1. Sigman M., Korgel B. // J. Am. Chem. Soc. 2005. V. 127 P. 10089–10095. 
2. Withers N., Akins B., Rivera A., Plumley J., Smolyakov G., Osinski M. // SPIE 
Proceedings. 2009. V. 7304. P. 1–12. 
3.  . .,  . .,  . //   .  
2007. .414. . 501–504. 
4.  . . //   . 2007. . 48. . S5–S38. 
5.  . .,  . .,  . .,  . . //  

 . 2015. . 57. . 1177–1179. 
6. Dovesi R., Orlando R., Civalleri B., Roetti C., Saunders V., Zicovich-Wilson C.  
// Z. Kristallogr. 2005. V. 220. P. 571–573. 
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  -  -  Al2O3  

  -   

. . 1,2*, . . 1, . . 1,2, . . 1,  
. . 1,2, . . 1 

1     , ,  
2    .    . . , 

,  
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 -       

  .  ,   
     

 « » (     
)  .     

      « » , 
      

(      ). 
        

    ,   , , 
 ,  .     

  « »       
,           

.      -
   ,     

     – Al2O3,   
        

( ).     ,  Al2O3 
    ,   

 [1]      [2].  
       

  ( ), in situ   
  ( )    ( )  

 (    300, 500  700 )  -

Al2O3  -Al2O3    (Li2CO3-Na2CO3-K2CO3) ,  
     ,    

      
.  

       
  -  -  Al2O3    

 ,        
-   0,72(Li2CO3-Na2CO3-K2CO3) -0,28NaCl [3]. 

    -Al2O3   
(Li2CO3-Na2CO3-K2CO3)   (Li2CO3-Na2CO3-K2CO3) –NaCl,   
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    ,   
  450  550 ° ,      

        
 ,     . 

,    -   
 0,72(Li2CO3-Na2CO3-K2CO3) -0,28NaCl     

   « » -  ( -Al2O3)  
    .     
  5     -Al2O3 -

 ,     ,    
     350 (   )  461 º  

(   )    -  .  
,     -Al2O3 300  500  

         
     -  

. 
,      -  

   -Al2O3    
       3

2-.  
     

(       1, 2)   
  ( )     

- Al2O3  -      
 

4NaCl(l)+2K2CO3(l)+Al2O3(s) =4KCl(l)+Na2CO3(l)+2NaAlO2(s) +CO2(g)  (1). 
 
 

 
 1.       

–  ,    -
Al2O3 
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 2.       1  3

2- 
-  ,  -Al2O3, 520  (1);  

0,72(Li2CO3-Na2CO3-K2CO3) -0,280NaCl, 520  (2);  0,72(Li2CO3-
Na2CO3-K2CO3) -0,280NaCl,  -Al2O3, 533  (3). 

  
.    (1)   

 400-700 ,      HSC 7 
Chemistry 8  

T, K H,  S, /K G,  K.10-5 lg(K) 
673 46.032 162.233 -63.175 0.80 4.903 
773 36.835 149.392 -78.667 2.07 5.315 
873 26.081 136.298 -92.928 3.63 5.56 
973 16.353 125.740 -106.011 4.91 5.691 

 
      

    (   15-03-00368 ). 
 

  

1. Levin I., Brandon D. // J. Am. Ceram. Soc. 1998. V. 81. P.1995-2012.  
2.  . . //   . . 2010,  7-8. C. 3-15. 
3.  . .,  . .,  . .,  . .,  . ., 

 . . //   . 2016. . 89. . 35-41. 
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  NdOCl    

  -  

. . 1,2*, . . 1,2, . . 1, . . 1 
1     , ,  

2    .    . . , 
,  
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  ( )      
 ,   .     

         
 . ,      

     .   
      

 .     , 
  ,         

   .     
 -       

     .  
        , 

     [1].     
    ,     

   .    [2]  ,   
       

RE2(OH)5Cl·nH2O   RE(OH)3.      
     ,   

  « » .  ,    
      ,  

   ,    
. 

       
       
        

.  
   ,      

        
  - .      

-      .  
         

       .  
      -  

TENSOR 27 (Bruker, )   300-700 -1.    
      KBr.  
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     500 - 550 0    

NdCl3 ·  nH2O = NdOCl + 2HCl,  
    (NdOCl)  . 

    NdOCl     
(  1)         

    [3]: A2u - 375, Eu - 527 -1.  
     

NdOCl          
A2u  375 -1 (  2 )      

 NdOCl   KBr,      
   (  2 ). 

 

 
 1.   NdOCl ( NdOCl = 14,1 , 10-5 / 3)   

KBr. 

 
 2.      

 NdOCl   KBr   375 -1. 
  

 ,     ,  
 ,     
,        

  .  
 

  

1.  . .      . .: 
, 1967.  

2. Lee B., Jeong H., Byeon S. // Inorg. Chem. 2014. V. 53. P. 5212−5221. 
3. Basile L.,Ferraro J.,Gronert D. // J. inorg. Nucl. Chem. 1971. V.33, P. 1047-1053. 
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-    -   

CsCl – PbCl2 – PbO 

. . 1,2* 
1     , ,  

2    .    . . , 
,  
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   ,  PbO, 
      ,  

,  .      
   PbCl2-CsCl  : CsCl (18.3 

%) – PbCl2 (81.7 %)  CsCl (71.3 %) – PbCl2 (28.7 %) c  
PbO.       

     PbCl2-CsCl [1].   
Cs+         

        
 ,       in situ  

    -  . 
     CsCl (18.3 %) – PbCl2 (81.7 %) 

(  1,  1)      
  213 -1,       

[2]      Pb – Cl     
 [2]. 

   –  -  
 CsCl (71.3 %) – PbCl2 (28.7 %)   12 % PbO [3]. 

   ,    
    430  320 –1,      

    285  256 –1,     
 -   Pb3O2Cl+ [3]. –  
  CsCl (18.3 %) – PbCl2 (81.7 %)   18 

% PbO (  1,  2, 3)   -  
 CsCl (71.3 %) – PbCl2 (28.7 %)   12 % PbO:  

   213 -1,     Pb – Cl, 
        

 257, 318  415 -1.      -
   Pb3O2Cl+.    , 

     CsCl (18.3  %) – 
PbCl2 (81.7  %)   18  % PbO (  2),  

   266, 291, 321, 340  370 -1,   
   Pb3O2Cl2 [4],    

       CsCl – PbCl2 [3]. 
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 1. –  , 510 : CsCl (18.3  %) – PbCl2 

(81.7  %) – 1; CsCl (18.3  %) – PbCl2 (81.7  %)   18  % 
PbO – 2, 3 (2 -   5 , 3 –   30 ). 

 
 2. –    (20 )   

 CsCl (18.3  %) – PbCl2 (81.7  %)   18  % PbO  
 30   510 . 

 
       
  (   15-03-00368 ). 

 

  

1.  Arkhipov P.A., Zakiryanova I.D., Kholkina A.S., Bausheva A.V., Khudorozhkova 
A.O. // Z. Naturforsch. 2015. V. 70. P. 851-858 
2. Dracopoulos V., Kastrissios D.T., Papatheodorou G.N. // Polyhedron. 2005. V. 24. 
P. 619-625. 
3. Zakir yanova I.D., Arkhipov P.A., Zakir yanov D.O. // Journal of Applied 
Spectroscopy. 2015. V.82. P. 826-831. 
4. Zakir’yanov D.O., Chernyshev V.A., Zakir’yanova I.D. // Physics of the Solid 
State. 2016. V. 58. P. 325–332. 
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 ,     
    ,   ,    
    – .    

         
           [1]. 

        
   /  .   

        -
 .        

      13%  24%, 
 [2].      

      Si. 
   –    Li+   

     ,   
  ,     , 

    ,     , 
   .  

    .  
 Si        [3]. 

   Si  , Li+-Si, Li-Si  Li-Li 
    [4,5].  

   4×4.     
(     1)  18  Si.   

 Si    0.074   ,  
  Si       ( ) .  

     ,  300 
 406 .      gh  

  6  : 0.50, 0.55, 0.60, 0.65, 0.70  0.75 .  
    0.2481    

  c AB ,      
  [6].    0.75    

 105 /   Li+        
 0.70 0.75 .       100   

  . 
  ,   ,   

   .  )(luασ ,   
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 1. (1)–(3) –      t  = 0: (1) –  

   yoz ; (2) –   (   xoz )  
  Li+  . (3) –     4×4 

    .   –  Si, 
  ,   –  Si  

 .       
.       ox .  

    Li+    yoz   
. 

 
   α (= x , y , z ),      

 l ,   u .     
    ivα     α

ijf ,  

 l -         
 [7] 

( ) ( )
≥≤

≠

+
Ω

=
k

i

uuuu

ij
ij

l

k

i

ii
uu

ji

f
S

vmvl
),(11

)( α
αασ .    

 

 k  –    l - , Ω  – ,   
, m -  , lS –  l - . ,   

  i   j ,   l - ; u   
   ,     i   j , c 

l - . 
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 2.    zz    

   105 /    gh      

: 1 – 0.5 , 2 – 0.6 , 3 – 0.7 .    
  ox. 

 
   zz     oy  

     Li+     105 
/     2.   oy,  

 ,   zz      
 .       

   ( gh  = 0.50  0.60 )    

  gh  = 0.70 . 

    /   Li+  
 .     20 ,    52.  

        gh =0.75      

 10 ,        
 .      

 16  ,      
  .       
     13    

(  3).    Li    
: 1 Li/4.4 Si,      

(4.4 Li/ 1Si).       
  Li,        10 
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 Li.         
 .        

       
  .  D  Li 

           
   n=12.     

  D.      52   
    39,   6.1%    .  

 

 
 3.      Li+   
     - : 1 –

   , 2 –    
 .  

 
        

(   16-13-00061). 
 

  

1.  . .,  . .,  . .  . // . . . 
2006. . 40. . 473–475. 
2. Osbom T. H., Farajian A. A. // J. Phys. Chem. C 2012. V. 116. P. 22916–
22920. 
3. Tersoff J. // Phys. Rev. B 1988. V. 38. P. 9902–9905. 
4. Yu R., Zhai P., Li G., Liu L. // J. Electron. Mater. 2012. V. 41. P. 1465–1469. 
5. Das S.K., Roy D., Sengupta S. // J. Phys. F: Metal. Phys. 1977. V. 7. P. 5–13. 
6. Neek-Amal M., Sadeghi A., Berdiyorov G.R., Peeters F.M. // Appl. Phys. Lett. 
2013. V. 103. P. 261904. 
7.  . .,  . .,  . .//  2016. .58. . 1786–
1793. 
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  Ir-Re-Ir  

  

. . 1*, . . 2, . . 1, . . 1,  
. . 1, . . 2, . . 2 

1     , ,  
2  , .   ,  
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  ,     
    ,   

          
,     

   150  +1800 °C.      
      

    [1]. 
      

      
( ),     ,  

,         . 
,         

           
. 

     
       

 [2]  -  ( )  [3,4]. , 
  ,       
 ,      -  

,         
 -   ,   

  . 
       

    .   
         

.     ,   
        1800oC,  

 Ir-Re-Ir [3],      (Re)  
 ,     (Ir)–  

. 
        

     Ir/Re   
. 

        
 ,     .  
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      CsCl-KCl-
NaCl-IrCl3 [5],   CsCl-Cs2ReCl6  ,    
[6].   ,     

       [5, 6]. 
          

  1 .      . 
   Ir-Re-Ir   .  

         750 oC  
   1 ,     
 ,     1800 oC   2 ,  

        
Ir/Re. (          ). 

       Ir-Re-Ir 
        . 

 
.     Ir-Re-Ir. 

 
  ,      

 Ir  Re. ,      .  
        

    ,  
 . 

    (  2)    
    Ir/Re. 

         
         

Ir/Re  Re/Ir  ,      10 
.   ,    3, 

      - .   
 [4] ,    Ir  Re    2200 oC 

    Ir/Re      
       10   

.  ,      
 [4].        .  
 3    , 

      - .  
    Ir-Re-Ir  
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0,48 [( 3

+) +]Sb1,52V0,48O6·H2O 23,0 76,9 
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LiCl-(20)KCl-Li2O .%.     KCl  
 LiCl-Li2O  20 .%     

( )   LiCl-Li2O       
 KCl   10 .% (LiCl-(10)KCl-Li2O).   
   LiCl-(20)KCl   502.5 °     

    472.5 °    6.22 .% Li2O,   
  ,    ,   

      343.5  351.0 °  (   
 347° ). 

  (   Li2O)  
         

  : 
1. T  = -4.113·[Li2O]+603.55(° );  LiCl-Li2O ([Li2O] = 0 – 10.4 .%); 
2. T  = -5.241·[Li2O]+563.91(° );  
   LiCl-(10)KCl-Li2O ([Li2O] = 0 – 8.5 .%); 
3. T = -3.834·[Li2O]+498.4(° );  
   LiCl-(20)KCl-Li2O ([Li2O] = 0 – 6.2 .%). 
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 1.   -  Pr6 11  

Ce2Tb4 11     600° :  ( ), 
   ( )    

 ( σ)    ( ) 

 , 
/ 2  ,  

, /  
(600° ) σ,  

Pr6 11 3.5·10-2 1.57±0.08 0.40±0.02 0.60±0.02 
Ce2Tb4 11 0.5·10-2 1.55±0.09 0.16±0.01 0.22±0.02 
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     [3, 4].  
   NaCl ( . .).    

        NaCl: K2TaF7  
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 1.        

     K2TaF7   

  
NaCl: K2TaF7 

   

  

S, 2· -1
 , · -3

 , °  Δd·d-1, % Q, · -1 

6 0.25 1.6 1550 2.6 15300 

10 0.46 1.5 1550 4.1 18400 

28 0.60 1.2 1500 8.1 22400 

36 0.93 1.1 1400 10.8 29900 
: S –     –   ,  

–   , Δd·d-1 –  , Q –  . 
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    ,   

 ,     (  1).  
 

     
 

     
 

 1.      (  
 NaCl:K2TaF7:  – 4;  – 6) 

 
        

.       
 ,    NaCl:K2TaF7, . .  

     K2TaF7,    
      .  

       
 .     ,   
,         

,      (  2).  
 

                
       

 2.       :   – ,  
 –    
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   ,    1,     
  NaCl:K2TaF7       

     1 2· -1.    
         

    .    NaCl: K2TaF7= 
14,   K2TaF7: 2 5      3÷19. 

      0.3÷2.7 . %.  
      2 5   

      K3TaOF6  KTaOF4 [5]. 
 ,    K2TaF7    

   [6]:  
KTaOF4 + 5Na = Ta + KF + 3NaF+ Na2O  - 0

298=-699 · -1 (1) 
K3TaOF6 + 5Na = Ta + 3KF + 3NaF+ Na2O - 0

298=-530 · -1 (2) 
 ,      

  ,    2.  
        

       .    – 
       

     Na2O  
   1100 ° ,       

      .   
      .  

 ,     .  
 –        
,   ,      

 . 
 

  ( )  ( ) 

 ( ) 
 2.   ,     

  :  – 1.0 .%,  – 1.6 .%,  – 2.0 .%.  
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       2. ,  
       

 .        
   .     
      

 .  ,      
  K2TaF7: 2 5=3,    

3.5 2⋅ -1.    ,    1250 °    20 
,     70800 ⋅ -1.  

 
 2.       

   

 
 

K2TaF7: 2 5 
  

 
 , .% 

 

 -
 

  

γ, 
⋅ -3 

S, 
2⋅ -1 

 
-

 
 

-
 

  Δd·d-1, 
% 

Q, 
⋅ -1 

19 0.91 1.2 0.35 0.46 0.31 0.09 0.06 8.5 37900 

9 0.89 1.9 0.70 0.64 0.49 0.15 - 8.1 42200 

5 0.74 2.8 1.15 0.97 0.73 0.21 0.03 12.7 67000 

3 0.54 3.5 2.00 1.23 0.91 0.27 0.05 17.3 70800 
 

         
      

,        
3.5 2⋅ -1,        

     70000 ⋅ -1 
 

  

1.  . . //  . 2003.  12. . 59–62. 
2. Yoon J. S., Kim B. I. // J. Power Sources. 2007. V. 164. P. 959–963. 
3.  . .,  . .,  . .,  . . // . 
2009.  6. . 22–28. 
4.  . .,  . .,  . .,  . . // . 

. 2012. . 48. . 1023–1027.  
5.  . .   ,    

. .: , 1977.  
6. Kolosov V. N., Miroshnichenko M. N., Orlov V. M., Prokhorova T. Yu. // Russian J. 
Non-Ferrous Metals. 2016. V. 57. P. 599–603. 
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   ,     
    . .   . [1-3] , 

       
    -  

 ( ).       
       

[2]: 
Nb2O5 +5Ca→2Nb+5CaO (1) 

  1   ,   
   Nb2O5    

    .   
,  (1)        

:  
5Ca→5Ca2+ + 10e- (2) 

Nb2O5 + 10e- →2Nb+5O2- (3) 

 
     

 1.   :  – 
,  –   -   

   /  [2]. 
 

   ,   ,  
  ,     

,  (2)  (3) ,  ,    
,     1 .      

    Ca2+ /  O2-   ,  
    CaCl2.   
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    (1).  ,   
       

  .     , 
     :  ,    
 ,       ;   

,   -  «  » [2]  
   .  , ,  

   ,   ,   
     [1].  

         
       

    -  .  
    MgMoO4, CaMoO4, MgWO4, 

CaWO4,    -   
[4].        CaCO3 (« »)  
Mg5( O3)( )2( 2 )2 (« »)  MoO3 (« »)  WO3 (« »). , 

      
     [5, 6].   

    (« »)   (« »).    
   .      

,     ,   
  .    ,   

     27-30 .    
 860 °      5-10 .  

    MgMoO4  MgWO4   
 1.    ,      
         

 . 
 

 
 2.       MgMoO4 

(1), MgWO4 (4)         (2, 5), 
  (3, 6). 

 
    2(2)  2(5)      

      (    
  ).        

         .  
  ,        
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 MgMoO4  MgWO4   CaO  MgO   
   (  3  3  7).   

         
  CaO  MgO (  3,  4  8). 

 

 
 3.        

;   5 ,    : 2, 
3, 4 – 10 , 6, 7, 8 – 5 . 

 
    CaMoO4  CaWO4    

4 .   CaMoO4    , 
  ,        

    ,     
 . 

 

 
 4.       CaMoO4 

(   1), CaWO4 (   1)    (2). 
 

  CaO       
    CaO.    ,   

CaWO4      . 
      , 
        

 .  
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 ,   ,  14-17 2· -1, 

    .    
         

 .     ,     
      [7],  IV 
  IUPAC.         

   .  
        

     .   
  : , ,    . 

   .      
MgO  O   10-17 ,      

   2200 °  [8].     MgO  O 
.       

         
  .  
  ,      

     Q,     
 .    Q,   

   ( Q=2195 -1  CaWO4). , 
    ,   

-  ,     
 Q,     ,    

 -  .     
       

    .    
      

.  
 

      (  16-03-00620). 
 

  

1. Okabe T.H., Zhu H., Sadoway D.R. Proceedings of the Int. Symp. in honour of 
Terje Østvold. Eds. H.A. Øye and O. Waernes. Roeros, Norway, 1998, p. 77-88. 
2. Okabe T. H., Park I., Waseda J.Y. // J. Alloys Compd. 1999. V. 288. P. 200–210. 
3. Park I., Abiko T., Okabe T. H. J. Phys. Chem. Solids 2005. V. P. 410–413. 
4.  . .,  . . // . 2002. . 38. 4. . 419-427. 
5.  . .,  . .,  . . //  . 
2016. . 52. 8. . 945-852.  
6.  . .,  . .,  . . //  . 2017. . 53. 10. 
7.  . .,  . . //   . 2016. . 468. 3. . 
288-292. 
8.  . .   . .: , 1969. 
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( )  ,       

   ,   
   [1].     

   ( )  ,  
    : , ,   .  

       
  .  

         
   ( ),  . 

     
  -4  « » ( . )  

  .      
.      ,   

    –  . 
 

 
,  

 1.     -
    ,  . 

 :  1  HCl, =–0,8 ; =120 ; V=0,06 / ;  Bi (III)=1,0 
/ 3; Pd (II), / 3: 1) 0,2; 2) 0,4; 3) 0,6; 4) 0.8. 

I,

1 

2 

3 

4 
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  1,     
 -    .    
      :    
 0,15 ,   ;    -0,3  

        0,3  
   . 

    0,15       
 (III),       (II).   

,       
     .     

 [2]. 
   -  [3]   

   ( )   : BiPd2, 

BiPd  Bi2Pd.    ,   
        0,15 , 

 ,     
-        ( )  
   ( χ i)    

  [4].     
      [5]. 

    ,     
      0,15   

       
Bi2Pd,   0,12 .  

 

 
 2.       

   (1),    Bi  (2)    
    Bi2Pd (3)    Pd (II)  

.  :  1  HCl; =–0.8 ; =60 ; W=0.06 / ; Bi 
(III)= 15 / 3; Pd (II)= 2-10 / 3. 

351 
 

          
  ,       

   Bi2Pd.   2     
     (1),     

  (2),      
    Bi2Pd (3)    Pd (II)  

. 
  ,       

    ,  , 
 1,7  ,       

   9  ,       
    Bi2Pd.    

       

   Bi2Pd  10 36,05 10 /−⋅ .    
       

     . 
 

  

1.  . .,  . .      
  — .     

    «     
» ( , 12–17  2016 .). — : -  , 

2016. — .84-85. 
2.  . .,  . .,  . .,  . .  

    . :  
. 1988. 205 . 

3.  . .,  . .      . 
. 4. – .: , 1979. 576 . 

4.  . .     . 
 – , 1997. – 384 . 

5.  . .,  . .,  . .   
 . - :  . . 1977. 343 . 
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  -   

   -     -  
    [1]. ,   
 BaCeO3      [2]. 

        
      

 ( )  -     
 BaCeO3.     

      La1.7Ca(Sr,Ba)0.3NiO4+  
(LC(S,B)NO)  -      
BaCeO3  Gd  Y.     

     Y0.8Ca0.2BaCo4O11 (YCBC), 
Ca3Co4O9+  (CCO)  GdBaCo2O5+  (GBC).  

   BaCe0.89Gd0.1Cu0.01O3 (BCGCu)  
BaCe0.89Y0.1Cu0.01O3 (BCYCu)  -   . 

 LC(S,B)NO, La0.6Sr0.4MnO3 (LSM), GBC  YCBC   
-    . 

      
     D/MAX-2200 

RIGAKU  Ltd.    20  2   90  Cu/K -   
 .   ( 1)   

 ( 2),        1. 
     

     SI 1260  
  SI 1287 (Solartron Industries Inc.)   

 0.01  – 300      
 30 .      
      

.         
     550-850º   .  

       
La1.7M0.3NiO4+  + BCGCu (BCYCu,    )   

  GBC, YCBC, CCO.    ,  

353 
 

   ,  99.4 . % 
La0.6Sr0.4MnO3+0.6 .% CuO.    

    : 

2

)( SRR
R hfdc−=η

  (1) 
 Rdc –  ,    ; Rhf – 

  (   
     ); S –  

.     
 ,  ,     

       ± 3%. 
 

 1.       
 . 

 
T1 (°C)/ 

t (h) 
Tsint (°C)/ 

t (h) 
. . 

 
, Å 

LCNO 1150/5 1250/5 I4/mmm a=3.8247; b=3.8247; c=12.5976 
LSNO 1150/5 1250/5 I4/mmm a=3.8296; b=3.8296; c=12.6866 
LBNO 1150/5 1250/5 I4/mmm a=3.8553; b=3.8553; c=12.8269 
GBC 1050/5 1150/5 Pmmm a=3.9150; b=3.8961; c=7.6272 

YCBC 1050/5 1150/5 Cmc21 a=6.2823; b=10.9070; c=10.2208 
CCO – 850/8 P2 a=4.8362; b=4.5673; c=10.8431 
LSM 1200/10 1350/5 R3C a=b=5.5124; c=13.3332 
 

  1     
     La1.7Ca(Sr,Ba)0.3NiO4  

  BCGCu  BCYCu .   
      2. 

       
  Ca  BCGCu  BCYCu  (1.14  0.71  2, 

).   Sr      
BCGCu  (0.73  2)       BCYCu 

 (0.27  2).   Ba      
         BCGCu 

 (0.63  2).  
,  -     

 ,        -
 . ,     

    700 : 0.16  2  GBC  
  BaZr0.1Ce0.7Y0.2O3−  [4], 0.12  2  YCBC    

BaZr0.1Ce0.7Y0.2O3−  [5].     GBC   
  BCGCu   ,        

         
 ,   .  
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 1.     

   LC(S,B)NO  BCGCu  BCYCu  
    BCGCu  BCYCu . 

 

 
 2.     

      BCGCu  BCYCu . 
 

355 
 

 2.   (R )  
   LC(S,B)NO  BCYCu  BCGCu  

    BCYCu  BCGCu   700 ; 
   . 

 
BCGCu  BCYCu  

R  [
2] Ea  [ ] R  [

2] Ea  [ ] 
LCNO 1.14 1.29 0.71 1.37 
LSNO 0.73 1.60 0.27 1.34 
LBNO 0.63 1.42 0.64 1.45 

 
  -   

   2    3.  
        BCGCu  

BCYCu .   CCO ,  
,   700 °   0.14  2  BCGCu  0.38 

 2  BCYCu,         . 
 

 3.  (R )   (Rhf)  
      700 . 

 
BCGCu  BCYCu  

R  [
2] Ea  [ ] R  [

2] Ea  [ ] 
CCO 0.14 1.28 0.38 1.11 

GBC-BCXCu 0.18 1.06 0.18 1.12 
YCBC 0.37 1.09 0.43 1.20 

 
 ( )      

  “  ”     
   16-33-00883    15-20-3-15. 

 
  

1. Norby T., Widerøe M., Glöcknera R., Larring Y. // Dalton Trans. 2004. V. 19. P. 
3012–3018. 
2. Kochetova N., Animitsa I., Medvedev D., Demin A., Tsiakaras P. // RSC Adv. 
2016. V. 6. P. 73222–73268. 
3. Hou J., Zhu Z., Qian J., Liu W. // J. Power Sources. 2014. V. 264. P. 67–75. 
4. Lin B., Zhang S., Zhang L., Bi L., Ding H., Liu X., Gao J., Meng G. // J. Power 
Sources. 2008. V.177. P. 330–333. 
5. Shao Q., Ge W.J., Lu X., Chen Y., Ding Y., Lib B., Ling Y. // Ceram. Int. 2015. V. 
41. P. 6687–6692. 
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   ( )   , 
      ( )   
   [1].   

     Co-Ln (  Ln – La, Ce, Pr, Nd, Dy) 
      
      [1-3].  

       
       

  [3]. 
    ,    

       
       [4]. 

         
 .  

   ,     Co2Er,  
  ,     

   ,     
   ,     

  ,   ,   
 - . 

     [5],   
   ,        

.        (  
-1 )      LiCl–KCl–5 % ErCl3 (  5 ).  

 ,      ,  
       

(850 ).      ,   
           (  

-I).     ,     
    ,   

  Co2Er,    
    [6].  ,    

,          
 850 .   [4, 7]   ,  

    ,   , 
    - ,   . 
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,     ,    
  1170     .    
         

      ,  
     . 
      

  ,     
  ,    (    

  )   ,    
  Co2Er. ,    , 
      1 %.    

 ,     ,   
   1. 

 
 1.        

Co-Er. 
  

, .% 
 Er  

, .% 
( - 

 
 

 
 
  

  
 

 

 
 

 Er 

40 
38 
37 
36 
35 
33 

23 
23 
23 
23 
23 
23 

37  
39 
40 
41 
42 
44 

46,4 
57,5 
57,9 
58,3 
58,6 
58,8 

Co2Er+  
Co2Er+  

Co2Er  
Co2Er  
Co2Er 
Co2Er  

 
 ,       

  Co2Er (      
 )         

(  1).  

 
 1.       

Co-Er,     :   – 37 
. %, Ni– 23 . %, Er– 40 . %. 
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      Bi2O3-MO-Nb2O5 
       

   [1].   ( , Fd-3m) 
     (   30 %)  

 .    (Bi2/3[]1/3)2 
(M1/3Nb2/3)2O6[]1,  [] – ,  – Mg2+, Zn2+  Ni2+)   

     (  = 145-148, 
tg  = (2-3)10-4)        

  [1].       
    .   ,  

,        
    .    
  Mg-Cu  Mg-Ni  ,   

   . 
  Mg-Cu-, Mg-Ni-    

 Bi1.6Mg0.8-xCuxNb1.6O7+   Bi1.6Mg0.8-xNixNb1.6O7+  (x = 0.0; 0.2; 0.4; 0.6; 
0.8)   .     

  Bi2O3 ( . . .), Nb2O5 ( . . .), MgO ( . . .), NiO ( . . .), 
CuO ( . . .).        

 °C ( , ): 650 (8), 850 (8), 900 (6), 950 (12), 1000 (6), 1050 (6),   
 1100 (10)  1150 (10)  Mg-Ni-     

   . 
  (SHIMADZU XRD-6000, CuK - , 10-80°,  – 

0.05°) ,      ( u) = 0.2: 
0.4; x(Ni) = 0.4,    (Ni) = 0.2; 0.6    
MgNb2O6  NiNb2O6 (~2 %),    (Cu) = 0.6 –  BiNbO4.  

    (  FullProf) ,   
  (Cu, Ni) = 0.4       

,            , 
   .      

 ,      
 TESCAN VEGA 3 SBU    

X-ACT (EDS).     (Cu, Ni) = 0.4 
   1. 
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 1.    Bi1.6Mg0.4Cu0.4Nb1.6O7+  ( ) 

 Bi1.6Mg0.4Ni0.4Nb1.6O7+  ( ). 
 

   NETZSCHSTA 409 PC/PG      
  25  t (° )  1300    5 ° / . 

 Bi1.6Mg0.4Cu0.4Nb1.6O7+   Bi1.6Mg0.4Ni0.4Nb1.6O7+    
~1096  ~1256 °C . 

     -  Z-
1000P (1-106 )      E7-28 (25-107 

)    25-750 °C   (  2). 
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 2.    Bi1.6Mg0.8-xCuxNb1.6O7+  ( ) 

 Bi1.6Mg0.8-xNixNb1.6O7+  ( )  1 . 
 

    Mg-Cu ,    Mg-Ni 
,        25-650 °  

 Ea = 0.38   1.14  .    
    ,    

 -    140-320 °   Mg-Cu  
     p- .  -   

( ) ( ) 

( ) ( ) 
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Mg-Ni     .  ,     
   ,     

   . 
        
     25 °  (1 , 1 ).   Mg-

Cu      113  '  121  0.04  tan   0.16;  
 Mg-Ni – 84  '  96  0.0007  tan   0.0008,    

    .   '(T)  
Bi1.6Mg0.4Cu0.4Nb1.6O7+    '  1.2 106  320 °   1 

,     .    
       , 

,       II .   
  ,    .  

Mg-Ni   '  190  580 ° ,    
. 

 
         

    15-03-09173 ,    
   « »      

. 
 

  

1.  . .,  . . . 2021207 ( ). 1994. 
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    ,    Ba2In2O5–
Ba2InNbO6 1355oC,  Ba2In2O5–Ba2InTaO6 1397oC. 

 ,      
(1- )Ba2In2O5  Ba2InMO6   in situ   

         
       1400oC, 

   . 
  (D8 Advance, Bruker, ) ,  

 , ,   : Ba2In2O5  Ba2InMO6. 
     1400        

 20 . %      , 
   . 

        
0.8Ba2In2O5  0.2Ba2InNbO6 : a=5.951(4) Å, c=16.813(9) Å, . . I4cm. 

   (AURIGA CrossBeam, Carl Zeiss 
NTS, ),       

,    ,    ,  
          
,    Ba2InMO6. ,   1400 , 

   .     
     ,      

   , ,    
 .    20–30 . %    

    .  ,     
       

  Ba2In2O5 [3]. 
  (Pyris 1 TGA, PerkinElmer, ) 

,        
   ,    

       
  Ba2In2O5. ,     

 Ba2InMO6       (~0.02 
   ),    , 

      [4]. 
       

.      
        

  (Z-1000P,  « », , f=1–106 ).  ,  
      (pH2O=3×10-5 ),    

 (pH2O = 2×10-2 )      
 :   ,   

     ,   
    20–30 . % ,    (  ). 
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 E7-28   Z-1000P (Elins)    1–106 . 

    ,      
 (   90%)  .   1  

     1 . 
 

.   Sc-, In-, Mg-, Zn-  
 . 

 , /  (200 °C) , /  (750 °C) Ea,  
Bi1.6Sc0.2Ti2O7-  1.1·10-9 5.6·10-5 1.36 
Bi1.6In0.2Ti2O7-  6.5·10-10 5.9·10-5 1.47 
Bi1.6Mg0.2Ti2O7-  2.5·10-9 1.9·10-4 0.86 
Bi1.6Zn0.2Ti2O7-  5.6·10-9 6.3·10-4 0.75 
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    (NaCl-KCl) −UO2Cl2,  ThCl4 

 ZrCl4,    UO2-ZrO2  UO2−ThO2,   98 
. % ZrO2  (30 – 50) . % ThO2  [1-4].    

       
 UO2

2+  UO2    UO2     . 
       : 
 UO2

2+ ( ) + 2e- = UO2 ( )    (1)  
 yUO2( ) + 4x Cl  ( ) = 4x O /2 ·  y(1- )UO2 ( ) + x UCl4 ( ) (2) 

      
     

,         
 ,     .  

      UO2 – ThO2 – ZrO2.  
          %: 
(NaCl – KCl)  – UO2Cl2 (4.7) – ThCl4 (1.2) – ZrCl4 (0.3)  750 0 . 
 

 .        UO2–ThO2 – 
ZrO2.  

 
. . 

 
, / 2 

    
UO2 – ThO2 – ZrO2, 

. % 

  
 , 

Å 
UO2 ThO2 ZrO2  1  2 

1 0.14 37,9 16.3 45.8 5.492  5.484 
2 0.28 59,6 9,8 30,6 5.482 5.475 
3 0.42 70.8 6.2 23.0 5.476 5.460 
 

         
 ThO2  ZrO2 ,    UO2 (  1). 

        
  UO2 – ZrO2  UO2 – ThO2      

 (1)   UO2
2+   .     

  ZrO2    UO2 – ThO2 – ZrO2  , 
 ThO2,  -   ThCl4     

    ZrCl4 (   
  7.7).     ZrO2  

   ,       
 ZrCl4   50  ,     ThCl4. 
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3. Krotov V., Filatov Ye. // Electrochimica Acta. 2014. V. 145C. P. 254–258. 
4.  . .,  . . //     

 :    III  
-  : .- : -   ( ), 2016, 

. 188–189. 

389 
 

 539.261:543.572.3 
 

 -   

  (1-x)KNO3–xAl2O3 

. . 1*, . . 1, . . 1, . . 1, . . 1, 
. . 1,2 

1      , ,  
2   . . .   , ,  

*e-mail: kzu-05@ya.ru 
 

         , 
        .  

      ,  
  ,      

. ,     , 
      

   .  ,    
     . 

        
  ,    ,  

        
   .   
      

  .     , 
 ,   ,       1973  

[1]. 
  -    

       
    (XRD), 

   ( )   
   ( ). 

        
      KNO3   
 (1–x)KNO3–xAl2O3. 

       : 
      -Al2O3(«ABCR»)  

  15-25 .      
   [2]. 

      
Empyrean  PANalytical ( )    
PIXcel1D.        

 STA 449 F3 Jupiter  NETZSCH ( )    
10 /    .       

     Senterra   
    532    20 .    

390 391

УДК 539.261:543.572.3

ИССЛЕДОВАНИЕ СТРУКТУНО-ДИНАМИЧЕСКИХ СВОЙСТВ 
НАНОКОМПОЗИТОВ СОСТАВА (1-x)KNO3–xAl2O3

З.Ю. Кубатаев, М.М. Гафуров, К.Ш. Рабаданов, М.Б. Атаев,  
А.М. Амиров, М.Г. Какагасанов

Аналитический центр коллективного пользования ДНЦ РАН, Махачкала, Россия
Институт физики им. Х.И. Амирханова ДНЦ РАН, Махачкала, Россия

e-mail: kzu-05@ya.ru

УДК 539.261:543.572.3

ИССЛЕДОВАНИЕ СТРУКТУНО-ДИНАМИЧЕСКИХ СВОЙСТВ 
НАНОКОМПОЗИТОВ СОСТАВА (1-x)KNO3–xAl2O3

Кубатаев З.Ю., Гафуров М.М., Рабаданов К.Ш., Атаев М.Б.,  
Амиров А.М., Какагасанов М.Г.

Аналитический центр коллективного пользования ДНЦ РАН, Махачкала, Россия
Институт физики им. Х.И. Амирханова ДНЦ РАН, Махачкала, Россия

e-mail: kzu-05@ya.ru

УДК 539.261:543.572.3

ИССЛЕДОВАНИЕ СТРУКТУНО-ДИНАМИЧЕСКИХ СВОЙСТВ 
НАНОКОМПОЗИТОВ СОСТАВА (1-x)KNO3–xAl2O3

З.Ю. Кубатаев1*, М.М. Гафуров1, К.Ш. Рабаданов1, М.Б. Атаев1,  
А.М. Амиров1, М.Г. Какагасанов1,2

1Аналитический центр коллективного пользования ДНЦ РАН, Махачкала, Россия
2Институт физики им. Х.И. Амирханова ДНЦ РАН, Махачкала, Россия

*e-mail: kzu-05@ya.ru



390 
 

         
OPUS 6.0  Brukeroptics. 

XRD .      .  
       KNO3-  II 

(  ICDD PDF4+).        
 Al2O3  50 mol% (x = 0.5)  70 mol% (x = 0.7).   1 (a, b) 
    (1–x)KNO3–xAl2O3. 

 

 1.    (1–x)KNO3–xAl2O3. 
a)   = 0.5  b)   = 0.7    KNO3  Al2O3    
ICDD PDF4+. 1 - KNO3 –  II; 2 - KNO3 -  III; 3 - Al2O3. 

 
  ,    1 ,   

   Al2O3    
KNO3 (  II)   c 50%   ,  

       
KNO3 (  III)    [3]. 

 .   2    
  (1- )KNO3– Al2O3.    
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      .  
         
    [4]. 

 

 
 2.    (1- )KNO3– Al2O3,   = 0 (1), 0.15 (2), 

0.5 (3), 0.7 (4). 
 

     (  ) 
  ,      

     Al2O3.   > 0.7     
  ,      

   [5]. 
 .   3     

        Al2O3,  
  .   ,   ν1( )    

  ,       
 .   1(A)~1052 –1  

 ,    ν1(B)~1054 –1 – 
 -   NO3

–  
    [6].   KNO3 

 Al2O3       
 -   .    

 Al2O3      
    ν1(C)~1057 –1,   

     Al2O3. ,  
       

           
,  , ,  (R3m)  III.  

,  Al2O3       
,    III     
   ,      

  (  II).  
    XRD,     

  ,    (1-x)KNO3–xAl2O3  
    KNO3 –  III,   

   . 
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   ,  ,    
   Al2O3 (x  0.5)   
       , 

  III,  « »    
 KNO3–Al2O3. 

 

 
 3.    (1-x)KNO3-xAl2O3   

        
     1- ν1(A) ~1052 -1; 2 - ν1(B)~1054 –1; 

3 - ν1(C)~1057 –1. 
 

       
    . 

 
  

1. Liang C.C. // Electrochem J. Soc. 1973. V. 120. P. 1289-1295. 
2. Uvarov N.F., Hairetdinov E.F., Skobelev I.V. // Solid State Ionics. 1996. V. 557. P. 
86-88. 
3.  . .,  . .,  . .,  . .,  . . // 

  . 2016. . 58. . 12. C. 2336-2339. 
4.  .,  .   . . 1. .: , 1982. 
5.  . .,  . .,  .  //   . 2016. . 
58. . 9. . 1864-1866. 
6.  . .,  . .,  . .,  . .,  . ., 

 . . // . . . 2015. . 56. . 457-465. 
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  : ri (x) = |i|L – x (|i|/i ),  i –     
 (–2  i  2; i 0).      

 i        n – m 
 [3].  

 

 
 

 1.        
,   (–1)   (+1).   

  :  AB.  : n=20; m =12; xc =0.02. 
    . 

 
       

 x       
        

(  ): Wp  (x) = Wpi (x).    ±3 
      ,   

 Wp  (x)      ±1  ±2. 
   ,      

       
  .      

 –xc  +xc,   ,     
,  2xc.    AB   Wp (x) = f (x)   

 .  
   Wp      

      xc    
.       (   
  )      

.     ,    
    ,    

   ,     
   .     

Wp 

   - x      xc              x
                  -0.08  -0.04      0   0.04  0.08    

 -0.5 
 
 
 
-1.5 
 

A      B 

  i = -1           i = +1 
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  .       

    . 
     (   

  )      
  .      

     « ».  
      . .  

[1],    ,        
  . 

  « »    
       ,   

    .   
 ,      

       . 
         

 . 
        . 

         24 , 
      .   

 –     124 ,     
 .     

,     ,    
      .   
     Wp  ,  

, « »    .  
      .  
 ,    , 

     . 
       

    ( ).       
   ,        

         
 (   ,     

   ).    
   :  , 

     ,    
   . 

  2        
    ( )      .  

 : W = Wc + Wk ,  Wc –      
, Wk –         (Wk1 =Wk2 =Wk 

).         Wk > W02–Wc2. 
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 2.      (1)    (2). 
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1.  . .   . .: .  , 1945. 
2. Lennard-Jones J.E., Devonshire A.F. // Proc. Roy. Soc. London.  Ser. A. 1937. 
V.163. P. 53-70. 
3.  . .   ,  

    . .: , 2010. 
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   , ,    
 ,     . 

     
       

   BaCeO3, BaZrO3, CaZrO3, LaScO3    
    ,    

 .    -  
,         

 . ,    La1-xSrxScO3-    
CaZr1-xScxO3-       ,  

        
     . 

        
 ,       -  
  ,    2-3  

  .       
        

 ,   . 
        

   La1-xSrxScO3- ,    
   .    

     .  
       

    ,      
    .     -  

       
La0.95Sr0.05ScO3-   Cu, Fe, Ni, Pd, La0.9Sr0.1MnO3- ;   

,         
     . 

     
       

   ,   
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 (   16-13-00053).      
     «  
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     . , 

    CsCl-K3TaOF6    
        

     . ,  TaO 
         

 810  [3-6]. 
,       

  NbOx,     (  17 
.%, . .   NbOx=0.17)     

,        Nb 
  (0.5-1.5 .%  700-800     7 .%  1700 .  

       
  Nb,    4  ,    

,       [3, 7]. 
    K   Ta-Ta   

  K6Ta6+xO15F6(F, O)y,  x  1  y  3   
      [1].

    ,   
       

 . 
      , 

 K2NbF7     NbO    
       NbO  NbO2,  

            
[7].  

  (NbO') –        
      , 

   (1<0/Nb<1.7)   Nb4O5. 
         NbO1.16  
NbO1.32.          

  ( x = 7.00 / 3).    
  Nb4O5        

,    ,   
 ,      Nb-Nb,  

 Nb4O5     .   
 : a=6.651Å, c=4.814 Å, . . P42/nmc.   

         
 – [NbO4].        

        
 Nb(IV)   Nb(V)   . 
    K3NbOF6-CsF  

   NbxO (x<6)     
 .      ,    
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 K3NbOF6-RbF      
  Nb6O [7]. 
 ,   ,   

  KF  RbF    K3NbOF6   
      

«NbO»⋅n«MeF» (Me=K, Rb, n=1, 2).  «NbO»⋅  «MeF» -   
(  )   NbO  MeF,   

       
.   ,     Me2-

xNb4O3(F,O)3F,    (  
     Syntex P1) 

[Nb4O3(O,F)2] [MeF][(Me,�)(Me,O],  � –  [3, 7]. 
      

   : Nb, Nb(O), NbO’, Nb4O5, 
  Nb6O,   NbxO (x<6), 

  ’’NbO’’ n’’MeF’’ (Me = K, Rb; n = 1.2) [3].  
  ,    

     ,   
 : K1-xTaO3, K6-xTa10.8O30  K6Ta6.5O15+xF6+y, 
 [3].         

    Csn+
2+zO5+yF1-y.    [4, 6].  

 
  

1. Grinevitch V.V., Arakcheeva A.V., Kuznetsov S.A. // Proceedings of International 
Symposium on Ionic Liquids, Carry le Rouet, France, June 26-28. 2003. P. 277–287. 
2.  . .,  . .,  . .,  . . // . 
2008. . 423.  1. . 62–65. 
3. Kuznetsov S.A. // Molten Salts Chemistry: from Lab to Applications. Boston: 
Elsevier Inc. 2013. P. 311–329. 
4. Grinevitch V.V., Kuznetsov S.A., Arakcheeva A.V. // Electrochim. Acta. 2006. V. 
51. P. 6563–6571. 
5.  . .,  . .,  . .,  . . // . 2009. 

.428.  2. . 199–202. 
6. Kuznetsov S.A. // J. Electrochem. Soc. 2017. V. 164. P. H5145–H5149. 
7.  . .,  . .,  . .,  . . // . 2002. 

. 382.  1. .66–70. 
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 K3NbOF6-RbF      
  Nb6O [7]. 
 ,   ,   

  KF  RbF    K3NbOF6   
      

«NbO»⋅n«MeF» (Me=K, Rb, n=1, 2).  «NbO»⋅  «MeF» -   
(  )   NbO  MeF,   

       
.   ,     Me2-

xNb4O3(F,O)3F,    (  
     Syntex P1) 

[Nb4O3(O,F)2] [MeF][(Me,�)(Me,O],  � –  [3, 7]. 
      

   : Nb, Nb(O), NbO’, Nb4O5, 
  Nb6O,   NbxO (x<6), 

  ’’NbO’’ n’’MeF’’ (Me = K, Rb; n = 1.2) [3].  
  ,    

     ,   
 : K1-xTaO3, K6-xTa10.8O30  K6Ta6.5O15+xF6+y, 
 [3].         

    Csn+
2+zO5+yF1-y.    [4, 6].  

 
  

1. Grinevitch V.V., Arakcheeva A.V., Kuznetsov S.A. // Proceedings of International 
Symposium on Ionic Liquids, Carry le Rouet, France, June 26-28. 2003. P. 277–287. 
2.  . .,  . .,  . .,  . . // . 
2008. . 423.  1. . 62–65. 
3. Kuznetsov S.A. // Molten Salts Chemistry: from Lab to Applications. Boston: 
Elsevier Inc. 2013. P. 311–329. 
4. Grinevitch V.V., Kuznetsov S.A., Arakcheeva A.V. // Electrochim. Acta. 2006. V. 
51. P. 6563–6571. 
5.  . .,  . .,  . .,  . . // . 2009. 

.428.  2. . 199–202. 
6. Kuznetsov S.A. // J. Electrochem. Soc. 2017. V. 164. P. H5145–H5149. 
7.  . .,  . .,  . .,  . . // . 2002. 

. 382.  1. .66–70.
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 541.13 
  

,     

  CaZr0.9Y0.1O3-    

 

. . *, . . , . .   
    , ,  

*e-mail: Kvazighaboid@yandex.ru  
     

    ( ) –  
       
  .    

,      (800-1000° ),  
  .     (  600-

400° )      . 
       

  ,      
 [1].  

      
   ( ),     

        2 
[2],          
500     ,     

     . 
      

      ,     
  .    

         
   .  
 :       

 ( aZr0.9Y0.1O3- ,  CZY)     
       , 

       . 
 CZY       

   SrTi0.8Fe0.2O3-  (STF)   NiO-CaZr0.95Sc0.05O3- . 
    ( )   

  ( )    CZY.  
      

 CZY  STF    . 
    CZY   
 ,    CZY  STF   

       CZY   
YSZ   Ni-CZS,        CaZr0.95Sc0.05O3-  
(CZY5). 
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1000/T, K
-1

lg
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S

m
/c

m

 CZY  YSZ

 CZY  STF

  CZY  Ni-CZY

 CZY5 [3]

 
 1.     CZY  

 . 
 

    ,    
          

  . 
 

  

1. Jiang S.P. Materials for High-Temperature Fuel cells. W: Wiley-VCH Verlag 
GmbH & Co. KGaA, 2013. 
2. Bao J., Ohno H., Kurita N. // J. Electrochim. Acta. 2011. V. 56. P. 1062–1068.  
3. Bao J., Ohno H., Kurita N. // J. Mater. Trans. 2012. V 53. P. 973–979. 
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 ,     

LiCl-AgBr    

. . , . . * 
     ,  
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.          
   .      

        
,      .   
      , 

    ,    
 ;     

  .  ,     
    ,    ,   

        . 
      , 

        ,  
  , ,       . 

    , ,    
   [1-4] ,    

         
    .     

     . 
        

  AgI+NaCl [5, 6] ,     
        

.         AgI 
  .         

  (u),  ( ),    ( ),  
 =1/ u2   0,48AgBr+0,52LiCl,   

   .  
   . 

        
     ,     

 ,    [7].  ,   
 -     .   

   Li+   Cl−   ,   
    Ag+  Br−.    

      ,   
      . 
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.    ,   u, 
  ,   0,48 AgBr+0,52 LiCl.  

T, K 
    

1, 
-3 u1, 

-1 1, T
-1 2, 

-3 u2, 
-1 2, T

-1 
819 2,407 1691 145,3 5,018 1557 82,2 
823 2,500 1671 143,2 4,921 1565 83,0 
825 2,553 1664 141,5 4,844 1569 83,9 
829 2,695 1653 135,8 4,771 1576 84,4 
833 2,871 1641 129,3 4,649 1582 86,0 
836 3,031 1634 123,6 4,499 1590 87,9 
839 3,200 1626 118,2 4,401 1598 89,0 
841 3,362 1618 113,6 4,239 1643 91,8 
842 3,471 1614 110,6 4,117 1606 94,2 
843 3,650 1612 105,4 3,650 1612 105,4 
850 3,604   3,604   
856 3,599   3,599   
 

         
   ,    

  -    .  
 ,       

    ,   
       . -
,       

  ,      
            
 . 

  ( ) ,   
       

   843 .    
 :  = 3,610 −3, u =1612 −1,  = 105,4 −1. 

        
    ,    

   .      
       AgI + LiCl 

(1250 K),        
 AgI + NaCl (1033 K).      

       .  
      

  :    (T  – T)0,439, u  (T  – 
T)0,861,   (T  – T)0,433.     

,     ,    [8],  
       (0,5; 1,0; 0,5  

,    , ).    
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         . 

 
  

 
 

 
 

 
 
 
 
 

      
   
   

   

   

   

 
 

.     ( ),  
 ( )   ( )      0,48 

AgBr+0,52 LiCl. 
 

 ,       
  ,     ,   

     . -   
        

   AgBr  AgI      
,  [9],    30  40 % . , 

         
    . 

 

  

1. Margheritis Ch., Flor G., Sinistri C. // Z. Naturforsch. 1973. V. 28a. P. 1329-1334. 
2. Tkachev N.K., Rukavishnikova I.V., Lockett V.N., Stepanov V.P. // Russ. J. 
Electrochem.  2007. V. 43. P. 955-960. 
3. Stepanov V.P., Minchenko V.I. // J. Chem. Thermodyn. 2011. V. 43. P. 467-470. 
4. Stepanov V.P., Babushkina L.M., Dokashenko S.I. // J. Chem. Thermodyn. 2012. 
V. 51. P. 12-16. 
5. Stepanov V.P., Minchenko V.I. // J. Chem. Thermodyn. 2013. V. 59. P. 250-253. 
6. Stepanov V.P., Kulik N.P., Peshkina K.G. // J. Chem. Thermodyn. 2013. V. 63. P. 
84-87. 
7.  . . // . 1999.  5. C. 90-94. 
8. Stepanov V. P., Tkachev N. K., Kulik N.P., Peshkina K. G. // Rus. Metallurgy 
(Metally). 2016.  8. . 698-704. 

, K , K , K 

, -3 u, −1 

  

, −1 
1
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: -    , 1962. 

411 
 

 621.3.035.45:66.061.3+519.4 
 

      

  U-Nd (Ga-12 .% Al)/3LiCl-2KCl 

. . 1,2*, . . 1,2, . . 3 
1     , ,  

2        . . , 
-  , ,  

3     . . .   , ,  
*e-mail: smolenski.valeri@gmail.com 

 
      

( )       
 .     

  ( ),    
      

   .   
       

 ( )        
     . 

       
«   –  »     

     .     
      

         [1]. 
    Al > Ga > Sn > Bi > In > Zn > Cd 

        Al 
 Cd.       

        
,      .  

     .      
    .  

        , 
,  .       Ga–Al 

     [2]. 
       

   U-Nd     
 U/Nd    (Ga-12 .% Al)/3LiCl-2KCl  

  . 
     (Sigma-Aldrich >99.95%)   

(  ).       
     .  

    (Sigma-Aldrich >99.99%)   
   ,   –     
 . 
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       . 

        
     –  AUTOLAB 

PGSTAT 302N c   NOVA 1.11.  
    (1)    723–823 K 
    

(-) Me( ) |3LiCl-2KCl, Me(III) || 3LiCl-2KCl | ( .), Cl2( .) (+)  (1) 
          

 .      
ICP-MS. 

        
 (2): 

)(

)(**
)()( ln

Me

IIIMe
MeMe x

c

nF

RT
EE +=

.  (2) 
  1      

       
   723–823 K. 

 
 1.     U-Nd  
  (Ga-12 .% Al)/3LiCl-2KCl   . 

T, K 
E**

Nd(Ga-Al),  
723  823 K 

E**
Nd(Ga-Al),  

823  723 K 
E**

U(Ga-Al),  
723  823 K 

E**
U(Ga-Al),  

823  723 K 
723 -2,643 -2,641 -2,382 -2,386 
745 -2,630 -2,628 -2,374 -2,370 
771 -2,615 -2,612 -2,359 -2,357 
800 -2,597 -2,590 -2,346 -2,360 
823 -2,579 -2,579 -2,331 -2,331 

 
  (  1)   
  E(T) = A + B·T      

    ( ),    
  ( ) [3, 4],     

:  ±0,0075 ,  ±5 K.   
   U(Ga–Al)    1. ,  

       
    (  1 )    

   (  1 ).    
(  )    
E (T) = –2,735 + 4,865×10–4 T.     

 E (T) = –2,741 + 4,898×10–4 T    . 

413 
 

 
 1.      U(Ga–Al): 

)     ; ) 
    (  );   

±3σ   ( -  ). 
 

    Nd  U  , 
    ,   

: 
 (  )    (3) 
 (  )    (4) 

 (  )     (5) 
 (  )     (6) 

414 415



414 
 

      
  ,  ,    
 ( ),  : 

RT

EEF

303,2
)(3

lg
**

1
**

2 −=Θ .         (7) 

      (8), (9)  
   2. 

 (  )       (8) 

 (  )       (9) 

 
 2.      

Nd/U,     . 
T, K lg Nd/U (  ) lg Nd/U (  ) 
723 5,429 5,351 
745 5,202 5,123 
771 4,952 4,871 
800 4,691 4,609 
823 4,497 4,414 

 
        

   ,  
        

 .   ,    
      . 

      
       

        
      . 

 
        

   15-01-07909. 
 

  

1. Koyama T., Iizuka M., Tanaka H., Tokiwai M., Shoji Y., Fujita R., T. Kobayashi // 
J. Nucl. Sci. Technol. 1997. V. 34. P. 384–392. 
2.  . .     

 . : , 1993. 
3. Kumkov S.I. // Reliable Computing. 2016. V. 22. P. 15–25. 
4. Redkin A., Zaikov Yu., Tkacheva O., Kumkov S. // Ionics. 2016. V. 22. P. 143–149. 
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  Li3xLa2/3-xTiO3    
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         . . .  
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Li3xLa2/3-xTiO3    -   [1].  
        pH-  [2].  

        
       

  Li3xLa2/3-xTiO3 (x = 0.11). 
  Li0.33La0.56TiO3 (LLT)   

  [3].      
 -    (d = 12 , h = 1-2 ). 

     -3     10 
/      1150 C   4 .   
         (    
),          . 

      LLT  
     -2 ( u - , 

 ).     
   SEM LEO-420.  -

        ICPE 
9000      Li0.33La0.56TiO3. 

   Li+    
 .    

   10-2⋅106   Z-2000,  
     c 

 .  
  ,     
    .   1  

  LLT,    1150 C   
   (1)       (2).  

    (2)    
Li0.33La0.56TiO3 (ICDD 87-0935),     

    = 3.874Å,  = 7.745Å.   
      Li0.33La0.56TiO3 (ICDD 

46-0465)        = 
3.871Å.        

   ( . . P4/mmm)    
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,  La   La  c- .     Li+ 
     -   

  A-    ABO3 (  A  = Li, La  B  =  Ti) 
 Li+-  ,         

  Li+-  .  
   ,    

      .  ,    
   ,     

 .        
     ( . . Pm3m)  

   Li+, La3+  . 
 

 
 

 1.  LLT     (1)   
    (2). 

 

 
 

 2.   LLT     
 (1)      (2)     (3). 
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  LLT      
      [4].  

,      (92-94%)  
   LLT        

 .   2     LLT, 
      1150 C   4   

     (1)      
(2)     (3). ,         

    , . .    
         

   2.5·10-5 · -1.       
   LLT     [5].  

 ,     
 LLT      . 

 
  

1.  . .,  . .,  . .,  . . // , 
2015. .51, 12. . 1303-1308. 
2. Bohnke O. // Solid State Ionics. 2008. V. 179. P. 9-15. 
3.  . .,  . .,  . . // . 2015. .51. 6. 

. 630-635. 
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5. Trong L.D., Thao T.T., Dinh N.N. // Solid State Ionics. 2015. V.278. P. 228-232. 

418 419



418 
 

 541.135.4:546.34 
 

   Li1+ Al Ti(Ge)2- (PO4)3  

  

. . *, . .  
         . . .  

 , ,  
*e-mail: kunshina@chemy.kolasc.net.ru 

     
    Ohara Inc. ( )  Corning Inc. ( ) 

       Li2O - 
l2 3 - i 2 - SiO2 - P2O5  150-300     

[1].  PolyPlus Battery      
   [2].      

        -
        

     Li+- .  
 Li1+x+yAlx(Ti,Ge)2−xSiyP3O12     [3]. 

       
Li1+ Al Ti(Ge)2- (PO4)3     . 

    Li1.3Al0.3Ti1.7(PO4)3 (LATP)  
Li1.5Al0.5Ge1.5(PO4)3 (LAGP)       

       [4]. 
     -2 ( u - , 

 ).     
  -     

    ICPE 9000.    Li+  
   .   

       
 88-90% (d = 10-12 , h = 2-3 ).   

      . 
     Elins 

Z-2000   10-2⋅106      50 . 
     LATP   

    H2O,   LiCl, LiNO3  LiOH  
20 C.        1-2   

      200 C   
 (       ). 

    (   )    . 
       

     . ,   LATP 
        LiOH 

  7-10  (  1),     
  LATP.  

419 
 

 
 1.    LATP (1)     

H2O   7  (2). 
 

      LiNO3·3H2O  LiCl 
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  LiNO3   5 (2)  12  (3). 
 

 ,     LATP 
       
    .    LATP  

  Li1.5Al0.5Ge1.5(PO4)3     
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1. Xie J., Imanishi N., Zhang T., Hirano A., Takeda Y., Yamamoto O. // J. Power 
Sources. 2009. V. 189. P. 365-370. 
2. Visco S.J., Nimon V.Y., Petrov A. et al. // J. Solid State Electrochem. 2014. V. 18. 
P. 1443-1456. 
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    KCl-NaCl.  
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  (Fe , Co)       
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      ,   
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       ,  
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    KCl-NaCl-HoCl3-NiCl2 ( oCl2)  KCl-
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      -  

      
. 

       
   –     973 .   

     3,0 . ,  
        

 .  
    KCl–NaCl   

 (0,5÷2,5 .%)    ( ) (0,1÷2,5 .%)  
  0,5÷2,0 / 2    60   

    .  
       

      .   
         
 .       

   373-423 .     
   1-2.        

       
( ), HoNi, HoNi5, HoNi3 (H 2, Ho 3, Ho 5, 
Ho2 17)   . 

 
 1.    , 

    KCl-NaCl  HoCl3 2,5 .% 
 NiCl2 0,5 .%    . ik = 1,2 / 2.  = 973 . S = 

2,43 2. : 1 – HoNi, 2 – HoNi5, 3 – HoNi3. 
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       : 750 °  (1), 
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800 °  (2), 850 °  (3), 900 °  (4), 950 °  (5).  – ,  –
  [3]. 

  ,     
    ,     

     Ln3+.    
-      

   ,    
      .  

         
,    p 2 –  –   [3–5]  

      ,   
,  2. 

 

 
 2.     

Ca0.6– Sr0.4La MnO3–     .  – ,  –
   [6]. 

 
,    Ln3+    

    , ,   , 
   .  

   ,    Mn3+, 
      ,  

       

433 
 

[6].         
,  3.  

 
 

 
 3.       

Ca1– Pr MnO3–    = 0.05 (1),  = 0.10 (2),  = 0.15 (3)     
[7]. 

 
       

  .        
          

     . 
 

      14-13-00870. 
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Ca2.5–xNa2xM2V3O12 (M = Mg, Zn) 

. . *, . . , . .  
     , , ,  
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   .    
    .    

        
    .     

 Ca2.5–xNa2xMg2V3O12  Ca2.5–xNa2xZn2V3O12,   
  Na+,       

       . 
  Ca2.5–xNa2xM2V3O12    

.   0 ≤  ≤ 0.52  Ca2.5–xNa2xMg2V3O12  
        

Ia-3d.          
 a2+ +  = 2Na+,   – ,    

  12.436 Å  Ca2.5Mg2V3O12  12.416 Å  Ca2NaMg2V3O12. 
     Ca2.5–xNa2xZn2V3O12   

0≤ x ≤0.5,        12.45 Å    
  .      

   ,  1.  
 

0 0.1 0.2 0.3

x

12.4

12.42

12.44

12.46

a
,A

3.94

3.96

3.98

ρ,
/

3

1

2

3

 
 1.     (1), 

 (2)   (3)     
Ca2.5–xNa2xZn2V3O12. 
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      Ca2.5–xNa2xMg2V3O12 
      .   

      1.4 .  
  400–500°      

Ca2NaMg2V3O12      
       

  .  500°    
      0.7 . 

  Ca2.5–xNa2xZn2V3O12  
   ,  550°    6.6.10–7 /   

Ca2.5Zn2V3O12  3.0.10–6 /   Ca2.3Na0.4Zn2V3O12.    
      ∼1.5 . 

      
Ca2NaMg2V3O12  =20–800°   pO2=0.21–10–10   

      
   .     800°  

    10–6      
    .  >800°   

Ca2.5Mg2V3O12   ,     
   0.85  0.75   . 
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    Sm2-xCaxW3O12-0.5x 

(x=0, 0.02, 0.06) 

. . , . . , . . , . . *, . .   
  , ,  
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      Sm2-xCaxW3O12-0.5x 
(x=0, 0.02, 0.06)     .   

-     (1): 
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2 x x x
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 ,    (  
     (  3)  

  (  4))  ,    
        (  Sm2(WO4)3)  

  (  Sm1,94Ca0,06W3O11,97).    
. 
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  Y  Yb  -  

     

-    

. . 1*, . . 1,2, . . 1,  
. . 1, . . 1,2, . . 1 

1     , ,  
2        . . , 

,  
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   -      

      
   [1].   

    ,      
    . ,   

        
  [2].      

  Y3+  Yb3+  ,   
    BaCe0.5Zr0.3Y0.2–xYbxO3–  (BCZYYbx, 

x = 0, 0.05…0.2).        
     Ce/Zr   Ba(Ce,Zr)O3. 

  BCZYYbx     -  
 ,   0.5 c.% CuO. 

      700 °  (5 ) 
    .   

     1100 °  (5 )   
   1450 °  (5 ).  

       
 ( , D/MAX-2200 RIGAKU)     

( , TESCAN MIRA 3 LMU).     
     Zirconia-318   

  (500–900 ° )       
 ( 2  = 0.03 ). 

       
 BCZYYb0.1       
  [3].        

NiO–BCZYYb0.1 (NiO:BCZYYb0.1 = 6:4,  400 ),  
 NiO–BCZYYb0.1 (NiO:BCZYYb0.1 = 55:45,  20 ), 

 BCZYYb0.1 (  25 )   NdBaFe1.8Cu0.2O5+  (NBFC, 
 7 μm).    ,   

        
     900 °     

1450 ° .       NBFC  
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     1100 °  (1 ).  
       600–

800 ° ,   2        
 . 

  ,    
BCZYYbx   (  1).    

     ,  
 ,          

 ( . . Pm3m ).       , 
          

(r(Y3+) = 0.900 Å, r(Yb3+) = 0.868 Å).     
        2  

(  1, ),     . 
 

  
 1.     BaCe0.5Zr0.3Y0.2–xYbxO3– : 

  ( )        ( ) 
 

.   ,  (L)  
  ( )   BCZYYb . 

x 
  

L, % , % 
a, Å V, Å3 

0 4.334 81.41 15.5 97 

0.05 4.330 81.20 16.3 97 

0.1 4.333 81.35 15.9 97 

0.15 4.315 80.31 16.1 98 

0.2 4.297 79.33 16.2 96 
 

    2,      
.  ,      

   .        
    ,     
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     (D .). ,     = 0, 0.05  
0.2  2–2.5 ,   = 0.15 – 1.7     = 0.1  4.1 . 

 

 
 2.    BaCe0.5Zr0.3Y0.2–xYbxO3– , 

  1450 °  (5 ):  = 0 ( );  = 0.1 ( )   = 0.2 ( ). 
 

  BCZYYbx     
    (  3).    

BCZYYb0.1      . 
,     = 0, 0.05, 0.1, 0.15  0.2    

600 °   15.2, 11.3, 15.9, 6.4  9.3  –1 (  )  13.5, 
10.6, 15.7, 5.7  11.5  –1 (  ) .  

      ,  
         
. 

 

 
 3.     

BaCe0.5Zr0.3Y0.2–xYbxO3–     ( )    ( ). 
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  BCZYYb0.1        
-    .  ,  

NiO–BCZYYb0.1|BCZYYb0.1|NBFC,    4. ,  
       

    . 
 

 
 4.     ( )  

     ( ). 
 

   ,     
   ~25    600, 700  800 °   

    1.038, 1.005  0.913,    
 144, 289  272  –2  (  5). 

 

 
 5. -  ( )   ( )  

     . 
 

     ,  
      (  96%). 

,         
     (  1.4–2.5     
 )     (  1.2–2.8 ). 

  BaCe0,5Zr0,3Y0.1Yb0.1O3-      
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   ,      
    .  

 
       

   (  14.Z50.31.0001).      
     "  

"   . 
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  70-    ,      20-25  
      , 

    ( )      [1-
4],         “  ” [5,6], 

 .  
    «  » −  

  , ,  , , 
    ( )    
 ( ),       ( ). 

        
 PK   1970 - 1975 . .   V2O5– V 3   

  , -  , -     
     [7-9],       

     V2O5– V 3 [8-10].  
 [2,14]      -   

    (∼360 )     
   ,   

,      ,  ,   
,      [2].  

    ( . ,  1914 ) −   (  
   100 )    ( ) −  

 [R'R3N]+X-,      [4]  
  NR3    R'X [4-5]  

  X-   -    [4]  
,          

 . H     
    [4,5],    : 

, , , , ,   .; 
: , ,  , 

, , , , , 
( )   .[4,5]. 

          
      , -  

-    -   
    –    
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 .      
   (“     ” – SILP 

(supported ionic liquid phase))       
 (“     ” – SILC  (supported 

ionic liquid catalyst)) [1],        
      ( , 

)     ,   
        

 ,  ,   [1, 3],  
    .      

SILP  SILC,    ,  , 
   ,      

 ,      [13].  
       , -   

   ,    
 .   

     ( ) −  
   (    ), 

        
 -    ,  -  

,    ,    
  .   : 

 -   ;    
   ,    

  -   ,   
         

   ,  ,   
   .  

    -   − 
    ,  , 

,  ,      
  -   ,    

    .   
        

 (   «   »)    
     [1,5,6].    

   (  )    
,   . .      ,    

H    ( - -  )    
        , 

, ,   . .  
 ,         

 ,  , , 
 ,  .,        
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     [3]. 

 , σ, χ,   V2O5 – 2 .    , σ 
     1   Sm,   
-     

:      Gs,  
   HS,     Ss,  

   Vj.    χ   
    Eχ    E  

,        
  Dχ, Dη  K+  O2−,    

. 
  , σ, χ,     ,   

   ( 02)    1    1–
4. 

  V2O5 – V 3       
,    : 2 5V2O5; 2 4V2O5; 

2 3V2O5; 3 2 5V2O5  2 V2O5 [4,5],    
2 4V2O5  2 V2O5,  .     

  39 .% 2     390 ° .    
     ,  
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 : 0,33V2O5  V4O10,5– .  
-  V2O4     2,05 %. 

 
 1.  ,     

   V2O5 – 2 . 
, .% 

V2O5 
=α–β , / 3  

,  
α β  104 

  

0 2,515 2,22 179,4 3,33 550 – 1000 
11,0 2,659 2,94 154,2 3,00 460 – 975 
19,4 2,694 3,02 142,2 2,80 465 – 990 
34,2 2,691 2,83 127,4 2,43 550 – 1010 
48,3 2,682 2,67 120,3 2,10 570 – 980 
64,0 2,677 2,57 111,4 1,74 600 – 955 
81,0 2,688 2,60 104,7 1,39 600 – 1005 
100 2,690 2,67 100,5 1,18 680 – 1000 

  
 

 

 1.   
 (1)   (2),  

  (3),  
 (4),    

(5)    V2O5– 2    
    (6)  700  

[3,6]. 
 

 2.  
  

  
V2O5– 2  ( 02 = 1 .) [7]. 1 – 100; 
2 – 90,6; 3 – 82,0; 4 – 75,6; 5 – 66,8; 
6 – 59,6; 7 – 55,4; 8 – 50 . % 
V2O5; (9, 10, 11 – 100 .% V2O5, 

   
[  . .,  . ., 

 .   .]). 
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 3.   
 χ   

    V2 5 – 
2O  750  [7] 1 – 100; 2 – 90,6; 3 – 

82,0; 4 – 75,6; 5 – 66,8; 6 – 59,6; 7 – 55,4; 8 – 
50 . % V2O5 (   2O  
33 . %   O2  

  χ). 
 

 4.  
  η  

  V2 5 – 2O [7] ( 02 = 1 
.). 1 – 100; 2 – 90,6; 4 – 75,6; 5 – 

66,8; 8 – 50 . % V2O5; (9  12 – 
100% V2O5   [Pantony 
D., Vasi K.]). 

  1    V2O5 – 2O   
 ,  ,    

 ,        
 «  – » (    . % 20).   

 I     :  

 –  ,   –    .   
    2  – V2O5   

     (  6),    
      .  

 (3.18 %)     40 . % 2    
 ,    2 4V2O5; 

2 V2O5. 
   ,   : 

  V2O5    480÷1000    

30,4  63,4 3,   rJ  1,89  2,48 ..   
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2           
  700   V 3 1,65 . ,     

     . 
   −(r + = 1,33 Å,  rO

2− = 1,32 Å)   
 ,      .  

   2  -  +   , 
   ,   

 . 
  χ       −  

   V2 5      . 
        2O–V2 5  

 2O, . .  ,    V2 5,  
    .      

    ,   , 
    .    (750 )  

  2    χ   73  17,    
   16,5  39 / .      

,  .   Dχ, Dη  K+  O2−  ,  
     K+ .  
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         , 
, ,  . .       

,      
  ,    ( ),   

   . 
       [1-4]  

  [5-7]   Li2CrO4-KI-RbI, 
     

 Li,K,Rb||I,CrO4.        
     

. 
      

,   ,      
   Li2CrO4-KI-RbI (  1): 

1.   ,    
  (  )      

     KxRb1-xI (  1 ); 
2.       

Li2CrO4+KxRb1-xI        
(  1 ); 

3.   ,    
  Li2CrO4+ + ,     –   

   KxRb1-xI     
,        KI,  – RbI  

(  1 ). 
        

    ,     
  Li2CrO4–RbI   

  1 2+RbI.     
       

. 
       

,       -   
     KxRb1-xI (  2).  
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  3  -     - . 
         ,  

     . 
 

 
 1.      Li2CrO4-

KI-RbI. 
 

 
 2.    Li2CrO4-KI-RbI. 
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 3. -     -   

Li2CrO4-KI-RbI. 
 

       Li2CrO4-
min 643, -       4. 

        
     357: =357 , 76,2% Li2CrO4 + 

7,7% RbI + 16,1% KI.       .  
     ,    

    :  
1+ 2  KxRb1-xI. 

 

 
 4. -     Li2CrO4-min 643. 
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  Li2O-TiO2   Li4TiO4, Li2TiO3, Li4Ti5O12  
Li2Ti3O7 [1].     Li2TiO3   

     ~44  66%  TiO2.  
 Li2TiO3     ~47  51% TiO2.  

 Li4Ti5O12,      1018° ,  
      Li2TiO3   Li2Ti3O7. Li2Ti3O7  
    957 ± 20° ,      

Li4Ti5O12  .       
 ,       Li2Ti3O7  

   ~74  76% TiO2.      
    ,    

Li4Ti5012          -
  ( ) [2].       Li2TiO3 

   [3].    
        

   200 – 4000 .  
      
   Li2TiO3.      

   
Pt Li2O  ZrO2+10 .%Y2O3, . (Li2O)x(TiO2)1-x Pt 

   =1000-1200    0.35÷0.95   
TiO2      
Li4TiO4, Li2TiO3, Li4Ti5O12     Li2TiO3.   

   ±5 .    
   (E=a+bT):  

, =961-3.106 10–2 ,   Li4Ti5O12+ TiO2                       (1) 
, =430-1.520 10–2 ,   Li1.92Ti1.04O3.04+Li4Ti5O12        (2) 
, =382-1.431 10–2 ,    Li2TiO3                                  (3) 
, =134-1.380 10–2 ,   Li4TiO4+ Li2.12Ti0.94O2.92         (4) 

  -     
      

: 
G= –zFE,   H= –zFa,  S=zFb                                                             (5)   

 z=2 (      Li2O),    F=96.5 / . 
     1200      

 1. 
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 2.       

     Li2O  TiO2. 
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     [1].   

       s1- , 
        

   .      
        

      [1]. 
 ,      

 Li,Na,Cs||F,I       [2].   
 Li,Na,Cs||F,I,      ,   

 [3-8].  
      

   LiF-NaI-CsI.   
    ( )     

  [9].    « » (LiF, 
NaI, CsI)      . 

      [10, 11]. 
     . 

  –  Al2O3.   
 0,3 .    . %. 

       LiF-
NaI-CsI    1.    LiF-CsI 

         
1-90 %  ,       

 845 .       
.   629    

(    1% [7]),   ,  
        

1%. 
   C [NaI – 80%; CsI - 20%] D [NaI – 

80%; LiF - 20%],      , 
       

          99% (  2). 
 ,     

,        
.       

 435 (  1)     : 433 
459 

 

, LiF – 0,25%, NaI – 45,89%, CsI – 53,86%.    l 
  ,   

      ,   CD. 
 

 
 1.       

 LiF-NaI-CsI     CD. 
 

 
 2. -     CD. 
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.    ( )   

       
  [1–4].        

   [1]   0,03  NH4VO3   0,56 /  NaF  2,6 
/  K3[Fe(CN)6].      

      . -
     .    

      ,   
 ,     pH   

   -  [5].    
       pH 2-3.    

          
        
 . 

    9    
  08       

-50 [6].         
     Fe2+ (FeSO4·7H2O)  Zn2+ (ZnSO4·7H2O)  

 0,01  0,001       4 . 
     pH 3  

  .   
       

     (   5 % NaCl, 
35° , 5 / , 7 ). 

        . 
           

.       100 /  (NH4)2S2O8 
    Km ( /( 2· )).  

       
            

          
   .    ,   Fe2+  

Zn2+   0,01  0,001      
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    , ,    

 . 
 

 
.        

   . 
 

     (   2 ) 
           

Fe2+,         
0,001 ,     0,01      

.   Zn2+        
   ,    ,  

  Fe2+.     Zn2+    
   0,001 .     Zn2+ 

 0,01     . 
 Fe2+      

  (IV),        [1,2] 
       . 
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  ( ),   - .     

  ,    : 
 ,      

 .      ,   
      , 

      .    
  ,     

-  (  ),   .   
        

  -    .   ,  
      -  , 

    .      
      
  LiFePO4 (LFP)   .  
 LFP    ,  ,   

,   ,     
         

  -  (  ).   
       

LFP/C        . 
        

          
.    ,     

 .         
 FeC2O4·(H2 )2 (   )  LiPO3 (  ). 

       750 °      
– .  LFP   (Fe2+  Fe3+),     

    .    
 LFP      ( ),     

 .     LFP,  
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   ,      
          750 ° .  

   (    1/3)    
    .    

    « »     
       

. 
         

LiH2PO4, Fe2O3, 5%     5%     
           

400      6 .    350 °C  
 4        700 °C  
 12    Ar/H2 (95:5).  LFP,   

   , ,   
(Li4Ti5O12, LTO).     5%    

 .  ,      
.       700 °C   

5   Ar.   LFP/C  LTO   Ti(C4H9O)4  
CH3COOLi 2H2O    Li:Ti  4:5,  

       
.    HNO3      

    .     
LFP/C   .      

 10      120 °C   2 ,  
   700 °C   3   Ar.    

LFP/C,  3% LTO. 
       

     Equinox 3000 
INEL.       

     ( )  
   WiTec Alpha 300AR.  

  LFP       
    ,    

     LFP     
  : 

3 LiFePO4 + 3/2 O2  Li3Fe2(PO4)3 + 1/2 Fe2O3 
       , 

         
      . 

      . - ,  
        

 10  .      
   (  ),    

 .     :   
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. - ,  ,     

  100   (     ) 
        

  .      
        

LTO         
 ( ).  

        
        

      LFP. 
 

      
«  »     ( , ). 
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        , 

,   . .    
,  ,     

         
     [1, 2].   
        

   .      , 
       

.         
      . 

        
        

.   -  ,   
     [3-5],   

       
   -     

      . 
   ( )  

      (Ti, Al, 
Mg  .)      [6, 7].    

       
  ,  ,       
 .  ,    

  ,   ,   
 .       

  - ,    
 ,  ,   

.  ,       
  ,  .  

      
  - ,   -

     ZrO2, SiO2  TiN.   
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    .    
        

     
 .     

 ,     ,  
     (  1).  

 
 1.   . 

  Ec,  Rp, O · 2 IC, A/ 2 
  –1,61 3,6 103 5,3 10–5 

 - :    
,    –1,52 2,4 105 1,1 10–7 

  ZrO2 –1,42 4,9·105 5,3·10–8 
  SiO2 –1,50 3,2·105 8,2·10–8 
  TiN –1,47 1,7 105 1,8 10–7 

 
       (IC) 

  ,   ZrO2  SiO2,   
1,5–2        - .  

   (Rp)     
   ZrO2.    Rp    2    
  .      

,  ,    
        

[8].      Rp   ,  
,   TiN.    

    (   TiN, 
 [9],  4 10–5 ).    ,  

  ,    
,        

  1,5-2         
(I  = 5,3 10–5 A/ 2, Rp = 3,6 103 O · 2).  ,   TiN 

   [10]. 
     

  ,    ,   
  ( ,  2).    
       

.       
    .  

 ZrO2  SiO2   ( )    
 |Z|f 0 ,    ,  1,4 105 2 

(  - )  1,8 106 2.   ,   
 2, ,    Q1   CP 1 

(constant phase element –    ),  
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  ,   ,  
.       

  .    R1, 
     , ,   

    SiO2    . 
 ,         

   ,     
Q2  CP 2  1,3   ,   SiO2,   

     ZrO2     -
.     (R2)   
 [11]. 

 

 
.        8  

 (1)   - ,   -  
    (2)     ZrO2 (3), 

SiO2 (4)  TiN (5). 
 

 ,      TiN, 
      R1  R2 

(     , )   
  - .  ,   ,  

  TiN,     
 .     Q1,   

,   TiN   ,   
   - .     

 (   Q2). 
    ,  ,  
   ,     

   ,    . 
       

  .    
  ,    
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 ZrO2:      2     
- ,     . 
 

 2.      
 (|Z| f 0 , ⋅ 2; R, 2; Q, -1· -2· n)   . 
  

|Z| f 0  R1 
CPE1 R2 

CPE2 
Q1 n Q2 n 

  1,8·103 – – – 4,8·102 3,3·10–5 0,85 
 - :        

,  
 

1,4 105 1,9 104 4,1 10–7 0,72 1,2 105 9,9 10–7 0,77 

 
 ZrO2 

1,8·106 5,9 104 6,5 10–8 0,83 1,5 106 5,9 10–8 0,83 

 
 SiO2 

2,6 105 2,1 104 2,5 10–7 0,73 2,4 105 7,8 10–7 0,69 

 
 TiN 

5,2 104 3,4 103 2,1 10–7 0,78 5,0 104 5,6 10–6 0,76 

 
       

 (  14-33-00009). 
 

  

1. Aghion E., Bronfin B. // Mater. Sci. Forum. 2000. V. 350–351. P. 19–30. 
2. Song G. // Adv. Eng. Mater. 2005. V. 7. P. 563–586. 
3. Arrabal R., Matykina E., Viejo F., Skeldon P., Thompson G.E. // Corros. Sci. 2008. 
V. 50. P. 1744–1752. 
4. Sinebryukhov S.L., Gnedenkov A.S., Mashtalyar D.V., Gnedenkov S.V. // Surf. 
Coat. Technol. 2010. V. 205. P. 1697–1701. 
5. Shi Z., Liu M., Atrens A. // Corros. Sci. 2010. V. 52. P. 579–588. 
6.  . .,  . .,  . .  

     ,  
  . : , 

2013. 
7.  . .,  . .,  . .,  . .,  . .,  
A.M. -      

.  2-  .  II. : , 2011. 
8. Gnedenkov S.V., Sinebryukhov S.L., Mashtalyar D.V., Imshinetskiy I.M., 
Gnedenkov A.S., Samokhin A.V., Tsvetkov Y.V. // Vac. 2015. V. 120. P. 107–114. 
9.  . .,  . .  . .: , 
1976. 
10. Mashtalyar D.V., Gnedenkov S.V., Sinebryukhov S.L., Imshinetskiy I.M., Puz A.V. 
// J. Mater. Sci. Technol. 2017. Vol. 33. P. 461–468. 
11. Gnedenkov S.V., Sinebryukhov S.L., Mashtalyar D.V., Imshinetskiy I.M. // J. 
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   ,    
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     -  ,    

       
 ,      ,  

  ,    . 
      

,       
,         ,   

   , ,    
.       
 ,  ,    ZrO2  Y2O3. 

     2  7.9 .%  .   
   +  (    , 

).         
   ,     

« ».       , ,  
   «  »    

   .     
 ,    1978  . .  [1].  

,     ,    
     « » 

 -    .   
        

    .   ,    
     2  %    

    -       
 -  .       

   « »      
 .   ,      

  (  1200 ° ),     (!).  
            

 (   . .)       
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. .         
 2.75, 4.24  5.72 % (   «  »).   

,   - ,     
 10 .       

.    ( )    
 .          

      -  
.      -  

         
  ,       

.           
        100 – 600 

-1. 

 
 1.      ZrO2 ( , 

).  (2.8)   ,     
900°   « » ,    (4.3)  (5.5). ( . ) 

 
         

 .     . - ,  
   « »      

. - ,     900   
 8 ,  . . . - ,  «  »  

  – «   ».    
          

.    - 400 – 600 -1 –    
 .   – 100 – 360 -1 –   

   .      , 
 ,        
     .   ,  

    . 
         

     [2],    
    (  (C /c )  E ( )), 
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        ZrO2–
Y2O3        , 

     .   
    «  »   - , 

  [2] ,      
[2] c         

  «  »,    
  Y2O3  7 %. 

        ZrO2  
  (11.5 % Y2O3)    250 -1,  

   ,   
   .   40   

 [1]       
         

.   [2]     
        

    (Zr/Y) ,   , 
     .  

 
 2.    [2]   , 

,      . 
     [2]: t1, t2, cub  t, t’, c. 

  ≈250 -1    .  
 

   [2]     (T)  
   E ≈0.9    Zr/Y(    

   2)     ( ) 
    (1) T=Aexp(-Eakt/T) (1).   
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 ,   ,   
,    .    

     .    (3.2 %) 
    ,    

 [2] , - , -     
.  ,   « »    –

   –  .  
     160-360 -1     

     250 -1    
,   « » ,   10 -1..  
  5.72  4.24 .% Y2O3      

 238 -1 ( )  243 -1 ( ) ,    .   
     2.8 %:      196 

-1,    ,   « »  , 
   1.9 %. Y2O3. (        274 

-1). 
      HORIBA JY MRS 320 c 
  1 -1.     

,    ,   . 
      . 
       

  .       2 
    8   2.8 %  ,  
     . ,    

  900°    .    4.24 % 
     ,     
. 

 
  

1.  . . //   . 1978. .69. .26. .69-75. 
2.  . .,  . .,  . .,  . .,  . ., 

 . .,  . .,  . .,  . .,  . ., 
 . .. //   . 2017. .48. .6. .23-30. 
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 544.313:546 
 

   

     

   Pr-Ga-Al  

. . 1,2, . . 1*, . . 1, . . 1 
1   , ,  

2    , ,   
e-mail: leonid.iamshchikov@urfu.ru  

  
 Ga-Al      

  .     
      

  Ga-Al. 
       Pr–Ga–Al 
.  [1]      

Ga-Al, Pr-Ga  Pr-Al.  Ga-Al     ; 
  : 299,75 K  2,1 .% Al.   Pr-Ga  
     PrGa6,   739 K 

   PrGa6 = 2Ga + PrGa4.  PrGa6 
   ,   P4/nbm 

(   PuGa6),  PrGa2+x –  ,  
 P6/mmm (   AlB2).   PrGa4  

,     . 
 PrGa4  897 K      

PrGa4 = 2Ga + PrGa2+ .    PrGa2  
    66,7  78 .% Ga,   

  1743 K.   Pr-Al     
Pr3Al11    1513 K,   1238 K   

  -Pr -Pr (  ).   
       
 Pr-Ga  Pr-Al ,      
    Pr-Ga-Al    , - , 

 . 
      

   Ga-Al  ,  
,     (1),   
     ( +PrIn3)   

  [2,3]: 
(−) Pr (LiCl–KCl–CsCl)  + PrCl3 ( +PrIn3) (Mo) (+),   (1) 

 ( +PrIn3) –    ( + )  
c , Pr-Ga-Al –   Ga-Al,  . 

      ( +PrIn3)  
  LiCl-KCl-CsCl   
  ,     

475 
 

     
.       LiCl–KCl–

CsCl    [4, 5]. ,   
 (1)  (2),        

Pr-Ga-Al   .  
       :  

  6N ( 99.9999%);   A-999 
( 99.999%);   Alfa Aesar ( 99.9%  ); LiCl 
ROTH ( 99%); CsCl  17-2; KCl  5-4;     

  10157–79.   ,  
      [3].  

  1      
  ( ) [6]    

 E = f(T),    [2]   648-973 K,    [3]  
 571-1072 K,     (1)   572-

1076 K,   - .  
 

 1.    E = f(T)  . 
 E = a + bT, B ,T   

K 
,E   

B 
B  10-3 ,1052

0 ⋅S  
B2 

l ; 
T, K a –b 103 

+PrIn3 0,8383 0,3123 827,70 0,57980 525,5 2,196 60 [2] 

+PrIn3 0,8332 0,3029 800,85 0,59067 1470,7 2,712 110 [3] 
+PrIn3 0,8354 0,3067 810,33 0,58681 2024,1 2,684 170 * 

Pr-Ga-Al 1,1077 0,5093 653,65 0,77484 94,8 3,010 40 572-731 
Pr-Ga-Al 1,0142 0,3812 823,31 0,70036 144,1 2,843 43 731-875 
Pr-Ga-Al 0,9879 0,3511 929,03 0,66168 230,1 2,753 42 875-1076 

* –   [2, 3]; 2

1

2
i K,)T(T

=

−=
l

i

B ; 
=

− −−=
l

i
i EElS

1

212
0 )ˆ()2(

       
 [7] ,     E=f(T)  

  ( +PrIn3),    [2]  [3],  
         

    -   
  (1).   1  2  . 

    1   E=f(T)  
2 :  731  875 K.       

  PrGa6 (739 K),   –   
 ,    [1]   

 PrGa4 (897 K).    E=f(T)    
      . 

476 477

УДК 544.313:546

ЭЛЕКТРОХИМИЧЕСКОЕ ИЗУЧЕНИЕ ТЕРМОДИНАМИКИ 
СПЛАВООБРАЗОВАНИЯ И ФАЗОВЫХ ПРЕВРАЩЕНИЙ В 

ЖИДКОМЕТАЛЛИЧЕСКИХ РАСПЛАВАХ Pr-Ga-Al 
С.Ю. Мельчаков, Л.Ф. Ямщиков, В.А. Иванов, М.Ш. Исмаилов

Уральский федеральный университет, Екатеринбург, Россия
Институт металлургии УрО РАН, Екатеринбург, Россия 

e-mail: leonid.iamshchikov@urfu.ru 

УДК 544.313:546

ЭЛЕКТРОХИМИЧЕСКОЕ ИЗУЧЕНИЕ ТЕРМОДИНАМИКИ 
СПЛАВООБРАЗОВАНИЯ И ФАЗОВЫХ ПРЕВРАЩЕНИЙ В 

ЖИДКОМЕТАЛЛИЧЕСКИХ РАСПЛАВАХ Pr-Ga-Al 
Мельчаков С.Ю., Ямщиков Л.Ф., Иванов В.А., Исмаилов М.Ш.

Уральский федеральный университет, Екатеринбург, Россия
Институт металлургии УрО РАН, Екатеринбург, Россия 

e-mail: leonid.iamshchikov@urfu.ru 

УДК 544.313:546

ЭЛЕКТРОХИМИЧЕСКОЕ ИЗУЧЕНИЕ ТЕРМОДИНАМИКИ 
СПЛАВООБРАЗОВАНИЯ И ФАЗОВЫХ ПРЕВРАЩЕНИЙ В 

ЖИДКОМЕТАЛЛИЧЕСКИХ РАСПЛАВАХ Pr-Ga-Al 
С.Ю. Мельчаков1,2, Л.Ф. Ямщиков1*, В.А. Иванов1, М.Ш. Исмаилов1

1Уральский федеральный университет, Екатеринбург, Россия
2Институт металлургии УрО РАН, Екатеринбург, Россия 

e-mail: leonid.iamshchikov@urfu.ru 



476 
 

 
 1.      Pr-Ga-

Al. 
  
     1   

     Pr-In  Pr-Ga-Al   
 2.       

   Pr-Ga  Pr-Al. 
 

 2.   -   . 
 ,PrHΔ−  

/  
,PrSΔ−  

/ K 
,PrGΔ−  /  ; 

T, K 700 K 900 K 
+PrIn3 242,8±2,9  90,4±3,8 179,37±0,48 161,29±0,27 [2] 
+PrIn3 241,2±2,0  87,7±2,5 179,81±0,38 162,28±0,38 [3] 
+PrIn3 241,8±1,7  88,8±2,1 179,66±0,32 161,90±0,29 * 
+PrGa2 293,1±2,7 110,4±3,2 215,83±0,53 193,76±0,36 [3] 
+Pr3Al11 255,8±7,1  92,5±7,5 - 172,46±1,21 [8] 

Pr-Ga-Al 320,6±2,8 147,4±4,0 217,45±0,40 - 572-731 
Pr-Ga-Al 293,6±2,4 110,3±2,9 - - 731-875 
Pr-Ga-Al 285,9±2,0 101,6±2,4 - 194,48±0,31 875-1076 
* –     [2]  [3] 

 
  2     

      
( + )      Ga-Al.   

       
   Ga-Al.   

  Pr-Ga-Al   (1)    
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 ,   PrGa6  PrGa2+x. 
          

. 
 

 

1.      
  Ga-Al,   .  

2.      Pr-Ga-Al, 
 ,     Pr-Ga 

  PrGa6  PrGa2   ,  
  [1] ,  PrGa4.  

 
  

1. Masalski T.B. // ASM Binary Phase Diagrams [computer soft wear]. ASM 
International. Materials Park. ISBN 0-87170-562-1. Copyright USA, 1996.  
2.  . .,  . .,  . .,  . //  

  :  IV    
   ( ). .2. - :  . 

. 1979. . 67–71. 
3.  . .,  . .,  . .  . // . 2014.  6.  

. 18–27. 
4.  . .,  . .,  . .,  . . // . . 

 . 1972.  3. . 115–119. 
5.  . .,  . .,  . . //  . 1654-75. 
6.          . 

     
       
  // . . . 1972.  11. . 2975–2979. 

7.  . .,  . . // . . . 1972.  3. . 593–601. 
8.  . .,  . .,  . .  . // . .  

. 1983.  3. . 142–144. 
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 ,     

  ( ),     
    .  

        
       ,   

      (   
 ).       

 IIIA  ,  ,    .  
  4f-  5f-  (    )  

      : – , 
   .  

        
     ,   

 Ga-In,    .   
          

       
    .  

     : 
   ( 99,9999%),  

 -000 ( 99,9996%),   -1 ( 99,9% Nd), 
   (99,9995%).   

     PANalytical X’Pert PRO 
MPD;      PDF-2. 

        -
    ELAN 9000.  

  1   ,   
    (XNd – . )   

 Ga-In  ,     (  
   .%).      Ga-In: 

288,45 K  21,4 .% In.   1  ,  
   lgXNd   

.         
         

 .     
  Ga-In  . 
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  1.   lgXNd = f(1/T). 

 
  

lgXNd =a + b T-1 + T-2 
T, K 

a b 10-3 c 10-6 
Ga 0,71 2,33 - 433 - 1079 
In -0,55 1,55 - 444 - 1066 

Ga78,6In21,4 3,62 6,25 1,08 324 - 1072 
Ga40,0In60,0 6,70 10,13 2,00 427 - 973 
Ga30,0In70,0 7,32 11,20 2,27 427 - 973 
Ga90,0In10,0 4,13 6,51 0,86 425 - 1073 

 

 
 1.      :  

1 – In; 2 – Ga; 3 – Ga78,6In21,4; 4 – Ga40,0In60,0; 5 – Ga90,0In10,0, 6 – Ga30.0In70,0. 
  

  1073-833 K       
 Ga-In      .   
      .  

   Ga78,6In21,4   ,   
     

 Ga-In,  ,    .   
 ,      

   ,  ,   
    .     
      Ga-In.  

  ,     
NdGa6  NdGa2.      .
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     a5M4V6O24,  

  – Zn  Mg 

. . 1, . . 1,2*, . . 2  
1 , .    . .   

2      
*e-mail: mail-content@mail.ru 

 
    a5Mg3ZnV6O24   

  1992  (  1) [1]        
dI 34 .    a5Mg3ZnV6O24    

     Ca2+    
.       

 LTCC  [2],     
     100 °  [3-6],     

   ,    
,        

  [7, 8].     
 a5Mg4V6O24  a5Zn4V6O24,      

      .  
      dI 34    , 

          
 .         

  a5Mg4-xZnxV6O24,  =1÷4. 
 

 
 1.  Ca5Mg3ZnV6O24 [1]. 

 
        
    800-975 °     

.          
  ,    .  500 °     

200 ° / ,     –  10 ° / . 
       -

481 
 

 .      
  Rigaku DMAX-2200/PC  Cu K -   

  10°< 2  <90°.     
( )    -  Renishaw 
1000   (514,5 ) :   20 ,  

    100  4000 -1,   30 .  
       

a5Mg4-xZnxV6O24,  =1÷4.     
,        8.  

  ,     – . 
       [1]. 

 
      

  «  »   
   .    

  ,  17-03-01280 . 
 

  

1. Müller-Buschbaum Hk., Postel M. // Z. Anorg. Allg. Chem. 1992. V. 615. P. 
101–103. 
2. Guo-Guang Yao, Peng Liu, Huai-Wu Zhang // J. Am. Ceram. Soc. 2013. V. 
96(6). P. 1691–1693. 
3. DanWang et al. // Ceramics International. 2016. V. 42. P. 15094–15098. 
4. Liang Fang  et al. // Ceramics International 2013. V. 39. P. 9779–9783. 
5. Huaicheng Xiang et al. // Ceramics International 2016. V. 42. P. 3701–3705. 
6. Guoguang Yao et al. // J. Eur. Cer. Soc. 2014. V. 34. P. 2983–2987. 
7. Pavitra E. et al. // Scientific Reports 5:10296 DOI: 10.1038/srep10296. 
8. Yanlin Huang et al. // Optics express. 2012. V. 20(4). P. 4360 – 4386. 
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. . 1,2*, . . 1,2 

1     , ,  
2    .    . . , 

,  
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   ,       
 .       

         
 ,    ,  

       ;  
       ;  

       ,    
  [1,2].  

      
       
.        
 ,  ,    . . 
    –   HfO2    

     2900±20°    
 ,    ,    

-   .     HfO2 

      ,   
   ,      [3]. 

        
 :       

       ,    
  ,    . 

   ,    
      HfO2    

  HfO2+Sc2O3+Y2O3 [4],   
     .   

       
  (  92%)     

  HfO2-Sc2O3-Y2O3   ,  
 ,    -   

(  1  2).        
      .  

     
   8,5·10-6 -1      
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 .     
 – 3,4·10-2 /   800 °   2,3·10-3 /   600 ° , 

     .  
 

 
 1.   0,9HfO2+0,07Sc2O3+0,03Y2O3. 

 

 
 2.        

 (1-x-y)HfO2-(x)Sc2O3-(y)Y2O3. 
 

       
  ,    

  ,     
 .  ,     
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:     ,    

    .    
    (Pt, Pd, Ag, Ni)  

       
    HfO2–Sc2O3–Y2O3,   
    . 

       
          

.       
  .    
 950   1200 ,   –  7,9·10-6 , -1. 

     
         
    HfO2     

. 
      

 « . . . . .»      
  -   (  9486 /2015). 

 
  

1.  . .  . .:  , 2000.  
2. -  . .,  . .   .  2-  . :  –  

. – .  – , 2010, T. II. 
3. Kharton V.V., Yaremchenko A.A., Naumovich E.N., Marques F.M.B. // Journal of 
Solid State Electrochemistry. 2000. V. 4. P. 243-266. 
4.  . .,  . .,  . .,  . . // . 2015. . 
88. . 5. . 708-713. 
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- -    

    

     

. . *, . ., , . . , . .  
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     ,   

   ( ,  , 
   . .),    -    . 

         
      . , 

 , ,    
     ,     

, ,  .  
         

  [1, 2] -     , 
   -    , 

    .    
    . ,    

,       
     .     

   ,   
 [3].       

       
      .  

       
      . 

        
    ,     

  -, -, -   
    Mo2C·W2C c  

    .  
       

      ,  
   1.  

  1  2    -3   
,         

.   3 - 9     
   .   10    

    (0,2-0,3 / 2).   11  Na2WO4 
(80,0 .%) – Na2MoO4 (7,5 .%) – Li2WO4 (7,5 .%) – Li2CO3 (5,0 .%) 

      . , -
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,         
,        

        .  
 

 1.   .  
 , % 

 Na2WO4 Na2MoO4 Li2WO4 Li2MoO4 Li2CO3 
1 97,0 - 1,5 1,0 5,0 
2 92,0 1,5 1,5 - 5,0 
3 46,25 46,25 1,5 1,0 5,0 
4 46,5 46,5 1,5 0,5 5,0 
5 46,75 46,75 1,5 - 5,0 
6 46,5 46,5 2,0 - 5,0 
7 46,5 43,5 5,0 - 5,0 
8 60,0 30,0 5,0 - 5,0 
9 75,0 15,0 5,0 - 5,0 

10 85,0 5,0 5,0 - 5,0 
11 80,0 7,5 7,5 - 5,0 
12 82,5 7,5 5,0 - 5,0 
13 85,0 7,5 5,0  2,5 
14 86,0 7,5 5,0  1,5 
15 86,5 7,5 5,0  1,0 

 

 
  1.   -3    

       ( .%): Na2WO4 
(82,5) – Na2MoO4 (7,5) – Li2WO4 (5,0) – Li2CO3 (5,0)    

 0,15 / 2  =9000 : 1 –   W2C, 2 -   
Mo2C, 3-   Fe. 

 
   12-15  ( .%): Na2WO4 (82,5) – Na2MoO4 (7,5) – 

Li2WO4 (5,0) – Li2CO3 (5,0); Na2WO4 (85,0) – Na2MoO4 (7,5) – Li2WO4 (5,0) – 
Li2CO3 (2,5); Na2WO4 (86,0) – Na2MoO4 (7,5) – Li2WO4 (5,0) – Li2CO3 (1,5); 
Na2WO4 (86,5) – Na2MoO4 (7,5) – Li2WO4 (5,0) – Li2CO3 (1,0)  

        
    ( , -3, , -2000).   

1-3  ,    

487 
 

      , 
    ( . %) Na2WO4 (82,5) – Na2MoO4 (7,5) – 

Li2WO4 (5,0) – Li2CO3 (5,0)     0,15 / 2  
=9000C  -3. 

 

 
 2.     -3 

    ( .%): Na2WO4 (82,5) – Na2MoO4 (7,5) – 
Li2WO4 (5,0) – Li2CO3 (5,0)     0,15 / 2  =9000 . 

 

 
 3.      

    -3 (   4670 )   
  ( .%): Na2WO4 (82,5) – Na2MoO4 (7,5) – Li2WO4 (5,0) – 

Li2CO3 (5,0)     0,15 / 2  =9000 . 
 

  

1.  .,  . //     
 . . .  . /  .  . . – 

: ,  . 1991. – 368 .  
2.  . .,  . . // -   . 

   . .: , 1985. 
3.  . .  . .,  . . //    

 .  . , 2016 . 
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. . 1*, . . 1,2, . . 1 
1        . . , 

,  
2     , ,  
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  .     

 ,    .  
        

          
    [1].    

   .    
    ,      

   ,    
    . 

        
      .  

    (  1),     
 

 

    

1 

2 
3 
4 

5 

6 

7 8 

9 
10 

11  
 1.     : 1 –  

; 2 –   , 3 –   ;  
4 –   ; 5 – ; 6 – ; 7 – ;  
8 – ; 9 – ; 10 – ; 11 –   

. 
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   ,     
 2,6   7 ,      

 .        
AutoLAB.     50 º ,  

      .   
      .  

     , 
   ,     
,  .        

 : 1) 0,216 /  Cu2+  1 /  Cl-; 2) 0,146 /  Cu2+  
5,5 /  Cl-; 3) 0,244 /  Cu2+  1 /  Cl-   1,63 /   

   .      , 
  ,   3200 / 2.  

        
     , 

(  2) [2].       1 
 333 / 2. 

0
100
200
300
400
500
600

0 0,05 0,1 0,15 0,2

i p
, A

/
2

v0,5, ( / )0,5  
 2.       (ip)  

   (v)    1. 
 

       
    ,   
   (  3). 

 

    
 3.        

,    :  – 0;  – 9 ;  – 12 ;  – 41 . 
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    JRuller    
 ,        
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 y(t)        (  4).  
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 4.       

   (1, 2, 3)      (1’, 2’, 3’). 
 

         
  ,     

,       
,          

,          
.     ,     

    ,    ,   
    ,     

   .  
      

       , 
   ,    
    .   

        
   ,   

  (  5). 
         , 

,    .    
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  OLYMPUS BX-51M   
. 
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 5.      

    (1, 2, 3)    
 V(H2) (1’’, 2’’, 3’’). 

 
  6       

 20. 
 

 

   
 6.       

20,   :  – 1;  – 2;  – 3. 
 

   1      
  15    ,    

  1,5 ,   2     
   40 ,      

 2,5 ,   3    10 ,  
  1,2 . 

 
  

1.  . .,  . . //  . . 1989. . 30. 
. 55–145. 

2.  .    . .: , 1974. 
552 . 
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 2D-    

ZrO2 – (1– )Y2O3,  -   

A.C. *, . . , . . , 
 . . , . .   

     . . .  , , 
 

*e-mail: artyom.nano@gmail.com 
 

       
,   ,    

     70-   20  [1].    
      ,   ,  

      , 
  ,   , 

          
     600-800 °    

      .  
 ,     

        
  ,    ,   

     .  
    , 

  ,     
 [2-3],        

.  ,       
  ZrO2-Y2O3     

   -       . 
       

        
 -    . 

       dip-
coating (    1 / ).   

    750 º    1   .  
        2 

 (      3).   
    1. 
   (   D8 Advance, Bruker)  

      ( )    
 Y2O3 5-20 %    2  ~30,4°, 

    .   
     ,  Zr-  Y-
 ,   ,      
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     (  
  , .  1),    . 

 
 1.   2D- . 

  
D ., , 

 

RO2/RAr, 3  R   450 ° , 
 

400 °  450 °  1  2  3  
0.05Y2O3 — 0.95ZrO2 19.4 ± 2.9 1,03 1,03 65 48 12 
0.1Y2O3 — 0.9ZrO2 18.8 ± 1.9 1 1,07 160 37 5 

0.15Y2O3 — 0.85ZrO2 17.1 ± 2.3 1,04 1,04 230 100 34 
0.2Y2O3 — 0.8ZrO2 16.9 ± 1.8 1,04 1,04 200 90 25 

0.33Y2O3 — 0.67ZrO2 13.9 ± 1.6 1,04 1,04 120 90 65 
0.4Y2O3 — 0.6ZrO2 15.7 ± 2.1 1,04 1,04 220 250 200 
0.5Y2O3 — 0.5ZrO2 13.2 ± 1.4 1,08 1,08 115 110 22 

 
     2D-

      Carl Zeiss 
NVision 40.         

    (    0,33Y2O3 — 0,64 
ZrO2)  19,4 ± 2,9  13,2 ± 1,4  (  1). 

       
  Fluke 8846A (6.5 Digit Precision Multimeter). 

       
.         
    Bronkhorst    

 200  100 / .  RO2/RAr   (  RO2 – 
        , 

RAr –   )     25-450 ° ,  
        

 (99,99995%).       
     ,  

 . 
  1   ZrO2 — (1- )Y2O3   

      ,    -
 (1% 2, 1% 4, 1% 2, 200 ppm , 100 ppm NO2)   
  25-450 ° .     2  

       
   .   ,    

      20% : 
RO2/RAr        350-450 °   
1,04 (      0,1Y2O3 — 0,9ZrO2  
0,5Y2O3 — 0,5ZrO2,   RO2/RAr=1,07).   3   

  R       
 ( . 1).      
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0,1Y2O3 — 0,9ZrO2  0,5Y2O3 — 0,5ZrO2.  R    
      350, 400  450 °    

 2. 

 
 2.     ZrO2 – (1-

)Y2O3   Y2O3      350, 400  
450 ° . 

    3   RO2/RAr  20% 2  
    1,04 (   0,1Y2O3 — 0,9ZrO2  0,5Y2O3 – 

0,5ZrO2 RO2/RAr=1,07).   20% 2   0,2Y2O3 — 0,8ZrO2  
0,33Y2O3 — 0,64ZrO2    450  350 °   

   3( -b).       
 (   33% Y2O3),     ,  

   1%     350, 400  
450 ° .   ,      , 

  ,   R /R 2 (  R  –  
    , R 2 –   1% 2)   (1.1, 1.07  

1.14    0,5Y2O3 – 0,5ZrO2, 0,4Y2O3 – 0,6ZrO2  0,33Y2O3 – 
0,64ZrO2, ).   1% 2   0,33Y2O3 – 
0,64ZrO2  0,5Y2O3 – 0,5ZrO2    350  450°  

   3( -d). 
 , -     

   ZrO2 – (1- )Y2O3,   
  20%     350-450 °  (   

   ).  ,   ZrO2 – 
(1- )Y2O3    Y2O3 ( 33 % Y2O3)    1% 

,        
    .   

     .   
        . 
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 3.   20% 2   0,2Y2O3 – 0,8ZrO2  

 =450°  ( )   0,33Y2O3 – 0,64ZrO2   =350°  
(b),     1% 2   0,33Y2O3 – 0,64ZrO2  

 =350°  ( )   0,5Y2O3 – 0,5ZrO2   =450°  (d). 
 

        
     

,        
  . 

 
       

 (   15-29-01213 _ ). 
 

  

1. Ramamoorthy R., Dutta P.K., Akbar S.A. // J. Mater. Sci., 2003, 38, 4271-4282. 
2. Simonenko N.P., Simonenko E.P., Sevastyanov V.G., Kuznetsov N.T. // Russ. J. 
Inorg. Chem., 2015, 60(7), 795–803.  
3.  Simonenko N.P., Simonenko E.P., Mokrushin A.S., Popov V.S. et al. // Russ. J. 
Inorg. Chem., 2017, 62(6), 695–701. 

 b 

c d 
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      (  3). 

 

  
 3. SEM   -   

( )  -   ( )     3% -  
NaCl   . 

 
-      
  3%   NaCl   100    

     100-       8%  
  (  4).  

 

  
 4.  -   -

  . 
 

      
    .   

         
 15-25 /c 2    50      

  24 .  
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     3%  
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     .   
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         Al2O3 

      .  
      , 

         
 -1,      10%  25%.  

       7%.  
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  50°    50    .   
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    (LiCl-KCl)  + 4 . % UCl3 + 4 . % 
CeCl3 + 4 . % NdCl3   520 ° .      

       
,       

 (LiCl-KCl)  ,       
    .     

      ,   
,     .  

        
.        0.1  1 

ppm . 
      .   

  100     .     
 11-13 2.     

 1 ,      . 
   ,     

.   -  ,  
      . 
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     : 
 -  (  235UO2 - 

233UO2); 
 -  (  235UO2 - ThO2); 
 -  (  U - Th). 

        
,       

 , ,    .  
         

,   60-70 .  ,     
      .  

        
-  ( ),       

 .. 
          

,  -       . 
 -      

         
     -   [2-4]. 

         
      . 

    ,   -   
       

 [5,6].     [7,8]  
        
    .       

      .  
     [9]:  

Th + 2Cl2 ( ) = ThCl4 
     

E* Th4+/ Th = - 3,70 + 
0 70,
rR

+
 + ( 8,97 - 

3 00,
rR +

 ) ∗ 10 T -4 ± 0,01 , 

ΔG* ThCl4 = - 341 300 + 
64600
rR +

 + ( 35,2 - 
7 7,
rR

+
 ) * T ± 500 / . 

 

506 507

УДК 546.841: 541.071

ХИМИЯ ТОРИЯ В ХЛОРИДНЫХ РАСПЛАВАХ И ТЕХНОЛОГИЧЕСКИЕ 
ВОЗМОЖНОСТИ ПИРОЭЛЕКТРОХИМИЧЕСКОГО ПОЛУЧЕНИЯ ТОПЛИВА 

БЫСТРЫХ РЕАКТОРОВ НА ОСНОВЕ ТОРИЯ
В.С. Наумов

Всероссийский НИИ радиологии и агроэкологии, Обнинск, Россия, 
e-mail: naumov.rirae@gmail.com

УДК 546.841: 541.071

ХИМИЯ ТОРИЯ В ХЛОРИДНЫХ РАСПЛАВАХ И ТЕХНОЛОГИЧЕСКИЕ 
ВОЗМОЖНОСТИ ПИРОЭЛЕКТРОХИМИЧЕСКОГО ПОЛУЧЕНИЯ ТОПЛИВА 

БЫСТРЫХ РЕАКТОРОВ НА ОСНОВЕ ТОРИЯ
Наумов В.С.

Всероссийский НИИ радиологии и агроэкологии, Обнинск, Россия, 
e-mail: naumov.rirae@gmail.com

УДК 546.841: 541.071

ХИМИЯ ТОРИЯ В ХЛОРИДНЫХ РАСПЛАВАХ И ТЕХНОЛОГИЧЕСКИЕ 
ВОЗМОЖНОСТИ ПИРОЭЛЕКТРОХИМИЧЕСКОГО ПОЛУЧЕНИЯ ТОПЛИВА 

БЫСТРЫХ РЕАКТОРОВ НА ОСНОВЕ ТОРИЯ
В.С. Наумов*

Всероссийский НИИ радиологии и агроэкологии, Обнинск, Россия, 
*e-mail: naumov.rirae@gmail.com



506 
 

  ,      
 . ,      

ThCl4 + 1/2 O2 ( ) = ThOCl2 + Cl2 ( ), 
    470 - 622°    [10]  

lg  ( .) = - 636/  + 0,98. 
       . 

         
         

 .  1100     ~ 0,1 ( )   CsCl + ThCl4, 
 3,1 . % ThCl4,  ~ 5,9 ⋅ 103 ( )   LiCl - KCl 

  [10].      ThCl6
2-,   

 KCl - ThCl5
-, ThCl7

3-,       
   -    [11]. 

        
 [2, 5, 6, 13]. ,     

     (  ∼0,1 )  
  .   -  

         
0,3 ,         (III), 

   (IV). ,   -   
       104. 

      ,   
Th( .) | N ThCl4( .) + (1 - N) MCl | MCl | Cl2 ( )     

  (     ) 10-3 - 10-2 . 
   2,35 - 2,75 ,      2,45 - 

2,65  [5]. 
          
       

     .  
      

,  11,2 . % ,    653 - 800 
       

  = -3,092 + 6,5 ⋅10-4 T ± 0,01 B.    
    ,   

 [13-15]     (   
 ).  
       

       
      

      .  
  [16]      UO2 - 

ThO2    LiCl - KCl ,   
-   ,  ,   , 

           

507 
 

UO2  + YMCl4( .) = YMO2 (1 - Y)UO2( . ) + YMCl4( .). 
      ThO2     

 52 .%,           
80 - 90 .% [15].   LiCl - KCl  NaCl - KCl  

    450   700    
       ThO2   
 LiCl - KCl  NaCl - MgCl2 [12,16],  ThCl4. , 

  ThO2  UO2 (~ 50 .%)  
    ,   

         
  [17]: 

•      U, Th  Pu   
     
   ,   U, 

Th  Pu; 
•  UO2, ThO2  PuO2     -1 , 

  ,     ( )   
     . ,  

  ThO2   nThO2⋅mPuO2, nThO2⋅mUO2 

     . 
           60% 

KCl - 40% MgCl2      . 
 [18],        

   .    
  600          

  10 . %.       ThO2   
.        

   450 – 520 .     
      

    . 
 ,    -  

         
   ,   ,   
       

        
     . 
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/  
Li0,3V2O5 ( . c :  Li2CO3  
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0,7 2,3 
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     .  
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   .  ,   
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   ( )   

    Li  1 M LiClO4 (0,1 )  PC  
LixV2O5  -  Autolab 302M.    

      ,   
      . -   

(  2)       1  (2 
mA/ 2).  -   10 %   , 

   Li0,27V2O5, Li0,09V2O5   Li0,3V2O5, Li0,1V2O5, 
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     Li0,3V2O5,    
   ,  3,3÷3,5 .    

,   20     
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La2Mo2O9 (  LM)    XXI    
 -   LAMOX,     

  ,     
,      .  

 LM  800 ºC  10-2 /  [1],     
     (YSZ). 

      
     -La2Mo2O9 (  

, . . P21) -La2Mo2O9 (  , . . P213),  
    580 ºC.    

        
 -      

   [2]. ,     
   Mo6+  W6+      

La2Mo1,5W0,5O9 (  LMW).  ,   
 La3+  Mo6+   Ba2+  Nb5+, ,   

 ,         
   [V ••]      

.  
  ,  : LM, LMW, 

La1,9Ba0,1Mo1,5W0,5O9 (  LBMW)  La2Mo1,4Nb0,1W0,5O9 (  LMNW) 
  .     

    (Bruker D8 Advance, ,  
Cu , 2 =10-80º),     

     FullProf.  
      

(Elins Z1000, , )  ,     (PH2O=3×10-

2 )   (PH2O=10-4 )     500  – 3 . 
    25     

900-300 ºC,   1 ºC/ .       
         

 ZView.      
   ~15    ~3 ,   

   8      950-1050 º   
 .        
    ,     
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       . 
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 3.      KF-AlF3-ZrO2  

   0.05-0.5 /    750 ° . 
 

     1   
        
.      ,  

   . 
 

 1.       KF-
AlF3-Al2O3-ZrO2   750 ° . 

V, /  
V1/2, 

( /c)1/2 
ln (V) ip, / 2 EP,  EP/2,  n 

0.05 0.224 -3.00 -0.84 0.137 0.185 4.04 
0.1 0.316 -2.30 -1.12 0.132 0.181 3.96 
0.2 0.447 -1.61 -1.71 0.130 0.179 3.96 
0.3 0.548 -1.20 -1.90 0.130 0.178 4.04 
0.5 0.707 -0.69 -2.60 0.105 0.155 3.88 

  
   (n),     , 

  : 
                                (1) 

 /2  EP –  -   ,  [9].   
 ,        4,  

    . 
  4   ip – V1/2,   

      
.     ,    

       
KF-AlF3-ZrO2  -     

      . 
 

549 
 

 
 4.        

     KF-AlF3-ZrO2   750° . 
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Li7La3Zr2O12 – LiPO3 
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   -   
( )        : 

   ,  ,  
,        

  [1].       
       

 ( )  10-4 – 10-3 /   25 °C.   
   Li7La3Zr2O12 (LLZ),   

   ,  
       
       – Li10GeP2S12  

Li1,3Al0,3Ti1,7(PO4)3 [2]. ,   LLZ    – 
 (t-LLZ)   (c-LLZ). LLZ   

  .      
 , ,  ,   . 
 ,     

    : - ,  
  , ,   (Li3PO4, LiBO2, Li3BO3) 

[3], - ,    (  
) [4-5] , - ,     

 (  + ) [6].  ,    
    ,  ,  

     ,    
 .        

  LiPO3      
  LLZ.       

       
,       

. 
  t-LLZ  c-LLZ  -  

,   LiPO3 –    
  .   t-LLZ /  LiPO3  

c-LLZ /  LiPO3 (x = 0 – 7 .%)     
  1200  1150 °C, .    
          

.   1    
   . 

551 
 

10 20 30 40 50 60

x = 7

x = 5

x = 4

x = 3

x = 2

x = 1

t-LLZ

2θ, 
o

* − Li
3
PO

4

, 
. 

. *

 

10 20 30 40 50 60

2θ, 
o

, 
. 

. x = 7

x = 5

x = 3

x = 2

x = 1

c-LLZ

0 0

0
0

0
0

0

0 0

0

#

#

* *

**

* *

#

* - Li
3
PO

4

# - La
2
Zr

2
O

7
, LaPO

4
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Al
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4

 
 1.    t-LLZ / x 

.% LiPO3,   1200 °C (a)   c-LLZ / x .% 
LiPO3,   1150 °C ( ). 

 
      

;   –    
 .  ,     

 t-LLZ         
     . 

      
 . ,    

   t-LLZ   4,6·10-7 (  = 0)  2,5·10-6 /  (x = 
5 %)  25 °C,  2.       x 
= 7,        .  

     Li+    

) 

) 
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-     Li3PO4,     
       

( ).      c-LLZ  
,        LiPO3,  
  1,1·10-4 /  (  = 1 .%)  25 °C,  2. 

  ,  x = 1      
   ,   x > 1   

  . 
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⋅
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150 °C 

100 °C 

25 °C 

, .% LiPO
3

lg
 σ

, 
[

⋅
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]

 
 2.    

 t-LLZ /  .% LiPO3 ( )  c-LLZ /  .% LiPO3 ( )  25, 100 
 150 °C. 

 
     ,   

 16-33-00354 _ . 
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       – 

 ,       
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-     ,      

 IVA : Si (4200 · / ), Ge (1384 · / )  Sn (994 · / ) [2]. 
         

 ,        
    . ,   

  «  »  
 ,        

      .  
        

     -   [3]. 
      , 

       .  
       MoO3  WO3. 

      -   
 . ,    WO3    P2O5 

 TeO2,   SiO2, B2O3, GeO2     [4]. 
     ,  

       WO3–P2O5.  xWO3–
(100-x)P2O5  x = 75…82 .%      

,    (NH4)2HPO4  WO3,   
  ,     500 °C   2 
      Pt   1200 – 1250 °C   2 – 3   
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  .       . 
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 1     40 °C    (Tg), 
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   ( ),    
Rigaku D-MAX-2200V, Cu K -      2   15 

 60°.   1     
 .  ,    

  75  x  82 .%. ,      
    . 
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2θ, 
o

, 
. 

.

 = 82 %

 = 80 %

 
 1.   xWO3–(100-x)P2O5. 

 
       

  (STA),   DSC   
(TG).      STA 449C Jupiter 
(Netzsch, )  Pt    10 °C/ .   

 35–1000 °C   .   80WO3–20P2O5 Tg 
 685 °C,   (T ) – 768 °C;  

,     (T  - Tg),  83 °C. 
      

.        
       Ga-Ag  

(   Pt).       
     0.025 – 1000    

 E7-25 ( )    25 – 320 °C.  
 2     

 80WO3–20P2O5.    1200 °C  WO3  

555 
 

,       ,  
         

  ,   1250 °C. ,   
       80WO3–

20P2O5   8,1·10-7 /   25 °C. 
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 Ln2NiO4±  (Ln = Nd, Pr, La,),      

          
       

    ( ).  
       

        
       

    ,    
 -       [1, 2].  

C  [1]  -     
Ln2NiO4+     Ln      

   Nd(0.22) > Pr(0.21) > La(0.13).   ,  
   ,  ,    

      .  
  [3-5]    Nd2NiO4+      

   (Po2 = 1 )   = 0.20,   
   Pr2NiO4+       = 0.22. 

     Pr2NiO4+    Nd2NiO4+     
    ,    [6]. 

      , 
     ,   

     ,   
   . ,  [3, 4],  Nd2NiO4+   

        c: 
 Nd2NiO4.16    a = 5.3775(6), b = 5.441(1), c = 12.355(1) 

Å (Fmmm)   Nd2NiO4.12    a = 5.6417(3), b = 5.4283(2), 
c = 12.2106(4) Å (Bmab).        

 ,      
[7].  

  ,    , 
     Ln2NiO4+  (Ln = La, Pr, Nd)  

    (300 – 400 )      
,      ,    

 . , ,  La2NiO4+      
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 Bmab,  Fmmm,   I  
. 

    Ln2NiO4±  (Ln = La, Pr, Nd)  
        

.  Ln2NiO4+    
    (  -2.0  

    ),  
 1 / ,   0.02,   Cu (30kV, 30mA, =1.54059Å).  

    Nd2NiO4+     
     Fmmm ( ).  

       
  .   560       

        
 (020)  (200)   (  1).   Fmmm  I4/mmm  

Nd2NiO4+      [4, 8]    0.08.  
       ,  

 66     300 – 500  ( ,   
   (315)  (226)).      

         
  Nd-O,   -    Ni2+  Ni3+   

         
. ,      

   [8]. 
  Pr2NiO4+      

(Fmmm)    (P42/ncm)    
 460 .       

,      (020)  (200).  
        –    
 (204)  (024)  2  = 44o, (206)  (026)  2  = 55o  (135)  (315)  

2  = 66o. 
 

.    Nd2NiO4  . 
T, oC a, Å b, Å c, Å c/a V, Å3 2  

20 5.3753 5.4625 12.363 2.3 363.008 0.033 Fmmm 
150 5.3914 5.4618 12.396 2.2992 365.023 0.069 Fmmm 
270 5.3963 5.4682 12.4133 2.3004 365.958 0.047 Fmmm 
350 5.3985 5.4773 12.4346 2.3034 367.68 0.039 Fmmm 
430 5.4141 5.4723 12.4526 2.3 368.941 0.04 Fmmm 
490 5.4183 5.475 12.472 2.3018 369.979 0.025 Fmmm 
560 5.4531 5.4531 12.4804 2.2887 371.128 0.047  
560 3.8558 12.4796 3.2366 185.538 0.037 I4/mmm 
650 3.8598 12.4975 3.2375 186.192 0.031 I4/mmm 
700 3.861 12.5111 3.2404 186.503 0.046 I4/mmm 
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 1.  Nd2NiO4+ ,    

 25-700 . 
 

 [9]       Pr2NiO4+   
     (Fmmm)    

(I4/mmm)     450 ,    
 600         

–       Bmab.  
 ,       

  -  .  [6] ,  
Fmmm(2)        
(  = 0.21 – 0.22).     = 0.16    

  Fmmm(1)    a = 5.4830 ± 0.0005 Å, b = 
5.3891 ± 0.0004 Å, c = 12.4202 ± 0.0007 Å  Fmmm(2)    a = 
5.4587 ± 0.0005 Å, b = 5.4008 ± 0.0004 Å, c =1 2.4387 ± 0.0007 Å,  

         (200)-
   - .    

  Fmmm(1)  P42/ncm    = 0.060.  
    P42/ncm   

Bmab (Pccn)  0.020,        
  .  Fmmm(2)  

        
Pr4Ni3O10  PrO1.83. 

  La2NiO4+   Fmmm I4/mmm   
  400 – 420      

 .    ,  
    (200),  . 

(315) (226)

(200)(020) 

(208)

(113)

(400)
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 ,      Ln2NiO4+     
      
 500 460 420 .  ,     

   La2NiO4+  (  2) 
    ,    

     Ni2+|Ni3+, ,  
 ,     . 

 
 2.    Nd2NiO4+  (NNO), 

Pr2NiO4+  (PNO), La2NiO4+  (LNO). 
 

  

1. Boehm E., Bassat J.-M., Dordor P., Mauvy F., Grenier J.C., Stevens Ph. // Solid 
State Ionics, 2005. V. 176. P. 2717–2725. 
2. Skinner S.J., Kilner J.A. // Solid State Ionics 2000. V. 135. P. 709–712. 
3. Liu G., Chen T.T., Wang J., Liu X.Q., Chen X.M. // J. Alloys. Compounds 2013. 
V.579. P. 502–506. 
4. Bhavataju S., DiCarlo J.F., Scarfe D.P., Yazdi I., Jacobson A.J. // Chem. Mater. 
1994. V. 6. P.2172–2176. 
5. Niwa E., Wakai K., Hori T., Nakamura T., Yashiro K., Mizusaki J., Hashimoto T. // 
Solid State Ionics. 2014. V. 262. P. 724–727. 
6. Sullivan J.D., Buttrey D.J., Cox D.E., Hriljac J. // J. Solid State Chem. 1991. 
V. 94. P. 337–351. 
7. Ishikawa K., Metoki K., Miyamoto H. // J. Solid State Chem. 2009. V. 182. 
P. 2096–2103. 
8. Zaghrioui M., Giovannelli F., Poirot N., Brouri D., Laffez I. // J. Solid State Chem. 
2004. V. 177. P. 3351–3358. 
9. Sadykov V., Okhlupin Yu., Yeremeev N., Vinokurov Z., Shmakov A., Belyaev V., 
Uvarov N., Mertens J. // Solid State Ionics 2014. V. 262. P. 914–922. 
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   ( )   

   -    
(600-700° ).         

-    An+1MnO3n+1 (n = 1),  ,   
  ,     

        
    D*    k, 

        
,       .    

        
  .    Ln2NiO4+  (Ln = La, Pr)  

 ,       
     Ca2+   Ln3+ [1, 2].  , 

       
       

.          
Nd2NiO4+ .         

,       
     Ln2NiO4+  (  = 12.7 × 106 K-1), 

     (  = 0.17  700° )  
    (D* = 4.6 × 10-8 2 -1, k = 3 × 

10-7  -1  700 C) [3].    
      

(Nd2-xCax)0.975NiO4+        
LaNi0.6Fe0.4NiO3-     Ce0.8Sm0.2O2- .     

     ,   [1, 4].  
  Nd2NiO4+   (Nd2-xCax)0.975NiO4+  (x = 0 – 0.3)   

  .     
     « - » (  

« », . - )     19.6 2/   
      « » Ni(NO3)2·6H2O  

Ca(NO3)2·4H2O.          
   « »  .  

       

565 
 

,       
   .     

        . 
         
      600°   2-  

  ,        
        

 « »  1100°  (10 )  1150°  (6 ).  
      

     D/MAX-2200 
RIGAKU  Ltd.    20  2   90  Cu/K -   

 .      
         

  (  1).     
         

   Ni2+
VI (r=0.69 Å)   Ni3+

VI (r=0.56LS ; 0.60HS 
Å,  ),       

         
 (r Nd3+

XII=1.27 Å)    (r Ca2+
XII=1.34 Å).   

  ( )   ( )   x=0.2, 
       

( ) [5]. 
 

.    (Nd2-xCax)0.975NiO4+   

(x=0-0.3)  Nd2NiO4+ . 
 (Nd2-xCax)0.975NiO4+  Nd2NiO4+  

x 0.0 0.1 0.2 0.3 
 O O T T  

 
 

Fmmm Fmmm I4/mmm I4/mmm Fmmm 

a, A 5.3770(6) 5.375(1) 3.8072(3) 3.8012(5) 5.3759(1) 
b, A 5.4596(9) 5.4311(2) 3.8072(3) 3.8012(5) 5.4596(1) 
c, A 12.378(2) 12.350(2) 12.333(1) 12.314(1) 12.3652(3) 

V, A3 181.70(2) 180.27(2) 178.77(5) 177.93(2) 181.46(2) 
 

     
     SI 1260  

  SI 1287 (Solartron Industries Inc.)   
 0.01  – 300      

 20 .      
      

.      : 

2

SRR
R hfdc )( −

=η ,  
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 Rdc –  ,    ; Rhf – 
 ; S –  .  

    ,  , 
        

   ±3%. 
  1     

 c   N1.95NiO4+  (NNOd),   
 .        

LaNi0.6Fe0.4NiO3- +2%CuO,   1050° .  
       25   

55 , .    
   1200° .     

       ,  
         

   .  ,   
   ,     

      (0.45  0.61  2  
700° ).    Nd2NiO4+  (NNO),    , 

     , , 
,  NNO  [6] (1.26  2  700° ). 

 

 
 

 1.      
(1100–1300º )    . 

 
      c 

  (Nd2-xCax)0.975NiO4+     
       

       x = 0.1 
(  2),          

,  ,     

567 
 

      [1, 4].    
        

,   ,  x = 0.3,   
    ,    
       (R  = 0.55  2, Ea  = 

1.12 ).  ,        
 . 

 

 
 2.     

    (Nd2-xCax)0.975NiO4+ ,   
1200° . 

 
     , ,   

 ,      x=0.3  
        
 I4/mmm,      

      .   
   (Nd1.7Ca0.3)0.975NiO4+   

Nd1.7Ca0.3NiO4+     .  
 

  

1. Pikalova E.Yu., Kolchugin A.A., Bogdanovich N.M., Bronin D.I. // Adv. Sci. Tech. 
2014. V. 93. P. 25–30. 
2. Pikalova E. Yu., Medvedev D. A., Khasanov A. F. // Phys. Solid State 2017. V. 59. 
P. 694–702. 
3. Lalanne C., Prosperi G., Bassat J.-M., Mauvy F., Fourcade S., Stevens P., Zahid 
M., Diethelm S., Van herle J., Grenier J.-C. // J. Power Souces 2008. V. 185. P. 
1218–1224. 
4. Kolchugin A. ., Pikalova E.Yu., Bogdanovich N.M., Bronin D.I., Pikalov S.M., 
Plaksin S.V., Ananyev M.V., Eremin V.A. // Solid State Ionics 2016. V. 288. P. 48–53. 
5. Takeda Y., Nishijima M., Imanishi N., Kanno R., Yamamoto O. // J. Solid State 
Chem. 1992. V. 96. P. 72–83. 
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6. Simeonov S., Kozhukharov S., Grenier J.–C., Machkova M., Kozhukharov V. // J. 
Chem. Technol. Metall. 2013. V. 48. P. 104–110. 
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  ( ),      
,    ,   

   .       
      ,   

-        
      , 
    -  Ln2Ni(Cu)O4 (Ln-

 ) [1].     LnO+     
        +3,  

         
 LnNiO3.  ,     

      , 
      MIEC (   

 -    ),   
  -      

[2].  
   ,   
   (  700°  60-80 / )   

  .     
       

   .  
    .  La-
        

       ,   
    [3],      

  [4];  Pr, Nd-   –  
      . , 
    ,     Pr2NiO4+ , 

        
   [5].  
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     ,  
   Ln2NiO4+   Ln1.7Ca0.3NiO4+  (Ln = La, Pr, Nd).  

       
        

 .   (Shimadzu XRD-7000 
)        

    .  -
       

 - . ,     , 
  , ,  (  1). 

    ,  ,     
 ,    La3+.   

   ,    
      Occ. (Ln/Ca)  

  ,      Ca2+. 
 

 1.   Ln2-xCaxNiO4+ . 
x LNO LCNO PNO PCNO NNO NCNO 

a, [Å] 5.4581(2) 3.8288(1) 5.3923(2) 3.8057(1) 5.3759(1) 3.7992(1) 
b, [Å] 5.4656(2) 3.8288(1) 5.4610(2) 3.8057(1) 5.4596(1) 3.7992(1) 
c, [Å] 12.6755(4) 12.5984(2) 12.4441(5) 12.3947(3) 12.3652(3) 12.2927(2) 
V, [Å3] 378.13(3) 184.69(1) 366.45(2) 179.52(1) 362.92(1) 177.44(1) 

Occ. (R/Ca) 2.08(1) 
1.74(1)/ 
0.34(1) 

2.15(2) 
1.78(1)/ 
0.38(1) 

2.18(1) 
1.75(1)/ 
0.35(1) 

Boverall, [A
2] 0.33(4) 0.42(4) 0.41(7) 1.10(4) 0.52(5) 0.68(1) 

RBr 4.13 2.91 3.41 3.45 2.92 2.59 
Rf 2.42 2.41 2.09 2.63 1.79 2.01 

 0.17(1) 0.01(1) 0.21(1) 0.04(1) 0.22(1) 0.05(1) 
 

         
       

  ( )  C18O2   .    
   -  UGA-200 (Stanford Research 

Systems, ).      
 DO      kex  , 
  [6, 7]. 

   Ln2NiO4+    
   ~ 200 °C.  Ca2+   

  ~ 100 – 200 °C.  La1.7Ca0.3NiO4+     
,    .   

  (DO)     (kex)  
430 °C     (Ea, D and Ea. k),   

  ,       2.  
700 °C,     , 

571 
 

 kex  ~ 10-4 /      
Pr1.7Ca0.3NiO4+   ~ 10-5 /   La1.7Ca0.3NiO4+ ,  DO – ~ 10-8 2/   700 °C. 

 La1.7Ca0.3NiO4+       
   (  40%    ). 

       
Ca2+       

     [8].   
,  ,    « » 

 ,   –      
       . 
          
   . 

 
 2.     DO  

   kex  427°C   
   Ea, D and Ea. k,     

. 
 DO|427 °C, 

[ 2/ ] 
Ea, D, 
[ ] 

kex|427 °C, 
[ / ] 

Ea, k, 
[ ] 

La2NiO4.17 (LNO) 4.5·10-12 1.04 6.2·10-7 1.04 

La1.7Ca0.3NiO4.01 (LCNO3) 1.2·10-11 
1.6·10-13* 

1.04 
(60%) 

1.8·10-8 1.24 

Pr2NiO4.21 (PNO) 1.5·10-9 0.82 3.7·10-7 1.19 

Pr1.7Ca0.3NiO4.04 (PCNO3) 9.9·10-12 0.93 4.5·10-7 1.35 

Nd2NiO4.22 (NNO) 5.3·10-11 1.45 ** ** 

Nd1.7Ca0.3NiO4.05 (NCNO3) 4.0·10-12 1.09 ** ** 

*    . 
**  ,    kex. 
 

      c 
  Ln2NiO4+   Ln1.7Ca0.3NiO4+  (Ln = La, Pr, Nd)  

LaNi0.6Fe0.4NiO3- +2%CuO .    
    – 25   55 , . 

 ,       
   . ,    

      
      

 (La1.7Ca0.3NiO4+ ). ,     
        

  .    ,   
     ,   

     eO2, LaGaO3  BaCe/ZrO3.  
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,      Pr2NiO4+  
[5].     Ln1.7Ca0.3NiO4+  (Ln = Pr, Nd) 
       

.  ,     La2NiO4+ ,   
      . 

 
 

 
.    c  

 Ln2NiO4+   Ln1.7Ca0.3NiO4+  (Ln = La, Pr, Nd),   1200 
° . 

 
    ,   15-20-3-15,  

        16-13-00112. 
 

  

1.  . .,  . . //  , 2013. . 82. . 686–700. 
2. Boehm E., Bassat J.-M., Dordor P., Mauvy F., Grenier J.C., Stevens Ph. // Solid 
State Ionics, 2005. V. 176. P. 2717–2725. 
3. Kolchugin A. ., Pikalova E.Yu., Bogdanovich N.M., Bronin D.I., Pikalov S.M., 
Plaksin S.V., Ananyev M.V., Eremin V.A. // Solid State Ionics 2016. V. 288. P. 48–53. 
4. Shen Y., Zhao H., Liu X., Xu N // Phys. Chem. Chemical Physics 2010. V.12. P. 
15124–15131. 
5. Pikalova E.Yu., Medvedev D.A., Khasanov A.F. // Physics of the Solid State 2017. 
V. 59. P.694–702. 
6. Sadykov V.A., Sadovskaya E.M., Uvarov N.F. // Russ. J. Electrochem. 2015. V. 51. 
P. 458–467. 
7. Sadykov V., Sadovskaya E., Bobin A., Kharlamova T., Uvarov N., Ulikhin A., 
Argirusis C., Sourkouni G., Stathopoulos V. // Solid State Ionics. 2015. V. 271. 
P. 69–72. 
8. Sadykov V., Okhlupin Yu., Yeremeev N., Vinokurov Z., Shmakov A., Belyaev V., 
Uvarov N., Mertens J. // Solid State Ionics. 2014. V. 262. P. 918–922. 
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     ,    

      90˚.    
        , 

   ,     
.        

      
   ,      ,  

         
  ,   ,  

    ,  
       .  

,            
      

       
      . 

        
       , 

       Ra 
(   )  1 . -   

       
  . 

       1  
( . %: Mg 0,05; Mn 0,025; Si 0,03; Ti 0,15; Cu 0,05; Zn 0,1; Fe 0,3; Al min 
99,3),  1 . ,    

  12 15 . 
         

 : 
1.   ; 
2.  Al   NaOH,   30 ; 
3.       

  6  5  3 ,    
    ;     

       (   
,   ); 

4.  . 
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 , NaOH,    1,5   

 .        
     

  .     
      
     ( , , 

,   )      
NaOH.        

.    ,   
     ,  , 

      , ,   
   ,      , 

        
(  1).  

 

  
          

 
        

 1.     100 :  
 –  -       =1,5 ;  –  -
      = 1,5 ;  – -   , NaOH 
 = 1,5  

 
       

,   60–120 .    1-   
    ,  

  ,     .   
   1,5  2    

  ,        , 
575 

 

         
 90  (1,5 ); 

5.  .      
 1000   2000   .    
 ,     .  

       ,   
        ; 

6.       ,  
       

      ,   ,    
20 .  

      
    2   100 .  

 

  
        

  
        

  
         

 2.      :  
– ;  –   NaOH;  –   6- 5- 3;  – . 

 =1,5 ;  –   1000- 2000;  – .  
=20 . 
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   (  2)   
   (      

 ),   ,      . 
     , 

      -  
 -7      2. 

 
 2.       

 
  

Ra,  Rz,  Rmax,  Sm,  
 2,1851 12,1133 15,5338 50,9331 

  NaOH (30 ) 2,32625 13,20125 17,123 70,085 
6- 5- 3 1,895 12,648 18,5265 63,488 

.  (1.5 ) 1,7295 11,58817 15,21567 65,13683 
 1000 1,12625 8,12275 11,48475 70,804 
 2000 0,212667 1,048667 2,140667 48,0598 

. (20 ) 0,7698 4,7112 7,693 49,9308 
Ra –   , 
Rz –   , 
Rmax –   . 
 

 ,    2, ,  
      

 .      
  . ,    

        , 
     ,   

  .    
        

. 
 ,     

 ,       
 .     : 

 ( ),  (NaOH)   30 ,  
   ( 6- 5- 3),   

( , NaOH)   1,5 ,    
 ( 1000- 2000), .  ( , NaOH)   20 

.      Ra   2,1851 
  0,7698 . 
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. 
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     ,   

 ,  , ,  
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       100.5 /  
 178.4 / .  ,     , 
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  ( )      
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    [2].    
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.          

     , , 
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  ,    , 
    ,  

    . [3]  
        
        , 

  .     
    :  , 

 ,  ,     
 (CVD),    . .     

 ,  ,    
.       

 ,     , 
 ,     . , 
,  [4]       

 V2O5  ,      
  .      
   .     

          
   . 

        
   “ALD- ” (Atomic Layer Deposition), 

      [5].   
  ALD    ,  ,   

        
     ,   

       
     .   

        
. 

      
  ,    

.        
     – 

, , , , , 
, .       

 , ,    
.       

  ,       
 ,      (  

     ,    
 ). [6] 

     .   
    ,  ,  

    ,  

579 
 

  , ,    
       

 [7].       
 .     
.        

     6,6 . % [8].  [9] 
    ,  

      , 
  ALD. 

       
       

  ALD.  
    ALD     
  Al2O3  TiO2 c    .   

   ,     
.         

      
  .      

       
   ,      
   .      

ALD        10 . 
       

   .     
   7-9 .     

       BESSY II 
( )      (NEXAFS).  

      , 
   . 
        

        
,            

     .  
 

  

1. Kakaei K., Hamidi M., Husseindoost S. // Journal of Colloid and Interface Science. 
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4. Wang Q., Zou Y., Xiang C., Chua H., Zhanga H., Xua F., Suna L., Tang C. // 
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   ΔEH  ΔEV  BaZr0.9R0.1O3–δ   
 (pH2O=2.3 kPa, T=1000 K).     

   ,   DFT   [6]. 
 

 

 2.  0
hydrhydr HH Δ−Δ   0

hydrhydr GG Δ−Δ    

  BaZr1–xRxO3–δ    ,   [6]  
     (R=Y, Sc, In, Gd, T=800 K). 
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 1. (a)      
        
  (UL=0.6, 0.7, 0.8 ); (b)    

       (UL=0.7 )   
 . (       T=600°C   

   f,0
H2p =0.98 atm, f,0

H2Op =0.02 atm, a,0
O2p =0.21 atm, 

a,0
H2Op =0.02 atm.) 

 

 2.  (a)      (b) 
        
        . 
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 -  .  ,  
      .  

       
     ,  
       ,   

 –       [3].  
        

    0,5KCH3COO – 
0,5Ca(CH3COO)2 (    = 277˚ )  LiCH3COO – KCH3COO 
– CsCH3COO (Li, K, Cs / CH3COO) (  = 119˚ ),   

 SiO2,         
,      
       . 

       
   Senterra («Bruker», ) -  532  

(  –  20 )    – 50 ÷ 3400 -1. 
      
        300˚ . 

     CH3COO-    
 2v       

  : Γ( 2v) = 5A1 + A2+ 5B2+4B2,   (5A1 + 
5B2+4B2)      ,   A2,    

  ,      [4]. 
        ν4( )  

    (  1).     ,  
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    ( –  ) CH3COO–, 
       

,        , 
      .   
       , 
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 1.    (a, )   ( ’, ’)   

  ν4 - :  –Li,K,Cs/CH3COO ; a’ – Li,K,Cs/CH3COO+ 
SiO2;  – K,C /CH3COO; ’ - K,C /CH3COO +0.1SiO2 

 
         

      2.  
     4(A)     

 ,   .    
    Li,K,Cs / Ac +0.1SiO2   , 

  .   
4(A) -      Li,K,Cs /Ac +0.1SiO2   
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    .   

  ,      [1],  
         

 ,       
.       , ,  
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  4 ~ 915 –1    
    ,  ,    

  - ,     
  ,       4 ~ 925 

–1   - ,     
  .  ,    - , 

       10 

604 605

УДК 535.34
 

СПЕКТРЫ КОМБИНАЦИОННОГО РАССЕЯНИЯ СВЕТА ГЕТЕРОФАЗНЫХ 
СТЕКОЛ K,Ca/CH3COO, Li,K,Cs/ CH3COO

К.Ш. Рабаданов., М.М. Гафуров, А.М. Амиров, З.Ю. Кубатаев
Дагестанский научный центр, Аналитический центр коллективного пользования ул., 

Махачкала, Россия
e-mail: rksh83@mail.ru

УДК 535.34
 

СПЕКТРЫ КОМБИНАЦИОННОГО РАССЕЯНИЯ СВЕТА ГЕТЕРОФАЗНЫХ 
СТЕКОЛ K,Ca/CH3COO, Li,K,Cs/ CH3COO

Рабаданов К.Ш.., Гафуров М.М., Амиров А.М., Кубатаев З.Ю.
Дагестанский научный центр, Аналитический центр коллективного пользования ул., 

Махачкала, Россия
e-mail: rksh83@mail.ru

УДК 535.34
 

СПЕКТРЫ КОМБИНАЦИОННОГО РАССЕЯНИЯ СВЕТА ГЕТЕРОФАЗНЫХ 
СТЕКОЛ K,Ca/CH3COO, Li,K,Cs/ CH3COO

*К.Ш. Рабаданов., М.М. Гафуров, А.М. Амиров, З.Ю. Кубатаев
Дагестанский научный центр, Аналитический центр коллективного пользования ул., 

Махачкала, Россия
*e-mail: rksh83@mail.ru



604 
 

–1,            
     (  2).  

       
    -  
    -    

.        
 .  

 

 
 2. -     4

1   
  ) Li,K,Cs/CH3COO ; ) K,C /CH3COO   SiO2: 1 – 

 ; 2 – 4
 -  -      

« »; 3 - 4
 -  -      

«  ». 
 

  2 ,     
 CH3COO-        

   ~390 K  Li,K,Cs/CH3COO   ~ 550 K  
400   K,C /CH3COO.      

     ,   
    ( ).    

       
 ( ).   Li,K,Cs/CH3COO    
 .    «  –  

»  «   – »  
    .  

      
    -    

       
        

  4(A)      [6 ].  
 ,     

      ,   
 ,    (2) – (3).  

605 
 

      
 [6].  
      ,   « » 

(  2  3),       
    2      

.     ,      
  ,     

.  
 

 
 3.     

   4  4
1 -     : ) 

Li,K,Cs/CH3COO ; ) K,C /CH3COO   SiO2 . 1 –  ; 
2 – 4

 -  -      « »; 
 

 ,       , 
       

(  – )       
 -   ( )    , 

    ,  
    ,    

. 
 

       
    . 

 
  

1. M.M. , . .  // . . . 2009. 50.  2. . 262–
266 
2. . . , . . , . .   . // . 2015. 57. 10. . 
2011–2017. 
3. . . , . . , . . .//  , 1989. 58. . 
1429–1450. 
4. R.L. Frost, J.T. Kloprogge //J. of Mol. Structure. 2000. V.526. P. 131–141. 
5. T. Kato, T. Takenaka //.Molec. Physics. 1982. V.46, P.257–263. 

606 607



606 
 

6. N.V. Surovtsev, S.V. Adichtchev, V.K. Malinovsky// Phys. Rev. E. 2007.V. 76. P 
502 -507. 

607 
 

 544.6 
  

  -  

  

. . 1*, . . 1, . . 1, . . 1, . . 2 
1     , ,  

2          . . .  
 , ,  

*e-mail: other@e1.ru  
   

      
   .      

 :       
   ,     

   –  ,  -  
 –      . 

    ,    
,     .  , 

    –      
–   ,       

       -
. ,       

    .  
   ,    -

   -  .    
      - . 

        
     (all-solid-state battery).  

 ( ,   )    –  . 
         

    . - ,     
      ,    

       .  
         

.       
 10-2 / ,      

    10-4 /    . 
        
  . 

    [1]     
     V2O5,   

     .    
     .    

  -  .    
     Li7La3Zr2O12,  

608 609

УДК 544.6
 

ПОЛНОСТЬЮ ТВЕРДОФАЗНЫЕ ВАНАДАТ-ВОЛЬФРАМАТНЫЕ 
ИСТОЧНИКИ ТОКА

А.А. Расковалов, Е.А. Ильина, С.В. Першина, Н.С. Саетова, Г.Б. Куншина
Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

Институт химии и технологии редких элементов и минерального сырья им. И.В. Тананаева 
КНЦ РАН, Апатиты, Россия

e-mail: other@e1.ru 

УДК 544.6
 

ПОЛНОСТЬЮ ТВЕРДОФАЗНЫЕ ВАНАДАТ-ВОЛЬФРАМАТНЫЕ 
ИСТОЧНИКИ ТОКА

Расковалов А.А., Ильина Е.А., Першина С.В., Саетова Н.С., Куншина Г.Б.
Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

Институт химии и технологии редких элементов и минерального сырья им. И.В. Тананаева 
КНЦ РАН, Апатиты, Россия

e-mail: other@e1.ru 

УДК 544.6
 

ПОЛНОСТЬЮ ТВЕРДОФАЗНЫЕ ВАНАДАТ-ВОЛЬФРАМАТНЫЕ 
ИСТОЧНИКИ ТОКА

А.А. Расковалов1*, Е.А. Ильина1, С.В. Першина1, Н.С. Саетова1, Г.Б. Куншина2

1Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия
2Институт химии и технологии редких элементов и минерального сырья им. И.В. Тананаева 

КНЦ РАН, Апатиты, Россия
*e-mail: other@e1.ru 



608 
 

.       
    [2].    

      (  3.3 ),  
    .   

      , 
          

-  : 
( ) Li–Ga–Ag  Li+ + e-

 + Ga–Ag. 
   Li–Ga   ,  

,      
    Li–Ga.      

       
 ,    ,     

  -  .     
      ,  

     ,   
   .      

  - , Li0,5La0,5TiO3,     
 NaSICon’  – Li1,3Al0,3Ti1,7(PO4)3  Li1,3Al0,3Ge1,7(PO4)3.  

    -  ,  WO3–P2O5 – 
   .   

       
  .    

      
   ( )   
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 , . .   8-11×10-6 -1.  
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       [1].  

        
      [2]. 

 
 1.     (  ). 

 SiO2 Al2O3 CaO Na2O MgO K2O B2O3 Y2O3 
B1  53,29 11,26 9,02 13,78 8,37 1,67 2 0,61 
B2  51,29 11,26 9,02 13,78 8,37 1,67 4 0,61 
B3  49,29 11,26 9,02 13,78 8,37 1,67 6 0,61 
D3  54,39 11,26 9,02 13,78 8,37 1,67 0,9 0,61 
D4  54,39 11,26 5,02 13,78 12,37 1,67 0,9 0,61 
D5  56,39 11,26 9,02 11,78 8,37 1,67 0,9 0,61 

 
   .     

 SiO2 ( . .),  Al2O3 ( . .), CaCO3 ( . .), Na2CO3 ( . .), MgO ( . .), 
K2CO3 ( . .), B2O3 ( . .), Y2O3 ( . ).   6  

: B1, B2, B3  D1, D2, D3 (  1).     
    1050 1400, 1450  1480 °C.  
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      Rigaku D/MAX-
2200VL/PC (Rigaku, ).    -

   -     
Optima 4300 DV (Perkin Elmer, ).    

        
    ”Tesatronic TT-80”   

  TESA GT 21HP. 
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0,004
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0,007

D5 

Y

T, K

B1  

 
 1.     Na2O-K2O-CaO-

MgO-Y2O3-Al2O3-B2O3-SiO2 
 

       1. 
   (Y)    

  
( ) TdcTbTaTY /2 +++= , (1) 

 T –  ; a, b, c  d –  . 
     2.   

 ( )    (1)  : 
( ) 2/2 TdcTbT −+=α . (2) 

        
 (2).         

[3]    2.    B3  : 
     ,    

 . 
 2.   a, b, c  d,    

 298–673  ( 298–673)  ,    ( A). 
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 a×103 b×106, K-1 c×1010, K-2 d, K 298–673, 
10-7 K-1 

A, 10-7 
K-1 

B1 -3,57 ± 0,08 9,3 ± 0,2 17,7 ± 1,0 0,11 ± 0,01 105 97 
B2 -5,65 ± 0,08 13,7 ± 0,2 -12,4 ± 1,0 0,43 ± 0,01 104 96 
B3 -6,45 ± 0,09 15,3 ± 0,2 -19,4 ± 1,1 0,55 ± 0,01 106 94 
D3 -3,75 ± 0,09 9,7 ± 0,2 21,2 ± 1,0 0,16 ± 0,01 109 98 
D4 -2,91 ± 0,07 7,1 ± 0,1 31,6 ± 0,8 0,08 ± 0,01 97 94 
D5 -2,92 ± 0,12 6,4 ± 0,2 39,7 ± 1,5 0,13 ± 0,02 96 91 

 
      

    .     
    218    02.G25.31.0198 

«       
       

   »   
   ,   17-58-04116 _ _  (    

  17 -033). 
 

      
  "  "   . 
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.   1173 K    Al   

616 617

УДК 539.216

ВЛИЯНИЕ ТЕМПЕРАТУРЫ НА АЛЮМИНИЕВУЮ ПЛЕНКУ НА ЖЕЛЕЗЕ. 
КОМПЬЮТЕРНАЯ МОДЕЛЬ 

О.Р. Рахманова, А.Е. Галашев
ФГБУН Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

e-mail: rakhmanova@ihte.uran.ru

УДК 539.216

ВЛИЯНИЕ ТЕМПЕРАТУРЫ НА АЛЮМИНИЕВУЮ ПЛЕНКУ НА ЖЕЛЕЗЕ. 
КОМПЬЮТЕРНАЯ МОДЕЛЬ 

Рахманова О.Р., Галашев А.Е.
ФГБУН Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

e-mail: rakhmanova@ihte.uran.ru

УДК 539.216

ВЛИЯНИЕ ТЕМПЕРАТУРЫ НА АЛЮМИНИЕВУЮ ПЛЕНКУ НА ЖЕЛЕЗЕ. 
КОМПЬЮТЕРНАЯ МОДЕЛЬ 
О.Р. Рахманова*, А.Е. Галашев

ФГБУН Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия
*e-mail: rakhmanova@ihte.uran.ru



616 
 

 .       
    .   

 Al-Al, Fe-Fe  Al-Fe     –
 [3]     [4, 5].  

  D    
 

[ ]
=

∞→
−=

N

i
ii

t
tt

Nt
D

1

2
0)()(

1
6
1

lim rr ,     

 

 ir  –    i ,      
   0t . 
 Al  Fe  300 K    (  1 ). 

  Fe        
  .     Al   
     .     

     Al       
 

 
 

 1.   «  Al   Fe», 
    1 ,  : ( ) – 300 K, ( ) – 873 K. 
    .  

 
  .   873 K Al   

  (  1 ).      
        Al. 
   ,     

 Fe,    .     
  .   Al     

  ,    .  
  )(TUtot     Al  Fe 

   2.    totU   
  T = 873 K.    873 K  1173 K  totU   
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.  ,      .  
      )(TUtot    

 .  0U     totU   
  .   0UUtot −    

     Fe    Al.  
      totU   T = 300 K.  

      0.4 .  
 

 
 2.      

«  Al   Fe».  –    
)(TUtot   T = 0 K.   –      

  T = 300 K.  
 

  ,   
,        

  .       
  Ea.   Fe   

  ,       
   793  933 K [6].   log[D](T) 

 Fe   Al   3   3.  4   
     log[D]  Fe  Al , 

   773  T  873 K [7].     
 (  T = 873 K)    ,   

 [6].          
  Ea = 0.8787   D = 3.07×10-14 2/c,   

 [7]  [6] .     
Ef,          Ea: 

)K873()( tottota UTUE −=Δ .     log[D](T) 
  1   3.  2   

,       Ea, 
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  873 K.  5      
 log[D]   Fe  T = 1173 K.    

Ea        log[D],  
 T = 300 K,    ,    1  2, 

 10 .    Al   Fe  
     ,  

  Fe        
 mFe /mAl  2.  

 
 

 3.    Fe    log[D] – T: 
1 –        Ea, 2 – 

  Ea = const, 3 –  [6], 4 –  [7], 5 –   . 
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  ZnCl2/NaCl  ZnCl2/KCl  
ZnCl2 ( .) + ½ O2 ( .) ↔ ZnO ( .) + Cl2 ( .) 

    ZnCl2   (  1)  .  
 

ZnCl2–NaCl ZnCl2–KCl 
 

 1.      ZnCl2–Na(K)Cl  
  (5 / ),  600 , .% ZnCl2. 

623 
 

,          
      .   
       . 

     -   
    (  1). 

  
 1.     Cl–    

ZnCl2–NaCl  ZnCl2–KCl  600 ,   (5 / ). 
 

/  
 

ZnCl2, .% 
 ZnCl2-NaCl 

k0·108, /  
 ZnCl2-KCl 

k0·108, /  
1 16 0,67 ± 0,14 0,92 ± 0,09 
2 25 0,71 ± 0,09 1,08 ± 0,08 
3 34 1,00 ± 0,09 1,25 ± 0,06 
4 40 2,75 ± 0,43 2,69 ± 0,40 
5 50 3,58 ± 0,34 3,88 ± 0,94 
6 61 - 4,80± 0,33 
7 67 4,81± 0,65 4,85± 0,46 
8 80 17,53± 2,34 18,01± 2,06 
9 100 20,35 ± 2,18 20,35 ± 2,18 
 

,     ZnCl2  34 .%  
 -       

 - .   ZnCl2  34 .%  
   -     . 

  -    ZnCl2–KCl  ,   
ZnCl2–NaCl.   61 (ZnCl2–KCl)  67 .% ZnCl2-Na(K)Cl 

       ZnCl2–KCl  ZnCl2–
NaCl  . 

 -    ZnCl2     
,    .     
       -

       - .  
 -    ZnCl2–KCl ,   ZnCl2–NaCl. 

    -    
    ZnCl2-KCl ( )   600 . 

,      (2,5  7 / ,  5 / ) 
     -    

   . 
  lnk0 – 1/    ZnCl2-NaCl ( )  

  (  2 ).      
 525–575ºC  575–650 ºC.    

     63  19 · –1. 
      Cl–  

    ZnCl2-KCl ( )     
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,         
  CaCl2    ( ),     

   . 
 

 
.      CaCl2–KCl  

  (5 / ),  825 . 
 

    -    
    ( ).   CaCl2   

  (k0 = (24,45 ± 3,09) ⋅10-8, /   825 ).  
 

.     Cl–    
CaCl2–KCl  825 ,   (5 / ). 

 
/  

 CaCl2, .% k0·108, /  

1 20 3.92 ± 0.49 
2 30 3.05 ± 0.40 
3 40 3.92 ± 0.51 
4 50 4.44 ± 0.62 
5 60 7.20 ± 0.80 
6 75 7.53± 0.96 
7 85 8.15± 1.06 
8 100 24.45 ± 3.09 

 
        (  CaCl2  

  50 .%)   -     
       -
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.    CaCl2 > 50 .%    
  -      .  

  lnk0 – 1/    CaCl2-KCl ( )  
     750–850 ºC.   
     112 · –1.  

  ,   ,   
  .      D 

( )      -  [4]: 
DCaO = 57 .         

 0,37  7,19 .    (90%)  
  1 .  

 
       15-03-

04139_  «  -     
      Mg, Ca, Zn, Na, K || Cl». 

 
  

1. Park M., Choi C.L., Lim W.T., Lim M.C., Choi J., Heo N.H. // Micropor.  Mesopor. 
Mat. 2000. V. 37.  1–2. P. 91–98. 
2. Wang T.X., Liu S.Z., Chen J. // Powder Technol. 2011. V. 205.  1. P. 289–291. 
3. Pat. 6994636 US. 2004. 
4.  . .,  . .,  . .    

 :  .  .: , 2007. 
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     -  
  ,   ,  , 

  ,  Sc2O3,  
.  

    : 
1.      [NaF-AlF3]   

 ( ) 2.3,  = 950-980 ° ; 
2.  [KF-AlF3]  =1.3,  = 700-750 ° ; 
3.  [KF-NaF-AlF3]  =1.3-1.5,  = 800-830 ° . 

 .     
   ( ).     1. 

          
«  - Al2O3».         

 «  - Sc2O3»        
 .  

  .  Sc2O3   
     .  .1 , 

  Sc2O3   NaF-AlF3  KF-NaF-AlF3  
   Al2O3,    KF-AlF3 –     

.    ,   Sc2O3   
    M3AlF6 (M -  )   

  M3ScF6. ,   KF-AlF3-Sc2O3 
   3ScF6,    

  (1170 ° ),   Na3ScF6 (894 ° ),  Sc2O3  
    . 

  Sc2O3  Al2O3   NaF-AlF3  
    Al2O3  Sc2O3,    

 2.    NaF-AlF3- Sc2O3  =2.3   
 Al2O3 (1, 2, 3, 4 .%)  Sc2O3.  

.  ( )    
 Sc2O3       

  .   
  Sc2O3,       

 ,  Al2O3,    
     Sc2O3   

.       .   
   ,  Sc2O3, 
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  ,      
. 

ln  = 0.85 - 1092/T - 0.048·NSc2O3 + 0.005·CNaF + 0.556·KO      
 

 
 1.       

Sc2O3  Al2O3. 

 
 2.   Sc2O3  Al2O3     

 =2.3. 
 

   -   
       
    . 

 
  

  . .      
 /  . .,  . .,  . .// 

  . – 1990.- N2.- . 33-36. 
  P. Schwellinger, Method for the production of an aluminum-scandium master 

alloy, Alcan Technology & Managements Ltd., Germany. Int. Patent WO 
2006/079353 A1. Publ. 25 Jan. 2005.
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     ( ) 

        
   .      

   -    ,  
, .  

     ,   
  SiO2, Al2O3, Na2O, B2O3, MgO, CaO,   , 

     Na2O, Al2O3, P2O5, CaO.   
    SrO, ZrO2, MoO3, Cs2O, La2O3, 

Ce2O3, Nd2O3, NiO, Cr2O3, Fe2O3, SO3;      10 
.%.  

   ,   
 ,     , 

       2 .    
        .  

,     . 
      

        
      600-1100° . 

       
   B2O3   , 

      .  
      

  . 
    

         
 1  2, . 

     . 
   F1  F2  ,   

    - ,  
    .  
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  ,  ,   
.  

 
 1.   . 

 

 
 2.   . 

 
    

       
   ,   

(CNa2O  1/T): 
ln  = 5.13 - 10352/T - 0.0646·CNa2O – (287·CNa2O/T) 

 
    600-1100 ° ,  Na2O –  

 10 - 23 .%. 
 ,    ,   
        ,  

        
 . 
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  0.75Sr0,9Ti0,5Fe0,5O3-  -

0.25Ce0,8(Sm0,8Sr0,2)0,2O2-   0.75Sr0,9Pr0,1Ti0.5Fe0.5O3-  -0.25Ce0.8(Sm0.8Sr0.2)0.2O2-   

. . , . .  
    , ,  
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       (MIEC) 
      

       
.     (1-x)SrTi0.5Fe0.5O3- -

xCe0.8(Sm0.8Sr0.2)0.2O2-  ,      0.5 
 0.75 . % [1-3]      

   ,     
    ,     

        
     .    

   .    
    .  

Sr0.9Pr0.1Ti0.5Fe0.5O3-  (SPTF)  Ce0.8(Sm0.8Sr0.2)0.2O2-  (SSDC)  
          
.       

SPTF SSDC     0.75SPTF-0.25SSDC  
   .    
  1500 .  

 
 1.  0.75SrTi0.5Fe0.5O3-  - 0.25Ce0.8(Sm0.8Sr0.2)0.2O2-  

(0.75STF-0.25SSDC)  0.75Sr0.9Pr0.1Ti0.5Fe0.5O3-  - 0.25Ce0.8(Sm0.8Sr0.2)0.2O2-  

(0.75SPTF-0.25SSDC). 
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  1    0.75SrTi0.5Fe0.5O3-  - 
0.25Ce0.8(Sm0.8Sr0.2)0.2O2-  (0.75STF-0.25SSDC)   
0.75Sr0.9Pr0.1Ti0.5Fe0.5O3-  - 0.25Ce0.8(Sm0.8Sr0.2)0.2O2-  (0.75SPTF-0.25SSDC).  

    Sr0.9Pr0.1Ti0.5Fe0.5O3-  (SPTF)  
Ce0.8(Sm0.8Sr0.2)0.2O2-  (SSDC)     
(   Pm3m)   (   
Fm3m), . 

      
     120-700 .   2 

     0.75STF-0.0.25SSDC  
,  0.1 . %  Pr.    
  0.75STF-0.25SSDC  0.75SPTF-0.25SSDC  0.34 eV  0.8 

eV, .    ,   
  0.75SPTF-0.25SSDC    

.  [4] ,   Sr1-xPrxTiO3-  (x=0.2, 0.3), 
  4+/3+ (   1:1)    

        . 
  Sr1-xPrxTiO3-   -  . 

   [5]    (Pr+4)  
PrxCe1-xO2-   : Prx

Ce + e   Pr      
     .  

       
   ,     
  .  

 
 

 
 
 

 
 
 

 
 
 
 

 
 
 
 
 
 

 2.      
0.75SPTF-0.25SSDC  0.75STF-0.25SSDC. 

-1

-0.5

0

0.5

1

1.5

2

2.5

1 1.5 2 2.5 3 3.5

0.75STF-0.25SSDC

0.75STF(0.1Pr)-0.25SSDC

Ea=0.34 eV

Ea=0.8 eVlg
(

T
 

 ×
 

-1
, K

) 

1000/T, K 
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   .  (   )   , 
   .  ( )   
     "  

"   .  
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(1-x)Sr0.9Pr0.1Ti0.5Fe0.5O3-  - xCe0.8(Sm0.8Sr0.2)0.2O2-  (x=0.5, 0.75) 

 . . , . .   
    , ,  

 *e-mail: V.Salnikov@ihte.uran.ru   
   

     (1-x)SrTi0.5Fe0.5O3- -
xCe0.8(Sm0.8Sr0.2)0.2O2-  ,      0.5 

 0.75 . %   ,   
        

      [1].   . 
,        

   [2].    
     ,    

 -  .    
 . [3] ,   Sr1-xPrxTiO3-    4+/3+ (   

1:1)         
   .      
    TiO2   . 

          
  ,     
        

.   . [4] ,     
       

  .   2  
   Pr4+     .  

 2    ,     
     ,   

 Pr4+  Pr3+.      
       . 

        
  Pr,       

.  
Sr0.9Pr0.1Ti0.5Fe0.5O3-  (SPTF)  Ce0.8(Sm0.8Sr0.2)0.2O2-  (SSDC)  

          
.    Sr0.9Pr0.1Ti0.5Fe0.5O3-  (SPTF)  Ce0.8(Sm0.8Sr0.2)0.2O2-  

(SSDC)     (   
Pm3m)   (   Fm3m), .  

     SPTF  SSDC 
    1:1  1:3      

.     1300 , 10 ,   
.      1450  1500 

, .      
637 

 

    .   
    200-700 .  

  1       
 0.25SPTF-0.75SSDC, 0.5SPTF-0.5SSDC   0.5STF-0.5SSDC 

  Pr.  , Ea  0.5STF-0.5SSDC  0.33 eV. 
  0.5SPTF-0.5SSDC    

 .  Ea    
    0.32 eV  0.59 eV, 

.    0.25SPTF-0.75SSD  0.79 eV. 
    ,   

    ,  
  STPF  SSDC.  

  
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 

 1.      
 0.25SPTF-0.75SSDC 0.5SPTF-0.5SSDC  0.5STF-0.5SSDC 

 
    0.5SPTF-0.5SSDC   

     10-9
  10-8 , 

     , gr    
gb.       0.25SPTF-0.75SSDC    

  gr    10-9
      

=200-230 .   2     0.25SPTF-
0.75SSDC,       , 

   . 

-4

-3

-2

-1

0

1

2

3

0.7 1.2 1.7 2.2 2.7 3.2 3.7

0.5SPTF-0.5SSDC
0.25SPTF-0.75SSDC
0.5STF-0.5SSDC
SPTR

lg
(

T
 

/
2
, 

K
) 

1000/ T, K 
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 2.     0.25SPTF-
0.75SSDC,  , =200 .    2  

  ,    .  
 

   .  (   )   , 
   .  ( )   
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"   .  
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    ,   
 .  

        
      

 MCl6
2–, MCl5

–, M2Cl9
– (M = Zr, Hf) [1–3].    

    A2MCl6  AM2Cl9  A = 
Cs–Li [1–5].        

  MeMCl6 (Me – Ba, Sr, Ca, Mg) [4, 6].    
        

,     ,  .  
     ,   

ZrCl4  HfCl4       (22–59 )  
   (  437–505  432–450 ) [7],  
  (  ZnCl2)  3d-      

.       
   . 

   ZrCl4  HfCl4    
      

    ( ).  
     ,   ,  

       
(  1 )   ,     

,        
      [8].  TiCl2, VCl2, 

CrCl2, MnCl2, FeCl2, CoCl2, NiCl2, CuCl2, ZnCl2  CdCl2   , 
   ,     P2O5   ,  

ZrCl4  HfCl4 ,    (  
 )   HCl,      .  

          
  [8]:  

         
   4–5     ZrCl4  HfCl4, 

   ,       
    (  = 503   P  = 59  

640 641

УДК [546.83 1̀31+546.302 1̀31]:543.424.2
 
ИССЛЕДОВАНИЕ МЕТОДОМ СПЕКТРОСКОПИИ КРС ВЗАИМОДЕЙСТВИЯ 

ТЕТРАХЛОРИДОВ ЦИРКОНИЯ И ГАФНИЯ С ДИХЛОРИДАМИ 
ПЕРЕХОДНЫХ МЕТАЛЛОВ 
А.Б. Салюлев, Э.Г. Вовкотруб

Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия
e-mail: salyulev@ihte.uran.ru 

УДК [546.83 1̀31+546.302 1̀31]:543.424.2
 
ИССЛЕДОВАНИЕ МЕТОДОМ СПЕКТРОСКОПИИ КРС ВЗАИМОДЕЙСТВИЯ 

ТЕТРАХЛОРИДОВ ЦИРКОНИЯ И ГАФНИЯ С ДИХЛОРИДАМИ 
ПЕРЕХОДНЫХ МЕТАЛЛОВ 
Салюлев А.Б., Вовкотруб Э.Г.

Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия
e-mail: salyulev@ihte.uran.ru 

УДК [546.83 1̀31+546.302 1̀31]:543.424.2
 
ИССЛЕДОВАНИЕ МЕТОДОМ СПЕКТРОСКОПИИ КРС ВЗАИМОДЕЙСТВИЯ 

ТЕТРАХЛОРИДОВ ЦИРКОНИЯ И ГАФНИЯ С ДИХЛОРИДАМИ 
ПЕРЕХОДНЫХ МЕТАЛЛОВ 
А.Б. Салюлев*, Э.Г. Вовкотруб

Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия
*e-mail: salyulev@ihte.uran.ru 



640 
 

 ZrCl4   = 450   P  = 53.5   HfCl4 [7]).    
  4–5       , 

    . 
   _  CdCl2  MnCl2    10–15  

       30–45   
    ~30 ,  

 ZrCl4  HfCl4,     ,  
455  425 , .       

         ,  
 1–2   .  

         
   [2, 6, 8].   ,     

     (ZrCl4  
HfCl4)     ,    

     3d-     
 MCl4   MCl4   MeCl2, . 

         
  MCl4  MeCl2     

 .  
        

       , 
  [9].      

 (  ×20, ×50) -  “Renishaw U1000” 
( ) (Ar+ –    = 514,5 ,   25 )   

       
.     (  MeCl2–

MCl4)            
.  

       , 
      ,   

 1, 2.  
         
  (    ,    1 , 1 )  

,    ,   MeCl2  
MCl4,         

      
 [1–3, 8, 10]. 
,  ,     ZrCl4  HfCl4   

  (   CuCl2  ZnCl2)  
       

   328–322, 305–299, 235–230, 206–199, 160–150, 
145–130  115–110 –1 _    ZrCl4  331–327, 294–284, 243–230, 204–
195, 165–155, 140–133  122–114 –1 _    HfCl4 (    

 1   2).       

641 
 

    ,   
   –     

 . 
 

 
 1.    ZrCl4 ( ), MnCl2 ( )    

( ),     MnCl2  ZrCl4. 

 
 2.    CdCl2  ZrCl4 ( )   HfCl4 ( ), 

    CdCl2   
. 

  
      

 (331–322 –1,  1, 2)     
  Zr  Hf   (  )    
  : 375 (MCl4), 350–340 (MCl5

–, M2Cl10
2–), 

333–320 (MCl6
2–), 380 (M2Cl9

–), 404 –1 (M2Cl8) [1, 8, 11],   , 
    (MCl6

2–)   Zr  Hf. 
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      235  160 –1 , 
,  ν2(Eg)  ν5(F2g)  ZrCl6

2-– (Oh)  HfCl6
2– (Oh) [8, 11], 

  300 – 290 –1 _  ν4(F1u),       
  MCl6

2–        
.       235, 200, 140  115 

–1    MeCl2  MCl4       
       240–237 (A1g), 213–203 (Eg), 155–139 

(F2g)  116–106 –1 (F2g)     
MeCl6  3d-  [12] (     
A6MeCl8  A = Li, Na).       [8]. 

   ,    ,  
       ZrCl4 

 HfCl4          
       (  30 ) 

       MeMCl6 
(M = Zr, Hf; Me = Ti, V, Cr, Mn, Fe, Co, Ni, Cd),     

   -   . 
 

  

1. Photiadis G.M., Papatheodorou G.N. // J. Chem. Soc., Dalton Trans. 1998.  10. 
P. 981–989. 
2.  . .,  . .,  . . //  2008.  3. . 
45–49. 
3.  . .,  . .,  . . // . 2012.  5. . 
53–61. 
4.  . . // . . . 1978. . 23. . 146–150. 
5.  . .        . 

.: , 1966. 
6.  . .,  . .,  . . // . . . 
1990. . 35. . 902–904. 
7.  . .,  . . -    

  (     ): 
. .: , 1996.  

8.  . .,  . . //  2014.  2. . 71–77. 
9.  . .,  . .,  . . //   . 
2000. . 4. . 334–338.  
10. Anderson A., Lo Y.W., Todoeschuck J.P. // Spectrosc. Letters. 1981. V. 14. P. 
105–116. 
11. Rak J., Gutowski M., Dokurno P., Thanh H. Vu, Blazejowski J. // J. Chem. Phys. 
1994. V. 100. P. 5810–5820. 
12. Lutz H.D., Kuske P., Wussow K. // Z. anorg. allg. Chem. 1987. Bd. 553. S. 172–
178. 
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      (MCln)   
  (MeCl)      

    .   
      , 

        
    . 

       
     ,  

   .  
 ,  -   

,  -       
       

           
  .      
    .    

    .     
          

.       ,   
.        (  

 )   .  
        

     
 ( ),       

  ( )       
,    100  500 -1, ,  ,  

      
,    . .  -   

      
      [1].  

        
 ,       

       
 ,   -  

,      ( ) .  
     ,   ,  

.  ZrCl4, HfCl4, AlCl3, GaCl3  PCl5,  
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        HCl 
 Cl2,      .     

    “Leica DMLM”  
“Renishaw U1000” ( ),  -   CCD 

 (Ar+ – ,   25 ,  ×20, ×50)   
  .      
      [1–5]. 

   
,   ZrCl4, HfCl4, AlCl3  GaCl3   

   (Me)     
       

Me2[MCl6]  Me[M’Cl4] (M = Zr, Hf; M’ = Al, Ga).    
Me2[MCl6] – MCl4  Me[M’Cl4] – M’Cl3     

 .  
      
   :  

1.   ,     
,        

    3-4     (3-5 ) 
   . 

2.          
PCl5    (     

)         
GaCl3, AlCl3, ZrCl4  HfCl4. 

      , ,   
          

       
 ,    (     

)  .    
       

   –     .  
   .    ( )  

        
(   PCl5)         

,  .     
  (GaCl3, AlCl3, ZrCl4  HfCl4)   . 

   .       
  ,        
,     .    

        
        

    [1, 2]. 
  ,    

  ,  .  

645 
 

 [2, 3, 5],     MCl4–MeCl   
      Me2[MCl6] c 

M = Zr, Hf  Me+ = Cs+ ÷ Li+, Ag+, Tl+, In+  PCl4
+,   

  [MCl6]
2-   : ν1( 1g) = 

325–340, ν2(Eg) ∼260 ( .)  ν5(F2g) = 160–185 -1,   
 ,       

 Me[M2Cl9].     [M2Cl9]
- 

 D3h,  -    [2, 3, 5–7] 
 386, 365, 346, 310, 255, 175, 160, 130, 121  113 -1  Me[Zr2Cl9]  372, 

346, 310, 257, 157, 130  112 -1 –  Me[Hf2Cl9] (  1). 
 

 
 1.   HfCl4 ( )      KCl  

 : K[Hf2Cl9] ( )  K2[HfCl6] ( ). 
 

    ZrCl4 – PCl5  HfCl4 – PCl5   
       

Zr(IV)  Hf(IV)    : 2[PCl4] [MCl6], [PCl4] [M2Cl9]  
[PCl4] [MCl5] [3, 5],        

   [PCl4]
+ (Td): ν1( 1) – 456, ν2 ( ) – 177, ν3 (F2) – 659, 

ν4 (F2) – 251 c -1; [MCl6]
2– (Oh); [M2Cl9]

– (D3h)  [MCl5]
– (D3h): ν1( 1 ) = 357–350, 

ν2 ( 1 ) = 313–303, ν6 (E ) = 177–165, ν8 (E ) = 159–150, 150  115–105 c -1  M 
= Zr, Hf [2–7].       2.    

  [PCl4]
+     . 

     AlCl3   
        ,  

   (   Al2Cl7 )   
Me[Al2Cl7]  .       – Ga2Cl7  (  

    Me[Ga2Cl7])    
-      GaCl3 – MeCl (Me+ = Cs+ ÷ Na+, 

PCl4
+) [4, 5]. ,   ,    
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 GaCl3 – PCl5    PCl5 GaCl3,  
 [PCl4]

+ [GaCl4]
–,       

 [PCl4]
+ [Ga2Cl7]

–. 
 

 
 2.     ZrCl4  HfCl4  PCl5: 

[PCl4]2·[HfCl6] ( ), [PCl4]·[HfCl5] ( )  [PCl4]·[ZrCl5] ( ). 
 

     
       

 ,      
(  1–100 ),        

     .  

 
  

1.  . .,  . .,  . . //   . 
2000. . 4. . 334–338. 
2.  . .,  . .,  . . //  2008.  3. . 
45–49. 
3.  . .,  . .,  . . // . 2012.  5. . 
53–61. 
4.  . .,  . .,  . . //  2011.  5. . 25–34. 
5.  . .,  . . //    / 

.- .  . . : . 2015. . 34. . 90–99. 
6. Photiadis G.M., Papatheodorou G.N. // J. Chem. Soc., Dalton Trans. 1998.  10. 
P. 981–989. 
7. Nakamoto K. Infrared and Raman Spectra of Inorganic and Coordination 
Compounds. Hoboken: Wiley, 2009. 

647 
 

 546.47/.49’131:544.623 
  

     

    

. . *, . .  
    , ,  

*e-mail: salyulev@ihte.uran.ru  
  

      
         
 .        

   [1].     
        .  

   ,    
       . 

      
 CdCl2    . 
      

CdCl2 ·2.5 H2O       450 °C  
  (~1 )   9 .     

    500-620 ° .    (CdCl2) 
 99.98 % [2].  

  CdCl2     
    .   573-824 °  
 U-      [2].   

  (667-1201 ° )    ,  
    15 ,   

      W- , 
  [3, 4].       

 .    Pt/Pt-Rh (10 % 
Rh)    ± 1 ° .     

   5058   10 .    72.9 - 
91.1 -1.         

   [2, 5].  
     CdCl2  

1201 ° ,   241         273 
     [8].    

  t = 628 . 
     

CdCl2    1. ,    
“ ”  “ ” ,    

        . 
      : 

� = -1.8255 + 5.9723·10-3 T - 1.8808·10-6 T 2, /c ; T, K; �T = 846-1474 K.  
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   �   2%   
 , R 2 > 0.999.  

   [6, 7]    
CdCl2       . 

       , 
     . 

        
 .      573  1201 

°C (�t = 628 °C)       
  (  1.886  2.891 / ).   , - , 
    .   

     . , ,  
        

       
     .     

  ,     
  [4]. 

 

3

4

5

6

7

8

9

1.8

2

2.2

2.4

2.6

2.8

3

550 650 750 850 950 1050 1150

E
A
, 

/

κ,
 

/

 t, 0C

t . = 568 0C

t . = 960 0C

[8]

 

   t = 573 - 1201 0C (Δt = 628 0C)

 
 1.    (�)  

CdCl2     (EA). t .  t . -    
. ,  -  ,    

“ ”  “ ” , .  
 

 ,      
CdCl2,    [1].      

649 
 

    . ,   
    “ ”    

  [8] (tmax = 928 °C)   0.3%.  
   , . .  . 

       [5].  
   ,     

      (   
   )    ,  

       
[9].         

  [1, 3, 8, 9].  
        

   (  1),    
   ~ 8.9  ~ 3.3 /    

 573-1201 ° .    1201 °   �  . 
          
  ,      
 15  [10].     [9]   

   CdCl2    
 ~ 1300 ° . 
 

1.75

1.95

2.15

2.35

2.55

2.75

2.95

3.15

560 660 760 860 960 1060 1160

 t , 
0
C

κ,
 

/c

 CdCl2.
  

CdCl2 + 10.09% Cd

CdCl2 + 20.08% Cd

CdCl2 + 4.96% Cd

 
 2.    (�)  Cd  

 CdCl2. 
 

        
.  ,  [8]    
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CdCl2 - 10.09 . % Cd    572  1206 ° ,  
   CdCl2 -   928 °    
 .     

   [8]      
       . 

,     (CdCl2 - 10.09 . % Cd) 
    CdCl2   : -3.1% (600 

°C), -1.1% (700), ~ 0% (810), +0.7% (900), +1.7% (1000), +3.7% (1100)  +9.1% 
(1200 0C) (  2).  ,    800 °C 

    CdCl2   . 
 [6, 8],       CdCl2 

         
     , 

   Cl–     .   
    , . .   

  , ,  .    
 ,     Cd+ (  ), 

   .    
  .  1200 °    

+9.1%. 
      

    . 
 

  

1. Janz G.J., Tomkins R.P.T., Allen C.B., Downey J.R. et al. // J. Phys. Chem. Ref. 
Data. 1975. V. 4. P. 871-1178.  
2. Salyulev A., Potapov A., Shishkin V., Khokhlov V. // Electrochim. Acta. 2015. V. 
182. P. 821-826. 
3.  . .,  . . // . 1996.  3. . 20-27. 
4. Salyulev A. B., Potapov A. M. // J. Chem. Eng. Data. 2015. V. 60. P. 484-492.  
5. Salyulev A. B., Potapov A. M. // Z. Naturforsch. 2016. V. 71a. P. 673-675. 
6. Børresen B., Voyiatzis G. A., Papatheodorou G.N. // Phys. Chem. Chem. Phys. 
1999. V. 1. P. 3309-3314. 
7. Okamoto Y., Shiwaku H., Yaita T., Suzuki S., Minato K., Tanida H. // Z. 
Naturforsch. 2004. V. 59a. P. 819-824. 
8. Grantham L. F. // J. Chem. Phys. 1966. V. 44. P. 1509-1513. 
9. Grantham L. F., Yosim S. J. // J. Chem. Phys. 1966. V. 45. P. 1192-1198. 
10. Yaws C. L. Thermophysical properties of chemicals and hydrocarbons. Norwich: 
William Andrew, 2008. 
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,   ,     
     . 

        
.         .  

,      
     . 

      
    (LiCl-KCl) . - CdCl2  

    . 
        

       ,   
 [1].       

,   .       
[2].    91.1 cm-1.    

  1.0-   KCl.    
     .   

      -5058   10 . 
       [1].  

      1%. 
    14   

 (LiCl-KCl) . - CdCl2,  2.064; 4.0; 9.9; 20; 30; 40; 50; 60; 70; 
80; 90  95 .% CdCl2.   0-10%    

, . .,  ,      .  
    5-10       

,     .  
  610-630 °C.    

    1.  
   ,    . 

      . 
   CdCl2  ,  

      .  
      

  2.      
 CdCl2   30 . %.    30-70 

. % CdCl2    ,   -  .  
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0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

340 390 440 490 540 590 640 690

 t , 
0
C

κ,
 

/

CdCl2

95 mol.% CdCl2

90 mol.% CdCl2

80%

20%

60%

70%

LiCl-KCl 2.064
4%

9.9%

40%
50%

4%

 
 1.     (LiCl-

KCl) . - CdCl2. 
 

1.8

1.9

2

2.1

2.2

2.3

2.4

0 10 20 30 40 50 60 70 80 90 100

κ,
  

S
/c

m

[CdCl2], mol.%

600 0C

550 0C

 
 2.     

 (LiCl-KCl) . - CdCl2. 
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      (  1)  
   .     , 

 -     [3]. 
       

 (LiCl-KCl) . - CdCl2,     
        

,    [4].    
        

     [1] (  3). 
    ~35%    

    .   
 – -2.4%  20 . % CdCl2.     

      [1].    
 CdCl2   .   

+ 5.9%  70 . % CdCl2. 
 

-3

-2

-1

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90 100

[CdCl2], .%

δ,
 %

600 
0
C

 
 3.    

      (LiCl-KCl) . - 
CdCl2. 
 

   [5-7],   
  Cd2+      

  (LiCl-KCl) . - CdCl2.   
CdCl2        CdCl4. 

   CdCl2  LiCl-KCl    
   ,       
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.         
  Li+.   , 1/0.059 = 16.9 -1,  

     Cd2+, 2/0.078 = 25.6 -1.  
    K+  1/0.136 = 7.3 nm-1.  Li+  

          
 .  ,    Cd2+ - Cl-,  

     .     
      

   ~35-100% CdCl2. 
     0-35 .% 

CdCl2   ,      LiCl-KCl  , 
  ,    Li+, ,  , 

    −2
4CdCl  (   

   K2[Cd2Cl6]     CdCl2) [5, 
6], .  2, 3. 

     ,    
      [5-7]   

      
 Li+  Cd2+  -    ,   

 [1].  
 

       
  ,    14.607.21.0084. 

 
  

1. Salyulev A., Potapov A., Shishkin V., Khokhlov V. // Electrochim. Acta. 2015. V. 
182. P. 821–826. 
2. Potapov A.M., Rycerz L., Gaune-Escard M. // Z. Naturforsch. 2007. V. 62a. P. 
431–440. 
3.  . .,  . . // . . . 1963. . 8. . 403–406. 
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      ( ). 

     . 
           

 (LiCl-KCl)      U, Pu, 
    [1].       

LiCl-KCl   ,   .    
    . 

      
     (LiCl-KCl)  - 

CeCl3, (LiCl-KCl)  - NdCl3, (LiCl-KCl)  - UCl3, (LiCl-KCl)  - CeCl3 + NdCl3  
(LiCl-KCl)  - CeCl3 + NdCl3 + UCl3. ,     

    ,   
   ,   

  . 
        

 .    ~ 91 –1.   CeCl3  
NdCl3    40 .% LnCl3,      -  10.45 

.% UCl3.      5-40   
 ,   -  620 0 . 

        
 .  (LiCl-KCl) . - 30 .% UCl3   

: 3PbCl2 + 2U = 2UCl3 + 3Pb    LiCl-KCl  
515°C.         UCl3. 

    ,     
    [2-4].    

   1%.  
      

     1-3.     
       MCl3 

(M = Ce, Nd, U)       . 
    4-5    

  (LiCl-KCl)  - NdCl3   (LiCl-KCl)  - 
CeCl3 + NdCl3 + UCl3 .  

    5,      
LiCl-KCl,     ,   

656 657

УДК [546.311’131:546.650’131]:544.623

ЭЛЕКТРОПРОВОДНОСТЬ СЛОЖНЫХ РАСПЛАВЛЕННЫХ СОЛЕВЫХ 
СМЕСЕЙ НА ОСНОВЕ (LiCl – KCl)ЭВТ

А.Б. Салюлев, А.М. Потапов, В.Ю. Шишкин, В.А. Хохлов
Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

e-mail: A.Potapov_50@mail.ru 

УДК [546.311’131:546.650’131]:544.623

ЭЛЕКТРОПРОВОДНОСТЬ СЛОЖНЫХ РАСПЛАВЛЕННЫХ СОЛЕВЫХ 
СМЕСЕЙ НА ОСНОВЕ (LiCl – KCl)ЭВТ

Салюлев А.Б., Потапов А.М., Шишкин В.Ю., Хохлов В.А.
Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

e-mail: A.Potapov_50@mail.ru 

УДК [546.311’131:546.650’131]:544.623

ЭЛЕКТРОПРОВОДНОСТЬ СЛОЖНЫХ РАСПЛАВЛЕННЫХ СОЛЕВЫХ 
СМЕСЕЙ НА ОСНОВЕ (LiCl – KCl)ЭВТ

А.Б. Салюлев, А.М. Потапов*, В.Ю. Шишкин, В.А. Хохлов
Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

*e-mail: A.Potapov_50@mail.ru 



656 
 

       
       . 

, - ,    
 ( ,  )    

 ,          
    .  

       
      , 

        
 . 

 

0.1

0.6

1.1

1.6

2.1

610 660 710 760 810 860 910

 T , K

κ,
 

/

20

30

40.0 .% NdCl3

7.5

10

15

2.5
5.0

LiCl-KCl

 
 1.     

 (LiCl-KCl)  - NdCl3.  

0.1

0.6

1.1

1.6

2.1

610 660 710 760 810 860 910

 T , K

κ,
 

/

10.45 .% UCl3

7.79

2.58%

5.19%

LiCl-KCl

 
 2.     

 (LiCl-KCl)  - UCl3.  

657 
 

0.1

0.6

1.1

1.6

2.1

610 660 710 760 810 860 910

 T , K

κ,
 

/ 2.81%  CeCl3

4.29%  NdCl3

4.29 .% UCl3

LiCl-KCl

3.28% CeCl3

5.00% NdCl3

0%      UCl3

1.51% CeCl3 + 2.31% NdCl3 + 2.31 .% UCl3

1.64% CeCl3

2.50% NdCl3

0%      UCl3
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 (LiCl-KCl)  - CeCl3 + NdCl3 + UCl3. 
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[NdCl3], .%
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 (7)  [6]
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  (LiCl-KCl)  - NdCl3.  
 

       
      , 

     Li+    
 .        

  LiCl-KCl      
      , 

    7      
   [7, 8].      
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  Li +, K + , , Cl–,      
 ,     ,  

1-5. 

1.2
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2.4
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Σ([CeCl3] + [NdCl3] + [UCl3]), .%
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/
873 K

773 K

1 765432

 
 5.      

(LiCl-KCl) .      CeCl3, NdCl3, UCl3. 1 - 
(2.50 . % CeCl3 + 0 % NdCl3 + 0 % UCl3); 2 - (1.64 . % CeCl3 + 2.50 . % 
NdCl3 + 0 % UCl3); 3 - (0 + 5.00 + 0); 4 - (1.51 + 2.31 + 2.31 .% UCl3); 5 - (3.28 
+ 5.00 + 0); 6 - (0 + 0 + 10.45); 7 - (2.81 + 4.29 + 4.29). 

 
       
  ,    14.607.21.0084. 
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   Po2,       

   .      
   ,    

      .   
  : 1.     

-  HoBaCo2O6-         
; 2.     

        
; 3.      

   :    
 ; 4.       

     HoBaCo2O6- .  
    HoBaCo2O6-    -

 .      900 - 1100°   
 .     

    Shimadzu XRD-7000  Cu K 1   
  20 2 ,(˚) 90.     
     Full Prof. 

       
      P4/mmm   
 a=b=3.885(3) Å, =7.481(6) Å,      

   [2]. 
     -  

        
     1150º    24 .   
       90%  

.     
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  900 – 1050   16 / .   
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 T,      -  

 ,      
 « »,    Co. 
 ,       

      Po2  
      

,         
 Po2  .  

   HoBaCo2O6-    
  ,    .  

     Po2  T,   
HoBaCo2O6-   ,     . 

       
        

   ,    
.  

       
     .  

      
 HoBaCo2O6- . 
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Bi2Cu0.5Mg0.5Nb2O9    
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     , ,  
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  (  m3Fd )     
  ( 2 ′)( 2 6),   –     

    (     Bi3+); B 
–        (    
Nb5+); O –  ,    

 B2O6; O′ –  ,    
 2 ′ [1].     2 ′,  

       O′    .  
    [2]  ,   

  Bi2Cu0.5Mg0.5Nb2O9      
 ,       .    
    ,    . 

,        
      2-  , 

   .  ,    
   .  

        
 Bi2Cu0.5Mg0.5Nb2O9,    .  

       
 Bi(NO3)35H2O ( . . .),  Mg(NO3)26H2O ( . . .),  

Cu(NO3)23H2O ( . . .),   Nb2O5 ( . . .)     
 ( )   C6H8O7 ( . .).   

 (  )     
 [3]: 

2Bi(NO3)3·5H2O + 0,5Mg(NO3)2·6H2O + 0,5Cu(NO3)2·3H2O + Nb2O5 + 
2,22C6H8O7  Bi2Mg0.5Cu0.5Nb2O9 + 4N2 + 13,33CO2 + 23,38H2O. 

 ,    ,   
 14 ,      (t, °C): 650, 850, 

950  1050  5  .     
      ( , 

SHIMADZU XRD-6000, CuK - , 10-70°,  – 0.05°).   
    .   

     .    
 10.543(3) Å.       

        
(   TESCAN VEGA 3 SBU)     
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(   X-ACT (EDS)).    
       

  10 %. 
     . 1,    
,     1030 °  (4 ). 

       -BiNbO4  
  Bi2O3 ( . . .)   Nb2O5 ( . . .)  : 

Bi2O3 + Nb2O5  2 -BiNbO4. 
  ,    ,  

   t (°C): 650 (20 .)  900 (20 .)  1000 (1 .).  
     .    
  -BiNbO4     

Cu(NO3)23H2O ( . . .)   Mg(NO3)26H2O ( . . .),    
.  Bi2Mg0.50Cu0.50Nb2O9     

   :  
2 -BiNbO4 + 0,5Mg(NO3)2·6H2O + 0,5Cu(NO3)2·3H2O + 0,56C6H8O7  

Bi2Mg0.5Cu0.5Nb2O9 + N2 + 3,33CO2 + 6,72H2O. 
    1000 °  (10 )  1050 °  (20 ). 

  1 – 3     
     ( ). ,   

        σ (  
    )     

    [4].     σ- . 
    (  1 – 17)   (   ). 
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   ( ) ,   t < 140 °C 
    ,    , 

  .  t > 140 °C  . 
         

    .  -  , 
  . 3  t < 200 °C      
,   . 1 –  .  . 2    

     +  –.  ,   
   ,  ?  ,  

 ,    . ,  
      

,     .  ,   
     .   

     ,  
,        -   

  .    « »  σ-
  t = 260 °C. 

 
  

1. Cann D.P., Randall C.A. // Solid State Comm. 1996. V. 100. P. 529–534. 
2. Rodriguez-Carvajal J. // Physica B: Condensed Matter. 1993. V. 192. P. 55–60. 
3.  . .,  . .,  . .,  . .,  . ., 

 . .     -   
. .: , 2011. 

4.  . . // . 2009. . 45. . 1403–1408. 

665 
 

 544.654.2 
 

     

 ,      

   

. . *, . . , . . , . . , 
. . , . .   

    , ,  
*e-mail: o.semerikova@ihte.uran.ru 

 
          

 -      -  . 
  ,   ,     

       « -
»         

   .  
     

       , 
   (Cu, Ni, Mo, Pt, W, , Si)    

     . 
      K2WO4 – 
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,  1 2,   ,  –  . 
      

  ( )  -
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 Nova 1.9.       
   JSM-5900 LV (Jeol, Japan)  
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Japan)  CuK  . 
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     Cu2O   NaCuO,  
 .  
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     A2MMoO6 (A = Ca, Sr, Ba, M = 
Mg, Fe, Co, Ni)         

      
( ),       S-  C-

  (  )     
 Ni-  [7].      

       
  Sr2NiMoO6 (SNM) [2]  Sr2MgMoO6 (SMM),  

        [2, 3],   
     .   
    Sr2Ni0.75Mg0.25MoO6 (SNMM025), 

         
   -  ,   
    ,     

[4, 5]. ,      
     Ni-YSZ,    

         
    (1–y)SrMg0.25Ni0.75MoO6–ySrMoO4  (1–

y)SrMg0.25Ni0.75MoO6–yNiO       , 
,  ,     

  [6, 7]. 
   SNMM025     

 SrCO3 ( . .), Ni(CH3COO)2•4H2O ( . .), MgO ( . . .)  
(NH4)6Mo7O24•4H2O ( . . .).     -

 : SrCO3  MgO     HNO3 ( . .), 
    Ni(CH3COO)2•4H2O  (NH4)6Mo7O24•4H2O  

 ( . . .)    .   
        , 

     1373    24-   c 
    .   

SrMoO4        
    SrCO3    

(NH4)6Mo7O24·4H2O.     (1–y)SNMM025–
y  (  =SrMoO4, NiO, y = 0.15; 0.30  %)   

 SrMoO4, NiO  SNMM025        
 60 . 
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      298     
 298-873    Inel Equinox 3000 (CuKα- ), 

   HDK S1 (Edmund Buechler 
GmbH).       20°≤ 2  ≤ 80°  

 0.04   1   .    
 SNMM025       

Fullprof.       
 Diamond.     

 (1–y)SNMM025–y ,   1623 ,   
 Netzsch DIL 402C     50% 2   

 498–1073    /  5 / . 
-   ,    SNMM025 

       
(I4/m),  SN .     

  SNMM025    1,    
   . 
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7000

10500

14000
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. 
.

a)

2θ,°
 

 1.       
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(1–y)SMNM025 – yA 
A 

SrMoO4/SrMoO3* NiO/Ni* 

y 

0 13.8/13.4* 
0.1 14.2/13.6* 15.5/13.8* 
0.3 15.1/13.5* 17.0/14.8* 
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 2.  ks    ( ) – Ca/Cr; ( ) –

 Sr/Cr; ( ) – Ba/Cr.  – NaCl-KCl-CrCl3-MeCl2,  Me – Ca; Sr, Ba; 
  – 2.0  -1. 

 
   ks

Max      
        

  : 
 lg ks

Max(Ca) = (1.958 ± 0.393) – (2978 ± 400)/T (4) 
 lg ks

Max(Sr) = (1.826 ± 0.158) – (3146 ± 165)/T (5) 
 lg ks

Max(Ba) = (1.714± 0.219) – (3362± 215)/T (6) 
  NaCl-KCl-CrCl3     

 (79.6±4.1)  -1,       
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 ,      
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 , - ,      r-Cl 
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. . 1*, . . 1,2, . . 1,2 
1     , . , ,  
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 Al-Sc     ( ,  
),      ,  

   [1-3].     
     -  . 

          . 
  ,    

   .  
       

   Al-Sc      
 KF-NaF-AlF3-Al2O3-Sc2O3  750-850 °  [4-7].    

       Al-Sc  
   10 . %  .    

      Sc2O3,  
     ,  

   . 
        Sc2O3  

    -   -Sc2O3. 
    :    

   Al2O3  Sc2O3;    
 ;     ;  

     ,  
  -   .  

       UO2    
[8, 9]. 

 C-Sc2O3     Sc2O3  
         

  900 °  [10].   ICP  ,    
  Sc2O3,         12-15 %. 

      
    -   -Sc2O3,    

  -      
     KF-AlF3.    

   CO/ O2  [11]   
     .  

     1.    
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  -    Al-Zr  
Al-Sc     , -  

, , , ,  
    [1-3].    

   Al-Zr  Al-Sc     [4-
6],      

 [7, 8]       . 
      

      ,    
     .   KF-

NaF-AlF3    Sc2O3  ZrO2    
 [9, 10]       

  ,    [11, 12].  
        

   [8, 9],    .  
       KF-NaF-

AlF3    Sc2O3  ZrO2       
.  

     (  1),   
     [13-17]. 

   
 

 1.      . 

 
 , 

. % * 
, 

°  
, .% 

KF NaF AlF3 Al2O3 Sc2O3 ZrO2 

1 49.0 10.0 51.0 1.5 
790 
[14] 

6.75  800 
°  [14] 

5.8  
800 °  [16] 

1.2  800 
°  [17] 

2 47.4 - 52.6 1.3 
575 
[13] 

5.5  
750 °  [15] 

4.8  
750 °  [16] 

1.27  750 
°  [17] 

3  42.9 57.1 1.5 
770 
[13] 

2.9  
800 °  [15] 

>3.0  
800 °  [16] 

1.14  800 
°  [17] 

4 - 53.5 46.5 2.3 
974 
[13] 

8.0  
980 °  [13] 

11.4  
980 °  [9] 

- 

*  = ([KF]+[NaF])/[AlF3], /  
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   ABCo2O5,   ,  
  “114”     
    .      

     YBaCo4O7+ ,    
  (YBaCo3.5M0.5O7+  ,  M = Zn, Fe),    
,        

     . 
  YBaCo4O7+  (YBC), YBaCo3.5Zn0.5O7+  (YBCZ), 

YBaCo3.5Fe0.5O7+  (YBCF)      
  .      

 -  ,   ,  
     ( ,  1),  

 ( ,  2),   
(  ,    

).  ,     
,         

      BaCe0.5Zr0.3Dy0.2O3–  (BCZD)  
 ~25 .      600–750 °  (  3).  

    (3 .% 2 ) ,  
 –  (3 .% 2 ) . 

 

 
 1.       

YBaCo3.5M0.5O7+ , M = Co (a), Zn ( )  Fe ( ).  = 25, 50, 100…850 ° ; 
  – - .    

      ( ). 
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Rad > 0.23 ; 
    :  

Rad = &gamma; &times; (RAg+RS(Se)), 
 &gamma; -  ,   

 ( )      ,   
      0.9;   

R –      ,  ( ). Rsd (  
 /  ) > 0.16 ; Rsd -  , 

    , . .    
,           

 .     
       . 

        
     ,  
   (1D-, 2D-  3D-),    
    . 

       
 ADS,    ToposPro [6]. 

 

 
 1. 1D     AgNb3S4 (   ), 2D 

    AgNiSe2 (   ), 3D    
 Ag8SiS6  (   ), . 

 
     184 ,  

     .   154 
    ,     23 -  7 -
        

  .  
 

  
1. de Klerk, Niek J.J., Marnix Wagemaker // Chemistry of Materials. 2016. V. 28.9. 
P. 3122-3130. 
2. Reuter B., Pickardt J., Hardel K. // Zeitschrift für Physikalische Chemie.  1967. V. 
56. P. 309-313. 

715 
 

3. Takahashi T., Yamamoto O. //Denki Kagaku,(Tokyo). 1964. V. 32. P. 610-615. 
4. Belsky A., Hellenbrandt M., Karen V. L.,  Luksch P. // Acta Crystallographica 
Section B: Structural Science. 2002. V. 58.3. P. 364-369. 
5. Blatov V. A., Ilyushin G. D., Blatova O. A., Anurova N. A., Ivanov-Schits A. K.,  
Dem'yanets L. N. // Acta Crystallographica Section B: Structural Science. 2006. V. 
62.6. P. 1010-1018. 
6. Blatov V. A., Shevchenko A. P., Proserpio D. M. // Crystal Growth & Design. 
2014. V. 14.7. P. 3576-3586. 
7. Anurova N. A., Blatov V. A., Ilyushin G. D., Blatova O. A., Ivanov-Schitz A. K., 
Dem'yanets L. N. // Solid State Ionics. 2008. V. 179.39. P. 2248-2254. 

716 717



716 
 

 677.523 
 

   ZrO2-Y2O3  

  

. . *, . . , . . , . . , . .  
       . . , 

,  
*e-mail: s.m.titova@urfu.ru 

 
   ,  , -  

,  ,    
  ,     [1]. 

     ,   
    .     
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 .  
         ZrO2 – 

Y2O3        
  .     ,  

       [2].  
  15×10×5     80°    2 

           
400 / 3 (    ).     10 % 

   .    
    40 .      
  24 .      , 

   80° ,       
1400° .  

     10-50    
300 .    ,    

   JSM-6390LA,    
 1. 

      
   ZrO2 – 7 .% Y2O3.   

  .       
 25 %       

       ,  
   120°      1000° . 

        
 50 .          

 10 %    ,      
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120° .         
(    ).       

     .    
    1200°      1 .  
     8,43 %,      
   13,15 %  13,33 %.  

 

 
 1.   ZrO2 – Y2O3 

 

       
.      25,4 .   

      . 
 :   1000°  –   .  10 

     1,1 .  
       

,         
   (  2 ).    

   , ,      
 (  2 ). 

 

 
 )      ) 

 2.  ,    
 : ) –  ; ) –  

. 
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:    XX .     
     AlF6

3-
    

,  ,        AlF4
-
  F-           

   ,        
AlF5

2-. -   ,   
 ,       FLiNaK ,  

        
AlF6

3-   AlF5
2-

  AlF4
-,  ,    

       Li+>Na+>K+  
      .   
      

      ,      
.        

    AlF6
3-,     

( )       AlF4
-. 

,    F-AlF3 ( =K, Na, Li) c 
=1.3-1.5   700-800 °  ,  ,   AlF4

-, 
  AlF6

3-    . 
   (Al2O3,  Sc2O3,  B2O3  .)   

   -  ,  
    ,  ,   

   -  .  
 :      KF-NaF-AlF3   

      ( )  
 .     NaF-KF-AlF3    
 NKF/(NKF+NNaF)  0.3  1   =1,3-1,7    

 : 
T  = 2582.85–2488.7 +211 N–655.9  N2 +868.9 2 +420.97 N ± 12      (1), 

  T - , K; N = NKF/(NKF + NNaF); =(NKF + NNaF)/NAlF3.  
        

    .   KF-AlF3, NaF-AlF3, LiF-AlF3 
      
      AlF4

–   
,      

(μ(Li+)>(μ(Na+)>(μ(K+)),       
       . 
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     Al2O3   
KF-NaF-AlF3  =1.3-1.5     :  

      S = -19.367 + 3.385  + 0.015 T + 3.494 N    ±    0.22             (2). 
 S –  Al2O3, .%.    

   800 °    . 
 ( )     -

 ,   ,      
.       

  -       
    .  , 

     : 
   ,         

  .  
 , ,   K+   KF-AlF3  

 Na+     .  
    KF-AlF3  KF-NaF-

AlF3         Al2O3  :  
Al2O3   1.5-2.0 .%    , 

 .       
,     KF-AlF3-Al2O3   700-800°  

        , 
         

.  
    -  

     ( =1.3-3.0)  
  (700-1000 ° )   : 

ln  = 2.24 – 0,029·NAl2O3 + 0.00296·NNaF + 0.319·  – 2624.4/T ± 0.012  (3), 
  – , -1 10-2; NAl2O3, NNaF – , .%. 

.     -
     ,  

      (KF- NaF-AlF3)   1.3-1.5 
     .   

        
     -   

       ;  
 ,       

   ,     
     ,   
  -       (  

),   . 
  ,      

 KF-AlF3  KF-NaF-AlF3      
   -    

     . 
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      ,   

  ,        
 .    , 

,    ,      
   .   , 

Ca12Al14O33,    (  1),    
    dI 34 [1],    

 ,       .  
   :       

      [2],  
 ,    , 

 .      , 
       , 

       
  ,  .   –  

     .   
     ,    

, :  
•      , , 

Cs6Zn5(MoO4)8 [3-4] (  2). 
•     Ca5Mg3ZnV6 24 [5]. 
•   , ,  

  KBSi2O6   K1-xCsxBSi2O6 (  3) [6]. 
•   Bi(SiO4)3,    [7]. 
•  Sr3La(PO4)3. 
•   Li6.43Ga0.52La2.67Zr2O12 [8]. 

    Ca14Al10Zn6O35 (  4)   
Ca6Al4Zn3O15 [9-11].  

      , 
, Bi(SiO4)3  .      

 ,       
 .      

      . 
  Ca14Al10Zn6O35    F23,  
 ,      . .    

« » [11],  4.      
  ,    ,  
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  ,      
    .    

  Ca5Me4V6 24   
  ( =8),         

  .     – 
         [5]. 

       dI 34  => dIa3  
  [6],       

 .      
dI 34       .  

     ,   
      ,    

    .  
       Al2O3 – CaO – MeO,  Me= 

Zn, Mg, Ni,          
 . 

 
 1.    Ca12Al14O33. 

 

 
 2.  Cs6Zn5(MoO4)8    . 

 

723 
 

 

 3.  KBSi2O6 
  dI 34 [6]. 

 4.  
Ca14Al10Zn6O35   

 F23 [11]. 

 
. 5.       CaO-

Al2O3-ZnO     Ca12Zn5+XAl9–YO32± . 
 

       
    1100 °    48 . 
      

 Rigaku DMAX-2200/PC  Cu K -     
10°< 2  <90°.   Ca6Zn3Al4O15  Ca14Zn6Al10O35,   
        CaO-

Al2O3-ZnO,      Ca12Zn5+XAl9–YO32± ,  
x=0.14÷1, y=0.43÷1.      

,    800-1000 °      
 (  20 ° ) 24    .   
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  1M      30 . 
   Ca14Zn6Al10O35   

.       .  
 1000 °     10-5 / . 

        
   10-2 / .  

 
      

  «  »   
   .    

  ,  17-03-01280 . 
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         , 

    ( ).     
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  ,    
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  [1].      
         

 .        
      . 

        
  :    

   [2],  [3];  
     , ,  

   [4-6],  ,    
       [7]   

373 . ,    -  
       

    . 
       

        NaCl–KCl–
YCl3. 

  
        

         900 K,  
      ,  

 .      
     [8].  

      
 ,       

        
    .  

      
 “  ” [9]. 
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      NaCl–KCl 
  5% .     1023   1073  

     
.      50–250 / . 

       
 2 .;      [10], 

   ,    
  ,  .     
  NaCl–KCl   5 . % AgCl.  
         « -

2000».  
,       

,    –  –150I (Elins). 
 ,  ,   

  XRD-7000S (Shimadzu).  
        

  Jeol JSM-6510 LV. 
    

  1    , 
   . 

 
 

 
 1.   NaCl–KCl+5% . YCl3, 

=1023 ,   50 / ,   , 
  0,66 2. 
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    1,      
    ,   ,   

   [4],       . 
    ,  

     ,   
.  

   ( )   
  ,   ,        

Ni5Y,         
      Ni2Y.   

     , 
     2.   

    [4].  
 

.    -  
T, K  

,  
 

,  
   

  
1073 -1900 1  Ni2Y, Ni5Y 
1073 -1900 2  Ni2Y, Ni5Y 
1073 -1750 1 Ni5Y 
1073 -1750 2 Ni5Y 
1023 -2000 1 Ni2Y, Ni5Y 
1023 -2000 2  Ni2Y, Ni5Y 
1023 -1900 1 Ni5Y 
1023 -1900 2  Ni5Y 
 

 
  2.    – , 

   NaCl-KCl+5% . YCl3  = 1073     
 = -1750 ,   1  (    

    ). 
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     ,   , 

       
      

   :   ,   
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       , , 
  . . 

       
   -  :   

    ,   
         

,       
. 

      
,        ( .%): 

Ca – (2,1-4,9), Mg – (0,2-1,5), K – (0,16-0,82), Na – (5,8-9,7)   – (19,3-42,8), 
  807-850 .    
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    æ=a+bT+ T2,    
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 , -  ,  
        

 .     MWO4-
WO3 (M = Ca, Sr, Ba), M2(WO3)3 (M = Sc),     

   . .  [1,2].   
     ,   

     ,    
   .  

        
       [3]:  

( ) ( ) ( ) ( )  
1 2 1   f f ff fα α ασ σ σ= − +

       (1)  
 1,2 –     1  2; f –    2. 
         

,       :  
(ƒ) = 1⋅(1–ƒ) + 2⋅f         (2)  

 1, 2    -1 ≤ 1, 2 ≤ 1   
      f  0  f  1. 

,     -  ,   
   ,     

 1 = 2/3  2 = -1/3 (   1  ,   2 - 
).      ,  

    -   
  1 = 2 = 1/3.     1  2 

  ,     
 .  
         

    -    
 –  .       

 [3]:  

( )1 S MX S S Af f f fα α α ασ σ σ σ= − − ⋅ + ⋅ + ⋅
    (3) 

 ƒ –    ; ƒs  s –    
       | ;  (f) 
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        (2).  
   |      

(3)   (1).    ,    
       ,    

    . 
   (3)      

        
 .      fS 

     [3]:  

( )2
1S

A

f f f
L

βλ
= ⋅ ⋅ −

        (4) 
  –  ;  –   ; La –  

  .  
  MWO4-WO3  M2(WO3)3–WO3-   

(  )       
(  ).        

 ,     
      (MX|A)S,  

        MX, 
  A.       ,  

          
          

 - .    (MX|A)S   
,     A  MX,   

 fS  (MX|A)S   
( )1S S A S MXf f f f δ− −= + = +     f ≤ fmax   (5) 

( )1S S-A-max S-MX -max maxf f + f = f δ= +    f > fmax  (6) 
 ƒS-MX  ƒA-S –     

   (MX|A)S; ƒmax –     , 
    (MX|A)S;  –    

 (A|MXS)        .    
 (3)   : 

( ) ( ) ( ) ( ) ( ) ( ) ( )
|= 1 + +f f f f

S MX MX S MX S A A MX S A Af f f f f fα α α ασ σ σ σ− − − −− − + −  (7) 
e A|MX –   ; (ƒ)   (2).  

ƒ ≤ ƒmax        
   ƒ = ƒS-A.    (  A|MX  MX)  (7) 

   : 

( ) ( )
1

| 1  f
A MXf ασ δ σ≈ +

       (8) 
 f > fmax       (MX|A)S   
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    .     S >> MX   
      (1), 

    
( ) ( ) ( ) ( ) ( )  a f a f a f  

max A|MX max A= f 1+  + f - fσ δ σ σ
    (9) 

     MeWO4-WO3,  Me = Ca, Sr 
 Ba [1,2],   MeWO4  ,  WO3  

     . 
 WO3         

(  3-4 )   .     
   ,   
     .  , 

  [1,2],     , 
   .    

 WO3     
   -       

  .  
  (1)      

,         : 

( )
( )

1
1

a f   
 

t 1 f
σ
σ

= − ⋅   

( )
2

2

a f   
 

t f
σ
σ

= ⋅    (10) 

 ,      ,   – 
,         

, ti. ,    MWO4-WO3  ti  
  : 

( )
( )a f   

A|MX
i max

 
t f 1+

σ
δ

σ
≈ ⋅       (11).  

       
 BaWO4-WO3 [1,2],     , 

     . ,  
     . 

      
,         

.  
 

  

1.  Konisheva E., Neiman A., Gorbunova E. // Solid State Ionics. 2003. V.157. P. 
45-49. 
2.  Neiman A.Ya., Pestereva N.N., Sharafutdinov A.R., Kostikov Yu.P., // Russian 
J. Electrochem. 2005. V.41. P. 598–611. 
3.  Uvarov N.F. //, Solid State Ionics/ 2000. V.136-138. P. 1267-1272. 
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.     BaWO4-
WO3 [27]     ,    

 (***)      : 700 oC 
( MX = 1.2⋅10-6 S/cm; A = 5⋅10-2 S/cm; S = 3⋅10-3 S/cm)  880 oC ( MX = 9⋅10-6 S/cm; 

A = 1⋅10-1 S/cm; S = 1⋅10-2 S/cm); fmax = 0.01;  = 2; 1 = -0.87 and 2 = 0.99. 
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, –    
,      

 .     
,   ,     - 

,         
,   ,   

,    . .     
     
  , - ,   . 

    , E,    
  ,      

 .  
      :  

E = CU2/2      (1) 
    C       U. 

     ,  
  –    

.       
  ,   ,  

    .      
     ( ), CDL, 

     .     
   (     
)  ,     

   �DLC ~ RsCDL,  Rs –  
.       CDL ~ 10-5 

/ 2  Rs ~ 10-1-1 2  �DLC    10-6-10-5 

.         ,  
          

 .  ,     
        
,    S : 

C = CDL S       (2). 
   [1]    ¸    

 : 0.6 < rp < 17 ,   CDL  9.4±1.1 
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/ 2.  ,       
  S  ~ 1000 2/      

  ~ 90-100 / .       
       
 .       

     (     
 )  3000 2/ .       

300 /          150 /     
  [2].       

     ,   
  ( ),    , 

IDL,      v = dU/dt. 
        

       
,   , . .   

     -
.         

RuO2,     700 /  [3].   
  (  100 / )      

   NiO, MnO2, Mn3O4, Co3O4 ZnO, IrO2, MoO3, WO3, 
SnO2, V2O5, Nb2O5, TiO2, CeO2 [4],   NiCo2O4, MnFe2O4, [5]. 

        
 [6, 7],  TiN, Mo2N [8],     

,  [9],     ,   
.     : 

-    ,     
  1000 /         

 .          
 ,    ,     (  ) 

      , 
   ; 

-        , 
  ,       
   I ~ v0.5,     

   (  ).  
      ,   

    [10, 11]: 
-        

(underpotential deposition);  
-  ,   -

 (redox pseudocapacitance); 
-   (intercalation pseudocapacitance). 

        . 
,      ,  
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 ,       
  - :  
MOx(OH)y + H3

+ + e-  MOx-�(OH)y+   + H2O  (3) 

MOx(OH)y + H2  + e-  MOx-�(OH)y+  + -  (4), 
       

 .       (M = Ru) 
  (3),    ,  

     ,  1450 /   
    RuO2 (       1 ). 
    Ni(OH)2  Co(OH)2   
 1040 – 2646 /  [6, 7],       

(4).          
     1000 /      

,    ,    ,   
  .  ,      

   .      
 ,        

    ,   
(2)  (3). 

        
,    ,  ,   

 .      
      

    .    
      ,  

   (3)  (4)      
     .   ,   
       

,     (intercalation 
pseudocapacitance) [10] 

 M+ + e- + MxOy   Li MxOy
      (5). 

    /   
,       

  - ,   
     .    

      ,     
   (      

 ),       – 
  « » .    

 -      -  
  -  ,     

    [12]. 
  ,  ,    

    [13]       
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   ,     
[14].  ,     ,  ,  

  .      
  ,      

 ,       
 ,         

    [15].     
 -     , 

         
   ,     

 /  ,      
     [11].  

 ,   ,   
  ,      

    ,    
     . 
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 ( , ,  ) [1-3].  

        
,        
       

 ,     . 
,     [Bu4N]BF4 

( )   ,     
  .  ,    

        
  .   [Bu4N]BF4  

 ,     
       

   ~10-6
 /    = 150  [4]. , 

  ,        
    .   

       
    .   ,  

          
  .  ,     

     .    
   . 
         

      �-Al2O3 (S  ~ 
200 2/ , )     .   

      
  (   )   

       [Bu4N]BF4. 
     . 

 ,    600    2   
 ,      

[Bu4N]BF4.      160    1 ,  
    400 / 2      
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    .  
       (5·10-2 

)     20º   160º       
    Hewlett Packard  

4284     20  - 1 .    
        

.        
        

(1-x)[Bu4N]BF4-x�-Al2O3,    ,   
 . 

  [Bu4N]BF4   10-6 /   150   
      (  1). 

 
 1.      

(1-x)[Bu4N]BF4-x -Al2O3. 
 

    
,  0.5[Bu4N]BF4-0.5 -Al2O3.    

       ,  
      / . 

   (1-x)[Bu4N]BF4-x -Al2O3  x =0, 0.25, 0.5 
 0.75   . 

 
.    (1-x)[Bu4N]BF4-x -Al2O3  

 -Al2O3. 

 100 ( / ) 145 ( / ) E ,  

[Bu4N]BF4 1.0 10-7 7.9 10-6 1.17 ± 0.02 

0.25[Bu4N]BF4-0.75Al2O3 1.9 10-8 5.0 10-6 0.85 ± 0.02 

0.5[Bu4N]BF4-0.5Al2O3 1.3 10-5 1.6 10-4 0.90 ± 0.02  

0.75[Bu4N]BF4-0.25Al2O3 4.4 10-6 1.0 10-5 0.85 ± 0.02 
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   ,     
         

    .     
      , 

   ,      
    /  [5].    

       
  ,     

           
 . 

    [4],    
   .  ,    
    “ ”  

.        
  RxClySi       

.   -Al2O3   - 
    –OH ,   

 ,     RxSiO-.  
       ~ 200 2/  

 ~ 145 2/  ( ).     ,  
   [Bu4N]BF4     ,   

    Al2O3.    
  ,     

    ,   
       (  2). 

       
      ,  

   ,     
  BF4

-. 

 
 2.      

(1-x)[Bu4N]BF4-x -Al2O3  . 
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  ZrO2, CeO2, HfO2       

  ;      
       

     ,    
     ( . [1]).  

       
     .  

      CeO2   [2]  
     .  

       
    .    

  HfO2,  Y2O3    
    .      -

 ( . [3])    O2-     
   (1)     

 .        
(     HfO2),     : 

 ,  .     
,     Y3+    

  Hf4+      
, ,       +2. 

,       
,      [4].     
   Hf4+  Y3+  – 0.084  0.106  

,        – 
        

  .        
   (~23) HfO2   

          
     : E1

 ~ 0.2–0.7 .  
     ,   – 

  –    ,   2-  
   .    

       ,   
      .    

:  
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Wlm=W0 (1-nm)exp{- E0/(kT)} exp{- klm• E1/(kT)}   (1) 
 W0 – ,   , nm –   
   (nm = 0 , 1), E0 –     

, E1 –     ,  
   , klm –     

 (klm = 0, 1, 2).      
 . .     

    ,   .  
         

       
.  ,     
 (1)       

     HfO2. 
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  300–800 ºC    pH2(D2) = 0.002–
0.02 .      
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    ( )  
  STA 449 F3 Jupiter (Netzsch, )  

   Asteam DV2MK (Adrop, )  
        

 300–950 ºC,    pH2O = 0.06–0.24   
 pO2 = 0.08–0.50     La1–xSrxScO3–δ (x = 0, 0.04, 0.09) 

[5,6],  2. 
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    . ,     
La0.91Sr0.09ScO3–     (pO2 = 1   pH2O  10–4 )    

      , 
  : 

 
•×•• +=+ h2OVO OO22

1  (3) 

       
    , .  

 
.         

 La0.91Sr0.09ScO3– . 

pH2O,  ΔH0, kJ mol–1 ΔS0, J mol–1 K–1 
  

T, °C pO2,  
0.06 –107 ± 2 –92 ± 3 

300–950 

0.08 0.12 –110 ± 3 –93 ± 3 
0.24 –110 ± 2 –95 ± 2 

0.24 
–110 ± 2 –96 ± 2 0.17 
–110 ± 3 –94 ± 2 0.50 

 10–4 –65 ± 5 –150 ± 10 1.00 
 

   -  ,  
 (2)  (3),        

      .  
 

       16-08-01139    
 16-13-00053     «  »  

    «  ». 
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2.  . .,  . .,  . .,  . .,  
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3.  . .,  . .,  . . . 2569172 ( ). 2015. 
4. Ananyev M.V., Farlenkov A.S., Porotnikova N.M., Tropin E.S.,  
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,      . 
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  PSW7 30-72 (GW Instek, Taiwan).    
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      [10].  

      ,   –  
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     -
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    iCAP 6300 Duo (Thermo scientific, 
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(Altami, ).         
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    1  2.   ,   
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     .   
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       , 
         

 [KF]/[AlF3]      NaF.    
    NaF   KF-NaF-AlF3   

       .   2 ,  
 NaF         1.07  

0.33 . %    ,    96  30 %. 
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 50 . 
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Sr2Ni0.7Mg0.3MoO6. 

  Sr2Ni0.7Mg0.3MoO6      
-  -  .     

    SrCO3, MgO, (NH4)6Mo7O24 4H2O, 
Ni(CH3COO)2 4H2O.      

  HNO3.        
       .  

 NH4NO3        
,     . 

  Sr2Ni0.7Mg0.3MoO6      
-  .      

 R  .       
   -     

 N2,   CO2   H2O: 
14HNO3+5C3H8O3=7N2+15CO2+27H2O                             (1), 

9HNO3+5NH2CH2COOH=7N2+10CO2+17H2O                       (2), 

 =   (3), 

 n, x, y  z –   ,  ,    
.  R      

    : 

R                                               (4). 
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 ,     
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,  

R1, 
2 

Q1, 
cn/ 2 

R2, 
2 

Q2, 
cn/ 2 

R3, 
2 

0,05  NaCl 
1 216,25 18,6 30,5 – – 
8 212,78 16,7 48,4 – – 

24 192,31 16,6 100,7 2,05 160,00 
0,05  NaCl + 3  Na3VO4 

1 201,45 15,9 49,40 8,54 36,1 
8 187,8 12,2 74,2 10,5 91,5 

24 170,1 13,12 109,9 14,2 71,4 
 

  ,     
    ,    . 

        
       24 . 

  ,     
  , ,    .   

,      +5   
        +4  

+3   (1, 2).       
  ,     

,         
  .     

      
   [2]. 

 ,       
,    NaCl,  3 / 3 Na3VO4,  

      ,    
   .    

     1  24     
      

    4 ·  104  1 ·  105 / 2.   , 
        6,  
   ,   ,    

     . 
 

  

1.  . .  . , , , 
. .: , 2005. 

2. Li J., Hurley B., Buchheit R. // J. Electrochem. Soc. 2015. V. 162. P. 219–227. 
3. Pokorny P., Tej P., Szelag P. // Metalurgia. 2016. V. 55. P. 253–256. 
4.  . .,  . .,  . . //  . 2016. 

. 12. . 117–128. 
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-3

)·  ±0,5, /   (5) 

= = - (388,8) + (173,7·10
-3

)·  ±2,1, /  (6) 
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,    .   
      Pb-Sb [1-3].  

   Pb-Sb (10,0 . % )      973-
1073     KCl-NaCl   7,0 . % PbCl2, 

  [1, 3] ,             
0,03 . %    100 %-      [1], 

   30-40 %   Pb    0,03 . 
%.     Pb-Sb   (48 . %)PbCl2-(35 

. %)KCl-(17 . %)NaCl   773    
,  0,7-46,0 . % ,    0,5 / 2 

    80-90 ,    
 [2, 3].    Pb-Bi    [4-6]. 

  [4]       
 KCl-NaCl,   KCl-LiCl,     1,0 

 10,0 . % PbCl2   KCl-LiCl. ,     
  ,     

 .              . .    
     [5].      
,   . .   . .  [6]  

,       ,  
  90      i =0,2 / 2  
 ,  45-50 .  ,  
     , 

         . 
     Bi-Sb-Pb    . 

         
   Pb-Sb [7]  Pb-Bi [8].    

  ,        
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. 

   Pb-Bi-Sb     
     ,  
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-  IPC-Pro.     
 ,       0,001 

 1,0 ,   7-8 .     
    ,    [7, 8]. 

     .     
, ,  ,    

   .    , 
     .    

          
 .        

,    .     
      

     .   
  ,     
.       

    . 
       

   500     1. 
       

    Cl2/Cl-  , 
   [9]: 

EPb2+/Pb  = - (1,73) + (5,2)·10-4±(0,005)  (1) 
            

 
 1.   ,     Pb-

Bi-Sb, . %: 1 – Pb-Sb-Bi (7-25-68); 2 – Pb-Sb-Bi (2-12-86); 3 – Pb-Sb-Bi (1,5-
25-73,5); 4 – Pb-Sb-Bi (1-12-87); 5 – Sb; 6 – Pb-Sb-Bi (0,5-2-97,5); 7 – Bi.    
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  ( )    .  
    .  

 

.     Pb-Bi-Sb, . %. 
    

1 68,0 25,0 7,0 
2 86,0 12,0 2,0 
3 73,5 25,0 1,5 
4 87,0 12,0 1,0 
5 0,0 100,0 0,0 
6 97,5 2,0 0,5 
7 100,0 0,0 0,0 

 
         

         
 0.950 ,       .   

        .  
       0,001  0,1 / 2 (  1), 

 0,07 / 2 (  2)   0,05 / 2 (  3)   
        

.        2,0 / 2 
          
  -1.143, -1.109  -1.090 , ,   1, 2, 3. 

     Pb-Sb-Bi(1-12-87)    
      
 -1.025  (  4),    Pb-Sb-Bi(0.5-2-97.5)   
       
 -0.930  (  5).  
       
        
     KCl-PbCl2(50-50 . %).  

   .      
       

: 
Pb(Pb-Sb-Bi)  Pb2+ + 2e. (2) 

       
    ,  -   

     Pb-Sb-Bi   
   .      

       –  . 
      ,   

,       :    
Sb(Pb-Sb-Bi)  Sb3+ + 3e. (3) 
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   –  .    
   ,       
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Bi(Sb-Bi)  Bi3+ + 3e. (4) 
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        , 
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.  
    xNa2O-(100-x)B2O3    

    ,    
    .  ,    

     3  4..   
      . -  

   4 p-    
.        

   .    v  2 -
  ,   4.  

      
    3  4.   

  B2O3   45,9*103 -1. S-   
         

 ( .),     .  
       2 3s  

  .    s   
    .    , 

        
   2 3s. ,   
     .   

  2 3s     4  
    ,      

  4 . 
     2 3s  

 xNa2O-(100-x)B2O3       
.     (  1.). 

      0<x<6   
     4.   

     ,   
     6< <16  
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         25-25 

. %    Ø4
- Ø2 ,      

  (   ).  >40   
         3

3-  
 Ø 2

2-.  .  

 1.      S1(v) (a) 
  S2(v) (b)   2 3s   Na2O-

(100- )B2O3       1273K.  
 

    xNa2O-(100-x)B2O3     
   .    

        f-
d  ,    ,   – 

  .    
   .  ,   

      
  .   2     

,        .  
        0-

15 % Na2O,        6  8. 
       

 ,     
Ø4

-  Ø2
-.  x>15 % Na2O   Re2O3-xNa2O-(100-x)B2O3 (Re- 

Ce, Pr, Nd, Sm, Eu)     , 
        
 [1]        

    2 3s,    
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4.      20<x<25.  
       .  

 

 
 2. (1).      Ce(III) 

  Na2O-Ce2O3-(100- )B2O3   Na2O. T=1273K, 
[Ce2O3]=0,184 .%. (2)    (b)   
( )     3H

4
1D

2  Pr(III)  
 Na2O-Pr2O3-(100- )B2O3   Na2O  T=1273K 

     , [Pr2O3]=0,184 .%. (3) 
     Sm3+   

 xNa2O -(100-x)B2O3- Sm2O3. 
 

   4     
        

    ,      
 :        

 .      
  -     

1

2

3

792 793



792 
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     4   

 Ø2
-       

.   ,      
  ,   Na2O  

     .    
    .   

   ,      
          

   Ø 2
2-   – 3

3-.    
      Ø4

-   3 
        

     .  

 
 3.    S = R(v)dv  

 (S1)   (S2)   2 3s   
Na2O–Sm2O3–(100- )B2O3  . T = 1273 K. 

 
 

  

1.  . .,  . .,  . .    
   . - :  , 2009. 

174 .  
2. J.M.Stevels, the electrical properties of glass in: handbook der physic, band 
20,EdS. Flugge (Springer, Berlin, 1963). 
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    2F5/2 T2g   CeF6
3-. 

    ,   
  CeF6

3-,    ,  
   : LiF, NaF  KF, CsF,    
   CeF6

3-      (  1). 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 1.      
    R

Re(III)
/R

M(I),  R
Re(III)  R

M(I),-   
     (Li,Na,K,Cs).  13  14 

  . .   
  
               NaF  F  

    .     
   (III)    NaF-CsF,  v=0. 

Li 

Na 

K 

Cs 
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  CeF6
3-      

.        
,      ,  

 .       
      .  

 . .      LiF, NaF   14,    
KF  CsF  13.  

  J-     (Pr,Nd,Sm,Eu) 
  -   .   ,   

      ¸    
    .     

   J 2. 
  2     k(v)  

Pr(III),Nd(III),Sm(III),Eu(III)   R
Re(III)

/R
M(I). 

 

 
 2.  k(v)     RRe(III)/RM(I).  

 

  2 ,     
        LiF  NaF.  

      ReF6
3- [2]. 

      ReF6
3-   KF  

CsF (Re=Pr,Nd) (  2).      
,     eF6

3-.  .  
   ReF6

3- (Re=Sm,Eu)  
    . 

        
,        

      . 

Nd(III) 

Sm(III) 

Eu(III

Li 

Na 

K 

Cs 
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-       . 
      .  

    k(v) ,  
  ,      NaF  KF.  

       
         

      .  , 
       : 

[[ReF6]Li14], [[ReF6]Na14], [[ReF6]K13],[[ReF6]Cs13].  
 

.      , -1. 
   LiF NaF KF CsF 

Pr(III) 3H4
3P0 20886 20868 - - 

3H4
1D2 16990 16811 - - 

Nd(III) 4I9/2
4G7/2 19168 19139 19109 19020 

4I9/2
4G5/2 17218 17212 17417 17206 

Sm(III) 6H5/2
6F1/2 7092 6944 6945 7176 

6H5/2
6F5/2 10303 10517 10329 10679 

Eu(III) 7F0
5D2 21406 21027 21889 21701 

 
   ,      

       LiF NaF  
KF CsF.       

 (  ),     
    ReF6

3-.  
 ,  « »   

       KF  sF.  
          

     ,     
  ,       . 

  ,     
   .    

 
  

1. Dracopouos V. Gilbert B. and Papatheodorou G.N. Vibrational modes and 
structure of fluoride-potassium fluoride binary melts LnF3-
KF(Ln=La,Ce,Nd,Sm,Dy,Yb)//J.Chem.Soc.,Faraday Trans.,1998,94(17),2601-2604. 
2. D.E. Henrie, R.L.Fellows, G.R. Choppin, Hypersensitivity in the electronic 
transitions of lanthanide and actinide complexes// Coord. Chem.Rev. 1976 v.18 
p.199-224.
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   BaCe1-xRexO3-  (Re = Nd, Sm, Y  Gd), 

(x = 0.07, 0.1  0.15)  ,  
   .    

    ~ 1       
 650    7 . 

      , 
 Nd, Sm  Gd (  = 0.1),     
,    [1].    

  :      10-8  . ., 
   42 / .     

    . 
 ( )     

( )     EXSTAR TG/DTA 6300,   
   20  1200    20 / .   

     ,  
   . 

  1      
   ,  Nd, Sm  Gd (x = 0.1).  
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   (  ~40%)   650 .  : 1 – 
Nd; 2 – Sm; 3 – Gd. 

 
  ,  O2     BaCe0.9Nd0.1O3- , 

     BaCe0.9Sm0.1O3-   BaCe0.9Gd0.1O3- .  
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,    ,   
 BaCe1- Nd O3- ,        

   x,      
.  ,      BaCe1-x(Gd, Sm)xO3-   

      0.0  0.15. 
       

  Nd(III)-Nd(IV)   ,    
   ,   [2]. 

,         
[Nd'Ce]+[Ndx

Ce]=x,     (1) 
  –    .  ,   

          
  [Nd'Ce]= –[Ndx

Ce]  ,   ,  
 M(III) ,    ,  [M'Ce]=x.   

  (1),       
      .  
         

          
  

x
Ce

x
OCeO

NdONdVO 2'22/1
2

+=++ •• .  (2) 

    ,  ,   
 ,         

  , ,  ,     
,         (2) 

 .       ,   
      BaCe1-xNdxO3-     

 (  1).  ,     
    (2)   ,    

  Nd3+.  
          
        

,  ,    ,   , 
     3,    

    .     
,        , 

 ,   ,   , 
  ,     

 3.  
    2,  ,   BaCe0.9Nd0.1O3- , 

 ,   BaCe0.9Sm0.1O3-   BaCe0.9Gd0.1O3- ,   
        BaCe0.9Nd0.1O3- . 
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AV
4CHH

4CHq+
2HH

2Hq+COHCOq

1K=RPOQ,N , (1) 

 q –     . / ,     
 ,  –     

  / , VA= 22,4 / , 1 = 1/3600 / .  
        

    ,   : 

)23,2-
4CHq

airq
(

4CHq2K=RPO,QN , (2) 

 2 = 1,32 •( / . ). ,  NQ,P O    qair, 
 qCH4 = const,    qCH4  qair = const  

 qCH4   qair/qCH4 = const. 
 

 
 1.          

    .    –   
  / . 

 
      , 

  ,        
(  1) ,         

 .         
.         

       qair/qCH4=3.1,  
  q 2/qCH4=0.63.  
 ,   ,    

: 

, (3) 

 n –    , I – , U –     
Utn –        . 

      ,  
      2/1. 

        : 
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В настоящее время перспективным твердым электролитом для литиевых 
источников тока считается соединение Li7La3Zr2O12 (LLZ). Данный твердый 
электролит со структурой граната обладает не только высокой литий-ионной 
проводимостью 3,0·10-4 См/см при 25 °C, но и устойчивостью к 
металлическому литию [1]. Позже в литературе [2] было представлено 
описание тетрагональной структуры Li7La3Zr2O12, общая проводимость которой 
~ на 2-3 порядка ниже, чем у кубической [2]. Однако с помощью горячего 
прессования можно достигнуть повышения общей проводимости данной 
модификации до 2,3·10-5 См/см при комнатной температуре. [3]. Стоит также 
отметить, что стабилизация кубической фазы LLZ возможна только за счёт 
допирования данного соединения [4]. Тогда как тетрагональную модификацию 
достаточно легко синтезировать и ее электропроводность при 290 °C достигает 
1.6·10-2 См/см [2]. Это означает, что тетрагональная форма LLZ также имеет 
практическую ценность, например, для среднетемпературных ХИТ. Несмотря 
на большой интерес к данному соединению его термодинамические параметры 
до сих пор не известны. Знание о термодинамических функциях LLZ позволит 
решить такие практические задачи, как например оптимизация условий синтеза, 
прогноз взаимодействия с различными веществами. Возможность 
прогнозирования химического взаимодействия Li7La3Zr2O12 с материалами 
электродов в интервале рабочих температур ХИТ может быть решена с 
помощью использования методологии термодинамического моделирования 
(ТМ). Для этого в базе данных должны быть данные об энтальпии образования 
данного сложного оксида. Экспериментально возможно определение энтальпии 
растворения Li7La3Zr2O12. Целью данной работы являлось нахождение 
энтальпии образования соединения LLZ из элементов. 

Li7La3Zr2O12 синтезировали цитрат-нитратным методом [5]. По данным 
рентгено-фазового анализа (РФА), был получен однофазный продукт 
тетрагональной модификации. Размер зерен порошка составлял ~ 2-3 мкм. 

Перед калориметрическим экспериментом было проведено растворение 
навески Li7La3Zr2O12 в HCl, для того чтобы определить происходит ли 
растворение сложного оксида. Полученный осадок был высушен и исследован с 
помощью РФА, с целью определения его фазового состава. Показано, что 
цирконий остался в виде оксида, а литий и лантан образовали хлориды. 

Калориметрические измерения проводились с использованием Calvet-
калориметра ДАК-1-1 (Черноголовка, РФ) при 25 °C с объемом ячейки 10 см3 и 
чувствительностью 10-6 Дж с-1. Калибровка калориметра проводилась с 

 

использованием энтальпии растворения хлорида калия в воде при 25 °C. 
Предварительно взвешенные порошки помещали в тонкие стеклянные ампулы, 
которые после этого герметизировали в вакууме. Калориметрическую ячейку 
заполняли 1 М раствором HCl (~ 8 мл) и ампулу помещали в специальный 
держатель. Через несколько часов, когда устанавливалось тепловое равновесие, 
ампулу ломали, и оксидный порошок растворялся в среде HCl. Зависимость 
термоЭДС от времени регистрировалась в процессе растворения, обеспечивая 
кривую тепловыделения. Интеграция кривых тепловыделения дала величину 
энтальпии растворения. Обычно полное растворение 10 мг образца занимает 
около 2 ч. Экспериментальная погрешность калориметрических измерений не 
превышала 2 %. Было взято несколько навесок порошков и проведена серия 
измерений. 

Расчет энтальпии образования LLZ из простых оксидов осуществляли с 
помощью термодинамических циклов. Измеренные и рассчитанные удельные и 
молярные энтальпии сведены в таблицу. Стоит отметить, что в 
многочисленных работах по литиевым гранатом, установлено, что данные 
соединения всегда содержат небольшое количество примеси в виде карбоната 
лития, поэтому необходимо сделать поправку на карбонат лития. Нами ранее 
был предложен простой и удобный способ определения массовой доли данной 
примеси в подобных системах [6]. Поэтому перед калориметрическими 
измерениями, было установлено, что синтезированный электролит содержит 
примерно 2 масс. % карбоната лития. С  учетом этой поправки пересчитаны 
удельная и молярная энтальпии  растворения сложного оксида (таблица). 

 
Таблица. Величины удельной и молярной энтальпий растворения в 1M 

HCl при 25 °C, используемые в работе. 
Соединение Удельная 

энтальпия, 
Дж г-1 

Молярная 
масса, 
г моль-1 

Молярная 
энтальпия, 
кДж моль-1 

Источник 

ZrO2 0 123.222 0 принимается за 
0, так как не 
растворимо 

La2O3 -1667 ± 10 325.837 -543.1 ± 3.3 измерено в [1] 
Li2CO3 -470 ± 10 73.891 -34.7 ± 0.7 измерено 
Li2O - 29.879 -257.4 ± 2.0 рассчитано из 

измерений 
ΔdHLi2CO3 

Li7La3Zr2O12 + 
Li2CO3 (примесь) 

-1816 ± 31 - - измерено 

Li7La3Zr2O12 -1843 ± 31 839.744 -1547.6±26.0 рассчитано 
 

С помощью полученных экспериментально данных были рассчитаны 
энтальпии образования LLZ из оксидов (-168.0 кДж/моль) и элементов (-7152.6 
кДж/моль). Определённая нами энтальпия образования даёт возможность с 

844 845

УДК 544.33, 544.34

ЭНТАЛЬПИЯ ОБРАЗОВАНИЯ ТВЕРДОГО ЭЛЕКТРОЛИТА Li7La3Zr2O12

Е.А. Ильина, А.А. Расковалов, А.П. Сафронов
Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

Уральский федеральный университет имени первого Президента России Б.Н. Ельцина, 
Екатеринбург, Россия

e-mail: koksharova.zh@mail.ru 

УДК 544.33, 544.34

ЭНТАЛЬПИЯ ОБРАЗОВАНИЯ ТВЕРДОГО ЭЛЕКТРОЛИТА Li7La3Zr2O12

Ильина Е.А., Расковалов А.А., Сафронов А.П.
Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия

Уральский федеральный университет имени первого Президента России Б.Н. Ельцина, 
Екатеринбург, Россия

e-mail: koksharova.zh@mail.ru 

УДК 544.33, 544.34

ЭНТАЛЬПИЯ ОБРАЗОВАНИЯ ТВЕРДОГО ЭЛЕКТРОЛИТА Li7La3Zr2O12

Е.А. Ильина1*, А.А. Расковалов1, А.П. Сафронов2

1Институт высокотемпературной электрохимии УрО РАН, Екатеринбург, Россия
2Уральский федеральный университет имени первого Президента России Б.Н. Ельцина, 

Екатеринбург, Россия
*e-mail: koksharova.zh@mail.ru 



 

помощью термодинамического моделирования прогнозировать химическое 
взаимодействие Li7La3Zr2O12 с материалами электродов. Данный прогноз 
поможет при создании литиевого химического источника тока с 
перспективным твердым электролитом Li7La3Zr2O12. 

 
Исследование выполнено при финансовой поддержке РФФИ в рамках 

научного проекта № 16-33-00409 мол_а. 
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Твердые электролиты широко используются в устройствах 
высокотемпературной электрохимической энергетики. Особое место среди этих 
материалов занимают соединения с проводимостью по катионам лития, 
необходимые для создания литиевых источников тока, превосходящих по 
энергоемкости все известные электрохимические системы. Твердые литий-
проводящие электролиты перспективны для использования в 
низкотемпературных полностью твердофазных и среднетемпературных 
источниках тока с расплавленным литиевым анодом, а также в качестве литий-
проводящей фазы-загустителя для расплавленного солевого электролита 
литиевых тепловых источников тока. Одним из твердых электролитов, 
обладающих высокой литий-ионной проводимостью (3,0·10-4 См/см при 25 °C) 
в сочетании с устойчивостью к металлическому литию, является соединение 
Li7La3Zr2O12 (LLZ) [1]. LLZ обладает структурой граната и имеет две 
кристаллические модификации: кубическую [2] и тетрагональную [3]. 
Установлено, что проводимость кубического LLZ при комнатной температуре ~ 
на 2-3 порядка выше, чем тетрагонального, однако стабилизация кубической 
кубической фазы LLZ возможна только за счёт допирования данного 
соединения [4]. Тогда как тетрагональную модификацию достаточно легко 
синтезировать и ее электропроводность при 290 °C достигает 1,6·10-2 См/см [3].  

В литературе описано использование спекающих добавок в виде стекол 
для уменьшения температуры и времени спекания и увеличения проводимости 
LLZ с кубической структурой [5, 6]. В данной работе в качестве спекающей 
добавки выбрано стекло системы Li2O–B2O3–SiO2. Ранее было проведено 
систематическое исследование ряда стекол с различным содержанием оксида 
лития, по результатам которого был выбран состав 65Li2O·27B2O3·8SiO2 (LBS), 
обладающий проводимостью 3,6⋅10-6 См/см при комнатной температуре [7]. 
Целью данной работы являлось изучения влияния добавки стекла LBS на 
физико-химические свойства тетрагональной и кубической модификаций 
Li7La3Zr2O12. 

Li7La3Zr2O12 и Li7La3Zr1,89Al0,15O12 синтезировали цитрат-нитратным 
методом [8, 9]. По данным рентгено-фазового анализа (РФА), был получен 
однофазный продукт. Стекло 65Li2O·27B2O3·8SiO2 было получено 
традиционным способом закаливания расплава [7]. LLZ тетрагональной и 
кубической модификаций смешивали со стеклом LBS и гомогенизировали в 
планетарной мельнице FRITSCH с агатовыми шарами. Таблетки получали 
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прессованием порошкообразного материала при давлении 240 МПа, после чего 
их спекали в течение 1 часа при различных температурах 900 – 1150 °C.  

В ходе работы были получены композиционные электролиты в системе 
Li7La3Zr2O12 – x масс.% стекла 65Li2O·27B2O3·8SiO2 (x = 1 – 10) и 
Li7La3Zr1,89Al0,15O12 – y масс.% стекла 65Li2O·27B2O3·8SiO2 (y = 1 – 10). 
Методом РФА изучен их фазовый состав. Дифференциальная сканирующая 
калориметрия была использована для определения наличия стеклофазы в 
полученных образцах. Поверхность композитов была изучена с помощью 
растровой электронной микроскопии. Электропроводность измеряли методом 
электрохимического импеданса в интервале температур 25 – 250 °C на воздухе. 
В ходе работы была осуществлена проверка устойчивости к металлическому 
литию лучших составов в исследуемых системах, критерием устойчивости 
композита являлась стабильность его электрического сопротивления во 
времени. 
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