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Abstract
An overview of the use of solid dispersion systems in pharmacy is presented. The main techniques of obtaining solid 
dispersions were considered. The simplest one is the solvent removal technique: the medicinal drug and the carrier are 
dissolved in the solvent that is then evaporated. The fusion method involves heating the mixture of the medicinal drug 
with the carrier above the fusion temperature with further hardening under quick cooling. The co-milling method is based 
on the co-use of compression, fracture, and friction energy for the transition of the solid-state drug and carrier into the 
amorphous state. The kneading method is a variation of the co-milling method. In this case, the solvent performs several 
functions at the same time: it dissolves one of the components and enters the micro-fi ssures of crystals of another component, 
producing a wedge effect and contributing to the milling and interpenetration of one substance into the pores of another. 
The method of using the agents stabilising the amorphous state of the medicinal drug involves mixing the following 
components: a sparingly soluble medicinal drug, an agent inducing the transition of the system into the amorphous state, 
and an agent stabilising its amorphous state. The obtained mixture is subjected to thermal or mechanochemical treatment. 
Combinations of these methods are also used to obtain solid dispersion systems. Examples of polymers and non-polymer 
substances used as carriers in solid dispersion systems are given. The works of authors were studied that are dedicated to 
the creation and study of solid dispersions of various active pharmaceutical ingredients as well as dosage forms produced 
from these solid dispersions.
Keywords: solid dispersion systems, carriers, medicinal drugs.
For citation: Silaeva S. Yu., Belenova A. S., Slivkin A. I., Chupandina E. E., Naryshkin S. R., Krasnyuk I. I. (Jr.), Krasnyuk I. 
I. Use of Solid Dispersion Systems in Pharmacy. Kondensirovannye sredy i mezhfaznye granitsy = Condensed Matter and 
Interphases. 2020;22(2): 173-181. DOI: https://doi.org/10.17308/kcmf.2020.22/2820

The content is available under Creative Commons Attribution 4.0 License. 

The term “solid dispersions”  was suggested 
by Japanese scientists Sekiguchi and Obi in 1961. 
“Solid dispersions (SDs) are bi- or multicomponent 
systems consisting of a pharmaceutical substance 
and a carrier, which are highly dispersed solid 
phases of pharmaceutical substance or solid 
solutions that form complexes with the carrier 
material [1]”. The use of SDs allows solving a 
number of problems that occur while creating 
different medicinal drugs:

– regulation of release time of the medicinal 
drug from the dosage form;

 Sof’ya Yurievna Silaeva, e-mail: sophiasilaeva@yandex.ru

– elimination of undesirable properties of 
the pharmaceutical substance (adverse reactions, 
unpleasant organoleptic properties);

– increasing the stability of medicinal drugs 
in storage and their resistance to environmental 
infl uences;

– optimisation of the production technology 
of the dosage form.

Various techniques are used to obtain SDs: 
1) solvent removal technique. It is the simplest 

technique of obtaining SDs. The medicinal drug 
and the carrier are dissolved in the solvent 
that is further evaporated under low pressure. 

Condensed Matter and Interphases, 2020, 22(2), 173–181
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Chloroform, dichloromethane, methanol, ethanol, 
acetone, methylene chloride, and others are used 
as solvents. The role of the solvent is to ensure 
the disintegration and homogenisation of the 
system components at the molecular level and 
better interaction between the medicinal drug 
and the carrier.

2) the fusion method involves heating the 
mixture of the medicinal drug with the carrier 
above the fusion temperature with further 
hardening under quick cooling.

3) the co-milling method (mechanochemical 
method) is based on the co-use of compression, 
fracture, and friction energy for transition of the 
solid-state medicinal drug and carrier into the 
amorphous state. The original substances are 
mixed and milled using special equipment: a ball 
mill, a planetary mill, pressure treatment, etc. 
This method ensures a higher quality of disperse 
distribution of the amorphous medicinal drug in 
the carrier.

4) the kneading method is a variation of the 
co-milling method. The components are placed 
in a mortar with ethanol and then the mixture is 
ground until the ethanol is completely removed. 
In this case, the solvent performs several 
functions at the same time: it dissolves one of 
the components; enters the micro-fi ssures of 
crystals of another component, producing a 
wedge effect and contributing to the milling and 
interpenetration of one substance into the pores 
of another.

5) the method using the agents stabilising 
the amorphous state of the medicinal drug. 
The idea of the method is based on mixing 
the following components: a sparingly soluble 
medicinal drug, an agent inducing the transition 
of the system into the amorphous state, and an 
agent stabilising its amorphous state. The agent 
inducing the transition into the amorphous 
state can be a crystalline compound that is able 
to lower the fusion temperature of the mixture 
with the medicinal drug. Such a compound can 
change the energy of the crystal lattice of the 
sparingly soluble medicinal drug decreasing 
it and increasing the vibrations of the crystal 
lattice at the same temperature in the presence 
of a source of thermal or mechanical energy. 
Examples of such substances are organic acids 
and their sodium and potassium salts, urea 

derivatives, creatinin, aluminium hydroxide, 
nicotinamide, maltol, mannitol, methyl 
glucamine, sodium deoxycholate, phosphatidyl-
choline, etc. A thermally-stable compound 
containing a functional group interacting 
with the sparingly soluble medicinal drug 
acts as an agent stabilising the amorphous 
state. For this purpose the following are used: 
cellulose derivatives, polyvinylpyrrolidone 
(PVP), polyvinyl alcohol (PVA), polyvinyl acetate 
(PVAC), copolymer of vinyl alcohol and vinyl 
acetate, copolymer of ethylene and vinyl acetate, 
derivatives of polyethylene oxides (PEO), tweens, 
polysaccharides, cyclodextrins, derivatives of 
alginic acid, acrylic polymers, aerosil, aluminium 
hydroxide, and others. The process is completed 
with the thermal or mechanochemical treatment 
of the obtained mixture.

6) finally, combinations of the above-
mentioned techniques can be used to obtain 
solid dispersion systems [2]. 

Various polymers, copolymers or their 
combinations as well as non-polymer substances 
are used as carriers for the formation of SDs. 
For example, polyvinylpyrrolidone (PVP) with 
different molecular weights and its derivatives, 
polymers of acrylic and metacrylic acid and their 
copolymers, a-, b-, g-cyclodextrins (CDs) and their 
derivatives, chitosan, cellulose and its derivatives, 
starch, alginic acid, polyethylene glycols (PEGs) 
or polyethylene oxides (PEOs) with different 
molecular weights, carbomers, trisamine, lactose, 
fructose, maltose, urea, saccharose, alkaline 
carbonates and other compounds [3].

Medicinal drugs of different pharmaco-
therapeutic groups are often used among active 
pharmaceutical ingredients introduced into 
dosage forms as SDs.

M. K. Sarangi and N. Singh obtained an SD based 
on aceclofenac using PEO 6000, b-cyclodextrin 
(b-CD), and carboxymethylcellulose sodium 
(Na-CMC) using the solvent removal technique. 
The results of their research showed that 
aceclofenac can exist in the amorphous state in 
solid dispersion. The SD produced with the ratio 
of 1:2 (aceclofenac: PEO 6000) showed the fastest 
dissolution among all solid dispersion systems. 
Basing on this SD, pills were formed that showed 
the best solution profi les as compared to dosage 
forms available on the market [4].

Condensed Matter and Interphases, 2020, 22(2), 173–181
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S. Muralidhar et al. obtained an SD of 
etoricoxib using the co-milling method, the 
kneading method, and solvent removal technique 
with PEO 6000 as the carrier with the ratios 1:1, 
1:3, 1:6, 1:9. While studying the solution profi le 
of solid dispersion system in 0.1 N HCl containing 
1% of sodium lauryl sulphate, it was shown that 
the maximum dissolution rate is observed in the 
solid dispersionsystem of etoricoxib with PEO 
6000 with the ratio of 1:6 produced by the solvent 
removal technique [5].

While studying the solid dispersion system 
of ibuprofen with hydroxypropylmethylcellulose 
(HPMC), hydroxypropylcellulose (HPC), powdered 
sugar, dextrose, mannitol, and lactose obtained by 
the fusion method, N. Saffoon et al. showed that 
the rate of ibuprofen dissolution was considerably 
improved when prepared in the solid dispersion 
system with HPMC and HPC. Solid dispersion 
systems with powdered sugar, dextrose, mannitol, 
and lactose release the drug considerably slower 
in the dissolution test [6].

A system was developed that includes 
indomethacin and a composition consisting of 
a hydrophilic hydroxypropylmethylcellulose 
polymer and stearoyl macrogol-32 glycerides, 
Gelucire 50/13. The studies of this solid 
dispersion system using X-ray diffraction analysis, 
differential scanning calorimetry, and hot stage 
microscopy showed the presence of amorphous 
indomethacin in polymer/lipid matrices. Near-
infrared spectroscopy allowed detecting the shifts 
of the peaks indicating possible interaction and 
formation of Н-bonds between the drug and the 
polymer/lipid carrier. Studies of the dissolution in 
vitro showed a synergetic effect of the polymer/
lipid carrier with the delay time of 2 hours in acid 
environment but with further increase of the rate 
of indomethacin dissolution at рН > 5.5 [7].

M. Ochi et al. developed an amorphous solid 
dispersion system of meloxicam with PVP K-30, 
hydroxypropylmethylcellulose SSL, and Eudragit 
EPO. The morphology, crystallinity, dissolution 
properties, stability, and interactions between 
meloxicam and polymers are described. The solid 
dispersion system of meloxicam with Eudragit 
EPO is characterised by physicochemical stability 
after being stored at 40 °C with a relative humidity 
of 75 % for 30 days. As for the solid dispersion 
system of meloxicam with PVP and HPC-SSL, 

recrystallisation of meloxicam was observed at 
40 °C with a relative humidity of 75 % for 30 days. 
IR spectroscopy and 1H NMR analysis showed 
that Eudragit EPO interacts with meloxicam and 
reduces the intramolecular binding between its 
molecules, which may lead to inhibition of the 
growth of meloxicam crystals. The solid dispersion 
system of meloxicam with Eudragit EPO showed 
the highest improvement in dissolution among 
all the prepared SDs of meloxicam.

B. Karolewicz et al. developed a solid 
dispersion system for imatinib using the 
kneading method with Pluronic F127 from 10 
to 90 % (copolymer of polyoxyethylene and 
polyoxypropylene). The studies were conducted 
using X-ray diffraction analysis, differential 
scanning calorimetry, FTIR spectroscopy, and 
scanning electron microscopy which showed 
that there was no chemical interaction between 
imatinib and Pluronic F127 in a solid state, and 
they form a simple eutectic phase diagram. When 
studying the dissolution of solid dispersion 
systems in 0.1 М HCl and phosphate buffer 
(pH 6.8), it was shown that the dynamics of 
release of the imatinib base from the solid 
dispersion system with Pluronic F127 depends 
on the pH of the dissolution medium. With 
рН 1.2, the presence of polymer in the solid 
dispersion causes a delay in the drug release due 
to the formation of a viscous gel layer, while with 
рН 6.8 a considerable increase in the dissolution 
rate of the drug from solid dispersions, as 
compared to a pure substance, is observed. In 
the view of solubility, solid dispersion systems 
containing 20 % and 30 % of the polymer were 
the most appropriate [9]. 

Pluronic F127 was also used for the formation 
of solid dispersion systems with fenofibrate 
using the fusion method. Studies of the obtained 
SD using FTIR spectroscopy, X-ray diffraction 
analysis, and differential scanning calorimetry did 
not identify any interaction between fenofi brate 
and Pluronic F127 but showed that these 
substances form a simple eutectic system. In 
this solid dispersion system the dissolution 
rate of fenofi brate was considerably higher as 
compared to the pure drug. The highest increase 
in the dissolution rate was observed in the solid 
dispersion system containing 30 % of fenofi brate 
and 70 % of Pluronic F127 [10].

Condensed Matter and Interphases, 2020, 22(2), 173–181
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The solid dispersion system of lovastatin 
obtained using the co-milling method is also 
described. Instead of a polymer, it uses a low-
molecular substance, acetylsalicylic acid, as a 
carrier. Differential scanning calorimetry, FTIR 
spectroscopy, and X-ray diffraction (XRD) analysis 
showed that there is no interaction between the 
drugs. Lovastatin and acetylsalicylic acid form 
a simple eutectic phase diagram. Studies of the 
dissolution showed that the dissolution rate 
of lovastatin in vitro released from the solid 
dispersion systems, containing 10, 20, 40, and 60 
% of lovastatin was improved, as compared to a 
separate medicinal drug [11].

C. C. C. Teixeira et al. developed an SD of 
curcumine containing Gelucire® 50/13-Aerosil® 
using the spray drying method. The solid 
dispersion system containing 40 % of curcumine 
was studied by DSC, IR spectroscopy, and XRD. 
Solubility and dissolution rate of curcumine 
in HCl or phosphate buffer improved by 3600 
and 7.3 times respectively. The accelerated 
stability test showed that the SD was stable for 
9 months [12]. 

An SD of glibenclamide with Neusilin® UFL2, 
an amorphous synthetic form of magnesium 
aluminum metasilicate, was developed in 
various proportions. Physicochemical and 
biopharmaceutical properties as well as 
the stability of four different batches were 
characterised. It was established that the 
complete dispersion of glibenclamide in the 
amorphous polymer was obtained with the ratio 
of the medicinal drug to Neusilin being 1:2.5. 
Completely amorphous dispersion was tested by 
thermal and X-ray diffraction analysis. Amorphous 
batches were physically and chemically stable for 
the duration of experiments. Physicochemical 
properties of four batches were compared to the 
properties of the original materials and physical 
mixtures Neusilin® UFL2 and glibenclamide. 
Studies of the solubility of four solid dispersion 
systems showed the very high dissolution rate of 
completely amorphous batches due to amorphous 
characteristics of these SDs, the very small size 
of the particles, and the presence of polysorbate 
80 that improved the wettability of the solid 
substance [13]. 

K. Punčochová et al. used magnetic resonance 
imaging, ATR-FTIR spectroscopic imaging, 

and Raman mapping to study the mechanism 
of aprepitant release from multi-component 
amorphous solid dispersion systems. The SD was 
prepared on the basis of the combination of two 
polymers – Soluplus as a solubilising agent and 
PVP as a dissolution amplifi er. The compositions 
were prepared with the ratio of Soluplus:PVP 
being 1:10, 1:5, 1:3, and 1:1. Crystallisation of 
aprepitant during the dissolution was observed 
to a variable extent with the polymer ratios of 
1:10, 1:5, and 1:3, but the increase of the amount 
of Soluplus in the composition delayed the start 
of crystallisation. The best matrix for the SD 
was the composition of Soluplus:PVP (1:1). In 
this case, the dissolution rate of aprepitant was 
considerably increased [14].

An SD of valsartan was prepared and 
characterised using b-cyclodextrin with the 
ratios 1:1, 1:2, 1:3, 1:4 to improve its solubility 
in water and the dissolution rate using the 
solvent evaporation method. The compositions 
were studied using DSC, FTIR spectroscopy, and 
scanning electron microscopy. Solid dispersions 
showed a marked improvement of solubility 
characteristics and improved release of the drug. 
It was found that the composition valsartan:
b-cyclodextrin (1:4) is the most appropriate 
based on the study of solubility characteristics 
and dissolution rate. The obtained results 
showed that solubility in water and dissolution 
rate were considerably higher in solid dispersion 
as compared to the pure drug. The increase 
of dissolution rate depends on the nature and 
amount of the carrier and increase with the higher 
concentration of cyclodextrin [15]. 

D. Akiladevi et al. prepared an SD of paracetamol 
using the co-miiling and fusion methods with 
PEO 4000, PEO 6000, and urea with the ratio of 
drug:polymer being 1:1, 1:4, and 1:5. The SD was 
studied by the following parameters: appearance, 
solubility, and dissolution in vitro. The method 
of FTIR spectroscopy showed that paracetamol 
is stable in the SD. It was established that the 
content of the drug is high. The prepared SD 
showed a notable increase in the dissolution rate 
of paracetamol as compared to the pure substance. 
The solid dispersion system with PEO 6000 (1:5) 
prepared using the fusion method showed higher 
dissolution rate (107.26 %) as compared to PEO 
4000 and urea (1:4 and 1:5) [16]. 

Condensed Matter and Interphases, 2020, 22(2), 173–181
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I. I. Krasnyuk (Jr.) et al. developed solid 
dispersion systems of erythromycin, synthomycin, 
amoxicillin trihydrate, ampicillin trihydrate, 
protionamide, rifampin, nozepam, benzonal, 
parmidinum, and chloramphenicol. PEO1500, 
PVP 10000, b-CD were used to obtain the 
solid dispersion systems. The solvent removal 
technique, the co-milling method, and the 
kneading method were used to prepare the SDs.

It was found that the introduction of the 
medicinal drug into a solid dispersion system 
with PEO leads to the increase of solubility 
and the rate of drug dissolution in water. The 
highest increase of solubility was shown for the 
SD with benzonal (by 3.50 times), rifampin (by 
2.49 times), ampicillin trihydrate (by 1.73 times), 
and synthomycin (by 1.47 times). On average, the 
studied solid dispersion systems with PEO are 
dissolved 4 times faster.

The solubility of solid dispersion systems 
with PVP increased by 2.50–3.00 times. Increased 
solubility was found for solid dispersion systems of 
benzonal (by 5.46 times), rifampin (by 2.68 times), 
chloramphenicol (by 3.54 times), protionamide 
(by 2.56 times), synthomycin, erythromycin, and 
nozepam (approximately by 2.00 times), and 
amoxicillin trihydrate (by 1.63 times). No changes 
in solubility were found for the solid dispersion 
system of ampicillin trihydrate with PVP. The 
dissolution rate of the studied medicinal drugs 
from the SDs with PVP increases by 4 times on 
average.

The obtaining of the solid dispersion system 
with b-CD has a less obvious effect on solubility 
and dissolution rate of the drug. The solubility 
of the drugs obtained in the SD with b-CD 
increased by 1.70 times on average. The increase 
of solubility was observed for SDs of: benzonal (by 
3.57 times), rifampin (by 2.11 times), nozepam (by 
1.90 times), chloramphenicol (approximately by 
1.50 times), ampicillin trihydrate, erythromycin, 
and protionamide (not more than 1.35 times). The 
dissolution rate of the studied drugs from the SDs 
with b-CD increases on average by 2.80 times.

The mechanisms that cause changes in the 
solubility and dissolution rate of the medicinal 
drugs from SDs were identifi ed. A complex of 
physicochemical methods (X-ray diffraction 
analysis, crystalline microchemical analysis, 
IR spectroscopy, thermal analysis) proved the 

change in the crystal structure and amorphisation, 
formation of intramolecular complexes, products 
of interaction, and polymorphic modifi cations of 
the studied drugs in SDs.

Solid dosage forms (pills and capsules) with 
the solid dispersion systems of erythromycin, 
chloramphenicol, and rifampin were developed. 
PVP was used as a carrier for the SDs. The study 
of the medicinal drug release from model pills 
and capsules showed that the introduction of 
SDs of the studied medicinal drugs with PVP in 
pills and capsules increases the pharmaceutical 
availability of the medicinal drug. 

L. P. Suntsova et al. obtained and studied the 
properties of the solid dispersion systems based 
on such fl avonoids as genistein, dihydroquercetin, 
and rutin. Calcium and magnesium carbonates as 
well as natural polysaccharide arabinogalactan 
(AG) were used as carriers. The SDs were obtained 
using the mechanical treatment of the mixtures 
of powders. In mechanochemically treated 
mixtures the heat of fusion and intensity of XRD 
refl ections are decreased while the crystallinity 
of solid phases of fl avonoids is partially lost. The 
shift of equilibrium to ionised molecules through 
the use of substances of calcium and magnesium 
carbonates increases the general concentration 
of fl avonoids in the solution. As a result of the 
mechanical treatment of flavonoids with AG, 
their molecules were dispersed into the matrix of 
water-soluble polysaccharide, which contributed 
to their accelerated release into the solution and 
formation of intramolecular complexes during 
hydration [31-33].

I. V. Kovalevskaya et al. studied the properties 
of the solid dispersion systems of thioctic acid 
with water-soluble high-molecular substances 
obtained using the solvent removal technique. 
SD samples with polyethylene glycol 6000, 
polyvinylpyrolidone, shellac, carbomers 934, 980, 
Ultrez 21 were studied in terms of their form and 
size of particles, hygroscopy, values of dissolution 
of thioctic acid, and technological properties. 
It was established that the most promising 
carrier for the solid dispersion system of thioctic 
acid is PEG 6000 that ensures a 5 times better 
dissolution of the substance, has higher values of 
compressibility, fl owability, and durability [34].

M. L. Tkachenko et al. studied the phase 
equilibria of the compositions of the solid primary 
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condensed system of ibuprofen with trisamine 
as well as the secondary system of the formed 
compound (ibutris) with trisamine. According 
to DSC and visual-polythermal analysis, a phase 
diagram was created. In terms of physicochemical 
interaction, this is a simple eutectic system which 
is achieved with the ibutris:trisamine ratio of 
53:47 % by weight with a fusion temperature 
of 134°С. It has been shown that, as compared 
to the parameters of the pure substance, the 
extreme solubility (more than by 200 times) and 
dissolution rate (approximately by 8 times) of 
ibuprofen is typical for the eutectic composition 
of the ibutris — trisamine system. 

Phase equilibria of the solid system of 
butadionum with trisamine was studied using 
DSC and visual-polythermal analysis. It was 
established that with the ratio of butadionum 
with trisamine being 71.8:28.2 % by weight, 
a compound butatris is formed that interacts 
with the original substances (butadionum and 
trisamine) similarly to simple eutectics. When 
studying the solubility of the prepared binary 
samples with trisamine, it was established that 
the solubility of butadionum from the butatris 
sample at the temperature of 37 °С is almost 
100 times higher than typical solubility of 
butadionum substance in similar conditions, 
while for the eutectic composition butatris— 
trisamine it is 170 times higher, reaching the 
value of 1.2 g per 100 g of water expressed as 
butadionum. It is shown that the release rate of 
butadionum from the butatris samples is 10 times 
higher and 20 times higher from the butatris — 
trisamine eutectic sample, as compared to the 
release rate of butadionum from the sample of 
the pure substance [37, 38].

V. V. Grikh studied the effect of solid dispersion 
systems on the process of nifedipine dissolution. 
PVP 10000 with the ratio of 1:1–2 as well as PEG 
400 and PEG 1500 with the ratio of 1:3 were used 
as polymer carriers. Solid dispersion systems were 
obtained using the solvent removal technique. 
Compositions of nifedipine ointments with 
hydrophilic and diphilic bases as well as hydrogels 
based on carbomer gelation agent were developed 
[39–49]. 

Therefore, the use of the drugs included 
in solid dispersion systems in pharmaceutical 
technology allows increasing the solubility 

and dissolution rate of active pharmaceutical 
ingredients, optimise technological properties 
and improve biopharmaceutical parameters of 
a drug ensuring its optimal stability. The use of 
solid dispersions in medicine and pharmacy is 
driven by the possibility of optimising medicinal 
drug release from the dosage form, the increase 
of bioavailability and pharmacological activity 
of the medicinal drug due to the increase of its 
solubility, and the release rate from the dosage 
form.
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Abstract
The goal of this study was the synthesis and study of the properties of synthetic aikinite, PbCuBiS3.
The synthesis was carried out in evacuated quartz ampoules for 7–8 h; the maximum temperature was 1250–1325 K. Next, 
the samples were cooled and kept at 600 K for a week. Then the ampoules were opened, the samples were carefully ground, 
and after melting, annealed at 600–800 K, depending on the composition, for at least two weeks to bring the samples into 
equilibrium. The annealed samples were studied by differential thermal (DTA), X-ray diffraction (XRD), microstructural 
(MSA) analyses, as well as microhardness measurements and density determination. XRD was performed using D 2 PHASER 
with CuKa radiation and a Ni fi lter.
CuBiS2–PbS, Cu2S–PbCuBiS3, Bi2S3–PbCuBiS3, PbBi2S4–PbCuBiS3, PbBi4S7–PbCuBiS3 sections of quasi-triple system Cu2S–
Bi2S3–PbS were studied using the complex of physical and chemical analysis methods and their phase diagrams were plotted. 
It was found that in addition to the PbBi2S4–PbCuBiS3 section, all sections are quasi-binary and they were characterized by 
the presence of limited solubility regions based on the initial components. The study of the CuBiS2-PbS section revealed 
the formation of a quaternary compound PbCuBiS3 occurring in nature as the mineral aikinite, congruently melting at 
980 K. We established that PbCuBiS3 crystallizes in a rhombic syngony with lattice parameters a = 1.1632, b = 1.166, 
c = 0.401 nm, Pnma space group, Z = 4. Using DTA and XRD methods we established that PbCuBiS3 compound is a phase of 
variable composition with a homogeneity range from 45 to 52 mol%/PbS. The PbCuBiS3 compound is a p-type semiconductor 
with a band gap energy of ∆E = 0.84 eV.
Keywords: aikinite, compound, single crystal, structure, thermodynamic function, band gap energy.
For citation: Aliev O. M., Bayramova S. T., Azhdarova D. S., Mammadov Sh. H., Ragimova V. M., Maksudova T. F. Synthesis 
and Properties of Synthetic Aikinite PbCuBiS3. Kondensirovannye sredy i mezhfaznye granitsy = Condensed Matter and 
Interphases. 2020; 22(2): 182–189. DOI: https://doi.org/10.17308/kcmf.2020.22/2821

1. Introduction
Minerals possess specific semiconductor, 

optical, and electro-optical properties, allowing 
them to be used as semiconductors in special 
devices. All this determines the attention paid to 
the synthesis of aikinite and the growth of aikinite 
single crystals.

Now one of the most promising materials of 
modern electronics are chalcogenide phases of the 
A2B3 type. Physicochemical and electrophysical 
parameters of these materials are easily 

 Sharafat H. Mammadov, e-mail: azxim@mail.ru 

controllable and have a wide spectrum of action. 
A2B3  type (A = Sb, Bi; B = S, Se, Te) chalcogenides 
possess thermoelectric and photoelectric 
properties. These features of thematerials create 
favourable conditions for their widespread use in 
the electronics industry [1–7] 

Compound PbCuBiS3 occurs in nature in the 
form of a mineral and crystallizes in rhombic 
syngony with a lattice period: a = 1.1632, b = 1.166, 
c = 0.401 nm, Pnma space group, Z = 4 [8–18]. The 
structure is similar to the structure of antimonite 
K2CuCl2 and others [3] and similar to the structure of 
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bournonite PbCuSbS3 and zeligmannite PbCuAsS3. 
The exact distribution of Pb and Bi atoms in 
the crystal lattice has not been elucidated. In 
comparison with Bi2S3 in aikinite replacement of 
Bi+3 with Pb+2 compensated by the inclusion of a 
single Cu+ ion of such small  size that it occupies the 
empty spaces of the lattice without distorting it.

The lead atoms in the aikinite structure 
are surrounded by five sulphur atoms with 
distances from 0.284 to 0.298 nm and two more 
sulphur atoms separated by 0.324 nm, and the 
coordination is close to octahedral (Fig. 1). 

Extensive experimental studies of natural 
minerals showed that all the considered 
compounds are ordered, their compositions are 
limited to a certain stoichiometry and very narrow 
regions of solid solutions, as was previously 
assumed in [19]. According to available data, the 
structure of all these minerals is a derivative of the 
structure of bismuthine, obtained by substitution 
of Bi in the latter with Pb with the simultaneous 
addition of Cu atoms to the vacant tetrahedral 
sites Cu + Pb + Bi [8, 9]. There are three types of 
ribbons in the structures of these minerals [9], the 
combination of which can lead to the motives of 
all the minerals of this series: bismuthine Bi4S6, 
krupkaite CuPbBi3S6, and aikinite.

It should be noted that although the ratio 
between metal sulphides is Cu2S:PbS in the 
aikinite–bismuthine series is constant and 
equal to 1:2, in a selenium-containing mineral 
of a similar composition Cu2Pb3Bi8(S, Se)16 it 
is 1:3, which also exhibited as slightly altered 
arrangement of atoms. The basis of the structural 
motif is composed by zigzag ribbons of Pb and 
Bi octahedra connected along the edges, linked 
together by pairs of other octahedrons also with 
an edge bonds. In the voids of this structure, 
additional Pb and Bi atoms are located in seven-
dimensional coordination. The environment of 
Cu atoms is intermediate between tetrahedral and 
plane triangular, the Cu–S distances are 232 nm 
(3 S) and 252 nm (1 S) [13, 17].

Earlier, we [20, 25] synthesized and studied 
the physicochemical and physical properties 
of complex sulfosalts based on the PbCuSbS3 
bournonite mineral.

The purpose of this work was the synthesis 
and study of the properties of synthetic aikinite 
PbCuBiS3.

2. Experimental
Quaternary sulfosalt PbCuBiS3 was revealed 

while studying the CuBiS2–PbS section of the 
quasi-triple Cu2S–Bi2S3–PbS system. The quasi-
triple system, except for CuBiS2–PbS, was 
studied by based on Cu3BiS3–PbCuBiS3, CuBi3S5–
PbCuBiS3, Cu2S–PbCuBiS3, PbBi2S4–PbCuBiS3, 
PbBi4S7–PbCuBiS3 and Bi2S3–PbCuBiS3 sections. 
The position of the connodes in the Cu2S–Bi2S3–
PbS system is shown in Fig. 2. 

The quaternary alloys for the study were 
obtained by the vacuum-thermal method from 
the source alloys (CuBiS2, PbS, CuBi2S4 etc.), 
previously synthesized from ultra-pure elements 
(Cu – 99.997 %, Pb – 99.994 wt%, Bi – 99.999 wt%, 
S – 99.9999 wt%). The maximum temperature 
was 1250–1325 K. The synthesis was carried out 
in evacuated quartz ampoules for 7–8 h; then, 
the samples were cooled and kept at 600 K for 
a week [26]. Then the ampoules were opened, 
the samples were carefully ground, and after 
melting, annealed at 600–800 K, depending on 
the composition, for at least two weeks to bring 
the samples into equilibrium, Table 1.

Annealed  samples  were  studied  by 
physicochemical analysis: thermal analysis 
was carried out using Kurnakov pyrometer 
NTR-73 (heating rate 10 °/min, standard Al2O3, 
chromel-alumel thermocouple); XRD patterns 
were obtained using D 2 PHASER Brucker 
diffractometer (CuKa-radiation, Ni-fi lter); the 
microhardness of the samples was measured 
using PMT-3 microhardness tester (optimal 
load of 0.02 kg), the microstructure of the alloys 

Fig. 1. The crystal structure of the aikinite mineral 
PbCuBiS3 [1] 
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was studied using a MIM-7 microscope, and the 
density was determined by the pycnometer. 

3. Results and discussion
We will discuss in details the CuSbS2–PbS 

system, in which the sulfosalt PbCuBiS3 was 
found.

As can be seen from Table 1, the microhardness 
value related to the PbCuBiS3 quaternary compound, 
increased on both sides from 50 mol% PbS, but it 
decreased with stoichiometric composition. This 
shows that a range of homogeneity exists based 
on the PbCuBiS3 compound. According to the 
results of XRD and microstructural analysis, it 

Table 1. Results of physicochemical analysis of alloys of the CuSbS2–PbS system

Composition, 
mol% PbS

Thermal effects, K Microhardness 
(x107 Pa) Density, g/cm3 Phase 

compositionsolidus liquidus

0.0 - 780 2200 7.40 CuBiS2 
(single phase)

5.0 715 765 2250 7.38 a
10 650 730 2300 7.32 a+b
15 650 690 2300 7.30 a+b
20 650 700 eutectic 7.28 a+b
25 650 765 - 7.28 a+b
30 650 830 1980 7.26 a+b
40 650 925 1980 7.24 a+b
45 - 970 1970 7.22 b
50 - 980 1980 7.20 b
52 - 970 1990 - b
55 815 930 1990 - b + PbS
60 810 865 - 7.12 b+ PbS
65 815 - eutectic 7.06 b+ PbS
70 815 920 720 6.90 b+ PbS
80 815 1070 720 6.82 b+ PbS
90 815 1240 720 6.70 b+ PbS

100 - 1400 720 6.11 Pbs 
(single phase)

Fig. 2. The position of the connodes in the PbS–Cu2S–Bi2S3 system. The compositions of the synthesized 
samples are indicated by black dots
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was found that PbCuBiS3 is a phase of variable 
composition and that solubility at a eutectic 
temperature (650 K) was 10 mol%, while with 
decreasing temperature it sharply narrows, not 
exceeding 7 mol% PbS at 300 K.

The MSA analysis showed that with the 
exception of compositions 0–7 and 45–52 mol% 
PbS, all alloys were biphasic.

According to the physicochemical analysis, 
a phase diagram of the CuBiS2–PbS system was 
plotted and it is shown in Fig. 3. As can be seen 
from the fi gure, the system is characterized by the 
presence of PbCuBiS3 sulfosalt melting at 980 K 
congruently. Coordinates of eutectic points: 
20 mol% PbS 650 K, and 65 mol% PbS 815 K. XRD 
demonstrated that in the range of concentrations 
of 0–7 mol% PbS, only reflections related to 
CuBiS2 were observed on diffractograms. These 
solutions crystallize in rhombic syngony, and 
with an increase in the concentration of PbS, 
the lattice parameters increase (a = 0.614÷0.620, 
b = 0.391÷0.395, c = 1.493÷1.502 nm, Pnma space 
group, Z = 4).

In the range of concentration 7÷45 mol% PbS 
a-solid solutions based on CuBiS2 and b-solid 
solutions based on quaternary sulfosalt PbCuBiS3 
co-crystallize and in the 52÷100 mol% PbS two 
phases (b + PbS) co-crystallize. Composition 
50 mol% PbS in terms of interplanar spacing 
and intensity differed from the source sulphides. 
Calculation of XRD patterns of the quaternary 
compound PbCuBiS3, as well as XRD patterns of 
the initial sulphides for comparison are presented 
in Table 2. 

X-ray analysis confi rmed the formation of 
quaternary sulfosalts PbCuBiS3, found in nature 
in the form of the mineral aikinite in CuBiS2–PbS 
system. It was found that sulfosalt crystallizes 
in rhombic syngony with unit cell parameters 
a = 1.1632, b = 1.166, c = 0.4017 nm, Pnma space 
group, Z = 4.

The Bi2S3-PbCuBiS3 section is of eutectic 
type. The composition of the eutectic point 
determined by the plotting of the Tamman’s 
triangle was 50 mol% Bi2S3 at 800 K. Solubility 
based on Bi2S3 was 5 mol%, based on PbCuBiS3 – 
7 mol% (Fig. 4a). 

The Cu2S – PbCuBiS3 section was quasi-binary 
and eutectic with limited solubility based on the 
starting sulphides (Fig. 4b).  

Conclusion on the formation of solid solutions 
based on a-, b- and g-Cu2S was based on the results 
of the DTA and MSA methods. On thermograms 
of samples containing 7 and 8 mol % PbCuBiS3, 
thermal effects below the solidus temperature 
were revealed. These effects were associated 
with the formation and decomposition of a solid 
solution based on g-Cu2S. This was also confi rmed 
by the MSA data. In samples containing from 2 to 
5.5 mol% PbCuBiS3, the second phase was present 
in the form of needle insertions, and eutectic 
was not revealed. In the Cu2S–PbCuBiS3 system 
in the range of concentrations of 2.0–90 mol% 
PbCuBiS3 in a condensed state, two phases were 
in equilibrium: aCu2S-based solid solution and 
b-PbCuBiS3 based solid solution. They were 
clearly distinguishable by MSA and formed a 
eutectic of the composition 40 mol % Cu2S and T 
= 850 K. Eutectic in the indicated concentration 
range was present on the sections of all section 
samples and it was represented by the alternation 
of needle crystals of the PbCuBiS3 phase and 
oval Cu2S crystals. Based on a-Cu2S a limited 
solution was formed, which at 300 K reached 2 
mol% PbCuBiS3.

The phase transitions a-Cu2S ↔ b-Cu2S ↔ 
g-Cu2S had a eutectic nature and occurred at 375 
and 580 K, respectively. Thermal effects related 
to b-Cu2S↔ g-Cu2S were revealed only for alloys 

Fig. 3. Phase diagram of the CuBiS2-PbS system
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Table. 2. Interplanar distances and intensities of the CuBiS2, PbCuBiS3 and PbS lines for comparison

CuBiS2 PbCuBiS3 PbS

dexp, Е I/I0 dexp, Å I/I0 hkl dexp, Å I/ I0

4.700 8 4.070 4 220 3.790 2
3.200 10 3.770 1 011 3.442 9
3.100 8 3.670 10 130 3.283 3
3.020 10 3.580 7 111, 310 2.965 10
2.810 2 3.180 9 121 2.311 2
2.340 9 2.880 8 040, 221 2.693 10
2.290 4 2.740 2 410 1.780 9
2.160 9 2.680 3 131, 330 1.707 8
1.960 5 2.620 6 311 1.480 5
1.880 7 2.580 1 240 1.359 6
1.800 8 2.560 1 420 1.324 10
1.780 3 2.510 3 231 1.209 8
1.755 3 2.570 2 150 1.141 7
1.655 8 2.170 3 241 1.048 3
1.560 5 2.150 3 250, 421
1.475 2 2.020 5 440, 051
1.450 4 1.984 4 431, 151
1.365 3 1.974 3 530, 112
1.320 4 1.883 1 202, 600
1.260 2 1.805 4 441
1.125 5 1.766 1 351, 133
1.208 5 1.648 4 042, 170
1.190 5 1.593 4 270
1.168 7 1.514 1 370
1.112 3 1.475 2 171
1.100 3 1.406 4 740

1.380 2 561
1.354 2 612
1.330 3 003
1.278 2 661
1.158 1 770

containing 10÷20 mol% PbCuBiS3, therefore, this 
transition in Fig. 4b was marked with a dotted 
line.

The PbBi2S4–PbCuBiS3 section was partially 
quasi-binary due to the incongruent nature of the 
melting of sulphide PbBi2S4. The solubility based 
on PbCuBiS3 sulfosalt was 8 mol% at 300 K, and 
at a eutectic temperature of 15 mol% Coordinates 
of the eutectic point were 40 mol% PbCuBiS3 and 
T = 825 K.

The PbBi4S7–PbCuBiS3 section was quasi-
binary and eutectic with limited solid solutions. 
The eutectic corresponds to 55 mol% PbBi4S7 
and 800 K. The solubility of PbCuBiS3 in PbBi4S7 
at eutectic temperature was 10 mol%, at 300 K it 

decreased to 5 mol% PbCuBiS3 (a-solid solution), 
and the solubility of PbBi4S7 in quaternary 
sulphide was 18 mol% at eutectic temperature 
and decreased to 10 mol% PbBi4S7 at 300 K b-solid 
solution).

PbCuBiS3 single crystals were obtained by 
targeted crystallization of a stoichiometric melt 
in vertical quartz ampoules. An ampoule with a 
cone-shaped bottom was placed in a furnace with 
a small temperature gradient in height. After 
the formation of the melt, directed cooling was 
carried out at a speed of 4 °/h for 48 h until the 
entire melt solidifi ed, then the furnace was cooled 
at a speed of 60 °/h. Thus, polycrystalline ingots 
with a large number of cracks were obtained. 
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However, it was possible to cut single crystal 
sections with a length of 1 mm, free of visible 
defects from these ingots (Fig. 5). 

Significantly larger single crystals of the 
PbCuBiS3 compound were obtained by the similar 
method in quartz ampoules with a diameter of 
5 mm. The single crystals reached a length of 8–
12 mm with a diameter of 5 mm. One feature of the 
PbCuBiS3 compound should be noted: directional 
crystallization of stoichiometric composition 
without special additives always provided ingots 
characterized mainly by p-type conductivity. It 
is possible that this was the result of a deviation 
from stoichiometry due to the combination of 
volatile components (sulphur and bismuth). 
The ingot always contained an excess of copper, 
which in signifi cant quantities dissolves in the 
compound and provides p-type conductivity. 
Therefore, any doping of the PbCuBiS3 compound 
(obtained PbCuBiS3 crystals were doped with 
erbium) during crystal growth by directed 

cooling will occur against the background of this 
phenomenon.

The standard thermodynamic functions of the 
P b C u B i S 3 co m p o u n d  w e r e  c a l c u l a t e d :
S 0

298 = 253.1±5 J/(mol%), DS0
298 = –14.1±3 J/mol, 

D H  0
2 9 8  =  – 2 7 0 . 2 ± 1 0  k J / m o l  a n d 

DG0
298 = –266.3±10 kJ/mol
The photoconductivity spectra of pure 

PbCuBiS3 crystals and crystals doped with erbium 
grown by the directed crystallization method from 
the melt were studied. The spectral dependences 
of these sulfosalts are shown in Fig. 6. As can be 
seen, crystals grown by directional crystallization 
had approximately the same photosensitivity, 
which at 293 K was ISt/It = 103 when illuminated 
by natural light, and when the temperature 
decreased, it grew and reached 105 at 100 K. In 

Fig. 4. Phase diagram of the Bi2S3–PbCuBiS3 (a) and Cu2S–PbCuBiS3 (b) systems

Fig. 6. The spectral dependence of the photoconduc-
tivity of PbCuBiS3 (1) and PbCuBiS3–Er (2) grown by 
the directed crystallization methodFig. 5. Single crystals of the PbCuBiS3 compound
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crystals of both types, bands of shallow levels - 
traps with an activation energy of 0.25–0.35 eV, 
as well as trap levels with an activation energy 
∆E = 0.50–0.60 eV, were observed. The band gap 
energy calculated from photoconductivity was 
∆E = 0.84–0.91 eV.

Thus, the nature of the formation of PbCuBi3 
sulfosalt was revealed based on studying the quasi-
triple Cu2S–Bi2S3–PbS system based on CuBiS2–
PbS, Cu2S–PbCuBiS3, PbBi2S4–PbCuBiS3, PbBi4S7–
PbCuBiS3 and Bi2S3–PbCuBiS3 sections. The single 
crystals of synthetic aikinite PbCuBiS3 were grown 
and some of its properties were studied.

4. Conclusions
 1. The CuBiS2–PbS, Cu2S–PbCuBiS3, Bi2S3–

PbCuBiS3, PbBi2S4–PbCuBiS3, PbBi4S7–PbCuBiS3 
sections of quasi-triple Cu2S–Bi2S3–PbS system were 
studied by a set of physicochemical analysis methods 
and their phase diagrams were plotted. It was 
established that in addition to the PbBi2S4–PbCuBiS3 
section, all sections were quasi-binary and they were 
characterized by the presence of limited solubility 
regions based on the source components. 

2. The study of CuBiS2–PbS section revealed the 
formation of a quaternary compound of the PbCuBiS3 
composition, found in nature in the form of the 
mineral aikinite, melting congruently at 980 K. It was 
established that PbCuBiS3 crystallizes in rhombic 
syngony with lattice parameters a = 1.1632, b = 1.166, 
c = 0.401 nm, Pnma space group, Z = 4.

3. PbCuBiS3 single crystals were grown by 
directional crystallization and the spectral dependence 
of photoconductivity was studied. It was established 
that PbCuBiS3 possesses photosensitivity in the visible 
region of the spectrum.
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Abstract 
The aim of this study was to investigate the physics of interfacial adhesion in polymer/carbon nanotube systems. The study 
was carried out on polypropylene/carbon nanotube (nanofi ber) nanocomposites employing fractal analysis.
Due to a high degree of anisotropy and low bending stiffness, carbon nanotubes (nanofi bers) form ring-like structures in 
the polymer matrix of the nanocomposite, which are structural analogue of macromolecular coils of branched polymers. 
This allowed us to simulate the structure of polymer/carbon nanotube (nanofi ber) nanocomposites as a polymer solution, 
using the methods of fractal physical chemistry.  Using this approach we assume that macromolecular coils are represented 
by the ring-like structures of carbon nanotubes and the solvent is represented by the polymer matrix. The suggested model 
can be used to perform structural analysis of the level of interfacial interaction between the polymer matrix and the 
nanofi ller, i.e. the level of interfacial adhesion. The analysis demonstrated that most contacts between carbon nanotubes 
and the polymer matrix, which determine the adhesion level, take place inside the ring-like structures. The fractal analysis 
showed that a decrease in the radius of the ring-like structures or their compactization increases the fractal dimension, 
which makes it diffi cult for the matrix polymer to penetrate into these structures. This results in a decrease in the number 
of contacts between the polymer and the nanofi ller and a signifi cant reduction of the level of interfacial adhesion. This 
effect can also be described as the consequence of compactization of the ring-like structures, demonstrated by the increased 
density. The article shows a direct correlation between the value of interfacial adhesion (dimensionless parameter ba), the 
number of contacts between the polymer and carbon nanotubes, and the volume of the ring-like structures, accessible for 
penetration by the polymer. The quantitative analysis demonstrated, that the number of interactions occurring on the 
surface of ring-like structures of carbon nanotubes (nanofi bers) is only ~ 7–10 %. The suggested model allowed us to 
determine the correlation between the structure of the nanofi ller in the polymer matrix and the level of interfacial adhesion 
for this class of nanocomposites.
The results of our study can be used to defi ne the structure of carbon nanotubes (nanofi bers) necessary to obtain the highest 
level of interfacial adhesion.
Keywords: nanocomposite, carbon nanotubes (nanofi bers), interfacial adhesion, ring-like structures, fractal analysis. 
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1. Introduction
The level of interfacial adhesion between 

the polymer matrix and the fi ller (nanofi ller) 
is the key factor determining the properties 
of polymer composites (nanocomposites). The 

 Igor V. Dolbin, e-mail: i_dolbin@mail.ru 

authors [1–4] demonstrated that a high level 
of interfacial adhesion reinforces polymer 
nanocomposites, while the absence of adhesion 
may result in a decrease in the elastic modulus 
of a nanocomposite below the corresponding 
parameter of the matrix polymer. Today, carbon 
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nanotubes (nanofi bers) are considered to be 
among the most promising nanofillers used 
in polymers [5–10]. It is known [11–13], that 
the said nanofi llers form ring-like structures 
in the polymer matrix which are similar to 
macromolecular coils due to their high degree 
of anisotropy and low bending stiffness. In work 
[13] demonstrated that the characteristics of 
these ring-like structures have a significant 
effect on both the level of interfacial adhesion 
and the properties of polymer nanocomposites 
filled with carbon nanotubes (nanofibers). 
Therefore, the purpose of this study was to 
investigate the physics of interfacial adhesion 
in polypropylene/carbon nanotube (nanofi ber) 
nanocomposites.

2. Experimental
Kaplen 01030 polypropylene (PP) was used as 

the matrix. This type of PP is characterised by the 
melt fl ow rate of 2.3–3.6 g/10 min (the mass of 
polymer, in grams, fl owing in 10 minutes through 
a standard capillary rheometer (viscometer) 
under specific conditions), with the weight-
average molecular weight being ~ (2–3)×105 and 
the polydispersity index being 4.5.

The nanofi llers were Taunite carbon nanotubes 
(CNTs) with 20-70 nm outer diameter, 5-10 nm 
inner diameter, and 2 μm length. The concentration 
of taunite in PP/CNT nanocomposites varied 
within the range of 0.25–3.0 wt%. We also used 
20–30 layer carbon nanofibers (CNFs) with a 
diameter of 20–30 nm and a length of about 
2 μm. The concentration of CNFs in PP/CNF 
nanocomposites varied within the range of 0.15–
3.0 wt%.

PP/CNT and PP/CNF nanocomposites were 
prepared by mixing the components in melt on 
a twin screw extruder Thermo Haake, model 
Reomex RTW 25/42 (Germany). The mixing was 
performed at a temperature of 463–503 К and a 
screw speed of 50 rpm for 5 minutes. The testing 
samples were obtained by injection moulding on 
a Ray-Ran casting machine Test Sample Molding 
Apparate RR/TS MP (Taiwan) at a temperature of 
503 K and a pressure of 43 MPA.

Uniaxial tension testing was performed on the 
samples in the shape of a two-sided spade with 
the size conforming to GOST 112 62-80. The tests 
were conducted on a universal testing machine 

Gotech Testing Machine CT-TCS 2000 (Germany), 
at the temperature of 293 К and the strain rate 
of ~ 2×10–3 sec–1.

3. Results and discussion
As stated above, carbon nanotubes (nanofi bers) 

form ring-like structures in the polymer matrix 
of the nanocomposite, which are similar to 
macromolecular coils [11–15]. We can therefore 
describe them using established theoretical 
methods of both classic [6] and fractal [16] 
physical chemistry of polymer solutions. In 
the latter case, carbon nanotubes (nanofi bers) 
are modelled as macromolecular coils, and the 
polymer matrix is modelled as the solvent. The 
fractal analysis demonstrated [16], that the 
number of interactions between CNTs (CNFs) and 
the polymer matrix n can be determined the same 
way as the one used for polymer solutions:

n RDf~ CNT

PP

,  (1)

where RCNT is the radius of the ring-like structures 
of CNTs (CNFs) and Df

PP is the fractal dimension 
of the macromolecular coils of the matrix polymer 
(in our study, PP), which in this case represent 
the molecules of the solvent. RCNT can be deter-
mined within the percolative model using the 
following equation [17]:

j
p

n

L r

R
=

( )
CNT CNT

CNT

2

3
2

,  (2)

where jn is the volume fraction of the nanofi ller, 
LCNT and rCNT are the length and the radius of the 
carbon nanotube (nanofi ber) respectively.

The value of jn can be determined using a 
well-known formula [1]:

j
rn

n

n

W
= ,  (3)

where Wn is the weight fraction of the nanofi ller 
and rn is its density, evaluated for the nanopar-
ticles using [1]:

rn CNT= ( )188
1 3

D
/

, kg/m3, (4)

where DCNT is the diameter of the carbon nanotube 
(nanofi ber) in nm.

The dimension  Df
PP are determined for linear 

polymers using [19]:

D
d

f
fPP =

2
3

,  (5)
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where df is the fractal dimension of the structure 
of the nanocomposite (namely, its polymer ma-
trix) determined according to [18]:

d df = -( ) +( )1 1 n ,  (6)

where d is the dimension of the Euclidean space 
in which the fractal is considered (apparently, in 
our study d = 3), n is Poisson’s ratio determined 
as a result of mechanical testing using the fol-
lowing [18–20]:

s n
n

Y

nE
= -

+( )
1 2

6 1
,  (7)

where sY and Еn are the yield stress and the elas-
tic modulus of the nanocomposite respectively.

It is known [16] that in polymer solutions 
the solvent penetrates into the macromolecular 
coil, with the process regulated by the volume 
of the coil accessible for penetration. Since both 
the macromolecular coil [16] and the ring-like 
structures of CNTs (CNFs) [13, 21, 22] are fractal 
objects, the volume of the latter structures VCNT 
can be determined as follows [23]:

V RD d Df f

CNT CNT

CNT CNT

= -h ,  (8)

where Df
CNT is the fractal dimension of the ring-

like structures of CNTs (CNFs) and h is the linear 
scale of measurement further considered to be 
equal to the mean diameter of the CNTs, i.e. 
45 nm.

To evaluate the dimensionality of Df
CNT 

the following method was used [14,15]. 
The calculation of RCNT using equation (2) 
demonstrated its decrease with the growth of jn. 
At the maximum used values of jn, corresponding 
to Wn = 3.0 wt%, the said dependencies tend to 
be in the asymptotic branch, which means that 
the ring-like structures of CNTs or CNFs reach 
their minimum values RCNT. Similar to the case 
of macromolecular coils, this means that the 
maximum density of the ring-like structure is 
reached at the maximum value of its fractal 
dimension Df

CNT (Df
lim ), which is determined using 

the equation [24, 25]:

D
d

f
lim =

+( )4 1
7

.  (9)

For d = 3 the value Df
lim  = 2.286.

Then, in order to estimate Df
CNT an irreversible 

aggregation model can be used which describes 
the polymerization process (macromolecular 

coil formation) and yields the following ratio for 
determining the radius of the particle aggregate 
Rag [26–29]:

R c d Df

ag ~ /
0

1- -( ),  (10)

where с0 is the initial concentration of the ag-
gregated particles and Df is the fractal dimension 
of the aggregate.

The coeffi cient in ratio (10) can be determined 
under the following conditions: Rag = RCNT, с0 = jn, 
and Df = Df

lim. Values RCNT and jn are applicable, 
when Wn = 3.0 wt%. The estimate obtained 
using this ratio demonstrated that the value 
Df

CNT  increases with the growth of jn (and a 
decrease in RCNT) from 1.91 to 2.29 for PP/CNT 
nanocomposites and from 1.76 to 2.21 for PP/CNF 
nanocomposites.

However, due to the excluded volume effect, 
the polymer can not occupy the whole volume VCNT, 
but rather occupies the available space determined 
by the available volume of the ring-like structures 
VCNT

av , which is calculated as follows [23]:

V V DfCNT CNT
CNTav = -( )3 .  (11)

Fig. 1 shows the ratio of the number of contacts 
in the studied nanocoposites between the CNTs 
(CNFs) and the polymer matrix n to the volume of 
the ring-like structures of CNTs (CNFs) VCNT

av  that 
can be occupied by the matrix polymer. We can 
see that there is a linear correlation between the 
said parameters which goes through the origin 
of the coordinates and can be described by the 
empirical equation

n V= 12 1, av
CNT,  (12)

provided that the linear dimensions in ratios (1) 
and (8) are given in μm.

Thus, the number of interactions between 
the nanofi ller and the polymer matrix n is, as 
expected, determined by the volume of the ring-
like structures VCNT

av , available to be occupied by 
the polymer which in our study is considered to 
be the solvent.

It is known [1] that the density of a fractal 
object (in our study, the density of the ring-like 
structures of CNTs (CNFs)) rCNT is determined by 
the equation:

r rCNT dens
CNT

CNT

=
Ê
ËÁ

ˆ
¯̃

-
R

0

D df

,  (13)
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where rdens is the density of the material of the 
fractal object in the compact state (i.e. when 
D df

CNT = ), which in our case was 2700 kg/m3 [1], 
and а is the lower scaling limit of fractal behav-
iour assumed to be equal to DCNT.

Fig. 2 shows the dependencies of n(rCNT) for 
the studied nanocomposites, which demonstrate 
that with equal rCNT the value of n is lower for 
CNFs than for CNTs. This difference is accounted 
for by the smaller diameter of the CNFs as 
compared to CNTs, which results in smaller 
spaces between CNFs and makes it more diffi cult 
for the macromolecular coils of PP to penetrate 
into the ring-like structures, since the diameter 
of the coils is compatible with the diameter of 
the CNFs.

The level of interfacial adhesion in the 
polymer nanocomposites can be evaluated 
using the dimensionless parameter ba, which is 
determined according to the following ratio [1]:

E
E

c bn

m
n= + ( )1 11

1 7j a
,

,  (14)

where Еn and Еm are the elastic moduli of the 
nanocomposite and the matrix polymer respec-
tively (ratio Еn/Еm is usually called the reinforce-
ment degree of the nanocomposite), с is a con-
stant coeffi cient, which for the CNTs is approxi-
mately 2.86 [1].

Parameter ba allows both a quantitative and 
qualitative gradation of the level of interfacial 
adhesion. Thus, when ba = 0, no interfacial 
adhesion is present; ba = 1.0 corresponds to 
perfect adhesion by Kerner; and the condition 
ba > 1.0 defi nes the nanoadhesion effect [1].

Fig. 3 demonstrates the dependency of the 
parameter ba on the value n for PP/CNT and 
PP/CNF nanocomposites. As expected, the level of 
interfacial adhesion characterised by parameter 
ba increases with a larger number of contacts 
between the polymer matrix and the nanofi ller. 
The graphs in Fig. 3 have two specifi c features. 
First, the slope of the line graph ba(n) is greater for 
CNFs as compared to CNTs. It is known [1,30] that 
the value ba is the function of both the structure 
factor, i.e. n, and the degree of physical and/or 
chemical interaction between the polymer matrix 
and the nanofi ller. The higher slope of graph ba(n) 
for CNFs, meaning higher values of ba for CNFs 
as compared to CNTs, demonstrates that physical 
and/or chemical interaction between PP and CNFs 
is stronger that the interaction between PP and 
CNTs. Second, graphs of ba(n) are extrapolated to 
ba = 0, when n is not equal to zero. This means that 
for the condition ba > 0 (i.e. interfacial adhesion) to 
be implemented, we need to obtain a fi nite number 
of interactions between the polymer matrix and 
the nanofi ller which has to be above zero.

n×102, rel. un. 

8

a
CNTV , rel. un.8

4

4

- 1
- 2

0

n×102, rel. un.

8

ρCNT, kg/m31.5

4

1.0

- 1
- 2

0 0.5

Fig. 1. The ratio of the number of contacts between 
the nanofi ller and the polymer matrix n to the acces-
sible volume of the ring-like structures of CNT (CNF) 
VCNT

av  for PP/CNT (1) and PP/CNF (2)  nanocompo-
sites

Fig. 2. Dependencies of the number of contacts be-
tween the nanofi ller and the polymer matrix n on the 
density of the ring-like structures of CNT (CNF) rCNT 
for PP/CNT (1) and PP/CNF (2) nanocomposites
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Finally, Fig. 4 shows the dependency ba
1 2/ (VCNT

av ) 
for the studied nanocomposites (the from of the 
dependency was chosen so that it would allow 
its linearization). The fi gure demonstrates the 
growth of ba with the increase in VCNT

av , which was 
what we expected (Fig. 1 and 3). Once again the 
value of ba with comparable VCNT

av  is higher for CNFs 
than for CNTs, which is explained by the factors 
described above. The most interesting feature of 
the dependencies ba

1 2/ (VCNT
av ) is the fact that they 

are extrapolated to zero ba
1 2/  ≈ 0.7 (ba ≈ 0.5) when 

VCNT
av  = 0. Therefore, the interaction between the 

polymer matrix and carbon nanotubes (nanofi bers) 
on the surface of the ring-like structures of 
the nanotubes (nanofibers) constitute only a 
comparatively small portion (~ 7–10 %) of the 
total number. The level of interfacial adhesion 
is mostly determined by the interaction with the 
polymer penetrating into the ring-like structures 
of CNTs (CNFs). Therefore, the smaller radius of 
the said structures RCNT and their corresponding 
compactization result in a decrease in the 
parameter ba. The nanoadhesion effect (ba > 1.0) is 
observed only when the polymer penetrates into 
the ring-like structures of CNTs (CNFs).

It should be noted that the curvature of carbon 
nanotubes and their infl uence on the properties 
of nanocomposites has always been a subject of 
scientifi c studies [31–39].

4. Conclusions
The paper suggests a structural model of 

creation of interfacial adhesion in polymer/
carbon nanotubes (nanofi bers) nanocomposites, 
which considers the nanofi llers to be analogous 
to macromolecular coils and the polymer matrix 
to be analogous to the solvent. This model 
allowed us to demonstrate that most contacts 
between the polymer matrix and the nanofi ller, 
determining the level of interfacial adhesion, 
occur within the ring-like structures of carbon 
nanotubes (nanofi bers) when they are penetrated 
by the polymer. The smaller radius of the said 
structures makes them more compact, reduces 
the concentration of the polymer, and therefore 
reduces the level of interfacial adhesion. 
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Abstract
To date, double molybdates of mono- and tetravalent elements have been comprehensively studied, and systems with 
molybdates of mono- and trivalent elements have been studied quite thoroughly. Some materials based on double molybdates, 
for example, those containing lanthanides, are considered promising for laser technology and electronics. Meanwhile, there 
is limited information on the properties, especially optical ones, of the molybdates containing rare-earth elements and 
zirconium. The aim of this work was to study the luminescent properties of self-activated terbium-containing 
zirconomolybdates with the compositions Tb2Zr3(MoO4)9 (1:3) and Tb2Zr(MoO4)5 (1:1), crystallising in two different structural 
types.
Powder samples of the studied molybdates were synthesised by ceramic technology. The absorption, excitation, and emission 
spectra were measured using a Perkin Elmer Lambda 950 spectrophotometer. Luminescence was excited by a 250 W DKSSh-
250 xenon lamp through an MDR-2 monochromator and recorded using an SDL-1 double monochromator with a grating 
of 600 lines/mm. The optical properties of new zirconium molybdates containing Tb3+ ions were studied. They revealed 
bright luminescence in the green spectral region due to the transitions inside the 4f shell of the rare-earth Tb3+ ion, excited 
both in the bands associated with the 4f-4f transitions and in the band with a charge transfer. The observed spectral lines 
as well as luminescence and excitation bands were identifi ed.
It was shown that the position of the wide excitation band associated with the “charge transfer” transitions from O2– in 
MoO4

2– groups via Mo–O bonds to luminescent centres (Tb3+) does not depend on the matrix structure. The structure and 
intensity of the observed spectral lines, indicating a low symmetry of the Tb3+ crystalline environment, correlate with the 
structural analysis data. The results obtained in this work can be used when creating promising phosphors in the green 
spectral region under ultraviolet excitation.
Keywords: solid-phase synthesis, luminescence, terbium-containing zirconomolybdate.
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1. Introduction
Since lantanoids luminesce in the UV and 

in visible and near-infrared regions, they can 
be used in various fi elds: laser and fi bre optics 
technology, medical diagnostics, and the creation 
of scintillators and luminophores.

The electrons in lantanoids, located on the 
4f shell, are screened by the outer 5s2 and 5p6 
shells. As a result, the position of the energy 
levels is weakly dependent on the environment. 
In this case, the energetic states of the sublevels 
are completely determined by the immediate 

environment of rare-earth ions due to the Stark 
splitting effect.

The studies aimed at the search for new 
materials for matrices activated by rare-earth 
ions are considered relevant. There are works of 
Russian and foreign scientists [1–6] dedicated 
to the study of luminescent properties of double 
zirconium molybdates and lantanoids, although 
the luminescent properties of zirconomolybdates 
with Tb3+ of the Tb2Zr(MO4)5 composition were 
not studied.

Our study of the Tb2(MoO4)3–Zr(MoO4)2 
system allowed establishing for the fi rst time 
the formation of three new molybdates with the 
following compositions: Tb2Zr3(MoO4)9 (1:3), 
Tb2Zr2(MoO4)7 (1:2), and Tb2Zr(MoO4)5 (1:1) 
(Fig. 1) [7].

The structures of the fi rst two molybdates, 
1:3 (space group R3̄c, Z = 6) and 1:2 (space group 
С2/с, Z = 4), were determined for monocrystals 
(Fig. 2a, b) [8–10].

The structure of the 1:1 molybdate was 
determined through the use of isostructural 
Er2Zr(MoO4)5, the Rietveld refi nement method, and 
principles of derivative difference minimisation 
(Fig. 3) [11].

The aim of this work was to study the 
luminescent properties of self-activated terbium-
containing zirconomolybdates with the 1:3 and 
1:1 compositions, crystallising in two different 
structural types.Fig. 1. Phase diagram of the system Tb2(MoO4)3 – 

Zr(MoO4)2

а                                                                                                    b
Fig. 2. Part of the structure Ln2Zr3(MoO4)9 (space group R3̄c, Z = 6) (Ln = Nd) (a);  Part of the structure 
Ln2Zr2(MoO4)7 (space group С2/с, Z = 4) (b)
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2. Experimental
The absorption, excitation, and emission 

spectra of Tb3+ were measured in two terbium-
containing matrices Tb2Zr(MoO4)5 (space group 
Cmc21, Z = 4) and Tb2Zr3(MoO4)9 (space group R3̄c, 
Z = 6). The molybdates were obtained by ceramic 
technology [7].

In order to study the optical properties of the 
investigated samples, the absorption, emission, 
and excitation spectra were recorded in the 
integrating sphere at various temperatures.

The absorption spectra were recorded using 
a Perkin Elmer Lambda 950 spectrophotometer 
with an integrating sphere. When recording 
the absorption spectra, the studied sample 

was poured into a KU-1 quartz-glass ampoule 
and placed inside the integrating sphere. The 
absorption of the test glass was subtracted from 
the absorption spectra.

Luminescence was excited in the spectral 
interval of 200–500 nm by a 250 W DKSSh-250 
xenon lamp through an MDR-2 monochromator 
with a ruled grating of 1200 lines/mm. The 
emissions were recorded using an SDL-1 double 
monochromator with a grating of 600 lines/mm. 
The spectral dimension of the monochromator slits 
varied from 1.2 nm to 0.3 nm. The measurements 
at temperature 77 К were conducted in the 
evacuated cryostat. The excitation spectra were 
corrected by the lumogen excitation spectra.

3. Results and discussion
Two types of bands were observed in the 

excitation spectra of the studied samples: narrow 
bands, corresponding to the transitions inside 
the 4f shell of the rare-earth ion, and wide bands, 
associated with the bands of charge transfer in the 
MoO4

2– complexes to the rare-earth element.
Intensive luminescence was observed in the 

green spectral region in Tb2Zr(MoO4)5 upon the 
excitation in the UV region (Fig. 4).

The emission spectrum upon the excitation in 
the band with the energy 26500 cm–1 (l = 377 nm), 
measured at a temperature of 77 К, is presented 
in Fig. 4 (curve 1). The bands observed in the 

Fig. 3. Part of the structure Ln2Zr(MoO4)5 (space group 
Cmc21, Z = 2)

Fig. 4. Emission (curve 1) and excitation (curve 2) spectra of the Tb2Zr(MoO4)5 sample measured at temperature 
77 К
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spectrum are related to the electronic transitions 
inside the 4f shell from the 5D4 term to the 
7FJ (J = 1–6) terms. The greatest intensity in 
the emission spectrum was found in the band 
with the maximum in the 18500 cm–1 region 
(l = 540 nm). The band is related to the magnetic 
dipole transition of 5D4−

7F5. The intensity of this 
transition changes only slightly depending on 
the value of the crystalline fi eld. The observed 
band is split into three lines with the energies of 
18280, 18405, and 18460 cm–1.

The luminescence band with the 20500 cm–1 
maximum (l = 488 nm) is associated with the 
electronic dipole transition of 5D4–

7F6 in the Tb3+ 
ion, which is environment-sensitive (but not 
hypersensitive) and depends on the symmetry of 
the crystalline fi eld Transitions of 5D4 – 7F1 in the 
emission of the Tb3+ ion have low intensity. Band 
intensities related to the f–f transitions diminish 
with a decreasing value of J in the following way: 
5D4 → 7F6> 7F4> 7F3> 7F2. The presence of the thin 
structure in the emission spectra of the 5D4–

7FJ 
transitions in terbium ions is associated with 
their sensitivity to the ligand environment.

The 5D4–
7F6 band is more intense as compared 

to the intensities of other bands (except for 5D4–
7F5) and is split into three peaks, which can be 
indicative of spacial distortion of the nine-peak 
TbO9 with symmetry decreased to C2v [12], which 
correlates with the data of the structure. The 
presence of intensive lines of magnetic dipole and 

electronic dipole transitions in the spectrum is 
also indicative of the presence of several various 
types of ligands [13].

The emission was excited in the band with 
energy of 26500 cm–1 (l = 377 nm), corresponding 
to the 4F0–

5D3 transition, and the excitation 
spectrum was measured for the band with energy 
of 18500 cm–1 (l = 540 nm), corresponding to the 
5D4–

4F5 transition. Vertical lines show the energies 
of the term of the Tb3+free ion. A row of thin bands 
was observed in the excitation spectrum (Fig. 4, 
curve 2) that are related to the transitions from 
the ground state 7F0 to the states split by spin-
orbital interaction of the 4f8 term. The band in 
the 37000 cm–1 region (l = 270 nm) is associated 
with the charge transfer transition in the (MoO4)

2– 

complexes. The emission spectrum excited in this 
band is almost the same as the spectrum excited 
in the region of 4f-4f transitions.

The absorption spectrum of Tb2Zr3(MoO4)9 
is presented in Fig. 5 [2]; it consists of a wide 
absorption band in the ultraviolet region and one 
narrow low-intensity peak, related to the 4f−4f 
transition from the ground state of terbium ions 7F6 
to the lower excited state 5D4. The Tb3+ transitions 
are characterised by the low force of the oscillator. 
As a result, most of the bands of intracentre 
transitions in the absorption spectrum are not 
visible as compared to other absorption bands.

Fig. 6 [2] shows the excitation and luminescence 
spectra Tb2Zr3(MoO4)9. Intensive narrow emission 

Fig. 5. Absorption spectrum of Tb2Zr3(MoO4)9
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bands were observed in the region of 480–680 nm 
(20800–14700 cm–1), which is typical for the Tb3+ 
transitions from the D4 level to the lower 7FJ levels 
(J = 0,1,2,3,4,5). Transitions from the 7F6 ground 
state were observed in the excitation spectrum. 
Upon the excitation in the 4f−4f bands, the 
greatest intensity of luminescence was achieved 
with the excitation wavelength of 380 nm (7F6−

5D3 
transition). In the region of 300 nm (33300 cm–1) 
a wide intensive excitation band was observed. 
Seven narrow lines in the emission spectrum 
belong to the transitions Tb3+: 5D4−

7F6 (electronic 
dipole transition, 488 nm (20500 cm–1)), 5D4−

7F5 
(magnetic dipole transition, 540 nm (18500 cm–1)), 
5D4−

7F4 (582 nm (17180 cm–1)), 5D4−
7F3 (618 nm 

(16180 cm–1)), 5D4−
7F2 (644 nm (15530 cm–1)), 

5D4−
7F1 (663 nm (15080 cm–1)), and 5D4−

7F0 (673 nm 
(14860 cm–1)). The most intensive line reaching 
the peak at 540 nm (18500 cm–1) is responsible 
for the green colour of Tb2Zr3(MoO4)9.

Decay times of luminescence, corresponding 
to different transitions inside the f shell with 
different lengths of the excitation waves, were 
measured at temperatures 297 K and 77 K 
(Table).

4. Conclusions
As a result of the conducted studies, we can 

draw the following conclusions:

1. Spectral-luminescent properties of 
terbium-containing zirconium molybdates of 
two compositions (1:3 and 1:1) and structures 
(R3̄c, Z = 6 and Cmc21, Z = 4) were studied. The 
observed spectral lines as well as luminescence 
and excitation bands were identifi ed. Specifi c 
features of the matrix structure determine the 
spectral-luminescent properties of Tb3+ ions.

2. The comparison of the excitation spectra 
of terbium-containing molybdates with different 

Fig. 6. Excitation (a) and emission spectra (b) of Tb2Zr3(MoO4)9 at liquid nitrogen temperature

Table. Decay times of principal transitions of Tb3+ 
at 297 and 77 K

(5D4−
7FJ) Wave length (nm) Decay time (μs)

J Emis-
sion

Exci-
tation 297 К 77 К

6 488

270 420 400
352 390 360
370 430 400
380 430 390

5 540

270 420 400
352 460 410
370 450 400
380 450 420

4 582

290 420 400
352 500 390
370 420 370
380 420 410
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structures showed that the position of the wide 
excitation band associated with the “charge 
transfer” transitions from O2– in MoO4

2– groups 
via Mo–O bonds to luminescent centres (Tb3+) 
does not depend on the matrix structure and the 
nature of REE.

3. The structure of the band associated with 
the electronic dipole transition 5D4−

7F6 in the Tb3+ 
ion is indicative of spacial distortion of TbO9 with 
decreasing symmetry. The presence of intensive 
lines of magnetic dipole (5D4−

7F5) and electronic 
dipole (5D4−

7F6) transitions is also indicative of the 
presence of low symmetry. All this data correlates 
with the data of the structural analysis. 

4. The results obtained in this work can be used 
when creating promising phosphors in the green 
spectral region under ultraviolet excitation.
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Abstract 
It was shown that the phase transformation of palladium into its own phase during the selective dissolution of the Ag15Pd 
alloy proceeds in the instantaneous nucleation mode and is limited by the surface diffusion of Pd ad-atoms to the growing 
three-dimensional nucleus of the new phase. The kinetic regularities of the electrooxidation of formic acid on an Ag15Pd 
alloy subjected to preliminary selective dissolution were established using transient electrochemical methods. It was found 
that the process of anodic destruction of HCOOH in an acidic sulphate solution proceeds at a higher rate on the anodically 
modifi ed Ag15Pd alloy, the surface of which is morphologically developed and enriched with palladium as a result of 
potentiostatic selective dissolution under overcritical polarization conditions. The process of electrooxidation of HCOOH 
is non-stationary, proceeds in a mixed-kinetic mode and accelerates with increasing anodic potential. Kinetic currents of 
anodic oxidation of formic acid were determined by the chronoamperometry. A correlation between the value of the electric 
charge transferred during preliminary anodic modifi cation of the Ag15Pd alloy and the rate of the kinetic stage of the 
electrooxidation of HCOOH was revealed.
Keywords: alloy, silver, palladium, selective dissolution, phase transformation, formic acid, electrooxidation.
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with overcritical anodic potentials and charges. 
With subcritical potentials, only the dissolution 
of the electronegative component occurs, the 
alloy surface is morphologically stable, and the 
concentration of the noble component increases 
when approaching the interphase boundary 
with the electrolyte. In the overcritical region of 
potentials and charges along with the ionization 
of component A in the highly defective surface 
layer of the alloy, component B recrystallizes 
from metastable structurally disordered state in 
its own highly developed phase [11]. As a result, 
the selective dissolution of alloys in the region 
of overcritical potentials can be used to obtain 
electrode materials with a micro- and nanoporous 
structure. Such materials can be used for the 

Condensed Matter and Interphases
(Kondensirovannye sredy i mezhfaznye granitsy)

The content is available under Creative Commons Attribution 4.0 License. 

1. Introduction
The anodic behaviour of metal alloy is often 

selective. During the selective dissolution 
of a binary homogeneous A,B-alloy, the 
electrochemically negative component A 
undergoes preferential ionization. This process 
is a source of defects (including vacancies) in its 
surface layer [1], which under certain conditions 
of anodic selective dissolution of the alloy or 
under the infl uence of corrosion environment 
[2–7] is morphologically destabilized and passes 
into a highly developed, dispersed state. This 
transition is based on irreversible processes of 
phase regrouping of an electropositive metal 
[8–10], which is thermodynamically possible 
 Kozaderov Oleg Alexandrovich, e-mail: ok@chem.vsu.ru 
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manufacture of electrodes in electrochemical 
power sources in electrochemical energetics. 
An important advantage of the electrochemical 
method for producing highly developed electrode 
materials by selective dissolution of alloys is the 
possibility of optimization of their morphological 
and electrocatalytic properties by controlling the 
process of the preliminary anodic modifi cation of 
the alloy [12–15].

Considering that palladium effectively 
accelerates the anodic oxidation of formic acid 
[16–18], it seems promising to use the process 
of selective dissolution of homogeneous Ag,Pd-
alloys for the synthesis of the electrocatalyst of 
the anodic process in low-temperature fuel cells 
operating on the direct oxidation of HCOOH 
[19]. During anodic polarization in an acidifi ed 
non-complexing medium solid solutions of the 
Ag-Pd system based on silver undergo selective 
dissolution of silver, accompanied by a phase 
transformation of palladium [7, 11]. It is possible 
to form an electrode material with various degrees 
of morphological development of the surface 
layer and its enrichment with palladium and, as a 
result, with different electrocatalytic activity with 
respect to the electrooxidation reaction of formic 
acid by regulating the conditions of the anodic 
dissolution of solid solutions, i.e. the electrode 
potential and the electric charge transferred 
through the electrode.

The purpose of this study was the identifi cation 
of the kinetic regularities of electrooxidation of 
formic acid on the surface of an Ag15Pd alloy 
(atomic fraction of palladium 15 %) subjected to 
selective dissolution of silver, and determination 
of the role of the conditions of preliminary anodic 
modifi cation of the alloy in the kinetics of anodic 
destruction of HCOOH.

The objectives of study were as follows: 
1. To fi nd conditions and identify the kinetic 

regime of the process of recrystallization of 
palladium upon anodic selective dissolution of 
the Ag15Pd alloy in an acidic nitrate medium.

2. To determine the kinetic regularities of the 
electrooxidation process of formic acid on the 
surface of the anodically modifi ed alloy Ag15Pd 
in an acidic sulphate medium.

3. To identify the infl uence of the conditions 
of the selective dissolution of the Ag15Pd alloy 
on the electrooxidation rate of formic acid on 

the anodically modifi ed surface of the alloy in an 
acidic sulphate medium.

2. Experimental
The studies were carried out on an alloy of the 

Ag-Pd system with atomic fraction of palladium 
15 %. The alloy was prepared by direct melting 
in a tungsten induction furnace preliminarily 
evacuated and filled with argon (1.2 atm.) in 
A2O3 crucibles. The metals were kept in a molten 
state at 1723 K, then cooled to 1373 K at a rate of 
600 K/h, after which they were quench hardened 
in water. According to the phase diagram and 
quench hardening mode, the obtained alloy was 
a statistically disordered solid solution [20].

In order to make the electrode, the alloy was 
cut, polished, and placed in a frame of polymerized 
epoxy resin. Standard preparation of the electrode 
surface included striping on sanding paper with 
decreasing grain size, polishing on chamois with 
an aqueous MgO suspension to a mirror fi nish, 
washing with distilled water, degreasing with 
ethyl alcohol, followed by washing with twice 
distilled water, and drying with fi lter paper.

Working solutions of 0.1 M KNO3 + 10-3 M 
HNO3 + 10-3 M AgNO3 and 0.05 M H2SO4 + 1 M 
HCOOH were prepared using twice distilled water 
from analytical grade reagents and sulphuric and 
nitric acid fi xanals. Deaeration of the working 
solutions with chemically pure argon was carried 
out directly in the electrochemical cell for at least 
2 h. The experiments were conducted in non-
mixed solutions.

In studies, a standard three-electrode cell 
was used, without separation of the spaces 
of the working and auxiliary electrodes. The 
auxiliary electrode was platinum. The silver 
chloride reference electrode was located in a 
separate vessel and connected to the cell by an 
electrolytic bridge fi lled with a saturated solution 
of ammonium nitrate, with a Luggin capillary. The 
potentials in the study are presented relative to 
the standard hydrogen electrode scale.

The change and maintenance of the electrode 
potential, as well as the registration of polarization 
curves and curves corresponding to the current 
decay, were performed using an IPC-Compact 
universal computerized potentiostatic set. The 
electrode prepared for the experiment was 
placed in a cell fi lled with a deaerated working 
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solution and kept for some time until the quasi-
stationary value of the open-circuit potential was 
established. For potentiodynamic measurements, 
the potential scan rate was set V = dE/dt and 
the polarization of the I, E-curve was recorded. 
For chronoamperometric measurements the 
potential E = const  was set and I,t-dependence 
of the current decay was recorded for some time. 
Current density i was calculated by dividing the 
current strength per unit geometric area of the 
electrode.

3. Results and discussion
Bilogarithmic curves corresponding to the 

current decay obtained at different anodic 
potentials are shown in Fig. 1. Linear sections, 
probably corresponding to the process of selective 
dissolution in the regime of non-stationary 
diffusion [11], proceeding with rate idiff(t) can be 
distinguished on these curves. When reaching a 
certain time point tcr the current decay slowed 
down, and the linearity of the current dependence 
was impaired. With the increase of the anodic 
potential, the deviation from linearity increased, 
and the length of the linear section and tcr 
parameter noticeably reduced.

The curvature of the bilogarithmic chrono-
amperograms was probably caused by the 
acceleration of silver ionization due to the phase 
regrouping of palladium [7, 11], accompanied by 

the displacement of palladium ad-atoms over the 
alloy surface to the nucleation sites of the new 
Pd phase. During this process new underlying 
layers of the alloy, which were in contact with the 
electrolyte solution, were released and as a result, 
the total ionization fl ux increased. Assuming 
the additivity of the rates of two parallel non-
stationary processes, the selective dissolution 
of silver in the delayed diffusion mass-transfer 
mode and the phase transformation of palladium 
in the heterogeneous nucleation mode, the 
current transient of the nucleation process can 
be determined using the formula [11]:

inucl(t) = iSD(t) – idiff(t)

as the difference of the total (iSD) and diffusion 
(idiff) currents. Current density transients of phase 
formation obtained using such calculations and 
plotted as nucleation current density dependen-
cies inucl from nucleation time tnucl = t – tcr are 
shown in Fig. 2. It can be seen that with an in-
crease in the potential, the process rate increased, 
and the current dependences had a curve shape 
with a maximum or reaching a plateau charac-
teristic for nucleation processes.

The determined current transients of the phase 
formation process were re-plotted in coordinates, 
criterion for various models of heterogeneous 
nucleation [21], which allowed revealing the 
nature of the kinetic limitations of the formation 

Fig. 1. Anodic chronoamperograms of Ag15Pd alloy 
in 0.1 М KNO3 + 10–3 М HNO3 + 10–3 М AgNO3 solution 
at potentials of 835 (1), 840 (2), 850 (3), 860 (4), 870 (5) 
mV and replotted in logarithmic coordinates

Fig. 2. Current transients of the phase regrouping of 
palladium upon selective dissolution of the Ag15Pd 
alloy in 0.1 М KNO3 + 10–3 М HNO3 + 10–3 М AgNO3 
solution at potentials of 835 (1), 840 (2), 850 (3), 860 
(4), 870 (5) mV
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of the palladium phase. Linearisation was 
possible only in i tnucl nucl

/, 1 2 -coordinates, criterion 
for instantaneous nucleation in the diffusion 
mode of a 3D-nucleus (Fig. 3). An increase 
in the slope of the linear initial parts of the 
chronoamperograms during the ennoblement 
of the electrode potential indicated an increase 
in the effective rate constant of the formation of 
the palladium phase k di dteff nucl nucl

/= 1 2 .
Polarization curves of the electrooxidation 

of formic acid on the surface of an Ag15Pd alloy 
subjected to anodic modification at various 
values of the applied electrode potential Emod and 
transferred electric charge qmod, respectively are 
shown in Figs. 4 and 5. It can be seen that the rate 
of electrochemical destruction of the HCOOH 
increased both with a positive shift of Emod and 
with an increase in qmod. It turned out that on the 
surface of the modifi ed alloy, the electrooxidation 
of formic acid proceeds with a noticeable rate only 
under the condition Emod ≥ 830 mV.

For the establishment of the kinetic 
regularities of the anodic destruction of HCOOH 
on the surface of the anodically modified 
Ag15Pd alloy, the process was carried out under 
potentiostatic conditions in the region of the 
voltammetric maximum, varying the values of 
the anodic modification potential of the Emod 
and electric charge qmod transferred through the 
electrode at the stage of selective dissolution. 
The analysis showed that chronoamperograms of 
electrooxidation of formic acid (not provided in the 

article), regardless of the values Emod and qmod were 
non-linear in the Cottrell coordinates, criterion 
for diffusion kinetics, but they were characterized 
by a smooth current decay to almost zero. Such 
shape of the curves corresponding to the current 
decay indicates a non-stationary process and the 
implementation of mixed-kinetic control, when 
the diffusion of an electroactive substance to 
the electrode is accompanied by a kinetic stage. 
According to [22], we found the partial rate of this 

Fig. 4. Voltammograms of electrooxidation of formic 
acid in 0.05 M H2SO4 + 1 M HCOOH on an anodically 
modifi ed Ag15Pd alloy subjected to selective dissolu-
tion in an acidic nitrate solution for 10 min at poten-
tials of 830 (1), 840 (2), 850 (3) mV

Fig. 3. Chronoamperograms of the formation of the 
palladium intrinsic phase, replotted in coordinates, 
criterion for instantaneous nucleation in the diffusion 
mode of growth of a three-dimensional nucleus on the 
surface of an Ag15Pd alloy upon its selective dissolu-
tion in 0.1 М KNO3 + 10–3 М HNO3 + 10–3 М AgNO3 at 
potentials of 835 (1), 840 (2), 850 (3), 860 (4), 
870 (5) mV

Fig. 5. Voltammograms of electrooxidation of formic 
acid in 0.05 M H2SO4 + 1 M HCOOH on the surface of 
an Ag15Pd alloy subjected to anodic modifi cation at 
Emod = 850 mV and qmod = 15 (a), 25 (b), 46 (c) mC/cm2
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stage (“kinetic current”), re-plotting the initial 
sections of the curve corresponding to the current 
decay in coordinates i-t1/2 (Fig. 6). We took into 
account that if the electrode process includes 
successive stages of volume diffusion and some 
kinetic stage, for example, a stage of charge 
transfer or a chemical reaction, characterized 
respectively by a diffusion coeffi cient D and rate 
constant k, then i,t-curve corresponding to the 
current decay in such a mixed-kinetic mode is 
described by the equation:

i t i k Dt kD t( ) = ( ) ◊ ( ) ◊ ( )0 2 1 2 1 2exp / /erfc .

Partial rate of the kinetic stage i(0) was 
determined by extrapolating the linearized part 
of the chronoamperogram on the ordinate axis 
at t → 0, taking into account that for k D2 1 
(“kinetic” electrooxidation mode) current 
transient obeys the ratio:

i t i
kD t( ) = ( ) ◊ -

Ê
ËÁ

ˆ
¯̃

0 1
2 1 2 1 2

1 2

/ /

/p
.

It turned out that not only at the ennoblement 
of the electrode potential of selective dissolution 
of the alloy, but also with an increase in the electric 
charge passed during its anodic modifi cation, the 
rate of the kinetic stage of the electrooxidation of 
HCOOH increases (Fig. 7). This can be explained by 
both the enrichment of the surface of the Ag15Pd 
alloy with palladium and the probable increase in 
its electrocatalytic activity due to the formation 
of a non-equilibrium, energetically metastable, 
and morphologically more highly developed 
phase during the recrystallization of Pd at the 
stage of selective dissolution of the Ag, Pd alloy. 
The revealed correlation between the parameters 
of the anodic modifi cation of the silver-palladium 
alloy and the rate of electrochemical destruction 
of formic acid can be the basis for the development 
of optimal technological conditions for the 
formation of new effective electrode materials 
for low-temperature fuel cells operating on direct 
oxidation of HCOOH.

4. Conclusions 
The analysis of the partial current transients 

of the phase regrouping of palladium showed 
that the process of Pd recrystallization during the 
selective dissolution of the Ag15Pd alloy includes 
an instantaneous nucleation stage, while the 

nucleus growth mode is diffusion-controlled. It 
was found that the rate of electrooxidation of 
formic acid in a sulphate medium on an anodically 
modifi ed Ag15Pd alloy increases with an increase 
in the anodic destruction potential of HCOOH. The 
process is non-stationary and proceeds in a mixed-

Fig. 6. Criterion i,t1/2-dependence of the process of 
electrooxidation of formic acid in 0.05 M H2SO4 + 1 M 
HCOOH at potentials of 300 (1), 400 (2), 500 (3), 600 
(4), 700 (5) mV on the surface of an Ag15Pd alloy sub-
jected to anodic modifi cation at Emod = 850 mV and 
qmod = 15 (a), 25 (b), 46 (c) mC/cm2
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kinetic mode. The kinetic currents of the process 
were determined based on the chronoamperometry 
of the anodic oxidation of HCOOH in an acidic 
sulphate solution. It was shown that the rate of 
kinetic stage increases with an increase in both 
the electrode potential of selective dissolution 
and the electric charge transferred during anodic 
modifi cation of the alloy. 
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Abstract
We investigated the role of the effect of morphological inhomogeneity of the electrode surface in the voltammetric response 
of the irreversible electrochemical process in the mixed-kinetic mode. An algorithm was developed using the Comsol 
Multiphysics computer package for the numerical simulation of the electrode reaction, including successive stages of 
irreversible charge transfer and diffusion mass-transfer, using the fi nite element method. By numerical solution of the 
diffusion-kinetic problem, polarization curves of the irreversible electrochemical process on electrodes with a rough surface 
formed by the irregularities of various geometric types (sinusoidal surface, surface with protrusions, trapezoidal surface, 
sawtooth surface, and “random” surface) were obtained. We established the usage conditions for the voltammetric method 
of studying the kinetics of electrochemical processes under which the roughness of the electrode should be considered. It 
was found that at relatively high potential scan rates, the voltammetric maximum on the polarization curve was formed 
under conditions of a very small thickness of the diffusion layer, repeating the profi le of the rough surface, therefore the 
peak current strength was proportional to the roughness factor. If the scanning rate was relatively low, then by the time 
the peak on the voltammogram was reached, the diffusion front was completely smoothed out, and the surface roughness 
of the electrode no longer affected the maximum current. At the same time, the shape of the irregularities responsible for 
the roughness did not signifi cantly affect the voltammetric response of the irreversible electrochemical process.
Keywords: voltammetry, irreversible process, diffusion, roughness.
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1. Introduction
Voltammetry is one of the most informative 

transient methods for studying the kinetics 
and mechanism of electrochemical processes 
[1–5]. At the same time, the theoretical basis 
of this method was developed mainly for 
perfectly smooth flat electrodes, while the 
vast majority of electrochemical processes 
occur on the surface of solid electrodes, which 
are characterized by a noticeable geometric 
heterogeneity. The roughness effect in the 
voltammetric response was previously studied 
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for a diffusion-controlled electrode process 
[6–10], while the stage of charge transfer was 
considered reversible or quasi-reversible. At the 
same time, the electrochemical process, which 
is complicated by non-stationary diffusion 
mass-transfer, is often irreversible [1, 11–17]. 
The solution to the corresponding diffusion-
kinetic problem can be obtained by computer 
simulation of the electrode process on the 
surface of a solid electrode with varying degree 
of geometric heterogeneity.

The purpose of this study was the quantitative 
description of the effect of morphological 
heterogeneity of the electrode surface in 
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the voltammetric response to an irreversible 
electrochemical process.

The objectives of the study were as follows: 
1. The calculation of voltammograms of an 

irreversible electrochemical process on electrodes 
with a rough surface formed by irregularities 
of various harmonic types (sinusoidal surface, 
surface with protrusions, trapezoidal surface, 
sawtooth surface and “random” surface).

2. The establishment of the roles of potential 
scan rate, roughness factor, and geometric 
shape of roughness in the value of the criterion 
parameters of the voltammetric signal of an 
irreversible electrochemical process - current and 
overpotential maximum.

2. Formulation of the Problem
Consider the process of electrochemical 

transformation, described by the first-order 
reaction equation:

Red Ox
k

k
neæ Ææ¨ ææ + -,   (1)

in which n – the number of electrons, k  and k  – 
heterogeneous rate constants of the anodic and 
cathodic reactions, respectively, depending on 
the electrode potential E (overpotential h) [20]. 
Assuming that k  >>k , i.e. reverse transformation 
Ox in Red is neglected. This assumption is valid 
for suffi ciently high overpotentials, several times 
higher than RT/F ≈ 25 mV (R – universal gas con-
stant, T – temperature, F – Faraday constant), or 
in cases where the oxidized form of a substance 
Ox is insoluble or has a very high diffusion mobil-
ity in the solution.

We suppose that the electrochemically active 
substance Red is delivered to the electrode by 
semi-infi nite diffusion, and the spatio-temporal 
profi le of its concentration c is described by the 
equation of Fick’s second law [4]. For a perfectly 
smooth fl at surface, the diffusion problem will be 
one-dimensional:

∂
∂

= ∂
∂

c
t

D
c

z

2

2 .  (2)

Where D – volume diffusion coefficient, 
t – time; coordinate axis z directed deep into 
the solution perpendicular to the plane of the 
electrode. As model surfaces, we will consider 
corrugated profiles (Fig. 1) with the distance 
between adjacent irregularities l, the height of 

the irregularities e and roughness factor fr = S/Sg, 
equal to the ratio of real S and geometric Sg 
electrode area. In this case, for the calculation of 
the concentration profi le, it is necessary to solve 
a two-dimensional differential equation:

∂
∂

= ∂
∂

+ ∂
∂

Ê
ËÁ

ˆ
¯̃

c
t

D
c

x
c

z

2

2

2

2 .  (3)

Coordinate axis x directed perpendicular to 
the axis z. 

The moment the polarization is turned on 
(t = 0) the concentration of substance Red in all 
points of the solution is the same and equal to 
its volumetric value (the initial condition of the 
diffusion-kinetic problem):

c c
t =

=
0

0.  (4)

According to the fi rst boundary condition, the 
concentration of the substance Red approaches 
the value c0 the further from the surface of the 
electrode.

c c
zÆ•

= 0.  (5)

The second boundary condition connects the 
diffusion fl ux of the substance to the electrode 
surface along the normal vector n  and its 
consumption rate during the electrode reaction:

D
c
n

kc
S

∂
∂

= .  (6)

The rate constant k  exponentially depends 
on the overpotential h = Vt which in the 
potentiodynamic polarization mode varies 
linearly with time at a rate equal to the potential 
scan rate V = dE/dt:

k
i

nFc
nF

RT
Vt= Ê

ËÁ
ˆ
¯̃

0

0 exp
a

.  (7)

Here i0 – exchange current density, a – charge 
transfer coeffi cient.

The voltammogram of the process was 
calculated as a dependence of the current density 
i on overpotential h, taking into account the 
following ratio:

I nFD
c
n S

= ∂
∂

.  (8)

Graphically, the potentiodynamic curves 
were presented in dimensionless H,Y coordinates 
where H = nFh/RT (dimensionless overpotential) 
and Y = Il/nFc0DSg (dimensionless current).
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Fig. 1. Geometric profi les simulating the rough surface of the electrode

The system of equations (1)–(8) was solved 
numerically by the finite element method in 
the Comsol Multiphysics program [18, 19] for 
different values of the dimensionless potential 

scan rate u l= nF
RTD

V
2

. The values of the estimated 

input parameters in Table 1 were selected so 
that they corresponded to the irreversible charge 
transfer stage on the electrode complicated by the 
non-stationary diffusion mass-transfer of Red in 
an electrolyte solution.

For checking the adequacy of the choice of 
input parameter values and the numerical solution 

as a whole, during the fi rst stage we compared 
the results obtained in Comsol Multiphysics for 
a perfectly smooth electrode with a fl at surface 
(Fig. 2a) with an analytical solution known from the 
literature [19]. It turned out that the peak height 
Ymax on the calculated curves was proportional to 
the square root of the dimensionless scan rate u1/2 
(Fig. 2b). In the logarithmic H,lg u-coordinates the 
maximum overpotential Hmax = nFhmax/RT linearly 
increased. At the same time, the results of the 
numerical and analytical solutions completely 
coincided, which allowed using the developed 
algorithm for the rough surface of the electrode.
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3. Results and discussion
Voltammograms of a kinetically irreversible 

electrochemical process calculated for two values 
of dimensionless potential scan rates u, which 
differ by 107 times, are shown in Fig. 3. As on a 
perfectly smooth electrode, the presented curves 
had a characteristic maximum of dimensionless 
current density Y. At the same time, if the scan 
rate was relatively low, then the maximum height 
did not depend on the roughness factor (Fig. 3a). 
With a high scan rate, on the contrary, a clear 
dependence of the peak height on fr was revealed 
(Fig. 3b).

The observed difference in the potentiodynamic 
behaviour of the considered system can be 
explained by analysing the concentration fi eld 
of the diffusant near the electrode (Fig. 4). 

When the potential is scanned slowly, by the 
time the current peak is reached, the diffusion 
front propagates deep enough into the solution, 
acquiring a fl at shape. The height of the electrode 
irregularities is much less than the thickness of 
the formed diffusion layer. As a result, the surface 
roughness factor does not affect the current 
strength (Fig. 4a). If the scan rate is high, then 
upon reaching the peak value of the current, the 
diffusion front propagates deep into the solution 
to a very small distance. In this case, the diffusion 
front repeats the profi le of the rough surface, and 
the height of the irregularities is much higher than 
the thickness of the diffusion layer (Fig. 4b). That 
is why the diffusion fl ux of the electrochemically 
active substance, the electrochemical reaction 
rate, and the current strength are proportional 
to the roughness factor.

Consider the dependences of the maximum 
current strength and the maximum overpotential 
of the voltammogram on the scan rate, plotted in 
coordinates, criterion for voltammetry Ymax,u

1/2- 
and Hmaxlg

 u (Fig. 5). It can be seen that with u < 1, 
the calculated curves coincide, while for u > 2 
their divergence is observed. The analysis shows 
that for u >> 1 criterion Ymax,u

1/2-dependencies are 
linearized and extrapolated to the origin of the 
coordinates. In turn, the maximum overpotential 
Hmax is linearly dependent on the logarithm of the 
scan rate over the entire range of values u only 
in the case of a perfectly smooth fl at electrode 
surface. If the process occurs on a rough surface, 
then the dependence of Hmax on lg u is linear only 
for lg u < 0 and lg u > 3, i.e. in the region of very 

Fig. 2. Criterion dependences of current density (a) and overpotential (b) of the voltammogram maximum of 
an irreversible electrochemical process, obtained based the results of analytical (1) and numerical (2) solutions 
to the diffusion-kinetic problem and presented in dimensionless coordinates

Table 1. The values of the parameters of 
numerical calculation

Parameter Value
Volume concentration of 
diffusant c0 1 mol/m3

Exchange current density i0 10–3 A/m2

The number of electrons n 1
Charge transfer coeffi cient a 0.5
Faraday constant F 96485 C/mol
Universal gas constant R 8.314 J/K·mol
Temperature T 298 K
Diffusion coeffi cient D 10–9 m2/s
Roughness factor fr 1÷5
The distance between adjacent 
irregularities l 0.5 μm

Potential scan rate V 10-4÷103 V/s
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Fig. 3. Voltammograms of a kinetically irreversible electrochemical process occurring on the surface of an 
electrode with a roughness factor fr = 1 (1), 1.5 (2), 2 (3), 2.5 (4), 3 (5), 5 (6), calculated for a corrugated electrode 
with a sinusoidal microroughness at the dimensionless potential scan rate u = 0.0141 (a) and 141000 (b)

Fig. 4. The concentration fi eld of the diffusant (in dimensionless c/c0 units) in a solution near a rough surface of 
various harmonic types by the time the current maximum was reached at fr = 2 and u = 0.0141 (a) and 141000 (b)

Condensed Matter and Interphases, 2020, 22(2), 211–218

 Original articles



216

low or very high values of the potential scan 
rate. Moreover, if u is low, then the maximum 
overpotential decreases with an increase in the 
roughness factor.

For electrodes with irregularities of various 
shapes the dependence of the ratio of currents 
on rough and fl at electrodes j, which we will call 
the “roughness function” is shown in Fig. 5. In 
the case where the time to reach the maximum 
of the voltammogram was very short (i.e., at high 
potential scan rates), the roughness function is 
simply equal to the roughness factor j = fr. Under 
such conditions of the voltammetric experiment, 
taking into account the roughness of the 
electrode surface is mandatory and is reduced to 
dividing the current strength by fr. If the potential 
scan rate is low, then the roughness function is 
equal to one, and the correction of current at the 
maximum of the voltammogram for the electrode 
roughness is not required.

We come to the same conclusion, taking into 
account the behaviour of the roughness function 
j calculated over a wide range of dimensionless 
time to reach maximum current tmax = Dtmax/l

2. 
The independence of the j function from the 
roughness factor fr and from time is observed only 
over relatively large times tmax > 50 (Fig. 6), i.e. 
for the slow potential scan rate. If the maximum 
current is reached quickly, which corresponds to 
high scan rates and values tmax < 10–2 then j = fr 
since the diffusion front replicates the surface 
profi le.

A comparison of the calculation results for 
rough surfaces of various harmonic types showed 

that the geometric shape of the irregularities does 
not affect the shape of voltammograms irrespective 
of the potential scan rate value (Fig. 7).

It should be noted that under real conditions, 
the fact that at high scan potential rates 
electrochemical measurements can be complicated 
by the fl ow of a non-faradic capacitive current 
through the electrode should be also taken into 
account. The occurrence of non-faradic capacitive 
current is caused by the charging of a double 
electric layer, the electric capacity of which 
(especially with a highly developed surface) can 
reach very high values. The consideration of this 
effect was not included in the objectives of this 
study and requires additional research within 
the framework of the corresponding diffusion-
kinetic problem.

4. Conclusions 
The numerical solution to the non-stationary 

diffusion-kinetic problem demonstrated that 
taking into account the roughness of the electrode 
surface in voltammetry of an irreversible 
electrochemical process, which is complicated 
by the non-stationary diffusion transfer of an 
electroactive substance, is mandatory if the 
potential scan rate is relatively high. Under 
these conditions, upon reaching the peak value 
of the current, the diffusion front propagates 
deep into the solution to a very small distance, 
and the diffusion layer completely replicates 
the profi le of the rough surface, therefore, the 
diffusion fl ux density and current density should 
be normalized to the electrode roughness factor. 

Fig. 5. Criterion dependences of the voltammetric maximum parameters - peak current (a) and peak overpo-
tential (b), calculated for a perfectly smooth plane (1) and sinusoidal (2) - (6) electrode surface at different 
values of the roughness factor fr = 1.5 (2), 2 (3), 2.5 (4), 3 (5), 5 (6)
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If the potential scan rate is relatively low, then 
by the time the current peak is reached, the 
diffusion front propagates deep into the solution 
and is completely smoothed, therefore, the 
diffusion fl ux density and the current density are 
proportional not to the real, but to the geometric 
area of the electrode.
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Synthesis, Structure, and Luminescent Properties 
of the New Double Borate K3Eu3B4O12
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Abstract
The study established the formation of the new double borate K3Eu3B4O12. The Rietveld refi nement of the crystal structure 
revealed that K3Eu3B4O12 crystallises in the monoclinic syngony with unit cell parameters a = 10.6727(7) Å, b = 8.9086(6) Å, 
c = 13.9684(9) Å, b = 110.388(2)° (space group P2/c). K3Eu3B4O12 has a layered structure with [Eu8(BO3)8]∞ sheets which are 
almost parallel to the ab plane. These sheets are formed by pentagonal EuO7 bipyramids, EuO6 octahedras, and BO3 triangles 
attached to them through common vertices. Neighbouring layers are interconnected via pentagonal EuO7 bipyramids, BO3 
triangles, and potassium cations. The luminescence spectrum demonstrates a noticeable emission band at 611 nm, resulting 
from the 5D0→

7F2 transition of Eu3+ ions.
Keywords: double borates of potassium and rare-earth elements, ceramic technology, Rietveld method, luminescent 
properties.
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1. Introduction
Over recent years, a lot of attention has 

been paid to the synthesis of binary and ternary 
compounds with boron-oxygen groups. They 
include a great number of phases with functionally 
relevant (luminescence, nonlinear-optical, etc.) 
properties [1, 2]. 

The study of phase equilibria in systems 
Rb2O – RE2O3 – B2O3 (RE = Nd, Eu, Ho) revealed 
two families of isostructural double borates: 
Rb3REB6O12 [3, 4] and Rb3RE2B3O9 [5]. The 
present paper continues our systematic research 
aimed at the identification, preparation, and 
comprehensive characterisation of double borates 

 Evgeniy V. Kovtunets, e-mail: kovtunets@binm.ru

with an alkali metal cation and a rare-earth 
element in their composition. 

The study of the phase formation in K2O–
Eu2O3–B2O3 resulted in obtaining the K3Eu3B4O12 
compound, isostructural K3Gd3B4O12, for the fi rst 
time [6].

2. Experimental
Ultra pure K2CO3, Eu2O3, and H3BO3 were used 

for the synthesis. High temperature annealing 
was conducted in a Naberthern L3/11/P320 
programmable laboratory furnace, cooling was 
carried out inertially in the furnace.

XRD patterns for the synthesised sample 
were obtained at room temperature using 
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a D8 ADVANCE Bruker AXS powder X-ray 
diffractometer with a Vantec-1 detector (CuKa-
radiation, recording interval 2q = 5–100°, 
scanning step 0.02076°). 

The TOPAS 4.2 software suite was used to 
analyse the experimental data and to conduct the 
Rietveld refi nement of the obtained compound 
[7]. All peaks in the K3Eu3B4O12 X-ray powder 
diffraction patterns were indexed satisfactory by 
a monoclinic cell (space group P2/c).

The luminescence spectra were recorded with 
a SDL-1 (LOMO) double monochromator with 600 
lines/mm–1 grating and a FEU-106 photoelectron 
multiplier, excitation was carried out using a high-
pressure 150 W DKSH-150 xenon arc lamp through 
a MDR-2 monochromator with a diffraction 
grating of 1200 lines/mm–1. A transparent 
undoped LiF crystal, used as a substrate for the 
sample, was fi xed in a holder.

The K3Eu3B4O12 synthesis was conducted using 
ceramic technology by stepped annealing of 
stoichiometric proportions of reagent mixtures.

Calcium carbonate and europium oxide were 
annealed at 800 °С for 24 hours to remove water. 
The reaction mixture was carefully ground in 
an agate mortar for better homogenisation, 
gradually heated to 200 and 600 °C at 1 °C/min, 
and incubated for 5 hours at those temperatures. 
Then, the sample was homogenised and further 
annealed at 750–850 °C for 48 hours (with 
intermediate grinding every 8 hours of the heat 
treatment). 

3. Results and discussion
The synthesised sample of double borate is a 

dry white powder. 
The powder X-ray diffraction patterns were 

used for the Rietveld refi nement of the crystal 
structure of K3Eu3B4O12. The K3Gd3B4O12 structure 
was used to defi ne the positions of atoms for 
the initial model. They were refi ned by isotropic 
approximation with “soft” limitations of the 
B–O distance and the B–O–B bond angles. The 
refi nement was carried out by gradually adding 
refi ned parameters with the constant graphical 
simulation of the background. The Pearson VII 
Function was used to describe the shape of peaks. 
Isotropic displacement parameters (Biso) for the 
Eu and K atoms were refi ned separately, while for 
the O and B atoms they were taken as equivalent. 

The refi nement process included corrections for 
the sample preferred orientation and anisotropy 
broadening of peaks within the model of spherical 
harmonics [8]. Occupancy refinement of the 
positions of the disordered oxygen atoms O1, 
O9, and O9p was not conducted, as the attempts 
to refi ne occupancy of the disordered atoms did 
not contribute to a better description of the x-ray 
diffraction patterns. 

The refinement results for K3Eu3B4O12 are 
shown in Table 1, coordinates of atoms and 
isotropic displacement parameters are given in 
Table 2, and calculated and experimental x-ray 
diffraction patterns with difference curves are 
shown in Fig. 1. 

The structure of the synthesised compound 
is characterised by the [Eu8(BO3)8]∞ sheets which 
are almost parallel to the ab plane. These sheets 
are formed by pentagonal EuO7 bipyramids, 
EuO6 octahedras, and BO3 triangles attached 
to them through common vertices (see Fig. 2). 
Neighbouring layers are interconnected via 
pentagonal EuO7 bipyramids, BO3 triangles, and 
potassium cations.

The luminescence centres in the studied 
phases are the Eu3+ [9] ions with intensive red 
luminescence. All the spectra have the fi ve bands 
characteristic of transitions in the 4f-confi guration 
of the Eu3+ ion from the excited metastable 

Table 1. K3Eu3B4O12 crystallographic characteristics 
and structure refi nement parameters

Space group: P2/c

a, Å 10.6727(7)

b, Å 8.9086(6)

c, Å 13.9684(9)

b, ° 110.388(2)

V, Å3 1244.90(14)

Z 4

2q-interval, ° 8–100

No. of refl ections 1295

No. of refi ned parameters 120

Rwp, % 1.77

Rp, % 1.39

Rexp, % 1.45

c2 1.22

RB, % 0.55
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Fig. 1. The measured (circles) and calculated (line), differential, and stroke x-ray diffraction patterns of 
K3Eu3B4O12

Table 2. Fractional atomic coordinates and isotropic displacement parameters (Е2) of K3Eu3B4O12

Atom x y z Occupancy Biso, Å
2

Eu1 1/2 0.6925 (8) 1/4 1 0.2 (4)
Eu2 0.7884 (6) 1.3014 (5) 0.2502 (4) 1 1.0 (3)
Eu3 0.6643 (6) 0.9684 (7) 0.1195 (4) 1 1.0 (3)
Eu4 1 0.7648 (8) 1/4 1 1.3 (4)
K1 0.418 (2) 0.357 (2) 0.095 (1) 1 1.5 (6)
K2 0.887 (2) 1.431 (2) 0.042 (1) 1 1.4 (7)
K3 0.798 (2) 0.935 (2) 0.402 (1) 1 1.5 (7)
B1 1/2 1.111 (3) 1/4 1 2.0 (15)
B2 0.737 (2) 0.594 (2) 0.228 (2) 1 2.0 (15)
B3 0.877 (3) 0.758 (3) 0.016 (2) 1 2.0 (15)
B4 0.626 (2) 1.221 (2) –0.008 (2) 1 2.0 (15)
B5 1 1.101 (3) 1/4 1 2.0 (15)
O1 0.517 (3) 0.960 (2) 0.233 (2) 0.5 0.9 (5)
O2 0.392 (3) 1.156 (2) 0.274 (3) 1 0.9 (5)
O3 0.641 (2) 0.499 (3) 0.236 (2) 1 0.9 (5)
O4 0.854 (2) 0.539 (3) 0.220 (3) 1 0.9 (5)
O5 0.713 (3) 0.751 (4) 0.230 (3) 1 0.9 (5)
O6 0.847 (3) 0.712 (4) –0.086 (2) 1 0.9 (5)
O7 0.999 (2) 0.721 (4) 0.088 (2) 1 0.9 (5)
O8 0.784 (2) 0.840 (4) 0.042 (2) 1 0.9 (5)
O9 0.502 (6) 1.154 (6) –0.027 (3) 0.537 0.9 (5)

O9p 0.567 (5) 1.089 (3) –0.058 (1) 0.463 0.9 (5)
O10 0.628 (3) 1.348 (2) –0.067 (1) 1 0.9 (5)
O11 0.722 (3) 1.214 (2) 0.089 (2) 1 0.9 (5)
O12 0.891 (2) 1.025 (3) 0.253 (2) 1 0.9 (5)
O13 1 1.254 (2) 1/4 1 0.9 (5)
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Fig. 2. The crystal structure of K3Eu3B4O12

Fig. 3. Luminescence spectra of K3Eu3B4O12, excitation wavelength of 395 nm
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state 5D0 to the 7FJ multiplet components (J = 0, 
1, 2, 3, 4). Fig. 3 shows the emission spectrum 
K3Eu3B4O12, and Table 3 provides wavelengths of 
the Eu3+ constituent spectra. 

When studying the structure of luminescent 
materials, the 5D0→

7F2 transition of 4f-confi  gura-
tion of the Eu3+ ion is of great interest. The fact 
that there is only one peak within the range of this 
transition which is characterised by an insignifi cant 
broadening indicates close resemblance of the 
crystallochemical environment of the four sites of 
the Еu3+ ion in a unit cell. The ratio of maximum 
intensities of the bands corresponding to the 
transitions (5D0→

7F2)/(
5D0→

7F1) is 4.482, which 

indicates a low symmetry of the Eu3+ ion sites in 
the crystalline structure of K3Eu3B4O12 [10]. This 
agrees with the results of the structural study.

The excitation spectra (see Fig. 4) have bands 
of europium 4f 6−4f 6-transitions from the ground 
state to the upper levels: 7F0 → 5H5 (320.0 nm), 
7D0 → 5D4 (363.6 nm), 5D0 → 5L7 (383.8 nm), 7F0 → 
5L6 (395.5 nm), 7F0 → 5D2 (466.7 nm). The two 
narrow resonance bands corresponding to the 
7F0 → 5L6 и 7F0 → 5D2 transitions are the most 
intensive.

4. Conclusions
Thus, a ceramic technology and stepped 

annealing were used to synthesise a new double 
borate of potassium-europium K3Eu3B4O12. 
According to the results of the Rietveld refi nement 
of the crystal structure, the synthesised phase is 
isostructural to the K3Gd3B4O12 compound and 
crystallises in the monoclinic syngony with unit 
cell parameters a = 10.6727(7) Å, b = 8.9086(6) Å, 
c = 13.9684(9) Å, b = 110.388(2)° (space group 
P2/c).

Luminescent properties of K3Eu3B4O12 
were studied. Luminescence is due to optical 

Fig. 4. The excitation spectra of K3Eu3B4O12, emission wavelength of 610 nm

Table 3. Wavelengths (nm) of the Eu3+ constituent 
spectra of K3Eu3B4O12 

5D0 → 7F0
5D0 → 7F1

5D0 → 7F2
5D0 → 7F3

5D0 → 7F4

578.1

585.6
586.5
590.2
592.6
593.8
596.2

610.4
619.8

650.7
656.5

701.9
703.0
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transitions in the 4f-confi guration of the Eu3+ 
ion. The brightest luminescence of a bright red 
monochromatic colour is seen in the 5D0→

7F2 
electric dipole transition band, which is convenient 
for the production of screen luminophores with 
colours of high contrast.
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Abstract
The majority of the global market for solar photovoltaic devices is based on silicon technology. It is very important to 
increase their effi ciency through the use of luminescent coatings, including those converting radiation from the UV-blue 
region of the spectrum into the near-infrared range, where silicon absorbs radiation most effi ciently (Stokes or down-
conversion luminescence), or from the infrared region of the spectrum in the near-infrared range (up-conversion 
luminescence). The aim of this research was to synthesize and study the spectral-kinetic characteristics of single-phase 
solid solutions of Y1–x–yEuxYbyF3 and to determine the quantum yield of down-conversion luminescence. 
Using the method of high-temperature melting, single-phase samples of solid solutions of Y1–x–yEuxYbyF3 with orthorhombic 
system were synthesized. For the series of samples with different Eu3+/Yb3+ ratios, upon double doping with these ions, the 
formation of the corresponding solid solutions with a crystal lattice of the b-YF3 phase was confi rmed. Their chemical 
composition was determined using the energy dispersion analysis, and it was established that it corresponds to the nominal 
one. It was shown that both Eu3+ and Yb3+ ions become luminescent upon excitation at wavelengths of 266 nm and 296 nm. 
This indicates these compounds as promising sensitisers of UV radiation. In this case, upon excitation at a wavelength of 
266 nm, luminescence of Eu2+ ions was recorded. The maximum quantum yield values (2.2 %) of the ytterbium down-
conversion luminescence in the near-infrared wavelength range upon excitation at a wavelength of 266 nm were recorded 
for YF3:Eu:Yb with the Eu3+:Yb3+ ratios of 0.1:10.0 and 0.05:5.00.
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1. Introduction
The majority of the global market for solar 

photovoltaic devices is based on silicon technology. 
According to a report by the Fraunhofer Institute 
for Solar Energy (Fraunhofer ISE) in 2017, the 
widespread use of silicon is based on its availability 
and low cost of raw materials, the perfection 
of the technology for producing silicon of the 
required purity, and its non-toxicity to humans 
and the environment [1]. This is due to a signifi cant 
simplifi cation of the technology for purifying cheap 
silicon to an acceptable level [2]. From 2008 to 2017, 
there was a signifi cant decrease in the cost of solar 
electricity from 3 US dollars / W to 0.3 US dollars 
/ W [1]. It should be pointed out that failed solar 
panels can now be recycled as waste electronic 
components (e-waste). This strongly distinguishes 
them from new intensively developed organohalide 
materials with a perovskite structure of the RPbX 
type (R is an organic radical, X is Br or I, or their 
solid solution) [3–5]. It should be noted that most 
of these substances are less chemically stable and 
decompose over several years, and the recycling of 
heavy elements requires specifi c industries and 
signifi cant investments.

One of the signifi cant disadvantages of silicon 
is its low effi ciency (less than 25 % even for the 
best samples [6,7]) of converting sunlight into 
electricity. In reality, the 22.5 % efficiency of 
solar energy conversion was achieved in devices 
produced at one of the largest silicon solar panel 
production plants located in Novocheboksarsk, 
Russia. There are various options for increasing 
the effi ciency of silicon solar cells with multilayer 
structures, structures with different surface 
architecture types, and luminescent coatings [8, 9]. 
The photosensitivity spectrum and the maximum 
generation of electricity by silicon do not coincide 
with the spectrum of the Sun [6]. The maximum 
photosensitivity of silicon is in the range of 900–
1100 nm, which coincides with the spectral range 
of radiation of trivalent ytterbium ions. As a result, 
the effi ciency of solar-silicon photovoltaic cells 
may be increased by using luminescent coatings. 

Phosphors are suggested to be used for this 
purpose. They transform radiation from the 
UV-blue spectrum region (down-conversion 
luminescence) [6-11] or from the IR spectrum 
region (up-conversion luminescence) [12–14] to 
the near-infrared range due to a number of various 

processes, including step transitions between the 
states of the corresponding ions, energy transfer, 
or cooperative processes. In this range, silicon 
absorbs radiation most effi ciently [6].

The quantum yield of up-conversion 
luminescence in the visible range or near-
infrared range upon excitation in the range of 
1.5–2.0 μm is very low [15–17], as two low-energy 
IR photons should be converted to one photon 
with higher energy in the near-infrared spectral 
range (NIR). The quantum effi ciency of down-
conversion luminescence is higher than that for 
up-conversion, because one ultraviolet or visible 
high-energy photon is converted to one or two 
NIR photons. The quantum effi ciency of down-
conversion luminescence in fl uoride phosphors 
has been studied a lot for various matrices [18, 
19], but the quantum yield, which is important for 
practical applications, has not been estimated. 

The aim of this research was to synthesize and 
study the spectral-kinetic characteristics of solid 
solutions of Y1–x–yEuxYbyF3 and to determine the 
quantum effi ciency and quantum yield of down-
conversion luminescence of ytterbium in the 
near-infrared range.

2. Experimental
Samples of yttrium fluoride-based solid 

solutions doped with ytterbium and europium 
were synthesized using the method of high-
temperature melting. Yttrium fl uoride, europium 
fluoride, and ytterbium fluoride had a purity 
degree of 99.99 % (LANHIT, Russia). The samples 
of Y1–x–yEuxYbyF3 solid solutions were synthesized 
in a vacuum oven at a temperature of 1155 °C. 
The mixture was placed in the vacuum oven in 
a graphite crucible and was gradually heated 
to 940 °C, then the vacuum pumping was 
turned off, a mixture of gases (CF4 and Ar) was 
introduced, and then it was smoothly heated to 
the melting temperature. The obtained melt was 
fl uorinated and held at the process temperature 
for 30 minutes and then it was cooled to room 
temperature for 3 hours. The obtained samples 
were ground in an agate mortar.

All the samples were studied by X-ray diffraction 
analysis using a Bruker D8 Advanced diffractometer 
(CuKa radiation), their unit cell parameters were 
calculated in Powder 2.0 software (DQ < 10). Their 
chemical composition was evaluated using a Carl 
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Zeiss NVision 40 scanning electron microscope 
with an energy dispersion spectrometer. Diffuse 
refl ection spectra were recorded using a Lambda 
950 Perkin Elmer spectrophotometer. The 
luminescence spectra were recorded on a Stellarnet 
EPP2000 spectrometer with a spectral resolution 
of 0.5 nm. A tunable wavelength laser system 
based on an Al2O3:Ti laser with second and third 
harmonic generators (LOTIS TII, 10 Hz, 10 ns) 
and a wavelength converter based on stimulated 
Raman scattering in gaseous H2 were used as an 
impulse excitation source. The luminescence 
kinetics were recorded using MDR-23 and MDR-3 
monochromators, a photomultiplier FEU-100 was 
used as a photodetector in the visible region of 
the spectrum, and a photomultiplier FEU-62 was 
used in the IR region of the spectrum. The time 
scan of the luminescence kinetics signals was 
carried out by a BORDO digital oscilloscope with 
a bandwidth of 200 MHz and a dynamic range of 
10 bits. The direct measurement of the quantum 
yield of Stokes luminescence was carried out 
using a Thorlabs IS200 integrating sphere and 
a SOLAR S100 spectrometer, calibrated using a 
wide-range temperature lamp TRSh-2850 and a 
yellow glass optical fi lter ZhS-16. When measuring 
the quantum yield of luminescence, we used the 
technique from [20], which involves correcting 
the spectral characteristics of the luminescence 
recording system and calibrating the optical 
system using light sources with a given intensity.

3. Results
The X-ray diffraction pattern of the 

Y0.949Eu0.001Yb0.05F3 solution single-phase sample 
is provided in Fig. 1. It is typical for the whole 

series of samples. The results of indexing in 
orthorhombic system (structural type b-YF3) are 
summarized in Table 1. The formation of a solid 
solution is confi rmed by the absence of additional 
peaks compared to the corresponding JCPDS data 
and a change in the unit cell parameters of an 
undoped sample: YF3 (a = 6.353 Å, b = 6.850 Å, 
c = 4.393 Å, JCPDS card # 74-0911). 

The chemical composition was analysed based 
on energy dispersion analysis (Table 1), the results 
showed that the real composition corresponded 
to the nominal composition within the limits of 
the determination error of ± 0.5 mol%.

Luminescence of Eu 3+ ions was recorded in the 
YF3 samples doped with Eu and Yb ions, both upon 
excitation in the 399 nm region, characteristic 
of europium, and upon excitation in the UV 
region of the spectrum (296 and 266 nm). In the 

Table 1. The unit cell parameters and results of energy dispersion analysis of the Y1-x-yEuxYbyF3 solid 
solutions

Y1-x-yEuxYbyF3

Nominal composition Unit cell parameters, Å Composition according to EDXa b c
YF3:Eu(0.05 мол.%):Yb(1.0 мол.%) 6.365(1) 6.859(2) 4.3909(7) YF3:Eu(0.2 мол.%):Yb(2.1 мол.%)

YF3:Eu(0.1 мол.%):Yb(5.0 мол.%) 6.345(2) 6.839(3) 4.384(1) YF3:Eu(0.4 мол.%):Yb(6.4 мол.%)

YF3:Eu(0.1 мол.%):Yb(1.0 мол.%) 6.342(2) 6.838(2) 4.3862(9) YF3:Eu(0.2 мол.%):Yb(1.9 мол.%)

YF3:Eu(0.05 мол.%):Yb(10.0 мол.%) 6.339(2) 6.834(2) 4.384(1) YF3:Eu(*):Yb(12.9 мол.%)

YF3:Eu(0.05 мол.%):Yb(5.0 мол.%) 6.348(1) 6.842(2) 4.3859(9) YF3:Eu(0.1 мол.%):Yb(7.1 мол.%)

YF3:Eu(0.1 мол.%):Yb(10.0 мол.%) 6.3597(8) 6.851(1) 43891(6) YF3:Eu(0.1 мол.%):Yb(13.7 мол.%)

* - the europium concentration was not determined, since it is below the detection limit of the energy dispersion analysis.

Fig. 1.  The X-ray diffraction pattern of the 
Y0.949Eu0.001Yb0.05F3 solid solution sample
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corresponding spectra provided in Fig. 2, we can 
see the 5D0–

7Fn (691, 650, 615, 590 nm), 5D1–
7Fn 

(568, 556, 537, 526 nm), 5D2–
7Fn (511, 489, 464 nm) 

transitions, typical for Eu3+ [21]. Moreover, upon 
266 nm excitation, a rather intense and wide 
luminescence band with a maximum in the region 
of 430 nm was recorded, which may correspond to 
the 5d–4f interconfi gurational transitions of Eu2+ 
ions [22]. It is important that the luminescence 
of Yb3+ ions was recorded only upon excitation at 
266 nm and 296 nm (Fig. 2), and in the fi rst case, 
it appeared to be more intense.

The luminescence kinetics of Eu3+ at a 
wavelength of 615 nm and Yb3+ at a wavelength of 
1020 nm upon excitation at a wavelength of 266 
nm for the YF3 matrix are provided in Fig. 3. The 
luminescence decay is non-exponential, for Yb3+ 
ions also with an increasing the concentration of 
Eu3+. In our case, the luminescence decay kinetics 
of Eu3+ ions can be divided into the fast component, 
which shortens with an increasing concentration 
of Yb3+, and the slow component, which becomes 
longer. Apparently, the fast component corresponds 
to the radiative lifetime of Eu3+ luminescence, 

Fig. 3. The luminescence kinetics of Eu3+ and Yb3+ ions in the YF3 samples upon excitation at a wavelength of 
266 nm

Fig. 2. The luminescence spectra of the YF3:Eu:Yb samples upon excitation at wavelengths of 399, 296, and 
266 nm
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which undergoes quenching due to energy transfer 
to Yb3+ ions. Meanwhile, the slow component is 
determined some kind of channel for refi lling of 
the 5D0 state population of Eu3+ ions. To evaluate the 
luminescence lifetime the mean lifetime was used, 
which was calculated using formula (1) [23]: 

t
t I t dt

I t dtavg  
( )

( )
,=

◊Ú
Ú

  (1)

where I(t) is the dependence of the lumines-
cence intensity over time, t is time.

The estimated mean luminescence lifetime 
values show that concentration quenching is 
mostly manifested for Yb3+ ions (Table 2). In this 
case, the decrease in the luminescence lifetime 
in the IR region with an increase in the number 
of Eu3+ ions is insignifi cant, which indicates an 
insignifi cant effect of energy transfer back to the 
Eu3+ ions for the YF3 matrix. This mechanism was 
described in [24].

Using the integrating sphere, we determined 
the quantum yield of luminescence of Yb3+ ions 
(QY) upon excitation of the samples in the region 
of 266 nm (Table 3). The maximum values were 
recorded for the Eu and Yb ratios of 0.1:10.0 and 
0.05:5.00 for the YF3 (QY = 2.2 %).

4. Conclusions
Using the method of high-temperature 

melting, single-phase samples of solid solutions 
of Y1–x–yEuxYbyF3 with different amounts of Eu3+ 
and Yb3+ cations were synthesized. The powder 
samples of these crystals were described using of 
X-ray diffraction, energy dispersion analysis, and 

optical luminescent spectroscopy. Compliance 
with the b-YF3 structural type was confi rmed 
for all samples. A monotonic change in the unit 
cell parameters indicates the formation of solid 
solutions of the same phase, while the deviation 
of the real composition from the nominal did not 
exceed ± 0.5 mol%. The study of luminescence 
of the samples doped with both Eu3+ and Yb3+ 
ions showed the luminescence spectra of Eu3+ 
and Yb3+ ions, which are characteristic of these 
compounds. Both ions became luminescent upon 
excitation at wavelengths of 266 and 296 nm. 
It was also shown that, upon excitation at a 
wavelength of 266 nm, a wide luminescence band 
with a centre of approximately 430 nm appears. 
It may be due to the 5d–4f transition of Eu2+ 
ions. This leads to the fact that the kinetics of 
the luminescence decay of Eu3+ ions signifi cantly 
differs from the exponential. In the luminescence 
kinetics, a short component can be distinguished, 
with the lifetime decreasing when the number of 
Yb3+ ions increases, and a long component, whose 
lifetime increases. Most likely, there is an energy 
transfer from Eu3+ ions to Yb3+ ions. Using the 
integrating sphere, we measured the quantum 
yield of luminescence of Yb3+ ions upon excitation 
at a wavelength of 266 nm. The quantum yield 
values of down-conversion luminescence were 
recorded for the Eu and Yb ratios of 0.1:10.0 and 
0.05:5.00 for the YF3 (QY = 2.2 %).

Confl ict of interests 
The authors declare that they have no 

known competing fi nancial interests or personal 

Table 2. The mean luminescence lifetime, recorded at wavelengths of 615 nm and 1020 nm in the YF 3:
Eu:Yb samples upon excitation at a wavelength of 266 nm

YF3

Recording 
wavelength 615 nm 615 nm 1020 nm 615 nm 1020 nm 615 nm 1020 nm

Composition Yb 0% Yb 1.0 mol% Yb 5.0 mol% Yb 10.0 mol%
Eu 0.05 mol% 2.6±0,1 ms 2.3±0.1 ms 1.7±0.1 ms 3.0±0.1 ms 1.3±0.1 ms 3.7±0,1 ms 1.0±0.1 ms
Eu 0.1 mol% 2.8±0.1 ms 2,1±0.1 ms 1.6±0.1 ms 2,7±0.1 ms 1.3±0.1 ms 3.5±0.1 ms 1.1±0.1 ms

Table 3. The quantum yield of the Yb3+ luminescence in the YF3:Eu:Yb samples upon 266 nm excitation

YF3:Yb:Eu
Composition Yb 1.0 mol% Yb 5.0 mol% Yb 10.0 mol%
Eu 0.05 mol% 1.0 % 2.2 % 1.6 %
Eu 0.10 mol% 1.0 % 1.1 % 2.2 %
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relationships that could have infl uenced the work 
reported in this paper.
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Abstract
The interest in the study of systems containing sulphides with the formula AIBIIIСVI

2 is generated in particular by emerging 
opportunities for their practical use in the production of non-linear optical devices, detectors, solar cells, photodiodes, 
luminophors, etc. Therefore, taking into account the search for new promising materials based on silver and iron thiogallates, 
the goal of this work is to study the quasi-binary section FeGa2S4–AgGaS2 of the quaternary system Fe–Ag–Ga–S.
The alloys of the AgGaS2-FeGa2S4 system were synthesised from high-purity base metals: iron – 99.995 %, gallium – 99.999 %, 
silver – 99.99 %, and sulphur – 99.99 %. The alloys were studied using differential thermal analysis, X-ray phase analysis, 
and microstructural analysis as well as microhardness measurement and density determination. 
Using the methods of physicochemical analysis, a T-x phase diagram of the AgGaS2-FeGa2S4 section, which is the internal 
section of the quasi-triple FeS–Ga2S3–Ag2S system, was studied and constructed for the fi rst time. It was established that 
this system is of the simple eutectic type. The composition of the eutectic point is 56 mol% FeGa2S4 and Т = 1100 К. The 
solid solution ranges were determined on the basis of the source components. Based on FeGa2S4 and AgGaS2 at the eutectic 
temperature the solubility stretches to 10 and 16 mol% respectively. With decreasing temperature, the solid solutions 
narrow and, at room temperature, comprise 4 mol% AgGaS2 based on iron thiogallate (FeGa2S4) and 11 mol% FeGa2S4 based 
on silver thiogallate (AgGaS2).
Keywords: phase diagram, solid solution, FeGa2S4, AgGaS2, quasi-triple system, eutectic, X-ray analysis, FeS–Ga2S3–Ag2S.
For citation: Mamadov Sh. H. The study of the quasi-triple system FeS–Ga2S3–Ag2S by a FeGa2S4–AgGaS2 section. 
Kondensirovannye sredy i mezhfaznye granitsy = Condensed Matter and Interphases. 2020;22(2): 232–237. DOI: https://doi.
org/10.17308/kcmf.2020.22/2835 

1. Introduction
The interest in the study of systems containing 

sulphides with the formula AIBIIIСVI
2 is generated 

in particular by emerging opportunities for their 
practical use in the production of non-linear 
optical devices, detectors, solar cells, photodiodes, 
luminophors, etc. [1–17]. 

The reported data shows that multicomponent 
sulphide compounds, especially those containing 
magnetic (FeGa2S4, Fe2Ga2S5, FeIn2S4, etc.) ions, are 
functional materials and are used in the production 
of magneto-optical devices, photodetectors, 
lasers, light modulators, etc. [18–25]. 

 Sharafat Hajiaga Mammadov, e-mail: azxim@mail.ru

The source components comprising the 
quaternary system Ag–Fe–Ga–S were thoroughly 
studied in [26–42]. Compositions AgGaS2, Ag9GaS6, 
and Ag2Ga20S31 were established during the study 
of the Ag2S–Ga2S3 binary system [26, 30, 31]. 
Ag2Ga20S31 is formed from them by a peritectic 
reaction at 1268 К while AgGaS2 and Ag9GaS6 
melt congruently at 1270 and 1063 К respectively. 
AgGaS2 crystallises within the chalcopyrite-type 
structure (а = 5.7544, с = 10.299 Å space group  
I42d) [27] and is a р-type semiconductor with a 
band gap of ∆Е = 2.75 eV [32].

The phase diagram of the section Ga2S3–FeS 
was studied in [33–42]. The authors established 
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that triple compounds FeGa2S4 and Fe2Ga2S5 are 
formed in the system Ga2S3–FeS [38, 42]. 

The microhardness of the FeGa2S4 and 
Fe2Ga2S5 compounds are 4000±5 and 3500±5 MPa 
respectively [42].

The FeGa2S4 compound melts congruently at 
1418 К [38], although, according to [39], FeGa2S4 
is formed by a peritectic reaction at 1343 К and 
undergoes polymorphous transformation at 
1283 К. FeGa2S4 crystallises in a rhombic crystal 
system of the ZnAl2S4 type with the following 
parameters: а = 1.289 nm, b = 0.751, с = 0.609 nm 
[40]. According to [41], this compound has two 
crystalline modifications: low-temperature 
trigonal P3ml: a = 0.3654 nm, с = 1.2056 nm; and 
high-temperature rhombic: а = 1.289, b = 0.751, 
с = 0.609 nm. 

The goal of this work is to study the quasi-
binary section FeGa2S4–AgGaS2 of the quaternary 
system Fe–Ag–Ga–S.

2. Experimental
Synthesis of the alloys of the AgGaS2–FeGa2S4 

system were conducted from base metals. The base 
metals (AgGaS2 and FeGa2S4) were synthesised 
using high-purity: iron – 99.995 %, gallium – 
99.999 %, silver – 99.99 %, and sulphur – 99.99 %. 
Stoichiometric mixtures of the elements were 
placed in vacuum quartz ampoules (17 cm long 
and 1.5 cm in diameter) with residual pressure 
~0.133 Pa [43]. Then the ampoule was placed 
in a two-zone furnace. The furnace was slowly 
heated from room temperature to the fusion 
temperature of the compound FeGa2S4. Sulphur 
becomes condensed in the cold region and returns 
to the interaction zone. The alloys in a liquid state 
were stirred at regular intervals. The outer part 
of the ampoule was cooled with water. After 1.5–
2 hours in the cold region, the mass of the sulphur 
decreased. After that, the whole ampoule was 
placed in the furnace and held at a temperature 
of 1450 К for 2.5 hours. The process of synthesis 
lasted for at least 4 hours. Then the obtained 
samples were homogenised at a temperature of 
800 К for 150 h. The alloys were studied using 
differential thermal analysis (DTA), X-ray phase 
analysis (XRD), and microstructural analysis 
(MSA) as well as microhardness measurement and 
density determination. XRD was performed on a 
D2 PHASER using Ni-fi ltered CuKa radiation. 

DTA of the alloys of the system was conducted 
on an НТР-73 device with a heating rate of 
10 degrees per minute. Calibrating chromel-
alumel thermocouples were used with Al2O3 as a 
reference standard. An etchant of the composition 
NH4NO3(3–8 wt%)+ K2Cr2O7(0.02–0.5 wt%) + 
conc. H2SO4 was used during the study of the 
microstructure of the alloys with the etching 
time of 20 sec. The microhardness of the alloys 
was measured on a microhardness tester PMT-3 
at the loads 0.01 and 0.02 N. MSA of the system 
alloys was performed on a MIM-8 metallographic 
microscope on preliminarily etched sections 
polished with the paste. 

3. Results and discussion
Based on the results of physicochemical 

analysis  (DTA, XRD, MSA, and density 
determination), a phase diagram of the system 
AgGaS2–FeGa2S4 was developed. The DTA results 
showed that all thermograms of the system alloys 
(90–10 mol% AgGaS2) have three endoeffects each, 
except for the alloy containing 56 mol% FeGa2S4 
while the alloys containing 90 and 10 mol% 
AgGaS2 demonstrate two and four endoeffects 
each respectively (Table 1). The effects at 905 К 
correspond to the phase transition a-FeGa2S4 ↔
b-FeGa2S4. 

As Fig. 1 shows, the phase diagram of the 
system AgGaS2–FeGa2S4 belongs to the eutectic 
type with limited component solubility in solid 
state. The solubility at 300 K based on AgGaS2 is 

Fig. 1. Phase diagram of the AgGaS2-FeGa2S4 system
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11 mol% FeGa2S4 and 4 mol% AgGaS2 based on 
FeGa2S4. The solubility at the eutectic temperature 
stretches to 16 and 10 mol% respectively. The 
eutectic has a composition of 56 mol% FeGa2S4 
and crystallises at 1100 К.

The liquidus of the system AgGaS2–FeGa2S4 
consists of the primary crystallisation branches a 
and b solid solutions crossing at 56 mol% FeGa2S4 
and Т = 1100 К. The temperature of the phase 
transition b(FeGa2S4)↔b¢(FeGa2S4) is reduced 
to 905 K under the influence of the second 
component. MSA of the annealed alloys showed 
that the alloys of the system AgGaS2–FeGa2S4 are 
single-phase, except for the alloys containing 11–
96 mol% FeGa2S4. 

Below solidus, a and b solid solutions co-
crystallise. The solubility regions based on source 
components are narrow: 11 mol% FeGa2S4 based 
on AgGaS2 and 4 mol% AgGaS2 based on the second 
component. Solubility limits were determined 
using the XRD and MSA of the alloys annealed 
and quenched at the temperature 700 K.

To determine the limits of the regions of solid 
solutions of the source components (AgGaS2 and 
FeGa2S4), 98, 96, 95, 93, 91, 90, 89, 88 mol% were 
additionally synthesised from both sides. These 
alloys were annealed at 650 and 800 К with the 
annealing duration of 1 month (Table 2). 

After the annealing, a microstructural 
analysis of the alloys was conducted that showed 
that there are limited solubility regions near 
AgGaS2 and FeGa2S4. Solid solutions based on 
AgGaS2 belong to the Ag2GeS3 structural type and 

crystallise in the monoclinic syngony. Within the 
solubility limits, the parameters of the crystal 
lattice increase: a = 0.627÷0.748, b = 0.580÷0.664, 
с = 1.318÷1.386 nm, b = 93.27÷93o61. 

The results of the X-ray phase analysis 
are in good agreement with the data of the 
microstructural analysis and confirm the 
formation of solid solutions based on the source 
components in the system AgGaS2–FeGa2S4. 

The data of the X-ray powder patterns of the 
alloys of the system AgGaS2–FeGa2S4 showed 
that the samples of the compositions 0–11 and 
95–100 mol% FeGa2S4 are single-phase. Their 
diffraction lines are identical to the diffraction 
patterns of the source components (silver 
thiogallate and iron thiogallate). The diffraction 
pattern of the alloys containing 11–96 mol% 
FeGa2S4 is two-phase (Fig. 2).

4. Conclusions
1. Using the methods of physicochemical 

analysis (XRD, DTA, MSA), a phase diagram of 
the system AgGaS2–FeGa2S4 was studied and 
constructed for the fi rst time. It was established 
that the system is a quasi-binary cross-section 
of the FeS–Ga2S3–Ag2S quasi-triple system and 
belongs to the simple eutectic type.

Table 2. Annealing of the alloys of the AgGaS2–
FeGa2S4 system at temperatures of 650 and 800 К

Composition mol% 650 K
phase 
count

800 K, 
phase 
count

AgGaS2 FeGa2S4

0.0 100 a a
2.0 98 a a
4.0 96 a+b α
5.0 95 a+b a+b
7.0 93 a+b a+b
9.0 91 a+b a+b
10 90 a+b a+b
11 89 a+b a+b
12 88 α+β a+b

100 0.0 b b
98 2.0 b b
96 4.0 b b
95 5.0 b b
93 7.0 b b
 91 9.0 b b
90 10 a+b b
89 11 a+b b
88 12 a+b a+b

Table 1. Composition, results of the DTA of alloys 
of the AgGaS2–FeGa2S4 system

Composition mol%
FeGa2S4

Thermal effects, К

100 1420
90 905, 980, 1235, 1405
80 905, 1100, 1375
70 905, 1100, 1310
60 905, 1100, 1175
56 1100 (eutectic)
50 905, 1100, 1145
40 905, 1100, 1195
30 905, 1100, 1230
20 905, 1100, 1250
10 1175, 1260
0.0 1270
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2. The formation of solid solutions based 
on their source components was found in the 
AgGaS2–FeGa2S4 system. The solubility based 
on iron thiogallate at room temperature is 
4 mol% AgGaS2 and the solubility based on silver 
thiogallate is 11 mol% FeGa2S4. 
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Abstract
Nonequlibrium fl uctuations, which are of nonlinear Brownian noise by type, occur in different systems near the phase 
transition points. As a rule, such nonequlibrium processes are the precursors of materials fracture and degradation. 
Observation of the transient premelting states near the melting point Tm and anomalous temperature behaviour of some 
physical parameters indicate changes in the structure and properties of a solid body as it approaches the melting point. As 
a rule, the changes are nonlinearly dependent on heating rate. It is necessary to calculate the index of the shape of the 
fl uctuation spectrum to characterise the state of complex dynamic systems. The index has information about the processes 
in the system and the interrelations between different subsystems. Changes in the spectral characteristics of fl uctuation 
processes may indicate the state of the system and also help us to develop the methods to predict its evolution. The aim 
of this study is parametrisation of heat fl uctuations in the premelting states of KI ionic crystals and the study of the 
dependence of spectral parameters on kinetic modes of heating. 
Wavelet-analysis has been used to determine the spectral characteristics of thermal fl uctuations in the KI premelting states 
in various kinetic modes. Wavelet-analysis combines the capabilities of classical spectral Fourier-analysis with the capabilities 
of a local study of various fl uctuation and oscillating processes in frequency and time domains. It makes it possible to 
determine the features of the processes at various times and scales of the evolution of the system.
Wavelet transform of oscillating processes allowed obtaining information about the dynamics of the development of complex 
systems under various nonequilibrium conditions. It was shown that heat fl uctuations in the KI premelting states are 
nonlinear Brownian noise with the coeffi cient of selfsimilarity of b ~ 2. Using the Hurst parameter, the type of fl uctuation 
process was defi ned. It was shown that in dynamic heating modes (v = 5, 10 K/min) the fl uctuation process is characterised 
by oscillating nature of evolution of the “stable-unstable” type (the property of antipersistency). In quasistatic modes (v = 
1 K/min) the initial tendency of the evolution of the system is maintained (the property of persistence).
Keywords: potassium iodide, premelting, melting point, fl uctuation, wavelet-analysis, index of selfsimilarity, nonlinear 
Brownian noise, Hurst parameter, structural reconstruction.
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1. Introduction
Fluctuation processes with 1/f b spectrum (b − 

the index of the shape of the spectrum) occur 
in different physical, chemical, and biological 
systems [1–4]. The study of such processes is one 
of the most important issues in material science. 
In the context of deformation and fracture of 
materials and various phase transitions far from 
thermodynamic equilibrium, unstable dynamic 
states arise. They are the precursors of structural 
changes in the system [5–9].

The study of fl uctuation processes at critical 
points in order to obtain new materials and 
systems with unique properties is of great practical 
importance. In this case, new technological 
approaches are required, which are based on 
the concept of nonlinear phenomena, when the 
choice of a specific development path of the 
system at a critical point can be carried out under 
the infl uence of a small control action.

Dynamic methods of analysis can be effectively 
used in the study of the precursors of various 
phase transitions [10,11]. An analysis of the 
evolution of complex excited systems with 
determination of the low-frequency spectral 
dependences of dynamic variables allows us to 
come closer to understanding of the features 
of the formation of spatio-temporal structures 
during such evolution.

To characterise the state of complex fl uctuating 
systems, spectral parameters are introduced that 
carry information about the dynamic processes 
taking place in the system and the interrelations 
of various subsystems. A change in these spectral 
parameters at different hierarchy levels indicates 
a change in the state of the system. Based on this 
information, it is possible to develop methods 
for predicting the evolution of complex dynamic 
systems.

The aim of this work is to study, using 
the wavelet-analysis method, the spectral 
characteristics of fluctuation processes of KI 
premelting phases in various kinetic heating 
modes.

2. Experimental
Previously, our studies of the melting of 

substances with various types of chemical bonds 
showed that the fl uctuation transient states occur 
near the melting point in certain temperature-

time intervals [12, 13]. It is particularly interesting 
to observe thermal fl uctuations (fl uctuations in 
the dissipation heat) in the vicinity of a fi rst-order 
phase transition in this context, since the presence 
of such processes cannot be unambiguously 
associated with the existence of a continuous 
relaxation time spectrum in the system.

Along with the traditional spectral analysis 
methods, the method of wavelet-analysis [14–
17] of nonequilibrium oscillating processes 
is applied to study the dynamics of complex 
systems to determine their interrelations and 
certain possible development paths under various 
external infl uences.

A wavelet transform is one of the methods 
of analysis and processing of nonstationary 
(in time) or heterogeneous (in space) signals 
of different types. Such an analysis is used 
when it is necessary to obtain not only a simple 
enumeration of the characteristic frequencies of 
the studied fl uctuation signal, but also to obtain 
information at certain local points at which these 
frequencies appear.

For the spectral analysis of fl uctuations of 
the dissipation heat and parameterisation of the 
KI premelting phases in various kinetic modes, 
the obtained database was used. It includes 
the records of the readings of the differential 
thermocouple in the dynamic mode at heating 
rates v = 5, 10 K/min and in the quasistatic mode 
(v = 1 K/min). The constant recording sample 
speed is 1 s. The length of the record in the fi les 
ranged from 500 to 1500 samples.

DTA-curves of KI premelting in different 
kinetic modes are shown in Fig. 1. As can be 
seen from the above fi gure, on the DTA-curves 
in dynamic and quasistatic modes, the dynamic 
states arising at the premelting stage have clear 
temperature boundaries.

The premelting effects are characterised by the 
system of experimentally defi ned nonequilibrium 
thermodynamic parameters: the temperature of 
the beginning and end of the premelting effect 
(Т ¢pre-m, T ≤pre-m), the premelting temperature range 
(dTpre-m), the premelting dissipation temperature 
(DQpre-m) [12]. Each heating mode has its own 
values of thermodynamic parameters of the 
transient states. Depending on the heating mode, 
different states are formed which characterise 
the premelting effects. Thus, in contrast with 
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the dynamic heating mode (v = 5, 10 K/min), the 
amplitude of the heating impulse of KI premelting 
in the quasistatic heating mode (v = 1 K/min) 
decreases, and the thermal fl uctuations become 
oscillating.

The spectral analysis of fl uctuation processes 
of KI premelting was carried out in the MatLab 
software using the continuous wavelet transform 
method with the basis function Symlet8. The 
continuous wavelet transform allows for a 
more explicit and clear interpretation of the 
results of the signal analysis, and information 
about changes in characteristic frequencies of 
fl uctuation processes and their interaction is 
easier to analyse. Moreover, when studying the 
fl uctuation process, it is possible to consider the 
group of phases of this process corresponding to 
various independent spectral components. 

3. Results and discussion
The wavelet-diagram of the KI premelting 

effect in the dynamic mode at a heating rate of 
5 K/min is shown in Fig. 2. Time t (or the shift 
parameter b) is plotted along the abscissa and the 
wavelet time scale а. Dark areas of the diagram 
correspond to the positive values of the W(a,b) 
coeffi cients and its bright areas correspond to 
the negative values. The W(a,b) value ranges are 
marked with different intensities of colour. The 
hierarchical arch structure of local extrema of the 
W(a,b) coeffi cients, reproduced at different scales, 
is clearly visible in the given wavelet-diagram. 
It demonstrates a scaled self-similarity of 
dissipation heat fl uctuations of KI premelting. 

A scalogram is used to define the self-
similarity coeffi cient b or the index of the shape 
of the spectrum. It is given as a mean square of 
wavelet coeffi cients Ew ~ W2(a,b) with a given scale 

Fig. 1. DTA-curve of the KI premelting effect in different kinetic modes

Condensed Matter and Interphases, 2020, 22(2), 238–244

Е. S. Mashkina Spectral analysis of heat fl uctuations in KI transient premelting states



241

а. The scalogram represents the same information 
as the Fourier power spectral density that is the 
function of frequency, i.e., it corresponds to 
the smoothed power spectrum of the Fourier 
transform. The self-similarity coefficient b is 
defi ned as the angle of the dependence of lg Ew 
on lg a (Fig. 3) and it indicates the degree of 
correlation of the frequency components of the 
fl uctuation signal.

Scalogram analysis of the thermal fl uctuations 
of KI premelting in the dynamic mode 
(v = 5, 10 K/min) showed that the coeffi cient is 
b ~ 2, and in the quasistatic mode (v = 1 K/min) 
the self-similarity coeffi cient slightly decreases. 
The values of the self-similarity coefficients 
b and frequency intervals of dissipation heat 
fl uctuations in transient states of KI premelting 
in different kinetic modes are provided in the 
Table. 1. 

This kind of wavelet transform pattern and 
the value of the self-similarity coeffi cient indicate 

that the fl uctuation processes in KI premelting 
states are nonlinear Brownian noise (1/f 2 type 
noise), i.e., they are a random process with 
independent increments. 

The linear display of scalograms revealed the 
difference in the intensity of dissipation processes 
of KI premelting in different kinetic modes 
(Fig. 4). Based on this analysis, it can be seen 
that with a decrease in the heating rate during 
the transition from dynamic to quasistatic mode, 
the intensity of thermal fl uctuations decreases. A 
decrease in the intensity of thermal fl uctuations 
in the KI premelting states in the quasistatic 

Fig. 2. DTA-curve of dissipation heat fl uctuation and wavelet-diagram of the KI premelting effect (dynamic 
mode, v = 5 K/min)

Table 1. Fluctuation of dissipation heat 
parameters of transient processes during the 
melting of KI

v, К/min b ∆fpre-m, Hz H

1 1.9 0.007–0.03 0.58
5 2.2 0.01–0.07 0.42

10 2.1 0.02–0.18 0.4
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mode leads to a weakening of correlations in the 
system, which is also indicated by a decrease in 
the self-similarity coeffi cient b. 

When analysing complex fl uctuation signals, 
it is possible to evaluate the degree of their 
randomness using such a stochastic characteristic 
as the Hurst parameter (H) [18, 19]. The Hurst 
parameter is the measure of the tendency of the 
process towards trend (in contrast to the usual 
Brownian motion). A value of H > 0.5 indicates 
that the dynamics of the process in the past, 
heading in a certain direction, and is likely to 
continue its development in the same direction. 
If H < 0.5, the process is predicted to change its 
direction, while in the case of H = 0.5 it indicates 
uncertainty.

Evaluation of the Hurst parameter of heat 
fl uctuations of the KI premelting states in the 
dynamic heating modes provides the values 

of H < 0.5 (Table 1). This indicates a system 
which is more prone to reconstructions when its 
development tendency changes. Such fl uctuation 
signals are characterized by a lack of stability 
(antipersistency). Their growth in the past 
means a decrease in the future, and a tendency 
to decrease in the past makes an increase in the 
future likely. Evaluation of the Hurst parameter 
in the dynamic heating mode gives the value of 
H ~ 0.58. This value of H indicates that this time 
dependence has a stable tendency to change 
(persistence). In other words, the presence of 
1/f 2 type fluctuations in the system indicate 
structural changes in it. In such cases, as a rule, 
an oscillatory change of the “stability-instability-
stability” type occurs.

If far from a critical point, the system will be 
quite stable, and the fl uctuations will not have 
a noticeable effect on its behaviour. But if the 

Fig. 3. Scalogram of the KI premelting effect (dynamic mode, v = 5 K/min)

Fig. 4. Evolution of heat fl uctuation intensity of the KI premelting effect in different kinetic modes
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system is near a critical point (phase transition 
point Tm), then an intensifi cation of fl uctuations 
will be a consequence of its sensitivity to 
small changes in the initial conditions. The 
intensifi cation of fl uctuations may lead to the 
formation of the ordered or so-called dissipative 
structures. This important phenomenon is known 
as ordering through fluctuations [20]. When 
the system approaches a phase transition point 
Tm, characteristic features appear that are the 
precursors of nonlinear instabilities.

4. Conclusions
Therefore, the wavelet transform allows us 

to identify a complex hierarchy of scales in the 
process of energy redistribution of the fl uctuation 
process. The energy represented by a large-scale 
“plateau” is redistributed between several “ridges” 
in a certain range of scales. Energy maxima can 
also be found between them. A similar process 
is observed with smaller scales. Therefore, a 
certain combination of ordering and chaos in 
the case of nonlinear Brownian noise, revealed 
during wavelet processing, refl ects the presence 
of correlations in the system with a fl uctuating 
dynamic variable.

Based on the wavelet-analysis, it was found 
that the transient fl uctuation processes of KI 
premelting in various kinetic modes are nonlinear 
Brownian noise and are characterized by such 
features as the frequency interval, self-similarity 
coefficient of thermal f luctuations of the 
premelting, and Hurst parameter. In quasistatic 
modes, at heating rates of v ~ 1 K/min, states with 
a weaker correlation arise in the KI premelting 
states. The fl uctuation process in this case is 
characterized by a long-term memory effect with 
a tendency to follow trends. With dynamic modes 
of thermal fluctuations in the KI premelting 
states the correlations in the system intensify, 
and the resulting reconstructions in the system 
lead to a qualitative change in the structure. As 
a result, it is possible to not only describe the 
behaviour of the investigated fl uctuation process, 
but also to predict its dynamics. In this case, it 
becomes possible to get an idea of the properties 
of fluctuating systems and distinguish noise 
(random process) from a certain determinisitic 
behaviour.
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Abstract
It is advisable to control characteristics and rate of formation of nanoscale fi lms on InP by introducing chemostimulators, 
modifi ers, or both simultaneously during the thermal oxidation of semiconductors. The chemostimulating effect of the 
compounds is determined by their transit role as oxygen transmitters or their catalytic function. Modifi ers can affect the 
composition, surface morphology, structure, and properties of the fi lm without changing the fi lm growth rate. The effect 
of chemostimulators and modifi ers on a single process of fi lm synthesis with the desired properties was assumed to be 
productive.
Purpose: Establishment of the effect of certain complex chemostimulators and modifi ers on the kinetics, growth mechanism, 
and properties of complex oxide fi lms on InP in the nanoscale thickness range.
The object of the study was indium phosphide FIE-1A orientation (100). SnO2/InP and (40 % Co3O4+60 % MnO2)/InP 
heterostructures with a layer thickness of ~ 30 nm were formed by magnetron sputtering. Sulphate was deposited through 
the aerosol phase, followed by air drying and annealing at 200 °C for 30 min for the formation of the Bi2(SO4)3/InP 
heterostructures. SnO2/InP and InP samples were thermally oxidized under the infl uence of AlPO4 and Bi2(SO4)3, respectively, 
introduced into the gas phase in the temperature range 490-570 °C in an oxygen stream for 60 min. The thickness of the 
fi lms was controlled by laser and spectral ellipsometry and their phase and elemental composition were established by 
XRD and Auger electron spectroscopy, respectively. For the determination of the electrophysical properties of the fi lms, 
the contacts were sprayed with aluminium and the resistivity was determined.
The fundamental role of the physicochemical nature of the chemostimulator, its ability to transit interactions and the 
renewability of oxide forms in the process of InP thermal oxidation was established. The introduction of phosphate groups 
from AlPO4 into thermal oxide fi lms, with or without the deposition of SnO2 on the surface, led to the fi lm resistance similar 
to that for the oxidation of SnO2/InP heterostructures without the additional introduction of phosphates and was 
8.5·107 Ohm·cm. Bi2(SO4)3, being a modifi er of the composition and properties of the fi lms, did not have a signifi cant 
chemostimulating effect. Films grown under its infl uence had a semiconductor characteristics (r ~ 106 Ohm·cm). The most 
effective was a 40 % Co3O4+ 60 % MnO2 complex chemostimulator, which determined the accelerated (up to 70 %) formation 
of fi lm by the catalytic-transit mechanism (up to 70 %), being a part of the synthesized fi lms and capable of purposefully 
modifying their properties by varying the content of components in it (XRD, SE).
Keywords: indium phosphide, nanoscale fi lms, chemostimulated oxidation, chemostimulator, modifi er, modifi cation of 
composition and properties.
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1. Introduction
Indium phosphide is one of the most 

important materials of modern semiconductor 
micro-, nano- and optoelectronics [1,2]. It is 
used in the production of super high frequency 
integrated circuits, InP heterostructures are 
used as photodetectors, in fi eld effect transistors 
based on Gate stack technology, memory cells, 
optoelectronic devices, in solar cells, and laser 
diodes [3–7]. Films grown by InP thermal 
oxidation could be used in the development of 
highly effi cient and cheap photoconverters of 
natural and linearly polarized InP-based radiation 
[8]. However, the InP interface with intrinsic oxide 
is usually characterized by a rather high density 
of states, low thermodynamics, and the temporal 
stability of parameters [9, 10]. It is advisable to 
control the rate of formation and characteristics 
of fi lms of the nanoscale thickness range on InP by 
introducing chemostimulators, modifi ers, or both 
at the same time during the thermal oxidation of 
these semiconductors [11]. Chemostimulators 
increase the growth rate of fi lms during thermal 
oxidation, while suppressing negative reactions 
and surface degradation [12, 13]; modifiers 
change the composition, structure, and properties 
of fi lms [14, 15]. The chemostimulating effect of 
purposefully selected and introduced compounds 
is due to their transit role as active oxygen 
transmitters to semiconductor components or 
a catalytic function [12]. Modifi ers can, without 
changing the rate of increase in fi lm thickness 
compared to intrinsic oxidation, affect the fi lm 
composition, surface morphology, and grain 
structure, and hence their properties. It is logical 
to assume that the effect of chemostimulators 
and modifi ers in a single process of fi lm synthesis 
with the desired properties should be the most 
productive; however, to control the latter, it is 
necessary to isolate and separately study the role 
of such compounds in the InP thermal oxidation 
process.

The purpose of this study was establishment 
of the effect of certain binary and complex 
chemostimulators and modifi ers on the kinetics, 
growth mechanism, and properties of complex 
oxide fi lms on InP in the nanoscale thickness 
range.

2. Experimental
The objects of the study were thin nanoscale 

fi lms formed on two-sided polished single-crystal 
indium phosphide samples FIE-1A orientation 
(100), doped with tin; the concentration of the 
main charge carriers at 300 K was not less than 
5·1016 cm–3, intrinsic n-type conductivity. The 
substrates were pre-treated with an etchant 
of composition H2SO4 (reagent grade, Russian 
Federation Purity Standard GOST 4204-77, 
92.80 %) : Н2О2 (special purity grade, Russian 
Federation Purity Standard TU 6-02-570-750, 
56 %) : H2O = 2:1:1 for 10 min, then repeatedly 
washed in distilled water and dried in air. 

For the introduction of chemostimulators 
and modifi ers, several approaches were used. 
SnO2/InP and (40 % Co3O4+60 % MnO2)/InP 
(molar %) heterostructures with a layer thickness 
of ~ 30 nm were formed by magnetron sputtering. 
The deposition was performed in a Covap II 
vacuum ion sputter, the initial vacuum was 2·10-5, 
and sputtering was carried out in an atmosphere 
of O2+Ar (purity 99.99 %) at a pressure of 10–3 mm 
Hg. Sn with a purity of 99.99 %, Co with a purity of 
99.9 %, and Mn with a purity of 99.9 % were used 
as the starting material. For the creation of the 
composition (40 % Co3O4+60 % MnO2) on InP by 
the magnetron sputtering method, a composite 
cobalt-manganese target was produced. The 
composition was selected experimentally 
taking into account the ratio of areas and 
sputtering coefficients of the corresponding 
metals, as well as differences in saturated vapour 
pressures above the metal surface for cobalt and 
manganese. Semiconductor substrate during 
magnetron sputtering was heated to 200 °C for 
the production of SnO2 crystal structure on the 
InP surface [16]. 

For the modifi cation of the surface of the 
semiconductor with bismuth (III) sulphate layers, 
deposition through the aerosol phase in the 
established optimal (in terms of modifi er layer 
thickness and reproducibility of results) mode 
was carried out. The sputtering of the Bi2(SO4)3 
solution (concentration 0.44 mol/l) was carried 
out at room temperature substrates using a 
compressor dispersant, providing an aerosol 
with a droplet size of the solution up to 4-5 μm. 
After deposition, the samples were dried in air 
and annealed in an SNOL muffl e furnace at a 
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temperature of 200 °С for 30 min, thus forming 
Bi2(SO4)3/InP heterostructures. 

Another approach was the introduction of 
a chemostimulator or modifi er through the gas 
phase during the oxidation process. SnO2/InP and 
InP samples were oxidized by AlPO4 and Bi2(SO4)3 
introduced into the gas phase. 

Thermal oxidation of all samples was carried 
out in a MTP-2M-50-500 resistive heating 
furnace. Temperature adjustment (±1°) was 
carried out using a TPM-10 meter/controller. 
Thermal oxidation was carried at an oxygen 
fl ow rate of 30 l/h. (linear gas fl ow rate in the 
reactor was 10 cm/min) for 60 min. In this 
case, SnO2/InP heterostructures were oxidized 
at 530 °C similarly to [16], 40 % Co3O4+60 % 
MnO2)/InP heterostructures were oxidized 
in the temperature range 490-570 °C, and 
Bi2(SO4)3/InP – heterostructures were oxidized at 
500–550 °C. Samples synthesized by magnetron 
sputtering were located perpendicular to the 
oxygen fl ow. When the oxidation was performed 
under the action of substances introduced 
through the gas phase, AlPO4 (m ~ 0.3 g) and 
Bi2(SO4)3 (m ~ 1 g) samples were placed in a 
cylindrical quartz container, covered with the 
oxidized InP sample (at a distance of 10 cm from 
the surface of the modifi ers). Every 10 min, the 
samples were removed from the reactor and the 
thickness of the formed fi lms was determined by 
laser (LE, LEF-754, l = 632.8 nm, absolute error 

± 1 nm) and spectral (SE, Ellipse-1891 spectral 
ellipsometer, static circuit, range wavelengths of 
250–1100 nm) ellipsometry, after oxidation was 
continued until the process time limit of 60 min 
was reached. AlPO4 powder was synthesized in a 
similar manner [17]. XRD results showed that all 
refl ections in the diffractogram corresponded to 
that of an AlPO4 powder sample (Fig. 1).

The composition of the fi lms grown by thermal 
oxidation was determined by the method of X-
ray diffraction analysis (XRD) using ARL X’TRA 
X-ray diffractometer (copper anode, start angle – 
2°, fi nal – 70°, step – 0.05°). X-ray diffraction 
patterns were recorded in the geometry of a 
grazing beam (with a fi xed position of the arm 
of the X-ray tube). 

T h e  e l e m e n t a l  c o m p o s i t i o n  o f 
Bi2(SO4)3/InP oxide fi lms (500 and 525 °C) and 
thickness distribution of the components were 
studied by Auger electron spectroscopy (AES) 
using an ESO-3 spectrometer with a DESA-100 
analyser, accuracy ± 10 %, using the layer-by-layer 
etching of fi lms with argon ions.

For the determination of the electrophysical 
p r o p e r t i e s , a l u m i n i u m  co n t a c t s  we r e 
magnetronically sputtered on the surface of 
the synthesized samples through a mask with 
openings of 5·10–3 cm2 in vacuum and the 
resistivity r (Ohm cm) of the formed structures 
was determined using an Agilent 344 10A 
universal multimeter. The thickness of the formed 
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fi lm was taken into account in the process of 
measuring r.

3. Results and discussion
In [16], it was found that the oxide of the p-

element of IVA group, SnO2 thermodynamically 
capable of the transit of oxygen to InP components, 
in the process of thermal oxidation of this 
semiconductor plays only a modifying role. Thermal 
oxidation of SnO2/InP heterostructures resulted in 
the formation of nanoscale fi lms, with a higher 
electrical resistivity (r = 9·106 Ohm·cm) than 
the intrinsic oxide on InP, possessing ohmic 
conductivity. The achieved semiconductor 
properties in [16] were explained by the fact that 
metallic indium is not released during the oxidation 
of SnO2/InP heterostructures, SnO2 promotes its 
chemical binding with phosphorus, as a result of 
which, based on the XRD data, the formation of 
the corresponding phosphates occurs. 

AlPO4 can serve as a compound playing only 
a modifying role in the considered process. It 
contains an “inert” cation, which does not cause 
either transit or catalytic effects, and a phosphate 
anion, an increase in the concentration of which 
in the fi lms on InP, as was shown in [12], improves 
the electrophysical characteristics of fi lms. 

The kinetic curves of InP thermal oxidation 
under the infl uence of AlPO4 introduced through 
the gas phase are shown in Fig. 2a. The kinetic 
parameters of the process, calculated based on the 
exponential kinetic equation similarly to [15], and 
the value of the effective activation energy (EAE), 
determined using the corresponding Arrhenius 
equation (Fig. 2b) are shown in Table 1.

The values of the relative change in the fi lm 
thickness over 60 min at temperatures of 475–
550 °C as a result of the InP thermal oxidation 
process with the introduction of AlPO4 from 
the gas phase in comparison with the reference 
intrinsic oxidation of InP calculated according 

to the equation b
d

d
=

D

D
InP+AlPO

InP

4  , did not exceed 

1.23, i.e. AlPO4 was not a chemostimulator of 
the InP thermal oxidation process. However, 
being part of the growing film, AlPO4 could 
modify its properties. Since, as noted above, the 
modifying role of the deposited SnO2 fi lm was 
previously established in the thermal oxidation 
process of InP, the next step was to establish a 
possible synergy of the action of two modifi ers 
simultaneously introduced by various methods. 
For this, SnO2/InP heterostructures, which were 
formed similarly to [16], were oxidized under the 
infl uence of AlPO4 instead of a pure InP surface.

The kinetic curves of the oxidation of SnO2/
InP+AlPO4 and SnO2/InP samples at a temperature 
of 530 °C as the most clearly refl ecting the process 
regularities are shown in Fig. 3.

As can be seen from Fig. 3, the effect of AlPO4 
leads to higher fi lm thickness at the developed 
stage of the oxidation process due to additional 
phosphate groups coming from AlPO4, which in 
turn act as the polyphosphate skeleton of the 
forming fi lms.

According to the XRD data in Table 2, the 
introduced aluminium phosphate is included in 
the fi lm, e.g. the addition of phosphate groups 
can possess a modifying effect. 

However, such a change in composition 
practically did not change the properties of the 
fi lms. Electrical resistivity of the SnO2/InP+AlPO4, 
oxidized at 530 °C for 60 min was 8.5·107 Ohm·cm, 
approaching that for SnO2/InP heterostructure 
without oxidation – 7.3·107 Ohm·cm and slightly 
exceeding the value for SnO2/InP heterostructure 
after thermal oxidation in the same mode – 

Fig. 2. Log plots of kinetic isotherms (a) and Arrhenius 
plot of the kinetic constant (b) of the process of ther-
mal oxidation of InP with the gas phase of AlPO4 at 
475–550 °C over 60 min

а

b
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9.0·106 Ohm·cm. Thus, in the absence of a 
chemostimulating effect, synergistic effects of the 
studied modifi ers have not been achieved. 

Bi2(SO4)3 can act as a compound simultaneously 
providing both a chemostimulating and a 
modifying effect on the InP thermal oxidation 
process . Bismuth sulphate contains a transition 
cation former, the action of which was established 
for the thermal oxidation of Si, GaAs, and InP 
[12,18], and the anionic sulphate group, similar 
in structure to phosphate group [17] and is barely 

distinguishable from it by IR spectroscopy [19]. 
It is known that at InP oxidation temperatures, 
this compound only partially releases sulphur 
oxides, mainly preserving the bismuth oxide and 
sulphate fragments required for our process.

Kinetic isotherms of InP thermal oxidation 
under the influence of Bi2(SO4)3 introduced 
through the gas phase in a process similar to the 
introduction of AlPO4, are shown in Fig. 4a, the 
corresponding Arrhenius plot is demonstrated 
in Fig. 4b. The kinetic parameters of the process, 

Table 1. Kinetic parameters of the thermal oxidation of InP under the infl uence of various 
chemostimulators and modifi ers

Kinetic parameters
n±∆n, nm1/n min–1 EAE, kJ/mol

InP+AlPO4
(g)

Т, °С ln kcp.

475 1.32 0.68±0.142

153
500 2.88 0.51±0.034
530 2.61 0.58±0.042
550 4.04 0.39±0.149

nav 0.54±0.092

InP+Bi2(SO4)3
(g)

450 2.89 0.44±0.001

187

475 4.06 0.43±0.001
500 5.95 0.36±0.003
530 10.51 0.20±0.001
550 11.51 0.13±0.001

nav 0.31±0.002

Bi2(SO4)3/InP

500 38.23 0.11±0.002

459
530 41.53 0.09±0.001
550 42.49 0.09±0.001

nav 0.09±0.001

(40 % Co3O4+60 % MnO2)/InP

490 11.09 0.30±0.031

50

510 11.39 0.25±0.020
530 11.89 0.25±0.018
550 12.38 0.28±0.005
570 12.75 0.27±0.002

nav 0.27±0.028
Table 2. The identifi ed phases: SnO2/InP without thermal oxidation, SnO2/InP at 530 °C and SnO2/InP 
with the gas phase of AlPO4 at 530 °C

Samples Interplane distance, dhkl The identifi ed phase

SnO2/InP
5.5010; 3.2985 InP

2.9092; 2.2040; 1.9599 SnO2

SnO2/InP (530 °C) [6]
5.5524 Sn3(PO4)2

2.9321 In(PO3)3

1.5074 InPO4

SnO2/InP+AlPO4
(g)

5.3777; 2.5246; 2.9145; Sn3(PO4)2

3.3849 InP

1.5798; 1.5570 InPO4

1.5483; 1.5258 AlPO4
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calculated according to the aforementioned 
exponential equation [15], indicate an increase in 
the contribution of the diffusion component with 
increasing fi lm thickness (a regular decrease in the 
exponent n with increasing process parameters) 
and demonstrate the fact that the solid-phase 
reaction limited by diffusion in the solid phase 
is a determining process for InP + Bi2(SO4)3 in the 
investigated temperature range of 450–550 °C. 
The value of EAE was 187 kJ/mol, which, taking 
into account the error of this calculation (about 
10%), can be considered equal to the EAE of the 
intrinsic oxidation process of indium phosphide, 
which we determined for InP samples of the same 
batch (170 kJ/mol) and coinciding with the value 
obtained previously for intrinsic oxidation of 
indium phosphide [12]. 

Based on the values of the acceleration of pro-

cess calculated using the formula  ,InP+Bi (SO )

InP

2 4 3b
d

d
=

D

D
 

the highest effectiveness of the action of the che-
mostimulator modifi er (1.50-1.76 times) occurs at 
525 and 550 °C during the fi rst 20 min of the pro-
cess. With an increase in the oxidation time, the 
relative increase in the fi lm thickness decreases 
monotonically, which is typical for a determining 
diffusion-controlled solid-state process. Under 
these conditions, the studied process was already 
approaching the oxidation of the reference sample. 
The maximum acceleration at the highest temper-
atures was associated with the increased evapora-
tion of the modifi er chemostimulator and an in-
crease in its concentration in the gas phase, which 
is usually observed in similar processes [14]. 

Fig. 3. Kinetic curves of SnO2/InP heterostructures with thermal oxidation with and without the gas phase of 
AlPO4 at 530 °C over 60 min

a                                                                                                      b
Fig. 4. Log plots of kinetic isotherms (a) and Arrhenius plot of the kinetic constant lnkav = f(103/RT) (b) of the 
process of thermal oxidation of InP with the gas phase of Bi2(SO4)3 
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For the determination of the dependence of the 
peculiarities of the action of the chemostimulator 
modifi er on the InP thermal oxidation depending 
on the way it was introduced into a system, at 
the next stage InP was thermally oxidized in 
the presence of Bi2(SO4)3 introduced through 
the aerosol phase, similarly to [11] forming 
Bi2(SO4)3/InP heterostructures. Analysis of 
kinetics of the process (Fig. 5, Table 1) shows the 
dependence of the revealed patterns on the way 
chemostimulator-modifi er was introduced into 
the system. 

For Bi2(SO4)3/InP heterostructures very low 
values n (nav = 0.09) indicate that diffusion was 
so signifi cantly decreased that the fi lm thickness 
remains virtually unchanged. Formally, we 
can assume that and in this case, the solid-
state reaction limited by diffusion in the solid 
phase was determining , however, a very high 
EAE value of 459 kJ/mol, indicated a signifi cant 
contribution of bismuth diffusion into the 
substrate, which is typical for some chemically 
stimulated processes with a limited source 
[12]. Moreover, a value many times higher than 
the EAE of the intrinsic oxidation of indium 
phosphide and thermal oxidation of InP in the 
presence of a chemostimulator modifi er Bi2(SO4)3 
introduced into the system through the gas 
phase, indicated that the process was constrained 
in this temperature range. However, it should 
be noted, that this value is still estimative and 
preliminary, since it was determined only based 
on three points. The values of the acceleration 
process in comparison with the standard were 

approximately the same as in the previous case, 
with the same dynamics of change. 

The Auger distribution profi les of components 
in fi lms synthesized by InP thermal oxidation 
under the infl uence of bismuth (III) sulphate 
introduced through the gas phase in the mode of 
500 оС, 60 min (Fig. 6a), showed the presence of 
bismuth in an amount of about 25 at % over the 
entire depth of the fi lm. For fi lms synthesized by 
thermal oxidation of InP under the infl uence of 
Bi2(SO4)3 introduced through the aerosol phase 
at 525 °C, 60 min(Fig. 6b), the bismuth content 
after 5 min of etching was 20 at% The bismuth 
content in the fi lm decreased with increasing 
etching time.

The surface of fi lms formed by thermal oxidation 
of InP under the infl uence of Bi2(SO4)3, introduced 
through the gas and aerosol phases was depleted 
in the volatile component (phosphorus), however, 
a second component of the substrate (indium) was 
present in the surface layer. This confi rms the well-
known fact of partial evaporation of P2O5 during 
the growth of fi lms, the slow formation (although, 
it was accelerated by a chemostimulator-modifi er) 
of a phosphate skeleton and a high content of In2O3 
in fi lms corresponding to non-strong oxidation 
conditions [12, 20, 21]. In fi lms synthesized by 
thermal oxidation of InP under the influence 
of Bi2(SO4)3 introduced through the gas phase 
(see Fig. 6a), after 20 min of etching, the almost 
complete disappearance of oxygen and sulphur and 
a noticeable increase in the phosphorus content 
was revealed. However, the amount of bismuth 
remained quite high, which was largely determined 

a                                                                                                      b
Fig. 5. Log plots of kinetic isotherms (a) and Arrhenius plot of the kinetic constant lnkav = f(103/RT) (b) of the 
process of thermal oxidation of Bi2(SO4)3/InP heterostructures

Condensed Matter and Interphases, 2020, 22(2), 245–256

 Original articles



252

by the constant replenishment of the concentration 
of the modifi er chemostimulator from an endless 
source in the absence of evaporation of bismuth-
containing fragments, in contrast to sulphur-
containing fragments. For fi lms, grown by thermal 
oxidation of Bi2(SO4)3/InP heterostructures (see 
Fig. 6b), after 25 min of etching, a noticeable 
increase in the phosphorus content was observed, 
bismuth disappeared almost completely, indicating 
its consumption without replenishment in the case 
of the fi nal source of the modifi er chemostimulator. 
The amount of sulphur and oxygen was ~ 10 
and 6 at%, respectively. The similarity of the 
distribution profi les of oxygen and sulphur (see 
Figs. 6a and 6b) indicates that the indium and 
phosphorus of the substrate can be coordinated 
not only with oxygen, but also with sulphur. The 
possibility of such coordination for InP thermal 
oxidation processes with deposited sulphide 
layers, sulphur transit, similar to oxygen transit, 
was demonstrated by us in [12]. Thus, despite the 
small chemostimulating effect, probably caused 
by the strength of the binding of bismuth to the 
sulphate group and a sharp decrease in its capacity 
as an oxygen transmitter, the role of Bi2(SO4)3 as a 
modifi er was obvious. The fi lms grown by both of 
the above methods had semiconductor properties 
(r ~ 106 Ohm·cm), in contrast to intrinsic oxide on 
InP, which is characterized by ohmic conductivity 
[12, 21].

From all that has been said it follows that the 
physicochemical nature of the chemostimulator, 
its ability to transit interactions, and the 

renewability of oxide forms play dominant 
roles. From this point of view, both SnO2 and 
Bi2(SO4)3, being modifiers of the composition 
and properties of the fi lms, practically do not 
possess a chemostimulating effect, or the effect 
was noticeable, but was not very signifi cant. The 
value of the acceleration of the process compared 
to the intrinsic oxidation did not even reach two 
times. 

From the point of view of achieving a 
significant chemostimulating effect while 
simultaneously modifying the composition and 
properties of the synthesized fi lms, the use of 
combinations of oxides with the possibility of 
synergistic effects was effective. For experimental 
verification of this position, a composition 
of 40 % Co3O4+60 % MnO2 was chosen and 
magnetronically (see Experimental) deposited 
on the surface of InP. In terms of its qualitative 
composition, the sprayed layer corresponded to 
the specifi ed one (XRD, Fig. 7). 

The course of oxidation isotherms of (40 % 
Co3O4+60 % MnO2)/InP heterostructures in the 
temperature range from 490 to 570 °C is shown 
in Fig. 8. 

The results of processing kinetic data of the 
oxidation process of heterostructures (40 % 
Co3O4+60 % MnO2)/InP using the formal kinetic 
equation [15] are presented in Table 1. From the 
table it follows that nav was 0.27, and the EAE was 
50 kJ/mol, which was much lower than the EAE of 
the “reference” systems (Co3O4/InP – 103 kJ/mol, 
MnO2/InP – 180 kJ/mol, native InP oxidation was 

a                                                                                                      b
Fig. 6. Auger profi le of thermal oxidation of Ind with the Bi2(SO4)3 gas phase (at 500 °C during 60 min.) (a) and 
thermal oxidation of Bi2(SO4)3/InP heterostructures (at 525 °C, 60 min) (b) 
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170 kJ/mol). The determining solid-phase stage 
was limited by diffusion in the solid phase, but 
the mechanism of action of the selected complex 
chemostimulator was close to the catalytic and 
close to that for V2O5/InP heterostructures [12]. 

The thickness of the formed oxide fi lms turned 
out to be much higher than expected under the 
assumption of an independent parallel effect 
of Co3O4 and MnO2 on the thermal oxidation of 
InP, which proves the synergy of the combined 
effects of the chemostimulators of the applied 
composition. 

The relative increase in film thickness 
compared to intrinsic oxide on indium phosphide 

for MnO2/InP, Co3O4/InP and (40 % Co3O4+60 % 
MnO2)/InP heterostructures, calculated using 

the formula b
d d

d
=

-D D

D
Me O /InP InP

InP

x y · %100 , [13] 

gradually increased to 60 min, its maximum 
value was 70 %. Data allowing evaluating the 
effectiveness of the composition in comparison 
with individual oxides are shown in Table 3.

MnO2/InP heterostructures were characterized 
by the maximum value of the relative increase in 
fi lm thickness at the initial stage of the process, 
in the fi rst 10 min. For Co3O4/InP heterostructures 
the maximum relative increase in fi lm thickness 
was observed at 30 min. It must be emphasized 

Fig. 7. X-ray diffraction pattern of (40 % Co3O4+60 % MnO2)/InP heterostructure without thermal oxidation

a                                                                                                      b
Fig. 8. Log plots of kinetic isotherms (a) and Arrhenius plot of the kinetic constant lnkav = f(103/RT) (b) of the 
process of thermal oxidation of (40 % Co3O4+60 % MnO2)/InP at 490-570 °С (а)
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that for the transit mechanism of chemically 
stimulated oxidation of AIIIBV the values of the 
relative increase in the fi lm thickness decreased 
during the developed stage of the process passing 
through the maximum. The relative increase in 
fi lm thickness during the thermal oxidation of (40 
% Co3O4+60 % MnO2)/InP heterostructures had 
a different dynamics, which, in addition to the 
low EAE, indicates the large contribution of the 
catalytic component to transit, e.g. the transit-
catalytic mechanism of the process.

According to XRD data, films formed by 
the oxidation of (40 % Co3O4+60 % MnO2)/InP 
heterostructures, contained cobalt oxides Co3O4 
and CoO, manganese oxides in various oxidation 
states (MnO2; Mn2O3), In2O3 and InPO4 (Fig. 9). 

From these data it follows that, in addition 
to chemostimulation, which is refl ected in the 
increase in the rate of fi lm formation (see Table 

3), a modifi cation was made by changing their 
composition. This modifi cation, fi rst, achieved 
a very low content of unoxidised indium in 
the films of ~ 0.5 %, according to spectral 
ellipsometry, while the volume fraction of 
inclusions of unoxidised indium in films did 
not exceed 1 %. This means that the intrinsic 
films on InP, possessing ohmic conductivity, 
were replaced by semiconductor ones, which is 
consistent with our previously obtained data [15]. 
Secondly, there is the possibility to control of the 
contribution of the catalytic component into the 
process mechanism and fi ne adjustment of the 
properties of semiconductor fi lms by changing the 
composition of the deposited oxides and taking 
into account the synergism of their combined 
effect. Such control is necessary, for example, for 
target regulation of their sensory response [22]. 
Third, the additional introduction of an anion 

Table 3. The values of the relative change of the fi lm thickness formed in the process of thermal 
oxidation of MnO2/InP, Co3O4/InP and (40 % Co3O4+60 % MnO2)/InP in comparison with the thermal 
oxidation of InP

Heterostructure Т, °С

The values of the relative change 
of the fi lm thickness formed in the process 

of thermal oxidation, %
10, min 20, min 30, min 40, min 50, min 60, min

MnO2/InP
530

67 60 56 25 17 11
Co3O4/InP 37 42 61 50 47 30

(40 % Co3O4+60 % MnO2)/InP 50 25 31 43 56 70

Fig. 9. X-ray diffraction pattern of (40 % Co3O4+60 % MnO2)/InP after thermal oxidation at 530 °C over 
60 min
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former modifier associated with an effective 
chemostimulator (for example, manganese or 
cobalt phosphates, or both) to this system will 
ensure, as we showed in [14], a transition to 
high-quality dielectric films characterized by 
high growth rate and acceptable, fairly smooth, 
surface morphology. 

4. Conclusion
Thus, in this study, the fundamental 

role of the physicochemical nature of the 
chemostimulator, its ability to transit interaction 
and the renewability of oxide forms in the process 
of InP thermal oxidation was established. The 
introduction of modifying phosphate groups from 
AlPO4 in the thermal oxide fi lms, together with 
the deposition of SnO2 on the surface of without 
it, led to the resistance of the fi lms, similar to that 
for the oxidation of SnO2/InP heterostructures, 
without additional administration of phosphates. 
The sophisticated chemostimulator modifier 
Bi2(SO4)3 introduced in the oxidation process 
both through the gas phase and onto the InP 
surface, being a modifier of the composition 
and properties of the films, did not possess 
a significant chemostimulating effect, which 
is explained by the limited capabilities of the 
cation former as a transmitter. The complex 
40 % Co3O4+60 % MnO2 chemostimulator 
deposited on the InP surface, determining the 
accelerated formation of fi lms in comparison with 
intrinsic oxidation by the transition-catalytic 
mechanism was the most effective out of the 
studied chemostimulators. This chemostimulator 
was the part of the synthesized fi lms, capable 
of purposefully modifying their properties by 
varying the content of components in it.
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Abstract 
Natural glauconite-based sorbents were obtained for skimming oil and oil products from different surfaces. Glauconite is 
an aluminosilicate mineral and is widely used for cleaning various pollutants from water and soil. The classifi cation allowed 
selecting a glauconite fraction with a particle size of 0.045-0.1 mm, which is the most effective for the sorption of oil 
products. For this, the sorbent was thermally activated and modifi ed using organic compounds. The glauconite samples 
were thermally treated at temperatures of 100, 600, and 1000 °C. To provide glauconite with hydrophobic properties, it was 
modifi ed with stearic acid. 
When the sorbents came into contact with water (duration 92 hours), it was found that with the mass fraction of stearic 
acid of 5 wt% the lowest weight loss was observed in all the three samples. The contact angle of wetting for sorbents is 
greater than 90°, which led to a change in the state of its surface. The obtained samples were not wetted with water and 
could remain on its surface for a long time. The interaction of oil and a hydrophobic sorbent showed that after seven minutes 
the particles of the sorbent penetrated the oil that also has a hydrophobic surface and can sorb a surfactant applied on the 
sorbent, which indicates the affi nity of stearic acid to oil. A granular sorbent, thermally activated at a temperature of 1000 
°C and modifi ed with a cellulose-containing component, sorbed the oil for 2 minutes. The use of this modifi er increased 
the sorbent porosity, which affected the sorption rate. 
Keywords: glauconite, sorbent modifi cation methods, hydrophobicity, oil spill clean-up.
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1. Introduction
Oil production, transportation, and refi ning 

are sometimes accompanied by emergency 
situations. To eliminate the spills of oil products 
on water or soil, natural sorbents (mineral and 
organic), as well as waste from various industries 
and waste composition are used [1–4]. 

A sawdust-based sorbent was treated with 
ethanol, sodium hydroxide, and hydrochloric 
acid to increase the effi ciency of oil absorption. 
It was shown that the treated sawdust had a 
higher sorption capacity, even after 90 minutes 
of sorption with four-fold recurrence [5]. 

 Sabukhi I. Niftaliev, e-mail: sabukhi@gmail.com

The effectiveness of wetting and sorption 
of oil by natural fi bres (kapok, cattail, cotton), 
which possess natural hydrophobicity and 
oleophilicity, was evaluated and compared. 
Water on the surface of the fi bres forms contact 
angles of wetting between 120 and 145°. A drop 
of oil was quickly absorbed by the surface of the 
fi bres within several seconds. Kapok fi bre has 
the highest sorption and oil retention ability as 
compared with other samples [6]. 

Artificial  organic sorbents based on 
glycerol propoxylate were obtained for oil 
sorption by volume polymerisation method 
with various amounts of a cross-linking agent. 
The synthesised gels were used as absorbents 
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for various organic solvents, petroleum, and 
oils [7]. 

A sorbent with high hydrophobic and oleophilic 
properties for the separation of oil-water mixtures 
and oil-water emulsions was obtained based on 
kapoka fi bre with a ZnO nano-needle coating. For 
this, a one-stage hydrothermal method followed 
by hydrophobic modifi cation with dodecantiol 
was used [8]. 

An effective sorbent with high oil sorption was 
obtained by the inclusion of crushed rice straw 
into a polyurethane matrix. The oil absorption 
rate was high in the fi rst 15–30 minutes, then 
it decreased, and a complete saturation of the 
sorbent was observed after 2 hours [9]. 

Sorbents based on natural minerals are widely 
used in sorption technologies, for example, 
samples with high mesoporosity (oxides of 
silicon, aluminium, zirconium, carbon materials, 
aluminosilicates) are recommended for clean-up 
of oil spills on land [10]. Capillary condensation 
is observed in materials with pores of this size 
(2–50 nm). 

Good sorption results for petroleum products 
are typical for diatomites, sepiolite, and zeolites 
obtained from ash. Adsorption of petroleum 
substances on the porous surface of such minerals 
proceeds according to the capillary mechanism 
associated with the filling of existing pores 
and the formation of a layer of oil products on 
the outer surface of the adsorbent particles. 
Oil substances cannot penetrate into narrow 
micropores of the mineral; there is a correlation 
between the viscosity and density of the oil: 
viscous and thick oils were adsorbed by the same 
material in larger amounts than light oils.

Hydrophobic silica aerogels, zeolites, 
organoclays, and other natural minerals 
demonstrated high oil absorption [11]. 

The modifi cation of silica clay results in the 
increase of hydrophobicity, specifi c surface area, 
and porosity of the sorbent, as well as its ability 
to absorb oil. It was established that the modifi ed 
silicate clay is a highly effective sorbent with 
respect to emulsifi ed oil products. The optimal 
sorption parameters were determined that allow 
achieving a degree of oily wastewater treatment 
of more than 99 % [12]. 

A group of sorbents based on cellulose-
containing materials is also of interest [13–15]. 

A new physicochemical method for obtaining 
a sorbent based on cellulose was proposed 
that includes foaming, plasma treatment, and 
modifi cation with a hydrophobic agent [15]. 

Aerogels based on nanocellulose can be 
obtained that combine such properties as high 
porosity, large surface area, low density, high 
sorption, biodegradability, and easy surface 
modifi cation [16].

A sorbent in the form of a hydrophobic 
nanostructured aerogel was obtained based on 
cotton cellulose, which had high oil absorption 
and retention ability, excellent selectivity 
with respect to oil and water, good mechanical 
strength, and recycling ability [17]. 

Using biological delignification, cellulose 
was extracted from raw rice husk and acetylated 
to make it hydrophobic. The obtained sorbents 
showed a high oil absorption rate, and saturation 
capacity was achieved after 5 minutes of contact 
with oil [18]. 

Nanofi brillation and hydrophobic modifi cation 
of spent cellulose fibres allowed obtaining 
nanofi bre sponges with ultra-low density and 
high porosity. They demonstrated excellent 
absorption characteristics for various oils and 
organic solvents and can be reused multiple 
times. Nanofi bre aerogels showed selectivity in 
the absorption of marine diesel fuel from a water-
oil mixture [19].

Hydrophobic sponge materials, in particular 
melamine sponges, can be used as potential oil 
sorbents [20, 21, 22]. Fluorinated kaolin was used 
to transfer the sponge from a hydrophilic to a 
hydrophobic state, which increased the adsorption 
capacity for various oils and organic solvents 
[20]. Hydrophobic sponges based on commercial 
melamine sponges can also be obtained through 
the adsorption of silica nanoparticles and coating 
silanization [21] or by N-acylation with fatty acid 
derivatives [22]. 

It seems relevant to use glauconite, a 
widespread natural eco-friendly aluminosilicate, 
as a sorbent of oil products. Its important property 
is the ability to improve sorption properties 
as a result of applying various activation and 
modifi cation methods. 

Almost all sorbents based on natural minerals 
are hydrophilic; therefore, to reduce water 
absorption and wettability of the mineral sorbent 
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surface, they are modified with hydrophobic 
agents [23, 24, 25]. 

A hydrophobic modifi cation of the sodium 
alginate foam was obtained by simple freeze-drying 
and subsequent cross-linking with zirconium 
ions. They showed excellent adsorption capacity 
for various oils and organic solvents [26]. 

When treating vermiculite, an aluminosilicate 
mineral, with a hydrophobic agent, a sorbent 
was obtained that has high water resistance 
values and can remain on water surface for a 
long time. The immobilisation of bacterial cells 
of oil degraders of the genus Pseudomonas on 
the surface of a hydrophobic sorbent allows 
intensifying metabolic processes and achieving 
a high degree of purifying water from oil 
products [27]. 

Various forms of sorbents, including powdered, 
granular, briquetted, fi brous, canvas, etc., are used 
for oil sorption [28–32]. It is more convenient 
to use different types of sorbents for different 
purposes, such as skimming oil from a water 
surface, from a solid surface, or for treating 
wastewater containing oil products. These 
sorbents should be different in their operational 
properties. 

Sorbent oil-spill booms are used to contain 
the spread of oil and minimise the effects of oil 
spills [33]. 

The reviewed technologies and materials 
used to create sorbents for oil and oil products 
are sometimes expensive. In some cases, 
unsustainable substances are used. Most of the 
proposed sorbents are combustible and require 
specifi c storage conditions. Therefore, developing 
inexpensive, effective, and eco-friendly sorbent 
materials for oil and its derivatives remains 
an important task. This problem can be solved 
by using natural aluminosilicate mineral 
materials. 

The aim of this work was to obtain powdered 
hydrophobic and granular oil sorbents based on 
an eco-friendly mineral glauconite.

2. Experimental
The chemical, oxide, and phase compositions 

of glauconite from the Karinsky deposit in the 
Chelyabinsk Region are well-known [34]. It was 
found that the best results for the sorption of oil 

products were shown by the glauconite fraction 
with a particle size of 0.045–0.1 mm. It was 
chosen as the basis for creating the oil sorbents. 

The technique for obtaining hydrophobic 
sorbents was implemented as follows. The fi rst 
glauconite sample was heated in an electric 
furnace at 100 °C, the second and the third ones 
were heated at 600 and 1000 °C, respectively. 
They were thermally treated for 2 hours. The 
second and the third samples were cooled 
to 90–100 °C. All the three sorbents were 
transferred to a laboratory mixer and mixed 
with the added crystalline stearic acid (melting 
temperature above 69.6 °C). During this process, 
the glauconite particles were coated with stearic 
acid. The hydrophobic agent was added in 
an amount of 2, 3, 4, and 5 wt% to determine 
the effect of its amount on the buoyancy of 
sorbents. 

The preparation of granular sorbents was 
different from the hydrophobic ones, as instead 
of stearic acid, 5 wt% of cellulose-containing 
component was added at 25 °C and mixed in a 
mixer. Then, a small amount of distilled water 
was added to the obtained sorbents and mixed 
thoroughly. The mixture was extruded through 
a spinneret with a hole diameter of 3 mm. The 
obtained granules with a length of 0.5–1.0 mm 
were dried in air for 24 hours. 

The buoyancy of the sorbents was determined 
as follows. A weighed portion of the sorbent 
weighing 3 g was placed in a glass with a volume of 
50 ml that was half-fi lled with water. The contact 
time of the sorbent with water was: series 1 – 
6 hours; series 2 – 12 hours; series 3 – 24 hours; 
series 4 – 36 hours; series 5 – 48 hours; series 6 – 
92 hours. After this, the sorbent remaining afl oat 
was removed, dried to a constant mass, and the 
amount of the drowned sorbent was determined 
by the difference in the weights. 

Oil absorption (A, %) was calculated by the 
formula: 

A
P P

P
T=

-
¥0

0

100 %,

where РТ is the weight of the sorbent after its 
immersion in oil, g; Р0 is the initial weight of the 
sorbent, g.
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3. Results and discussion
The results of the study for the buoyancy of 

the obtained hydrophobic sorbents after 92 hours 
of contact with water are presented in Fig. 1. 

An increase in the fraction of hydrophobic 
agent contributes to an increase in the buoyancy 
of sorbents in the following series: glauconite at 
100 °C < glauconite, thermally activated at 1000 
°C < glauconite, treated at a temperature of 600 
°C. The smallest weight loss was observed for all 
three hydrophobic sorbents with a mass fraction 
of the hydrophobic agent of 5 %. This value of  5% 
produced the best buoyancy for the sorbent that 
was thermally activated at 600 °C.

Using the Statistica Neural Networks programme, 
a three-dimensional graph of the dependence of 
the buoyancy of glauconite-based sorbents on 
the mass fraction of the hydrophobisator and 
temperature was constructed (Fig. 2).

It is clear that with an increase in the 
mass fraction of stearic acid from 2 to 5 %, the 
buoyancy increases. The activation temperature 
of glauconite does not greatly affect the buoyancy. 
When stearic acid is added to glauconite in an 
amount of more than 4 %, a sorbent with the 
buoyancy of more than 90 % can be obtained in 
the entire range of burning temperatures.

To determine the hydrophobicity, the sorbents 
modifi ed with a 5 wt% stearic acid with maximum 
buoyancy were chosen. When a drop of water is 
applied to the surface of the obtained sorbents, 
the liquid does not spread over the surface and 
retains the shape of a drop (Fig. 3).

The contact angle of wetting is a characteristic 
of the ability of water to wet a solid surface. The 
sorbent surface, on which the water forms an 
obtuse contact angle, is hydrophobic, and the 
water on such surface is in the form of balls. 
The images show that the contact angle for all 
sorbents is greater than 90°. This prevents the 
interaction of water molecules with the sorbent 
surface. A change in the state of surface due 
to the modifi cation with a hydrophobic agent 
provides sorbents with such new properties as 
water non-wettability, the ability to remain on 
the water surface for a long time, and a change in 
the mechanism of interaction with oil compared 
to the initial mineral.

The fi rst stage of the study involved testing 
the interaction of oil with the surface of sorbents. 
Fig. 4 presents images of the interaction of a 
hydrophobic sorbent with oil on a solid surface 
(as exemplified by glauconite treated at a 
temperature of 1000 °C). 

Hydrophobic powdered sorbents were placed 
on glass plates, and a drop of oil was applied 
to them, which did not spread as compared to 
the initial mineral. After 2 minutes, the shape 
of the drop of oil changed; it became fl at, and 
after 7 minutes it turned into a fi lm containing 
a hydrophobic sorbent. Oil particles also have 
a hydrophobic surface on which they can sorb 
a surfactant deposited on the sorbent. This 
indicates the affi nity of stearic acid to oil. 

The obtained sorbents were tested for the 
absorption of oil and oil products from a solid 

Fig. 1. Buoyancy of glauconite-based sorbents depending on the mass fraction of water repellent
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surface. The sorption capacity of powdered 
sorbents after hydrophobisation decreases by an 
average of 40 % due to the changes in the state 
of the glauconite surface. The sorbent pores are 
sealed with a layer of hydrophobisator, which 
leads to a decrease in sorption (Fig. 5).

The results of sorption for oil and oil products 
by granular sorbents are presented in Fig. 6.

According to the presented diagrams, the 
modifi cation of glauconite-based sorbents with 
a cellulose-containing component increases 
their sorption capacity. For the initial glauconite, 
the sorption capacity for oil and oil products 
increases by 1.2–1.3 times, for the glauconite 
thermally activated at a temperature of 1000 °C 
by 1.3–1.5 times, and for the glauconite treated 
at a temperature of 600 °C by 1.0–1.2 times. The 
best values of sorption for oil and oil products 
were shown by a sorbent thermally activated at a 
temperature of 1000 °C. This is due to the fact that 
the activation results in the formation of a large 
number of defects on the glauconite surface in the 
form of pores and cracks [34]. When glauconite is 
modifi ed, a cellulose-containing component gets 
into these defects, and it absorbs and retains oil 

Fig. 2. The response surface of the output parameter 
(buoyancy) and the contour line of its cross sections 
depending on the temperature and mass fraction of 
stearic acid

Fig. 3. Images of water wetting of the hydrophobic sorbent surface: a) glauconite at 100 °C; b) glauconite 
treated at 600 °C; c) glauconite treated at 1000 °C 

Fig. 4. The interaction of petroleum with a hydrophobic sorbent
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Fig. 5. The effect of a hydrophobic agent on the sorption capacity of sorbents: a) glauconite at 100 °C; b) glau-
conite, thermally activated at a temperature of 600 °C; c) glauconite, thermally activated at a temperature of 
1000 °C

Fig. 6. Absorption of oil and oil products by granular sorbents: a) glauconite; b) glauconite, thermally acti-
vated at a temperature of 600 °C; c) glauconite treated at a temperature of 1000 °C
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and oil products in a larger amount than other 
samples.

Let us determine the time of oil absorption 
by a granular sorbent treated at a temperature 
of 1000 °C. After applying a drop of oil to 
the sorbent, it is completely absorbed within 
2 minutes with stirring (Fig. 7), while for a 
hydrophobic sorbent, the interaction time with 
the oil is 7 minutes. 

The studies of the obtained sorbents based 
on glacuonite (hydrophobic powdered and 
granular) showed a decrease and an increase in 
the sorption of oil and oil products on a solid 
surface, respectively. A granular sorbent absorbs 
oil 3.5 times faster than a hydrophobic one, 
which indicates different sorption mechanisms. 
The modifi cation with a cellulose-containing 
component had a positive effect due to obtaining 
a more porous structure of the sorbent in 
comparison with the initial glauconite. Taking 
into account the short time of oil absorption, it 
can be used to eliminate oil spills on solid surfaces 
and for the treatment of oily wastewater.

4. Conclusions
To prepare the sorbents for oil and oil 

products, a natural eco-friendly mineral was 
used. A hydrophobic powdered glauconite-
based sorbent is characterised by low sorption 
of oil and oil products, but it can remain on the 
water surface for a long time and has affi nity 
to oil. While distributing in the oil phase, this 
sorbent aggregates and thickens it, forming 
dense conglomerates. This prevents the oil from 

spreading and increases its viscosity, which 
will increase the degree of extraction of the 
formation-bound oil. Therefore, it can be used to 
remove oil fi lms from water surfaces. 

The granular glauconite sorbent showed its 
effectiveness as it absorbs oil 3.5 times faster. 
Timely use of this sorbent in case of emergency 
spills of oil and its derivatives can minimise 
hazardous effects on the human environment. 
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Abstract
Homogeneous Ag-Pd alloys are effective catalysts for the cathodic evolution of hydrogen. They are characterised by high 
mechanical strength and are less susceptible to hydrogen embrittlement than metallic palladium. The aim of this study 
was to determine the kinetics of hydrogen evolution on palladium and its homogeneous alloys with silver in an alkaline 
aqueous solution, and to investigate their hydrogen permeability.
The behaviour of Pd and Ag-Pd alloys (XPd = 15–80 at%) in a deaerated 0.1 M KOH aqueous solution was studied using cyclic 
voltammetry and double step anodic-cathodic chronoamperometry. Cyclic voltammograms for Pd and Ag80Pd were similar. 
However, when a small amount of silver (≤ 20 at%) was introduced into palladium, the ionization rate of hydrogen decreased. 
A further increase in the concentration of silver in the alloy resulted in a complete suppression of the ionisation process. 
For Ag–Pd alloys with palladium concentrations below 30 at%, the voltammograms did not show any hydrogen ionization 
peaks. The dependencies of the peak ionisation current on the potential scan rate for all the studied alloys were linear and 
were extrapolated to the origin of the coordinates, which indicated that the process was complicated by solid-phase diffusion. 
The slopes of the lines for Ag60Pd and Ag50Pd alloys were higher than the slope for the Ag80Pd alloy, which indicated the 
presence of silver oxides on the surface. For all the studied electrodes the dependence of the peak current potential on the 
potential scan rate log linearly increased, which means that the electrochemical stage of atomic hydrogen ionization, which 
is complicated by solid-phase diffusion, is irreversible. The hydrogen permeability parameters of the alloys were calculated 
using potentiostatic cathodic and anodic current transients at different time intervals (1-10 sec.). The longer the 
hydrogenation time, the lower the current amplitudes on cathodic and anodic branches of the chronoamperograms. The 
hydrogen permeability parameters were calculated based on cathodic and anodic current transients linearised in the 
corresponding criteria coordinates, using the results of theoretical modelling of hydrogen injection and extraction for 
semi-infi nite thickness electrodes. The phase-boundary exchange constant and the ionisation rate constant of atomic 
hydrogen were maximum for the alloy with the concentration of palladium of 80 at%. The hydrogen extraction rate constant 
changed linearly with the decrease in the concentration of palladium. The study determined that the values of hydrogen 
permeability for Ag-Pd alloys in alkaline solutions are lower than in acidic ones.
The determining stage of the hydrogen evolution reaction on Ag–Pd alloys (XPd ≤ 40 at%) in a 0.1M KOH solution is the 
electrochemical stage of atomic hydrogen ionization complicated by its diffusion in the solid phase. The hydrogen 
permeability parameters in Ag-Pd alloys are maximum, when the concentration of palladium is ~80 at%. Therefore, such 
alloys can be used as materials for effi cient hydrogen purifi cation and storage.
Keywords: homogeneous  Ag–Pd alloys; atomic hydrogen injection and extraction; hydrogen permeability; aqueous alkaline 
medium.
For citation: Rodina N. D., Morozova N. B., Vvedenskii A. V. Kinetics of Atomic Hydrogen Evolution and Hydrogen Permeability 
of Ag–Pd Alloys in an Alkaline Medium. Kondensirovannye sredy i mezhfaznye granitsy = Condensed Matter and Interphases. 
2020; 22(2): 266–274. DOI: https://doi.org/10.17308/kcmf.2020.22/2853

 Natalia B. Morozova, e-mail: mnb@chem.vsu.ru

Condensed Matter and Interphases
(Kondensirovannye sredy i mezhfaznye granitsy)

The content is available under Creative Commons Attribution 4.0 License. 

Condensed Matter and Interphases, 2020, 22(2), 266–274



267

1. Introduction 
Although there are electrocatalysts for 

hydrogen evolution reaction (HER) highly 
efficient in acidic media, their application is 
still rather problematic. Most importantly, their 
application is limited due to the high corrosion 
susceptibility of the electrolytic cell and the fact 
that the obtained hydrogen gas is contaminated 
by acidic fog. On the contrary, an advantage of 
alkaline electrolytes is that they produce less 
vapour operating at high temperatures and have 
lower vapour pressure. Furthermore, non-noble 
electrodes are also more stable and do not corrode 
after a reaction [1]. 

In alkaline electrolytes, the kinetics and rate 
of HER is determined by the following factors: 
water adsorption and dissociation, the energy 
of hydrogen adsorption and desorption, and the 
affi nity of hydroxyl ions to the catalyst’s surface 
[2]. This means that for a catalyst to be effi cient 
for HER in an alkaline medium, it should be able 
to dissociate water molecules adsorbed on its 
surface, and aggregate the resulting particles.

The most common catalyst with these 
properties is crystalline palladium. An advantage 
of palladium membranes is their increased ability 
to transport hydrogen through the metal. This 
happens because palladium has high hydrogen 
solubility at a wide range of temperatures [3]. 
The disadvantage that hinders the application 
of palladium membranes is that they are 
susceptible to hydrogen embrittlement, both 
at high concentrations of H2 and after multiple 
cycles of hydrogen adsorption and desorption. 

Hydrogen embrittlement comes in the form of 
microstructural changes caused by a signifi cant 
shrinkage and expansion of the metal’s crystal 
lattice. During the adsorption process, hydrogen 
atoms randomly occupy octahedral interstitial 
sites of the palladium crystal lattice. It was noted 
that with a low H/Pd atomic ratio (of about 0.06), 
the a-phase of Pd-H remains dominant [4]. This 
phase is an ideal dilute palladium-hydrogen 
solid solution [5]. With larger quantities of the 
adsorbed hydrogen the b-phase of Pd-H, also 
called palladium hydride, begins to form. This 
phase is a saturated palladium-hydrogen solid 
solution and coexists with the a-phase at low 
temperatures [5]. Nucleation and the growth 
of palladium hydride in the a matrix of the 

Pd–H solid solution sets up severe strains in 
the material resulting in the deformation of the 
crystal lattice and dislocation multiplication and 
hardening [6]. 

To reduce hydrogen embrittlement, palladium 
is doped with transition metals, such as Ag, Cu, 
Fe, Ni, Pt, and Y [3]. Of particular interest are 
Ag–Pd alloys. Thesealloys are highly selective 
and permeable enough towards hydrogen 
at room temperature, which makes them 
a promising material for the production of 
diffusion membranes [7]. It is also vital that 
silver and palladium form a continuous series 
of substitutional solid solutions within the 
whole concentration range with no miscibility 
gaps [8].

According to [9], Ag–Pd alloys with the 
concentrations of Ag of up to 60 % can effi ciently 
absorb hydrogen. The hydrogen absorbed by 
these alloys exists in two basic phases, a and b, 
analogous to pure palladium. The results of the 
X-ray diffraction analysis in [10] demonstrated 
that the lattice parameters of a and b phases 
are the least different for the Ag77Pd alloy. This 
happens because the crystal lattice of palladium 
is already extended by the silver atoms and hence 
is less susceptible to hydrogen embrittlement. 
Consequently, the mechanical strength of the 
diffusion membranes produced from Ag–Pd 
alloys increases signifi cantly [11]. It is therefore 
important to study the mechanism of hydrogen 
permeation through the alloy’s electrodes in more 
detail. The aim of this study was to determine 
the kinetics of hydrogen evolution on palladium, 
and to investigate hydrogen permeability of 
palladium and its homogeneous alloys with silver 
in an alkaline aqueous solution.

2. Experimental 
The object of the study were close-packed 

Ag-Pd electrodes with XPd = 15, 30, 40, 50, 60, 
and 80 at% in a 0.1M KOH (chemically pure) 
bidistilled aqueous solution. The surface of the 
electrodes was preliminary polished using MgO 
aqueous suspension and suede leather, degreased 
with ethanol, and washed in distilled water.

The experiments were conducted in a three-
electrode glass cell. The auxiliary electrode was a 
platinized platinum electrode, and the reference 
electrode was a silver chloride electrode. Prior 
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to polarization measurements, the solution was 
deaerated by sparging with chemically pure argon 
for 30 minutes. Electrochemical measurements 
were performed using a computer-aided IPC-
Compact potentiostat. All the potentials are given 
here relative to the standard hydrogen electrode, 
and the current values are given per single unit 
of the real surface area of the alloys [12]. 

In order to remove the trace amounts of 
oxides from the surface of the electrodes, the 
studied electrodes were held in the solution at 
the initial potential Еp = –0.60 V for 500 seconds 
before obtaining cyclic voltammograms. Cyclic 
voltammograms were obtained in potentiodynamic 
mode (at a scan rate of v = 5 mV/s) starting at Еp 
and sweeping to the cathode region. It was then 
swept back in the anode direction, switching 
potentials. Dependencies i,E-were limited by 
the peak currents of hydrogen and oxygen 
evolution. 

To obtain voltammograms at different 
potential scan rates, the electrodes were 
preliminary hydrogenated with the potential 
being Еc = –0.90 V for tc = 3 sec. and tc = 5 sec. 
The potential scan rate varied within the range 
of  0.5–100 mV/s.

To determine the parameters of extraction 
and injection of atomic hydrogen, double step 
anodic-cathodic chronoamperometry was used. 
Before obtaining the chronoamperograms, the 
working electrode was held at the potential 
Ep = –0.60 V for 500 seconds. To standardise the 
state of the surface, the curve corresponding to 
the cathode current drop was obtained at the 
cathode hydrogenation potential Eс = –0.90 V. 
The hydrogenation time tс varied within the 
range of 1–10 seconds. The potential was then 
switched to the peak anodic potential of hydrogen 
ionization Em

a , whose values were determined 
using the preliminary obtained i,E-dependencies. 
The current drop was registered before it reached 
its steady state value. After that, still holding the 
working electrode in the solution, we once more 
set the initial potential Ep and repeated  the whole 
sequence for a different value tс. 

3. Results and discussion 
The kinetics of hydrogen evolution in a 0.1M 

KOH hydrogen solution was determined using 
cyclic voltammetry. The results are presented 

in Fig. 1. The anodic branches of the cyclic 
voltammograms obtained for Pd and Ag-Pd 
alloys with XPd ≥ 50 at%, show a characteristic 
current peak corresponding to the atomic 
hydrogen ionization from the electrode’s surface 
in the potential region from –0.30 to 0.20 V. 
Lower ionization rate of atomic hydrogen on 
pure palladium as compared to its alloys is 
demonstrated by a lower anodic peak amplitude. 
The latter can be accounted for by adsorption of 
hydroxide ions on the electrode’s surface, or by 
the formation of silver compounds on the surface 
which block the active regions of the surface 
and cause anodic passivation [13]. It should be 
noted, that at XPd = 50 at% the ionisation peak is 
already less prominent, and its form is distorted 
by the competing process of silver oxidation. For 
Ag–Pd alloys with low palladium concentrations 
(XPd ≤ 30 at%) no hydrogen ionization peak is 
observed. 

When the potential sweeps to more positive 
values, the region of palladium oxidation, 
observed at 0.20-0.80 V, is barely visible on Pd 
and the Ag80Pd alloy. For alloys with XPd ≤ 50 at% 
this region is practically absent, since the process 
is suppressed by silver oxidation. As the potential 
sweeps to the cathode, both pure palladium and 
its alloys show a cathodic peak of reduction of 
PdO. For Pd, this peak is registered at E = –0.22 V. 
However, with the decrease in the concentration 
of palladium, it shifts towards more positive 
potentials of up to –0.07 V. According to [14], 
the formation of palladium oxide at pH ~ 13 is 
described by the equation:

Pd + 2OH– → PdO + H2O + 2e–, 

with the value of the equilibrium potential of the 
electrode being 0.13 V.

For electrodes with XPd ≤ 40 at%, two indistinct 
anodic peaks are observed in the potential ranges 
of 0.43–0.74 V and 0.89–0.91 V. These peaks 
correspond to the oxidation of metallic silver to 
Ag2O and its subsequent postoxidation to AgO. 
The amplitudes of both peaks increase with 
larger concentrations of silver in the alloy. The 
equilibrium potentials Eeq of formation of Ag2O 
and AgO on silver in the studied solution were 
determined by the half-reaction on the anode:

2Ag + 2OH– → Ag2O + H2O + 2e–,
Ag2O + 2OH– → 2AgO + H2O + 2e–,
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Fig. 1. Cyclic voltammograms obtained with a potential scan rate of 5 mV/s on Pd and Ag-Pd alloys in a 0.1 M 
KOH solution
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and equalled to 0.40 and 0.67 V (standard hydro-
gen electrode) [14]. Based on the obtained data 
we can say that Eeq for silver oxidation processes 
are modifi ed as compared to the calculated po-
tentials. For 0.1М KOH they are 0.55 and 0.90 V, 
which was determined in [15]. Furthermore, Ag-
40Pd and Ag15Pd alloys demonstrated character-
istic prepeaks at 0.52 and 0.61 V respectively, 
which we assume to be connected with adsorption 
followed by AgOH oxidation [15]. The cathodic 
branches of the voltammograms showed peaks 
corresponding to the reduction of AgO (~ 0.50 V) 
and Ag2O (~ 0.32 V). Potentials of cathodic and 
anodic peaks determined for the Ag15Pd alloy are 
almost fully compatible with the potentials of the 
same peaks for pure silver [13]. The voltammo-
gram of the Ag30Pd alloy shows a hysteresis at 
the potential 0.30 V, which may mean that the 
electrode’s surface is underoxidised. 

To determine the kinetics of hydrogen 
evolution on Ag-Pd alloys voltammograms were 
obtained for various potential scan rates and 
the hydrogenation time tc = 3 sec. (Fig. 2). The 
results show that for all the studied samples the 
ionisation peak increases with higher potential 
scan rates and shifts towards more positive 
values. Furthermore, the splitting of the main 
anodic peak into a number of smaller ones is 
observed, which may indicate the adsorptive 

accumulation of various forms of oxygen-
containing particles [16, 17]. The experimental 
data was processed based on the fi rst anodic peak 
whose potential corresponded to the ionisation 
of atomic hydrogen.  

The characteristic parameters of the 
experimental i,E-curves were replotted with 
some criterion coordinates. Thus, the obtained 
dependencies i vm

a - 1 2/  (Fig. 3a) are easily linearized 
and extrapolated to the origin of the coordinates, 
which means that ionisation of hydrogen is 
complicated by solid-phase diffusion. The slopes 
of the graphs di dvm

a / /1 2 for Ag60Pd and Ag50Pd 
alloys are higher than that for the Ag80Pd 
alloy, which is most likely to be caused by silver 
oxidation.

The dependencies of the potential of the 
ionisation peak Em

a  on lg v (Fig. 3b) are also linear 
for all the studied systems, which means that 
the electrochemical stage of atomic hydrogen 
ionization is irreversible. The slopes dE d vm

a / lg , 
obtained for palladium and the Ag–Pd alloy with 
the concentration of palladium of 80 at%, are 
similar, 0.049 and 0.042 V respectively, which 
corresponds to the single-electron charge transfer 
process. However, the values dE d vm

a / lg  for the 
alloys with XPd ≤ 60 % vary within the range of 
0.091–0.122 V. It is possible that in this case the 
kinetics of charge transfer is complicated by the 
formation of silver oxides. Similar dependencies 
are observed when the hydrogenation time is 
tc = 5 sec. 

Using the results obtained previously on 
Ag–Pd electrodes in an acidic medium [18], 
we can assume that the kinetics of injection 
and ionisation of atomic hydrogen does not 
generally depend on the nature or the medium 
of the electrolyte. The complications observed 
in the alkaline medium are caused by silver 
oxidation during its dissolution from the alloys. 
Furthermore, as opposed to the acidic medium, in 
the alkaline solution atomic hydrogen is formed 
from the molecules of H2O. Therefore, the process 
of injection and ionisation of atomic hydrogen on 
a metal in an alkaline medium can be modelled 
as shown in Fig.4.

The study of injection and extraction of 
atomic hydrogen, as well as calculation of the 
hydrogen permeability parameters was performed 
by processing double step anodic-cathodic 

Fig. 2. Dependencies of the current density of hydro-
gen ionization on the potential scan rate on Pd and 
Ag-Pd alloys in a 0.1 M KOH solution obtained at 
tс = 3 s
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chronoamperograms obtained on palladium 
and its alloys. Thus, with longer hydrogenation 
time, i,t-dependencies (Fig. 5) show an expected 
decrease in the amplitudes of the cathodic and 
anodic branches of the chronoamperograms. 
This may be caused by the adsorption of oxygen-
containing particles, primarily OH, which 
hinder the ionisation of atomic hydrogen from 
the surface. Indeed, while obtaining a series of 
chronoamperograms for different hydrogenation 
time, we did not polish the electrode surface 
between the cycles. This must have caused the 
accumulation of adsorbed particles and hence 
slowed down the ionisation process and hydrogen 
injection. 

To see whether this assumption was correct, 
we obtained double step anodic-cathodic 
chronoamperograms only for tс = 10 sec. Cathodic 
and anodic current amplitudes were signifi cantly 
higher than those obtained during subsequent 
registration (Fig. 5b). Larger concentrations of 
silver in the alloy result in expected decrease in 
the rate of ionisation of atomic hydrogen both in 
the cathodic and anodic region, which complies 
with the voltammetric dependencies.

Cathodic chronoamperograms obtained for 
hydrogenation time tс = 10 sec., were rectifi ed 
to the coordinates iс-tс

-1/2 and iс-tс
1/2. For all the 

studied systems these dependencies are linear, 
but are not extrapolated to the origin of the 

coordinates. This means that the registered 
cathodic current consists of at least two elements: 
the water discharge current and the maximum 
current of diffusion of H atoms inside the metallic 
phase.

Using the theoretical model for semi-infi nite 
thickness electrodes described in [19], we 
performed the mathematical processing of 

Fig. 3.  Values of the current (im
a ) and potential ( Em

a ) of the anodic peak on voltammograms for Pd and Ag–Pd 
alloys in a 0.1 M KOH solution obtained at various potential scan rates; (tc = 3 s).

Fig. 4. Model of hydrogen evolution in an alkaline 
solution
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the cathodic chronoamperograms in order to 
determine the kinetic and diffusion parameters 
of the process of injection of atomic hydrogen. 
Mathematical modelling was used to calculated 
the following parameters: ic(0) and ic

•  – initial 
and stationary cathodic current respectively, rate 
constants k  and k  of the reaction of injection and 
ionisation, and the equilibrium constant of this 
process K k k=

Æ ¨

/ . Theparameter characterising 
solid-phase diffusion, i.e. hydrogen permeability 
coeffi cient K D cD = 1 2/

HD , is integral; it is impossible 
to determine the diffusion coeffi cient D and the 

magnitude of the change in the concentration 
DcH of atomic hydrogen in the alloy separately. 
Hydrogen permeability parameters for Pd and 
Ag–Pd alloys calculated using the cathodic 
current transients, are given in Table 1.

All the parameters determined during our 
experiments, except for the hydrogen permeability 
coefficient KD, decrease steadily with larger 
concentrations of silver in the alloy. The hydrogen 
permeability coeffi cient reaches its maximum on 
the Ag80Pd alloy. This can be accounted for by the 
maximum hydrogen permeability and hydrogen 
solubility in the crystal lattice of the Ag77Pd alloy 
determined in [10].  

Comparison of the results obtained for Ag-Pd 
alloys in acidic [18] and alkaline media allowed us 
to conclude that hydrogen permeability of such 
alloys is lower in alkaline media than in acidic 
media. The dependency of hydrogen permeability 
coeffi cient KD on the concentration of palladium is 
the same for the considered media. The coeffi cient 
reaches its maximum, when XPd = 80 at% (Fig. 6). 
The hydrogen permeability coeffi cient for Pd and 
Ag–Pd alloys with XPd ≥ 50 at% in the alkaline 
medium is 1.5–4.5 times lower than in the acidic 
medium. For the Ag40Pd alloy the difference is 
even more signifi cant. 

The analysis of the results allowed us to 
conclude that upon transition from acidic to 
alkaline medium, hydrogen permeability is 
suppressed on all the studied alloys of the Ag-
Pd system.

Fig. 6. Dependence of the hydrogen permeability 
coeffi cient on the alloy composition in a 0.1 M H2SO4 
solution (1) and a 0.1 M KOH solution (2)

Fig. 5. Double step chronoamperograms obtained in a 0.1 M KOH solution on the Ag80Pd alloy, with tc = 1-10 
s (a), and for Pd and Ag-Pd alloys; the hydrogenation time tс  = 10 s (b)
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The anodic current drops were analysed 
using the same theoretical model [19]. 
Hydrogen permeability coeffi cients calculated 
based on the slopes of the linear regions 
of anodic chronoamperograms – KD(ia) and 
chronocoulograms – KD(qa), are also maximum 
for the Ag80Pd alloy (Table. 2). It should be 
noted that hydrogen permeability coeffi cients 
calculated using the anodic current transients are 
signifi cantly higher than those calculated based 
on the cathodic current transients. This may be 
the result of the dilatation of the crystal lattices 
of the alloys [18]. 

We can thus state that the dependency 
of practically all the parameters of hydrogen 
permeability on the composition of Ag–Pd alloys 
passes through the extremum observed for the 
Ag80Pd alloy. We can therefore conclude that 80 
at% concentration of palladium in the alloy is 
optimal with regard to hydrogen permeability, 
which means that this alloy can be effectively 
used for hydrogen purifi cation and storage.

4. Conclusions 
1. The behaviour of Ag-Pd alloys during 

hydrogen evolution in an alkaline solution was 
studied. Introduction of small quantities (up to 20 
at%) of silver into the crystal lattice of palladium 
results in the increase in the rate of ionisation of 
atomic hydrogen. When XAg > 20 at% the process 
is suppressed by silver oxidation. 

2. When palladium alloys with concentrations 
of Ag of up to 60 at% are used, the kinetics of 
hydrogen evolution remains the same. The 
determining stage of the hydrogen evolution 

reaction on Ag-Pd alloys in a 0.1M KOH solution 
is the electrochemical stage of atomic hydrogen 
ionization, which is complicated by its diffusion 
in the solid phase. 

3. The dependency of the ionisation peak 
Em

a  on the potential scan rate indicates that the 
electrochemical stage is irreversible. For alloys 
with XPd ≤ 60 at% the kinetics of charge transfer 
is complicated by silver oxidation.

4. The parameters of hydrogen permeability 
are optimal, when the concentration of palladium 
in the alloy is ~80 at%. These alloys can be used 
as effi cient materials for hydrogen purifi cation 
and storage.
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