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Abstract 
The purpose of this study was the determination of the kinetic regularities of the methionine electrooxidation process on 
the Pt(Pt) electrode in an aqueous-alkaline medium. 
The main kinetic regularities of the methionine anion electrooxidation process were determined using by the methods of 
cyclic voltammetry, coulometry, and electrochemical impedance spectroscopy. The concentration of methionine in the 
alkaline solution before and after anodic oxidation was determined spectrophotometrically using spectrophotometer UNICO 
2800. The measurements were carried out at room temperature both in an argon atmosphere and in an aerated aqueous 
solution. The results of voltammetric measurements were adjusted for the limiting oxygen recovery current and the charging 
current of the double electric layer. 
The range of potentials of the electrochemical activity of the methionine anion on the Pt(Pt) electrode, the number of 
electrons involved in the anode process, and its kinetic scheme were determined. The main product of the electrooxidation 
of methionine in an alkaline medium on Pt(Pt) was the methionine sulfoxide anion. It was shown that the electrooxidation 
of the methionine anion on Pt (Pt) was carried out from the adsorbed state and was irreversible. 
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1. Introduction
For many years, special attention has been 

paid to methods for extracting platinum metals 
from ore-forming minerals. In particular, 
biotechnological methods based on the dissolution 
of platinoids by the metabolic products of 
heterotrophic metallophilic microorganisms. 
Amino acids and peptides are widely used for 
this purpose [1, 2]. It should be noted that amino 
acids are promising solvents in the process 
of microbiological leaching of gold-bearing 
raw materials; it is possible that this is also 
characteristic of platinum. This fact necessitates a 
more detailed study of the process of interaction 
of platinum with protein residues (in particular, 
with amino acids and short peptides), as well as 
clarification of the fundamental possibility of 
using substances of a protein nature as solvents 
of platinum. It is known that some amino acids 
affect the anodic dissolution of platinum, 
accelerating or slowing it down, but, in addition, 
the amino acid itself can be oxidized in the anodic 
process. Accordingly, it is important to take into 
account not only the direct anodic behaviour of 
platinum in alkaline solutions, but also specify 
the processes occurring with the amino acid.

Usually, the role of two functional groups 
–NH2 and –СООН is primarily studied during 
investigation of the electrooxidation process and 
adsorption of various amino acids on a platinum 
electrode [3–12]. Less information is available 
about the electrochemical and adsorption activity 
of amino acids containing other functional groups, 
for example, –OH or –S–CH [13–21]. On the other 
hand, studies [15, 19, 21] demonstrated that the 
presence of the –S–CH group in the methionine 
molecule affects the regularities of its adsorption 
behaviour. Since during the electrooxidation of 
organic substances there is a correlation between 
adsorption and kinetic regularities of electrode 
processes, the purpose of this study was the 
determination of the kinetic regularities of the 
methionine electrooxidation process on the Pt(Pt) 
electrode in an aqueous-alkaline medium. 

2. Experimental
The measurements were carried out at room 

temperature both in an argon atmosphere 
(chemically pure grade) and in an aerated 
aqueous solution by the cyclic voltammetry 

methods using a computerized potentiostatic 
complex IPC-Compact; frequency impedance 
spectra were obtained using the IPC Compact – 
FRA1 complex. 

The methionine concentration in the alkaline 
solution before and after anodic oxidation was 
determined spectrophotometrically using a 
UNIKO 2800 spectrophotometer at wavelengths 
of 190–450 nm in quartz cuvettes with a thickness 
of 10 mm. 

Potentiodynamic I,E-curves were obtained 
in a glass three-electrode cell with undivided 
cathode and anode spaces. It was preliminarily 
established that the separation of the spaces of 
the working and auxiliary electrodes practically 
does not affect the measurement results, however, 
it decreases the speed of the potentiostatic 
complex. The working electrode was platinum in 
the form of a grid, on which platinum black was 
electrolytically deposited. The auxiliary electrode 
was a smooth platinum mesh. The potential of 
the working electrode was measured relative to 
a saturated silver chloride reference electrode. 

Before the experiment, the working electrode 
was treated with concentrated nitric acid for 
three minutes, washed repeatedly with bidistilled 
water, and then with a background 0.1 M NaOH 
solution.

 Methionine solutions (5·10–3 ÷ 0.1 M) was pre-
pared from a weighed portion of a crystalline ami-
no acid (Merck) in a background solution of so-
dium hydroxide (chemically pure grade) in bidis-
tilled water. The fact that the introduction of an 
amino acid into the background solution is ac-
companied by a change in its acidity due to the oc-
currence of protonation/deprotonation reactions, 
changing the ratio between the main ionic forms 
of the amino acid was taken into account [22]. 

For the removal of possible electroactive 
impurities, before each measurement, the 
working electrode was treated with concentrated 
nitric acid (reagent grade), then repeatedly 
washed with distilled and rinsed with bidistilled 
water, and then subjected to potentiostatic 
anodic-cathodic activation in the background 
solution, changing the activation potential from 
+1.0 to –1.0 V, receiving 50 activation cycles. 

The peak potential Emax of voltammetric 
I,E(t)-curve and the faradaic current at Imax 
are the main values experimentally measured 
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by linear voltammetry method. The results of 
voltammetric measurements were corrected for 
both the maximum current of oxygen reduction 
and the double layer charging current Idl = Cdlv, 
where v is the potential scanning speed. Capacity 
value Cdl of the working electrode was evaluated 
by electrochemical impedance spectroscopy. 

3. Results and discussion
For the determination of the potential range 

of the electrochemical activity of the methionine 
anion (Met–) on the Pt(Pt)-electrode, cyclic 
voltammograms were obtained both in the 
background solution and in the presence of Met- 
both in aerated and deaerated solutions (Fig. 1). 

In the absence of an amino acid on the Pt-
electrode, three characteristic regions can be 
distinguished. In the hydrogen region (from 
–1.20 to –0.50 V) the processes of formation and 
ionization of adsorbed atomic hydrogen take 
place. Beyond the area of potentials from –0.50 
to –0.20 V, in which only the currents of charging 
the double layer and the reduction of molecular 
oxygen were recorded, there was a region of 
oxygen adsorption, which began at E > –0.20 V. 
Processes with the participation of atomic oxygen 
are characterized by noticeable irreversibility: 
desorption of oxygen (for recoil curve) occurs 
at potentials corresponding to the charge of 
the double layer on the anodic branch of the 
voltammogram. Intensive release of molecular 
oxygen on the Pt-electrode started at E > 0.6 V.

The introduction of the methionine additive 
led to a noticeable increase in the current 

on the anodic branch of the cyclogram and 
the appearance of a peak at a potential of 
0.60 V for aerated solution and 0.70 V for a 
deaerated solution, which was probably due 
to the electrooxidation of the amino acid. It 
should be noted that the change in the peak 
potential of electrooxidation with a change in the 
concentration of dissolved oxygen at a qualitative 
level indicates the involvement of oxygen-
containing particles in the anodic process. 

For the conformation of methionine 
electrooxidation in the range of the anodic peak 
potentials and for the determination of the 
number of electrons involved in this process, 
coulometric measurements were carried out, 
followed by spectrophotometric determination 
of the Met– concentration in solution. It was 
found that the anodic peak potentials actually 
correspond to the process of electrooxidation of 
Met–, and two electrons take part in the anodic 
reaction (based on a current efficiency close 
to 100 %). Taking into account the results of 
coulometry, the total process of electrooxidation 
can be represented as follows: 

2C5H10NSO2
– + 2OH– → 2C5H10NSO3

– + H2O + 2ē.

I n  t h i s  c a s e , t h e  m a i n  p r o d u ct  o f 
electrooxidation is methionine sulfoxide anion. 

The identification of the kinetic limitations of 
the electrooxidation process requires diagnostic 
criteria allowing to detect the nature of the 
limiting stage of the electrochemical reaction, 
complicated by the adsorption of the reagent or 
product(s), and to establish the reversibility of 

Fig. 1. Cyclic voltammograms obtained on a Pt-electrode at v = 0.005 V/s in an aqueous solution of 0.1 M NaOH (1) 
and 0.1 M NaOH + 0.01 M methionine without deaeration (2) and after deaeration of the solution (3)
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the process. The method of linear voltammetry 
usually uses the current Imax in peak on the anodic 
branch I,E(t) -dependencies and the corresponding 
potential Emax as such criteria. Both parameters 
depend on the concentration of the amino acid, 
the pH of the background solution, and the 
potential scan rate. 

The analysis of the experimental data 
shows that with an increase in the potential 
scanning rate, the current on both branches of 
the voltammogram increased. In this case, the 
anodic peak potential was noticeably improved, 
both under deaeration conditions and in an 
aerated solution. The decrease in the height of 
the oxygen desorption peak, as well as the shift 
towards the anodic side of the cathodic peak 
potentials, observed on the recoil curves, were 
most probably associated with the adsorption of 
the amino acid and (or) its oxidation products on 
the electrode. An increase in the concentration 
of the methionine anion led to a similar result. 
At the same time, the value of the current at the 

peak and its position were practically invariant 
in relation to a change in the rotational speed of 
the platinum disk electrode (Fig. 2). 

The obtained result indicates that the anodic 
peak current at I,E(t)-dependence was not asso-
ciated with liquid-phase diffusion of reagents or 
products. It probably reflected the features of their 
adsorption accumulation on the electrode, which 
can be confirmed by analysing the diagnostic cri-
teria of the linear voltammetry method [23–25]. 

The current and the anodic peak potential 
depend on the potential scan rate (v), the 
concentration of the methionine anion and the pH 
value, both in a previously deaerated solution and 
in a solution in equilibrium with the atmosphere. 
It was established that dependencies Imax = f(v) 
are linear and, after correcting for the oxygen 
reduction current and the charging current of 
the electric double layer, they are extrapolated 
to the origin of coordinates (Fig. 3). This fact 
and the slope of this dependence close to one, 
indicate that the methionine electrooxidation 

Fig. 3. Effect of the potential scanning rate on the value of the anodic peak current in a 0.10 M NaOH solution 
containing 0.01 M Met– 

Fig. 2. The dependence of the peak current of electrooxidation in 0.10 М NaOH + 0.03 М Met– solution, on the 
number of revolutions Pt of the rotating disk electrode; v = 0.10 V/s
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process is limited by the charge transfer stage 
and is irreversible. At the same time, the adsorbed 
particles are involved in the electrochemical 
reaction. 

It can be assumed that the two-electron 
net process of methionine electrooxidation 
is a stepwise process. Considering that the 
dependencies Emax – lg v and Emax – lg Imax are linear 
(Fig. 4), and the value of d lgImax/d

 lg v parameter 
equals 0.21±0.052 (without deaeration of the 
solution) and 0.12±0.014 (after deaeration), 
then the stage of abstraction of the first electron 
is most likely the limiting stage of the anodic 
reaction of methionine electrooxidation. It 
should be noted that if the stage of transition of 
the second electron is taken as the limiting stage, 
then the slope of the corresponding dependence 
would be much smaller. In addition, the amplitude 
of the current on the voltammogram is affected 

by both the concentration of the methionine 
anion and the concentration of OH- ions. With an 
increase in the concentration of the methionine 
anion, the amplitude of the anodic peak current 
increases (Fig. 5), and the peak potential becomes 
more positive. 

In this case, the value of the parameter 
d I
d C

lg
lg

max

Met-

< 1  and is 0.22 (after deaeration) and 

0.27 (without deaeration). The latter means 
that the adsorbed particles are involved in the 
process of electrooxidation, as we assumed 
above. Another confirmation of this fact is the 
voltammograms obtained in the background 
electrolyte after washing the working electrode. 
The adsorption accumulation of methionine 
anions was carried out at potentials of 0.00; 0.20 
and –0.25 V for 10 minutes. The obtained anodic 

Fig. 4. Effect of the potential scanning speed (a) and the logarithm of the anodic peak current (b) on the posi-
tion of the peak of electrooxidation in solutions containing 0.10 M NaOH+ 0.01 M Met–
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voltammograms in a 0.1 M NaOH solution before 
the adsorption accumulation of the amino acid (1) 
and after washing the electrode (2–4) are shown 
in Fig. 6. 

The peaks of the amino acid electrooxidation 
were still registered on voltammograms obtained 
in the solution of the background electrolyte after 
washing the electrode. This indicates that the 
electrooxidation of Met– on the Pt-electrode is 
carried out from the adsorbed state and represents 
the so-called “surface” electrochemical reaction. 
In addition, the adsorption of methionine on 
platinum is most likely irreversible.

Since hydroxyl ions are also involved in the pro-
cess of electrooxidation of methionine anions, data 
on the effect of their concentration (at a constant 
concentration of Met-) on the rate of the anodic 
process were obtained. An increase in pH led to an 
increase in the amplitude of the maximum of elec-
trooxidation and a shift in its potential in the ca-
thodic direction, regardless of the degree of aera
tion of the working solution (Fig. 7). The value of 
the d lg Imax/d

 lg СOH– parameter is not zero, but no-
ticeably less than one, and in both cases amounts 
to 0.10±0.03 (Fig.7a), which means that adsorbed 
OH–-ions were involved in the anodic process.

Fig. 6. Cyclic voltammograms obtained on Pt electrode at v = 0.01 V/s in an aqueous solution of 0.1 M NaOH 
before (1) and after adsorption accumulation and electrode washing: (2) – 0.00 V; (3) – –0.25 V; (4) – 0.20 V

Fig. 5. The dependence of the maximum current of electrooxidation on the concentration of Met- anions at 
v = 0.10 V/s 
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Finally, since the kinetic parameter 
d I
d C

lg
lg

max

Met-

> 0 , and with an increase in pH, the 

potential of the anodic maximum shifts to the 
negative values, it can be assumed that the 
dominant adsorbed form is the Red-form, which 
means that the methionine anion exhibits higher 
surface activity on platinum than the products of 
its electrooxidation. 

4. Conclusions
The methionine anion exhibits significant 

electrochemical activity at the Pt(Pt) electrode. 
Two electrons are involved in the anodic process 
of electrooxidation, according to coulometric 
analysis with subsequent spectrophotometric 
determination of the methionine content in 

the solution. The most probable product of 
electrooxidation is methionine sulfoxide. The 
results of linear voltammetry indicate that, 
regardless of the degree of aeration of the working 
solution, charge transfer is the limiting stage 
of the methionine electrooxidation process. 
The process of methionine electrooxidation is 
kinetically irreversible and proceeds with the 
participation of adsorbed Met– and ОН– ions. 
The Red-form, i.e., methionine anions, is the 
dominant adsorptive form in the electrooxidation 
reaction.
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1. Introduction
It is known that the behaviour of chemical 

reactions is determined by their energy 
characteristics and the entropy of the reaction 
products. In particular, the direction of isothermal 
processes, close to equilibrium, is determined by 
the Gibbs energy. Energy and entropy constraints 
also apply to the phase transitions of matter in 
isolated and closed systems.

A number of works [1–3] detected non-heat 
radiation during phase transitions of the first 
kind. This effect was called the PeTa effect after 
the names of the researchers who described 
the phenomenon in detail (M. E. Perelman and 
V. A. Tatarchenko). Phenomena experimentally 
similar to the PeTa effect were found to enhance 
microwave radiation during the deformation of 
ice crystals [4], during phase transformations 
in ferromagnetic alloys [5], and during 
sonoluminescence [6].

For example, in terms of energy relations, 
during the phase transition of a substance from 
the liquid state into the solid state, the estimated 
energy of the radiation quanta for a mole of matter 
according to [1–3] is calculated from the equality: 

h
NA

n l= , where h  is the Planck’s constant, n  is 

the frequency of electromagnetic radiation, NA  
is Avogadro number, and l  is the specific heat 
of the phase transition. A multiphoton radiation 

process is also possible: h n
NA

n l= , where n  is 

the number of photons in an individual act of 
radiation. According to the estimates, in most 
cases the energy quanta are within the infra-red 
range. Since the explanation of the effect has 
caused an ambiguous assessment, as was noted 
in [2], it is of interest to consider other aspects 
of the issue.

In particular, [1–3] first of all took into 
account the energy and quantum-mechanical 
features of the PeTa effect. At the same time, there 
is a challenging issue regarding the probability of 
the considered events. It appears that the solution 
of this issue requires a careful consideration of 
the initial and final states of the system in terms 
of changing entropy, i.e. the implementation of 
the second law of thermodynamics. The entropy 
of the system is determined by very diverse 

structural characteristics of the medium and 
electromagnetic radiation (the volume of the 
components; the spectrum, polarisation, and 
the direction of the radiation; the shape of the 
parts of the system; their mutual arrangement 
in space, etc.).

The purpose of this work was to use the 
example of freezing water to consider at a 
qualitative level the entropy features of the PeTa 
effect which have not been previously taken into 
account by researchers.

Problem statement. When considering the PeTa 
effect, a number of issues arise. 1. It is not clear 
what proportion of energy can be converted into 
monochromatic radiation or other types of non-
thermal radiation and what their characteristics 
are (degree of coherence, spectrum, etc.). 2. In 
what type of processes PeTa and PeTa related 
radiations can occur (for example, during 
cavitation, supercooling with a subsequent phase 
transition, pressure pulses, etc.). It seems that 
to answer these questions, it is necessary to take 
into account entropy constraints alongside with 
the law of conservation of energy and the concept 
of quantum mechanics about the probability of 
radiative transitions. It is known that in isolated 
systems, entropy cannot decrease spontaneously 
(i.e. the energy of the system cannot be effectively 
transformed into the energy of monochromatic 
radiation, which has a lower entropy).

2. Theoretical consideration
As follows from [3], A. D Sakharov (in a private 

communication) drew attention to the process 
of freezing supercooled water, which can be 
accompanied by an energy discharge from the 
sample by means of radiation resulting in non-
thermal radiation. Its registration could serve as 
an experimental confirmation of the existence of 
the PeTa effect. This follows from the fact that 
the relatively fast transition from the liquid to 
the solid state of bulk water observed in some 
experiments is impossible since it is not provided 
for by the process of thermal conductivity.

Let us consider this process of phase 
transformation in terms of the second law of 
thermodynamics. Let us denote S0  as the entropy 
of the initial state (for a mole of liquid water), 
SL  as the entropy of the formed ice, and SE  as 
the entropy of the released energy equal to the 
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latent heat of the phase transition. Then, SE  will 
be represented as the sum of two components: 
S S SE E E= ¢ + ¢¢ , where ¢SE  is associated with 
thermal energy, and ¢¢SE  is associated with non-
thermal radiation. Then, from the second law of 
thermodynamics:

¢ + ¢¢ + ≥S S S SE E L 0 , or ( ) ( )¢ + ¢¢ ≥ -S S S SE E L0 	 (1).

If the entire process of phase transition is 
accompanied by a release of heat (in quasi-
static processes), it means that for one mole 

of a substance ( )S S
TL0
0

- = l
, where T0  is the 

temperature of the phase transition (it is assumed 
that liquid water is initially at T0 , the same is true 
for the formed solid fraction).

In case of the PeTa effect and a release of part 
of the energy ( ¢¢E ) in the form of radiation during 
transformations with one mole of water, relation 
(1) is represented as:

( )S S
T

SL E0
0

- £ + ¢¢
Ê
ËÁ

ˆ
¯̃

al
,		  (2),

where a = º( )0 1  characterises the share of ther-
mal energy released during the phase transfor-
mation. Full energy: E E= + ¢¢ = + -al al a l( )1 . 
The relation E≤/E = (1 – a) characterises the en-
ergy output of the PeTa effect.

For the equilibrium phase transition, the 
value of the difference between S0  and SL  equals 
l
T0

. Then, it follows from (2) that if a < 1  (i.e. in 

the event of radiation), ¢¢SE  given per single unit 
of energy should not be lower than for the process 
of heat transfer by contact. This can be verified by 

using the equal sign in (2) and ( )S S
TL0
0

- = l
, then 

the minimum ¢¢ = -
S

TE

( )1

0

a l
. Hence, the conclusion 

that there is a thermodynamic exclusion of the 
PeTa effect or more precisely that the radiation 
entropy for the equilibrium phase transition 
cannot be lower than the entropy accompanying 
the energy released in the form of heat.

This conclusion is quite obvious, since 
electromagnetic radiation with a narrow band 
has a low entropy due to its “ordering”. ¢¢SE ~ D Dn j  

[7], where Dn  is the frequency bandwidth for the 
electromagnetic radiation and Dj  is the width of the 
solid angle of the radiation beam. For the case when 
Dn  or Dj  tend to zero, SE

''  also tends to zero, and 
relation (2) is not satisfied if a is less than one 
(for fixed values of S0 and SL).

At the same time, in real-life physical systems, 
the difference ( )S SL0 -  presented in formulas (1, 
2) can be reduced by preparing a special initial 
state leading to a decrease in this difference. To 
do this, S0  should be reduced and SL should be 
increased. Let us consider both cases.

2.1. Increasing SL . This is possible if the 
structure of the formed ice is broken, for example, 
part of the ice is in an amorphous state or there 
are mixed structures with a chaotic arrangement 
of the ice crystals Ih and Ic. In recent works, the 
discovery of transitional forms during the phase 
transition of water [8, 9] in the form of the so-
called stacking-disordered ice ISD was reported. 
This is a mixture of Ih (hexagonal) ice and Ic 
(cubic) ice with a complex random structure. It is 
believed that previous reports of the experimental 
determination of cubic ice actually referred to 
stacking-disordered ice.

2.2. Decreasing S0 . S0  can be decreased by 
the supercooling of water. Supercooling in the 
natural environment was observed for cloudy 
aerosol down to –37.5 °С [10]. In this case, the 
entropy of supercooled metastable water S S0  
is below the initial state S0  by the value of 

DS Q
TT

Tx

= Ú
0

d
, where dQ  is a variation of thermal 

energy and Tx  is the supercooling temperature. 
The lower Tx is, the smaller the new value of S S0  
is. In addition, a reduced entropy can occur due to 
its decrease determined by the geometry of parts 
of the system if the water volume is divided into 
separate small fragments (in the case of hydrosol 
or films on the surface of pores or small particles).

The integral for DS  significantly depends 
on the value of Tx. However, there are additional 
complications in the case of water. According 
to numerous studies, the heat capacity of 
supercooled water at constant pressure tends 
to soar when approaching –45 °C (at normal 
atmospheric pressure) [11]. This feature is 
determined by the influence of the second critical 
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point of water and the appearance of the Widom 
line, the locus of increased density and entropy 
fluctuations of liquid bulk water [11, 12]. Although 
reaching –45 °С without water crystallisation is 
very difficult in practice, a decrease in entropy 
during supercooling is possible, for example, in 
porous media with nanosized pores, where the 
supercooling of bulk water to –70 °C was observed 
[13]. Due to an increase in heat capacity during 
the supercooling of liquid water, the entropy 
decreases nonlinearly with the temperature and 
it plummets near –45 °C. It might be for this 
reason that the temperature of homogeneous 
nucleation (i.e. below which there is only 
crystalline ice) is considered to be approximately 
–41 °C, i.e. it corresponds to a higher value than 
the temperature on the Widom line.

In graphical form, the section of the process 
where the PeTa radiation might occur during 
the supercooling of water is shown in Fig. 1. The 
graph has a starting point A. Point 1 corresponds 
to temperature T0, at which ice formation for bulk 
water is observed experimentally. Up to point 2, 
under certain conditions, there is a possibility of 
liquid water supercooling with the formation of 
metastable water with reduced entropy. Region 
2–2¢ is the area where the PeTa effect might 
appear, where a nonequilibrium phase transition 
is observed. 2¢–3 is the area of “normal”, i.e. 
equilibrium phase transformation of a liquid into 
a crystalline body with a release of heat. In other 
words, compared to area 2¢–3, in region 2–2¢, 
more thermal energy is released per unit mass of 
the formed ice, since the medium is heated from 
Tx  to T0 . Moreover, the heat takes more entropy 
than for section 2¢–3 where the temperature is 
constant. However, some of the energy may have 
reduced entropy.

3. Experimental
We studied the freezing of an associated 

liquid (concentrated ethyl alcohol containing a 
small amount of water) as an example explicitly 
demonstrating the peculiarities of the initial 
state. In this experiment, it was expected to 
achieve extreme supercooling of water released 
as a result of the decomposition of the associates 
during the phase transition of alcohol and, thus, 
its special initial state with a low entropy. This 
technique was used for the supercooling of 

water for the first time. To register the moment 
of the phase transition and its features, a non-
contact method was used. It recorded the 
electromagnetic radiation passing through the 
sample in the microwave range. The change in 
the transmitted power depending on the medium 
temperature allowed determining the onset of 
the phase transformation, the rate of the thermal 
energy release, and the variations of the sample 
temperature.

During the experiment, a sample of a 
nanoporous sorbent saturated with alcohol was 
exposed to radiation in the microwave range 
at a frequency of 34 GHz and was placed in a 
waveguide section. The experimental installation 
included a low-power Gunn diode generator and 
a crystal detector. The waveguide in which the 
sample was placed had a rectangular section of 
3.4 mm by 7.2 mm. A sample in a 5 mm thick plate-
like cuvette with sorbent powder was placed in 
the waveguide at an angle of ~ 45 degrees to the 
waveguide axis to eliminate interference effects. 
The power of the transmitted radiation and the 
temperature of the medium were measured as a 
function of time while cooling the sample with 
cold nitrogen vapour. To prepare the sample, 
ethyl alcohol and silica gel KSKG were kept in a 
desiccator to saturate the sorbent. The average 
size of the KSKG pores was 8 nm.

Fig. 1 Graphical representation of water cooling over 
time and the area where there is a possibility of PeTa 
radiation during the process of supercooling of a cer-
tain volume of water. The wavy arrow marks radiation 
from region 2–2¢ on the temperature versus time graph 
(non-thermal radiation)

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2021;23(4): 468–474

G. S.  Bordonskiy	 Entropy features of the PeTa effect during phase transformations of water



472

Ethyl alcohol with a concentration of 95% was 
used in the experiment. The alcohol contained 5% 
of water. As a result, its freezing point was about 
–114 °C. At the moment of the phase transition, a 
release of deeply supercooled water was expected. 
Its freezing proceeded according to a scheme 
similar to that shown in Fig. 1 for area 2–2¢. The 
temperature of the medium was measured using 
a thermocouple. The temperature accuracy was 
within several degrees. The time constant of 
the thermocouple was about 0.1 s. Signals were 
recorded by an Agilent data acquisition system 
at a rate of two measurements per second. 
The measurement results of the transmitted 
power of microwave radiation depending on the 
temperature of the medium are shown in Fig. 2.

Fig. 2 A change in the power of microwave radiation 
(P) (in relative units) transmitted through the wave-
guide section with silica gel saturated with 95% ethyl 
alcohol depending on the temperature of the medium

When the sample was cooled, multiple 
temperature jumps were observed during the 
alcohol crystallisation within a certain time 
interval when the temperature was below 
–114 °С. This was accompanied by a rapid heating 
of the medium. This phenomenon is well known 
in cryology and is explained by the freezing of 
nonequilibrium supercooled water. Multiple 
jumps can be explained by the inhomogeneity 
of the temperature distribution in the sample 
volume and by the variations in the parameters 
of the sorbent with alcohol and the pore space. 
Since the measurement time between individual 
points was 0.5 s, it was possible to use points of 
the graphs to estimate the time of a temperature 
jump when the released volumes of water were 
frozen. It was about one minute. The temperature 

increment during the jump approached 0 °С (the 
graphs showed a value equal to approximately –10 
°С, this can be explained by the thermal inertia of 
the medium and the thermocouple, as well as the 
spatial separation of the thermocouple and active 
regions where the heat was released). It is obvious 
that the heat emissions were accompanied by 
the formation of ice from the state of water with 
a reduced entropy. Currently, there are no data 
regarding the entropy of the formed stacking-
disordered ice that would allow estimating this 
value. It was reported that the proportion of cubic 
ice in the ISD ice can reach 70% [8].

The obtained results confirmed the hypothesis 
regarding the release of heat by supercooled 
metastable water with a low initial entropy 
at temperatures well below the point of the 
equilibrium phase transition, which creates the 
preconditions for the appearance of nonthermal 
radiation.

4. Discussion
 There is an additional challenge with regard 

to the discussed process owing to a hindered 
emission of quanta into the external medium 
due to their absorption in the bulk of the liquid 
and solid phases. Therefore, the PeTa effect can 
only be observed on the surface layer with the 
thickness of a skin layer of water. For the thermal 
infra-red region, the skin layer value for water 
and ice is about 10 μm. As a result, the equal sign 
will not work in relation (1). Thus, only sign “>” 
remains, which complicates the analysis of the 
system. In this case, nonthermal radiation may 
not be registered in the experiment.

It is possible that when using porous, weakly 
moistened sorbents, the radiation emerging 
from the medium in the IR region may not be 
significantly attenuated if the matrix material is 
sufficiently transparent within this wavelength 
range.

The experiment with concentrated ethyl 
alcohol showed the possibility of deep 
supercooling of water that is formed as a result 
of alcohol freezing and that at the initial moment 
has a temperature of its phase transformation of 
–114 °C. In the case of such deep supercooling, 
water has an extremely low entropy. It is 
interesting to note that below this temperature, a 
glass transition of water occurs (at approximately 
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–130 °C), which is presented in a form of 
amorphous (disordered) ice.

To perform a similar experiment in order to 
detect non-thermal electromagnetic radiation, 
sufficiently fast measuring instruments are 
required to register electromagnetic fields. In 
the performed experiment that involved alcohol 
freezing in a porous medium, temperature 
jumps were observed over a time of about tens of 
seconds and the intensity of microwave radiation 
did not change significantly. This is owing to the 
thermal inertia of the sorbent matrix and the 
applied measuring devices: a microwave detector 
and a thermocouple. The proposed technique can 
also be used to search lower frequency radiations 
that penetrate well the medium than radiations 
in the IR range considered in [1–3], for example, 
at frequencies below 1 GHz.

As an example of using the entropy approach, 
let us estimate the energy of nonthermal radiation 
during the crystallisation of supercooled water in 
a cloudy aerosol, for example, at a temperature 
of -10 °C. Let us accept a number of assumptions 
that simplify the assessment. Let us assume that 
no stacking-disordered ice is formed and let us 
not take into account the change in the entropy of 
water upon its crushing into droplets in aerosol. 
We also assume that the value of the water heat 
capacity is invariable at constant pressure (CP) 
within the range of 0 to –10 °C. During the process 
of water supercooling, its entropy decreases by 

DS C
dT
Tp

T

Tx

= Ú
0

, where T0 = 273 °C, TX = 263 °C, 

CP  = 4.2 J/(g deg). As a result of calculations, 
we get ΔS = 0.15 J/(g deg). For an equilibrium 
process for 1 gram of water, this change will 
be S¢ = l/T0 ≈ 1.2 J/(g deg), here l = 333 J/g. The 
entropy difference (S0 – SL) is provided by the 
outflow of thermal energy. If this difference 
decreases with the same outflow of energy, part 
of the energy (i.e. E≤) may have zero entropy in 
the limiting case. This means the PeTa effect is 
possible.

Relative fraction of non-thermal radiation 
energy is E≤/l = ΔS/(S0 – SL), hence E≤ = T0ΔS. The 
ratio, i.e. the fraction of the radiation energy per 
unit mass of matter, will be 0.12 in this example. 
However, it should be taken into account that 
in the process of phase transformation, the 

temperature of the medium rises and its effective 
temperature will be above –10 °C. If this process 
is considered to be linear, the effective ΔS will be 
twice as low. Consequently, the final estimate of 
the fraction of the energy of nonthermal radiation 
in the overall balance of the released energy will 
be 0.06.

It should be noted that low-frequency 
electromagnetic fields during water freezing 
at frequencies below 1 MHz were previously 
recorded, for example in [14], however, their 
occurrence was interpreted as associated with 
the relaxation of spatial or surface charges. In 
addition, at the beginning of the supercooled 
water freezing, there is a sharp increase in the 
entropy production (entropy derivative with 
respect to time) due to a rapid release of energy. 
According to the thermodynamics of irreversible 
processes, in this case, ordered structures might 
appear [15], therefore, the electromagnetic 
radiation can be studied using these concepts. 
The same applies to the study of radiation during 
cavitation [2] and other weakly nonequilibrium 
processes [6].

5. Conclusions
1. The example of water crystallisation was 

used to show that the PeTa effect associated with 
the appearance of nonthermal radiation during 
the first-order phase transition is only possible 
in specially prepared systems. Due to a lowered 
value of entropy (and in the case of decreased 
energy barrier for the formation of solid phase 
nuclei), such systems should be in a metastable 
state. Upon the initiation of a phase transition, 
a nonequilibrium phase transition will occur in 
the system, during which nonthermal radiation 
may appear.

2. It was shown that in the specific case of the 
phase transition of deeply supercooled water, it is 
necessary to carefully study the issue regarding 
the generation of electromagnetic nonthermal 
radiations, whose characteristics depend on 
the entropy of the initial and final states. The 
same applies to any other media with their own 
unique properties. The entropy of the initial 
and final states is determined by the sample 
preparation procedure, the features of the phase 
transition, and the macro and micro structure of 
the medium in the initial and final states. These 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2021;23(4): 468–474

G. S.  Bordonskiy	 Entropy features of the PeTa effect during phase transformations of water



474

features will determine a wide range of radiation 
characteristics (intensity, frequency spectrum, 
coherence, direction, and polarisation).
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1. Introduction 
Electrochromism is a reversible change 

in the optical properties of a material (light 
transmission and colour) under the influence 
of an electric field, as a result of the injection/
extraction of hydrogen or alkali metal ions 
[1]. In most cases, the effect takes place in the 
presence of an external electrolyte, which acts 
as one of the electrodes (anode) and injects 
ions into the electrochromic material. This type 
of electrochromism is used in electrochromic 
indicators and gas sensors [1–3]. 

Previously we have discovered and described 
[4, 5] internal electrochromism (IEC) without 
contact with the electrolyte in thin films of 
hydrated vanadium pentoxide (HVP) xerogel 
V2O5×nH2O. When a step voltage pulse is applied 
between two point electrodes touching the surface 
of the film, a coloured (red) spot is formed around 
the cathode (an example is given in coloured 
figure 3 [6]). The spot usually remains coloured 
for many hours, but disappears a few minutes 
after a back (inverse) voltage is applied. Internal 
electrochromism has a threshold character, i.e., it 
does not occur below a certain voltage level. The 
more the electrochromic cell voltage exceeds the 
threshold level, the stronger the effect becomes: 
the cathode spot has a deeper red colour, a larger 
area, and grows faster. In a fully dried HVP 
sample (water removed), which corresponds to 
the V2O5 structure, internal electrochromism was 
practically absent [4–6]. 

There is also no electrochromism in hydrogen 
vanadium bronzes, where the maximum oxidation 
state of vanadium is 4. On the other hand, a 
number of higher poly-vanadium acids (the 
oxidation state of vanadium is 5) are red in acid 
solutions. In this regard, we hypothesised [5] 
that the cause of electrochromism in HVP is 
the migration of protons to the cathode region, 
followed by the formation of higher poly-
vanadium acid fragments, as colour centres of 
the type:	

n nH polyvanadat groups e

polyvanadat acids

+ -+ ÈÎ ˘̊ + Æ

Æ ÈÎ ˘̊.
 	 (1)

Defects containing fragment ions of, for 
example, hexavanadate V6O17

–4, which form 
molecules (clusters) of hexavanadic acid (H4V6O17) 

under reaction (1), can act as poly-vanadate 
groups. 

X-ray studies of HVP show [7] that the 
material has a quasi-one-dimensional layered 
structure, where crossed fibres, predominantly 
oriented along the substrate, are connected 
by water molecules. If we compare the ion and 
electron components of the conductivity of HVP, 
we can see that this material exhibits mixed ion-
electron charge transfer [8–10]. The electron 
conductivity of HVP has a pronounced activation 
character with very low mobility [9] and depends 
on the content of V4+ ions, which are found in 
the defects and impurities. The ion component 
of conductivity, in turn, depends on the water 
content in HVP, it decreases sharply with a 
decrease in the water concentration [9]. The 
migration of protons through ordered hydrogen-
bonded water molecules is thought to be the 
mechanism of ion conductivity. However, there 
are suggestions [10] that protons can also exhibit 
a hopping migration through the vanadium-
oxygen (V2O5) HVP layers. 

In this article, we analysed our experiments [6, 
11] on the kinetics of internal electrochromism 
and on the passing current in a thin-film 
HVP structure with point contacts upon 
additional (homogeneous and inhomogeneous) 
hydrogenation of the xerogel by plasma-
immersion ion implantation (PIII). Using a 
cylindrical model of electrochromic colouration 
of the film, we estimated the concentration of 
electrochromism colour centres in HVP.

2. Experimental 
The HVP films were synthesised by the 

liquid-phase sol-gel method [1–3, 5]. In our 
experiments, vanadium pentoxide gel with a 
thickness of h ~ 1 μm was applied onto a glass 
substrate. Then, the samples were dried for a day 
at room temperature, so that their composition 
with partially removed water, according to the 
results of X-ray analysis, corresponded to the 
V2O5×1.8H2O phase [6]. 

The samples were hydrogenated (doped with 
hydrogen) in a hydrogen plasma by PIII [6]. The 
PIII unit (Fig. 1) consists of a chamber with a 
sample holder inside, a vacuum system, a plasma 
generator, a high-voltage pulse system, and a gas 
supply system. A plasma source with a heated 
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cathode was attached to one of the flanges of 
the chamber to produce an electric arc in the 
chamber. A vacuum system based on the NVR-
16D fore-vacuum pump and the 01 AB-1500-004 
turbomolecular pump allowed the pressure in the 
chamber to be reduced to 10–4 Pa. Voltage pulses 
were applied to the sample holder through the 
HVS-10-10 solid-state switch. Gas was injected 
into the chamber using a gas supply system of 
two FC-260 regulators.

Ions were implanted from plasma (at 4 Pa), 
when negative high-voltage pulses (2 kV) with 
a frequency of 1.7 kHz were applied to the 
sample for 5 µs. The current pulse amplitude 
was 50  mA and the total treatment time was 
30 min. The implantation dose was approximately 
~3.5·1017 cm–2. During hydrogenation, part of the 
sample could be covered by a rectangular mask 
to avoid protons entering that area. The area of 
the film implanted with hydrogen changed colour 
from grey-green to dark green. The colour change 
was due to a partial modification of HVP under 
the PIII treatment. As determined by nuclear 
magnetic resonance, it caused the increase in the 
concentration of V+4 [6]. 

We recorded the growth rate of the cathode 
spot area (Fig. 2) and the kinetics of the current 
(Fig. 3) between the clamping point contacts with 
radii of rо ~ 0.1 mm and distance d = 3 mm at 
voltage Uo = 30 V in three variants of experiments: 
(I) – the original HVP film, (II) – the film where 
the cathode region is the original HVP and the 
anode region is the hydrogenated HVP, and (III) – 
the fully hydrogenated film. Note that the area 

of the electrochromic colouration over time was 
determined using the images made by a digital 
camera with a 1 s sweep length; the current was 
recorded using a Keithley 2400 source measure 
unit.

At the beginning of the electrochromic 
colouration process, a red spot was formed very 
quickly (in a few seconds) around the cathode 
(see coloured Fig. 3 in [6]). The spot was perfectly 
round with a radius of ~ 0.4–0.5 mm. Then it 
slowly increased, reaching its final size (~ 2 mm) 
5–6 minutes after the voltage was turned on. The 
colouration rate and the depth of red differed 
significantly between the experimental variants. 
Internal electrochromism was most pronounced 
in the mixed variant (II): it had the maximum 

Fig. 1. The PIII unit layout

Fig. 2. The growth of the electrochromic spot area over 
time. 1 – initial film (experiment I), 2 – mixed film 
(experiment II), and 3 – fully hydrogenated film (ex-
periment III) 
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growth rate of the spot area (Fig. 2, curve 2), the 
colour of the spot was bright red. The effect was 
weaker in the original film (Fig. 2, curve 1) and 
even less pronounced in the fully hydrogenated 
film (Fig. 2, curve 3). 

The currents recorded (Fig. 3) in all variants 
of the experiments (I–III) first increased sharply 
(in a few μs) to a maximum. Then they almost 
exponentially decreased to their stationary 
values. The largest current peak was recorded in 
the fully hydrogenated film (Fig. 3, curve 3), and 
the smallest one was registered in the original 
film (Fig. 3, curve 1). 

3. The model of electrochromic 
colouration 

The total recorded current I(t) (Fig. 3) in 
HVP, as in a material with mixed electron-ion 
conductivity, consists of a purely electron current 
passing through the film, which we regard as 
constant, and of an ion current Ip(t) changing 
over time. The ion current involves additional 
electrons from the external circuit in charge 
transfer. These electrons are involved in the IEC 
electrochemical reaction (1), in the charging of 
the double layer at the interface of the electrodes, 
and, possibly, in the process of partial adsorption 
of hydrogen at the cathode. Since the last two 
processes can be neglected for a point contact 
with a very small area (~0.03 mm2), the ion current 
is determined exclusively by the electrochemical 

reaction (1). This reaction gradually slows down, 
and with bigger time values (actually more than 
300 s) the electrochromic colouration (Fig.  2) 
stops. Then we can assume that the purely 
electronic component I(t) should be equal to the 
stationary current I(t → ∞) ≡ Ist, when the ionic 
current disappears, that is, Ip(t) = I(t) – Ist. In 
turn, at any given point of time the area of the 
coloured spot S(t) must be proportional to the 
proton charge Q(t) involved in the IEC reaction, 
and its growth rate must be proportional to the 
ionic current:

dS t
dt

dQ t
dt

I tp

( ) ( )
( )= =a a ,		 (2)

where the proportionality coefficient a is the 
electrochromism efficiency parameter [11]. 

The electrochromic spot is almost circular in 
shape, centred on the cathode. This indicates that 
colour centres are formed under the influence of 
the field in the region around the cathode, which 
has almost a cylindrical shape (Fig. 4). Indeed, the 
distance between the contacts is much greater 
than the film thickness (d = 3 mm >> h = 1 µm). 
This is the condition for the cylindrical geometry 
of current distribution from point electrodes. It 
can be observed, for example, in experiments on 
probe measurement of thin film conductivity on 
dielectric substrates [12].

Then we assumed a simplified model for the 
electrochromic colouration region in the form 
of a cylinder around the cathode with a radius 

Fig. 3. Kinetics of the current passing through the HVP 
films: 1 – initial film (experiment I), 2 – mixed sample 
(experiment II), and 3 – fully hydrogenated film (ex-
periment III)

Fig. 4. Layout of an HVP-based electrochromic film 
on a dielectric substrate (glass) with point (probe) 
contacts. Around electrodes of cylindrical geometry, 
the current lines are shown
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R(t) and a height equal to the film thickness h. 
The growth of the observed spot is the internal 
electrochromism reaction (1) process with a 
moving boundary, which is the lateral surface 
of this cylinder with an area SL(t) = 2πR(t)h. We 
believe that at any given time the concentration 
of the resulting colour centres inside the cylinder 
is Ns and outside the cylinder it is zero. Then the 
ion current is:

I t J t S t qN
dR t
dt

R t hp p L s( ) ( ) ( )
( )

( )= ◊ = ◊2p ,	 (3)

where the ion current density Jp(t) is the product 
of the ion charge concentration qNs (q is the ele-
mentary charge) inside the cylinder by the veloc-
ity of its boundary motion (dR(t)/dt). 

The second equality in (3) can be expressed as:

qN
dR t
dt

R t h qN
dS t
dt

hs s

( )
( )

( )◊ =2p ,	 (4)

which establishes a direct relationship between 
the ion current and the growth rate of the area of 
the electrochromic spot (the area of the upper 
base of the cylinder) S(t) = pR2(t): 

I t I t I qN h
dS t
dtp st s( ) ( )
( )= - = .	 (5)

We compared (2) and (5) and determined 
that the electrochromism efficiency parameter 
was inversely related to the concentration of the 
formed colour centres Ns:

a = 1
qN hs

.		  (6)

Thus, having determined the growth rate 
of the spot area from the curves in Fig. 2, 
and the corresponding ion currents by the 
experiments described in Fig. 3, we obtained 
the electrochromism efficiency parameters and 
the concentration of the formed colour centres 
from relations (5) and (6). The results from the 
calculation are shown in Table 1. The Ns values 
are also compared with the estimated values of 

the equilibrium concentration of HVP protons 
(No) for all variants of experiments (I–III). 

We calculated the No value for the original film 
(experiment I) based on the HVP chemical formula 
(V2O5×1.8H2O), obtained using X-ray diffraction 
[5]. Since the volume of the tetragonal unit cell 
of HVP is Ve = a×b×c = 1.118·10–24 cm3 (a = 11.5 Å, 
b = 3.6 Å, c = 27 Å), and the number of hydrogen 
atoms is 18 [10], then No is approximately equal 
to 1.6·1022 per 1 cm3. According to the data of 
thermogravimetric analysis [6], for the fully 
hydrogenated film (experiment III) with an 
implantation dose of 3.5·1017 cm–2, this value 
decreases by ~ 2.6 times. Apparently, this is due to 
the partial evaporation of interlayer water when 
the film is heated (to about 100 °C [6]) during 
hydrogenation.

The sample in experiment II is inhomogeneous: 
the cathode region is the initial HVP film, and 
the anode region is the hydrogenated HVP film. 
Both parts of the film, as determined above, have 
different concentrations of protons. Inevitably, 
there must be a diffusion flux near their boundaries 
to equalize these concentrations. If we take into 
account the time between the PIII treatment and 
experiment II (dozens of minutes), as well as the 
heating of the film subjected to PIII, which also 
affects the cathode (untreated) region, it becomes 
clear that such a redistribution of hydrogen is 
bound to occur. Then, we assumed the average of 
the concentrations estimated above for variants 
I and III to be the equilibrium concentration of 
protons in experiment II.

As can be seen from Table 1, the values 
obtained for the concentration of the formed 
colour centres Ns in all experiments are more 
than one order of magnitude lower than the 
equilibrium concentration of HVP protons No. 
Thus, there are more than enough protons for the 
IEC reaction (1) even within the cylindrical region 
of electrochromic spot. It can then be assumed 
that the mobility of the protons migrating into 

Table 1. Parameters for electrochromism efficiency and concentration of colouring centres and HVP 
protons

Parameters Experiment I Experiment II Experiment III
a, cm2/С 130 320 610
Ns, cm-3 3·1020 7.4·1020 1.4·1020

No, cm-3 1.6·1022 1.1·1022 6.2·1021
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the cathode region from the depth of the film is 
not essential for the kinetics of electrochromism. 
The factor determining the IEC rate should be 
the faradaic contact resistance of electrons [13] 
involved in the electrochemical reaction.

Thus, for the initial and inhomogeneously 
hydrogenated films (experiments I and II), the 
concentration of potential colour centres should be 
the same, since the cathode region in experiment 
II is not subjected to PIII and is identical to the 
initial film. However, in variant II, a significantly 
(almost 2.5 times) higher growth rate and 
concentration of the colour centres are observed 
(Table 1). As pointed out in [11], the reason for 
the increased efficiency of electrochromism after 
heterogeneous hydrogenation is the decrease in 
the electron resistance of the anode region of the 
film subjected to PIII. Consequently, the faradaic 
conductivity of the IEC reaction increases. 

On the other hand, in a film fully treated with 
PIII (experiment III), internal electrochromism 
is very weak, with a low concentration of colour 
centres (Table 1). In our opinion, this is due to 
the plasma-ion modification of the material, 
when the action of the proton flux on the film 
partially restores V+5 to V+4 in HVP. This leads to 
an increase in the electron (hopping) conductivity 
of HVP (an increase in the V+4 concentration) 
and an increase in the total current (see Fig. 3, 
curve 3). At the same time, the concentration of 
poly-vanadate colour centres, in which vanadium 
should be pentavalent, decreases [5]. 

4. Conclusions 
Having analysed the internal electrochromism 

in HVP, we made the following conclusions
1. A thin-film electrochemical cell with point 

(probe) contacts can be represented by a simple 
cylindrical model of ion current distribution. Based 
on this model, we can assess the reaction rate 
through the visualisation of the electrochemical 
reaction, as is the case with electrochromism in 
HVP. The concentration of the forming reagents 
(colour centres) can be estimated from the current 
kinetics. The concentration of colour centres in 
the HVP xerogel films generally corresponds to a 
highly disordered material structure with a large 
number of defects, which can be poly-vanadate 
group fragments (the oxidation state of vanadium 
is +5).

2. The determining factor in the kinetics of 
electrochromism in HVP is not the mobility and 
concentration of protons migrating from the 
depth of the film to the cathode region, but the 
rate of the IEC reaction, which depends on the 
faradaic contact resistance. Therefore, additional 
hydrogenation of HVP alone cannot enhance 
electrochromism, even if we reduce the role of 
negative PIII factors, such as through the intense 
heating of the films with partial evaporation 
of water and reduction of V+5 to V+4. In our 
opinion, the IEC rate in HVP could be increased 
by forming electrochromic cells with increased 
electronic conductivity. For example, they could 
have alternating layers of initial HVP and PIII-
treated films, as well as other hydrogenated 
materials with mobile protons and high electron 
conductivity.
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1. Introduction 
The systems where non-equilibrium and/or 

metastable states easily emerge but are hard to 
eliminate cause most difficulties in the studies of 
phase diagrams. Among the examples of them are 
A(III) – B(VI) systems. For instance, metastable 
states (and a corresponding metastable T-x 
diagram) were observed at heating rates over 
~10 K/min during the study of the In – S system 
using differential thermal analysis (DTA). 
The elimination of non-equilibrium states in 
this system required thorough dispersion and 
extensive annealing of the samples. This problem 
is even more serious for a similar chalcogenide 
In – Se system studied in this article. This was 
also proved by the results of our preliminary 
DTA experiments. The data on the system are 
incomplete and controversial, which indirectly 
indicates the same problem. The existence of 
In4Se3, InSe, In6Se7, and In2.66Se4 (or b-In2Se3) and 
various polymorphic forms of In2Se3 of almost 
stoichiometric composition is obvious [1–7]. 
Several contemporary studies also justify the 
existence of two more selenides on the phase 
diagram, In9Se11 and In5Se7 [3–6] (Fig. 1). At the 
same time, we found no data on the assignment 
of these phases to certain structures (in [5, p. 459] 
they only mention the In5Se7 phase as a cubic 
one but without any argumentation or details). 
In calculations performed in 2020 [7] the T-x 

diagram of the In  –  Se system was presented 
without these two phases. The situation with 
the extent of the homogeneity ranges and, 
particularly, with the limits of the temperature 
stability of indium selenides seems even more 
confusing [5, 6]. 

Such disagreement in the published data is 
not unexpected if we take into account the fact 
that non-equilibrium and metastable states 
emerge easily. The reasonable approach for 
this system is the following: the study of phase 
equilibria must be preceded by the development 
of appropriate methods and methodologies. The 
goals of this work are the following: 

(а) searching for a method of study of the 
In – Se system taking into account the specified 
problems and difficulties, (b) choosing a way for 
the instrumental implementation of this method, 
and (c) obtaining experimental evidence that this 
method and its implementation are promising. 
The goals were considered to be achieved only 
in case the reproducibility was proved and the 
results were internally consistent.

The In – Se system was not chosen randomly 
but due to the expected high materials science 
prospects of:

– Layered phases (InSe and some modifications 
of In2Se3) as 2D materials.

– Semiconductor compounds with the so-
called stoichiometric vacancies.

Fig. 1. T-x diagram of the In –Se system according to the review article [1]
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– Binary precursors for the synthesis of 
heterostructures based on CIS compounds.

1.1. The applied method
The auxiliary component method and the 

choice of the component. As for the systems 
where it is difficult to eliminate non-equilibrium 
states, we can use the auxiliary component method 
[8, 9], the idea of which is to bypass the equilibrium 
that is hard to achieve with the participation of 
the components of the initial system (in this 
case In – Se) and replace it with an equilibrium 
with the participation of an auxiliary component 
introduced to the system. Chlorine in the form of 
indium chlorides was chosen as this component. 

Such an experiment, where indium chlorides 
in the state of unsaturated vapour would interact 
with the studied indium selenides, can be 
organised in a closed isothermal system. Based 
on the data from [9, 10], it was assumed and then 
confirmed that such an interaction leads to a 
heterogeneous equilibrium 

2In  + InCl InCl¢¢ ¢ ¢3 3 ,  		  (1)

K
p
pP

# ( )
.= InCl

InCl

3

3

		  (2)

In (1) the “≤” symbol stands for the condensed 
state of the substance, while “¢” stands for the 
vapour; so In≤ corresponds to indium in the 
composition of condensed phases of the In – Se 
system. Selenium (Se≤) chemically bound by indium 
must be inert with respect to the vapour of indium 
chlorides. Such inertness was expected due to the 
fact that the vapours of indium chlorides dissociate 
considerably at high temperatures [11] so we did 
not record them on the spectra, while ternary 
phases in the In – Se – C system were formed only in 
an oxidising environment (the interaction of In2Se3 
+ InCl3 with an excess of selenium [12]). 

The exchange of substance between various 
condensed phases of the In – Se system can be 
achieved if the reaction (1) proceeds mainly in 
the forward or backward direction. The state of 
equilibrium is achieved as a result of the transfer 
of chemical substances. This allows obtaining 
a sample of the studied binary system (in this 
case In  –  Se) that is internally in equilibrium, 
while the correct determination of temperature 
dependences of the KP

# values for the series of 
various compositions in the state of equilibrium 

allows extracting the information on the phase 
diagram of this system. The KP

# value links the 
partial pressures of vapours in equilibrium (1) 
according to the expression (2), that is similar to 
the “classic” equilibrium constant KP. However, 
unlike the latter, the “pseudoconstant” KP

# 
depends not only on the temperature (T) but also 
on the composition (x) of the condensed phase 
that is in equilibrium with the vapour. (Also, KP

# 
depends on pressure P, although this dependence 
is usually insignificant.) The thermodynamic 
meaning of the KP

# value and its connection with 
the chemical potential of indium participating 
in reaction (1) were analysed in more detail in 
[8, 10, 13]. In these works it was also stated that 
KP

#–T diagrams look very similar to classic P–T 
diagrams obtained without the introduction of 
an auxiliary component. The analysis of KP

#–T 
diagrams, in particular, can help to identify phase 
relations in the studied binary system. 

The experiments were performed at 
temperatures of 400–700 °С for the compositions 
with the selenium content not extending 60 
mol%. Under these conditions, the selected 
method is also convenient due to the fact that 
the pressure of their “own” vapours (In2Se, Se2) 
on indium selenides is low (P <1 Pa) [5] and does 
not hinder the registration of partial pressures 
of molecular forms created by the auxiliary 
component. Chlorine was chosen as the auxiliary 
component due to the following: 

a) Low solubility of chlorine in indium 
selenides, according to indirect data [14], which 
makes it unlikely that there is a significant 
distortion of information on the phase diagram 
due to the solution with a foreign impurity 
(chlorine atoms) in the binary phase.

b) Possibility of obtaining vapours of indium 
chlorides with a concentration appropriate for 
correct spectrophotometric measurement [15, 16]. 

c) Various ratios of the components in the 
molecules of indium chloride present in the 
vapour (In2Cl6, InCl3, In2Cl4, and InCl [15, 17]). Due 
to the differences in these ratios, in other words, 
in the oxidation states of indium, reaction (1) and 
similar independent reactions become possible.

d) Expectation, similar to the Ga –  Se –  Cl 
and In – S – Cl systems, of a selective interaction 
between indium chloride vapours and the 
condensed selenides, where only indium 
participates in a reversible reaction [10, 13].
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As this work is focused on the determination 
of the KP

# value at different temperatures and 
the compositions of the In – Se system, high-
temperature spectrophotometry was chosen 
for the instrumental implementation of the 
auxiliary component method. High-temperature 
spectrophotometry allowed obtaining absorption 
UV spectra of indium chloride vapours that 
were in equilibrium with the condensed sample 
of the In – Se system of the set composition. 
Processing these spectra, we found the values of 
concentrations and partial pressures of the InCl 
and InCl3 vapours, and then we substituted them 
in expression (2) and calculated the KP

# values. 

2. Experimental 
Taking into account the aforementioned, 

we decided that the main goal of the work to be 
achieved should consist in the determination of 
the temperature dependences of the KP

# value for 
various compositions of indium selenides that 
are in equilibrium with the unsaturated vapour 
of indium chlorides (see formula 1). This problem 
was solved in two stages: During the first stage 
we determined the molar attenuation coefficients 
of indium trichloride el(InCl3) where l is the 
wavelength for the typical absorption band. As 
for indium monochloride, similar values el(InCl) 
were determined for several typical peaks in the 
previous work [16]. After that, we moved to the 
second stage and studied the equilibria of indium 
selenides with indium chloride vapours. During 
this stage, we obtained the absorption spectra 
of the equilibrium vapour of indium chloride at 
various temperatures. Based on these spectra 
and taking into account the molar attenuation 
coefficients, we calculated the values of partial 
pressures of the pInCl3 and pInCl vapours and then the 
value of KP

#. Finally, we analysed the temperature 
dependences of the KP

# values obtained for the 
In – Se alloys of various compositions.
2.1. Stage 1. Spectrophotometric study of InCl3 
vapours

For this study we used a methodology similar 
to the one described in our previous works [16, 
18]. Indium trichloride was synthesised from 
simple substances [15]. The studied equilibrium 
was implemented in a sealed optical quartz 
cuvette (~25×10×10 mm3) with the optical path of 
10.0 mm inside the cuvette. Very small quantities 

of indium trichloride were introduced to the 
cuvette in such a way so that at temperatures of 
400–450 °С solid InCl3 would completely sublime 
and form an unsaturated vapour. During one of 
the two experiments, a small amount of chlorine 
gas was also introduced to the system in order to 
suppress the thermal dissociation of InCl3. The 
methods of the synthesis and introduction of 
small amounts of indium trichloride and chlorine 
into the cuvette are described in [15]. 

The sealed-off cuvette was placed in a 
resistance heating furnace. The furnace had small 
openings (windows) for the transmission of light 
through it. Absorption spectra were obtained in 
the range of 200–400 nm using an array based on 
an MDR-41 monochromator. The furnace with the 
cuvette inside it was mounted in the array. Typical 
spectra obtained during the experiment with the 
excess of chlorine are presented in Fig. 2. As can be 
seen from Fig. 2, the only broad absorption band 
with the maximum absorption at 210–215 nm can 
be observed in the specified spectral range.

This band was also observed in [15] where it 
was associated with indium trichloride. Fig. 2 also 
shows that typical light absorption grows with 
increasing temperature (t): it grows sharply at 
t ≤ 425 °С and gradually at higher temperatures. 
We associated this change in the temperature 
course of absorption with the “Saturated vapour ↔ 
Unsaturated vapour” transition as the amount of 
InCl3 in the experiment and the cuvette volume 
were chosen so that such transition would be 
observed in the temperature range of 400–450 °С.

A similar change in this spectral band with the 
temperature was observed in a similar experiment 
where indium trichloride was used, but chlorine was 
not added. A series of sharp peaks (in the ranges of 
260–290 and 337–363  nm) typical for indium 
monochloride InCl were also seen on the spectra. 
However, the content of InCl in the vapour calcu-
lated using the values of the molar attenuation co-
efficients did not exceed 2% of the content of InCl3. 
Also, neither in this experiment, nor in any other 
experiments we saw any noticeable bands with a 
wavelength of about 320 nm, which is typical for 
indium (II) chloride In2Cl4. Taking this into account, 
the data of the experiment conducted without the 
addition of chlorine was also used to determine the 
absorption properties of indium trichloride, igno
ring its insignificant degradation in this experiment. 
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The optical absorption coefficient (kl(i)) was the 
basic value measured in our spectrophotometric 
experiments. Each specific value of kl(i) was 
determined for the specific wavelength at which 
the light absorption of the i-th substance takes 
place*. To calculate the values of the molar 
attenuation coefficients (el(InCl3)), we extracted 
kl(InCl3) from the registered spectra in those 
temperature ranges that corresponded to the 
saturated vapour of InCl3. The measurements 
were performed for the wavelengths of 240, 
245, and 250  nm. These values correspond to 
the InCl3 absorption band but they are situated 
on its wavelength edge in relation to the 
absorption maximum. This choice is explained 

* In these and other spectrophotometric experiments 
performed in this work, the measurement error for the in-
tensity of radiation (∆I°) passing through an empty cuvette 
did not exceed 0.5% of the measured value (I°). The calcu-
lation by the error accumulation method showed that the 
error for the determination of the optical absorption coef-
ficient was minimal for kl = 1.3 cm–1 and was about 1.8 % of 
the measured value. The error increased in case of the in-
crease or decrease in the optical absorption coefficient. For 
the further calculations in this work we used the values of 
kl in the range from 0.1 to 4.5 cm–1 with the error not ex-
ceeding 10 %. When calculating the errors of other values 
(C(i), p(i), KP

#), it was assumed that only the discussed value 
made significant contribution to random errors.

by the fact that the applied array provided a 
radiation intensity which was too low for the 
wavelengths of up to 240 nm, and the quantitative 
determination of absorption was performed with 
poor accuracy. Moreover, as many substances 
have great attenuation in the short-wave region 
of the UV spectrum (up to 240 nm), as a result, 
the quantitative determination of InCl3 in this 
spectral region can be distorted even by the 
presence of impurity traces in vapour.

To obtain the required values (el(InCl3)), we 
used the correlation (3) between the partial vapour 
pressure (pInCl3) and the optical absorption 
coefficient kl(InCl3), which was obvious from 
Beer’s law and the ideal gas law.

k pR Tl le( ) ( ) ( ) ln( )InCl InCl InCl3 3 3 10◊ ◊ ◊= ◊ 	 (3)

This expression was primarily used to assess 
the validity of the obtained results. To do that, we 
compared the dependence of the ln(kl(InCl3)·R·T) 
value on the reciprocal temperature obtained 
from the experimental data with a similar 
dependence of ln(pInCl3) on T–1 according to the 
data from [19]** (Fig. 3).

** There are significant discrepancies in the published 
data on the temperature dependence of the saturated vapour 
pressure of InCl3 over solid indium trichloride, which is 

Fig. 2. UV absorption spectra of saturated and unsaturated (over 425 °С) vapours of InCl3 at various tempera-
tures specified in the legend
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Taking into account the Clausius–Clapeyron 
relation for small temperature ranges and 
assuming that the temperature dependence 
of the attenuation coefficient is insignificant, 
both dependences must be almost linear for the 
saturated vapour area. In addition, both lines must 
have the same angular coefficient that corresponds 
to the enthalpy of sublimation of (∆SH(Tav.).) of 
indium trichloride with a precision of up to the 
R factor. It should be stressed that the ∆SH(Tср.) 
value calculated for the average temperature of the 
study area (325–425 °С) refers to the sublimation 
of solid indium trichloride with the formation of 
vapours of a certain molecular form, which is InCl3. 

Indeed, the dependence of ln(kl(InCl3)·R·T) 
on the reciprocal temperature turned out to be 

selectively presented on the inset in Fig. 3. In our opinion, 
it is difficult to determine this dependence correctly because 
of the complex composition of the saturated vapour with a 
commensurable presence of InCl3 and In2Cl6 molecules, and 
because of the possible thermal dissociation of InCl3 into 
InCl and Cl2. In this work, we used the data from a detailed 
work [19], which correlate well with the results of [20].

close to linear (line |ab| Fig.  3). Calculated for 
the temperature range of 325–425 °С, the value 
of enthalpy of sublimation of indium trichloride 
was 161±3.0 kJ/mol, which within the range of 
4–6 % corresponds with the results in [15], [19], 
and [20] (156, 152, and 151 kJ/mol, respectively). 
Therefore, the obtained data are internally 
consistent and correlate with the published data. 

This allowed us to assume that the values 
of the molar attenuation coefficients calculated 
from expression (3) were correct. To make 
calculations from (3), we evaluated el(InCl3) and 
substituted the experimental values of kl(InCl3), 
temperature T, and the values of p(InCl3) from 
the published data on the saturated vapour of 
InCl3 into the obtained expression. The values of 
p(InCl3) were obtained for specific temperatures 
based on the temperature dependences [19]. 
The obtained averaged values of el(InCl3) are 
presented in Table 1. 

Therefore, we obtained all the required data in 
order to proceed to the second and final stage of 

Fig. 3. The data on the temperature dependences of the value k240 nm (InCl3)·R·T (our experiment) and pressures 
of the InCl3 saturated vapour (inset in the right upper corner; published data) presented in Arrhenius coordi-
nates. Legend: 1, 2, and 3 are published data of [19], [20], and [21] respectively. 4 and 5 are the experiment with 
an excess of chlorine and areas of saturated and unsaturated steam, respectively; 6 is the experiment without 
an excess of chlorine and saturated vapour. Errors in the determination of the ln(kl(InCl3)·R·T) value do not 
exceed the sized of experimental dots
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the work. Before we describe this stage, it should be 
added that the specific features of the changes in 
light absorption in the unsaturated vapour of InCl3 
are not directly related to the goal and purpose of 
the work, so they are analysed in the APPENDIX. 

2.2. Stage 2. Spectrophotometric study of the 
equilibrium of vapours of indium chlorides with 
some condensed phases of the In – Se system

In this part of the study, we introduced crushed 
powder of an alloy of the In – Se system to the point 
of equilibrium with the vapour of indium chlorides. 
It was important to show that alloys with different 
phase compositions provide noticeably different 
quantitative characteristics of equilibrium with 
the vapour of the auxiliary component. We used 
two alloys to identify these differences: one with 
the selenium content of 49.9  mol%  Se (alloy 
1) and another with the selenium content of 
58.5 mol% Se (alloy 2). The poorest phases were to 
be contained in the first one and the phases rich in 
selenium in the second one. However, polymorphic 
modifications of the most selenium-rich phases 
that almost corresponded to the stoichiometry 
of In2Se3 were not used in this work as these 
substances may have noticeable values of vapour 
pressures of their own components (In2Se, Sex) at 
temperatures of the planned experiments (400–
800 °С). Molecular forms of selenium (Sex; x =1, 
2, 3, 4…8) and diindium selenide (In2Se), in their 
turn, would be seen on the spectra and would make 
it difficult to analyse them. 

Both alloys were synthesised during the 
interaction of stoichiometric amounts of simple 
substances (In-00, high purity Se, double 
distilled) in the evacuated quartz ampoules at 
900 °С. The melts were stirred and the ampoules 
were occasionally shaken within two hours, 
then cooled down to 600 °С, and after that the 
samples were kept at this temperature for 24 
hours. The annealing was finished by quenching 
the ampoules in iced water. The quartz ampoules 
were opened, and the ingots weighing 2–3 g were 
extracted from them. 

The DTA and XRD data showed that both 
alloy  1 (49.9 mol% Se) and alloy 2 (58.5 mol% 
Se) are heterogeneous: the first one is almost 
exclusively presented by the hexagonal phase of 
InSe-2H with a negligible impurity of In4Se3, while 
alloy 2 contained b-In2Se3 and In6Se7 phases.

To conduct a spectrophotometric experiment, 
we placed a weighed portion of the alloy ground 
into powder on the bottom of the cuvette 
and then introduced a certain amount of an 
auxiliary component into the cuvette. As for 
the auxiliary component, at this stage of work 
it was more convenient to initially introduce 
indium monochloride into the cuvette since it 
is not important which initial phase of indium 
chloride is introduced into the system to 
achieve heterogeneous equilibrium. The amount 
of InCl was selected on the condition that 
unsaturated vapour must be formed in the system 

Table 1. Values of the molar attenuation coefficients of the InCl and InCl3 vapours

Molecular shape for which 
the calculation is performed

Wavelengths corresponding to 
the calculated values  el  l, nm

Molar attenuation 
coefficient  el, cm2/mol Source

InCl3 (6.1 ± 0.6)·106 This work
InCl3 (4.1 ± 0.5)·106 This work
InCl3 (2.7 ± 0.4)·106 This work
InCl 267.0 1.167·108 [16]
InCl 270.4 3.822·107 [16]
InCl 342.4 5.240·105 [16]

Wavelength range  
l1 – l2 (nm), corresponding to 

the values el1–l2
 for the 

calculations by the peak area

el1-l2
, cm3/mol

InCl 337–365 2.283·106 [16]
Notes to Table 2. 1 and 2 are the calculations of the the partial pressure of InCl vapours by the absorption with the wavelengths 
of 342.4 and 270.9 nm respectively; 3 is the calculation of the the partial pressure of InCl3 vapours by the absorption with the 
wavelength of 240.0 nm, 4 is the mole fraction of indium monochloride in vapour calculated to the approximation of the presence 
of only two forms, InCl and InCl3, in the vapour.
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at temperatures over 400 °С. Taking into account 
the small volume of the cuvette and the high 
absorption of indium chlorides, we are referring 
to the introduction of a very small amount 
(~105  g), which cannot be measured directly 
using analytical scales. A special methodology 
described in [16] was developed for the synthesis 
and transfer of such small amounts into the 
cuvette. Once the defined microquantity of InCl 
was transferred into the cuvette, it was evacuated, 
sealed off, and placed as necessary in the furnace 
of the spectrophotometric unit. It should be 
noted that as the total amount of the In –  Se 
alloy exceeds the amount of halides in vapour 

by 4–5 orders of magnitude, the change of the 
composition of liquid (molten) indium selenides 
must be negligibly small in case of any deviations 
in the equilibrium (1) during the experiment. 

3. Results and Discussion 
Typical absorption spectra of indium chloride 

vapours that are in equilibrium with alloy 1 at 
temperatures from 410 to 610 °С are presented in 
Fig. 4. At a temperature of 400 °С, a typical series 
of sharp peaks are observed in the wavelength 
ranges of 260–290 and 337–362 nm on these 
spectra indicate the appearance of noticeable 
concentrations of indium monochloride in the 

Fig. 4. UV absorption spectra of indium chloride vapours obtained at temperatures from 410 to 610 °С and 
being in equilibrium with alloy 1 (phase 2H-InSe and traces of In4Se3): a) spectral area of 200–310 nm where 
a wide absorption band of InCl3 (shortwave part of the spectrum ~up to 250 nm) and a series of peaks of InCl 
(~260–300 nm) appear; b) spectral area of 335–365 nm where InCl absorption peaks appear
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vapour. As for the specified temperature range, 
the intensities of the characteristic peaks of 
InCl significantly increased together with the 
temperature, which is indicative of a strong 
deviation of equilibrium (1) to the right. Similarly, 
at temperatures from 400 to 650 °С, the shape of 
spectral curves for the experiment with alloy 2 
also changed due to a higher content of selenium 
(58.5 mol%).

The known values of the molar attenuation 
coefficients of InCl and InCl3 (Table 1) allowed 
determining the equilibrium concentrations of 
these molecular forms in the vapour and then 
determining the values of partial pressures 
p(InCl) and p(InCl3) and, finally, the KP

# value (2). 
Table 2 and Fig. 5 show these results referring to 
the temperatures at which alloys 1 and 2 remain 
crystalline (there are no melts or their fraction is 
negligibly small).

The data provided in this table indicate a clear 
deviation of equilibrium (1) to the right with an 
increase in the temperature (see the columns 
with the KP

# values). As for alloy 2 with a relatively 
low content of indium (41.5 mol%), the KP

# values 
were several orders of magnitude smaller than the 
ones for alloy 1 (50.1 mol % In) which contained 
indium-rich phases. This was indicative of a great 
increase in the affinity of indium to selenium in 
the transition from lower to higher selenides. 

However, despite a significant difference 
between the KP

# values for the equilibria with 
alloys of various compositions (including phase 
composition), noticeable concentrations of 
InCl3 and InCl always remained in the vapour. 

Their joint presence should accelerate the 
achievement of the equilibrium state and the 
obtaining of samples of indium selenides with 
internal equilibrium upon their contact with the 
vapour of these halides under the conditions 
of a spectrophotometric experiment. It should 
be noted that in a number of cases the contact 
of condensed phases with vapour contributes 
not only to the achievement of the equilibrium 
position but also to the elimination of metastable 
states. For instance, [22] showed that marcasite 
(a-FeS2) is a metastable phase in relation to 
pyrite (b-FeS2). It was proved by a monotropic 
transformation of marcasite to pyrite, which 
occurred only upon the contact with a liquid 
phase, specifically an iron carrier (FeCl2). In 
[23], metastable inclusions of g-GaSe in e-GaSe 
were eliminated upon annealing of gallium 
monoselenide crystals with an excess of gallium 
in the presence of GaI and GaI3 iodide vapours 
that ensured the transfer of gallium between the 
solid phases and the vapour. 

Going back to Fig. 5, it should be noted 
that KP

# temperature dependences in Arrhenius 
coordinates are a) similar to linear ones and b) 
are very different both in the absolute values of 
KP

# and in the slope. Greater KP
# values correspond 

to the equilibrium with the alloy with a greater 
indium content (alloy 1), while the temperature 
dependence of this value presented in Arrhenius 
coordinates has smaller slope. 

The identified features on Fig. 5 corresponded 
to those expected and showed quality analogy 
between KP

# – T and pi – T diagrams. For instance, 

Table 2. Partial pressures of the InCl3 and InCl vapours in equilibrium with the alloys of the In – Se 
system with a selenium content of 49.9 and 58.5 mol %

Equilibrium with the In – Se alloy; 49.9 mol%  Se Equilibrium with the In – Se alloy; 58.5 mol% Se
t, °C pInCl 

(1) pInClз
 (3) KP

# xInCl, %
 (4) t, °C pInCl

 (2) pInClз
 (3) KP

# xInCl,%
(4)

400 0.006 0.003 7E-05 68.9 400 1.1E-04 4.7E-02 5.6E-12 0.2
450 0.020 0.004 0.002 82.5 425 1.9E-04 4.6E-02 2.1E-11 0.4
500 0.060 0.009 0.023 86.5 450 2.6E-04 4.3E-02 3.0E-10 0.6
535 0.10 0.015 0.07 87.2 475 2.9E-04 3.6E-02 7.5E-10 0.8
570 0.15 0.022 0.15 87.2 500 4.6E-04 3.2E-02 3.6E-09 1.4
590 0.17 0.023 0.22 88.2 525 4.9E-04 2.8E-02 6.4E-09 1.7
610 0.19 0.020 0.32 90.3 550 7.8E-04 2.0E-02 3.2E-08 3.7

          575 1.1E-03 1.4E-02 1.0E-07 7.0
          600 1.5E-03 1.2E-02 2.4E-07 11.0
          625 1.7E-03 6.7E-03 6.2E-07 20.3
          650 2.3E-03 4.4E-03 1.7E-06 34.6
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if the temperature dependence of the partial 
pressure of indium vapors pIn over heterogeneous 
samples of alloy 1 and alloy 2 were studied 
directly in the In – Se system (without an 
auxiliary component), we should have observed 
the dependences of ln(pIn) on T–1 similar to the 
ones shown in Fig.  5. Such behaviour stems 
from the connection (4), shown in [8], between 
the chemical potential of indium (µIn) in the 
condensed phase of the In – Se system and the 
KP

# value for equilibria of type (1).

mIn = ◊ ◊ +0 5. ln( ) ( )#RT K F TP , 	 (4)

where F(T) is the element depending only on the 
temperature.

3.1. Additional possibilities of spectrophotometry 
with the vapours of the auxiliary component 
when studying T – x diagrams of the In – Se 
system

The analysis of the behaviour of absorption 
spectra at temperatures over 610 °С for alloy 1 
and over 665 °С for alloy 2 allowed identifying 
unexpected features. Under these conditions, 
at first a sharp decrease and then a smooth 
increase of the intensities of InCl peaks was 

observed on the spectra upon the increase of 
temperature (Fig. 6 and Fig. 7). It is obvious that 
the concentration of indium monochloride in the 
vapour changed in the same way. Similar changes 
were observed also in the concentration of indium 
trichloride in the vapour. 

We associated such an unusual course of the 
temperature dependence of the InCl and InCl3 
concentration in the vapour with a noticeable 
solubility of indium chlorides in the melt 
of indium selenides. Since alloy 1 consisted 
practically of the InSe phase (the fraction of the 
In4Se3 phase was very small), the appearance 
of the first noticeable amounts of the melt 
must correspond to the incongruent melting 
temperature of InSe. 

Then, practically, the beginning of the 
reduction in the concentration of halides in the 
vapour must correspond to this temperature* 
on the corresponding temperature dependence. 

* It was already noted that the total amount of the 
In – Se alloy exceeds the amount of halides in vapour by 
4 – 5 orders of magnitude. As a result, the cryoscopic effect, 
a reduction of the temperature of phase melting due to the 
solubility in the melt of halides, must be much smaller than 
the error in the determination of the temperature using a 
thermocouple (2 K).

Fig. 5. Temperature dependences of the KP
# value for equilibrium (1): indium chlorides in the vapour phase, 

alloys of the In – Se system in the condensed phase. Line | cd | is an alloy of the 49.9 mol% Se composition, line 
| ef | is an alloy of the 58.5 mol% Se composition. Legend: 1 – 3 are data of two experiments with the In – Se 
alloy of the 50.0 mol% composition Se, 1, and 2 are the calculation of p(InCl) by the absorption coefficient with 
the wavelength of 342.4 nm; 3 is the calculation by the peak area within the wavelength range of 337-362 nm. 
4 and 5 are the experiment with an alloy of the 50.0 mol% composition % Se; calculations of p(InCl) by the 
absorption coefficient with the wavelengths of 267.5 and 270.9 nm respectively
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Fig. 6. UV absorption spectra of indium chloride vapours obtained at temperatures from 610 to 800 °С and 
being in equilibrium with alloy 1 (phase 2H-InSe and traces of In4Se3) Spectral area of 335 – 365 nm where InCl 
absorption peaks appear

Fig. 7. Temperature dependences of the optical absorption coefficient of the InCl vapour for the wavelength 
of 342.4 nm (curve 1) and concentrations of InCl in vapour (curve 2) over the whole studied temperature range 
(400 – 800 °С). Equilibrium of the unsaturated indium chloride vapour with alloy 1 (49.9 mol% Se composition, 
phase 2H-InSe, and traces of In4Se3)
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Taking into account the incongruent melting of the 
studied sample, a further increase in temperature 
should obviously result in the increased amount 
of melt in the system. Then the amount of vapour 
absorbed by the melt may increase with the 
temperature, and the concentration of chlorides 
remaining in the vapour may decrease within 
the range from the temperature of incongruent 
melting to the temperature corresponding (for 
this alloy composition) to the liquidus line. 

This reduction should stop at a temperature 
similar to liquidus as the selenide sample becomes 
a homogeneous alloy under these conditions, 
while the solubility of gas a homogeneous 
liquid should decrease when the temperature 
increases. Indeed, as for alloy 1, the reduction 
of light absorption characteristic for InCl with 
an increase of temperature coincided with the 
melting temperature of InSe (610 °С according to 
the data from [24]) and stopped at about 650 °С, 
which also corresponded well with the value of 
the temperature for the point on the liquidus line 
corresponding to the composition of this alloy. 

The same reasoning can also be used for 
the equilibria of chloride vapour with any other 
samples of the In –  Se system. Indeed, in the 
experiment with alloy 2 the temperature of 
the beginning of the reduction of absorption 
(and, correspondingly, concentration) of InCl 
in the vapour (665 °С) correlated well with the 
incongruent phase melting temperature of In6Se7 
(663 °C according to the data from [24]).

Therefore, the obtained effect allows 
constructing a phase diagram of the In –  Se 
system in the region of coexistence of the liquid 
and solid phases and identifying the solidus and 

liquidus lines using an independent static method 
(Fig. 8). It should be noted that a similar method 
has already been used by one of the authors of 
this work for the construction of the T-x diagram 
of the Ga – Se system [25].

3. Conclusions
It can be concluded that the spectrophotometric 

study of a set of alloys of the In – Se system with 
various compositions conducted using indium 
chlorides will allow clarifying the issue of phase 
relationships in the studied system. However, such 
a study goes beyond the goals and objectives of 
this work. Our experiments based on the example 
of a specific system showed that it is possible to 
use the promising auxiliary component method 
and high-temperature spectrophotometry as 
an instrumental basis for this method. We also 
showed additional possibilities of this method 
for plotting T-x diagrams of binary systems in 
such high-temperature areas where the binary 
solid phase is in equilibrium with the melt. 
This application of the method is related to the 
solubility of vapour of an auxiliary component 
(chlorine in the form of indium chlorides) in the 
melts of binary phases (indium selenides).

APPENDIX
Let us analyse the data on the unsaturated 

vapour of InCl3. Fig. 2 shows the change in the 
nature of the temperature dependence related 
to the “saturated vapour – unsaturated vapour” 
transition, and this transition becomes even more 
evident in Fig. 3 in the form of a fracture in point 
b on the dependence of the ln(k240 nm (InCl3)·R·T) 
value on reciprocal temperature. In the area 

Fig. 8. Fragment of a T – x diagram of the In – Se system according to the data from [24] and temperature 
dependences of the concentration of InCl vapour that is in equilibrium with the alloys of the In – Se system 
with selenium content of 49.9 mol% (on the left) and 58.5 mol% (on the right)
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of unsaturated vapour (line |bc| Fig.  3), we 
should pay attention to the ongoing increase of 
characteristic absorption of InCl3 together with 
the temperature (Fig. 2, spectra at t ≥ 425 °C). We 
associated this phenomenon with the increase 
of the concentration of InCl3 molecules in the 
vapour, which is explained by the following. 
According to [15, 17], both monomer (InCl3) and 
dimer molecules (In2Cl6) must be present in the 
indium trichloride vapours under the conditions 
similar to our experiment, while dimer molecules 
do not appear in the studied spectral area [15]. 
Increased temperature shifts the equilibrium in 
the unsaturated vapour towards the monomer 
[17]. In its turn, this should lead to an increase 
in the concentration of indium trichloride in 
unsaturated vapour when temperature increases. 
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Abstract 
The constant increase in the power of laser systems and the growth of potential fields for the application of lasers make 
the problem of protecting sensitive elements of electro-optical systems and visual organs from high-intensity radiation 
an urgent issue. Modern systems are capable of generating laser radiation in a wide range of wavelengths, durations, and 
pulse repetition rates. High-quality protection requires the use of a universal limiter capable of attenuating laser radiation, 
not causing colour distortion, and having a high transmission value when exposed to low-power radiation. For this, dispersed 
media based on carbon nanotubes with unique physicochemical properties can be used. Such media have constant values 
of their absorption coefficient and refractive index when exposed to low-intensity laser radiation and change their properties 
only when the threshold value is reached.
The aim of this work was the study of the nonlinear optical properties of an aqueous dispersion of single-walled carbon 
nanotubes exposed to nano- and femtosecond radiation. For the characterization of the studied medium, Z-scan and fixed 
sample location experiments were used. The optical parameters were calculated using a threshold model based on the 
radiation transfer equation.
As a result of the experiments, it was shown that the aqueous dispersion of single-walled carbon nanotubes is capable of 
limiting radiation with wavelengths from the visible and near-IR ranges: nano- (532, 1064 nm) and femtosecond (810 nm). 
A description of nonlinear optical effects was proposed for when a medium is exposed to radiation with a nanosecond 
duration due to reverse saturable absorption and two-photon absorption. When the sample exposed for a femtosecond 
duration the main limiting effect is spatial self-phase modulation. The calculated optical parameters can be used to describe 
the behaviour of dispersions of carbon nanotubes when exposed to radiation with different intensities. The demonstrated 
effects allow us to conclude that it is promising to use the investigated media as limiters of high-intensity laser radiation 
in optical systems to protect light-sensitive elements.
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1. Introduction
Since the invention of the laser in the 50s, 

laser radiation has been widely used in various 
fields [1–3]. Devices for laser welding and 
cutting [4], photolithography systems [5], laser 
surgical and vision correction complexes [6], 
spectrometers for determining the chemical 
composition of substances [7], laser designators 
and range finders [8] have been actively used for 
several decades. Recently, laser scanning using 
lidars and laser communication systems has been 
under development [9, 10].

Most of the laser systems operate in the 
visible and near IR regions of radiation. This is 
explained by the simplicity of implementation of 
both the laser system (for example, Nd:YAG lasers 
with the generation of additional harmonics) 
and the photodetector equipment for detecting 
radiation. Silicon photodiodes are sensitive 
in the range from 200 nm to 1100  nm, which 
corresponds well to the generation wavelengths 
of the Nd:YAG laser (1064, 532, 355 nm, etc.) 
[11]. Also, laser radiation in the range of 350–
1100 nm is weakly absorbed by water, which 
makes it possible to use lidars with these 
wavelengths for scanning in rainy weather and 
for bathymetry [12].

The development of laser technology is 
accompanied by an increase in the power of 
the used systems. High-intensity radiation can 
interfere with the operation of light-sensitive 
detectors and damage the eyes. In accordance 
with the ANSI Z136 international standards, 
radiation with a power of less than 5 mW is 
considered safe for the human eye if the exposure 
time is no more than 0.25 s. When working with 
more powerful radiation, protective equipment 
must be used. 

In the case of laser scanning and ranging 
systems, the range of measured distances is 
limited by the fact that the use of high-power laser 
pulses can overload the photodetector in the near 
field. This is due to the fact that as the distance 
to the measured object decreases, the energy of 
the echo pulse increases. In such cases, optical 
limiters of laser radiation are used to protect the 

photodetector equipment. However, limiters with 
a constant transmission value (such as absorption 
and interference filters), while protecting against 
strong echo pulses, attenuate the “useful” signal 
to the same extent, i.e. decrease the upper limit of 
the operating range. In addition, absorption filters 
have spectral selectivity, i.e. their attenuation 
coefficient depends on the wavelength of the 
incident radiation. 

Chromogenic materials are able to change 
their optical density depending on external 
parameters (temperature, applied voltage, etc.), 
but their response rate does not ensure the 
limitation of nanosecond pulses or less [13–15]. 
Therefore, potentially the most suitable media 
for limiting laser radiation are nonlinear optical 
materials.

Nonlinear optical media are those media, 
the optical properties of which depend on the 
intensity of the incident laser radiation. Such 
substances are used for laser three-dimensional 
printing [16], nonlinear optical switches [17], and 
can also be used to limit the intensity of laser 
radiation [18]. With a low intensity of I they have 
high transmittance (more than 70%) and constant 
optical parameters, such as absorption coefficient 
and refractive index, and upon reaching the 
threshold intensity of Ith, they start to change 
their transmission due to nonlinear optical effects 
(Fig. 1) [19].

The nonlinear optical medium exhibits 
different properties depending on the type of laser 
radiation. When exposed to pulsed nanosecond 
radiation with an intensity above the threshold 
value, nonlinear absorption occurs in the medium 
[20]. This property of nonlinear optical media, 
in addition to limiting laser radiation, can be 
used in optical switches to control the signal 
[21], as well as to create three-dimensional 
biocompatible structures for the restoration of 
damaged tissues [22]. In the case of prolonged 
exposure to continuous or femtosecond radiation 
with a high pulse repetition rate, a change in the 
refractive index occurs. This change causes a 
change in the beam’s shape due to self-focusing 
or self-defocusing [23].

Для цитирования: Василевский П. Н., Савельев М. С., Терещенко С. А., Селищев С. В., Герасименко А. Ю. Нелинейно-
оптические свойства дисперсных сред на основе одностенных углеродных нанотрубок при воздействии лазерного 
излучения с нано- и фемтосекундной длительностью импульса. Конденсированные среды и межфазные границы. 
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A large number of materials such as quantum 
dots [24], metal nanoparticles [25], organic dyes 
[26] and carbon nanoparticles [27] have nonlinear 
optical properties. Carbon nanomaterials, in 
contrast to dyes and metals, are colour neutral, 
i.e. their transmission spectrum does not have 
pronounced absorption peaks. By adjusting 
the concentration, high linear transmittance 
in the visible and near IR ranges can be 
achieved. Such a limiter can be used in tunable 
wavelength systems. One of the promising 
carbon nanomaterials are carbon nanotubes, 
which, in addition to optical properties exhibit 
unique mechanical and electrically conductive 
properties [28, 29]. 

The aim of this work was the study of the 
nonlinear optical properties of an aqueous 
dispersion of single-walled carbon nanotubes 
exposed to nano- and femtosecond radiation.

Samples of single-walled carbon nanotubes/
water dispersion (SWCNTs) were created and 
experimental studies were carried out using 
Z-scanning methods and fixed sample location 
experiment. Calculations of nonlinear optical 
parameters, such as nonlinear absorption 
coefficient, nonlinear refractive index and the 
corresponding threshold values, allow assessing 
the prospects for using the investigated media as 
a nonlinear optical limiter.

2. Experimental
1.1. Preparation of liquid dispersions

For the production of the investigated 
sample, SWCNT with a purity of 95% were used. 
The nanotube diameter varied over the range 
of 1–2 nm. Distilled water with pH = 6 was used 
as a solvent. SWCNT were mixed with water in 
a way that the mass fraction of SWCNT in the 
initial solution did not exceed 0.005 wt%. The 
original solution was placed in an ultrasonic 
homogenizer Sonicator Q700 (Qsonica, USA), 
where it was stirred for 1 hour under the influence 
of a powerful ultrasonic field with an amplitude 
of 45 W. Then the aqueous dispersion was stirred 
on a magnetic stirrer for 1 hour. 

1.2. Methods for determining the linear and 
nonlinear absorption

For the determination of the linear absorption 
coefficient, a Genesys 10S Uv-Vis single-beam 
spectrophotometer (Thermo Fisher Scientific, 
USA) was used. A xenon lamp, allowing a 
spectrum in the near UV, visible, and near IR 
ranges was used as a radiation source. 

For the determination of the nonlinear 
absorption coefficient, an experimental system 
based on an LS-2147 Nd: YAG laser (LOTIS 
TII, Belarus) was constructed (Fig. 2). For the 
research the fundamental (1064 nm) and second 
harmonics (532 nm) were used. Irradiation was 
performed with single pulses. The pulse duration 
was 16 ns. The radiation generated by the laser 
(1), was passed through a set of neutral light 
filters (2), which was necessary for the control 
of the radiation energy on the sample. The use 
of neutral light filters allowed more precise 
selection of the input energy ranges required for 
various experimental conditions. A Glan prism 
(3) was necessary for the fixed sample location 
experiment. It was used for the adjustment of 

Fig. 1. Typical form of the dependence of the trans-
mitted radiation intensity on the intensity of the in-
cident radiation. Area 1 – linear transmission, Area 2 – 
nonlinear transmission

Fig. 2. Optical scheme of the experiment for detecting 
nonlinear optical absorption
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laser radiation energy in ranges set by neutral 
light filters (2). Adjusting the energy values 
by rotating the Glan prism (3) can be carried 
out only when using polarized laser radiation, 
therefore, when working with a wavelength of 
1064 nm, in front of the Glan control prism (3). A 
Glan polarizing prism (3a), transmitting only the 
linear polarization component, was additionally 
installed. When using radiation with a wavelength 
of 532 nm, polarization occurs in the laser during 
the generation of the second harmonic on a 
nonlinear crystal, therefore polarizing the Glan 
prism (3a) is not required.

Then the beam reached the beam splitter 
plate (4). It reflects ~ 5% of the original beam to 
the sensor (5), recording the input energy values. 
Lenses (6) and (8) have the same focal length 
L = 10 cm and are located confocal, at a distance 
of 2L  =  20 cm. Due to this, the beam focused 
on the sample (7) by the lens (6), after passing 
through the lens (8) acquires the same shape as 
before focusing. The beam radius at the waist is 
25 µm. A sample in a quartz cell with a thickness 
of 2 mm was placed on a motorized ruler, with 
which a Z-scan experiment was performed. Then 
the beam reached the sensor (9), which measured 
the values of the output energy, i.e. the energy 
after the passage of the beam through the sample. 

Research was performed using Z-scan 
techniques and experiments with a fixed sample 
position. The radiation intensity was determined 
as:

I
U

w
= 2

2 3 2t p / , 		  (1)

where U – pulse energy, t – pulse duration, w – the 
radius of the beam. In the case of a Z-scan, the 
intensity of the incident radiation changes by 
changing the radius of the beam. The radiation 
energy remains constant. For experiments with 
a fixed position of the sample, the investigated 
medium was placed in focus and the energy of 
the incident radiation changed. 

1.3. Methods for determining nonlinear optical 
refraction

The study of the nonlinear refractive index was 
performed based on a femtosecond Ti:Sapphire 
laser Chameleon Ultra (Coherent, USA). The 
pulse generation frequency was 80 MHz, the 

pulse duration was 140 fs, and the wavelength 
was 800 nm. The lens focused the laser beam 
onto the studied sample. The focal length of 
the lens is 10 cm, the radius of the beam at the 
focus of the lens is 100 μm. For the reordering 
of the interference pattern obtained by spatial 
self-phase modulation, an SP620U CCD camera 
(Ophir, Israel) was placed behind the sample at a 
distance of 4 cm. For the limitation of the high-
intensity laser radiation, a slit was used, which 
cut off part of the radiation with an increase in 
the beam radius. The experimental technique is 
similar to the experiment with a fixed position of 
the sample exposed to nanosecond radiation. The 
size of the slit was chosen in a way that the laser 
beam completely entered the hole in the absence 
of a sample. Irradiation was carried out when the 
cell was positioned vertically. The design of the 
experiment was similar to the experiment with 
a nanosecond laser, except for the presence of a 
slit and the absence of a second lens for collecting 
radiation.

3. Results and discussion
3.1. Linear and nonlinear optical properties 
under nanosecond radiation

The optical linear transmission spectrum 
of SWCNT/water dispersion in the range from 
300 to 1100 nm is shown in Fig. 3. There were 
no pronounced peaks in the spectrum, with 
the exception of the water absorption peak in 
the wavelength range from 950 to 980 nm. The 
transmission at 532 and 1064 nm was 70%. 
In experiments with a nanosecond laser, the 
transmission of the medium with low radiation 
intensity, when nonlinear effects were not 
recorded, was also 70%. This suggests that the 
studied medium does not have colour selectivity, 
and the limiters created on the basis of such a 
medium will not cause colour discomfort during 
use. The linear absorption coefficient a was 
determined as:

a l
l

( ) = -
( )( )lg linT

d
		  (2)

where Tlin(l) – linear transmission at a certain 
wavelength, d – the thickness of the sample. In 
this study, a 2 mm thick cell was used in all ex-
periments. For the 532 and 1064 nm wavelengths, 
the linear absorption coefficient a is 1.78. 
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For the investigation of the nonlinear 
optical parameters of the studied medium 
interacting with pulsed nanosecond radiation, 
a cell with SWCNT/water dispersion was placed 
on a motorized linear positioner at a distance of 
6 cm from the lens focus. A Z-scan experiment 
was then performed. The cell was moved along 
the optical axis of laser beam propagation and 
irradiated with single nanosecond pulse every 
3 mm. The incident radiation energy remained 
unchanged and amounted to 550 mJ. Thus, we 
have obtained the dependence of the normalized 
transmission Tnorm(z) on the position of the test 
sample relative to the focus of the lens z, where 
Tnorm(z) is defined as:

T z
T z
Tnorm

lin

( ) =
( )

, 		  (3)

where T(z) – the transmission value at each 
point z, Tlin – the value of linear transmission, i.e. 
transmission in the absence of nonlinear effects. 

Then the cell was placed in the focus of the 
lens, and the fixed sample location experiment 
was performed. Based on the results, the 
dependence of the energy of laser radiation 
transmitted through the sample on the energy 
of the radiation incident on the sample was 
obtained.

In Fig. 4 the experimental and theoretically 
calculated dependences for SWCNT/water 
dispersion at wavelengths of 532 nm (Fig. 4a, b) 
and 1064 nm (Fig. 4c, d). In Fig. 4a, it can be seen 

that the decrease in the normalized transmission 
begins almost immediately after the start of the 
experiment. This indicates a low value of the 
threshold intensity for the studied medium at a 
wavelength of 532 nm. This also causes a narrow 
linear absorption zone in Fig. 4b. It can also be 
noted that in the presented dependencies there 
are no knock-out points that do not correspond 
to the general dependency. This indicates the 
high stability of the dispersion, i.e. the absence 
of large SWCNT agglomerates in it, which could 
contribute to a sharp change in the energy of 
the transmitted radiation and cause the limiter 
to malfunction. Also, post-focus transmittances 
correspond to pre-focus transmittances at similar 
distances. This shows that there were no changes 
in the medium (welding of individual nanotubes 
and precipitation, sublimation of SWCNT, 
formation of solvent microbubbles, etc.) when 
passing through the focus of the lens, i.e., through 
a region of high intensity.

A similar picture was observed upon pulsed 
irradiation of SWCNT/water dispersion at a 
wavelength of 1064 nm. As the cell approached 
the focus of the lens, a decrease in the normalized 
transmission and then the restoration of the 
optical properties the further from the focus were 
observed. In Fig. 4c, the linear absorption, region 
when the transmission of the medium did not 
change is clearly visible.

The onset of nonlinear absorption and the 
corresponding change in the characteristics of 
the medium can be described using the reverse 
saturable absorption mechanism and the 
Jablonski diagram [30]. With low laser radiation 
intensity, the absorption of photons causes the 
excitation of molecules from the ground state to 
the first excited state and is described by the Beer-
Lamber-Bouguer law. As the intensity increases, 
the first excited state becomes almost completely 
occupied, and then the absorption is described by 
a transition from the first to the second excited 
state, i.e., it acquires a nonlinear character.

According to the results of experiments, the 
nonlinear optical parameters were calculated 
for SWCNT/water dispersion. The calculation 
of nonlinear optical parameters was carried 
out using a threshold model based on the 
radiation transfer equation [31]. This model 
allows taking into account the fact that changes 

Fig. 3. Optical transmission spectrum of SWCNT/
water dispersion
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in the parameters of the medium do not occur 
immediately, but only when a certain intensity 
value was reached:

m a b hI I I I I( ) = + ◊ -( ) ◊ -( )th th 	 (4)

where m(I) - the total absorption coefficient, b – 
the nonlinear absorption coefficient, h (I – Ith) – 
Heaviside step function. Thus, after the calcula-
tion of the optical parameters presented in for-
mula (4), it is possible to predict the behaviour of 
the medium under different intensities. The 
threshold model is described in detail in [32].

The calculation results are presented in 
Table 1. The difference in the threshold intensity 
can be explained by two-photon absorption. 
Although this effect is nonthreshold, it affects 

the degree of radiation absorption in addition to 
linear absorption. For this reason, gas formation 
can occur at the interface between the solid and 
liquid phases much earlier, which manifests as 
the formation of microbubbles and, accordingly, 
in an increase in absorption with an increase 
in the optical path of the laser beam due to 
multiple scattering [33]. Despite the higher 
nonlinear absorption coefficient, the attenuation 
coefficient at a wavelength of 1064 nm was lower 
than at a wavelength of 532 nm. This was due 
to the later occurrence of nonlinear absorption 
due to the higher threshold intensity. The 
values of the nonlinear absorption coefficient 
for SWCNT/water dispersion were much higher 
than the values for the graphene and graphene 

Fig. 4. Curves of dependences obtained from the results of Z-scanning and experiments with a fixed position 
of the sample for wavelengths of 532 (a, b) and 1064 nm (c, d)
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oxide particles dispersions (3 and 45 cm/GW, 
respectively) presented in [34, 35]. This can be 
explained by the fact that carbon nanotubes 
increase multiple scattering more strongly, 
increasing the optical path inside the sample. Due 
to the increase in the optical path, more photons 
are absorbed, which causes more excitation in the 
molecules and, accordingly, stronger nonlinear 
properties.

3.2. Linear and nonlinear optical properties 
under femtosecond radiation

Irradiation with femtosecond radiation was 
performed in a frequency mode with a pulse 
repetition rate of 80 MHz. The cell was placed 
at the focus of the lens. Images from a CCD 
camera at different power of laser radiation are 
shown in Table 2. With low radiation power, the 
transmitted beam corresponds to the Gaussian 
shape of the incident beam. It can be seen 
that at the radiation power P  ≈ 100 mW the 
laser beam starts to expand significantly. The 
increase in power leads to the further expansion 
of the beam with the formation of a ring-shaped 
structure. The radius of the outer ring was 
taken as the beam size upon the formation of 
rings. It should be noted that the transmission 
of the sample in this case did not change with 
increasing power.

The emergence of such diffraction pattern is 
a consequence of spatial self-phase modulation 
[36]. The refractive index n starts to change due 
to the thermal effects in the medium, under the 
action of laser radiation above a certain threshold. 
In this case, due to the Gaussian shape of the 
incident radiation at different points of the 
medium, the change in the refractive index will 
be different, forming a gradient in the refractive 
index. This leads to the appearance of the self-
defocusing effect, i.e., the divergence of the beam 
and an increase in its radius.

Together with this, a change in the phase of 
coherent laser radiation occurs in the medium, 
since a gradient change in the refractive index 

leads to a change in the propagation rate of the 
beam in the medium u:

u = c
n

		  (5)

where c – the propagation rate of the beam in a 
vacuum. Thus, different parts of the transmitted 
radiation have different phases, which leads to 
the appearance of an interference pattern on the 
screen. Dark areas correspond to radiation in 
opposite phase, and light areas correspond to 
interference maxima.

The thermal nature of this effect was 
confirmed by the distortion of the interference 
pattern in the images. The rings above the 
centre of the irradiation site narrow, forming an 
asymmetry along the Y axis. This is due to the 
appearance of thermal convection determined by 
the vertical position of the cell. When the liquid 
is heated, the heat goes up, and the temperature 
gradient and the gradient of the refractive index, 
become smaller in the upper part of the irradiated 
zone. This leads to the approximately the same 
rate of beam propagation above the centre of 
irradiation and the phase shift becomes much 
lower the lower the centre of irradiation is or at 
the edges.

In our study, we propose to use the effect 
of spatial self-phase modulation to attenuate 
the power of radiation transmitted through 
the studied medium. For this, a system with 
a slit which cuts off part of the radiation at 
the expansion of beam was proposed. The 
dependence of the transmitted laser power on the 
incident power is shown in Fig. 5. It can be seen 
that when the power reached P = 150 mW, a sharp 
drop in the transmitted power occurred. This was 
due to the fact that the size of the beam becomes 
larger than the size of the slit, and part of the 
beam is cut off. With a further increase in the 
power, the transmitted power stops to decrease 
and again starts to increase slowly, but this 
increase was much less than in the linear case, 
i.e. before the appearance of a gradient in the 

Table 1. Optical parameters of SWCNT/water dispersion at different wavelengths

Wavelength, 
nm

Linear absorption 
coefficient, 1/cm

Nonlinear absorption 
coefficient, cm/GW

Threshold intensity, 
MW/cm2

Attenuation 
coefficient

532 1.78 1111 5.5 15.3
1064 1.78 2010 18 9.7
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refractive index and the beam’s expansion. Due 
to this transition from constant transmittance to 
nonlinear transmittance, the effect of limiting the 
power of laser radiation occurs. This effect can 
be used both for the protection of photosensitive 
elements and control of the signal in optical 
switches.

The value of linear refractive index n0 was 
obtained using a portable refractometer. For the 
studied dispersion it was 1.33 and it was equal 
to the refractive index of water. This finding 
suggests that the addition of carbon nanotubes 
does not lead to a change in the refractive index 
of the solvent.

Based on the results of the experiment, the 
nonlinear refractive index n2 was determined 
according to the formula:

n N
n dI

Nw
4n dP2

0

0
2

02
= =l l p

, 		  (6)

where N - the number of rings. For the calculation, 
the number of rings was considered below the 
centre of irradiation. It was found that for the stud-
ied SWCNT/water dispersion sample, the nonlinear 
refractive index was 0.16 cm2/MW, which is sever-
al orders of magnitude higher than the nonlinear 
refractive index of graphene dispersion (0.0025 
cm2/MW) obtained in [37]. A stronger non-linear 

Table 2. The shape and size of the beam after passing through the sample at different powers

No. Beam visualization from CCD camera Power, mW Beam size X, μm Beam size Y, μm

1 10 280 280

2 45 270 220

3 100 500 300

4 160 1020 700

5 330 1880 1450

6 520 2700 2050

7 710 3600 2700
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response potentially leads to a larger increase in 
the radius of the rings, and thus a sharper decrease 
in transmission when using the slit.

4. Conclusions
As a result of the performed studies, the linear 

and nonlinear optical parameters for SWCNT/
water dispersion at different wavelengths were 
determined. The obtained values can be used to 
characterize the investigated medium exposed to 
radiation of different intensities. The conditions 
for the occurrence of nonlinear absorption and 
refraction effects in a medium, leading to a change 
in the corresponding optical characteristics, were 
determined. The high stability of the investigated 
medium to the action of high-intensity laser 
radiation was shown. The effects of nonlinear 
absorption (reverse saturable absorption and 
two-photon absorption) and nonlinear refraction 
(spatial self-phase modulation) appear in the 
studied medium exposed to laser radiation with 
nano- and femtosecond pulse durations. The high 
linear transmission and the calculated nonlinear 
optical parameters allowed to conclude that 
SWCNT/water dispersion can be used for the 
limitation of both single pulses and radiation with 
a high pulse repetition rate in the visible and near 
IR ranges. Thus, single-walled carbon nanotubes 
have the potential to be used as an active medium 
of laser radiation limiters for the protection of 
light-sensitive sensors and visual organs.
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1. Introduction
Triglycine sulphate (NH2CH2COOH)3 H2SO4 – 

TGS, its isomorphs (triglycine selenate, triglycine 
fluoroberyllate), their deuterated analogues, as 
well as their modifications doped with various 
impurities, are some of the best materials for 
pyroelectric applications. But they are of no less 
interest as convenient model objects for studying 
structural phase transitions [1–3], the domain 
structure [4–14], the influence of a weak magnetic 
field on non-magnetic ferroelectric materials [15–
18], the manifestation of ferroelectric properties 
under conditions of limited geometry [19–22], etc.

The study of any physical properties of 
ferroelectrics and, in particular, these crystals 
is impossible without a detailed analysis of the 
role of the domain structure in the behaviour of 
these properties, especially near Tc, where it is 
anomalous. Therefore, in this work, the kinetics 
of the formation of a domain structure (DS) of 
several crystals of the TGS group was studied at 
an insignificant (no more than 1 K), distance from 
the phase transition temperature Tc, at which 
point this structure occurs, being in a significantly 
non-equilibrium state during the initial moments 
of time.

The choice of the temperature range was 
also dictated by the fact that in this critical 
region, which is quite close to the point of phase 
transition, where fluctuation effects can still 
be noticeable, and the thickness of the domain 
walls can be comparable to the width of the 
domains, such studies were practically not carried 
out. Earlier [7–10], the behaviour of DS of only 
nominally pure TGS crystals was studied after 
their exposure in the paraelectric phase followed 
by a rapid cooling into the ferroelectric phase 
to temperatures spaced from the Curie point by 
ΔTc > 2 K. At temperatures closer to the phase 
transition, the formation of a quasi-equilibrium 
DS was studied only in [6] and [11, 12] during 
its visualization, respectively, by the method 
of nematic liquid crystals and atomic force 
microscopy. There are no data on such studies of 
TGS crystals with defects of a known type in the 
literature.

The objectives of this work were to find out: 
1) whether the behaviour of the studied crystals 
near Tс is consistent with that established for TGS 
crystals at a significant distance from Tс [7–10]; 

2) to what extent this behaviour corresponds to 
the general regularities of the ordering processes 
of various two-phase systems [23] after their 
transition from an disordered high-symmetric 
phase to an ordered low-symmetric one.

Obtaining objective results in the studies 
of crystals of the TGS group is not an easy task, 
since not only crystals grown under different 
conditions and having different post-growth 
history, but even samples from different growth 
pyramids of the same crystal have different 
domain structures. The static and dynamic 
properties of the domain structure of TGS crystals 
also significantly depend on the presence of any 
defects in them [5]. And if an impurity (such 
as L,a-alanine) enters non-uniformly into the 
volume of the growing crystal, then the DS can 
be different even within the same growth pyramid 
[24]. Differences in the experimental techniques 
used and in the measurement conditions also play 
a significant role.

The symmetry of the ferroelectric phase of the 
TGS crystal is simple (the space group P21 of the 
monoclinic syngony), but its 180° domain structure 
is diverse and geometrically complex. Five typical 
configurations of antiparallel domains can be 
observed in nominally pure TGS crystals [25]. 
Four of them are characteristic of freshly grown 
crystals, and the fifth, the most typical striped 
(lamellar) domain structure (type E, according 
to [25]), studied in this paper, occurs in an aged 
TGS crystal after its annealing in the paraelectric 
phase and subsequent transfer to the ferroelectric 
phase. At the same time, small lenticular domains 
of the opposite sign can be incorporated into the 
lamellae, fully or partially growing along the polar 
direction. These are type A and type B according 
to the classification [25] (Fig. 1).

After holding an electrically free TGS crystal 
in the paraelectric phase (T > Tc = 322 K) and 
its subsequent cooling into the ferroelectric 
phase, a nonequilibrium DS as a set of very 
small domains occurs in it. For energy reasons 
[4], such a domain structure gradually enlarges 
over time [5]. This process can be studied within 
the framework of phase ordering kinetics [23], 
an approach used to describe the behaviour of 
various systems subjected to quenching (rapid 
cooling) from a homogeneous phase to a phase 
with broken symmetry. Here 180° ferroelectric 
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DS is considered as a two-phase system described 
by the scalar long-range order parameter P 
(r,t) [26], which takes values “+1” and “–1” in 
antiparallel domains. Its evolution at T = const 
can be analysed using the space-time correlation 
functions C (r, t) =·P(r,t)P(0,t)Ò [6–9].

In this work, the functions C(r,t) were 
calculated for domain patterns visualized by 
means of piezoresponse force microscopy 
technique during the evolution of the DS of 
TGS crystals in the temperature range 321 
K  ≤  T  <  Tc  =  322 K. The main questions were 
the following: 1) the time dependence and the 
equilibrium value of the characteristic scale 
length Lc of the average domain size, 2) the 
features of the order parameter P(r,t), which 
determine the form of the dependence Lc(t), 3) the 
scaling of the correlation function, 4) the effect 
of defects on the quantitative parameters of the 
evolution of the domain structure.

2. Experimental 
Crystals of pure TGS (crystal growth conditions 

and its properties are described in articles [12, 
27]), as well as TGS with impurity (L,a-alanine –
ATGS, chromium – TGS-Cr, phosphorus – TGSP) 
and radiation (X-ray irradiation – XR-TGS) defects 
were studied. All doped crystals were grown 
at temperatures below Tc. The TGS crystal was 
grown from a solution with the concentration of 
L,a-alanine in it of 10 mol%. The TGS-Cr crystal 
was grown from a solution containing 1 mol% 
salt of Cr2(SO4)36H2O. The TGSP crystal was 
grown from a solution of a mixture of triglycine 
sulphate and triglycine phosphate salts taken in a 
ratio of 1:1 [28]. Radiation defects were generated 
by irradiation of nominally pure TGS with CuKa 
X-rays (quantum energy of 30 keV, total dose 
of 240 kR). High concentrations of L,a-alanine, 
and chromium impurities, as well as high X-ray 

radiation doses, can suppress the dynamics of 
domains in TGS, which was unacceptable for the 
purposes of this work. Therefore, relatively “soft” 
samples were selected from these crystals with a 
dielectric constant at the Curie point emax ≥1·103 
and with an internal bias field Еb ≤ 500 Vcm–1, 
which made it possible to observe the evolution 
of the emerging DS in them. 

The samples of the studied crystals were polar 
b-cleavages with an average size of 5×5×1 mm. 
Domain images were recorded in the contact 
mode of piezoelectric force microscopy (PFM) 
using a Solver P47 Pro microscope by applying 
an alternating electric field with an amplitude of 
1 V and a frequency of 150 kHz to a NSG11/TiN 
cantilever (tip curvature radius 35 nm, force 
constant 11.5 N·m–1, resonance frequency 
255  kHz). The measurements were carried out 
in air at constant parameters (temperature, 
humidity, pressure) of the environment. The 
temperature of a specimen was regulated and 
monitored using a homemade controller mounted 
on the head of the microscope. The samples were 
preheated from T1 = 293 K to T2 = 333 K and, after 
holding for half an hour at T2, they were cooled at 
a rate of 1 K min–1 to T3 = 324 K. Then, the cooling 
rate was decreased to 0.1÷0.2 K·min–1 in order to 
minimize the time required for the stabilization 
of the temperature of observation (Tob) with an 
accuracy of about ± 0.05 K. Each scan at a fixed 
Tob was carried out on the same area of the sample 
surface. The recording of images of the domain 
structure ended when the lateral displacement of 
the domain walls did not exceed the measurement 
error of the domain size (2%).

In our measurements, the cooling of the 
samples into the ferroelectric phase was not 
a real quenching, as, for example, in [7], but, 
nevertheless, both the phase transition and the 
initial state of the crystals were obviously not 

Fig. 1. The real lamellous domain structure of the TGS crystal – a; types of the domain structure of TGS ac-
cording to the classification [25]: E – b, A – d, B – e; the coordinate axes of the unit cell of the TGS – с
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equilibrium. The amplitude PSM images of the DS 
were converted into a digital format for further 
calculations in a program specially compiled in 
the MATHCAD package. The obtained domain 
images, as well as the calculated graphs of the 
correlation functions C(r,t), were not subjected 
to any additional processing, the expediency of 
which was discussed in [29].

3. Results and discussion
Figures 2–4 show the correlation functions 

C(r) and the corresponding images (50×50 µm) 
of domains of TGS, LATGS, and XR-TGS crystals 
during the initial and final stages of the evolution 
of their domain structures at two temperatures 
below Tc. Correlation functions were calculated 
for directions close to [001] and [100].

For comparison, Figures 5–7 show similar 
information for TGS, TGSF, and TGS-Cr crystals, 
but at a distance from the phase transition 
point ΔTc = 4.0 K, since, as shown in [13, 14], the 
evolutionary kinetics of the domain structure 
should depend on the depth of cooling into the 
ferroelectric phase.

The initial domain structures, especially 
near Tc, are ensembles of many small irregularly 
shaped domains, which are predominantly 
elongated in a direction close to [100]. In pure 
TGS, the domain structure is lamellar, while in 
doped and irradiated crystals it is more complex, 
with more rugged domain boundaries. Over time, 
the domain structures of all the crystals under 
study become larger, but their main topographic 
features are preserved, and the question is, how 
statistically similar are they to the original ones? 
The domain enlargement in all crystals includes: 
1) the disappearance of small domains located 
inside large domains of the opposite sign; 2) the 
contraction and disappearance of the protrusions 
along ~[100] direction; 3) contraction of large 
domains in the longitudinal ( ~[100]) direction. As 
a result, domains expand along the lateral (~[001]) 
direction, and their boundaries become smoother 
and less curved. These features of the evolution of 
the domain structure of pure TGS, noted earlier 
in [8–10], are more pronounced with distance 
from Tc, where the domains are larger. In crystals 
with defects (especially with radiation ones), 

а b

c d
Fig. 2. The correlation functions C(r) and correspondent domain pictures for a pure TGS crystal at ΔTc = 0.1 K 
(a, c) and ΔTc = 1.0 K (b, d) for two time moments after phase transition, and for directions [001] (a, b) and [100] 
(c, d) 
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а b

c d
Fig. 3. The correlation functions C(r) and correspondent domain pictures for a LATGS crystal at ΔTc = 0.3 K 
(a, c) and ΔTc = 0.8 K (b, d) for two time moments after phase transition, and for directions [001] (a, b) and [100] 
(c, d) 

а b

c d
Fig. 4. The correlation functions C(r) and correspondent domain pictures for a XR-TGS crystal at ΔTc = 0.3 K 
(a, c) and ΔTc = 0.8 K (b, d) for two time moments after phase transition, and for directions [001] (a, b) and [100] 
(c, d) 
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these regularities are less pronounced, since the 
defects, pinning the domain walls, impede their 
“spontaneous” displacements. 

The mechanism of the observed temporal 
change of domains is formally explained by the 
action of electric field forces equivalent to the 
surface tension forces, the value of which is 
determined in our case by the curvature of the 
domain walls [23, 30]. The relaxation kinetics of 
the already existing domain structure is effected 
by the movement of the domain walls due to 
near-wall nucleation and the subsequent two-

dimensional growth of nuclei whose sizes are 
larger than a critical one [31].The initial nucleation 
that leads to the appearance of new domains is 
most likely insignificant in the absence of an 
external electric field. However, any displacement 
of the domain wall leading to local switching of 
polarization in any way must be caused by the 
action of a local electric field 



Eloc  , which in the 
general case is the sum of the external electric 
field 



Eext , the depolarizing field 


Edep  and the 
screening field 



Escr : 
   

E E E Eloc ext dep scr= + +  [14] and 
in absence of an external field 

  

E E Eloc dep scr= + . 

а b
Fig. 5. The correlation functions C(r) and correspondent domain pictures for a TGS crystal at ΔTc = 4.0 K for 
two time moments after phase transition and for directions [001] (a) and [100] (b) 

а b
Fig. 6. The correlation functions C(r) and correspondent domain pictures for a TGSP crystal at ΔTc = 4.0 K for 
two time moments after phase transition and for directions [001] (a) and [100] (b) 

а b
Fig. 7. The correlation functions C(r) and correspondent domain pictures for a TGS-Cr crystal at ΔTc = 4.0 K 
for two time moments after phase transition and for directions [001] (a) and [100] (b)
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The depolarizing field 


Edep  is the field of bound 
charges of spontaneous polarization, and the field 


Escr  is created as a result of either external or 
internal (bulk) screening. The external screening 
field arises as a result of the adsorption of 
charged particles on the surface of a ferroelectric 
crystal and their redistribution in the external 
medium. The volume screening is a result of 
the redistribution of charge carriers in the bulk 
of the ferroelectric and of the reorientation 
of dipole defects. The depolarizing field can 
be compensated completely only by volume 
screening, the delay of which is the cause of 
the jump-like motion of DWs [31, 32]. For a 
real ferroelectric, under the conditions of a real 
experiment, there is no reason to believe that 
the local fields are the same in the neighbouring 
domains, and it can be assumed that it is their 
difference that triggers the processes of motion 
of DWs, i.e. near-wall polarization reversal. The 
defects, pinning the domain walls, firstly, cause 
non-monotonicity of their displacements and, 
secondly, determine, along with the temperature 
[13, 14], the average speed of their movement 
that leads to a reduction in the duration of the 
process of changing the domain structure of the 
ferroelectric.

The time transformation of the obtained 
images of the domain structure, which to a certain 
extent reflect its evolution towards equilibrium, 
can be considered as the transition of the 
system from a disordered to an ordered state 
and analysed using the space-time correlation 
function C(r, t) = ·P(r,t) P(0,t)Ò [7–9, 23], which 
is the average product of the values of the scalar 
order parameter P(r) = ±1 (where +1 corresponds 
to +PS and –1 to –PS) for two fragments of the 
image, shifted by r relative to each other. The 
equal-time function C(r,t = const) indicates the 
degree of similarity between these fragments at 
a given time. The similarity of one and the same 
fragment taken at various moments in time can 
in principle also be detected using the correlation 
function. Thus, it is possible to investigate both 
spatial and temporal correlations of DS during 
its evolution.

The dependences of the function C(r,t) 
upon r both for initial and final times of domain 
pictures recording, shown in Figures 2a,b–
4a,b and 5a–7a, indicate to quasiperiodicity of 

domain patterns along ~[001] direction. As for 
the ~[100] direction (Figures 2c,d–4c,d and 5b–
7b) the clear oscillations of [C(r)][100] curves take 
place mostly in the vicinity of Tc, as well during 
the initial stage of evolution when there is a 
sufficient number of domains which dimensions 
along this direction not exceed the size of the 
scanned area. Absolute values of the correlation 
function show that during evolution the spatial 
correlation of domain configurations increases 
with time, as well as when moving away from Tc 
towards lower temperatures. In the crystals with 
defects in which the domain walls are less mobile, 
the absolute values of C(r,t) and, consequently, 
the spatial correlation of domain patterns do 
not significantly change both upon time and 
temperature.

Earlier in [12], for the temperature range 321 
K ≤ T < Tc = 322 K, the time dependences of some 
parameters of the domain structure of a pure 
TGS crystal during its evolution after the phase 
transition were found from domain pictures. It 
was shown, particularly, that the average linear 
dimensions of domains along the [001] and ~ 
[100] directions obey the power law: ·wÒ ~ ta, 
where the exponent a varies upon temperature 
from 0.45 to 0.93. Here for all TGS crystals under 
investigation the time dependences (Figures 
8  a–d) for the characteristic scale length Lc (t) 
were found, i.e. the distance at which the absolute 
value of the correlation function C(r = Lc,

 t) = 0.5 
occurred. These dependences also obey the power 
law Lc(t) ~ (t – t0)

a, known from [23] for various 
thermodynamic systems undergoing phase 
ordering. The values of exponent a are in good 
agreement with those from [12]. 

For a nominally pure TGS, the exponent 
a  ≈  0.5 at a distance from Tc by 0.3–0.5 K (in 
Fig. 9 this region is highlighted by a dotted oval), 
showing that under these conditions the crystal 
behaves like a system with a non-conservative 
macroscopic order parameter [23]. This result 
is in good agreement with the result of [13], 
where it was shown within the framework of the 
Ginzburg–Landau theory, that near the critical 
point the evolution of the non-equilibrium 180° 
domain structure to thermodynamic equilibrium 
occurs in such a way that the correlation radius 
and, consequently, the sizes of domains of the 
ferroelectric grow according to the law: ~ t0.5. 
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Near the Curie point (ΔTc ≈ 0.1–0.2 K), the 
exponent a for TGS is close to 1 and the same 
values of a ≈ 1 are demonstrated by LATGS and 
XR-TGS crystals, but in the range ΔTc ≈ 0.3 K. The 
reason for such a strong discrepancy between the 
experimental and model behaviour of a [8, 9, 23] 
may be due to the fact that in the immediate vicinity 
of the transition point, the volumes of the polar 

medium components (the domains themselves 
and the regions separating them, interpreted as 
domain walls) are close in size [6, 11, 35], and 
between two phases of the system (domains of 
different signs) there are no sharp boundaries, 
whose existence is an obligatory element of the 
model approach [23]. It can be assumed that 
the kinetics of not only the enlargement of the 
domain structures of the studied crystals, but 
probably also of other two-phase systems in the 
immediate vicinity of the phase transition point is 
not described by existing theoretical models [23] 
and requires additional research.

The values of a decrease upon a decrease in 
temperature: for LATGS at ΔTc= 0.5 K and for 
XR‑TGS at ΔTc = 0.6 K, they are close to the value 
of 0.33, which is characteristic for the evolution 
of systems with a conservative order parameter 
[6]. For pure TGS, a decreases slower and its 
“conservative” value of a ≈ 0.3 can presumably 
be achieved at ΔTc ~ 2−3 K, which, however, 
should depend on the quality, that is the degree 
of defectiveness of the crystal. Figure 9 shows 
the temperature dependence of the exponent a 
obtained for nominally pure TGS in this work, 
as well as its values according to the data of [8, 

а b

c d
Fig. 8. Time dependences of the characteristic length Lc for pure TGS: ΔTс = 0.1 K (a); ΔTс = 1.0 K (b) 
and for LATGS: ΔTс = 0.3 K (c); ΔTс = 0.6 K (d). Curves 1 – [001] and 2 – [ 100] directions

Fig. 9. The values of the exponent a in the de-
pendence Lc(t) ~ (t − t0)

a at different distances from 
Tс: according to the data of this work – 1, accor
ding to the data of [8, 9] – 2 
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9]. All experimental points, as can be seen from 
the figure, fit well on one curve, which probably 
indicates the objectivity of the results obtained. 
In the crystals with defects (LATGS, XR-TGS, 
TGSP, TGS-Cr) at a greater distance from Tc 
(3÷4 K) exponent a tends towards a value of 
0.2, which is characteristic for the evolution of 
inhomogeneous structures with defects during 
spinodal decay [17].

Theoretical and experimental studies of phase 
ordering in various systems give grounds to 
describe the development of the domain structure 
within the framework of the scaling hypothesis 
[8, 23]. The essence of this approach is that the 
domain structure (in a statistical sense) does not 
depend on time, when all lengths are scaled using 
the characteristic length Lc(t). It was shown [23] 
that the scaling properties of the growth kinetics 
of the emerged phases depend only on the 
spatial dimensionality of the system and are the 
same for systems either with defects or without 
them. In the present work, the scaling forms of 
the correlation functions C(r, t) = f(r/Lс(t)) were 
tested for all the crystals under study near the 
phase transition point. The examples of functions 
C(r,t) = f (r/Lс(t)), are shown in Fig. 10. 

It can be seen that the scaled correlation 
functions for different time points on the initial 
section (0 ≤ r/Lc ≤ 2) of the graph decrease linearly 
according to the law f(r/Lc(t)) = 1 – k(r/Lc) with 
coefficients k = 0.54 for TGS and k = 0.57 for 
LATGS, close to the value 1/2, where 2 is the 
dimensionality of the system, and then begin to 
gradually dissipate. This behaviour is interpreted 
as Porod’s law [8, 23], which is characteristic 
for the field of both conservative and non-
conservative scalar order parameters.

4. Conclusion
As a result of studying the formation of a quasi-

equilibrium domain structure of ferroelectric 
crystals of the TGS group in a temperature 
range with the width of ΔTc = 1 K the following 
conclusions can be drawn:

1. During evolution of the DS the spatial 
correlation of domain configurations increases 
with time, as well as when moving away from 
Tc towards lower temperatures. In the crystals 
with defects in which the domain walls are 
less mobile, the absolute values of C(r,t) and, 
consequently, the spatial correlation of domain 
patterns do not significantly change both in time 
and temperature.

2. The characteristic length increases over 
time according to a power law with an exponent 
that is similar for the studied crystals. The 
decrease of the absolute values of the exponent, 
when moving away from the Curie point in the 
studied temperature range, is a consequence 
of the transition of the domain structure of 
TGS crystals during its evolution from a non-
conservative state to a conservative one [18].

3. The correlation functions of domain pat
terns of all studied TGS crystals, presented at dif
ferent times in a scaled form C (r, t) = f(r/Lс(t)) ≡ f(x), 
in the initial region 0 ≤ x ≤ 2 and near the 
temperature of the ferroelectric phase transition 
have a universal scaling form for the ordering 
kinetics of two-phase systems with a scalar order 
parameter: f (x) = 1 – 0.5x.

4. The spontaneous evolution of the domain 
structure of crystals of the TGS group obeys the 
general laws of the ordering kinetics of two-
phase systems of different nature not far but 
also near the phase transition temperature, that 

а b
Fig. 10. The dependencies C (r,t) = f (r/Lс(t)) over the time interval 2 ÷ 80 min at ∆ТС = 0.1 K: TGS 
crystal, direction [001] (a); LATGS crystal, direction [001] (b)
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is confirmed by the power-law time dependences 
of the characteristic sizes of the regions of two 
phases (domains) Lс (t), and the scaling behaviour 
of the domain structure. 
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Abstract 
The aim of this work is to study the characteristics of the electrodialysis of a sodium sulphate solution with experimental 
bipolar membranes based on the MA-41 anion exchange membrane and a liquid sulphonated cation-exchanger modified 
with bentonite clays. The conversion of sodium sulphate was conducted by electrodialysis with bipolar membranes obtained 
by applying a liquid sulphonated cation-exchanger containing particles of bentonite clay to the MA-41 anion-exchange 
membrane.
To increase the performance of membranes in terms of hydrogen and hydroxyl ions, we carried out organomodifications 
of bentonite with alkyldimethylbenzylammonium chloride and stearic acid at various concentrations. The bipolar membrane 
with the addition of bentonite modified with alkyldimethylbenzylammonium chloride (2 wt%) showed a higher performance 
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performance of the bipolar membrane during the conversion of sodium sulphate, both in terms of the acid and alkali.
Keywords: electrodialysis, bipolar membrane, modification, bentonite, organobentonite, sodium sulphate, acid, alkali
Acknowledgements: The work has been carried out within the framework of the grant of the President of the Russian 
Federation to support young scientists with PhD degrees (МК-685.2021.1.3).
For citation: O. A. Kozaderova, K. B. Kim, P. E. Belousov, A. V. Timkova, S. I. Niftaliev Electrodialysis of a sodium sulphate 
solution with experimental bentonite-modified bipolar membranes. Kondensirovannye sredy i mezhfaznye granitsy = Condensed 
Matter and Interphases. 2021; 23 (4): 518–528. https://doi.org/10.17308/kcmf.2021.23/3670
Для цитирования: Козадерова О. А., Ким К. Б., Белоусов П. Е., Тимкова А. В., Нифталиев С. И. Электродиализ раствора 
сульфата натрия с экспериментальными бентонит-модифицированными биполярными мембранами. Конденси­
рованные среды и межфазные границы. 2021;23(4): 518–528. https://doi.org/10.17308/kcmf.2021.23/3670

  Ksenia B. Kim, e-mail: kmkseniya@yandex.ru 
© O. A. Kozaderova, K. B. Kim, P. E. Belousov, A. V. Timkova, S. I. Niftaliev 2021

The content is available under Creative Commons Attribution 4.0 License. 

Condensed Matter and Interphases. 2021;23(4): 518–528



519

1. Introduction
The efficiency of electrodialysis used for the 

conversion of salt solutions largely depends on the 
properties of the membranes applied in the process 
[1]. Existing commercial ion-exchange membranes 
do not always meet industrial and scientific needs. 
Advances in membrane technology, especially in 
the field of new materials, can make electrodialysis 
even more competitive compared to traditional 
energy-intensive, environmentally unsafe, and 
expensive processes.

The analysis of reported data showed that 
the following studies aimed at improving ion-
exchange membranes are currently important: 
changing the type of functional groups, choosing 
different polymer matrices, mixing polymers, 
changing crosslinking density, adding inorganic 
and organic fillers, modifying membrane surfaces, 
and introducing catalytic additives [2–11]. 
It is known that the introduction of various 
nanoparticles into the bipolar region of the ion-
exchange membrane leads to an increase in the 
rate of dissociation of water molecules [12–21], 
and thus, to an increase in the performance and 
efficiency of the membranes.

Relatively inexpensive and accessible clay 
materials with a charged structure are also 
used to modify membranes. The use of clays 
for polyvinylidene fluoride (PVDF) membranes 
has been studied [22–32]. For example, adding 
cloisite and palygorskite improves the mechanical 
properties of such membranes and increases their 
resistance to surface abrasion. PVDF membranes 
modified with montmorillonite (MMT) have 
been developed. They have a higher degree of 
selectivity in dye filtration [33].

An increased efficiency in the waste water 
ultrafiltration process in the dairy industry 

is achieved due to the inclusion of bentonite 
polymer membranes in the matrix [34]. In order 
to increase the thermal stability of membranes, 
it has been proposed to modify the surface of 
bentonite particles with N-isopropylacrylamide 
[35]. As a result of ultrafiltration of solutions 
containing humic acid [36], modified bentonite 
clay significantly improves the hydrophilic 
properties, porosity, and water absorption of 
membranes. The composites obtained in this way 
can be used to remove heavy metal ions.

To modify Nafion membranes, the application 
of montmorillonite has been proposed [37]. The 
compatibility of inorganic clay and organic polymer 
can be improved by modifying the nanoclay surface 
by ionic, covalent, and plasma methods [38–39]. 
However, the addition of clay to a polymer decreases 
its proton conductivity [40]. This can be avoided by 
adding a silane agent [41], by grafting sulpho groups 
into the silicate layer or by organic modification 
of clay [42–43]. The organomodification process 
involves the introduction of organic molecules, 
usually alkylammonium salts, into the interlayer 
space of montmorillonite. Positively charged 
organic molecules replace sodium, magnesium, 
and calcium cations and serve as a kind of buffer 
between the mineral substance and the polymer, 
which allows creating a homogeneous system 
(Fig. 1) [44].

Membranes containing montmorillonite with 
grafted groups of organic sulphonic acids have 
shown better characteristics compared to the 
membrane made of unmodified montmorillonite 
and the original Nafion [45]. The high efficiency 
of montmorillonite modified with methylalkylbis 
(2-hydroxyethyl) ammonium chloride (Cloisite 
30B) has been proved by adding 0.5 wt% of it 
to the polymer matrix [46]. The effectiveness of 

Fig. 1. Scheme of the organomodification of montmorillonite [44]
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Cloisite-15A, montmorillonite modified with a 
quaternary ammonium salt, in reverse osmosis 
membranes has been confirmed [47]. It has 
been found that the addition of the organoclay 
Cloisite-15A significantly improves both the 
water and salt permeability of the membrane by 
60.5 and 44.3%, respectively [48].

The efficiency of the electrodialysis of 
solutions of zinc salts on new synthesised 
polymer membranes based on polyethersulphone 
(PES) and organomodified MMT has been shown 
[49]. For the electrodialysis, the researchers used 
membranes obtained by casting from a solution 
with the addition of cloisite nanoclay particles 
to a PVC matrix, which are characterised by 
their lower permeability and flux of divalent ions 
compared to monovalent ions. This quality can be 
used for their selective separation [50].

Heterogeneous cation exchange membranes 
based on polyethersulphone and cation exchange 
resins modified with OH-MMT and HSO3-MMT 
are characterised by a more uniform distribution 
of the ion-exchange resin in the polymer matrix 
and better membrane characteristics: lower 
surface resistance, high permeability, and the 
ability to transfer ions during electrodialysis [51].

Clay materials can be successfully used to 
modify bipolar membranes [52] since the silicates 
and hydroxide ions in their composition are 
catalysts for the dissociation of water molecules.

The aim of this work is to study the 
characteristics of the electrodialysis of sodium 
sulphate solution with experimental bipolar 
membranes based on the MA-41 anion exchange 
membrane and a liquid sulphonated cation-
exchanger modified with bentonite clays.

2. Experimental 
We used alkaline bentonites from the 

Dash-Salakhlinsk field (Azerbaijan) with a 

montmorillonite content of more than 70% 
(introduced into the cation-exchange layer in an 
unchanged form and after its modification with 
stearic acid) and the Tikhmenevsk field on the 
island of Sakhalin (Russia) [53] (introduced into 
the cation-exchange layer of an experimental 
membrane after its modification with alkyl
dimethylbenzylammonium chloride). The 
process of organomodification involved several 
stages. During the first stage, a 1% suspension 
of bentonite clay was prepared. Further, using 
a laboratory centrifuge (OS-6MT “Dastan”), an 
enriched fraction of bentonite was obtained with 
a particle size of no more than 1 μm containing 
more than 95% of montmorillonite. A 3% aqueous 
suspension was prepared from the obtained 
enriched fraction. The modification was carried 
out with constant stirring at a temperature of 70 °C. 
A solution of alkyldimethylbenzylammonium 
chloride and stearic acid were used as modifiers. 
The characteristics of both are given in Table 1. 
The modification lasted 2 hours. The resulting 
organoclay was separated from the suspension, 
washed with water until there was no excess of 
unreacted modifier, dried, and milled in a ball 
mill to a fraction with a particle size of no more 
than 60 μm [54].

The prepared natural and modified bentonite 
samples were used to obtain a bipolar ion-
exchange membrane. It was made using a 
standard anion-exchange membrane with 
quaternary ammonium groups (MA-41) [55] and 
a liquid sulphonic cation exchanger, LF‑4‑SK, an 
analogue of a perfluorinated sulphonic cation 
exchanger (MF-4SK) [56] (Table 2). To fix the 
cation-exchanger film, the surface of the MA-41 
anion-exchange membrane was preliminarily 
degreased, roughened, and treated with acetic 
acid [57]. A suspension of a liquid cation exchanger 
with bentonite clay particles (1, 2, and 3 wt%) was 

Table 1. Characteristics of substances used to modify bentonite

Alkyldimethylbenzylammonium 
chloride (SAS) Stearic acid

Appearance light yellow powder colourless crystals
Modifier concentration 60 mg/100 gmontmorillonite 5 g/100 g bentonite

Structural formula
, R – C12-C18
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applied to the prepared substrate membrane 
(Fig. 2). To improve the dispersion of bentonite 
particles in the LF-4SK solution, the mixture was 
treated in an ultrasonic bath (VU-09-Ya-FP-01) 
for 20 minutes. After that, the membrane was 
dried for 24 hours at a temperature of 25 °C.

In order to study the effect of the modifier on 
the properties of the obtained bipolar membrane, 
sodium sulphate was converted (solution, 0.5 
mol/dm3) in an electrodialyser containing a 
cation-exchange (RalexCMH-PP) and anion-
exchange (Ralex AMH-PP) membranes (produced 
by MEGA, Czech Republic [58]), and one of the 
bipolar membranes under study (Fig. 3).

In this work, we investigated bipolar 
membranes obtained by applying on the anion-
exchange membrane a liquid cation exchanger 

that did not contain bentonite (MBex), as well 
as a cation exchanger with the addition of the 
following amount of bentonite (% to the mass of 
the cation exchanger): 1 (MBBT1), 2 (MBBT2), and 
3 (MBBT3). Similar experiments were carried out 
for membranes with the addition of bentonite 
modified with SAS and stearic acid in the 
following amount, respectively (% to the mass 
of the cation exchanger): 1 (MBSAS1), 2 (MBSAS2), 
3 (MBSAS3) and 1 (MBSt1), 2 (MBSt2), 3 (MBSt3).

Based on the experimental data, we calculated 
the current efficiency (h,%), specific energy 
consumption for the production of the target 
product (W, kW/kg), and the fluxes of hydrogen 
and hydroxyl ions generated in the bipolar 
membrane (J, mol/(cm2 s)) according to the 
formulas:

a                                                                                                              b
Fig. 2. Photographs of membranes (Levenhuk 625 optical microscope with M1400 Plus camera, magnification 
10x0.25): (a) MA-41 monopolar membrane (substrate membrane) onto which a cation exchanger was cast, (b) 
experimental sample of bipolar membrane (1 substrate membrane, 2 cation exchange layer with bentonite 
particles)

Table 2. Characteristics of monopolar layers forming a modified bipolar membrane

Properties Cation exchange layer Anion exchange layer
Membrane MF-4SK MA-41

Polymer matrix Polytetrafluoroethylene Divinylbenzene cross-linked 
polystyrene

Elementary link

Inert binder – Polyethylene
Reinforcing mesh – Polyamide

Swollen thickness (cm) 0.07 0.53
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where C0 is concentration of ions in the initial 
solution, mol/dm3; Ci is the concentration of ions 

in the investigated section, mol/dm3;  is the solu-
tion volume, dm3; F is Faraday constant, A·s/mol;  
is time, s; I is current, A; U is voltage, V; S is the 
area of the membrane, cm2; m is the mass of the 
product, kg.

3. Results and discussion
The results of the sodium sulphate conversion 

with a membrane obtained by applying a thin 
layer of a liquid cation exchanger that did not 
contain bentonite (MBex) on МА-41 are shown in 
Fig. 4. The resulting sample had the properties 
of a bipolar membrane and showed comparable 
fluxes of hydrogen and hydroxyl ions. The results 
of the experiment aimed at the conversion 
of the studied salt with the MBBT1, MBBT2, and 
MBBT3 membranes showed a decrease in both 
alkali and acid fluxes compared to the MBex 
membrane (Fig. 4). Hence, further studies were 
aimed at studying the possibility of improving 
the characteristics of experimental membrane 
samples by changing the properties of bentonite 
by the organomodification of SAS (MBSAS1, MBSAS2, 
MBSAS3) and stearic acid (MBSt1, MBSt2, MBSt3). 

The results of studying the dependence 
of membrane performance on the amount 
of bentonite treated with SAS are shown in 
Fig. 5. With an increase in SAS content, the 
performance in terms of medium ions did not 

Fig. 3. Scheme of sodium sulphate conversion by 
electrodialysis with bipolar membranes: (K) cation 
exchange membrane, (A) anion exchange membrane, 
(MB) bipolar membrane

а                                                                                                              b
Fig. 4. Dependence of the fluxes of H+ (a) and OH– (b) ions generated in the bipolar membrane on the current 
density for the experimental samples without the addition of bentonite to the cation-exchange layer and with 
the addition of unmodified bentonite
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change monotonically: the introduction of 
2 wt% of organoclay (MBSAS2) was optimal. The 
effect of bentonite treated with stearic acid 
on the membrane’s performance is shown in 
Fig. 6. According to the figure, such membranes 
are more efficient for the production of alkalis. 
Maximum fluxes of OH– ions generated in the 
bipolar membrane were observed when using 3% 
of bentonite modified with stearic acid (MBSt3). 

The combination of bentonite (2 wt%) treated 
with alkyldimethylbenzylammonium chloride 
and bentonite (3 wt%) treated with stearic acid 
(MBSAS2+St3 membrane, Fig. 7) in a liquid ion 
exchanger forming a cation-exchange layer of 
a bipolar membrane gave no fluxes of hydrogen 
ions comparable to MBSAS2. However, a comparison 
of the intensity of ion generation in the MBSt3 and 
MBSAS2+St3 showed the advantages of the latter.

а                                                                                                              b
Fig. 5. Dependence of the fluxes of H+ (a) and OH– (b) ions generated in the bipolar membrane on the current 
density for the experimental samples with the addition of SAS-modified bentonite to the cation-exchange layer

а                                                                                                              b
Fig. 6. Dependence of the fluxes of H+ (a) and OH– (b) ions generated in the bipolar membrane on the current 
density for the experimental samples with the addition of bentonite modified with stearic acid to the cation-
exchange layer
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One of the important criteria for evaluating 
the efficiency of bipolar membranes is the energy 
consumption for obtaining a unit of the target 
product. These values for MBex, MBSAS2, MBSt3, 
and MBSAS2+St3 are shown in Table 3, as well as a 
change in the concentration of the acid and alkali 
in the receiving chambers, fluxes, and yields for 
the acid and base. It should be noted that using 
bipolar membranes with modified bentonite 
in the cation-exchange layer can significantly 
reduce energy consumption for the production 
of target products and increase the current 
efficiency (Table 3).

4. Conclusions
E x p e r i m e n t a l  s a m p l e s  o f  b i p o l a r 

membranes based on an anion-exchange 
membrane MA-41 and a liquid sulphonic cation 
exchanger with bentonite clays (natural and 
organomodified) were obtained. The effect 

of the amount and modification of bentonite 
(alkyldimethylbenzylammonium chloride and 
stearic acid) on the properties of the obtained 
experimental membranes was investigated. 
It was shown that the addition of bentonite 
modified with alkyldimethylbenzylammonium 
chloride (2 wt% of bentonite to the mass of 
the cation exchanger) or stearic acid (3 wt% of 
bentonite to the mass of the cation exchanger) 
into the sulphonic cation-exchange layer of the 
membrane leads to the maximum efficiency of 
bipolar electrodialysis aimed at the conversion 
of sodium sulphate. This effect can be achieved 
due to the presence of hydroxyl and silicon 
groups in the composition of bentonite, which 
are catalysts for the dissociation of water 
molecules [59–61]. The role of organomodifiers 
in bentonite clay is to change the properties 
of the surface of the bentonite layer, which 
becomes more hydrophobic and compatible 

а                                                                                                              b
Fig. 7. Dependence of the fluxes of H+ (a) and OH- (b) ions generated in the bipolar membrane on the current 
density for the experimental samples with the addition of modified bentonite (SAS and stearic acid) to the 
cation-exchange layer

Table 3. Results of the experiment aimed at the conversion of sodium sulphate (at the current density 
of i = 60 mA/cm2)

Membrane
МBex МBSAS2 МBSt3 МBSAS2+St3

H2SO4 NaOH H2SO4 NaOH H2SO4 NaOH H2SO4 NaOH

ΔC, mol/dm3 0.09 0.12 0.15 0.25 0.07 0.26 0.10 0.31
J, mol/(m2·h) 9.6 12.2 15.0 13.0 9.8 15.6 11.7 16.3
W, kW·h/kg 50.8 49.2 32.5 45.8 33.9 26.1 35.4 29.8

h, % 41.3 52.2 64.3 55.8 44.2 67.2 47.9 69.7
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with the polymer. Using a bipolar membrane 
with modified bentonite allows obtaining higher 
concentrations of the acid and alkali during the 
conversion of sodium sulphate, to increase the 
current efficiency and performance, and to reduce 
energy consumption.
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Abstract 
To date, the processes of tunnel ionisation of impurities near the interface between two different semiconductors have 
been comprehensively studied. The most important parameters of the contact electron states of impurities have been 
determined. However, the calculated expressions for these parameters have been of local nature, as applied to individual 
impurities. Meanwhile, it is easy to understand that a number of processes, such as the flow of charge carriers and their 
diffusion through a heterojunction, are clearly statistical in nature. The same applies to the processes of tunnel ionisation 
of shallow and/or deep impurities near the interface. A statistical approach to the calculation of the parameters of tunnel 
ionisation of impurities broadens the opportunities for obtaining fundamental information regarding surface electron 
states.
The aim of this work was to use a statistical approach to study the effect of the heterointerface on the energy spectrum of 
shallow and deep centres. For this purpose, the expansion of the reflected quasi-classical wave function within the complete 
system of spherical harmonics and the subsequent extraction of the zero harmonic amplitude (s-component) was used to 
estimate the minimum distance from the impurity to the heterobarrier and to specify the limitations of the applicability 
of the results obtained in other works. The article analyses the conditions of the quasi-classical approximation which are 
used to estimate the order of the value for the minimum height of the potential barrier (pit).
This work (with due consideration given to the minimum distance estimate) presents averaged formulas obtained for the 
energy shift of the ground state and the lifetime of the quasi-stationary state depending on the distance from the 
heterobarrier. Some qualitatively new considerations can also be found in the article. The distribution of impurity centres 
near the heterobarrier is assumed to be uniform. The article discusses the role of electron transitions in causing the buffer 
field effect for both shallow and deep centres. The focus of the article is on the estimates of various physical parameters 
characterising electron transitions near the heterobarrier.
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1. Introduction
The quasi-classical theory of tunnel ionisation 

of neutral impurity centres near the heterobarrier 
was constructed in [1–4]. However, in these 
studies, the calculation of the main parameters of 
metastable states (energy shift of the ground state 
and lifetime) of the impurity is of local nature and 
does not include many impurities concentrated 
near the heterojunction. To clarify the limitations 
of applicability of the obtained results [1], it is 
necessary to take into account the accumulation 
of shallow and/or deep neutral impurities near 
the heterojunction.

Various aspects of the reflection above a 
barrier and the tunnelling of charge carriers 
from the wide band-gap of the heterojunction 
to the narrow band-gap were considered in [2]. 
In this case, an electron from a donor centre 
located, for example, in the wide band-gap of 
the heterojunction, can tunnel through the 
potential barrier into the narrow band-gap of the 
heterojunction with a subsequent recombination 
with a hole. An excess of energy manifests itself in 
the bulk luminescence spectrum [5]. Taking into 
account the band discontinuity, an electron which 
was initially in a quasi-bound state changes into 
a quasi-free state. At the same time, the energy 
remains unchanged.

In [3, 4], a quasi-classical  theory of 
ionisation of impurity centres under the action 
of external electric fields was constructed. The 
main results were obtained by the imaginary 
time method.

The main theoretical achievement of work 
[1] was the extraction of s, the component of 
the reflected quasi-classical wave function 
within the limit of a large ratio of distance L  
from the impurity centre to the heterobarrier to 
the effective Bohr radius of a shallow impurity 
( L rB 1 ). As a result, the authors of [1] obtained 
an asymptotic formula for the energy shift of the 
ground state of a shallow impurity:

dE G V
L
r

L
r

EB
B B

B= - -
Ê
ËÁ

ˆ
¯̃

◊( ) exp


2 2
, 	 (1)

where G V
E V E

E V E
B B

B B

( )






=
- +

+ +
 is the coefficient 

that determines the condition for the reflection 

of the wave function, EB  is the binding energy of 
a shallow impurity, and V



 is the height (depth) 
of the heterobarrier.

However, the procedure for the extraction 
of the s component given in [1] does not allow 
indicating the threshold distance Lmin  from 
the centre starting from which the asymptotic 
formulas obtained in [1], and formula (1) in 
particular, would be effective for finding the 
energy shift of the ground state of a shallow and/
or deep impurity.

Defining the Lmin  parameter is relevant if we 
take into account the fact that the condition of 
the quasi-classical approximation can be affected 
near the impurity [6]. The Lmin  parameter sets 
the “lower limitation” of the applicability of the 
theory developed in [1] and consequently the 
optimal distance from the accumulation of neutral 
impurities to the heterobarrier. As a consequence, 
formula (1) must have the Lmin  parameter.

The purpose of this study was to find the Lmin  
parameter and to use it to obtain (taking into 
account the results of [1]) averaged formulas for 
the energy shift of the impurity state and lifetime 
of the quasi-stationary state depending on the 
parameter Lmin .

2. Calculation methodology
Mathematically correct extraction of the s 

component of the reflected quasi-classical wave 
function

y q
p q+ = -

Ê
ËÁ

ˆ
¯̃

Ê
ËÁ

ˆ
¯̃

( , ) ( )exp
cos

expL
r
G V

L
r

L
r

B B B

1 2
3 

,

(0 2£ £q p ) 		  (2)

(if we expand cosq qª -1 22  in formula (2), where 
q is the angle of the wave incidence (reflection), 
we will end up with an approximate formula from 
work [1]) means the expansion of function (2) 
within the full system of spherical harmonics with 
a subsequent extraction of the zero harmonic 
amplitude:

y q q j+ = Â( , ) ( , )
,

L a Ylm lm
l m

. (3)

The alm  coefficients are determined by the 
formulas:

a Y L dlm lm= *
+Ú ( , ) ( , )q j y q W . (4)

For the zero harmonic coefficient:
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where - -Ei( )z  is integral exponent [7].
At 2 1L rB  , from expression (5) it follows:
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Substitution of (6) into expansion (3) gives 
the zero harmonic amplitude:
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As can be seen from (7), the asymptotic 
behaviour of the s-component of function 
(2) corresponds to the asymptotic behaviour 
obtained in [1]. Numerical calculations of function 
F( ) exp( )[ ( )]z z z z= - - -1 Ei  from expression (5) 
show (Table) that the transition to the asymptotic 
formulas in [1] begins approximately from the 
distance L rBmin ª 5  and in this context: 

F( )
exp( )[ ( )], ( )
, ( )

z
z z z z

z z
=

- - - <
≥

Ï
Ì
Ó

1 10
1 10

Ei
. 	 (8)

At distances shorter than L rBmin ª 5 , the theory 
developed by the authors of [1] cannot properly 
explain the experimental results of [2, 5] and is 
rather a rough approximation.

To calculate the energy shift per unit of 
distance, for simplicity, we will assume that the 
distribution of impurity atoms over the matrix 
volume near the heterojunction is uniform and 
isotropic.

d d dE
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E x dx
L

E x dxB L B
L
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•

Ú Úlim ( ) ( )
min min

1 1
D D

.	 (9)

By substituting formula (1) in expression (9) 
(we assume that the value L is a variable) we get:
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Accordingly, for the average lifetime of an 
electron at V EB

< - :

tB
B

B B
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E V E

L
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L r
L r

=
-( ) +

� �

�
2

2
1 2

D exp( )min

min

.	 (11)

This time is minimal if V EB

= -2 .
Here, DL  characterises the effective size 

of the impurity layer near the heterojunction 
(Fig.  1). As the electrons move from impurity 
levels to a free state, the layer becomes positively 
charged and acquires the character of a buffer 
electric field, which, however, does not have 
a significant effect on the tunnelling effect. 
The value of DL  cannot significantly exceed 
rB  (~ 10 Å). At the same time, DL  cannot be 
less than the critical distance between atoms 
( DL rB≥ 4 ) (Mott’s transition) [8]. For estimates, 
you can assume that DL L rBª ªmin 5 . For a 
model semiconductor with the parameters of 
EB = 0 01.  eV and V



= -0 1 1.  eV, the estimate for 
the lifetime of the bound electron according to 
formula (11) gives a value of the order of 5·10–10 s. 
Using L rBmin ª 5  the criterion of quasi-classical 
behaviour ( < Lmin ) can be determined: 

Fig. 1. Scheme of electronic transitions near the het-
erojunction 

Table. Values of the F(z) function

z 5 10 15 20
F(z) 0.15 0.09 0.07 0.05
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V EB

>1 04. . (12)

Consequently, when V EB

=1 04. , the 
condition of applicability of the quasi-classical 
approximation, i.e. the heterobarrier, must be 
sufficiently high (deep). By further developing 
this line of reasoning, it is possible to interpret 
dEB  as the average energy of shift of the ground 
state of impurity atoms within the effective width 
DL  obtained from the beam of quasi-classical 
electrons. The estimation of dEB  by formula 
(10) for a model semiconductor is approximately 
10– 5 eV. The energy shift of the ground state of 
impurity (10) cannot be less than the value of 
its natural width (10–7 eV). This imposes certain 
limitations on the value of L , namely Lmax < 10 rB. 
In case of great distances, formula (10) gives 
unrealistically low values for dEB . To compare, for 
example, the binding energy of D A- +( )  centres 
is of the order of meV [9].

It is interesting to compare the lifetime of a 
bound electron in relation to its changing into 
a free state with its tunnelling time between 
small impurities (Fig. 1). The theory provides 
the following formula for the tunnelling time 
between the centres [6]:

t p
d0 1

0 1

Æ

Æ +

+ = 

E
, 		  (13)

and 
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ˆ
¯̃

◊exp , 	 (14)

where r  is the average distance between the 
impurity atoms.

At concentrations of shallow impurities of 
1018 cm–3, formula (14) gives a value of 1.2·10–5 eV, 
almost equal to dEB , i.e. t tB 0 1

3
Æ + ª . This means 

that for highly doped semiconductors at very 
low temperatures (about 2–4 K), there is hardly 
any effect of the buffer (quasi-electric) field 
and in general the impurity layer DL  is quasi-
neutral. The quasi-neutral behaviour of the layer 
can be disturbed by exposure to radiation, heat 
treatment, etching, application of an external 
electric field, etc. [10].

In case of the deep centre described by the 
“zero” radius potential [1] within the framework 
of this model, the bound electron has no excited 

states and has one single bound state. This allows 
considering the amplitude of the “zero harmonic” 
of decomposition (3), which is the only one of its 
kind [9]. Calculations similar to the ones used 
to derive formula (7) give the following formula 
for the amplitude of the zero harmonic of the 
reflected quasi-classical wave function:
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=
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, a m E� ��= */ 2  

are the size of the wave function of the electron 
bound at the deep centre ( a



 usually does not 
exceed several constant lattice spacings [11]), m*  
is the effective mass of the electron, and E



 is the 
binding energy of the electron at the deep centre 
(of the order of eV). 

Considering the fact that function (8) is 
universal, it is possible to immediately specify the 
lower limitation of the applicability of formula 
(15): L amin ª 5



. By averaging the formula for the 
energy shift of the deep state obtained in work [1]:
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and using expression (9), we have:
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From (17) the approximate formula follows:
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Accordingly, the average lifetime of an 
electron at the deep centre when V E

 

< - :
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ˆ
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By comparing (11) and (19) we can conclude 
that heterobarrier affects the position of the 
shallow impurity more (by about 30 times). It is 
clear that screening greatly reduces the probability 
of an electron jumping from a neutral impurity 
to an ionised (+1) impurity. The time required 
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to neutralise the deep impurity significantly 
exceeds the lifetime of the bound electron of the 
shallow impurity, and the buffer field effect will 
be observed for a long time. At the same time, 
electronic transitions between deep and shallow 
centres are quite possible. The corresponding 
calculations are described in [12–17].

3. Discussing the results with regard to 
the AlGaAs/GaAs heterostructure

Let us discuss the conditions for the 
applicability of the obtained formulas in relation 
to a specific AlGaAs/GaAs heterostructure with a 
deep centre (Fig. 2). The forbidden energy gap of 
gallium arsenide is 1.5 eV and in a solid solution 
of AlxGa1–xAs it increases with the growth of x. For 
example, at x = 1, the forbidden energy gap in the 
AlAs compound is 2.2 eV. As we noted above, the 
buffer field effect (developed within the framework 
of the statistical approach) will work for a long time 
in the case of a deep centre. Let us estimate the 
minimum buffer field value for the DX centre in 
AlGaAs. Assuming |V0| = 0.75 eV, E0 = 0.7 eV (Fig. 2), 
we will find (e-charge of the electron):

Ebuff
22 4 1=

-
ª ◊

V E
eL
 

min

. 0  V/cm 

( V E E
 

- << opt ). 		  (20)

Indeed, as we can see, the intensity of the 
buffer field is much less than the intensity of 
the optical ionisation field of the DX centre 
( Eopt ª 1.3 eV) [18].

Also, we would like to note that the basic value 
of Lmin, which we operated on with within the 
framework of the statistical approach, coincides 
with the critical distance from [18] (L ≈ 70 Å). In 
general, all this confirms the correctness of the 
initial formulas (10), (11), (18), and (19). 

Therefore, the statistical approach to tunnel 
ionisation of deep centres leads to approximately 
the same results as the multiphonon mechanism 
of ionisation of DX centre in heterostructures [18].

4. Conclusions 
The content of the work can be summarised 

by formulas (10), (11), (18), and (19), which clarify 
the relevant formulas obtained in the work [1]. 
Numeric evaluations (Table) indicate that there 
is a well-defined distance from the impurity 
centre L rBmin ª 5 ( L amin ª 5



) to the heterobarrier, 

starting from which the asymptotic formulas 
obtained in [1] are quite accurate. This applies 
equally to formulas (10), (11), (18), and (19) 
derived from these asymptotic behaviours. After 
being averaged, formulas (1) and (16) of Efros et 
al. became a statistical average of (10) and (18). 
From formulas (10) and (18), it follows that the 
greatest contribution to the total energy shift 
is provided by impurity centres localised at a 
distance of L = Lmin from the heterointerface. This 
fact is not mentioned in the asymptotic formulas 
of Efros et al. In addition, the formulas of Efros et 
al. do not allow developing the idea of the “buffer 
field” effect, which is purely statistical in nature.

The “buffer field” effect is produced in the 
case of deep impurities [18]. Then, there is some 
similarity with quasi-electric fields in variband 
semiconductors. For shallow impurities, in this 
situation, this effect is never produced.
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1. Introduction
In the modern world, much attention is paid to 

the search for new materials with high corrosion 
resistance over a wide range of aggressive media. 
Such materials are transition metal silicides [1, 
2]. However, the study of germanides of the same 
metals, which are close to silicides in structure 
[3] but do not have a high resistance to corrosion, 
may also be interesting mainly due to the 
elucidation of the mechanism of dissolution of 
systems consisting of several components, differ 
by their physical and chemical properties.

Manganese is a rather active element; 
therefore, its metal-like compounds, including 
silicides and germanides, have properties 
different from similar systems of the iron 
triad, studied in detail earlier [4]. There is an 
array of data obtained as a result of the study 
of electrochemical processes occurring on the 
silicide Mn5Si3 and manganese monosilicide 
MnSi in acidic electrolytes [5–7]. The same two-
component systems in alkaline media are less 
studied [8, 9]. Now, data on the behaviour of 
manganese silicides and germanides in aqueous 
solutions with a pH close to 7 are limited, 
although majority of the electrolytes in various 
industries are neutral media. The publications 
mainly contain data on the electrochemical and 
corrosive behaviour of metal silicides of various 
compositions [10–14], while such studies for 
germanides are less common [15, 16].

2. Experimental 
The object of the study was a double metal-

like system – manganese germanide Mn5Ge3 
obtained by the Czochralski method [1]. The 
germanide sample is soldered to the copper wire 
with a silver-containing conductive glue. The 
entire electrode was insulated with epoxy glue, 
excluding the working surface. The electroactive 
surface area was 0.15 cm2. 

The preparation of the electrode surface 
before the experiment was carried out as follows: 
the electrode was mechanically cleaned and 
polished with emery paper, successively changing 
its grade from 1000 to 2500. The prepared surface 
was degreased with 96% ethyl alcohol and rinsed 
with distilled and deionized water. A saturated 
silver chloride electrode was used as a reference 
electrode. The counter electrode was platinum.

Deionized water (R = 18.2 MΩ), obtained in a 
Milli-QAdvantage A10 water distiller (Germany), 
and dry sodium sulphate powder (chemically 
pure grade) were used for the preparation of 
electrolyte solutions. The studies were carried 
out in a standard YSE-2 electrochemical cell. 
Polarization and impedance measurements were 
performed using a Metrohm Autolab PGSTAT302N 
potentiostat/galvanostat. The polarisation curves 
were recorded in the potentiodynamic mode at the 
scan rate of 1 mV/s and a temperature of 20±5 °C. 

The range of frequencies used in impedance 
measurements f (w/2p) were from 100000 Hz to 
0.05 Hz, the amplitude of the alternating signal 
was 10 mV. Before measuring the impedance, the 
electrode was kept in a solution at an appropriate 
potential until stable current density values were 
achieved. The impedance data were processed 
using NOVA 2.1.4 program.

The studies were carried out under natural 
aeration and stationary diffusion conditions. The 
cell was washed several times with tap, distilled, 
and deionized water before work. In the case of 
strong contamination of the cell with corrosive 
products, it was washed with a hot chrome 
mixture.

Microscopic measurements were carried out 
using an HITACHI S-3400N Scanning Electron 
Microscope with a BRUKER attachment for X-ray 
microanalysis.

3. Results and discussion 

3.1. Polarisation measurements
When studying the electrochemical behaviour 

of multicomponent systems, it seems appropriate 
also obtain information on the analogous 
behaviour of simple substances which are 
constituents of such systems under similar 
conditions. A comparative study of the anodic 
behaviour of manganese, germanium, and 
manganese germanide in a 0.5 M Na2SO4 solution 
was carried out by the polarisation curve method 
(Fig. 1). 

The dissolution of germanium in sodium 
sulphate occurs uniformly, without noticeable 
peaks in the anodic curve. With an increase in 
the anodic polarisation, the currents increase, 
but the rate of increase is not the same in 
different areas, which indicates a change in the 
dissolution mechanism and, possibly, a change 
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in the composition of corrosion products. This 
is in good agreement with the literature data [4, 
17], where it is stated that anodic dissolution 
of germanium in aqueous solutions of different 
compositions can form a mixture of hydrated 
oxides GeO and GeO2 as well as metagermanic 
acid H2GeO3, which slow down the dissolution rate 
only in the case of accumulation of a sufficiently 
thick layer of phase oxide. 

Manganese is an active metal, which forms 
many oxidized forms upon anodic polarization 
in aqueous media [18]. The curve of its anodic 
dissolution is in good agreement with the data 
of the Pourbaix diagram, according to which, 
starting from a potential of 0.1 V, Mn3O4 and 
Mn2O3 oxides are sequentially formed on the 
metal surface, and finally, MnO2 is formed at a 
potential of 0.8 V, the accumulation of which 
slows down the rate of dissolution of the metal. In 
a 0.5 M sodium sulphate solution, the dissolution 
rates of pure germanium and manganese are 
comparable. 

Upon anodic polarization manganese 
germanide Mn5Ge3 demonstrates a high corrosion 
rate, which is 1–2 orders of magnitude higher than 
for its constituent pure components. Corrosion 
potentials for germanium and manganese were 
Ecor = –0.46V and Ecor = –0.56 V, respectively; 
for manganese germanide, Ecor = –0.47 V, which 
suggests that germanium is the potential 
determining component. The characteristic 
potentials of the anodic curve for manganese 
germanide, at which the Tafel slope changes, 
mainly coincide with the analogous potentials 

for germanium polarisation curve. The latter 
suggests that in this situation, the features of the 
anodic processes on the sample are mainly due to 
its non-metallic component. However, with deep 
anodic polarisation, peaks appear at potentials 
+0.6 V (peak I) and +1.25 V (peak II) on Mn5Ge3 
curve, which are not typical for both Mn and Ge. 
Moreover, at a potential of +1.4 V, a rather long 
region of current density oscillations begins, 
behind which a decrease in the current density 
was recorded, and, therefore, the dissolution 
processes slowed down.

The concentration of sodium sulphate 
affects the processes occurring during the 
anodic dissolution of the sample (Fig. 2). With 
concentrations above 0.5 M, only the dependence 
of the dissolution rate on the concentration is 
observed, the potential of all peaks of active 
dissolution remains constant, only its current 
decreases. With a decrease in the concentration 
of sodium sulphate to 0.25 M and below, the 
potentials of both peaks of active dissolution 
shift to the region of more positive values, 
which may be associated with a slowdown in 
the dissolution process due to a decrease in the 
electroconductivity of the solution. In addition, 
sulphates, not participating directly in the surface 
transformation process, can be its activators, and, 
thus, a decrease in their concentration can lead 
to diffusion limitations.

The region of anodic current density 
oscillations is also subjected to the influence of 
the electrolyte concentration: with an increase in 

Fig. 1. Polarization curves for manganese germanide 
Mn5Ge3 and its individual components in 0.5 М Na-
2SO4solution: 1 – Ge; 2 – Mn; 3 – Mn5Ge3

Fig. 2. Anodic polarisation curves for manganese 
germanide Mn5Ge3 obtained in Na2SO4 solutions of 
different concentrations: 1 – 1 M; 2 – 0.5 M; 3 – 0.25 
M; 4 – 0.1 M; 5 – 0.05 M
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the content of sulphate ions, it is observed at less 
and less positive potentials, and its range expands. 

3.2. Impedance measurements 
Nyquist plots at the corresponding potentials 

in a solution of 0.5 M sodium sulphate are shown 
in Fig. 3. As the potential shifts towards more 
positive values, the graph takes on the form of two 
clearly separated semicircles and an inductive arc. 

In the potential range from –0.1 V to 0.8 V, the 
impedance of the system decreased, then slightly 
increased in the active-passive transition area. 
The complex nature of the curve reflects the multi-
stage nature of the polarisation process: such 
graphs are typical for electrodes characterised by 
the variety of adsorbed corrosion products [19]. 
This confirms the earlier assumptions about the 

formation of an oxide layer on the sample surface. 
In all spectra, the HF semicircle corresponds to 
the processes occurring on the hydrated oxide film 
and the interface between it and the electrolyte, 
while the LF semicircle characterizes the interface 
between the oxide film and the electrode surface.

The appearance of an HF pseudo-arc can be 
associated with several factors, first of all, with the 
phenomenon of capacitance dispersion, occurring 
due to the peculiarities of the measuring system. 
Often, such phenomena occur due to deficiencies 
in the reference electrode and the design of the 
cell. In this case, such part of the spectrum is an 
artefact; therefore, it was not taken into account 
when analysing the spectra [20, 21].

On all impedance spectra between two 
semicircles there is an inductive loop gradually 

Fig. 3. Nyquist Plots for manganese germanide Mn5Ge3 in 0.5М Na2SO4 solution at the following potentials: 
1 – – 0.1 V; 2 – 0 V; 3 – + 0.1 V; 4 – + 0.2 V; 5 – + 0.3 V; 6 – + 0.4 V; 7 – + 0.5 V; 8 – + 0.6 V; 9 – + 0.7 V; 10 – + 
0.8 V; 11 – + 0.9 V; 12 – + 1 V
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shifting to the right, which according to [22] is 
associated with an increase in surface roughness 
and stabilization of the oxide layer containing 
adsorbed anions. The surface roughness was 
presumably increased due to the formation of 
micropores due to the accelerated diffusion of 
SO4

2– particles in the oxide layer. 
The straight line on the Nyquist plot was 

obtained using the Voith scheme. All spectra are 
characterized by two positive time constants, 
which can be assessed for reliability using 
the Kramers–Kronig relations. The inductive 
component of the spectrum is characterized by a 
negative time constant; therefore, this part of the 
spectrum cannot be assessed for reliability using 
the Kramers-Kronig relations. As the amplitude of 
the alternating signal changed to 5 and 3 mV, the 
graphs of the impedance spectra did not change. 

Due to the multistage nature of the process, 
the impedance spectra were analysed by the 
characteristic frequencies f determined based on 

the points of inflexion on the complex plane. The 
dependence of the characteristic frequencies on 
the applied anode potential is shown in Fig. 4.

Frequency f1, corresponding to the first 
semicircle and characterizing the process of 
charge transfer in the electrode - oxide film 
system, increased with increasing potential 
many times faster than the frequencies f2 and f3, 
which correspond to the second semicircle and 
the inductance loop, respectively. In turn, the 
frequencies f2 and f3 also increased with increase 
in potential up to 0.8 V, at which the active-
passive transition area begins. The increase 
of these characteristics is associated with the 
accumulation of a thick layer of poorly soluble 
surface compounds, which limit the process 
of removing the reaction products from the 
electrode. With a further shift of the potential 
to the anodic region, these frequencies decrease 
due to the fact that the layer of the formed 
intermediates begins to crack.

Fig. 4. Characteristic frequencies for Mn5Ge3-electrode in 0.5 M Na2SO4 solution at different anodic potentials. 
1) - HF (high frequencies) semicircle, 2) LF (low frequencies) semicircle, 3) LF (low frequencies) inductivity
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The first time constant characterizing the 
HF semicircle changes most noticeably with 
increasing potential. The diameters of the HF and 
LF semicircles decrease with increasing potential, 
which indicates an increase in the intensity of 
the oxidation process. Products of i·R are shown 
in Fig. 5. 

For the HF semicircle the i·R product increases 
monotonically, starting from E = 0.4 V. For the LF 
semicircle the i·R product also increases, but more 
smoothly than for the high-frequency semicircle. 
This means that the process of accumulation of 
the surface film somewhat reduced the possible 
rate of oxidation. 

3.3. Microscopic examination of the structure
For the assessment of the composition and 

structure of the surface layer after polarization, 
micrographs of the surface were obtained and 
X-ray microanalysis was performed. When the 
electrode was kept in potentiostatic mode for 
ten minutes, an oxide layer was formed on its 
surface, which later started to exfoliate, which 
was especially noticeable when the electrode was 
removed from the electrolyte solution.

The micrograph obtained upon the 
potentiostatic incubation of the electrode in 
the region of the anodic peak at E = 0.6 V (Fig. 6) 
allowed the visualization of the morphology 
of the formed layer: areas free from oxidation 
products and areas with an exfoliating film 
were revealed on the electrode. X-ray spectral 
microanalysis of the film showed that it consists 

of germanium and oxygen in an atomic ratio of 
1:1. The fact that the hydrated form of oxidation 
products in air transforms into more stable oxide 
forms should be taken into account. In this 
regard, X-ray microanalysis showed the presence 
of only germanium oxide and the complete 
absence of manganese in the composition of 
the film. 

On the micrograph obtained upon polarization 
up to E = 1.8 V (Fig. 7), a thick oxide film is clearly 
visible. According to X-ray microanalysis data, 
it also consists only of germanium oxide, but 
has denser structure. Manganese oxides can be 
formed at high positive potentials, but they were 
not revealed by this method of analysis.

4. Conclusions 
Manganese germanide is rather unstable 

to anodic oxidation in a sodium sulphate 
solution. The mechanism of anodic dissolution 
includes several stages with the adsorption of 
intermediates. It is most probable that in a neutral 
environment, a high rate of Mn5Ge3 oxidation 
is associated with the uniform dissolution of 
both components, but only up to a potential 
of – 0.45 V. With a deeper anodic polarization, 
the surface layer is depleted of manganese due 
to its selective dissolution from beneath the 
simultaneously formed germanium oxides layer. 
Thus, the passivation of manganese germanide 
at high potentials occurs due to the non-metallic 
component of the sample, while the reaction is 
controlled by the diffusion of manganese, which 

Fig. 5. Dependence of i·R on the potential of Mn5Ge3-electrode in a 0.5 M Na2SO4 solution: a – HF (high fre-
quencies) semicircle, b – LF (low frequencies) semicircle
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is selectively ionized through the oxidation 
products of germanium. 
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Abstract 
In this study, we proposed a new approach to assessing the processes of complexation in aqueous solutions using the 
example of the interaction of lead chloride with thiourea. The goal of this study was the investigation of processes of 
complexation in “PbCl2-N2H4CS” aqueous solutions and determination of the regions of dominance of thiourea coordination 
compounds, which are precursors during the deposition of lead sulphide films.
Based on the diagrams and cross section lines of equal fractions constructed in three-dimensional space, the regions of 
dominance of all complex forms existing in the studied solution were found. Such a graphic image is the most informative, 
since it allows selection of the concentration ranges of the predominance of certain coordination compounds, especially 
thiourea complexes, which are precursors during the deposition of lead sulphide films. It was shown that an increase in 
the concentration of N2H4CS led to an increase in the total fraction of thiourea complexes: for a twofold excess of N2H4CS 
its fraction was 0.25, for a threefold excess it was 0.35, for a fourfold excess it was 0.5, for a fivefold excess it was 0.7.
Keywords: Distribution diagrams, Complexation, Thiourea, Lead chloride, Coordination compounds
For citation: Semenov V. N., Volkov V. V., Pereslytskikh N. V. Processes of complexation in “PbCl2-N2H4CS” aqueous solutions 
during the deposition of lead sulphide films. Kondensirovannye sredy i mezhfaznye granitsy = Condensed Matter and Interphases. 
2021;23(4): 543–547. https://doi.org/10.17308/kcmf.2021.23/3673
Для цитирования: Семенов В. Н., Волков В. В., Переслыцких Н. В. Процессы комплексообразования в водных 
растворах «PbCl2–N2H4CS» при осаждении пленок сульфида свинца. Конденсированные среды и межфазные границы. 
2021;23(4): 543–547. https://doi.org/10.17308/kcmf.2021.23/3673

  Victor N. Semenov, e-mail: semenov@chem.vsu.ru
© Semenov V.N., Volkov V.V., Pereslytskikh N. V., 2021

The content is available under Creative Commons Attribution 4.0 License. 

Condensed Matter and Interphases. 2021;23(4): 543–547



544

1. Introduction
Traditionally, high-temperature synthesis 

methods and vacuum technologies, which require 
complex and expensive equipment are used for 
obtaining photosensitive PbS layers for the near 
and mid-IR spectral regions. This determines 
the high commercial cost of thin-film detectors 
based on them. Therefore, the development 
of new cheap technologies for obtaining such 
photosensitive layers based on lead sulphide with 
unique properties [1–3] is an important task.

One such method is the method of aerosol 
spraying of solutions of thiourea coordination 
compounds (TCC) on a heated substrate [4], based 
on the thermal destruction of these complexes [5].

In the study [6], all ionic equilibria existing 
in an aqueous solution of lead chloride and 
thiourea (TC) were provided, and the equilibrium 
concentrations of [Pb2+], [TC] and [Cl–] for the 
given initial C

Pb2+  and CTM were calculated based 
on them. Further, these data were used for the 
determination of the equilibrium concentrations 
of complex ions. Using the data obtained, 
the fractions of these complex forms were 
found and distribution diagrams were plotted 
(about 100 variants of such diagrams were 
plotted). The process of plotting diagrams is very 
laborious and inconvenient for comparing and 

analysing complexation processes in different 
concentration ranges. For obtaining a more 
clearly picture, we proposed the construction 
of three-dimensional distribution diagrams and 
cross section lines of equal fractions for specific 
complex forms. The goal of this study was the 
investigation of processes of complexation 
in a “PbCl2-N2H4CS” aqueous solutions and 
determination of the regions of dominance of 
TCC, which are precursors during the deposition 
of lead sulphide films.

2. Modelling
The construction of sections of  the 

concentration dependences of the fractions of 
complex forms present in the solution was carried 
out using the COMSOL Multiphysics application 
package by the Newton–Raphson method [7]. 
Thus, diagrams for all 15 complex forms existing 
in the “PbCl2-N2H4CS” aqueous solution were 
plotted. The use of initial (analytical), rather 
than equilibrium concentrations allowed realistic 
assess of the complexation process.

The concentration regions of existence of 
these complex forms were found by analysis 
of the diagrams obtained for all coordination 
compounds in three-dimensional space and the 
cross-sections plotted on their basis (Table 1). 

Table 1. Fractions of complex forms prevailing in a certain concentration range in the PbCl2-N2H4CS 
system

Complex form Maximum fraction of 
complexes in solution

Intervals of existence for the maximum fractions of 
complexes, M/l

СТМ CPb
2+

Pb(H O)2 n
2+ 1.00 1·10–5–2·10–2 1·10–5–2·10–3

PbTM2+ 0.08 2·10–2–4·10–2 1·10–5–3·10–3

PbTM2
2+ 0.025 3·10–2–5·10–2 1·10–5–4·10–3

PbTM3
2+ 0.06 4·10–2–8·10–2 1·10–5–8·10–3

PbTM4
2+ 1.00 8·10–2–1 1·10–5–2·10–1

PbCl+ 0.6 1·10–5–8·10–2 2·10–2–3·10–1

PbCl2 0.6 1·10–5–1 5·10–1–1
PbCl3

- 0.13 7·10–1–1 8·10–1–1
PbCl4

2- 0.01 9·10–1–1 6·10–1–7·10–1

PbTMCl+ 0.07 6·10–2–3·10–1 2·10–2–2·10–1

PbTMCl2 0.08 7·10–1–1 4·10–1–1

PbTMCl3
- 0.04 9·10–1–1 6·10–1–1

PbTM2Cl+ 0.04 2·10–1–4·10–1 8·10–2–2·10–1

PbTM3Cl+ 0.3 7·10–1–1 2·10–1–4·10–1

PbTM2Cl2 0.1 9·10–1–1 4·10–1–7·10–1
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As can be seen from these results, in “PbCl2-
N2H4CS” aqueous solution following complexes 
were dominant: Pb(H O)2 n

2+ , PbTM4
2+ , PbCl+, 

PbCl2 and PbTM3Cl+. Their fractions (a) were 
more than 0.3. Out of the homoligand TCC, the 
most stable is the complex ion PbTM4

2+. Out of 
the thiourea complexes, in addition to those 
indicated above PbTM2+, PbTM3

2+ , PbTMCl+, 
PbTMCl2 and PbTM2Cl2 forms were relatively 
stable. The fraction of their presence in the 
solution exceeded 0.05. The maximum fraction 
of homoligand TCC increased in the following 
order: PbTM2

2+  < PbTM3
2+  < PbTM2+ < PbTM4

2+, for 
mixed ligands: PbTMCl PbTM Cl23

- +£  < PbTM2Cl2
 <  

PbTM3Cl+. As an illustration, diagrams and their 
cross sections for four TCC are shown (Figs. 1–4).

According to the study [8], the solubility of 
PbCl2 at 25 °C is 4 10–2 M/l. Therefore, considering 
the cross-section lines of equal fractions in 
Fig. 1 (b) – 4 (b), it can be noted that in the initial 
solution the fraction of complexes [PbTM2Cl2] 
is very small (Fig. 4b), while complex forms 
PbTM4

2+, PbTMCl+  and PbTM3Cl+ actually exist. 
The dependence of the fraction of formed TCC 
on the concentration of thiourea at a constant 
concentration of lead chloride (2·10–2 M/l) is 
shown in Table 2. The calculation was carried out 
based on the constructed distribution diagrams.

Data provided in Table 2 demonstrate that the 
total fraction of thiourea complexes, which are the 
supplier of lead sulphide, for a twofold excess of 
N2H4CS is 0.25, for three times excess it was 0.35, 

а                                                                                                        b
Fig. 1. Three-dimensional distribution diagrams (a) and cross section lines of equal fractions (b) for the PbTM4

2+ 
complex

а                                                                                                        b
Fig. 2. Three-dimensional distribution diagrams (a) and cross section lines of equal fractions (b) for the PbTMCl+ 
complex
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for four times excess it was 0.5, for five times excess 
it was 0.7. In the complexation process, thiourea, 
which is an ambidentate ligand, is coordinated 
through a sulphur atom. As a result of the thermal 
destruction of TCC, lead sulphide is the main solid-
phase product. Thus, the process of obtaining PbS 
proceeds through the stage of the formation of the 

thiourea complex. X-ray phase analysis indicated 
the precipitation of lead sulphide with a cubic 
structure [9]. It should be noted that the fraction of 
aqua and chloride complexes (0.6) was quite high 
(Table 1); therefore, the concentration intervals 
СТМ = 1·10–5–1·10–1 and CPbCl · ·

2
110 5105 2= -- -  M/l 

are unsuitable for the deposition of PbS films.

а                                                                                                        б
Fig. 3. Three-dimensional distribution diagrams (a) and cross section lines of equal fractions (b) for the PbT-
M3Cl+ complex

а                                                                                                        б
Fig. 4. Three-dimensional distribution diagrams (a) and cross section lines of equal fractions (b) for the PbT-
M2Cl2 complex

Table 2. Formation of thiourea complexes depending on the concentration of thiourea

СТМ

Fractions of complexes Total fraction 
of TM 

complexesPbTM4
2+ PbTM3

2+ PbTM2
2+ PbTM2+ PbTMCl+ PbTM2Cl+ PbTM3Cl+

0.02 0.12 0.0001 0.003 0.03 0.04 0.007 0.001 0.2
0.04 0.14 0.01 0.007 0.04 0.04 0.01 0.001 0.25
0.06 0.17 0.02 0.01 0.04 0.045 0.02 0.04 0.35
0.08 0.33 0.03 0.01 0.02 0.05 0.02 0.05 0.51
0.1 0.5 0.04 0.01 0.03 0.04 0.02 0.07 0.71
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3. Conclusions
Based on diagrams and cross section 

lines of equal fractions for “PbCl2–N2H4CS” 
aqueous solutions the areas of dominance of 
various complex forms formed in the process of 
complexation were determined. It was shown 
that the following complex forms dominate in 
the solution: Pb(H O)2 n

2+, PbTM4
2+, PbCl+, PbCl2 and 

PbTM3Cl+. The maximum fraction of homoligand 
TCC increases in the series PbTM2

2+  < PbTM3
2+  < 

PbTM2+ < PbTM4
2+, for the mixed ligand PbTMCl3

-  ≤ 
PbTM2Cl+ < PbTM2Cl2 < PbTM3Cl+. These thiourea 
coordination compounds are precursors for the 
deposition of lead sulphide films, and with an 
increase in the concentration of N2H4CS in the 
initial solution, their fraction increases sharply.
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Abstract 
Porous nanocomposites based on PrFeO3-TiO2 were synthesized using the glycine-nitrate combustion method with different 
values of mass content of TiO2 (0–7.5 %) and subsequent heat treatment in air. The results of X-ray phase analysis and 
Raman spectroscopy confirmed the presence of ultradispersed TiO2, structurally close to that of anatase. The morphology, 
specific surface area, and porous structure of the obtained powders were characterized by scanning electron microscopy 
and adsorption-structural analysis, the results of which showed that the samples had a foam-like mesoporous structure. 
The specific surface area and the average pore size were in the ranges of 7.6–17.8 m2/g and 7.2–15.2 nm, respectively, and 
varied depending on the TiO2 content. The optical properties of the nanocomposites were studied by UV-visible diffuse 
reflection spectroscopy, the energy of the band gap was calculated as 2.11–2.26 eV. The photocatalytic activity of PrFeO3‑TiO2 
nanocomposites was investigated in the process of photo-Fenton-like degradation of methyl violet under the action of 
visible light. It was shown that the maximum reaction rate constant was 0.095 min-1, which is ten times higher than the 
value for the known orthoferrite-based analogs. The obtained photocatalysts were also characterized by their high cyclic 
stability. Based on the studies carried out, the obtained porous PrFeO3-TiO2 nanocomposites can be considered to be a 
promising basis for photocatalysts applied in advanced oxidative processes of aqueous media purification from organic 
pollutants.
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1. Introduction
Most industries for the manufacture of 

plastics, fabrics, paper, and rubber use various 
dyes and organic substances, leading not only 
to environmental pollution but also to the 
development of various diseases in humans, since 
they are often carcinogenic and/or highly toxic 
compounds. Traditional methods of removing 
organic dyes such as adsorption, filtration, 
ozonizing filtration, electrochemistry, used in 
modern industries, are quite effective, but still 
do not achieve a complete decomposition of 
the organic dyes due to their complex aromatic 
structure and resistance to various environmental 
factors, including oxidation. Therefore, there 
is an urgent need for the development of an 
alternative, for example, photocatalytic methods 
of water purification using environmentally 
friendly photocatalysts, which make it possible 
to effectively destroy toxic organic substances 
under the action of visible light.

Orthoferrites are complex oxides based on 
rare earth elements (REE) and iron with the 
general chemical formula of RFeO3 (R = Sc, Y, 
Ln), having a distorted perovskite-like structure 
with the Pbnm/Pnma space group [1–4]. Recently, 
there has been an increased interest in the 
study of REE orthoferrites due to their unique 
physical and chemical properties, which opens 
a wide range of possibilities for their practical 
application as a basis for new functional materials 
[5–8]. In addition, the structural, electromagnetic, 
and catalytic properties of REE orthoferrites 
make it possible to use them in the production 
of ceramics, magnetic devices, gas sensors, and 
magnetically controlled photocatalysts [9–11].

Earlier, various methods of synthesis were 
used to obtain nanocrystalline orthoferrites of 
rare earth elements: microwave, hydrothermal, 
sol-gel, co-precipitation, and others [1,12–15]. 
Most of these methods are labor-intensive and 
energy-consuming and do not always allow the 
control of such important parameters as particle 
size, shape, morphology, and structure, which 
determine the functional properties of REE 
orthoferrites. However, as was shown earlier in 
works [16–18], the solution combustion mthod is 
free from these drawbacks and allows varying the 
porous structure of nanoparticle aggregates, and 
thereby controlling the functional properties of 

the obtained materials based on REE orthoferrites. 
The two-stage synthesis of REE orthoferrites with 
the amorphous combustion products and their 
further thermal treatment to obtain pure product 
is particularly promising. Powders obtained by 
this method are characterized by their porous 
structure, foamy morphology, and developed 
surface. The latter is an important factor in the 
development of photocatalytic materials [19].

Among the most promising photocatalysts 
based on REE orthoferrites, PrFeO3 stands out, 
which has an unusually high activity under 
the action of visible light [20]. Interest in such 
materials is caused by the possibility of their 
participation in heterogeneous Fenton-like 
processes occurring in an aqueous-organic 
solution. The mechanism of Fenton-like oxidation 
consists of the formation of powerful oxidizing 
hydroxyl radicals (OH•) during the reversible 
transition from Fe2+ to Fe3+ under the action of 
visible light, which makes it possible to achieve 
the highly efficient decomposition and oxidation 
of organic pollutants [21–23]. Despite the 
high catalytic activity, reverse recombination 
processes significantly impair the photocatalytic 
activity of such materials, including PrFeO3. 
As reported in [19], the reverse recombination 
processes can be suppressed through the 
creation of a heterojunction structure during the 
transition from PrFeO3 to a composite based on 
it. For several simple oxides, it has been shown 
that an improvement in the photocatalytic 
properties can be achieved by adding a second 
component, due to the presence of which the 
transfer of charge carriers becomes possible 
immediately after the formation of an electron-
hole pair under the action of irradiation [24–28]. 
Thus, the transition to heterostructures based on 
nanocomposites of rare-earth elements and other 
oxides is one of the most effective strategies for 
suppressing electron-hole recombination. In the 
presented work, TiO2 was chosen to improve the 
photocatalytic characteristics of PrFeO3, which, 
according to modern concepts, should lead to 
a drop in recombination. In addition, TiO2 is 
an active, stable, and environmentally friendly 
photocatalyst in the near-UV region with a strong 
oxidizing ability [29–31]. Interest in studying 
its catalytic properties when paired with PrFeO3 
is also associated with the relatively large band 
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gap of TiO2 and the high intrinsic generation of 
electron-hole pairs.

This paper is dedicated to obtaining PrFeO3-
TiO2 nanocomposite materials by the method of 
solution combustion with different values of TiO2 
content (0-7.5 wt%). The obtained samples were 
studied using a wide range of physicochemical 
methods of analysis, allowing a detailed study 
of their structure, morphology, magnetic and 
optical properties, etc. Photocatalytic properties 
were studied using the example of Fenton-like 
oxidation of methyl violet (MV) under the action 
of visible light. The data obtained were compared 
with the results of photocatalytic studies of pure 
PrFeO3 and other REE orthoferrites. PrFeO3-
TiO2 nanocomposite materials demonstrated 
a significant increase in the efficiency of MV 
photocatalytic oxidation. Thus, the obtained 
powders can be used in modern advanced 
oxidative processes for the purification of 
contaminated aqueous media.

2. Materials and methods

2.1. Preparation of the titanyl nitrate 
(TiO(NO3)2) solution 

The synthesis of nanocomposite powders 
based on PrFeO3-TiO2 included the preliminary 
preparation of titanyl nitrate TiO(NO3)2 from 
titanium tetrachloride TiCl4 by hydrolysis. For 
this, distilled water was added to 20 ml of TiCl4 
with constant stirring until a white precipitate of 
TiO(OH)2 was formed, followed by its complete 
dissolution in concentrated nitric acid (HNO3).

2.2. Synthesis of PrFeO3-TiO2 nanocomposites
PrFeO3-TiO2 nanocomposites were prepared 

by the solution combustion method. To prepare 
the reaction mixture, we used the nitrates of 
the corresponding metals, Pr(NO3)3·6H2O and 
Fe(NO3)3·9H2O. Glycine with a glycine-nitrate 
ratio G/N = 2.0 was used as a fuel.

During the synthesis, iron (III)  and 
praseodymium nitrates, as well as glycine, were 
dissolved in a small amount of distilled water, 
followed by the addition of a titanyl nitrate 
solution TiO(NO3)2. The resulting reaction 
mixture was stirred until the nitrates and glycine 
were completely dissolved. The reaction solution 
prepared in this way was heated in a sand bath 
until the water evaporated and the reaction 

mixture ignited. As a result, porous brown 
powders were formed. Similarly, pure PrFeO3 
was synthesized, as well as a series of PrFeO3-
TiO2 nanocomposite powders with different 
mass ratios of PrFeO3:TiO2 = 100:0, 97.5:2.5, 95:5, 
and 92.5:7.5%, which were then heat-treated at 
700 °C for 1 hour in the air to remove unreacted 
impurities and form crystalline praseodymium 
orthoferrite from amorphous combustion 
products. 
2.3. Physico-chemical characterization

The elemental composition and morphology 
of the synthesized samples were studied by 
energy-dispersive X-ray spectroscopy (EDS) and 
scanning electron microscopy (SEM) using a 
Tescan Vega 3 SBH scanning electron microscope.

To determine the phase composition of the 
samples, X-ray phase analysis was carried out on 
a Rigaku SmartLab X-ray powder diffractometer 
in the range of Bragg angles (2q) from 20° 
to 60°. Qualitative X-ray phase analysis was 
performed using the ICSD database. Based on 
the broadening of the X-ray diffraction lines, the 
average crystallite size was calculated using the 
Scherrer formula: 

D
k= l

b qcos

where k – shape factor, equal to 0.94; l – X-ray 
wavelength (CuKa = 0.15406 nm); b –- line broad-
ening at half the maximum in radians; q – Bragg’s 
angle in radians.

The structural features of the nanocomposites 
were studied using Raman spectroscopy (excitation 
wavelength l = 532 nm) on a SINTERRA Raman 
microscope.

The specific surface of the samples, pore 
volume, and pore size distribution were 
determined by adsorption-structural analysis 
(ASA) using a Micromeritics ASAP 2020. Sorption-
desorption isotherms were obtained at a liquid 
nitrogen temperature of 77 K.

Diffuse reflectance spectra (DRS) were 
measured with an Avaspec-ULS2048 spectrometer 
equipped with an AvaSphere-30-Refl integrating 
sphere.

2.4. Photocatalytic measurements
The photocatalytic activity of the synthesized 

samples was estimated during the photocatalytic 
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degradation of methyl violet (MV) under the 
action of visible light. The dye concentration 
was measured using a Shimadzu UV1600 
spectrophotometer. Two 100W xenon lamps 
with a UV filter of l ≥ 420 nm were used as a light 
source. The oxidation process was carried out in 
an experimental setup in the form of an insulated 
box, which included a 50 ml beaker, a magnetic 
stirrer, and lamps.

The first part of the experiment consisted in 
determining the most efficient catalyst among the 
samples PrFeO3, PrFeO3-TiO2 2.5%, PrFeO3-TiO2 5%, 
PrFeO3-TiO2 7.5%. For this, colloidal solutions of the 
corresponding nanopowders with a concentration 
of 0.5 g/L were preliminarily prepared. Then, 
12.5 ml of a colloidal solution containing the 
catalyst, 0.6 ml of methyl violet (C = 1 g/L) and 
6 ml of hydrogen peroxide (C  =  1  mol/L), and 
5.9 ml of distilled water were added to each of the 
four cuvettes. The final concentrations of these 
components in the resulting 25 ml volume were 
0.25 g/L, 0.0232 g/L, and 0.24 mol/L, respectively. 
Before the start of the photocatalytic experiment, 
the solutions were stirred in the dark for 30 minutes 
to establish adsorption equilibrium. After this time, 
the solutions were irradiated with visible light 
with continuous stirring for 15 minutes. Then, 
5 ml samples were taken from each solution to 
determine the concentration of the dye. Methyl 
violet removal efficiency was evaluated using the 
formula:

Rem. Eff.
�

%,=
-

◊
C C

C
0

0

100

where С0 – initial dye concentration, С – final dye 
concentration after Fenton-like oxidation.

After the determination of the most active 
photocatalyst (PrFeO3-TiO2 5%), the corresponding 
kinetic parameters of the photo-Fenton-like 
oxidation of methyl violet were studied. For 
this, 25 ml of a solution containing 12.5 ml of 
catalyst (C = 0.25 g/L), 1.2 ml of methyl violet 
(C = 0.0464 g/L), 6 ml of H2O2 (C = 0.24 mol/L), 
and 4.1 ml of H2O were prepared. With constant 
stirring, the solution was irradiated for 15 
minutes with a sample taken every 3 minutes to 
obtain the dependence of the efficiency of dye 
removal on the duration of irradiation.

In the final part of the experiment, the cyclic 
activity of the nanocomposite photocatalyst 

PrFeO3-TiO2 5% was studied. As in the second 
experiment, a solution was prepared with 
the same concentrations of catalyst, dye, 
and hydrogen peroxide, which was irradiated 
for 15  minutes with constant stirring with 
sampling every 3  minutes. After 15 minutes, 
the final concentration of the decolorized dye 
was measured. Based on the obtained values ​​
of the final concentration MV, add the required 
volume of the dye to the initial solution so that 
its concentration becomes the same (C = 0.0464 
g/L). Then this procedure was repeated.

3. Results and discussion 
3.1. Energy-dispersive X-ray spectroscopy and 
element mapping

The results of X-ray energy dispersive 
spectroscopy showed that the powder synthesized 
without the addition of titanyl nitrate TiO(NO3)2 
contains 3 main elements Pr, Fe, and O with the 
ratio Pr:Fe = 49.9:50.1 at%. Thus, the obtained 
sample corresponds in chemical composition to 
pure praseodymium orthoferrite (Fig. 1a). Powders 
synthesized with the addition of TiO(NO3)2, in 
terms of the ratio of key elements (Pr and Fe), 
also correspond to praseodymium orthoferrite 
within deviations of 0.1-0.6 at%, and additionally, 
contain titanium in the amount specified during 
the synthesis.

For the sample with the highest TiO2 content 
(7.5%), energy dispersive elemental mapping was 
additionally carried out (Fig. 1 b-f). According to 
the multi-element image (Fig. 1b), the obtained 
sample is characterized by a uniform distribution 
of the key elements Ti, Fe, O, and Pr. Single-
element images (Fig. 1 c-f) confirm the absence of 
regions enriched in individual chemical elements 
in the sample.

3.2. Powder X-ray diffraction
To determine the phase composition of the 

synthesized samples, powder X-ray diffraction 
was carried out, the results of which are shown 
in Fig. 2a. According to the obtained X-ray 
diffraction patterns, the reference sample (TiO2-
0%) is a phase-pure crystalline praseodymium 
orthoferrite with an orthorhombic structure. 
The position of the diffraction lines and their 
intensity are fully consistent with the known data 
on the structure of PrFeO3 (JCPDS No: 18-9725).
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The observed X-ray reflections of the samples 
with 2.5%, 5%, and 7.5% TiO2 content also relate 
to orthorhombic praseodymium orthoferrite. 
The most intense PrFeO3 X-ray diffraction lines 
do not have a noticeable shift, which indicates 
the absence of titanium being incorporated into 
the structure of praseodymium orthoferrite and 
the separate existence of the corresponding 
TiO2 and PrFeO3 phases. However, it should be 
noted, that there are no additional reflections 
in all diffractograms that could be attributed to 
other structural forms of TiO2, which indirectly 
indicates its presence in an amorphous or 
ultradispersed (with crystallite sizes less than 
5 nm) state. An increase in the TiO2 content in 
this nanocomposite from 2.5% to 7.5% leads to a 
noticeable broadening of the PrFeO3 diffraction 
lines (Fig. 2b), which indicates a decrease in the 
crystallite size in the series TiO2-0 > TiO2-2.5 > 
TiO2-5 > TiO2-7.5. The calculation of the average 
crystallite size of praseodymium orthoferrite 
confirms its decrease in this series from 47.2 nm 
(pure PrFeO3) to 28.5 nm (TiO2 content of 7.5%) 
(Fig. 2c). As previously shown in [25,26], such 

a decrease in the crystallite size is associated 
with the effect of the second TiO2 phase on the 
mass transfer processes, which complicates the 
recrystallization of praseodymium orthoferrite 
during the thermal treatment of solution 
combustion products.

 3.3. Raman spectroscopy
To study the structural features of the TiO2 and 

PrFeO3 phases in the obtained nanocomposites, 
Raman spectroscopy was performed (Fig. 3). 
The results of the study showed the presence of 
combination modes belonging to titanium oxide 
with an anatase structure with the space group 
D4h19 (14/amd) [32]. The most intense peak of the 
Raman scattering of TiO2 at 145 cm–1 corresponds 
to the Eg mode. The less intense is at 197 cm–1 
and is attributed also to the Eg mode. The other 
modes Ag – 285.8 cm–1, B3g – 330.6  cm–1, B2g – 
428 cm–1, Ag - 447.8 cm–1, B3g – 647.9 cm–1 confirm 
the formation of the PrFeO3 phase with the space 
group Pbnm [33].

The data obtained indicate the co-existence 
of two separate phases: orthorhombic PrFeO3 

Fig. 1. EDS results (a) and EDS multi-element (a) and single element (c – O, d – Ti, e – Fe, f – Pr) mapping of 
the PrFeO3-TiO2-7.5% sample
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with a perovskite structure and tetragonal TiO2 
with an anatase structure, which indicates the 
successful synthesis of the nanocomposite. 
Comparing these data with the results of powder 
X-ray diffraction, it should be concluded that 
TiO2 in this nanocomposite occurs in the form 
of ultrafine nanoparticles characterized by 
weak crystallinity with structural motives of 
anatase.

3.4. Scanning electron microscopy
The morphology of the synthesized PrFeO3 

and PrFeO3–TiO2 samples was studied by the 
SEM method, the results of which are presented 
in Fig. 4. For all the samples presented, a highly 
porous microstructure with a developed surface 
and foamy morphology is observed, which is 
typical for oxides of powders obtained by solution 
combustion [3, 18, 34, 35]. The formation of a 
developed porous structure is associated with the 
abundant release of gaseous products (СO, CO2, 
N2, NO2, etc.) during the redox combustion of a 
glycine-nitrate mixture.

It should be noted that with an increase in 
the proportion of TiO2 in the composition of 
the PrFeO3–TiO2 composite, a visual increase 
in the average pore size is observed, and their 
size distribution becomes less uniform. Thus, in 
a sample with 7.5% TiO2 content, pores with a 
size of several microns are observed, while pure 
PrFeO3 is characterized mainly by submicron 
pores. In all the cases, no individual nanocrystals 
are observed; they are strongly aggregated into 
large formations (more than ten microns in size) 
and occupy the interpore space of the composites. 

Fig. 2. PXRD patterns of the PrFeO3-TiO2 (0–7.5%) samples (a); FWHM of main (112) X-ray reflex of PrFeO3 as 
a function of the TiO2 content (b); average crystallite size of PrFeO3 (с)

Fig. 3. Raman spectrum of the PrFeO3–TiO2-7.5% 
nanocomposite
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3.5. Low-temperature nitrogen adsorption-
desorption

A more detailed study of the fine porous 
structure of powders based on PrFeO3 and TiO2, 
as well as the determination of their specific 
surface area, was carried out using adsorption-
structural analysis during the low-temperature 
(77 K) adsorption-desorption of nitrogen, the 
results of which are presented in Fig. 5.

According to the results obtained, all 
isotherms are of type II, and the hysteresis loops 
are of type H3, which indicates a developed 
meso- and macroporous structure of the obtained 
nanopowders with a wide pore distribution. For 
a pure PrFeO3 sample, the smallest area of the 
hysteresis loop is observed, suggesting relatively 
low micro- and mesoporosity [29]. For samples 
containing the anatase TiO2 phase, the area of 
the hysteresis loops increases with an increase 
in the TiO2 content, which confirms an increase 
in porosity in this series. Based on this, it can be 
concluded that the addition of TiO2 to PrFeO3 
facilitates pore formation in the composite at 
the stage of solution combustion of the glycine-
nitrate reaction mixture.

The average pore size and specific surface 
area of the obtained nanocomposite powders 
were determined by the BJH and BET methods, 
respectively. According to the data presented in 
the inset in Fig. 5, the pure PrFeO3 sample has the 
smallest pore size (7.2 nm) and a specific surface 
area of 7.6 m2/g. For samples with variable TiO2 
content, the pore size and specific surface area 
increase in the following sequence: 5% > 7.5% > 
2.5%. For TiO2-2.5, these values were 10.3 nm 
and 13 m2/g, for TiO2-5 they were 15.2 nm and 
17.8 m2/g, and for TiO2-7.5 they were 11.2 nm 
and 17.7 m2/g. Earlier, it was shown [25] that, in 
similar cases, an increase in the average pore 
size and specific surface area while transforming 
into the composite could be associated with both 
suppressions of the growth of crystals of the main 
phase (PrFeO3) and a higher specific surface area 
of the secondary phase (TiO2), the portion of 
which is growing. However, with an increase in 
the second fraction content to 7.5%, the growth of 
the specific surface area and the average pore size 
stops, which is explained by the intensification of 
aggregation processes and the blocking of some 
of the pores by TiO2 particles [36].

Fig. 4. SEM images of the PrFeO3–TiO2 nanocomposites synthesized at 0 (a), 2.5 (b), 5 (c) and 7.5 (d) % of TiO2 
content
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3.6. UV-visible diffusion reflectance spectroscopy
To determine the edge of the optical absorption 

band and the band gap of the obtained PrFeO3-
TiO2 nanocomposite powders, as well as pure 
PrFeO3, diffusion reflection spectroscopy (DRS) 
in the UV-visible region was carried out (Fig. 6).

According to the DRS presented in Fig. 6a, 
the prepared samples are characterized by a 
broad absorption band from 500 to 800 nm, 
corresponding to the visible region of radiation. 
The edge of the absorption band for pure PrFeO3 
is in the region of slightly longer wavelengths 
than for PrFeO3-TiO2 nanocomposites and slowly 
decreases in the following sequence: TiO2-5% > 
TiO2-7.5% > TiO2-2.5%.

To determine the band gap, Tauc plots were 
plotted using the transformation to the Kubelka-
Munk function for the optical absorption spectra 
of the samples (Fig. 6b). The values of the band 
gap were determined from the tangent lines of 
the dependences concerning the photon energy 
[27, 37]. For pure praseodymium orthoferrite, the 
band gap was 2.11 eV, which is in good agreement 
with the results of previous studies [10, 38]. For 
the samples containing the anatase phase, an 
insignificant increase in the band gap values from 
2.11 eV to 2.26 eV was observed; however, this 
delta is within the analysis error and the method 
for determining this value. Since in the case of the 
incorporation of titanium into the structure of 

praseodymium orthoferrite, a significant change 
in the value of Eg would be observed, and in our 
case, it can be neglected, the results obtained are 
in good agreement with the data of PXRD and 
Raman spectroscopy, once again confirming the 
co-existence of the PrFeO3 and TiO2 phases in the 
nanocomposite in the form of separate phases.

3.7. Fenton-like catalytic activity analysis
Based on the results of SEM, adsorption-

structural analysis, and DRS, it was concluded 
that the obtained PrFeO3 and PrFeO3–TiO2 
powders could be promising photocatalysts. 
Therefore, their functional properties were 
investigated in the photocatalytic process of 
Fenton-like oxidation of methyl violet under the 
action of visible light. The results of these studies 
are shown in Fig. 7.

Fig. 7a contains the typical absorption 
spectra of a methyl violet solution after a survey 
photocatalytic test with PrFeO3 and PrFeO3–
TiO2 nanopowders. It follows from these results 
that the PrFeO3-TiO2-5% sample has the highest 
catalytic activity, for which, according to the 
results of low-temperature adsorption analysis, 
the highest values of the specific surface area 
and average pore size (17.8 m2/g and 15.2 nm) 
have been established. A higher activity, in this 
case, is achieved due to higher accessibility of 
the surface, the increased total number of active 
centers, easier access of reagents, and removal 

Fig. 5. N2 adsorption-desorption isotherms of PrFeO3-TiO2 nanocomposites depending on the TiO2 content. 
The inset shows the specific surface area and average pore size of the samples
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of reaction products from the pore structure 
of the nanocomposite [23–25]. However, the 
nanocomposite photocatalyst PrFeO3–TiO2-
7.5%, which has a higher specific surface area 
and average pore size (17.7 m2/g and 11.2 nm) 
compared to the PrFeO3 and PrFeO3–TiO2-2.5% 
samples, exhibits the lowest photocatalytic 
activity among them. In this case, a decrease in 
the efficiency of dye removal may be associated 

with a decrease in the efficiency of radiation 
absorption by photoactive PrFeO3 due to its 
shielding by TiO2 particles located on the surface 
of large PrFeO3 particles (Fig. 8). Nevertheless, 
the process of generation of oxidative radicals 
from water molecules (H2O  → ·OH) during 
the photo-Fenton-like reaction (Fig. 8) can be 
suppressed, which was previously reported [21, 
39]. In this case, an increase in the photocatalytic 

Fig. 6. UV-visible diffusion reflectance spectra of PrFeO3 and PrFeO3–TiO2 samples (a) and corresponding Tauc 
plots (b)

Fig. 7. UV-visible absorption spectra of MV dye during photo-Fenton-like oxidation (a); removal efficiency of 
PrFeO3 and PrFeO3-TiO2 nanopowders depending on the TiO2 content (b); MV concentration and kinetic curves 
of the PrFeO3-TiO2-5% sample (c)
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activity of nanopowders based on praseodymium 
orthoferrite and the addition of titanium dioxide 
is provided by the formation of a heterojunction, 
which allows charge carriers to transfer to the 
second phase and thereby reduce the negative 
effect of reverse recombination of electron-
hole pairs [19]. Thus, the catalytic activity of the 
samples decreases in the sequence TiO2-5% > 
TiO2‑2.5% > TiO2-0% > TiO2-7.5% and the optimum 
positive effect of the introduction of TiO2 on the 
photocatalytic activity of the nanocomposite is 
observed in the TiO2-5% sample.

For the PrFeO3–TiO2-5% sample, providing 
100% MV photodegradation under previously 
indicated experimental conditions, kinetic 
studies were carried out and the results obtained 
are presented in Fig. 7c. As the irradiation time of 
the solution increases, the relative concentration 
of the dye naturally decreases, and the kinetic 
dependence corresponds to the pseudo-first-
order of the reaction. The rate constant of this 
process was calculated based on the linearization 
of the kinetic dependence in logarithmic 
coordinates and amounted to 0.095 min–1. When 
comparing the results obtained with the results 
of photocatalytic tests of other nanocrystalline 
orthoferrites (Table 1), it was shown that the 
PrFeO3–TiO2-5% sample is superior to the best 
analogs known.

A prerequisite for the further practical 
application of photocatalysts is their high 
stability and cyclic reproducibility of results. 
The study of the cyclic photodegradation of 
the MV dye by visible light in the presence of 
PrFeO3-TiO2-5% was carried out under the same 
conditions as the kinetic study. The results of 
the cyclic stability experiment (Fig. 7d) indicate 
that after three cycles of the methyl violet 

photodegradation process, there is only a slight 
loss of photocatalytic activity, which confirms its 
high stability of functioning under the selected 
conditions. This insignificant decrease in 
photocatalytic activity may be due to the physical 
loss of the catalyst during its separation from the 
initial solution. The amount of catalytic testing 
results makes it possible to consider PrFeO3–TiO2 
nanocomposite powders as a promising basis for 
the processes of photo-Fenton-like oxidation of 
organic pollutants in aqueous media.

4. Conclusion 
In the current study, the method of glycine-

nitrate combustion followed by heat treatment 
in the air has been successfully applied to obtain 
nanocomposite porous materials based on 
PrFeO3–TiO2 with a variable mass content of TiO2 
(0-7.5%). It is shown that the obtained powders 
contain nanocrystals of orthorhombic PrFeO3 
and an ultradispersed TiO2 phase with an anatase 
structure. It is revealed that the TiO2 content has 
a significant effect on the average crystallite size, 
the specific surface area, and the average pore 
volume of the samples, which at the considered 

Fig. 8. Schematic representation of PrFeO3 shielding 
effect by TiO2 particles upon absorption of visible light 
by the nanocomposite with low (a) and high (b) TiO2 
content

Table 1. Photocatalytic characteristics comparison of the PrFeO3–TiO2-5% nanocomposite photocatalyst 
with other orthoferrite-based photocatalysts described in the literature

№ Photocatalyst Synthesis 
method

Band 
gap, eV Lamp Pollutant K, min–1 Ref.

1 EuFeO3  
nanoparticles Sol-gel 2.22 Xenon Rhodamine B 0.002 [23]

2 YbFeO3 nanopowder Solution-com-
bustion 2.05 LED Methyl violet 0.004 [19]

3 BiFeO3 nanopowder Sol-gel 2.21 Sunlight Mordant blue 0.009 [40]

4 PrFeO3-TiO2-5% 
nanocomposite

Solution-
combustion 2.22 Xenon Methyl violet 0.095 This work
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concentrations suppresses the growth of PrFeO3 
nanocrystals and increases the total porosity of 
the nanocomposite. The amount of added TiO2 
has practically no effect on the band gap values, 
which confirms the formation of PrFeO3-TiO2 
composite consisting of two independent phases. 
The photocatalytic activity of the synthesized 
nanocomposite samples has been studied in 
Fenton-like oxidation of methyl violet. The 
optimal TiO2 content in the nanocomposite is 5 
wt%, which ensures the 100% removal of methyl 
violet from an aqueous solution. Compared to pure 
catalysts based on other orthoferrites, the PrFeO3-
TiO2 nanocomposites obtained in this work exhibit 
higher photocatalytic activity. Thus, the resulting 
nanopowders are promising photocatalysts for 
modern wastewater treatment processes.
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Abstract 
The purpose of the article is to reveal the role of the thickness of the layer of the lead-palladium alloy deposited on a 
copper-palladium membrane in the processes of cathodic injection and the anodic extraction of atomic hydrogen.
The objects of the study were ~ 4 μm thick copper-palladium film electrodes obtained by magnetron sputtering of a target 
with a composition of 56 at. % Cu and 44 at. % Pd. The studies were carried out by cyclic voltammetry and double step 
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1. Introduction
Currently, there is increasing demand for high-

purity hydrogen (~ 99.999 wt%), which is used, 
for example, in low-temperature fuel cells with 
a polymer membrane electrolyte [1]. The most 
promising materials for hydrogen purification are 
metal membranes made of palladium or palladium-
based binary alloys, which are characterised by a 
higher selectivity as compared to polymers [2]. 
In addition, palladium alloys have a rather rare 
combination of properties such as strength and 
ductility, high specific hydrogen permeability, 
low hydrogen dilatation, and increased corrosion 
resistance in corrosive gas media [3].

The disadvantages of pure palladium include, 
first of all, hydrogen embrittlement, the presence 
of the a-Pd–H ↔ b-Pd–H phase transition, and 
a susceptibility to catalytic poisoning [4]. To 
eliminate these disadvantages, pure palladium 
is alloyed with other metals. Homogeneous Pd-
Cu alloys are of particular interest, since they 
reduce the cost of the membrane material due to 
the reduced Pd content. Moreover, the palladium-
enriched fcc phase of the solid solution increases 
the resistance of Pd-Cu alloys to the H2S surface 
poisoning [1].

One of the most acceptable methods of 
obtaining membranes for hydrogen purification 
is magnetron sputtering of the target of the 
corresponding composition [5–7]. In particular, 
the mechanical strength of an ordered Pd‑Cu 
solid solution obtained by magnetron sputtering 
is noticeably higher than the mechanical strength 
of palladium. Therefore, such alloy can be 
recommended to be used in the form of a thin 
foil to manufacture membranes for hydrogen 
ultrapurification.

It is also important that, according to various 
research data, the catalytic efficiency of palladium 
in electrooxidation processes can be significantly 
improved by lead doping [8, 9].

High strength and ductility is a necessary 
combination of properties for foils of membrane 
elements for hydrogen ultrapurification [5]. A 
Pd–Pb solid solution (5 at% Pb) obtained by 
magnetron sputtering is formed by discrete 
generation with a further growth of islands 
and their coalescence. An average thickness 
of the coating of ~10 nm allows achieving the 
labyrinthine morphology of the surface.

Reports of studies conducted using Pd,Pb-
alloys in the hydrogen evolution reaction are 
extremely limited. Most of them are devoted to the 
study of the catalytic properties of the alloys of this 
system in the reactions of electrooxidation [10–12], 
organic synthesis [13], and in quantum-chemical 
studies [14]. Increasing the selectivity of catalysts 
used in industrial processes is also important in 
terms of improving the production technologies.

The purpose of this work is to identify the role 
of the thickness of the lead-palladium alloy layer 
sprayed on the copper-palladium membrane in 
the processes of cathodic injection and anodic 
extraction of atomic hydrogen.

2. Experimental
The studies were carried out using copper-

palladium film electrodes with a thickness of  ~ 4 
μm obtained by magnetron spluttering of the target 
with a composition of 56 at% Cu and 44 at% Pd. A 
coating with a thickness of 2 to 10 nm was applied 
to the surface of the electrodes by magnetron 
spraying of the target with a composition of 95 
at% Pd and 5 at% Pb. The spluttering was carried 
out in the Ar (10–1 Pa) medium, the initial vacuum 
was 10–3  Pa. The growth rate was 4 nm/s. The 
power of the magnetron in the growth process 
of the foil of the Pd–Cu solid solution was 750–
790 W, whereas for the coating of the Pd–Pb solid 
solution it was 630–650 W. To assess the coating 
structure of the Pd–Pb solid solution, the coating 
was simultaneously applied to the surface of 
the foil and to the surface of the synthetic mica. 
The structure was investigated by transmission 
electron microscopy (TEM) (Carl Zeiss Libra 120, 
Germany*).

Electrochemical  measurements were 
conducted in a three-electrode glass cell with 
a help of an IPC-Compact potentiostat using 
the methods of cyclic voltammetry and double 
step anodic-cathodic chronoamperometry in a 
deaerated aqueous solution of 0.1 М H2SO4 [15]. 
The potentials were recalculated relative to the 
standard hydrogen electrode.

The working electrode was made of spectrally 
pure graphite. The samples of films were applied 
to its surface with the help of conductive graphite 
adhesive.
* The study was carried out using the equipment of the Centre 
for Collective Use of Scientific Equipment of Voronezh State 
University.
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To remove the traces of surface oxides which 
form on alloys even in deaerated solutions, prior 
to obtaining voltammogrammes, the electrode 
was kept for 500 s at a constant potential of 
Epp = 0.40 V, at which the electrode drew a weak 
cathodic current (at a level of –1÷-5 μA). The 
values of Epp were chosen so that Epp < E(0) and 
the duration of pretreatment was determined by 
the transition of the cathodic current to a steady 
state value.

The forward and reverse potentiodynamic 
i,E(t)-curves were obtained at the potential 
scan rate of dE/dt = 5 mV/s. Cyclic voltammetric 
curves were limited by potentials corresponding 
to the evolution of hydrogen (Ec = –0.15) and 
oxygen (Ea = 1.55 V). Cyclic voltammogrammes 
for all electrodes were obtained starting with 
the potential Epp in the cathodic region till the 
appearance of a noticeable cathodic current of 
hydrogen reduction. Then the direction of the 
potential scanning was changed and the potential 
returned to the value Epp.

Before receiving each double step anodic-
cathodic i,t-curve, a prepolarisation potential 
of Epp = 0.40 V was applied to the working 
electrode for 500 s. The curve corresponding 
to the cathode current transient was obtained 
at the cathode hydrogenation potential of 
Ec = –0.15 V, which was the same for all tested 
samples. The hydrogenation time tc varied within 
the range of 1–10 s. After that, the ionisation 
potential of atomic hydrogen Ep

a was applied to 
the electrode. Ep

a was preliminarily found from 
the anodic peaks on the cyclic voltammogramme 
corresponding to each sample to take into 

account the inhomogeneity of the surfaces 
of the samples after their modifications. The 
current transient was recorded until it reached 
a constant value, which usually occurred within 
~ 500 s. After that, without turning off the cell 
and without removing the electrode from it, the 
prepolarisation potential Epp was again applied 
to it and the procedure was repeated with a 
sequential increase in the hydrogenation time.

It is important that at a hydrogenation time 
of less than 10 s, no palladium hydrides were 
formed, and the hydrogen concentration in the 
alloy (Pd/H) calculated from experimental data 
for a hydrogenation period of 10 s did not exceed 
0.02 and remained at the level of the a-phase of 
the Pd-H solid solution.

It should be noted that the results were only 
processed using the data for cathode current 
transient  corresponding to tc = 10 s. The hydrogen 
permeability parameters for the samples of finite 
thickness were calculated using the method of 
mathematical modelling [17].

3. Results and discussion
Fig. 1 shows TEM images of a Pd-Pb alloy 

coating with a thickness of 5 (a) and 10 nm (b).
The 5 nm thick coating consists of individual 

Pd–Pb island fragments. An increase in the 
coating thickness to 10 nm leads to the fusion 
of nanoscale islands and the formation of a 
labyrinthine morphology.

Typical cyclic voltammogrammes obtained for 
a thin PdCu electrode without its modification 
and with a Pd–Pb coating of various thicknesses 
are shown in Fig. 2.

Fig. 1. TEM images of Pd-Pb alloy films (5 at. % Pb) with a thickness of 5 nm (a) and 10 nm (b) [5]
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At the potential of E ≈ 0.00 V, an ionisation 
peak of atomic hydrogen appears on the anodic 
branch of the curve. In case of unmodified PdCu 
electrode, the ionisation peak is located within 
the region of negative currents. However, the 
appearance of even a thin (~ 2 nm) coating of 
the Pd–Pb solid solution has a noticeable effect 
on the ionisation of atomic hydrogen, which is 
expressed in a slight decrease and broadening of 
the anodic peak.

For the unmodified foil sample within the 
potential range of 0.75-1.25 V, there is a small 
indistinct peak, which can be associated with the 
oxidation of palladium according to the equation

Pd + H2O ´ PdO + 2H + + 2 e - 
or 
Pd + 2H2O ´ Pd (OH) 2 + 2H + + 2 e - ...	  

The equilibrium potential for both reactions 
is Eeq = 0.825 V [16]. Surface oxides of neither 
copper nor lead form in the studied solution 
(pH ~ 1.2). For other samples, such a peak is not 
typical, which can be attributed to the fact that 
the surface is blocked by island nanoscale Pd-Pb 
fragments. At a potential of ~ 0.60 V, the cathodic 
branch of the curve shows a clear peak of the 
reduction of oxidised palladium.

The stepped anodic-cathodic chronoampero
grammes obtained for all studied samples 

are shown in Fig. 3. With an increase in the 
hydrogenation time tc there is a gradual increase 
in the rate of hydrogen ionisation. The character 
of the current transient in both anodic and 
cathodic chronoamperogrammes for all samples 
remains unchanged, which indicates that the 
mechanism of the hydrogen injection and 
extraction processes is still present. It should 
be noted that for all studied samples, the main 
anodic current transient  occurs within 20 
seconds.

With an increase in the thickness of the 
nanoscale coating, there is an increase in the 
ionisation and injection rate of atomic hydrogen. 
Moreover, a sample with a coating thickness of 
L = 10 nm is characterised by the maximum rate 
of the process at tc = 10 s.

Thus, a Pd–Pb coating even 2 nm thick has a 
noticeable effect on the kinetics of the process. 
This is reflected in an increase in the injection 
and extraction rate of atomic hydrogen with an 
increase of the thickness of the coating.

As follows from the modelling data of the 
hydrogenation of film samples [17], the cathode 
current transient at potentiostatic polarisation of 
the electrode is described by the equation:
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Here, ic
•  is the maximum cathodic current, 

D is the coefficient of solid-phase diffusion of 
atomic hydrogen, L is the thickness of the film 
sample, 



k  is the rate constant for the atomic 
hydrogen extraction, Dc c cc

e
H = -[ ( ) ]

H

s

H
h  is a 

change in the concentration of atomic hydrogen 
H  located in the subsurface region of the alloy, 
c
H

s  is the molar concentration H  in the near-
surface layer of the membrane, and c

H

s  is the 
equilibrium concentration of atomic hydrogen 
in a metal sample.

After a series of transformations, equation 

(1) for the case of 

�
�

kL
D2

1 , when the process of 

atomic hydrogen introduction into the film is 
significantly inhibited, has a simpler form:

ln[ ( ; ) ( )] ln[ [ ( ) ]i t i Fk c c
kt
Lc c c c

s
c

eh h h- = - -•




H H .	 (2)

Fig. 2. Cyclic voltammogrammes for the initial foil 
samples of the Pd-Cu solid solution (1) and after ap-
plying a Pd-Pb coatings of various thicknesses L: 2 (2); 
5 (3); 10 nm (4)

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2021;23(4): 561–569

A. A. Skrynnikov et al.	 Pd–Pb nanoscale films as surface modifiers of Pd,Cu alloy membranes...



565

This equation corresponds to a rather short, 
up to 4 s, duration of the current transient and 
corresponds to the regime of mixed diffusion-
phase-boundary kinetics. For the case when �
�

kL
D2

1 , as well as in the case of diffusion kinetics 

of the atomic hydrogen injection, equation (2) is 
transformed:

ln[ ( ; ) ( )] ln [ ( ) ]i t i
FD
L

c c
Dt
Lc c c c

s
c

eh h h- = -È
ÎÍ

˘
˚̇

-• 2 2
2H H 	 (3)

According to (2) and (3), it is possible to 
straighten the cathodic chronoamperogramme 
in the criteria coordinates ln[ ( ; ) ( )]i t i tc c c ch h- -• . 

The linearised chronoamperogrammes were used 
to calculate the main parameters of the hydrogen 
permeability of the modified Pd-Cu samples, 
which are shown in Fig. 4. Since the studied 
samples were only used once in the experiment, 
the relief of the foil surface slightly differed from 
experiment to experiment, which resulted in 
rather high values of the confidence intervals for 
the obtained parameters.

Fig. 4c shows the hydrogen permeability 
coefficients KD for all studied samples which were 
calculated by the formula:

K D cD = 1 2/ D H .	 (4)

Fig. 3. Cathodic-anodic chronoamperogrammes for foil samples of the Pd-Cu solid solution: uncoated (a), with 
a Pd-Pb coating with a thickness of: 2(b), 5(c) 10 nm (d)
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It is convenient to use this coefficient when 
it is impossible to find the diffusion coefficients 
separately, as well as for comparison with the 
values of hydrogen permeability found by other 
methods.

The analysis of the obtained data revealed 
that there is an ambiguous effect of the coating 
thickness on the parameters of hydrogen 
permeability. Even with a coating thickness of ~ 2 
nm, there is a significant increase in the diffusion 
coefficient D compared to the unmodified alloy. 
A further increase in the thickness of nanoscale 
coatings L was accompanied by a decrease in D. 
However, an increase in the soundness of coatings 
at a thickness of 10 nm demonstrated a slight 
increase in the diffusion coefficient. The nature 

of the dependence of the rate constant for the 
extraction 



k  on L is similar to the dependence 
of the diffusion coefficient.

The opposite effect is observed for the 
dependence of the change in the concentration of 
atomic hydrogen DcH  on the coating thickness. It 
should be noted that these values were calculated 
taking into account different kinetic regimes 
of the process of atomic hydrogen injection. 
It is logical to assume that the quantities DcH  
corresponding to the initial time are rather small, 
whereas with an increase in the injection time, 
an increasing amount of H can penetrate into the 
metal membrane.

Of considerable interest is the dependence 
of the hydrogen permeability coefficient on L 

Fig. 4. Dependences of the diffusion and kinetic characteristics of the hydrogenation process on the thickness 
of the Pd–Pb alloy coating obtained under the modes of diffusion (1) and mixed (2) polarisation
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(Fig. 4c). According to (4), the largest contribution 
to the KD value is made by the value DcH . It can 
be concluded that, regardless of the implemented 
mode of atomic hydrogen injection into the foil, 
the modification of the foil surface with a Pd–
Pb solid solution generally reduces its hydrogen 
permeability. At the same time, with an increase 
in the thickness of the coatings, the hydrogen 
permeability increases, although it does not reach 
the value for the unmodified sample. It is assumed 
that the Pd–Pb coating blocks the active centres 
of hydrogen sorption on the surface of the Pd–
Cu substrate without creating new catalytically 
active centres if the coating thickness is 2 nm.

According to [17], the complete anodic current 
transient is described by the equation
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which is linearised at sufficiently noticeable val-
ues of t comparable with tc:
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which allows using graphical processing to calcu-
late D. Further, using the obtained value for D the 
graphical linearisation of the complete equation 
(5) presented in a logarithmic form is carried out:
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It should be noted that equation (7) is valid 
within the framework of a very general model of 
mixed solid-phase diffusion kinetics which occurs 
at sufficiently long (> 20 s) times of the process.

The analysis of the parameter values calculated 
by the anodic current transients (Table 1) allows 
us to conclude that with an increase in the film 
thickness there is a decrease in both the diffusion 
coefficients and the concentration of atomic 
hydrogen in the alloy.

Nevertheless, the hydrogen concentration 
and the hydrogen permeability coefficient for 
the sample with a coating thickness of 10 nm is 
higher as compared to other samples. It can be 
assumed that an increase in the surface area of 
the substrate has a definite effect on the hydrogen 
permeability. In particular, the parameters 
calculated by the anodic current transients D 
turned out to be somewhat lower than those 
found by cathodic chronoamperogrammes. The 
latter can be explained by the dilatation effect of 
the crystal lattice of Pd alloys [18], as well as by 
the irreversible sorption of atomic hydrogen by 
the bulk of the solid phase [19].

4. Conclusions
Surface modification of the Pd,Cu-alloy (56 at% 

Cu and 44 at% Pd) with nanoscale island films of 
the Pd-Pb alloy has a rather noticeable effect on the 
parameters of hydrogen permeability. In particular, 
with an increase in the average thickness of the 
Pd,Pb film, there is an increase both in the injection 
and ionisation rate of atomic hydrogen.

Even a small addition of Pd–Pb (2 nm thick 
film) leads to a decrease in both the concentration 
of atomic hydrogen in the Cu–Pd alloy and the 
diffusion coefficient KD.

As the thickness of the Pd,Pb film increases on 
the surface of the Pd–Cu alloy substrate, there is 
an increase in the diffusion parameters of the H 
injection and extraction processes. However, the 
hydrogen permeability does not reach the level of 
the unmodified alloy. The main kinetic parameter, 
the hydrogen extraction rate constant, changes 
nonlinearly with an increase in the thickness of 
the coating.

Table 1. Characteristics of anodic extraction of hydrogen into film samples of the Pd-Cu solid solution 
with different thicknesses (L) of the modifying Pd–Pb layer

L, nm D×109, cm2/s DcH ×105, mol/cm3 KD ×109, mol/cm2s1/2

0 4.83 ± 1.89 8.13 ± 3.79 5.65
2 3.90 ± 0.41 4.95 ± 1.25 3.10
5 2.31 ± 1.04 3.29 ± 2.26 1.58

10 0.85 ± 0.43 17.54 ± 10.59 5.11
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More reliable data about the kinetics of 
the hydrogenation process can be obtained by 
processing cathodic chronoamperogrammes 
that are not complicated by the phenomena of 
dilatation and irreversible sorption of hydrogen.
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Abstract 
The aim of this work is to synthesise chitosan and N-vinylimidazole graft-copolymers of various compositions and to study 
the properties of their aqueous solutions.
Chitosan and N-vinylimidazole graft-copolymers were obtained by solution polymerisation in the presence of a ceric 
ammonium nitrate redox initiator. The synthesised graft copolymers were characterised by FTIR to determine their 
compositions and the grafted side chains of poly-N-vinylimidazole were characterised by gel permeation chromatography 
to determine their molecular wights and polydispersity indices. It was established that the obtained products are characterised 
by high values of yield and grafting efficiency and low values of the polydispersity index. It was found that when the content 
of the N-vinylimidazole links is above 57 wt%, the synthesised graft copolymers are water-soluble. Aqueous solutions of 
the obtained copolymers were characterised using dynamic light scattering, transmission electron microscopy, and laser 
Doppler microelectrophoresis. The study showed that macromolecules of graft copolymers in aqueous solutions have 
stimuli-sensitive properties with respect to the medium reaction and at a concentration above 10–2 wt% are characterised 
by a tendency to self-association forming core-crown aggregates, the geometry of which depends on the molecular masses 
of the grafted chains. Associates of macromolecules in solutions are characterised by positive values of the electrokinetic 
potential, the values of which also depend on the medium reaction. Thus, it was found that the ceric ammonium nitrate 
initiator allows obtaining chitosan and N-vinylimidazole graft-copolymers showing stimuli-sensitive properties in aqueous 
solutions and prone to self-association at concentrations above 10–2 wt%.
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1. Introduction
Currently, more and more research are being 

focused on polymeric materials of natural origin. 
One of the most popular materials of that kind 
is chitosan. This poly-b-glycoside is a linear 
copolymer of D-glucosamine and N-acetyl-
D-glucosamine binded by 1,4-b-glycosidic 
linkages [1]. Chitosan is obtained by alkaline 
deacetylation of chitin, a natural polysaccharide 
that forms the shells of crustaceans and insects. 
It is also present in fungi bodies [2]. Due to the 
widespread renewable sources of raw materials 
for the production of chitosan, it is the second 
most common biopolymer, which has a number of 
properties of practical significance. They include 
low toxicity, biocompatibility, and intrinsic 
biological activity, which allow using chitosan 
for biomedical purposes [1, 3]. For example, some 
sources provide extensive information on the use 
of chitosan-based macromolecules of various 
architecture as a carrier of biologically active 
substances and medicinal products for oral [4] 
and transdermal delivery [5]. It can also be used 
to create innovative dressing and wound covering 
materials [6–7], in tissue engineering [8–9], etc.

Like many materials of natural origin, chitosan 
has a number of features that make it difficult 
to work with it. The properties of polymers are 
largely determined by their molecular weight 
(MW). Therefore, chitosan with a MW over 20,000 
is insoluble in water, and at higher values of 
MW, it is characterised by the ability to dissolve 
in aqueous solutions of monohydric acids 
due to protonation of the free amino group of 
glucosamine links [1, 3]. These factors can limit 
the possibilities of using chitosan. In this regard, 
it is advisable to modify its macromolecules by 
expanding the pH range of polymer dissolution 
in aqueous media.

O n e  o f  t h e  m o s t  p r o m i s i n g  fo r m s 
of the polysaccharide modification is graft 
copolymerisation, which does not require strict 
conditions or expensive reagents [10–11]. By 
varying the frequency of side chain grafting in 
the resulting graft copolymers, it is possible 
to change the conformation of their polymer 
macromolecules in aqueous solutions. Thus, it 
is possible to form hard macromolecular brushes 
or soft statistical coils, as well as to change the 
ability of macromolecules to form conjugates 

with various low and high molecular weight 
compounds [12–13]. In addition, the introduction 
of side chains with functional substituents also 
increases the ability of graft copolymers to 
interact with various substances [14–15].

A promising comonomer for the preparation 
of chitosan graft copolymers is N-vinylimidazole. 
The azole cycle in its composition is characterised 
by a high complex-forming potential due to its 
ability be involved in acid-base and stacking 
interactions, as well as to form hydrogen bonds 
[16]. Moreover, its homopolymer, poly-N-
vinylimidazole, is water-soluble in a wide range 
of concentrations and has its own physiological 
activity: it can act as a catalyst, and, like chitosan, 
is antibacterially active [17-19]. The combination 
of these properties suggests that chitosan and 
N-vinylimidazole graft copolymers will be 
promising materials for, for example, biomedical 
applications.

Therefore, the aim of this work is to synthesise 
chitosan and N-vinylimidazole graft-copolymers 
of various compositions and to study the 
properties of their aqueous solutions.

2. Experimental
We used chitosan (Cht) with a molecular mass 

of 600×103 and the degree of deacetylation of 
0.85; a commercial monomer N-vinylimidazole 
(VI), all of them produced by Sigma Aldrich, 
Germany. The polymer was used without 
additional purification, the monomer was 
distilled in vacuum immediately before use 
(Tbp = 78–79 °C/11 mmHg; nD

20 = 1.5338). Ceric 
ammonium nitrate (CAN) (Acros Organics, USA) 
was used without additional purification as the 
initiator of the radical process.

Graft copolymers were prepared by solution 
polymerisation with redox initiation use. A 
weighed portion of chitosan (0.5 g) was placed 
in 100 ml of a 2% acetic acid solution and kept 
at room temperature until the polysaccharide 
was completely dissolved. Then, the calculated 
amount of monomer and initiator was added to 
the mixture (Table 1) and the mixture was left at a 
temperature of 25 ± 2 °C for 8 hours. The resulting 
graft copolymer was isolated by precipitation in 
acetone, after which it was dissolved in water, 
filtered off, the filtrate was dialysed against 
distilled water through a cellophane membrane 
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with a pore size of 12 kDa for 7 days, after which 
it was freeze-dried to a constant weight. The 
product yield was 52 – 76 %.

The molecular weights of the grafted side 
chains and the polydispersity index (PDI) were 
determined by gel permeation chromatography 
according to the method described in [14].

The grafting efficiency (GE) was calculated 
using the following formula [14]:

GE
m m
m

=
-

◊2 1

1

100,

where m1 and m2 are the respective masses of the 
original chitosan and the purified dried graft 
copolymer in grams.

The compositions of the obtained copolymers 
were determined by FTIR. The spectra were 
recorded by a Bruker Vertex 70 instrument 
(Bruker Optics, Germany) by a FTIR ATR method 
in the frequency range of 500–4000 cm–1. The 
composition was calculated from the ratio of the 
areas of absorption bands at 1591 and 1420 cm-1 
related to the vibrations of the primary chitosan 
amino group and the -C=N-bond of the azole 
cycle, respectively.

The properties of aqueous solutions of the 
synthesised graft copolymers with various 
concentrations of the synthesised graft 
copolymers were studied by the method of 
dynamic light scattering using a Malvern 
ZetaSizer Nano apparatus (Malvern Instruments, 
Great Britain) equipped with a He-Ne laser with a 
power of 25 mW and a wavelength of l = 632.8 nm. 
The data were recorded at an angle of 90° at 25 
°C in cuvettes equipped with a gold electrode, 
the measurement cycle time was 120  seconds, 
the number of cycles was between 3–6 and was 
determined automatically.

The particle shape of graft copolymers 
in aqueous solutions was determined by 
transmission electron microscopy using a Libra 

120 apparatus (Carl Zeiss, Germany). Before 
recording, the polymer solution was applied 
dropwise onto a formvar-coated copper plate and 
dried in an air stream.

3. Results and discussion
Chitosan graft copolymers with different 

contents of N-vinylimidazole were obtained 
by solution radical polymerisation with redox 
initiation using ceric ammonium nitrate. It is 
well known that depending on the synthesis 
conditions it is possible to obtain copolymers 
of polysaccharides with different architectures. 
The most important factors influencing the 
structure of the formed macromolecules are 
the temperature and the nature of the initiator. 
In thermal conditions above 50 °C and in the 
presence of initiators characterised by high 
values of redox potentials, there are primarily 
reactions of the formation of block copolymers 
of polyglycosides or homopolymers of the used 
comonomers [10]. Therefore, to obtain the graft-
copolymer architecture, the synthesis was carried 
out at room temperature in the presence of ceric 
ammonium nitrate, the transition potential of 
which Ce+4/Ce+3 was lower than commonly used 
persulphates or permanganates.

The mechanism of the reaction for the 
formation of the graft copolymer can be 
represented as follows (Scheme 1): the cerium 
(IV) ion interacts with the amino or hydroxyl 
groups of chitosan forming a complex compound. 
This results in the removal of a hydrogen 
atom from the pyranose cycle substituent, the 
formation of radicals on oxygen or nitrogen 
atoms, and the reduction of cerium to the Ce (III) 
state. The radicals formed on the polyglycoside 
chain interact with the monomers forming a new 
macroradical. Subsequent similar interactions 
lead to the chain growth. The chain termination 
is possible due to the recombination with another 
active centre or through reactions of chain 
transfer to other components [15].

The structure of the resulting products was 
confirmed using FTIR (Fig. 1). The chitosan IR 
spectrum contains the following characteristic 
absorption bands: 1024–1150 cm–1 related to 
skeletal vibrations of the pyranose cycle and 
the C-O-C fragment, a series of bands at 1262, 
1320, 1375, and 2870 cm–1 corresponding to 

Таблица 1. Условия синтеза графт-сополимеров 

No Cht, g
2 % 

CH3COOH, 
ml

VI, ml CAN, g Yield, 
%

1 0.5 100 0.1 0.06 52
2 0.5 100 0.5 0.10 61
3 0.5 100 1.0 0.15 69
4 0.5 100 1.5 0.20 76

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2021;23(4): 570–577

A. V. Sorokin et al.	 Synthesis of chitosan and N-vinylimidazole graft-copolymers...



573

deformation vibrations of methyl and methylene 
groups of the polysaccharide cyclic fragment, at 
1647 cm–1, stretching vibrations of the C=O group 
of N-acetyl-D-glucosamine residues, at 1591 cm–1 
vibrations of the primary amino group; and a 
broad absorption band at 3357 cm–1 related to 
the vibrations of OH groups of water molecules 
associated with polymer macromolecules [20]. 
The IR spectrum of the graft copolymer contains 
the above-mentioned bands, and in addition, 
new ones appear at 2914 cm–1 corresponding to 
the vibrations of the azole cycle and a band at 
1420 cm–1 corresponding to the vibrations of the 
-C=N- bond of the side substituent of the grafted 
poly-N-vinylimidazole chain.

The most important factor determining the 
properties of a macromolecule of any structure 
is its molecular weight. It is assumed that during 

the reaction of the graft copolymer formation, 
the molecular weight of the original chitosan 
does not change. Therefore, we studied the side 
chains of poly-N-vinylimidazole (PVI) isolated as 
a result of acid destruction of the polyglycoside 
chains. The results of the molecular weights 
are presented in Table 2. As expected, with an 
increase in the monomer content in the initial 
polymerisation mixture, there is an increase 
in the molecular weights of the grafted chains. 
However, under the same conditions, there is 
an insignificant decrease in the value of the 
grafting efficiency. This is due to an increase in 
the total viscosity of the reaction mixture and, as 
a consequence, an increase in the number of side 
processes, including the VI homopolymerisation. 
Separately, it is worth discussing the values of the 
polydispersity index (PDI) of side chains obtained 
as a result of the study: they are low enough for 
a free-radical process, which also indicates that 
the initiator for the synthesis of graft copolymers 
was well-chosen.

The compositions of the obtained copolymers 
calculated using the FTIR data are given in 
Table 2. As can be seen from the presented values, 

Scheme 1. Possible mechanism for the graft copolymer 
formation

Fig. 1. FTIR spectra: (1) chitosan, (2) chitosan with 
N-vinylimidazole graft copolymer

Table 2. Characteristics of the synthesised graft copolymers

No PVI content,
wt% GE, %

PVI grafted chains Water-
solubility

Dh
1,

nm
z1,
mV

с*,
wt%MW MN PDI

1 17 68 7 269 5 679 1.28 – – – –
2 42 56 16 835 12 754 1.32 – – – –
3 57 49 19 907 15 432 1.29 + 139 17.3 0.02
4 74 42 22 064 16 843 1.31 + 158 20.1 0.03

1 – 1 % solution in distilled water (pH = 5.6)
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with an increase in the N-vinylimidazole content 
in the polymerisation mixture the number of 
its links in the final copolymer increases. Poly-
N-vinylimidazole, unlike chitosan, is a water-
soluble polymer. Therefore, it is the number of 
PVI links in the macromolecules that determines 
the copolymer’s ability to dissolve in water. It 
was found that samples containing less than 
57 wt% of PVI are insoluble in water, however, 
they dissolve in acidic solutions with a pH < 6.5. 
Further research was only conducted with water-
soluble copolymers.

The dynamic light scattering (DLS) method was 
used to determine the values of the hydrodynamic 
diameters, Dh, and particles of copolymers in 1% 
aqueous solutions. It was found that the systems 
under consideration are characterised by a narrow 
unimodal distribution of particles by sizes with 
the values of Dh within the range of 139–158 nm 
(Table 2). Using these values, it can be concluded 
that the particles of the synthesised graft 
copolymers in aqueous solutions are aggregates 
of several macromolecular chains.

Previous studies show that aggregates of 
polysaccharide macromolecules in aqueous 
solutions can have a geometry other than 
spherical [14]. In this case, it might be incorrect 
to use the method of dynamic light scattering to 
determine the size of such particles. Therefore, to 
study solutions of graft copolymers, we also used 
the method of transmission electron microscopy 
(TEM) (Fig. 2). The values of the particle sizes in the 
solution obtained by various methods correlate 
with each other. However, it should be noted that 
with a change in the molecular weights of the 

grafted PVI chains, the geometry of the multi-
chain aggregate also changes: with an increase 
in the molecular mass and the percentage of the 
grafted PVI chains, the shape of the aggregates 
changes and becomes less elongated and oval 
(which is more characteristic of polysaccharides) 
and becomes spherical. Moreover, the aggregates 
of both types have a pronounced structure with a 
dense core surrounded by a looser crown.

Given the tendency of macromolecules 
of water-soluble polysaccharides and poly-
N-vinylimidazole to self-aggregation, it is of 
interest to determine the critical overlap coil 
concentration (COCC), c*, in water. For this, 
the dynamic light scattering method was used 
to determine the hydrodynamic diameters of 
particles in the concentration range of 10–4 – 
0.5 wt%. The results of the study are shown in 
Fig. 3. As can be seen from the obtained data 
(Table 2), the COCC values increase with a 
growth in the molecular weights of the final 
modified polysaccharide, which is consistent with 
previously published data [21].

Another important characteristic for polymer 
solutions is the surface charge of particles, 
which is determined by the electrokinetic 
potential (z). To determine it, the laser Doppler 
microelectrophoresis method was used. All 
synthesised water-soluble graft copolymers 
are characterised by a positive value of the 
electrokinetic potential, which is due to 
the influence of nitrogen atoms of the side 
substituents of both the polysaccharide and 
the grafted side chains. It should be noted that 
with an increase in the molecular weight of the 

Fig. 2. TEM images of copolymer particles: (1) copolymer containing 17 wt% of VI; (2) copolymer containing 
57 wt% of VI
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grafted chains and the percentage of azole links 
in the macromolecules of graft copolymers, the 
value of the electrokinetic potential increases 
insignificantly.

It is well known that azole cycles are capable 
of acid-base interactions. Therefore, their 
introduction into macromolecules can make them 
stimuli-sensitive. We studied the dependence of 
the particle size on the medium reaction for a 
copolymer containing 57 wt% of PVI units at a 
concentration below the COCC, 10–3 wt% (Fig. 4). 
It was found that with an increase in the pH value, 
the values of the hydrodynamic diameter of the 
particles decrease in the range at pH < 8, after 
which their size remains practically unchanged. 
The study of the dependence of the change in 
the values of the electrokinetic potential from 
the pH value showed the following: at pH < 7, the 
particles of graft copolymers are characterised 
by positive values of the zeta potential, and with 
an increase in pH values, the particles lose their 
charge. Thus, the synthesised graft copolymers 
are stimuli-sensitive macromolecules that change 
their sizes and charges depending on external 
conditions.

4. Conclusion
Thus, we successfully synthesised chitosan and 

N-vinylimidazole graft copolymers with relatively 
high values of yields and grafting efficiency. The 
content of azole links above 57 wt% ensures the 
water solubility of polymers. Depending on the 

concentration of graft copolymers, the particles 
of copolymers in solutions can be both in the 
form of single coils or multi-chain aggregates, 
the geometry of which depends on the grafting 
efficiency. It was found that regardless of the 
form of macromolecules in the solution, they are 
characterised by positive values of electrokinetic 
potential. However, with a change in pH, graft 
copolymers can change the size and charge of 
the particles in the solution. Thus, the obtained 
stimuli-sensitive polymers may be of interest for 
biomedical applications.
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1. Introduction 
Nanocomposites containing nanosized 

ZnO are currently a large group of in-demand 
materials for a variety of applications. This 
is due to the unique combination of their 
properties, the availability of raw materials, 
and the possibility of creating economical 
and environmentally friendly industries [1]. 
The synthesis and study of the properties of 
nanocomposites based on polymers is one of 
the priority areas due to the wide variety of 
functional properties of such nanomaterials. 
There are two main ways to synthesise polymer 
nanocomposites: via physical mixing of 
polymers and nanostructured materials by 
mechanical milling and diffusion in liquid or 
gas using ultrasonic treatment, etc. [2, 3], and 
by the synthesis of nanoparticles in a polymer 
matrix as a result of chemical reactions [4]. 

Nanosized zinc oxide is used as a sulphur 
vulcanisation activator for natural and synthetic 
rubbers, and as a vulcanising agent for some 
elastomers containing functional groups such as 
-Cl, -COOH, etc. [5, 6]. Compared to bulk material 
of the same composition, zinc oxide nanoparticles 
increase the rate of vulcanisation and improve 
the mechanical properties of the samples. When 
synthesising composites, it is important to 
establish a correlation between the synthesis 
conditions, the content of the composite, 
and its physico-chemical and performance 
characteristics [7]. 

Wood is a renewable, natural polymer material. 
Currently, scientists are working on improving 
the properties of wood by impregnating it with 
various compositions that are combustible, 
toxic (carcinogenic), change the colour of 
wood, or have a pungent and persistent odour, 
a limited lifetime, flammable, etc. There is also 
a promising alternative approach: the synthesis 
of nature-like nanocomposites with improved 
functional properties based on low-value wood. 
The capillary-porous structure of wood can act 
as an excellent matrix for the impregnation 
of nanoparticles or their synthesis in wood 
as in a nanoreactor. Modifying natural wood 
with nanosized zinc, titanium, or magnesium 
oxide particles gives the wood surface super-
hydrophobic properties and increases its bio-
resistance [8–11]. 

The aim of the work was to synthesise a 
ZnO/silver birch nanocomposite and to evaluate 
its physical and mechanical properties compared 
to the unmodified wood. 

2. Experimental 
To synthesise zinc oxide, we used one of the “soft 

chemistry” methods, the sol-gel method. It allowed 
us to produce nanomaterials with a narrow particle-
size distribution at relatively low temperatures. As 
a precursor, we used zinc nitrate Zn(NO3)2·6H2O 
(chemically pure grade, GOST 5106‑77). A 20% 
NаOH solution (GOST R 55064-2012) was used as 
the precipitant. First, a 0.5 M solution of Zn(NO3)2 
was introduced drop by drop to the boiling water. 
After the salt had been added, we boiled the mixture 
for a few more minutes until a sol was formed. The 
resulting sol was cooled to room temperature, 
then a solution of sodium hydroxide was added in 
the amount necessary for complete precipitation 
of Zn2+ cations. The resulting gel was stirred for 
some time. 

To characterise the zinc oxide nanoparticles, 
the gel was separated using a vacuum filter, 
washed with distilled water, and dried at room 
temperature until a stable weight. The gel was 
then annealed in air at 240 °C for 2 h. To study 
the phase composition of the powder, we used 
X-ray diffraction (XRD, Empyrean B.V. X-ray 
diffractometer with a Cu anode (l = 1.54060 nm)). 
The scanning was performed within a range of 
angles 2q = 0–80° with a step of 0.1. The size of 
the coherent scattering regions (CSRs) in zinc 
oxide samples was calculated based on the XRD 
data using the Scherrer formula (1):

D
k

hkl
hkl

= ◊
◊

l
b qcos

		  (1)

where Dhkl is the average particle size, Å, k is the 
correction factor (k = 0.9 for spherical particles), 
l is the X-ray tube wavelength, q is the position 
of the peak maximum in degrees, and bhkl is the 
intrinsic physical broadening of the diffraction 
maximum in radians.

The size and morphology of the synthesised 
powder particles were determined by transmission 
electron microscopy (TEM, CarlZeiss Libra-120 
transmission electron microscope).

To study the effect of zinc oxide nanoparticles 
on the properties of a natural polymer material, 
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we chose samples of silver birch wood (Bétula 
péndula) from the experimental forestry of 
Voronezh State University of Forestry and 
Technologies named after G. F. Morozov. This 
birch is one of the most common hardwoods 
growing in the Russian Federation. For the 
synthesis of the ZnO/wood nanocomposite, 
silver birch (Bétula péndula) samples, pre-dried 
at 103 °C, were placed in the gel for 30 min, then 
dried in a desiccator for 6 h at 110 °C.

To determine their moisture absorption 
qualities, the nanocomposite samples were 
dried to an absolutely dry state according to the 
requirements of GOST 16483.7-71 and weighed 
with an error of not more than 0.001 g on 
ACZET CY-64 analytical scales. Distilled water 
was poured on the bottom of the desiccator, 
the samples were placed on the desiccator 
platform on their sides so that they did not 
touch each other and the walls of the desiccator. 
The samples were kept in a closed desiccator 
at 20±2 °C. The first weighing of the samples 
was performed one day after placing them in 
the desiccator, subsequent measurements were 
performed after 2, 3, 6, 9, 13, 20, and 30 days. 
The percentage of moisture absorbed (W) was 
calculated with an accuracy of 0.1 % using 
formula (2).

W
m m
m
n=

-
◊1

1

100%, 		  (2)

where m1 is the weight of the absolutely dry sam-
ple in grams; and mn is the weight of the sample 
weighed after n days from the time when it was 
first placed in the desiccator in grams.

To determine their water absorption, the 
nanocomposite samples were dried at 103 °C in 
weighing bottles until absolutely dry and placed to 
the bottom of the desiccator with distilled water, 
so that the samples were completely covered 
with water. The amount of water absorbed was 
calculated using formula (2). The samples were 
weighed after 1, 3, 10, and 30 days.

The samples used to determine water 
absorption were removed from the desiccator 
after a certain period of time. Their parameters 
were measured in the tangential and radial 
directions using a micrometer with an accuracy of 
0.01 mm. Then, the radial and tangential swelling 
values were determined by formulas (3 and 4).

a
L L

Lt
t t

t

=
-

¥max min

min

%,100 	 (3)

a
L L

LR
R R

R

=
-

◊max min

min

%,100 	 (4)

where Lt max, LR max are the dimensions of the sam-
ple in the tangential and radial directions respec-
tively after soaking in water for 1, 3, 10, and 
30  days; Lt  min, LR  min are the dimensions of the 
absolutely dry sample in the tangential and radi-
al directions respectively.

The contact angle of wetting of the ZnO/
silver birch wood (Bétula péndula) nanocomposite 
samples with distilled water was measured by the 
sessile drop method using a goniometer and the 
HIview 10 software. The liquid was applied to 
the wood surface using a 0.01 ml microsyringe. 
Images were made with a handheld camera of the 
Digital Microscope (Ruihoge, China) and recorded 
for 1, 30, and 60 seconds.

3. Results and discussion 
According to [12, 13], zinc oxide powders 

synthesised in neutral or weak acid media (pH = 6, 
7) are amorphous, which is probably due to the 
suppression of zinc nitrate hydrolysis under these 
conditions. As we know from [14], the sol-gel 
synthesis of ZnO nanopowder at pH = 9 promotes 
the formation of crystalline samples. Indeed, the 
X-ray pattern (JCPDS, card 36-1451) showed the 
narrow high intensity reflections corresponding 
to zinc oxide. They indicate the synthesis of ZnO 
nanocrystals (Fig. 1). A noticeable background 
level may be due to the presence of a certain 
fraction of the amorphous phase of zinc oxide. 
The average CSR value of zinc oxide particles, 
calculated by the Scherrer formula, is 22±2 nm 
(Table 1).
Table 1. The average CSR of the synthesised ZnO 
sample

The CSR 
diameter of the 

particles, nm
D1 D2 D3 Dср

ZnO 19±3 20±2 26±1 22±2

The TEM results are consistent with the 
XRD data (Fig. 2). TEM images show that the 
zinc oxide particles synthesised by the sol-gel 
method are almost spherical. The particle size 
of the predominant fraction does not exceed 20 
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nm, the degree of agglomeration is low, and the 
size of agglomerates is less than 150 nm. The 
sizes and morphological features of zinc oxide 
nanoparticles suggest their free penetration into 
silver birch (Bétula péndula) samples through the 
conductive elements of wood, vessels (diameter 
from 0.02 to 0.5 mm). 

The gel formed after the introduction of 
a precipitant during the synthesis of ZnO is a 
loose amorphous zinc hydroxide with a variable 
water content. This gel enters the wood through 
conducting vessels. The presence of water 
molecules facilitates the penetration of Zn(OH)2 
into the cavities of the wood, as wood is highly 
hydrophilic. When heated to 373 K and higher, 
zinc hydroxide begins to lose water, which is 
accompanied by decomposition into zinc oxide 
[15]. A number of studies on the synthesis of 
zinc oxide nanoforms confirm this temperature 

range of hydroxide decomposition [16, 17]. Thus, 
the size and morphological features of zinc oxide 
nanoparticles are largely determined by the 
size and shape of the silver birch wood cavities 
(Bétula péndula) filled with hydrated Zn(OH)2 gel. 
The retention of heated ZnO nanoparticles in 
wood vessels and capillaries is facilitated by the 
interaction of the polar reactive O-ZnO surface 
with functional groups of wood components (e.g., 
OH-groups of cellulose). This interaction results 
in the formation of hydrogen bonds [18].

Analysis of the values of the contact angle 
of water on the surfaces of natural birch and 
the ZnO/silver birch wood (Bétula péndula) 
nanocomposite (Table 2) showed that the 
introduction of zinc oxide nanoparticles into 
the wood vessels significantly increased the 
hydrophobic properties of the surface (the contact 
angle increased more than twofold). 

Fig. 1. Diffraction pattern of the ZnO sample synthesised via sol-gel method using NaOH as a precipitant

a                                                            b                                                                c
Fig. 2. TEM images of ZnO in the gel layer – a), b), and c) – ZnO particle size distribution histogram
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Filling the wood cavities with nanosized zinc 
oxide significantly reduced moisture and water 
absorption in the birch wood. After 1 day of the 
experiment, the moisture absorption (Fig. 3A) 
of the ZnO/silver birch wood (Bétula péndula) 
nanocomposite was 2.5 %, compared with 12.1 % 
for natural birch wood. After 30 days this parameter 
increases to 12.5 % for the composite and to 26 
% for natural birch wood. Thus, impregnating 
zinc oxide nanoparticles in the natural polymer 
reduced its moisture absorption by almost 5 times 
after 1 day of testing. This effect decreased over 
time, but was still pronounced (the moisture 
absorption of the nanocomposite was half that 
of birch wood). The water absorption (Fig. 3B) 
of silver birch wood (Bétula péndula) doped with 
nanosized zinc oxide was 30 % less after one day 
of testing compared to natural wood (diagram 1). 
After 30 days of testing, the effectiveness of ZnO 
hardly diminished and the water absorption of 
the composite remained 30% lower than that of 
untreated birch wood (Bétula péndula). 

Doping birch wood with zinc oxide nanoparticles 
reduced the swelling in both the radial (Fig. 3C) 

and tangential (Fig. 3D) directions. After 1 day 
in water, the swelling of ZnO/silver birch wood 
(Bétula péndula) nanocomposite was practically 
10 times lower in both radial and tangential 
directions compared to untreated birch wood. After 
30 days of testing for water resistance, the swelling 
improvement of the doped wood decreased slightly 
and reached 8 times in the tangential direction and 
2.6 times in the radial direction. 

4. Conclusions
Using the sol-gel method with sodium 

hydroxide as precipitant, we synthesised zinc 
oxide nanoparticles with predominant size of 
about 20 nm and almost spherical shape (TEM 
data) at relatively low temperatures. Amorphous 
hydrated Zn(OH)2 was impregnated into the wood 
material at the gel formation stage. It resulted in 
the reaction of zinc hydroxide decomposition with 
the formation of ZnO nanoparticles in the wood 
as a nanoreactor. The hydrophobic properties of 
the surface of ZnO/silver birch (Bétula péndula) 
wood nanocomposite improved significantly 
(the contact angle doubled). Its moisture and 
water resistance decreased (2–5  times and 
30 %, respectively). The nanocomposite also 
showed less swelling in the radial (8-10 times) 
and tangential (2.6–10 times) directions in 
comparison with natural wood. 
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Table 2. The contact angle of birch wood and 
ZnO/wood nanocomposite

Sample composition
The contact angle 
after 20 seconds, 

deg.
Birch wood 30
ZnO/wood nanocomposite 75

Fig. 3. Moisture absorption (A), water absorption (B), swelling in the radial (C) and tangential (D) directions 
of birch wood after 1 and 30 days of testing (%)
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Abstract 
Bioactive glasses (Bioglasses) are widely synthesized by the conventional sol-gel method consisting of two main steps for 
sol and gel formation. However, the conversion from sol to gel requires a long time (5–7 days). In this study, the hydrothermal 
system was used to quickly synthesize the bioactive glass by reducing the conversion time from sol to gel. The hydrothermal 
assisted conventional sol-gel method was applied for synthesis of the bioactive glass 70SiO2–30CaO (mol%) (noted as 
70S30C). The synthetic glass was investigated by the physical-chemical techniques. The ‘‘in vitro’’ experiments in SBF 
(Simulated Body Fluid) solution was also performed to evaluate the bioactivity of synthetic material. The obtained results 
show that the bioactive glass 70S30C was successfully elaborated by using the hydrothermal assisted conventional sol-gel 
method. The consuming time was reduced compared to the conventional method. The physical-chemical characterization 
confirmed that the synthetic glass is amorphous material with mesoporous structure consisting of interconnected particles. 
The specific surface area, pore volume and average pore diameter of synthetic glass were 142.8 m2/g, 0.52 cm3/g, and 19.1 nm, 
respectively. Furthermore, synthetic bioactive glass exhibited interesting bioactivity when immersed in simulated body 
fluid (SBF) solution for 1 days and good biocompatibility when cultured in cellular media.
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1. Introduction
In the past fifty years, bioactive glasses 

(bioglasses) have been developed and applied 
as artificial bone materials used as components 
in dental filling, implants, and bone grafting in 
orthopedic surgery to restore and repair damaged 
and diseased bones [1–2]. Their bioactivity 
is shown by the formation of a new layer of 
hydroxyapatite Ca10(PO4)6(OH)2 (HA) on the 
surfaces when they are implanted in defective 
and broken bone positions in the human body. 
The HA mineral is the inorganic component of 
human bone, so it is an interconnected linkage 
connecting the artificial graft made from bioglass 
and natural bone, through which the missing and 
broken bones are repaired and filled [3–5]. 

The first bioglass with the composition 
of 45SiO2–24.5CaO–24.5Na2O–6P2O5 (wt%) 
(Denoted as 45S5) was discovered in 1969 by Larry 
Hench [6]. After this invention, many bioglass 
systems with different components such as 
46S6, 58S, 55S, 70S30C, S53P4, etc. were studied, 
synthesized, and applied [1–2]. 

There are two main methods for bioglass 
synthesis. The first one is melting of precursors 
at high temperatures (melting method). The 
method can quickly prepare glass systems in 
large quantities. However, it requires synthesis 
processes at high temperatures (above 1350 °C) 
where volatile components such as P2O5 can 
be escaped, resulting in deviations in the 
composition of synthetic bioglasses; obtained 
materials often have low values of specific surface 
area [7]. The second one is to synthesize glass 
systems in solution undergoing sol- and gel-
forming processes (sol-gel method). This process 
overcomes the disadvantages of melting method 
because it is performed at lower temperatures; 
resulting glass systems with larger values of 
specific surface area, leading to higher activity 
[8–9]. However, the sol-gel method requires long 
times for synthesis because the conversion from 
sol to gel usually takes from a few days to one 
week. Therefore, the modified sol-gel processes 
to shorten the synthesis times will be effective 
for the preparation of bioglass materials. On the 
other hand, variable synthesis processes can bring 
new properties of synthetic glass systems. 

The purpose of this work is to synthesize 
the bioglass 70SiO2–30CaO (mol%) by using the 

hydrothermal assisted sol-gel method, in which 
the synthesis time was greatly shortened. The 
physic-chemical characterizations and bioactivity 
of synthetic bioglass were investigated.

2. Experimental
2.1. Synthesis of bioactive glass

The bioglass 70SiO2–30CaO (mol%) selected 
in this study is well-known and reported in the 
previous studies, in which it was synthesized by 
the sol-gel method [7–10]. The main precursors 
for the synthesis of bioglass included tetraethyl 
orthosilicate Si(OCH2CH3)4 (TEOS, ≥ 99.0%, 
Sigma-Aldrich), calcium nitrate tetrahydrate 
Ca(NO3)2.4H2O (CNT, ≥ 98%, Merck). Hydrothermal 
assisted sol-gel method for bioglass synthesis is 
described as below. Firstly, 29.2 g of TEOS and 
14.2 g of CNT were added in 25.2 g of distilled 
water. The molar ratio of H2O/TEOS was selected 
as 10. The pH of mixture was adjusted to a 
value of 1.5 by adding 1M HNO3 solution. The 
sol was formed after stirring for 1 hour at room 
temperature (32.2 °C). Next, the formed sol was 
put into a Teflon-lined stainless steel system, 
which was then heated in an oven at 150 C for 
12  hours. After that, the resulting gel dried at 
150  °C for 24 hours. Finally, the bioglass was 
obtained by sintering dried gel at 700 °C for 
3 hours. To examine the phase evolution, the 
other samples of dried gel were heated at 800 
and 1000 °C at the same times as above. The 
hydrothermal assisted sol-gel synthesis is briefly 
described in Fig. 1. It is worthy to mention that 
the consuming time of bioglass synthesis in this 
study was significantly shortened compared to 
the conventional sol-gel process [7, 10].

2.2. ‘‘In vitro’’ test in SBF solution
The bioactivity of synthetic bioglass was 

investigated by ‘‘in vitro’’ experiment according 
to Kokubo’s method [11]. The glass material is 
immersed in simulate body fluid (SBF) solution 
at a stirring rate of 100 rpm and a temperature 
of 37 oC for 1, 2, 7, 10, and 15 days. The simulated 
body f luid (SBF) solution with inorganic 
ionic components similar to human blood, is 
synthesized in laboratory. The composition of 
simulated body fluid (SBF) solution is presented 
in the Table 1. After immersion in simulated body 
fluid (SBF) solution, the hydroxyapatite (HA) layer 
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will form on the surface of glass material if it is 
biologically active. 

2.3. ‘‘In vitro’’ in cellular medium
‘‘In vitro’’ tests were performed in according 

with the protocols reported by T. Mosmann [12]. 
The used culture environment was standard 
medium DMEM (Sigma Chemical Co., St. 
Louis, MO) consisting of 15 mM HEPES, 2 mM 
L-glutamine, 10% FBS (Fetal Bovine Serum), 100 
UI/mL penicillin and 100 µg/mL streptomycin. 
Osteoblast-like SaOS2 and endothelial-like 
Eahy926 were cultivated in DMEM at 37 °C in 
a humidified incubator with 5% CO2 and 95% 
humidity.

The cytotoxicity was determined by using 
the colorimetric MTT assay [13]. The MTT 
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide, a yellow tetrazole) is 
reduced to purple formazan in the mitochondria 
of living cells. The absorbance of this colored 
solution can be quantified by measuring at 
a certain wavelength (usually between 500 
and 600 nm) by a spectrophotometer. The 
absorption maximum is dependent on the solvent 
employed. This reduction takes place only when 
mitochondrial reductase enzymes are active, and 
therefore conversion can be directly related to the 
number of living cells. 

2.4. Physico-chemical characterization
The thermal properties of as-sintering bioglass 

were investigated by a Thermogravimetry-
Differential Scanning Calorimetry (TG-DSC, 
SETERAM, LABSYS Evo). Powder sample was 
placed in a platinum crucible and then heated 

from room temperature to 1000 °C at a ratio of 
10  K.min–1 in dried air. From this analysis, the 
suitable temperature for the stabilization of 
synthetic bioglass was chosen. The specific surface 
area, pore size, and pore volume of synthetic 
bioglass were measured by N2 adsorption/
desorption using a micromeritics porosimeter 
(Quantachrome Instruments). The specific 
surface area was calculated using the Brunauer-
Emmett-Teller (BET) method. The pore size and 
pore volume were derived from the desorption 
branch of the isotherm curve using the Barrett-
Joyner-Halanda (BJH) technique. The morphology 
of the synthetic glass was observed by a Field 
Emission Scanning Electron Microscopy (FE-
SEM, S-4800, Japan). The phase composition of 
the synthetic samples was investigated using 
X-ray powder diffraction (XRD, D8-Advance) 
with Cu-Ka radiation (l = 1.5406Å). The samples 
were scanned in the range from 5 to 80° (2q) with 
a step of 0.02°. The composition of synthetic 
glass was determined by X-ray fluorescence 
technique (PHILIPS, PW2400). The pH and Si, 
Ca, P concentration behaviors versus immersion 
times were determined by using the pH meter 
and inductively coupled plasma optical emission 
spectrometry (ICP-OES) (ICP 2060) method. 

3. Results and discussion
3.1. Characterization of synthetic bioactive glass

TG-DSC curves of dried gel are represented in 
Fig. 2. Two mass-loss intervals were identified in 
the ranges of 30 – 279 °C and 279–658 °C. The first 
mass-loss with an endothermic peak at 155.6 oC, 
which is attributed to the removal of water [14]. 

Fig. 1. Flow chart of hydrothermal assisted sol-gel synthesis of bioglass 70S

Table 1. Ionic concentration of SBF solution (mmol/L)

Composition Na+ K+ Ca2+ Mg2+ Cl– HCO3
– HPO4

2–

SBF 142.0 5.0 2.5 1.5 148.0 4.2 1.0

Plasma 142.0 5.0 2.5  1.5 103.0 27.0 1.0
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The second one with an endothermic peak at 
492.6 °C is characteristic of the decomposition 
of NO3

- groups [10]. An exothermic peak without 
the mass loss at 944.5 °C is related to the 
crystallization of CaSiO3 phase [10, 14]. From the 
thermal analysis, the suitable temperature for 
calcination was identified 700 °C, where nitrates 
groups are completely removed.    

Fig. 3 represents the XRD patterns of sample 
heated at 700, 800 and 1000 °C. The XRD diagram of 
synthetic bioactive glass obtained at 700 °C showed 
some broad diffraction halos, characteristic of the 
amorphous material. Thus, the bioactive glass 
70SiO2–30CaO prepared by hydrothermal assisted 
sol-gel method still keeps the nature of glass like 
it was synthesized by the conventional sol-gel 
method [10, 14]. The composition of synthetic 
bioglass was analyzed using X-ray fluorescent 
spectroscopy (XRF). Compared to the calculated 
composition, the synthetic bioglas represents a 
moderate difference in composition (Table 2). 
This difference is explained by the amorphous 
structure of the synthetic bioglass, which leads to 
the uneven distribution of Ca, P, and O elements 
in the network of synthetic bioglass. The XRD 
diagram of sample heated at 1000 oC confirmed 
the crystallization of CaSiO3 phase according to 
the TG-DSC analysis.
Table 2. The composition of bioglass 70SiO2–
30CaO

Constituent (mol %) SiO2 CaO
Nominal 70 30
Analyzed 73.6 26.4

Textural and morphology of synthetic bioglass 
were investigated by N2 adsorption/desorption 
and FE-SEM analyses (Fig. 4). The isotherm of 
synthetic bioglass shows type IV according to 
IUPAC nomenclature, typical of mesoporous 
material with the pore diameter in the range of 
2–50 nm (Fig. 4a) [15–17]. The hysteresis loop is 
type H2, given by complex pore structure in which 
network effect is important. The steep desorption 
branch can be attributed to pore-blocking or 
percolation in a narrow range of pore necks [16]. 
From the adsorption branch of isotherm curve, 
the pore size distribution and pore volume for 
synthetic bioglass were obtained by using the 
BJH model. The textural properties of synthetic 
bioglass are summarized in the table 3. The 
textural values of bioglass synthesized by the 
green synthesis are quite similar to those achieved 
for the bioglass with the same composition 
prepared by the conventional sol-gel method 
[10]. The morphology examination of synthetic 
bioglass was investigated by FE-SEM analysis. 
The observation shows obvious aggregations 
consisting of small particles, which were 
interconnected to form the mesoporous structure 
of the synthetic bioglass (Fig. 4b). According to 
the references, the Ca2+ immobilization onto the 
surface of silica particles modifies their surface 
chemistry, resulting in particle aggregation [18-
19]. Under the effect of hydrothermal reaction, 
the Ca2+ ions could diffuse and act as strong cross-
linkers between the silica particles, leading to 
highly aggregated particles. 

Fig. 2. TG-DSC analysis of as-sintering bioactive glass Fig. 3. XRD diagrams of sample heated at 700, 800 and 
1000 oC

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2021;23(4): 585–593

Ta Anh Tuan et al.	 Hydrothermal assisted conventional sol-gel method for synthesis of bioactive glass...



589

3.2. Bio-mineralization
Fig. 5 represents the XRD diffractograms 

of synthetic bioactive glass after immersion in 
simulated body fluid (SBF) solution for 1, 2 and 
7 days. The apatite mineral was confirmed by the 
well-defined appearance of two hydroxyapatite 
(HA) peaks at about 26° (002) and 32° (211) 
(JCPDS: 09432). This obtained result is similar 
to previous research for the same bioactive glass 
synthesized by the conventional sol-gel method 
and highlights the bioactivity of bioactive glass 
prepared by the hydrothermal assisted sol-gel 
method in this study [10, 14]. 

Fig. 6 shows the FE-SEM images of bioactive 
glass after different days in SBF. The formation 
of new HA was identified by a new crystalline 
layer, covering on the surfaces of glass samples 
after immersion in comparison with the sample 
before immersion presented in Fig. 4b.

3.3. Degradation of bioactive glass in SBF 
The ionic behaviors in simulated body fluid 

(SBF) solution as a function of immersion time 
were represented in Fig. 7. The  ionic  changes 
are  related  to  the  surface reactions  between 
the bioactive glass and the SBF solution [6, 20]. 

A significant increase of pH value was 
observed during the first seven days of immersion.  

This observation corresponds to the quick ion 
exchange of Ca2+ out of the bioactive glass and 
H+ in the SBF solution as the following reaction: 

(–Si–O–Si–O–)Ca2+ + H+ →  
→ –Si–O–Si–OH + Ca2+		 (1) 

The H+ consumption in reaction 1 lead to an 
increasing pH value. After that, the pH value was 
almost constant due to the end of reaction 1.  

The release of Si element is due to the 
dissolution of glass network in SBF solution by 

Fig. 4. a) N2 adsorption/desorption isotherm and b) FE-SEM image of synthetic bioactive glass

Table 3. Nitrogen adsorption/desorption characterization of bioactive glass 70SiO2–30CaO

Sample Specific Surface Area 
(m2/g) Total Pore Volume (cm3/g) Average Pore Diameter 

(nm)
70SiO2–30CaO 142.8 0.52 19.1

Fig. 5. XRD diagram of bioactive glass after immersion 
in SBF for 1, 2 and 7 days
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breaking covalent bonds –Si–O–Si–OH following 
the reaction 2: 

(–Si–O–Si–OH) + H2O → Si(OH)4	 (2) 

The Si concentration increased strongly 
during seven days of immersion, followed by the 
saturation in which the re-polymerization of 
silicic acid Si(OH)4 occurs to form SiO2 silica layer 
on the surface of the glass sample. 

The presence of Ca and P in simulated body 
fluid (SBF) solution related to two sources. The 
first one was the Ca, P components available in 
initial solution.  The second one was the Ca, P 
amounts released by the reaction of glass with 
SBF solution. Following the reaction 1, the Ca 
concentration in the SBF solution increases. 
However, a significant decrease in Ca component 
was identified during the   whole immersion time. 
A similar observation was also identified for P 
amount. The decrease in Ca and P components 

was related to their consumption to precipitate 
the apatite layer on glass surface. The obvious 
consumption of Ca and P for the first two 
days of immersion in SBF confirmed the high 
bioactivity of synthetic bioactive glass. After 2 
days of immersion, the Ca, P concentrations were 
almost stable while the pH value increased until 
7 days. This phenomenon can be explained by 
the continuous degradation of bio-glass under 
reaction 1, simultaneously with the association 
of Ca and P components to form the HA layer on 
the  surface  of glass  sample.  The obtained result 
is consistent with the above analysis by the XRD, 
in which the HA layer was formed after 1 and 2 
days of immersion.

3.4. Cell viability
The cell viabilities in the conditioned media of 

bioactive glass 70SiO2–30CaO are represented in 
Fig. 8. After 2 days of culture, the cell viabilities 

Fig. 6. FE-SEM images of bioactive glass after immersion in SBF for 1, 2 and 7 days

Fig. 7. Ionic concentrations of the SBF solution during ‘’in vitro’’ experiment
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were 119 and 128% for osteoblast-like SaOS2 
and endothelial-like Eahy926, respectively. The 
viability of cells without contact with bioactive 
glass was fixed as control (100%). These obtained 
results confirmed the biocompatibility of 
synthetic bioactive glass with these two culturing 
cells. After 7 days, a decrease of Osteoblast-like 
SaOS2 and endothelial-like Eahy926 viabilities was 
registered. That needs the renewal of culturing 
media. According to the standard ISO 10993-5 
(Biological evaluation of medical devices – Part 5: 
Test for cytotoxicity, in vitro methods), the cell 
viability is expressed as a percentage relative to 
the control, set as 100% [21]. If the average cell 
viability of the tested samples is less than 70%, 
the material is cytotoxic. Following this standard, 
the bioactive glass 70SiO2-30CaO synthesized by 
hydrothermal assisted sol-gel method showed 
the absence of toxicity in comparison with the 
control sample. The synthetic bioactive glass in 
this study may find the potential applications as 
bone substitutes.  

4. Conclusions 
The bioactive glass 70SiO2–30CaO (mol%) 

was successfully prepared by hydrothermal 
assisted sol-gel method. The obtained glass is 
totally amorphous material and has a mesoporous 
structure. The in vitro assay in simulated body 
fluid (SBF) solution confirmed interesting 
bioactivity of synthetic glass by the formation of 
apatite phase after only one day of immersion in 

simulated body fluid (SBF) solution. The in vitro 
test in presence of cell culture confirmed good 
biocompatibility of synthetic bioactive glass. 
Especially, the synthetic processing is simple, 
short time-consuming in comparison with 
conventional sol-gel method. 
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Abstract 
Systematic studies of the subsolidus structure of ternary molybdate systems allow expanding the representation of ternary 
molybdates. In this paper we studied the solid phase interaction in the Ag2MoO4–Rb2MoO4–Hf(MoO4)2 system for the first 
time using X-ray phase analysis.
To determine the quasi-binary sections, we use the method of “intersecting cuts”. It helped to reveal the formation of new 
Rb5Ag1/3Hf5/3(MoO4)6 and Rb3AgHf2(MoO4)6 phases. We also determined their thermal characteristics using differential 
scanning calorimetry. The ternary molybdate Rb5Ag1/3Hf5/3(MoO4)6 crystallised in the trigonal syngony with the following 
unit cell parameters: a = 10.7117(1), c = 38.5464(5) Å (space group R3с, Z = 6). The Ag2MoO4–Rb2MoO4–Hf(MoO4)2 system 
is characterised by the existence of ten quasi-binary cross sections.
The experimental data obtained in this work complement the information on phase equilibria in condensed ternary systems 
containing molybdates of tetravalent elements and two different monovalent elements. This provides opportunities for 
the combination of the compositions of ternary molybdates due to cationic substitutions, which will allow controlling their 
properties. 
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1. Introduction 
T h e  s t u d y  o f  p h a s e  e q u i l i b r i a  i n 

multicomponent systems is one of the methods 
of searching for new complex oxide compounds. 
In recent decades, molybdates with various 
combinations of cationic composition have 
been obtained as a result of the study of ternary 
molybdate systems [1–4]. This class of substances 
is still being actively expanded [5–9]. It should 
be noted that the studies of the properties of 
the identified ternary molybdates show that 
their application is promising. For example, 
the high values of ion conductivity of silver-
bearing compounds obtained in [10, 11] allowed 
classifying them as superionic conductors.

A systematic study of phase equilibria allows 
obtaining more complete information on the 
interaction of components and the number of 
the formed phases, and identifying the general 
patterns of phase formation in the future. For 
instance, ternary molybdate systems containing 
molybdate of a tetravalent element, zirconium or 
hafnium, as one of the components, were studied 
in detail in [12–16]. The goal of this work was 
to study the phase formation in the Ag2MoO4–
Rb2MoO4–Hf(MoO4)2 system in the subsolidus 
region.

2. Experimental 
We used the following industrial reagents: 

Rb2CO3 (extra pure grade), HfO2 (chemically pure 
grade), AgNO3 (analytical reagent grade), and 
MoO3 (analytical reagent grade). 

To obtain the initial molybdates from 
stoichiometric mixtures of the corresponding 
reagents, we used the method of solid-phase 
synthesis. Stepped annealing of the samples was 
conducted in a muffle furnace, and the samples 
were repeatedly ground in an agate mortar in 
an ethyl alcohol medium. Silver molybdate 
was obtained with a synthesis temperature of 
200–450  °С, the total duration of annealing 
was 150 hours. Medium rubidium and hafnium 
molybdates were synthesised in the range of 400–
550 °С (rubidium molybdate) and 400–750  °С 
(hafnium molybdate) for 80–100 hours.

Ternary molybdates with the compositions 
Rb5Ag1/3Hf5/3(MoO4)6 and Rb3AgHf2(MoO4)6 were 
synthesised from stoichiometric amounts of the 
reaction mixtures of Ag2МоО4, Rb2MoO4, and 

Hf(MoO4)2. The annealing was conducted in the 
temperature range 290–500 °С with an increase 
in temperature with steps of 30 °С and repeated 
grinding of the samples. The time of annealing 
was 60 hours.

The phase equilibria in the ternary system 
were studied using the method of “intersecting 
cuts” [17]. The interaction in the subsolidus area 
was studied using X-ray and had two stages. 
During the first stage, we determined the phase 
composition of the intersection points of all 
possible cuts connecting the compositions of 
the components and intermediate phases of the 
faceting elements. During the second stage, we 
also studied individual quasi-binary sections 
of the system and some compositions from 
the three-phase regions. The achievement of 
equilibrium was proved by the stabilisation of the 
phase composition of the samples after several 
sequential annealings and the mutual consistency 
of the phase composition allowing triangulating 
the systems. 

X-ray phase analysis (XPA) was performed 
on a Bruker D8 Advance automatic powder 
diffractometer (CuKa radiation, scanning step 
0.01°). The ICDD PDF-2 database was used to 
analyse the X-ray patterns.

We used the Le Bail method and the TOPAS 4.2 
software to process the experimental data 
and specify the unit cell parameters of the 
Rb5Ag1/3Hf5/3(MoO4)6 compound. 

Thermal analysis was conducted on an 
STA 449 F1 Jupiter synchronous thermal analyser 
manufactured by NETZSCH. The samples were 
scanned in platinum crucibles in an argon 
atmosphere with heating and cooling at a rate 
of 10 °С/min. The weight of the samples was 17–
20 mg.

3. Results and discussion 
Phase equilibria in the Ag2MoO4–Rb2MoO4–

Hf(MoO4)2 system were studied taking into 
account the previous publications on binary 
faceting systems.

One compound with the AgRb3(MoО4)2 
composition which melts at 435 °С was formed in 
the Ag2MoO4–Rb2MoO4 binary system [19]. During 
crystallisation from a solution, single crystals 
were obtained in a melt, and their composition 
was determined when decoding the structure 
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as Ag1.19Rb2.81(MoO4)2 [20]. It should be noted a 
single-phase sample of this composition cannot 
be synthesised using the method of solid-phase 
reactions. And the discovered crystal composition 
is probably limited in terms of silver content and 
can only be obtained from melt. It was shown that 
the Ag1+xRb3–x(MoO4)2 samples with 0 ≤ x ≤ 0.10, 
which is about 2 mol. %, were single-phase only 
at limiting subsolidus temperatures [20].

The Rb2MoO4–Hf(MoO4)2 binary system is 
characterised by the presence of two compounds 
with the Rb8Hf(MoO4)6 and Rb2Hf(MoO4)3 
compositions with melting temperatures of 655 
and 650 °С respectively [21, 22].

We established that one AgRb2(MoO4)2 
compound was formed in the Ag2MoO4–Hf(MoO4)2 
binary system and melted incongruently at 570 °С 
[23].

When synthesizing double molybdates, we 
focused on the conditions of their obtaining and 
melting temperatures mentioned in previous 
publications. 

The formation of new Rb5Ag1/3Hf5/3(MoO4)6 – 
S1 and Rb3AgHf2(MoO4)6 – S2 phases was identified 
when studying phase equilibria in the subsolidus 
region. It should be noted that reflections of 
the new S1 phase were observed on the X-ray 
patterns of the samples of the supposed section 
of AgRb3(MoО4)2–Rb2Hf(MoO4)3. 

The phase relationships at 430 °C in the 
triple silver-rubidium-hafnium molybdate 
system are characterised by the following 
quas i-b inar y  sect ions:  AgRb 3(MoО 4) 2–
Rb 8Hf(MoO 4) 6, Ag 2MoO 4–Rb 8Hf(MoO 4) 6, 
Ag2MoO4–Rb5Ag1/3Hf5/3(MoO4)6, Ag2MoO4–
Rb3AgHf2(MoO4)6, Hf(MoO4)2–Rb3AgHf2(MoO4)6, 
Ag2Hf(MoO4)3–Rb3AgHf2(MoO4)6, Hf(MoO4)2–
R b 5 A g 1 / 3 H f 5 / 3 ( M o O 4 ) 6 ,  R b 2 H f ( M o O 4 ) 3 –
R b 5 A g 1 / 3 H f 5 / 3 ( M o O 4 ) 6 ,  R b 8 H f ( M o O 4 ) 6 –
Rb5Ag1/3Hf5/3(MoO4)6, Rb5Ag1/3Hf5/3(MoO4)6–
Rb3AgHf2(MoO4)6 (Fig. 1). As for the studied 
conditions, there were no sections radiating 
from the apex of the triangle where rubidium 
molybdate was located. Thus, the studied system 
was divided into nine secondary triangles by ten 
quasi-binary sections. 

Comparing the results with those obtained 
previously in [24], we should mention some 
similarity with the phase diagram of the Li2MoO4–
Rb2MoO4–Hf(MoO4)2 system despite significant 

differences in the faceting elements. For example, 
a RbLiMoO4 composition was observed in the 
Li2MoO4–Rb2MoO4 binary system, while an 
intermediate phase in the Li2MoO4–Hf(MoO4)2 
system has a rather extended homogeneity range. 
The similarity was found during the triangulation 
of the Li2MoO4–Rb2MoO4–Hf(MoO4)2 system 
when a part of the stable sections was radiating 
from the apex of the concentration triangle 
where lithium molybdates were located. In 
our case, the sections with the participation of 
silver molybdate were stable. And in both phase 
diagrams, there were no stable sections radiating 
from the apex of the triangle, where rubidium 
molybdate was located. The differences were 
observed in the amount of triple molybdates. 
Triple molybdates with the Rb5Me1/3Hf5/3(MoO4)6 
and Rb3MeHf2(MoO4)6 (Me = Li, Ag) compositions 
were found in both systems. However, unlike the 
lithium system, there was no compound similar 
to the RbLiHf(MoO4)3 composition formed in the 
system with silver molybdate.

The compounds with the similar composition 
Me3Me’Hf2(MoO4)6 were obtained with Me = Na, 
K, Tl, Rb, and Me’ = Li [16]. They were classified 
using three structure types of binary molybdates. 
Triple molybdates Me3LiHf2(MoO4)6 (Me = K, 
Rb) are isostructural to KAl(MoO4)2, while 
Na3LiHf2(MoO4)6 molybdate is isostructural 
to NaIn(MoO4)2. The diffraction pattern of 
Tl3LiHf2(MoO4)6 was indexed with the assumption 
of the formation of a superstructure of the 
rhombic KIn(MoO4)2 with a tripling of the 

Fig. 1. Phase equilibria in the Ag2MoO4–Rb2MoO4–
Hf(MoO4)2 system in the subsolidus region (400–
430 °С): S1 – Rb5Ag1/3Hf5/3(MoO4)6, S2 –Rb3AgHf2(MoO4)6
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smallest parameter c. In our case, we still 
have not found a structural analogue for the 
phase. Apparently, the change of the cationic 
composition leads to the formation of a different 
structure. One endothermic effect corresponding 
to melting was observed on the DSC curve for the 
Rb3AgHf2(MoO4)6 sample (Fig. 2). However, the 
results of X-ray phase analysis of the cooled melt 
allowed making the assumption that melting has 
an incongruent nature.

According to X-ray phase analysis, the 
synthesised Rb5Ag1/3Hf5/3(MoO4)6 ternary 
molybdate was isostructural to the previously 
studied Rb5Li1/3Hf5/3(MoO4)6 which crystallised 
in the trigonal syngony (space group R3с, 
Z = 6), and its structure was determined in [24]. 
The base of the crystal structure is a skeletal 
mixed plane of (Hf, Li)O6 octahedrons and 
MoO4 tetrahedrons. The atoms of rubidium 
are located in large voids of this plane. All the 
reflections of the Rb5Ag1/3Hf5/3(MoO4)6 compound 
on an X-ray pattern were satisfactorily indexed 
based on the assumption of the isostructurality 
of Rb5Li1/3Hf5/3(MoO4)6 [24]. The results of 
the specification using the Le-Baile method 
are presented in Table 1, and calculated and 
experimental X-ray diffraction patterns with 
difference curves are shown in Figure 3. According 
to the results of differential scanning calorimetry, 
the compound melted at 597 °С. 
Table 1. Crystallographic characteristics and 
parameters of unit cell specification of the 
Rb5Ag1/3Hf5/3(MoO4)6 compound using Le-Baile 
method

Compound Rb5Ag1/3Hf5/3(MoO4)6

Space group R3c
a, Å 10.7117 (1)
c, Å 38.5464 (5)

V, Å3 3830.27 (9)
2q-interval, º 8–100

Rwp, % 4.10

Rp, % 3.26

Rexp, % 2.15

c2 1.90

RB, % 0.46

Therefore, a new compound was added to the 
series of the compounds with the Me5(Li1/3Hf5/3)
(MoO4)6 (Me = K, Rb, Tl) composition [16]. All 

these triple molybdates have already been 
included in a rather large group of isostructural 
compounds whose structure was first solved 
for the К5(Мg0.5Zr1.5)(МоO4)6 compound [25]. All 
the above-mentioned compounds have cage 
structures built from isolated МО6 octahedrons 
and XO4 tetrahedrons which differ in the nature 
of the mutual arrangement of the polyhedrons. 
As a result, various numbers of cavities of 
different shapes and isomorphic substitutions 
were formed. 

4. Conclusion
Thus, the phase equilibria in the subsolidus 

region of the Ag2MoO4–Rb2MoO4–Hf(MoO4)2 
system were studied for the first time, the 
formation of new triple molybdates was identified, 
and the system was triangulated.

Fig. 3. Experimental (circles), calculated (line), differ-
ence, and dashed X-ray diffraction patterns of 
Rb5Ag1/3Hf5/3(MoO4)6

Fig. 2. DSC curve for the Rb3AgHf2(MoO4)6 sample
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Abstract 
In this work, orthoferrite NdFeO3 nanomaterials with particle sizes 20-40 nm have been successfully synthesized via a 
simple co-precipitation method through the hydrolysis of Nd (III) and Fe (III) cations in hot water with 5% NaOH as a 
precipitating agent. Single-phase NdFeO3 was generated after calcination of the as-prepared powder at 700, 800, and 900 °C 
for 1 hour. The UV-Vis spectra at room temperature presented strong absorption in the UV-Vis regions (l = 200–400 nm 
and 400–600 nm) with small band gap energy (Eg = 2.2÷2.5 eV). The obtained NdFeO3 nanomaterials exhibited a hard 
ferromagnetic behavior with high coercivity (Hc = 600–1600 Oe).
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1. Introduction     
The characteristic structure and properties of 

nanomaterials in general, and RFeO3 rare-earth 
orthoferrite nanomaterials in particular, depend 
on several different factors such as particle size 
and morphology, crystal size, the distribution of 
the cations in the crystal lattice, the content of 
doping elements and also the preparation method 
[1–5]. Nano-sized rare earth orthoferrites RFeO3 
(R = La, Y, Nd, Pr, Ho, ...) have been studied and 
applied in many fields such as photocatalysis for 
the decomposition of toxic organic waste [6–7], 
electrodes for solid oxide fuel cells [8], gas sensor 
materials [9], photomagnetic and electromagnetic 
devices [10–11], etc. The rare earth orthoferrites 
NdFeO3 is amongst the materials of interest to 
research. The structural and optical properties, 
magnetic properties or electrical properties of 
orthoferrite neodymium were previously studies 
[12–15], showing promising for application in 
As (V) adsorption [16].

NdFeO3 nanomaterials have been synthesized 
by various methods such as high-temperature 
mechanosynthesis [14–15], sol-gel or gel-
combustion [16, 17–18], hydrothermal or co-
precipitation with surfactants [12–13]. In our 
previous report [19], based on the thermal 
behavior of the hydroxides of Fe (III), Nd (III) 
and their mixture (molar ratio Fe3+/Nd3+ = 1/1), 
the appropriate annealing temperature for 
the formation of single phase perovskite was 
determined and NdFeO3 nano particles of < 50 nm 
were synthesized by co-precipitation method 
(without any surfactant). By this simple co-
precipitation method, our group has successfully 
prepared a series of rare earth orthoferrite such 
as PrFeO3 [20], HoFeO3 [21–22], [LaFeO3 [23] or 
[YFeO3 [24–25] and studied their structural and 
optical, magnetic properties. However, in [19], the 
optical and magnetic properties of NdFeO3 nano 
materials have yet to be reported. 

Follow-up to the work in [19], the aim 
of this paper is to study the characteristic 
optical and magnetic properties of NdFeO3 
orthoferrite nanomaterial synthesized by simple 
co-precipitation method without any surfactants. 

 2. Experimental and methods
NdFeO3 orthoferrite nano powder was 

prepared by co-precipitation method according 

to [19]. 50 mL aqueous solution of the mixture 
of two salts Nd(NO3)3·6H2O and Fe(NO3)3·9H2O 
(molar ratio of 1/1) was added dropwise to 400 mL 
boiling water on a stirring hot plate (t° > 95 °C), 
resulting in a reddish-brown sol. Slowly adding 
the solution of Fe (III) and Nd (III) salts into 
water at high temperature helped speed up 
the hydrolysis of metal cations and restrict the 
particle size of resulting NdFeO3 particles, as 
proven previously for the synthesis of  HoFeO3 
and YFeO3 nano orthoferrite [22, 24]. Next, NaOH 
5% solution was added dropwise to the system 
until all the cations Nd3+ and Fe3+ were completely 
precipitated (phenolphthalein paper turned 
pink). The obtained mixture was kept stirring 
for another 60 minutes, settled for 20 minutes, 
then vacuum filtered and washed with water 
until pH ~ 7.0. After drying at room temperature 
(for 5–7 days), the precipitate was ground with 
porcelain mortar and pestle into a yellowish-
brown fine powder (precursor for NdFeO3). The 
precursor was then annealed at 700, 800 or 900 °C 
for 1h to study the formation of single phase 
orthorhombic NdFeO3.

Powder X-ray diffraction analysis (PXRD) of 
the NdFeO3 samples was carried out using a D8-
ADVANCE X-ray diffractometer (Bruker, Bremen, 
Germany) with CuKa radiation, l = 0.154184 nm, 
angle range of 2q = 10–80°, and scan rate of 
0.02 °/s. Average crystal size (DXRD, nm) of the 
Nd1-xSrxFeO3 samples was calculated by Debye-
Scherrer formula, lattice parameters (a, b, 
c, V) were calculated according to [13]. The 
morphology of the samples was determined by 
transmission electron microscopy (TEM) using 
a Joel JEM-1400 microscope (Jeol Ldt., Tokyo, 
Japan).

The UV-Vis absorption spectra of the NdFeO3 
nanomaterials were studied on a UV-Visible 
spectrophotometer (UV-Vis, JASCO V-550, Japan). 
The optical energy gap (Eg, eV) of the samples 
was calculated according to [22]. Magnetic 
characteristics of nanopowders, including the 
coercive force (Hc, Oe), remanent magnetization 
(Mr, emu·g–1) and saturation magnetization 
(Ms,  emu·g–1), were investigated at room 
temperature using a vibrating magnetometer 
(VSM, MICROSENE EV 11, Japan) with a maximum 
magnetic field of ± 20 kOe. 
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3. Results and discussion
Fig. 1 shows the PXRD patterns of the precursor 

for NdFeO3 nano orthoferrite after annealed at 
700, 800 or 900 °C for 1 hour. All three samples 
exhibited single phase NdFeO3 orthoferrite with 
orthorhombic structure, Pbnm (62) space group. 

The observable peaks match well with the 
standard pattern of NdFeO3 (JCPDS: 01‑074-1473). 
When the annealing temperature increased, the 
degree of crystallinity (I, a.u), lattice cell volume 
(V, Å3) and average NdFeO3 crystal size according 
to Debye–Scherrer formula also increased 
(Table 1). 

The morphology of the material NdFeO3 
after annealing at 800 °C for 1h was studied 

by transmission electron microscopy (Fig. 2), 
showing particles with the size varying from 
20-40 nm and clear boundaries. However, the 
aggregation was significant because the attraction 
between those magnetic particles inhibited the 
scattering of the samples for TEM study.

The UV-Vis spectra at room temperature 
of the NdFeO3 materials annealed at different 
temperatures (700, 800 or 900 °C for 1h) show 
strong absorption in the UV (~ 200-400 nm) and 
visible regions (~ 400-600 nm) (Fig. 3a). In the UV 
range, the absorption of the materials tends to 
decrease when rising the annealing temperature 
(increment of crystal size). However, there were 
no remarkable variations in the absorption in 

Fig. 1. XRD patterns of NdFeO3 formed at 700, 800 and 900 °С for 1h
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the visible region for NdFeO3 nanomaterials with 
different annealing temperature, thus showing 
the stability of the absorption of the materials 
at the wave length of l ~ 750 nm. This can be 
originated from the minor amount of NdFeO3 
hexagonal phase (h-NdFeO3) which has very 
indistinguishable PXRD peaks from those of 
orthorhombic phase (o-NdFeO3). The increase 
in the absorption of the hexagonal phase in the 
visible region was also reported previously for 
the materials containing the o-YbFeO3/h-YbFeO3 
mixture [26]. The existence of o-NdFeO3 and 
h-NdFeO3 in the samples is in good consistence 
with the band gap values (Eg, eV) showing in 
Fig. 3b. The band gap of NdFeO3 nanomaterials 
varied from 2.2 eV to 2.5 eV (Table 2), remarkably 
lower than that of NdFeO3 orthoferrite in earlier 
work [26] with Eg = 4.3 eV and HoFeO3 with 
Eg = 3.39 eV) [11] prepared by solid-state reaction 
method. The Eg value of NdFeO3 nanomaterials in 
this work is comparable with HoFeO3 orthoferrite 
(Eg = 2.1–2.6 eV) in our previous study [22]. 
This low band gap of NdFeO3 nanomaterials is 

favorable for the application as photocatalysts 
to decompose toxic organic substances for 
environmental remediation [6–7, 21, 27].

From the M-H curves at room temperature 
(300 K) of the YFeO3 samples annealed at 700, 
800 and 900 °C, saturation magnetization 

Fig. 2. TEM image of the NdFeO3 nanoparticles an-
nealed at 800 °C for 1 h

Fig. 3. (A) Room-temperature optical absorbance spectrum of the NdFeO3 samples; (B) Tauc plot of (Ahv)2 as 
a function of photon energy for NdFeO3 nanoparticles annealed at 700, 800 and 900 °C for 1 h

Table 1. Structural characteristics of crystalline NdFeO3 nanoparticles annealed at 700, 800 and 900 °C 
for 1 h

NdFeO3 I, (a.u.) d, (Å) D, (nm)
Lattice constants, (Å)

V, Å3

 a b c
700 °C 120.29 2.75320 24.41 5.4417 5.6747 7.7727 240.02
800 °C 157.82 2.75322 25.37 5.4522 5.6827 7.7967 241.57
900 °C 269.33 2.75210 29.13 5.4573 5.6963 7.8154 242.95
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(Ms) continued increasing in the magnetic 
field H = ± 20000 Oe (the saturation was not 
reached). When the annealing temperature 
increased, the coercivity (Hc, Oe) and remanent 
magnetization (Mr, emu·g–1) decreased, while he 
saturation magnetization (Ms, emu·g–1) increased 
(Table  2). As the annealing temperature rose, 
the crystallinity of the materials also increased, 
the crystals became more stable, and thus the 
crystal anisotropy decrease, resulting in a drop 
in the value of Mr and Hc and an increment in Ms 
[28–29]. With a high coercivity (Hc >> 100 Oe), 
the obtained NdFeO3 orthoferrite nanomaterials 
can be classified as hard magnetic materials that 
can be applied for the manufacture of permanent 
magnet or magnetic tape.

4. Conclusions
NdFeO 3 orthoferr i te  nanomater ia ls 

were successfully synthesized by simple co-
precipitation method via the hydrolysis of 
neodymium (III) and iron (III) cations in boiling 
water. Single-phase NdFeO3 can be obtained after 
annealing the precursor at 700, 800 or 900 °C for 
1h, having the crystal size of 25–30 nm, particle 
size of 20–40 nm and lattice cell volume of 240–
243 Å3. The synthesized NdFeO3 nanomaterials 
exhibited low band gap value (2.2–2.5 eV), and 
hard magnetic properties with high coercivity 
(Hc >> 100 Oe), thus have great potential in 
photocatalysis for the decomposition of toxic 
organic waste and can be recovered easily by rare-
earth magnetics.
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Abstract 
The deposition of calcium fluoride nanoparticles on single crystal chips of calcium fluoride was studied. CaF2 nanoparticles 
were synthesized by co-precipitation from aqueous nitrate solutions using hydrofluoric acid as a fluorinating agent at a 
batch system. The prepared samples were examined by atomic force microscopy, scanning electron microscopy, transmission 
electron microscopy and optical transmission. There is an inhomogeneous coating of the substrate surface with submicron 
particles of about 100–150 nm in size, which are clusters of nanoparticles of 15-20 nm in size. The initial nanoparticles 
coherently grow on the surface of the crystal substrate. Heat treatment of the substrate-deposited layer composite at 600 °C 
leads to the coalescence of submicron particles and the formation of a porous layer of a complex structure. 
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1. Introduction 
In recent years, a paradigm change (correction) 

has taken place in the science of crystal growth: 
the totality of experimental data reliably indicates 
that in many cases the growth of crystals in 
laboratories, in industry, in nature, including in 
living organisms, is not carried out by attaching 
of atoms or ions from the environmental 
medium to the surface of a growing crystal, it 
proceeds by the oriented attachment of nano‑, 
micro-, or volumetric particles [1–3]. Research 
on nonclassical crystal growth by the oriented 
attachment of particles is a “hot topic” of modern 
materials science [4–14]. 

One of the main scenarios for nonclassical 
growth consists of the oriented attachment of 
small crystalline particles to the surface of a large 
crystal [15]. The consideration of the possibility 
of creating surface crystalline layers on a single-
crystal substrate in this way is promising.

The aim of this study was the investigation of 
the deposition of calcium fluoride nanoparticles 
on chips of calcium fluoride single crystals. The 
design of experiments was similar to the classic 
experiment of Shaskolskaya and Shubnikov in 
1933 [2, 16] (deposition of small alum crystals 
on the face of a large alum crystal) with a change 
in the crystallized substance (calcium fluoride is 
practically insoluble in water, unlike alum) and 
particle scale. 

2. Experimental 
High-purity fluorite single crystals (Hellma, 

Germany) were split by cleavage by a specially 
designed manual guillotine [17]. The chip 
orientation {111} corresponded to the exit of the 
third-order symmetry axis. The thickness of the 

plates was about 2 mm. Atomic force microscopy 
showed that the surface is atomically smooth and 
contains steps (Fig. 1).

CaF2 nanoparticles were synthesized by 
coprecipitation from aqueous solutions [18] in 
the batch system. The main parts of the synthesis 
system were: a polypropylene reactor, a magnetic 
stirrer, and feed dispensers for initial substances. 
Hydrofluoric acid was used as a fluorinating agent. 
Calcium nitrate Ca(NO3)2·4H2O (LANHIT, Russia, 
99.99 wt. %), neodymium nitrate Nd(NO3)3·6H2O 
(LANHIT, Russia, 99.99 wt. %), hydrofluoric 
acid (extra pure grade 27-5) were used as initial 
substances. Precipitation at room temperature 
was carried out by the dropwise addition of 
a calcium nitrate solution (CN = 0.5 M) into a 
solution of hydrofluoric acid (Сf = 5 М) with 
vigorous stirring with a magnetic stirrer. The 
colloidal solution was formed as a result of a 
chemical reaction. The precipitate formed from 
colloidal solution and then was washed with 
bidistilled water. 

The high specific electrical conductivity of 
colloidal solutions, which is ~ 3 mS/cm, makes 
it impossible to experimentally determine their 
zeta potentials. 

A single crystal plate of calcium fluoride was 
placed horizontally and completely immersed 
in a colloidal solution (mother solution or wash 
water with a precipitated reaction product). The 
plates were placed in the solution one by one: for 
1 hour directly during the synthesis process, for 
a day after the end of precipitation, for 14 days 
after twice washing the precipitate from the 
mother solution with bidistilled water. Washes 
were carried out until the diphenylamine reaction 
to nitrate ions was negative. 

Fig. 1. AFM images of sample No. 1 (a) – precipitation, 1 hour, No. 4 (b, c) – precipitation from the mother 
solution, exposure for 1 day. A step in the chip is visible on the substrate surface
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The obtained samples were investigated 
by atomic force microscopy (AFM), scanning 
electron microscopy (SEM), transmission electron 
microscopy (TEM), and optical transmission. 

Surface relief of CaF2 single crystal with 
deposited nanoparticles was studied using AFM. 
Measurements were carried out using a scanning 
probe microscope Ntegra Prima (NT-MDT 
Spectrum Instruments, Russia) in tapping mode. 
The silicon cantilevers used (Tipsnano, Estonia) 
are characterised by the following parameters: 
resonant frequency f  ~  37  kHz, tip radius R ~ 
10 nm and stiffness constant k ~ 0.65 N/m. All 
experiments on the study of the surface of the 
samples were carried out under the controlled 
conditions of the TRACKPORE ROOM-05 
measuring complex (class 5 ISO (100), humidity 
40 rel. % ± 1% and temperature 24 ± 0.05 °C).

For scanning electron microscopy (SEM) and 
energy dispersive X-ray spectroscopy (EDX), a 
Carl Zeiss NVision 40 electron microscope (Zeiss, 
Germany) was used in a high vacuum mode at 
an accelerating voltage of 20 kV (LaB6 cathode). 
Images were formed with a backscattered electron 
detector (BSE) and a secondary electron detector 
(SE).

For structural studies, a high-resolution JEM 
2100 transmission electron microscope (JEOL, 
Japan) was used. The JEM 2100 microscope has 
a spatial resolution of 2.3 Å (point-to-point) and 
1.4 Å (lines), a maximum accelerating voltage of 
200 kV. The LaB6 cathode was used as a source 
of electrons. When obtaining a high-resolution 
image, an objective lens diaphragm with the 
diameter of 40 μm was used, which allowed passing 
a sufficient number of diffracted beams through 
the optical system of the microscope. For spatial 
coherence, a condenser lens diaphragm with a 
diameter of 50 μm was used. The average beam 
diameter for obtaining images was approximately 
100 nm (3 Spot size). Survey images were obtained 
at low magnifications (5,000–20,000). For a more 
detailed study of the structure and observation of 
traces of atomic planes, a direct magnification of 
400,000–600,000 was used. 

For the investigation of particles on a 
substrate, samples were prepared in cross 
section. In order to cut the workpiece from the 
starting material, ultrasonic cutting was used; 
the cutting tool was an empty tube with an inner 

diameter of 3 mm. Cutting was carried out by 
excitation of the lead zirconate titanate (PZT) 
crystals at 26 kHz. The cutting medium was a 
boron carbide abrasive suspension. Ion etching 
was performed using a PIPS II system (Precision 
Ion Polishing System, Gatan) at an accelerating 
voltage of 3 keV.

The optical transmission of fluorite single 
crystals, both pure and deposited by layers, was 
investigated in the IR and terahertz ranges. 
Measurements were performed using a Bruker 
IFS113v (IR FT) Fourier spectrometer and a 
time-domain spectrometer (TDS) described 
in [19]. Transmission spectra were obtained 
in the transparency regions of the material in 
the THz and mid-IR ranges. In the region of 
high absorption, the reflectance spectra were 
measured. Reflection spectra were normalized 
versus a silver mirror reference with a radiation 
incidence angle of not higher than 6°. All 
measurements were performed at a temperature 
of 20 °C. The resolution in IR range was 2 cm1, in 
the THz range – 0.2 cm1.

3. Results and discussion 
Typical AFM data are shown in Figs. 1–3. They 

slightly varied from experiment to experiment. 
In general, an inhomogeneous coating of the 
substrate surface with submicron particles 
with a size of about 100–150 nm was observed. 
Particle faceting was not revealed by AFM. The 
observed pattern is similar to the agglomeration 
of particles in samples of natural silicites, 
specifically samples of flints and chalcedony [20]. 

For a sample prepared by deposition with 
exposure time of 1 h (sample No. 1, Fig. 1a), 
formations with a size of 40–150 nm were 
characteristic. When the time of exposure 
in mother solution was increased up to 24 h 
(sample No. 4), a significant increase in the size 
of the formations (70–150 nm) was not observed, 
however, the general compaction of agglomerates 
and clearer boundaries between individual 
formations were noted. 

In clusters of particles, agglomerated 
triangular formations corresponding to the 
symmetry of the substrate of micron sizes were 
visible (Fig. 2). SEM data were more informative 
(Fig. 3). These data allowed visualization of initial 
small (about 15–20 nm) faceted nanoparticles 
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located on the substrate and mutually oriented. 
Submicron formations had clusters of these 
nanoparticles.

Transmission electron microscopy data 
(Fig. 4) indicated a coherent growth of fluorite 
nanoparticles precipitated on a single-crystal 
substrate. The crystallographic planes of the 
particles, precipitated on fluorite single crystal 
had a continuation into the substrate. In addition, 
the particles of the second deposition layer also 
retained their orientation relative to the particles 
of the first layer.

These results confirm the data of the classical 
experiment of Shubnikov and Shaskolskaya [2, 16] 
on the oriented growth of small particles during 
their deposition on the surface of a large crystal.

The optical transmission spectrum of a 
fluorite plate with deposited fluorite particles 
contains absorption lines in the regions of 
1450–1730 and 2850–2930 cm–1 corresponding 
to vibrations of water molecules and hydroxyl 
species (Fig. 5). This is natural, since adsorbed 
water forms tightly bound layers on the surface of 

fluorite nanoparticles prepared by precipitation 
from an aqueous solution. 

The heat treatment of a fluorite single crystal 
substrate with a precipitated layer of CaF2 at 
600 оС was performed. Atomic force microscopy 
images of the formed layers are shown in Fig. 6. 
As expected, the attachment growth of the initial 
particles deposited on the substrate surface with 

Fig. 3. Atomic force (left shot) and scanning electron microscopes (right shot) images. Sample No. 6, mother 
solution, exposure for 1 day

Fig. 2. AFM image of sample No. 7, precipitation from the washing solution, exposure for 2 weeks

Fig. 4. TEM micrograph, sample No. 1, series “a”
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the formation of a single continuous agglomerate 
of complex topology was observed. The formation 
of the layer did not finish. The profile of the layer 
is complex, with strong height differences at the 
level of 10–30 nm (Fig. 6c). 

4. Conclusions 
T h u s ,  t h e  d e p o s i t i o n  o f  f l u o r i t e 

nanoparticles on the surface of a CaF2 single 
crystal is oriented with a coherent attachment 
growth to the surface of the single crystal 
(Fig. 4). However, the formation of associates 

of nanoparticles in the initial colloidal 
solution promotes the chaotic deposition of 
submicron particles on the substrate surface 
(Figs. 1–3). The structure formed during the 
deposition process after heat treatment creates 
a nanoarchitecture of complex topology. This 
circumstance prevents the formation of a 
homogeneous monolithic film suitable for 
use in photonics on the surface of a single-
crystalline substrate. However, this structure 
of the deposited film can be attractive, for 
example, for the creation of catalysts.

Fig. 6. AFM image of the surface of sample No. 7 annealed at 600 ° C for 1 hour (a, b) and the profile of the 
formed surface (c)

Fig. 5. Optical transmission and reflection of a fluorite plate with deposited nanoparticles in the visible, IR 
and THz ranges
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Abstract 
New metal-polymer nanocomposites for deep water deoxygenation have been obtained and studied. A macro- and 
monoporous sulphocation exchanger with a nanometer pore size was used as the polymer matrix, and the metal was 
nanodispersed copper deposited in the pores of the matrix. A specific feature of the studied nanocomposites is their sodium 
ionic form, which eliminates the possibility of the formation of soluble copper oxidation products. The established linear 
dependence of the copper capacity on the number of cycles of ion-exchange saturation - chemical deposition shows that 
the process of metal deposition into the pores of the matrix does not have significant obstacles during 10 cycles and 
contributes to the production of high-capacity samples. 
The high efficiency and duration of the life cycle of high-capacity copper ion exchanger nanocomposites have been shown. 
Experimental studies of water deoxygenation in column-type apparatus with a nanocomposite nozzle were confirmed by 
a theoretical analysis of the process dynamics. Experimental data and theoretical calculations showed the deep level of 
water deoxygenation had practically unchanged values of pH and electrical conductivity. Residual oxygen can be controlled 
and does not exceed 3 μg/l (ppb).
The hygienic and economic substantiation of the expediency of using the obtained nanocomposites is provided. The 
necessity of using modern nanocomposite metal-polymer materials for deep water deoxygenation circulating in technological 
systems was analysed. When using this innovation, the metal components of the distribution facilities will be protected 
from corrosion and, therefore, the hygienic requirements for the water quality of centralised drinking water supply systems 
will be ensured. Deep chemical water deoxygenation using copper ion-exchange polymer nanocomposites in sodium form 
allows solving the problem of the corrosion resistance of metals, ensuring that water meets hygienic requirements on a 
large scale. 
The competitive advantage of the considered water deoxygenation system in comparison with the known systems is the 
rejection of the use of precious metals-catalysts (palladium, platinum), pure hydrogen, and complex design solutions. The 
proposed new nanocomposite installation for water deoxygenation is characterised by its ease of use and can be built into 
a filter system for water purification.
SWOT analysis of the advantages and disadvantages of the proposed method of water deoxygenation showed that its main 
advantages are the high oxygen capacity of the nanocomposite, low residual oxygen content (3 ppb (μg/l)) in the water, 
and ease of operation of the deoxygenator. Calculations of the economic efficiency of the nanocomposite have been carried 
out. The breakeven point is reached when producing only ~100 l of nanocomposite and a volume of sales ~1,600,000 roubles, 
above which a profit can be obtained. The payback period for an investment of ~15,000,000 roubles is rather short and will 
not exceed 2 years.
Keywords: Metal-polymer nanocomposites, Water deoxygenation, Hygiene requirements, Economic efficiency
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1. Introduction 
The content of molecular oxygen in water 

to the level required for modern technological 
processes can be reduced, using traditional 
methods of deoxygenation: physical, chemical, 
electrochemical and sorption. It seems expedient 
to develop and introduce into the practice of 
water treatment an innovative method of deep 
water deoxygenation using new nanocomposite 
metal-polymer materials and evaluate their 
hygienic and economic efficiency. The proposed 
approach to water deoxygenation is based on 
the reduction of oxygen by nanoparticles of 
reactive metals deposited in porous ion-exchange 
matrices, with the retention of oxidation products 
in them. 

Metal-polymer nanocomposites are three-
dimensional polymer chains of highly porous 
materials, consisting of a polymer framework, 
metal nanoparticles, and, as a rule, fixed ionogenic 
groups and counterions. It is preferable to use 
macroporous structures with pore sizes up to 100 
nm. In macropores, metal nanoparticles (about 
10–30 nm) occupy separate areas, localizing 
near ionogenic groups on the walls and in the 
volume of macropores. Ion exchange is reversible, 
due to which multiple depositions of metal into 
nanopores is possible [1–4]. The size of the metal 
particles can be controlled [5]. Nanocomposite 
materials, the outer and inner surfaces of which 
are open to highly efficient sorption, chemical, 
and electrochemical processes are obtained 
[6–10]. The metal in the ion-exchange matrix 
can be in the form of highly dispersed particles 
(usually, nanoparticles) in a zero-valent state or 
be a part of oxides, poorly soluble hydroxides, 
simple and complex salts, fixed in a polymer 
matrix. Due to the fact that metal-ion exchanger 
nanocomposites are capable of simultaneously 
electron (redox) and ion exchange reactions, they 
are called electron ion exchangers and belong to 
the class of redoxites.

Nanocomposite materials based on polymer 
matrices and precious metals allow reducing the 

oxygen content in water to the level required for 
modern technological processes. The achieved 
high level of control over the properties of 
nanoparticles synthesised in various matrices 
clearly indicates good prospects for the use of 
nanocomposite materials in solving the problem 
of the deep removal of oxygen from water [11–15]. 
However, unlike noble metals and pure hydrogen 
used for these purposes, reactive metals (copper, 
iron, etc.) in ion-exchange matrices can be more 
widespread for water deoxygenation [16–18]. 

The aim of this study was the production of 
new copper-ion exchange nanocomposites (NC) 
and the investigation of these NCs for deep water 
deoxygenation, including the substantiation of 
the feasibility of their use from a hygienic and 
economic perspective.

2. Experimental 
In order to achieve this aim, metal (Cu°) – 

sulphocation exchanger (Lewatit K2620) 
nanocomposites were used. The determination 
of the content of the metal component was 
carried out using complexometric titration, the 
size of metal particles was investigated using 
scanning electron microscopy (SEM) and X-ray 
diffraction analysis (XRD), and the composition 
of grains was determined using energy dispersive 
X-ray spectroscopy (EDS). The dynamics of 
water deoxygenation by granular layers of 
nanocomposites was studied. 

The Lewatit K2620 (Germany) sulphocation 
exchanger, which is a strongly acidic macroporous 
resin based on cross-linked polystyrene with a 
spherical shape of granules, containing sulfonic 
acids, served as an ion-exchange matrix for the 
preparation of metal-containing NC [19]. It is 
characterised by its monoporosity. The pore size 
is strictly fixed (41 nm). The high ion exchange 
capacity (1.86 meq/cm3) and the optimal grain 
radius (0.028 cm) promoted the deposition 
of metal nanoparticles and the conduction of 
target process. The high degree of crosslinking 
in combination with the compact structure of the 
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granule ensured the chemical and mechanical 
stability of this material. Metal-containing 
nanocomposites based on the Lewatit K2620 have 
a significant adjustable metal capacity.

The synthesis of NC containing dispersed 
copper can be considered as being the process 
of ion-exchange saturation of fixed polymer 
groups with copper from a solution followed by its 
chemical reduction [7]. A feature of the synthesis 
in comparison with [20] is the production of NC 
in the sodium form ensuring the formation of 
oxide products of copper oxidation with oxygen 
in the future

2 23
2

3 2
2[R SO ]H Cu [R SO ] Cu H ,- + Æ - +- + + - + +  	  (1)

[R SO ] Cu [R SO Na ] Cu .Red OH- æ Ææææ - ◊- + + - +-

3 2
2

3 2
0 	 (2)

The number of processing cycles regulates the 
amount of metallic copper in the ion exchanger 
(from 1 to 10 and more meq/cm3). 

The capacities for metallic copper, the size of 
copper particles, and the elemental composition 
of NC were determined. Metal capacity is the 
main parameter determining the quantitative 
content of metal in a nanocomposite. In order 
to determine the amount of copper in NC, the 
metal was transferred to a soluble state and then 
its concentration in the solution was analysed. 

The particle size of the dispersed metal was 
determined by X-ray phase analysis and using 
a JSM 6380LV scanning electron microscope 
(Japan). For X-ray analysis, copper-containing 
nanocomposite granules (1 cm3) was placed 
in a metal cuvette. In the studied range of 
diffraction angles, the polymer matrix did not 
increase the background of X-ray patterns and 
did not produce its own peaks. X-ray diffraction 
patterns were obtained using a Thermo ARL 
X-TRA diffractometer (Switzerland) with 
MoKa‑radiation, in the range of angles 2q = 15–
40º in scan mode by points with a step of 0.05º 
and an accumulation time of 3 seconds. Copper 
powder was used as a reference. 

Scanning electron microscopy (SEM) is one of 
the most widely used methods for the diagnostics 
of nanomaterials and nanostructures. SEM is 
a method for analysing the surface structure 
of micro-objects, based on the interaction of 
an electron beam with compound, designed 
for obtaining an image of the surface of an 

object with a high spatial resolution (several 
nanometers), providing information about the 
composition, structure and some other properties 
of near-surface layers. 

The determination of the elemental 
composition of the sample was carried out 
using energy dispersive analysis. The method 
is based on the registration of characteristic 
X-ray radiation excited by an electron beam. The 
samples for the energy dispersive analysis were 
grain sections prepared for SEM. The spectra were 
recorded using an INCA Energy-250 scanning 
electron microscope attachment (Great Britain).

For the investigation of the dynamics of 
oxygen uptake, the installation was designed 
(Fig. 1), consisting of a direct-flow column 1 filled 
with a layer of granular nanocomposite 2, through 
which water with an oxygen concentration 
equal to atmospheric concentration was passed. 
This was achieved by a long preliminary and 
simultaneous (during the experiment) aeration of 
the water layer at the inlet. The flow rate of a of 
the molecular oxygen solution in distilled water 
was controlled by a flow meter 6.

The concentration of the oxidant was recorded 
with an AKPM-01 oxygen analyser (Russia), which 
was protected from external electromagnetic fields 

Fig. 1. Diagram of the installation for studying the 
dynamics of oxygen absorption by the NC layer: 1 - 
column, 2 – granular layer, 3 - oxygen meter, 4 - mag-
netic stirrer, 5 - adjustable tap, 6 - water flow meter

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2021;23(4): 614–625

T. E. Fertikova et al.	 New nanocomposites for deep water deoxygenation



617

by a metal mesh. The maximum permissible error of 
the analyser in the concentration range of 0–2,000 
μg/l and 2–20 mg/l, is ±(2.5+0.025*A) and ±0.025*A, 
respectively, where A is the readings of the oxygen 
meter in the selected unit of measurement. 
Oxygen meter sensor 3 was hermetically attached 
to a vessel, the water in which was stirred with a 
magnetic stirrer 4, which allowed to consider it as 
an ideal mixing reactor. The individual elements 
of the installation were interconnected with 
polypropylene hoses, which minimised the passage 
of oxygen into the system. After the deoxygenating 
column, a mixed-bed polisher (MBP) was installed, 
which trapped impurity particles that could be 
washed out by passing water. All experiments 
were carried out at room temperature and under 
atmospheric pressure.

Simultaneously with the registration of the 
dynamic output curves of oxygen absorption, 
the pH and electrical conductivity of the filtered 
water were monitored. The pH value of water 
was determined using an ANION-4100 ionomer 
(Russia). An aqueous sample with a volume 
of 5 μL for spectral analysis was taken with 
a micropipette. The values of the electrical 
conductivity of water were recorded using a Сond 
7110 conductometer (Germany). All solutions 
were prepared using distilled water with a specific 
electronic conductivity of 5·10–4 S/m at 20 ºC.

3. Results and discussion 

3.1. Physical and chemical properties of 
synthesised Cu°·Lewatit K2620 nanocomposites 

Cu°·Lewatit K2620(Na+) nanocomposites 
with varying copper content were obtained. The 
dependence of the NC capacity for copper on the 
number of deposition cycles was obtained (Fig. 2). 
The capacity increased linearly with the number 
of fittings. From the linear dependence, it follows 
that the process of deposition of metallic copper 
into the pores of NC did not have significant 
obstacles during 10 deposition cycles.

The rather small particle sizes calculated 
from the XRD results allowed us to conclude that 
the globules revealed on SEM micrographs were 
associates with a size of 100-200 nm, consisting 
of smaller structures with a size of about 10-30 
nm. According to the data of energy dispersive 
analysis, it was found that the obtained NC 
with a capacity for copper of 9.80±0.01 meq/cm3 

contained ~18 wt% of copper with predominant 
localization in the near-surface parts of the grain 
(Table 1).

Thus, Cu°·Lewatit K2620(Na+) nanocomposi
tes with a high capacity for the metal component 
were obtained and characterised.

3.2. Chemical water deoxygenation
The process of chemical water deoxygenation 

was investigated. The experiment was carried out 
in two column-type deoxygenators connected 
in series (Fig. 1) for 150 h. The dimensions of 
the first deoxygenator were determined by the 
need to fix the changing digital values on the 
oxygen sensor for recording of data over time. 
The height of the first column was L = 42·10–2 m, 
section S  =  1.2·10–4  m2, the capacity of the NC 
was e

Cu0
 = 6.68±0.08 meq/cm3 with the number 

of deposition cycles N = 7. Water saturated 
with atmospheric oxygen was supplied to the 
deoxygenating unit at a rate u = 0.33 cm/s, which 
was regulated by a pump. The volumetric flow rate 

Fig. 2. Dependence of the capacity e of the Cu°·Lewa-
tit K2620 nanocomposite on the number of N deposi-
tion cycles

Table 1. The elemental composition of the 
nanocomposite Cu°·Lewatit K2620 (Na+) with a 
capacity of 9.80±0.01 meq/cm3 depending on the 
radial distribution over the grain R/R0, R0 is the 
grain radius

Ele
ment

Weight % Average
weight %R/R0 = 0 R/R0 = 0.5 R/R0 = 1

Cu 5.13 13.97 34.09 17.73±16.79
C 38.06 35.57 37.87 37.17±1.57
O 17.55 14.46 11.69 14.63±3.32

Na 7.14 5.65 3.36 5.38±2.15
S 8.68 6.94 4.05 6.56±2.65
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was accordingly u = 0.40 cm3/s (1.43·10-3 m3/h). 
The water passing through the first deoxygenator 
entered the second deoxygenator, which further 
purified the water at the outlet. The total height 
of this filter was L = 28.5·10–2 m, filter section 
S = 6.83·10–4 m2, water flow rate u = 0.058 cm/s, 
the volumetric flow rate, respectively, was u = 
0.40 cm3/s (1.43·10-3 m3/h), the capacity of the 
nanocomposite was e

Cu0
 = 9.38±0.01 meq/cm3 

with the number of deposition cycles N = 10. 
The results are presented in Table 2. As can 

be seen, the oxygen concentration in the water at 
the outlet of the first deoxygenator significantly 
decreased from 4 - 6 mg/l to 0.1 - 0.3 mg/l and after 
the second filter reached 0.00 mg/l with practically 
unchanged pH and electrical conductivity of 
water. Fluctuations in concentration (Fig. 3) were 
most likely caused by periodic stoppages of the 
experiment and the associated suction of oxygen 

through the connecting hoses. The amount of 
absorbed oxygen naturally increased with time 
in both deoxygenators. 

The theoretical analysis of the dynamics 
of oxygen uptake on the first and second 
deoxygenators was carried out using a software 
product (Mathcad), based on a mathematical 
model of external and internal diffusion and 
a staged oxidation reaction [21]. The data 
used for the calculation are shown in Table 
3. The theoretical dependence of the relative 
concentration of oxygen in water at the outlet 
of the 1st deoxygenator is shown in Fig. 4. 
The dependence shows after what time of the 
experiment the oxygen concentration will 
decrease from C0  =  5.0  mg/l to С1 = 0.3 mg/l 
and will reach Сlim = С1/С0 = 0.06. The service 
life of the first deoxygenator was 152 h, which 
is consistent with the experiment and allows 
theoretical estimates of a longer life cycle of the 
nanocomposite in the second deoxygenator.Table 2. Experimental data on the reduction of 

oxygen dissolved in water at the outlet of the first 
and second deoxygenators with granular layers of 
Cu0Lewatit (Na+) nanocomposite

Time,  
h

O
2 c

on
ce

nt
ra

ti
on

 in
 th

e 
w

at
er

 a
t t

he
 in

le
t С

0, 
m

g/
l

O
2 c

on
ce

nt
ra

ti
on

 in
 th

e 
w

at
er

 a
ft

er
 th

e 
fir

st
 la

ye
r

С
1, 

m
g/

l
O

2 c
on

ce
nt

ra
ti

on
 in

 th
e 

w
at

er
 a

ft
er

 th
e 

se
co

nd
 

la
ye

r С
2, 

m
g/

l

W
at

er
 p

H
 a

t o
ut

le
t

W
at

er
 c

on
du

ct
iv

it
y 

at
 th

e 
ou

tl
et

 æ
,  

m
S/

cm

0 4.22 3.22 4.60 6.9 1.9
5 4.66 0.08 0.12 7.1 2.2

10 4.70 0.08 0.06 7.7 2.3
15 4.70 0.17 0.00 7.6 1.7
20 4.82 0.08 0.00 7.4 1.8
30 4.88 0.30 0.01 7.0 2.2
40 4.78 0.09 0.03 7.4 1.9
50 4.68 0.19 0.08 7.1 1.7
60 4.80 0.34 0.03 6.8 1.7
70 5.19 0.23 0.03 6.7 1.8
80 5.43 0.43 0.00 7.0 2.0
90 5.53 0.17 0.01 7.1 2.1

100 5.55 0.05 0.03 6.9 2.0
110 5.31 0.47 0.00 7.1 2.5
120 5.76 0.09 0.00 7.3 2.3
130 5.77 0.67 0.00 7.2 2.2
140 5.80 0.66 0.00 7.0 2.0
150 5.75 0.51 0.00 7.1 2.1

Fig. 3. Kinetic dependences of the relative oxygen 
concentration at the outlet after the first deoxygenator 
С1/С0 (a), after the second deoxygenator С2/С0 (b), the 
amount of Q (c) absorbed oxygen from the water after 
the first (1) and second (2) deoxygenators
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parameters, the water flow rate, and also the 
higher capacity of the NR for copper, the second 
deoxygenator gives a low oxygen concentration 
(up to 0.003 mg/l) for a significant period of 
operation (1,258 h).

The main result achieved (Table 4) indicates 
that the first deoxygenator deoxygenates water 
by 94% within 152 h. Then the concentration in it 
will increase and will soon reach the initial one, 
i.e. the first deoxygenator will stop deoxygenating 
the water, and the entire load will be on the 
second deoxygenator, the operating time of which 
will be ~ 1,260 h and can be adjusted by the size 
of the column commensurate with the wear of all 
filters in the purification system. The degree of 
deoxygenation will be 99.99%, residual oxygen 
will be 0.003 mg/l (3 ppb).

A copper-ion-exchange nanocomposite was 
used in the sodium ionic form, in which the 
process of oxygen absorption occurs to solid-
phase oxides of mono- and bivalent copper, which 
is clearly recorded on the cuts of NC grains. The 
processes take place along sequential routes 
without the participation of sodium counterions

Table 3. Technological characteristics of the water 
deoxygenation plant 

Chemical deoxygenator No. 1
1. Grain layer height L, m 0.42
2. Sectional area of the layer S, m2 1.2·10–4

3. The radius of the nanocomposite grains 
R0, m

2.8·10–4

4. Loading volume of nanocomposite in one 
column, m3

50.4·10–6

5. Grain filling ratio of the column, c 0.70
6. Ion-exchange capacity of NC for 
hydrogen per bulk volume, meq/cm3

1.86

7. Capacity eCu0 for copper per bulk volume, 
meq/cm3 (mol/l)

6.68±0.08
(1.67)

8. Water flow rate l/h (cm/s) 1.43 (0.33)
9. Oxygen concentration in water at the 
inlet to the first deoxygenator C0, mg/l 
(mol/l) 

5.01±0.39
(1.56·10–4)

10. Oxygen concentration in water at the 
outlet of the first deoxygenator C(L), mg/l 
(mol/l) 

0.30
(0.9·10–5)

11. Deoxygenator service life, theoretically 
calculated, h

126

Chemical deoxygenator No. 2
1. Grain layer height L, m 0.285
2. Sectional area of the layer S, m2 6.83·10–4

3. The radius of the nanocomposite grains 
R0, m

2.8·10–4

4. Loading volume of nanocomposite in one 
column, m3

198·10–6

5. Grain filling ratio of the column, c 0.70
6. Ion-exchange capacity of NC for 
hydrogen per bulk volume, meq/cm3

1.86

7. Capacity eCu0 for copper per bulk volume, 
meq/cm3 (mol/l)

1.43 
(0.058)

8. Water flow rate l/h (cm/s) 9.38±0.01
(2.37)

9. Oxygen concentration in water at the 
inlet to the first deoxygenator C0, mg/l 
(mol/l) 

5.01±0.39
(1.56·10–4)

10. Oxygen concentration in water at the 
outlet of the first deoxygenator C(L), mg/l 
(mol/l) 

0.003
(0.9·10–7)

11. Deoxygenator service life, theoretically 
calculated, h

1258

Fig. 4. Theoretical dependence on the time of the 
relative concentration С/С0 of oxygen dissolved in 
water at the outlet of the 1st deoxygenator

Fig. 5. Theoretical dependence on the time of the 
relative concentration С/С0 of oxygen dissolved in 
water at the outlet of the 2nd deoxygenator
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The theoretical dependence of the relative 
concentration of oxygen in water at the outlet 
from the second deoxygenator is shown in Fig. 5. 
The dependence shows after what time of the 
experiment the oxygen concentration will change 
from C0 = 5.0 mg/l to С1 = 0.003 mg/l and will reach 
Сlim = С2/С0 = 0.0006. Since the operating time of 
the first deoxygenator is relatively short, after 
152 h only the second deoxygenator remained in 
operation. However, due to the different column 
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shows the path of chemical water deoxygenation 
due to the oxidation of copper nanoparticles 
deposited in the pores of the ion-exchange matrix 
in the sodium form. 

Thus, the deep removal of corrosive dissolved 
oxygen ensures that the water meets hygienic 
requirements (Appendix 1). The economic 
efficiency of the life cycle of a new nanocomposite 
material is considered in Appendix 2.

Appendix 1
Hygienic aspect

The quality of drinking water is an environmental factor 
that largely determines the health and standard of living of 
the population. Improving the quality of drinking water is 
a priority designated by the Decree of the President of the 
Russian Federation “On national objectives and strategic 
aims for the development of the Russian Federation until 
2024”. As part of the implementation of the federal project 
«Clean Water» Rospotrebnadzor in 2019 developed and 
approved Methodological Recommendations MR 2.1.4.0143-
19 «Methodology for assessing the quality improvement of 
drinking water supplied to centralised water supply systems.»

According to reports [22, 23] on the state of the sanitary 
and epidemiological well-being of the population in the 
Russian Federation and, in particular, based on the example 
of the Voronezh region, positive dynamics in water quality 
from centralised water supply sources and distribution 
facilities were noted.

The share of centralised drinking water supply sources 
in Russia that do not meet sanitary and epidemiological 
requirements decreased in 2019 compared to 2012 (the 
growth rate is –5.27%) and amounted to 14.93%. In the 
Voronezh Region, all sources of centralised drinking water 
supply met sanitary and epidemiological requirements in 
2019. The share of the population of Russia and the Voronezh 
Region provided with quality drinking water from centralised 
water supply systems was 85.5 and 88.3%, respectively.

According to data on the state of water from centralised 
water supply sources in Russia [22], the proportion of water 
samples that do not meet the requirements for sanitary 
and chemical indicators decreased during 2012–2019 from 
28.63 to 25.71% (by 2.92%), for microbiological indicators it 
decreased from 5.47 to 4.12% (by 1.35%). The share of water 
samples from the distribution facilities that do not meet the 
standards for sanitary and chemical indicators decreased 
from 16.68 to 12.38% (by 4.3%), for microbiological ones it 
decreased from 4.45 to 2.68% (by 1.77%).

As part of the implementation of the federal project 
«Clean Water» within the territory of the Voronezh Region, 
there is a state program «Provision of high-quality housing 
and communal services for the population of the Voronezh 
Region» (for the period until 2025). Water supplied to 
the population for drinking needs must meet hygienic 
requirements, which are formulated in the Sanitary Rules 
and Norms “Drinking Water. Hygienic requirements for 
the quality of water from centralised drinking water supply 
systems. Quality control” (SanPiN 2.1.4.1074-01), introduced 
in 26.09.2001. A positive trend was revealed by the analysis 
of data on the quality of drinking water from centralised 
water supply sources in the Voronezh region [23]: the 
proportion of water samples that do not meet hygienic 
requirements for sanitary and chemical indicators decreased 
from 44.4 to 36.0%, in terms of microbiological indicators 
it decreased from 2.0 to 1.6% over the period 2012-2020. In 
the distribution facilities of the centralised water supply of 
the region, the proportion of drinking water samples that 
do not meet hygienic standards in terms of sanitary and 
chemical indicators decreased from 28.0 to 12.7%, in terms 
of microbiological indicators it decreased from 1.7 to 0.8%.

Despite the positive dynamics, in the Voronezh region 
there is water of low quality due to both natural (increased 
content of iron, manganese, boron, hardness salts) and man-
made factors (anthropogenic pollution of groundwater; high 
deterioration of water supply networks). The solution to this 
problem requires environmentally oriented management 
methods; technical improvement, repair and replacement 
of treatment facilities, distribution facilities and, finally, 
introduction of more advanced innovative methods of water 
treatment, in particular, the use of nanocomposite metal-
polymer materials for deep water deoxygenation. The latter 
is very important, since dissolved oxygen contained in water 
is an impurity competing and corrosive agent, damaging 
equipment and pipelines, causing significant damage to 
metals and alloys, and reducing the quality of water supplied 
to the population [24, 25]. As a result, heavy metals such as 
iron, zinc, copper, and others appear in drinking water, which 
have a toxic effect on the human body. Iron and manganese, 
found in high concentrations in drinking water, cause allergic 
reactions, skin and subcutaneous tissue diseases, and 

Table 4. Results of laboratory tests of the deoxygenators

Deoxygenator
O2 concentra

tion at the 
inlet С0, mg/l

O2 concentra
tion at the 

outlet С, mg/l
С/С0

Experiment 
time
texp, h

Theoretically 
calculated time 
of continuous 
operation t, h

C C
C
0

0

-
,%

1 5.01±0.39 0.30 0.06 150 152 94.01
2 5.01±0.39 0.003 0.0006 150 1258 99.99
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increase the risk of blood diseases. In addition, the presence 
of molecular oxygen in water intended for the manufacture 
of pharmaceutical dosage forms is undesirable.

The result of deep deoxygenation of water achieved in 
this study using an innovative technology based on modern 
metal-ion-exchange nanocomposites provides a solution to 
these problems.

Appendix 2
Economic efficiency of the life cycle of  

a new nanocomposite material 
For the calculation of the economic efficiency of a new 

nanocomposite material, SWOT analysis was used as an 
analysis of a business in the context of a market environment. 
It consisted of a study of the advantages and disadvantages 
to the business, in addition, it determines the possibilities 
for the successful functioning of the organization under 
current and forecast market conditions [26].

After analysing the advantages and disadvantages 
(Tables 5 and 6), we can conclude that the main competitive 
advantages are:

– high oxygen content;
– low residual oxygen content (3 ppb (μg/l));
– and ease of use of the filter.
It is also necessary to create such favourable conditions 

that would allow the further development of an innovative 
project and increase its competitiveness. It is necessary to 
cope with such risks as the lack of investors (to present the 

project in a way that it will interest potential consumers). 
At the beginning of the development of the release 

of new products, the production process is characterised 
by high costs of labour, material, and other resources. 
As the number of manufactured products increases, the 
technological process is stabilised, technological and 
other shortcomings are eliminated, and production links 
are established. During this period, various technical and 
organizational measures are actively carried out, which 
reduce the destabilizing influence of factors in the process 
of the release of new products. As a result, the technically 
required values of resource consumption are established, the 
costs are gradually reduced and reach the required value at 
the level of technically justified norms.

We will calculate the cost of the material (Table 7). The 
laboratory will be able to produce 200 litres of the material 
per month. Therefore, 2,400 litres per year. The price also 
includes control of the properties of the obtained products 
and conditioning (preparation of an ion-exchange basis for 
the introduction of metal).

Property control involves the following analyses:
– analysis for the amount of copper in the sample; it 

should be performed 3 times, i.e. the total cost increases 
by 900 roubles;

– acidity analysis; it should be performed 12 times, i.e. 
the total cost will increase by 600 roubles;

– analysis for copper ions; one analysis costs 50 roubles; 
it should be performed 12 times, i.e. 600 roubles.

Table 5. Consumer advantages of the development in comparison with analogues

Property
Traps for removing oxygen 

from chromatographic 
columns (Cheminst) [27] 

Catalysts containing 
palladium (Lanxess) [28)] 

The proposed 
nanocomposite,

containing copper
The use of additional 

reagents No Requires a constant hydrogen 
supply No

Application area For chromatography only Wide range of applications Wide range of applications

Regeneration Not regenerated Not required
Regeneration is only required 

after the entire filter has 
been used up

Deoxygenation depth 1 ppb (μg/l) < 20 ppb (μg/l) 3 ppb (μg/l)
Lifetime without 

regeneration – 5 years 5 years

Table 6. Strategic planning (SWOT analysis)
Strengths and weaknesses Opportunities and threats

Strengths:
– a material that can be used for water deoxygenation 
filters has been developed;
– oxygen is removed using sorbents;
– deep cleaning, product purity, simplicity;
– high oxygen sorption capacity;
– high service life (5 years);
– ease of filter regeneration;
– high motivation for the rapid achievement of 
commercial success;
–application in many areas.

Opportunities:
– is able to deeply deoxygenate water without precious 
metals and pure hydrogen;
– it is able to retain its properties and characteristics for 
several years under a layer of water;
– creation of favourable conditions for the development of 
an innovative project;
–  increasing competitiveness.

Threats:
– financial instability (possible changes in taxation, 
inflation);
– lack of investors;
– inflexible response to the market situation;
–immunity to innovations.

Weaknesses:
– the need for regeneration of the sorbent;
– lack of funds for promotion.
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Reagents and work on treating the starting material for 
the synthesis of the filler is estimated at 550 roubles. The 
material production requires equipment - special columns 
made only to order. They can be made of clear plastic or 
glass. Two columns are required. The cost of one column is 
9,000 roubles. Their useful life is 5 years. 

The equipment is capable of producing 200 litres per 
month. In the linear method, accrual of depreciation is 
performed by equal instalments over the entire useful life 
of fixed assets. Depreciation rate (Hdep) is calculated as a 
percentage of the original (reinstatement) value of the 
property [29]: 

Hdep = (1/n) · 100% 		  (6)

where n – useful life of the equipment (months or years).
Depreciation rate: 1/(5*12) * 100% = 1.66666 %/month.
The cost of two columns is 2 * 9,000 = 18,000 roubles.
Monthly depreciation: 18,000*1.66666%/100% = 
= 300 roubles/month.
Amount for the year of depreciation: 300 * 12 = 
= 3,600 roubles/year.

Linear method:
– at the end of the 1st year: 18,000 – 3,600 = 14,400 roubles;
– at the end of the 2nd year: 14400 – 3,600 = 10,800 roubles;
– at the end of the 3rd year: 10800 – 3,600 = 7,200 roubles;
– at the end of the 4th year: 7200 – 3,600 = 3,600 roubles;
– at the end of the 5th year: 3,600 – 3,600 = 0.

The rent of premises will be also required. Cost of 
1 sq. meter is 400 roubles. The premises of 20 sq. meters 
is required. Therefore, 400 * 20 = 8,000 roubles. [30]. Two 
workers will be required. The salary of one worker is 
20,000 roubles per month. 

Social security contributions include [31)]:
– contributions to the Social Insurance Fund (2.9%) – 1,160 
roubles;
– contributions to the Pension Fund (22%) – 8,800 roubles;
– contributions to the Federal Compulsory Medical 
Insurance Fund (5.1%) - 2,040 roubles.

Total deductions for the unified social tax (UST) amount 
to 11,000 roubles. Thus, the wages of production workers are 
51,000 roubles (Table 8). 

For technical and industrial goods sold to the population, 
a surcharge of no more than 25% is applied (12,403*25/100 = 

= 3,101 roubles). Thus, the price of material for 1 litre will 
be 15,504 roubles. 

In order to sell the fillers, a small business enterprise 
in the form of IP should be registered. It will cost 3,500 
roubles. The first batch will be a trial run. Possible risks in 
the implementation of the project are equipment stoppage, 
financial crisis, and lack of funding. Potential consumers are 
companies producing equipment for water and waste water 
treatment: GIDROTECH, Bayer, Creminst, National Water 
Resources, Kontur-Aqua, and others. 

It is necessary to calculate the minimum volume of 
production at which the costs will be offset by income, and 
with the production and sale of each subsequent unit of 
production, the enterprise begins to make a profit. Therefore, 
you need to determine the breakeven point. 

200 litres will be produced per month.
Fixed costs:
– depreciation (RUB 300);
– rental of premises (8,000 roubles);
– salary (51,000 roubles);
– VAT (RUB 396,400);
– commission (190,800 roubles).
Therefore, the planned fixed costs are 646,500 roubles 

per month.
Variable costs:
– raw materials and supplies (6,596 roubles);
– quality control (2,100 roubles);
– air conditioning (550 roubles).
Therefore, the planned variable costs will be 9,246 

roubles per 1 litre (hence, 1,849,200 roubles per month).
The breakeven point in monetary terms is the minimum 

amount of income at which all costs are fully paid off [32]:

BEP
( )

* ,=
-
Zfix

B Zvar
B  		  (7)

where BEP – breakeven point; Zfix – the amount of fixed costs 
per month; Zvar – the amount of variable costs per month; 
B – revenues from sales:

BEP
( )

*

*

=
-

=

=

646500

3100800 1849200
3100800

646500

1251600
3100800 ==1601683� .roubles

This is the minimum amount of income at which all 
costs are fully paid off.

Table 7. Cost of reagents for 1 litre of NC

Reagent
Price + VAT 

(20%),
Roubles/kg

Place of purchase Required 
amount, kg

Cost of goods + customs 
duties (25%), rub.

Cation exchanger Lewatit K-2620 490 Lanxess 1 610
Cation exchanger KU-2*8 144 Vekton 0.5 79
Anionite AV-17-8 336 Vekton 0.5 185
Sulphuric acid, reagent grade 94 Vekton 1 113
Sodium hydroxide, reagent grade 180 Vekton 1,25 248
Copper sulphate pentahydrate, 
pure grade 580 Vekton 4 2552

Sodium dithionite, Germany 852 Vekton 3 2811
Total 6596
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Breakeven point in units of production:

BEP =
-
TFC
P VC

, 		  (8)

where TFC - the amount of fixed costs; VC - the variable costs 
per unit of production; R - unit cost.

BEP .=
-

= =
646500

15504 9246

646500

6258
103 l

This is the minimum amount of products at which the 
income from the sale of this product will completely cover 
all the costs of its production (Fig. 6).

The breakeven point is reached at 103 litres of products 
and sales of 1,601,683 roubles.

We will calculate the planned volume of product sales 
and profit for the month: 
Price × Volume = Variable unit costs × Volume + Fixed costs + 
+ Profit:
15,504×200 = 9,246×200 + 646,500 + Profit
3,100,800 = 1,849,200 + 646,500 + Profit
Profit = RUB 605,500 per month.
Planned sales volume = 3,100,800 roubles
Payback period = Investment / (Annual net profit + Annual 
depreciation) = 14,539,200/(605,500×12 + 3600) = 2 years, 
i.e. it has a relatively short duration.

The fact that the used nanocomposite can be regenerated 
and reintroduced into production should be taken into 
account.

4. Conclusions
New copper-ion-exchange nanocomposites 

in the sodium ionic form were obtained by ion-
exchange saturation and chemical deposition. 
These nanocomposites are characterised by a 
narrow range of sizes of base metal particles and 
capable of reducing oxygen dissolved in water 
with the formation of solid-phase oxidation 
products. The cyclic process of ion exchange 
saturation - chemical deposition leads to a linear 

dependence of the copper capacity on the number 
of cycles and allows obtaining high-capacity 
samples.

Experimental data on the dynamics of oxygen 
absorption by granular layers of columnar 
nanocomposites have been obtained. The 
correspondence of the experimental output curves 
with curves theoretically calculated according to 
the previously proposed mathematical model 
of dynamics, based on external and internal 
diffusion and a sequential chemical oxidation 
reaction, has been established. The experiment 
and calculation show the attainability of a deep 
level of water deoxygenation with practically 
unchanged pH and electrical conductivity values. 
Residual oxygen can be controlled and does not 
exceed 3 μg/l (ppb).

The hygienic and economic substantiation 
of the expediency of using the obtained 
nanocomposites is provided. Deep chemical 
water deoxygenation using copper-ion-exchange 
nanocomposites in sodium form allow solving the 
problem of the corrosion resistance of metals, 
ensuring the compliance of water with hygienic 
requirements on a large scale. 

The competitive advantage of the considered 
water deoxygenation system in comparison with 
the known systems is the rejection of the use of 
precious metals-catalysts (palladium, platinum), 
pure hydrogen, and complex design solutions. 
The proposed new nanocomposite installation for 
water deoxygenation is characterised by its ease of 
use and can be built into a filter system for water 

Table 8. Total cost of production for 1 litre of NC

Name of cost elements Price in rub.
Depreciation 1.5
Material costs 6,596
Wages of production workers with 
accruals 255

Other expenses
Premises for rent 40
Property control 2,100
Conditioning 550
Total 9,541
VAT 20% 1,982
Commission 10% 954
Total 12,477 Fig. 6. The dependence of the cost on the amount of 

nanocomposite. 1 - fixed costs, 2 - variable costs, 3 - 
total costs, 4 - income, BEP - breakeven point
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purification. The breakeven point is achieved with 
the production of ~100 litres of nanocomposite 
and a sales volume of ~1,600,000 roubles, above 
which a profit can be obtained. The payback 
period for an investment of ~15,000,000 roubles 
is rather short and will not exceed 2 years.
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We also determined the oscillation growth period and other characteristics of the process. We developed software called 
AutoWave01 with an intuitive user interface and advanced functionality for the study of self-oscillation in a thin layer of 
magnetic colloid.
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1. Introduction
Colloidal solutions of magnetic composite 

materials, later called “magnetic fluids”, were 
synthesised in the 1960s, and they still attract the 
attention of both experimenters and theorists [1, 2].

Magnetic fluids (MF) are ultradispersed 
stable colloids of ferro- or ferrimagnetic single-
domain particles dispersed in various fluids 
and exhibiting intense Brownian motion. Small 
particles of metals such as iron, cobalt, nickel, 
gadolinium, and their various ferrites and 
ferromagnetic oxides are used as the dispersed 
phase. Surfactants are used as stabilisers in order 
to prevent coagulation of the colloidal solution, 
which would be unavoidable due to magnetic 
dipole-dipole and Van der Waals interactions, 
and to avoid the subsequent particle aggregation. 
When adsorbed on the surface of microcrystalline 
dispersed particles, the surfactants form a 
protective coating, which is a kind of a structural 
mechanical barrier. The average size of the 
dispersed particles is dav ~ 10 nm, so the MFs do 
not stratify and remain homogeneous practically 
indefinitely.

Dielectric fluid-based MFs have unique 
electrical and magneto-optical properties 
related, among other things, to near-surface 
phenomena. One of these properties of the MFs is 
their ability to form dense layers at the interface 
with the electrode in an electric field. These 
layers consist of the dispersed phase particles 
with a protective coating. These layers have a 
significant effect on the macroscopic properties 
of the colloidal system. They play a major role in 
obtaining materials with defined properties. This 
phenomenon is used in the field of indicating 
instruments [3–5].

Self-organisation was observed in the 
near-electrode layer and studied, which was 
self-oscillation and its distributed analogue, 
autowaves [6].

A magnetic fluid is a unique experimental 
medium, because the self-oscillation process can 
not only be observed and studied indefinitely 
in this medium, but it can also be controlled by 
means of the electric field. 

Mathematical modelling of the self-oscillation 
process can make it possible to determine its 
fundamental laws and describe the state of the 
process at any point in space at any point of time.

In this study, we proposed a mathematical 
model for the self-oscillation of the MF particle 
concentration. The model is based on a dynamical 
approach: the processes occurring in the system 
are defined by partial differential equations 
describing the laws of conservation of matter and 
charge. The model does not include any fitting 
parameters. The relevant chemical reactions are 
considered by its boundary conditions.

2. Experimental
For the experiment, we used a magnetic fluid 

of the magnetite in kerosene type. The volume 
concentration of the solid phase was calculated 
based on the density of the magnetic fluid. For 
the MF with a density of r =1 14. �kg/m3, the 
concentration of the solid phase was 3.4 vol%. The 
volume concentration of magnetite was calculated 
from the density values of the magnetic fluid, the 
dispersion medium (kerosene), and the dispersed 
phase (magnetite) by the formula:

j
r r
r rT
MF O

T O

=
-
-

,

where rMF , rO, and rT  are the density values of 
the magnetic fluid, kerosene, and magnetite. The 
density of the MF was determined by the weight 
method using the buoyant force acting on a brass 
measuring cylinder immersed in the fluid. The 
value was calculated by the formula:

r =
-P P
gV
1 2 ,

where P1 is the cylinder weight in air; P2 is the 
cylinder weight in fluid; V is the volume of the 
cylinder; and g is the gravitational acceleration.

The cylinder was weighed on a VLR-200 
analytical balance. The error in determining the 
density r was ~ 0.1 %.

The relative dielectric constant of the 
fluid was µ = 2, its specific conductivity was 
Ã = ◊ -3 8 10 7,  Ohm·m-1. To determine the dielectric 
constant and conductivity, we measured the 
resistance and capacity of the cell containing the 
MF using an LCR-821 LCR Meter (at a frequency of 
1000 Hz). Then we calculated the conductivity s 
and the dielectric constant e. The average particle 
size of magnetite was ~ 10 nm, the protective 
coating consisting of oleic acid molecules was 
~1.5 nm thick [7, 8].
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In order to determine the change in reflectivity 
(reflection coefficient, following the terminology 
in [9]) of the conductive electrode-magnetic 
fluid interface in the electric field, we used the 
experimental unit shown in Fig. 1. The unit was 
a plane-parallel cell consisting of two electrodes. 
One of the electrodes was made of glass with a 
conductive transparent coating (ITO). A glass 
prism was placed on the cell surface to avoid 
the illumination. The magnetic fluid was placed 
between the electrodes. A beam with a diameter 
of 2 mm, produced by a laser light source 
(l = 650 nm), was incident on the face of the prism 
adhered to glass with immersion liquid, so that 
the angle of incidence on the glass surface was 
45 degrees. The beams reflected from the prism-
glass interface and from the conductive coating - 
MF layer were spatially separated (5 mm). To level 
the parasitic illumination of the photodiodes, a 
diaphragm with an aperture of ~ 1 mm was placed 
in front of polaroid 7. The laser and polaroid could 
rotate relative to the beam. The polarisation plane 
of polaroid 10 coincides with the polarisation 
plane of the laser beam. The polaroid served 
to reduce the depolarised component of the 
laser light. Rotating the laser and the polaroid 
ensured that the s-component (TE wave) was 
perpendicular to the plane of incidence. The light 
was reduced by rotating polaroid 7 to make the 
photodiode operate in linear mode. The surface 
area of the electrodes was S = 36×30 mm2, the 

thickness of the magnetic fluid layer was 250 µm. 
In our experiments, we used glass samples with 
an ITO conductive coating (manufactured by OOO 
Poltekh, St. Petersburg). 

The experimental technique was as follows: 
voltage U was applied to the electrodes and, due 
to electrophoresis, 100-200 nm thick dense layers 
were formed. The layers consisted of magnetite 
particles. The glass with the ITO conductive 
coating was illuminated by a monochromatic light 
source. The beam was reflected from two surfaces: 
glass-conductive coating and conductive coating-
magnetic fluid. It interfered, passed through 
diaphragm 6 and polaroid 7, and hit the FD-256 
photodiode, The photodiode was connected to 
the input of a GDS-71022 dual beam oscilloscope. 
Since the photodiode operates in linear mode, the 
voltage at the oscilloscope is directly proportional 
to the intensity of the reflected beams (reflection 
coefficient). 

When the jump in potential between the 
electrodes reached the critical value jcrit, we 
observed a periodic change in the intensity of the 
reflected beam (Fig. 2, beam 2), which was due to 
a change in the thickness of the near-electrode 
dense layer.

When the cell surface was illuminated by light 
with a wide wavelength spectrum, the change 
in thickness of the layer was accompanied by a 
periodic colour change of the electrode surface 
from green to crimson. The green colour of the 

Fig. 1. Layout of the experimental unit for measuring 
reflection coefficient at the electrode-magnetic fluid 
interface: 1 – magnetic fluid; 2 – foil-clad paper-based 
laminate plate; 3, 11 – polystyrene insulation pads; 
4 – glass with conductive transparent coating; 5 – right 
isosceles prism; 6 – diaphragm; 7, 10 – polaroids; 8 – 
photodiode; 9 – laser light source; and 12 – electrodes

Fig. 2. Auto oscillation of the current (1) and optical 
signal (2) in the cell with the magnetic fluid. The oscil-
lation period is T ≈ 0.5 s, the potential jump is Dj = 5 В 
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surface corresponded to the reflection spectrum 
in the absence of a particle layer, and the crimson 
colour corresponded to the maximum thickness 
of the near-surface particle layer. We interpreted 
the periodic colour change of the surface or the 
periodic change in the intensity of the reflected 
light (Fig. 2, beam 2) as self-oscillation of the 
particle concentration. The electro-optical effect 
involves a change in the spectrum of reflected 
light (when illuminated by white light) or its 
intensity (when illuminated by monochromatic 
light) due to a thin near-surface layer of a 
magnetic fluid changing in an electric field. It is 
called electro-optical interference [10]. 

2.1. Physical model of particle self-oscillation in 
the cell with a magnetic fluid

General characteristics of the electrical 
conductivity of a magnetic fluid. The electrical 
conductivity of a magnetic fluid is due to several 
mechanisms. First of all, it is related to impurity 
ions, their concentration depends on the quality 
of washing the dispersed magnetite after co-
precipitation during the MF preparation process: 
FeCl2· + 4H2O + 2FeCl3·6H2O + 8NH4OH ↔  
↔ Fe3O4↓ + 8NH4Cl + 20H2O. 

Due to the incomplete dissociation of the salt, 
the fluid also contains ionic complexes: ionic 
pairs and triplets [11, 12]. 

The second type of conductivity is due to 
contact processes on the electrode surfaces. They 
are called injection processes [11–14]. In high 
voltage fields with a medium intensity of about 
106 V/m, electrochemical injection develops. It 
causes electrohydrodynamic effects in both liquid 
dielectrics and magnetic fluids [14].

In addition to ionic conduction, charge 
transfer in a magnetic fluid can be carried out by 
magnetic particles (MPs) [16].

Space charge formation in a magnetic fluid 
in an electric field. In an electric field, a space 
charge is formed at the electrodes in a magnetic 
fluid. Many specific effects are associated with 
it [17–19], including the autowave process. The 
mechanism of space charge formation in a liquid 
dielectric under the action of an electric field in 
the vicinity of conductive surfaces was described 
in detail. In [13, 19], there is an expression for 
determining the thickness of the near-electrode 
layer of the space charge:

d t
e e

s
~ ~

+±

E
FD
RT

E b b
M0

0 0 1 2( )
,  	 (1)

where tM  is the Maxwell-Wagner relaxation time, 
D±  is the ion diffusion coefficient, E0 is the field 
intensity at the interface of the non-equilibrium 
dissociation-recombination reaction zone, b b1 2,  
are the mobility values of positive and negative 
ions, F  is the Faraday constant, T  is the tempera-
ture, R  is the molar gas constant, s is the ohmic 
conduction, e is the dielectric permittivity, and 
µ 0  is the vacuum permittivity.

Ratio (1) shows that the thickness of the space 
charge layer can be estimated as the distance 
travelled by the ion during the relaxation time. 
That is why the effect of electrification is greater 
the lower the electrical conductivity of the 
liquid, and therefore the longer the Maxwell-
Wagner relaxation time. It was shown in [13] 
that the repulsion of similarly charged ions 
at the electrodes causes an imbalance in the 
dissociation-recombination reaction of impurity 
ions. It results in the formation of a space charge.

Let us consider the layout of the magnetic 
fluid cell (Figure 3). The electric field transports 
anions (cations) from the near-cathode (near-
anode) region. Since the cathode (anode) does 
not provide anions (cations), the cathode (anode) 
region is depleted of anions (cations), resulting 
in a cathode (anode) region with a positive 
(negative) charge. 

Fig. 3. Layout of the cell containing the magnetic 
fluid: 1, 2 – dense near-electrode layers of magnetic 
particles; 3, 4 – the regions of the space charge; A+ and 
A– – impurity ions; C+ and C– – charged particles of the 
magnetic fluid; and X+, X– – injected ions
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The size of the localisation region of the space 
charge in a magnetite-in-kerosene fluid was 
estimated using the following parameters: the 
concentration of magnetite was 3 4.  vol% and 
the specific conductivity was s ª -10 7  Ohm–1m–1. 
The calculation showed that the width of the 
regions of space charge is d ~ ◊ -4 10 7 m, when 
the potential jump between the electrodes is 
Dj = 5  V, the distance between the electrodes is 
d = ◊ -5 10 5  m, and the mobility of the impurity 
ions is b b1 2

810ª ª - m2V–1s–1 [13]. The value of 
the electric field intensity in the near-electrode 
region varies according to the Poisson equation 
due to the presence of a space charge with a 
density of r [21].

According to [22], characteristic time of 
formation of a space charge in a fluid with a 
medium magnetite concentration (3 4.  vol%) 
for kerosene-based samples is about 0.05 s. To 
estimate the space charge formation time in 
an electric field, the migration polarisation of 
magnetite particles should be taken into account. 
In our case the migration polarisation can be 
described in the framework of Maxwell-Wagner 
theory. The Maxwell-Wagner polarisation time (2) 
is much shorter than the space charge formation 
time:

t
e e
sM ~ ~ ◊ ◊ ~ ◊

-

-
-0

12

7
42 8 85 10

10
1 7 10

.
. s. 	 (2)

A space charge also occurs at the surface of 
the dispersed particle. The region of the space 
charge around the particle is located in that part 
of the fluid where the ion, resulting from the 
dissociation of the impurity at the surface of the 
particle, keeps moving, without recombination.

Concentration self-oscillation in a magnetic 
fluid. In the absence of an electric field, magnetic 
fluid particles are not charged [22]. In the field 
E


, the particles are charged and acquire an 
induced dipole moment p



. As a result of the 
polarisation 







f p EE = —( )  and the Coulomb 




f Eqq =  
forces, the particles begin to move towards the 
corresponding electrode, forming a concentrated 
layer of particles. At the same time, the surface 
of the cell containing the MF changes its colour. 
Once a dense near-electrode layer is formed 
as a result of the contact of the magnetic 
particles with the electrode surface, the oleic 
acid molecules surrounding the particle begin 

to interact with the electrode. For example, the 
reaction releases negative ions X -  at the cathode, 
which have almost zero mobility in the dense 
electrode layer, causing the cathode to charge. 
When the Coulomb repulsive energy of the layer 
Uq  exceeds the attraction energy Uim, the layer 
becomes unstable. The particles change their 
charge and begin to move towards the opposite 
electrode. This way the concentration wave 
occurs. When the particles reach the region of 
space charge II (Fig. 3), they start moving in 
the opposite direction. Self-oscillation of the 
groups of magnetic particles was visualised by 
electrically controlled interference [10], based 
on periodic colour changes of the surface of the 
cell with magnetic fluid and the oscillations 
of the optical signal (Fig. 2). A dense near-
electrode layer of particles was also formed on the 
opposite electrode (anode). Due to near-electrode 
reactions, X +  ions were formed, which resulted in 
the second concentration wave moving towards 
the first. 

Assuming that all particles in the magnetic 
fluid have the same size, electric charge, and 
equal electrophoretic mobility b. Then in the 
stationary electric field 



E  the velocity of the 
particle is: v b E n= ( , )





, where 


n  is the direction 
of the particle motion.

The particle mobility b = ◊ -5 10 9  m2V–1s–1 
was determined using the formula from [21]. 
Then the velocity of the particle in the cell is 
n = ◊ -5 10 4  m·s–1.

On the other hand, based on the equality of 
the electrostatic force and the viscous frictional 
force, we can determine that:

qE d




= ◊3p h n,  		  (3)

where d = -10 8  m is the particle diameter, 
h = ◊ -1 5 10 3.  Pa·s is the dynamic viscosity of the 
dispersion medium, 



E  is the intensity of the 
electric field, and the charge of the particle q is 
equal to the charge of the electron [22]. According 
to our experimental data, the period of self-os-
cillation is ~ 1 s. It is how long it takes the parti-
cle to leave the electrode and return. 

For t = 0.5 s, the particle covers a distance of 
≈ 5·10–5 m, that is, the distance to the opposite 
electrode. Thus, when the potential jump is 
Dj = 5 , there is a periodic movement of particles 
from one electrode to the other.
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Let us explain why the observed concentration 
oscillation is auto-oscillation. Self-oscillation 
is a non-damped oscillation in a dissipative 
dynamical system with nonlinear feedback. It 
is maintained by the energy of a constant, i.e. 
non-periodic, external influence [23]. In the 
laboratory experiments conducted, the source of 
this constant (non-periodic) influence is a jump 
in potential at the electrodes. The capacity of the 
near-electrode layer C serves as the nonlinear 
regulator. It regulates the accumulation of charge 
in the layer. In [24] it was shown that due to 
the formation of a pre-electrode layer, the cell 
containing the magnetic fluid was a capacitor of 
variable capacity. The charge in the near-electrode 
layer is accumulated during the time t1. Then, after 
reaching the critical voltage at the electrodes Ucrit, 
the layer changes its charge during the time t1. 
This way, the constant impact is converted into 
a variable impact. The oscillating element of the 
system is the concentration of magnetic particles. 
The oscillation of the concentration is carried out 
via a feedback mechanism. It is represented by 
the layer resistance, which decreases sharply at 
Ucrit. The energy dissipation in a self-oscillating 
system is compensated by the energy supplied 
to it from a constant voltage source, so that the 
oscillation is not damped.

2.2. A one-dimensional mathematical model of 
the oscillation process

We developed a simplified mathematical model 
of self-oscillation which allowed us to determine 
the dependence of the process characteristics 
on the initial parameters of the problem. For 
example, how the process depends on the potential 
jump between the electrodes Dj , geometrical 
dimensions, etc. The proposed model considers the 
transfer of only positively and negatively charged 
magnetic particles with concentrations C1, C2 and 
fluxes j1, j2, and the potential jump Dj  without 
taking into account chemical reactions. The 
influence of impurity and injection ions is taken 
into account indirectly by the boundary conditions. 
The basic idea of the model is to investigate the 
possibility of oscillation due to the change of 
charge of the MF particles near electrodes or in 
the regions of localised space charges.

We took x = 0 and x H=  as the conditional 
points where the MF particles are charged. In 

certain cases there can be an anode and a cathode. 
The initial conditions are C x C x1 100( , ) ( )=  and 
C x C x2 200( , ) ( )= . The initial distribution of the 
neutral MF particles with a known concentration 
is determined by diffusion [25]. At the initial 
moment of time t = 0, the MF particles are charged 
in the electric field. Near the point of x H=  the 
MF particles are charged negatively, and near 
the point of x = 0 they are charged positively. In 
the electric field, negatively charged magnetic 
particles move towards the anode and positively 
charged particles move towards the cathode. Thus, 
dense layers are formed at the electrodes.

We used a one-dimensional nonlinear 
mathematical model with the classical system 
of differential equations of material balance, 
Nernst–Planck and Poisson [26-29] without 
simplifications or fitting parameters: 

∂
∂

= -
∂
∂

=
C
t

j
x
ii i , ,1 2 ,		   (4)

j
F
RT

z DC
d
dx

D
dC
dxi i i i i

i= - -
0

j
, i=1, 2,	  (5)

d
dx

F
z C z C

r

2

2 1 1 2 2

j
e

= - +( ), 		 (6)

where Ci , ji  are the concentrations and fluxes of 
the charged MF particles, zi are the charge num-
bers, j is the potential, er is the dielectric permit-
tivity of the magnetic fluid, F  is the Faraday 
constant, Di  are the diffusion coefficients of the 
charged MF particles, Т0 is the temperature, and 
R is the molar gas constant.

Our 1D model of self-oscillation of particles in 
a magnetic fluid considers two types of charged 
magnetic particles. So, the process of the charge 
change and corresponding oscillation take place 
from one to the other region of the space charge.

Assume that the process of the charge 
change of a wave of charged MF particles occurs 
gradually at the points x = 0  and x H=  as the 
charged particles approach them. For example, 
negatively charged particles at the point x = 0  
receive a positive charge and become positively 
charged, while positively charged MF particles (if 
any) reach the point x H=  and become negatively 
charged (Figure 4b). Note that the charge change 
process is described by the boundary conditions 
at x = 0  (7) and at x H=  (8), the potential jump 
Dj  is determined by (9). 
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j j j( , ) , ( , )t t H0 0= =D ,		   (9)

where j1A , j2A , j1K , j2K are the fluxes of overcharged 
particles at anode and cathode.

The initial conditions (t = 0 ) determine the 
initial state of the system. Its further evolution 
is determined by the equations and boundary 
conditions. Since thin near-surface layers are 
formed at both electrodes, we assumed that at 
the initial moment of time the MF particles are 
concentrated at each of the electrodes (10): 

C x C x1 100( , ) ( )= , C x C x2 200( , ) ( )=  	 (10)

As will be shown below, this initial state results 
in two concentration waves moving towards each 

other. The waves then interact with each other. 
For the change in potential, we defined the initial 
condition as a linear function (11):

j j j( , ) ( )0 0x x
H x
H

= = - D .	  (11)

Function (11) corresponds to condition (10) and 
Ohm’s law at t = 0. 

3. Numerical results and discussion
Numerical study was carried out with the 

following problem parameters: electrode spacing 
H = 5·10–5 m, calculation for t ŒÈÎ ˘̊0 10,  seconds 
with a sample of 0.01 s. Mesh parameters: 20,000 
elements. The potential jump Dj  was studied 
in the range of 1 to 20 V. In our calculations 
we adopted the initial distribution of magnetic 
particle concentration corresponding to the 
experimental data: 
C1(0,x) = C2(0,х)=3.4 vol%.

The finite element method in the Comsol 
Multiphysics modelling environment was used to 
numerically solve the boundary value problem of 
the mathematical model. 

The volume concentration of magnetite 
particles, expressed in mol/m3, was: 

Fig. 4. Concentration distribution of positively (С1) and negatively (С2) charged MF particles at: а) t = 0.01 s, 
b) t = 0.02 s, c) t = 0.03 s, and d) t = 0.04 s
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C = ◊ -� .0 73593 10 3  mol/m3,

 C x C x x H
1 10

0 010 0 0074( , ) ( ) . e ( / )= = ◊ - ◊  mol/m3,

C x C x H x H
2 20

0 010 0 0074( , ) ( ) . e ( /( / )= = ◊ - - ◊  mol/m3.
According to these initial conditions, the MF 

particles were initially distributed quite densely 
near the electrodes, i.e., a near-surface layer had 
already been formed.

3.1. Numerical analysis results for two 
concentration waves

Fig. 4a shows the initial concentration 
distribution of the particles C t x1( , ) and C t x2( , ).  
At the initial moment of time they are charged 
positively at the coordinate x = 0  or negatively 
at x H= . The positively charged MF particles 

begin to move towards x H= , and the negatively 
charged magnetic particles move towards x = 0  
(Fig. 4b). The dotted line (С2) shows the negatively 
charged magnetic particles moving to the 
positively charged electrode (anode). The solid 
line (С1) shows the positively charged magnetic 
particles moving to the negatively charged 
electrode (cathode). Initially, two concentration 
waves with different amplitude parameters 
moved towards each other. Their amplitudes 
then gradually became equal (Fig. 4d). Once the 
concentration waves reached the corresponding 
electrodes, the particles changed their charges. 
Then the cycle was repeated.

At t = 0.05 s (Fig. 5a) a front of positively 
charged magnetic particles was formed. When 

Fig. 5. Concentration distribution of positively (С1) and negatively (С2) charged MF particles at: а) t = 0.05 s, 
b) t = 0.06 s, c) t = 0.07 s, d) t = 0.1 s, e) t = 0.14 s, and f) t = 0.17 s
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one cycle ended (Fig. 5b), the next cycle began 
(Fig. 5c), etc. At t = 0.14 s and t = 0.17s (Fig. 5e, 
f ), the number of positively and negatively 
charged particles became almost constant. At 
a time of 0.29 s (Fig. 6A) the wave of positively 
charged magnetic particles was moving towards 
the cathode, and the wave of negatively charged 
particles was moving towards the anode. At 
t = 0.33 s (Fig. 6b) the wave at the anode reached 
its maximum. Then (Fig. 6B) it began to recede.

Thus, the particles move from one electrode 
to the other and back. They change their charge 
at the electrodes. 

3.2. Comparative analysis of the numerical and 
laboratory experiments 

The analysis revealed that the oscillation 
period in the numerical experiment varies 
from 0.5 to 0.6 s, which is consistent with the 
experimental data. The numerical study was 
carried out for different values of the potential 
jump Dj  in the range from 1 to 20 V. It was 
determined that the larger the potential jump, 
the smaller the oscillation period, which was also 
confirmed experimentally. Moreover, it should 
be noted that the smaller the potential jump, 
the more the diffusion process prevails over 
electromigration, thus suppressing the auto-
oscillation process.

We saw that when the potential jump was less 
than 3 V, concentration waves were not formed 
in computer simulations and were not observed 
experimentally. Different charge numbers of the 
particles from ±1 to ±4 were considered. It was 
determined that the larger the charge value, the 
more chaotic the motion and waveform became. 

3.3. Software development
We developed software called AutoWave01 

with an intuitive user interface and advanced 
functionality for the study of self-oscillation in a 
thin layer of magnetic colloid. Using AutoWave01 
significantly reduces the cost of expensive 
experiments. It provides preliminary analysis to 
find the optimum parameters and all results can 
be stored in a convenient format. 

4. Conclusion
In this study, we carried out mathematical 

and computer 1D simulations of self-oscillation 
of particles in magnetic fluids, which are fully 
consistent with the laboratory experiment at 
a qualitative level. When the voltage on the 
electrodes increases to a certain threshold 
value Ucrit , oscillation of the particles of the 
dispersed phase occurs between the electrodes. 
This phenomenon is related to the charging 
of the particles and the change in charge. Our 
model has a predictive value: it can be used to 
determine the critical value of the potential jump, 
to find the oscillation growth period and other 
characteristics of the process. 
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Fig. 6. Concentration distribution of positively (С1) and negatively (С2) charged MF particles at a) t = 0.29 s, b) 
t = 0.33 s (enlarged scale) 
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Abstract 
The aim of the work was to create a selective gas sensor for hydrogen sulphide. As a result of adding ammonia to the zinc 
acetate solution, centrifuging the obtained zinc hydroxide and subsequent calcination, a polydisperse zinc oxide powder 
with a grain size of 5–50 nm was obtained. The material was characterized using X-ray phase analysis and transmission 
electron microscopy. Subsequently, silver nitrate and terpeniol were added to the zinc oxide nanopowder to form a paste. 
The gas-sensitive material was obtained by applying the resulting paste on a special dielectric substrate and subsequent 
calcination, as a result of which the terpeniol burned out, and the silver nitrate turned into an oxide (the mass fraction of 
the silver was 3%). A non-stationary temperature mode for the operation of the sensor was selected, in which, after rapid 
heating of the sensor to 450 °C (2 seconds), slow (13 seconds) cooling to 100 °C occurred. Each subsequent heating-cooling 
cycle with a total period of 15 seconds began immediately after the end of the previous cycle. The use of an unsteady 
temperature mode in combination with the selection of the composition of the gas-sensitive layer made it possible to 
obtain a response of 200 for a hydrogen sulphide concentration of 1 ppm. Along with an increase in sensitivity, a significant 
increase in selectivity was also observed. The cross-sensitivity for the determination of hydrogen sulphide and other 
reducing gases (CO, NH3, H2) was more than three orders of magnitude. Thus, this sensor can be used to detect hydrogen 
sulphide even in the presence of interfering components. The use of highly selective sensors in the tasks of qualitative and 
quantitative analysis can significantly simplify the calibration in comparison with “electronic nose” devices. Devices based 
on highly selective sensors do not require the use of mathematical methods for processing multidimensional data arrays.
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1. Introduction
Due to their high sensitivity, compactness, 

and low cost, semiconductor gas sensors are 
often used in the determination of toxic and 
flammable substances, however, the area of their 
possible use is limited by insufficient selectivity 
[1]. There are two approaches to the solution 
of this problem. The first of them is associated 
with the use of a matrix of low-selective sensors 
in multisensor “electronic nose” devices. In 
this case, mathematical processing of the 
obtained multidimensional data arrays can lead 
to the solution of problems of qualitative and 
quantitative analysis. The disadvantages of this 
approach are the complexity and laboriousness 
of device calibration, the laboriousness of 
recalibration when replacing even one sensor, 
the difficulty of mathematical processing, 
which requires significant computing resources. 
The second approach involves the creation of 
selective sensors, the cross-sensitivity of which 
to interfering components is rather low.

It is known that the determination of hydrogen 
sulphide by semiconductor metal oxide sensors is 
characterized by a higher selectivity compared to 
the determination of other gases. This is due to 
the fact that the sorption of hydrogen sulphide 
on the surface of metal oxides can lead to the 
reversible transformation of some oxides into 
sulphides with high electrical conductivity and/
or a different conductivity type, and this process 
can make an additional significant contribution 
to the sensor response. For example, the addition 
of copper oxide (+2) leads to a change in the 
composition of the gas-sensitive layer during 
the sorption of hydrogen sulphide [2, 3], the 
transformation of semiconductors with the 
p-type conductivity, copper oxide, into a sulphide 
with high electrical conductivity. 

The most common material for hydrogen 
sulphide sensors is tin dioxide with the addition of 
copper oxide (+2). High sensitivity and selectivity 
were shown, in particular, for SnO2 nanofibers 
coated with CuO obtained by electrospinning 
[4, 5]. Sensors for H2S based on SnO2 nanowires 
coated with CuO nanoparticles were obtained 
[6, 7], the mechanism of the sensory response 
of thin films SnO2:CuO obtained by thermal 
sputtering to hydrogen sulphide was investigated 
[8]. A gas-sensitive material based on hollow 

nanospheres coated with CuO was successfully 
used for the determination of hydrogen sulphide 
in medical diagnostics. [9] The multilayer SnO2–
CuO structure showed a response of more than 
four orders of magnitude to 20 ppm H2S combined 
with a low response time [10]. The influence of the 
interdiffusion of SnO2 and CuO nanoparticles on 
the sensory properties to hydrogen sulphide was 
considered [11]. The sensory properties of thin-
layer nanostructures based on CuO/SnO2 were 
also investigated [12]. However, the most common 
method for obtaining SnO2/CuO nanocomposites 
is the sol-gel process [13].

Along with the addition of copper oxide, 
sensors with the addition of silver are used for 
the determination of hydrogen sulphide. As well 
as copper oxide, silver oxide is able to reversibly 
transform into silver sulphide with high electrical 
conductivity. The transition of silver oxide into 
sulphide makes a large contribution to the 
analytical signal of the sensor [14, 15]. The addition 
of silver to nanocrystalline SnO2 increases the 
response to hydrogen sulphide [16–18].

Pure SnO2 [19] and SnO2 with the addition of 
platinum [20] or fullerenes [21] were used for the 
determination of hydrogen sulphide. 

In some cases, copper oxide was not an 
additive to other metal oxide materials, but the 
basis of the sensor, for example, a highly sensitive 
sensor was obtained based on palladium-doped 
“nanoflowers” from CuO [22]. The sensory 
properties of unsintered copper oxide (+2) 
nanowires were investigated [23]. 

For the determination of hydrogen sulphide, 
such traditional materials as, for example, 
zinc oxide without special additives have been 
successfully used [24]. The addition of copper 
oxide (+2) to zinc oxide usually increases the 
sensitivity to hydrogen sulphide [25–29]. 
Examples illustrating the influence of the 
composition of the gas-sensitive layer on the 
magnitude of response of the sensor to hydrogen 
sulphide are shown in Table 1.

It is known that the transition from ordinary 
stationary temperature modes to non-stationary 
modes often leads to a very significant increase in 
the sensitivity [22, 32, 33]. As we demonstrated in 
our study, the use of non-stationary temperature 
modes also contributes to an increase in the 
selectivity of the analysis of hydrogen sulphide.
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2. Experimental
2.1. Synthesis and characterisation of gas 

sensitive material
An aqueous solution of ammonia (w = 25%) 

was added dropwise to an aqueous solution of 
zinc acetate (chemically pure grade) acidified with 
acetic acid (pH = 5) to pH = 8 for the formation 
of sol and peptization of the resulting zinc oxide 
hydrate suspension: 
Zn(СН3СОО)2 + 2NH3 + 2H2O →  
→ Zn(OН)2↓ + 2CH3COONH4.	 (1)

Ammonia was added with continuous stirring, 
the reaction mixture was cooled to a temperature 
of 20 °C. The resulting zinc hydroxide sol was 
precipitated by centrifugation, dried at 80 °C for 
8 h, and calcined, resulting in the formation of 
zinc oxide nanoparticles:
Zn(OH)2 → ZnO + H2O	  	 (2)

Calcination was performed for 8 hours at 
temperatures of 300 °C (sample 1), 400 °C 
(sample  2), 500 °C (sample 3), 600 °C (sample 
4). The composition and structure of zinc oxide 
powder were investigated using transmission 
electron microscopy (Fig. 1) and X-ray phase 
analysis (Fig. 2). The main phase for all ZnO 
samples has a hexagonal syngony, while individual 
reflections of samples 3 and 4 may belong to the 
ZnO phase of the cubic modification.

Subsequently, the zinc oxide powder was 
treated with a solution of silver nitrate, dried, 
and then terpeniol was added to the powder as a 

bonding agent. The resulting paste was applied 
to a dielectric substrate made of aluminium oxide 
with special platinum electrodes for measuring 
electrical conductivity and with a platinum 
heater. The substrate with the applied paste was 
calcined to a temperature of 750 °C, as a result 
bonding agent burned out, and a ZnO gel with 
the addition of silver was formed. 

2.2. Measurement of sensory characteristics
For the investigation of the sensory properties 

of the obtained materials, calibration gas 
mixtures “hydrogen sulphide in synthetic air” 

Table 1. The properties of different sensor materials in relation to hydrogen sulphide

Sensor 
material Receiving method

Concentration
 H2S (ppm) Response Working 

temperature (оC) Ref.

SnO2

Impregnation of biomatrix 
with precursor solution 
followed by annealing

1 ~ 5 92 [19]

SnO2/CuO 
nanofibers Electrospinning 1 23 200 [5]

SnO2/CuO Ultrasonic spray pyrolysis 1 78 300 [9]

CuO/Pd Precipitation from solution 
(sol-gel process) 1 63.8 80/300  

(pulse mode) [22]

ZnO/Ag Precipitation from solution 
(sol-gel process) 1 193 100/450  

(pulse mode) This work

Fe2O3
Thermal oxidation of iron 
film 10 ~ 5 250 [30]

CaCu3Ti4O12/Ag Precipitation from solution 
(sol-gel process) 10 ~ 100 250 [31]

ZnO/Ag Precipitation from solution 
(sol-gel process) 10 905 100/450  

(pulse mode) This work

Fig. 1. Transmission electron microscopy image of a 
zinc oxide nanopowder
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with concentrations of 10 and 200 ppm, diluted 
with synthetic air were used. The total flow rate 
was 250 ml/min. The sensor in a TO-8 metal case 
was placed in a stainless-steel chamber. The 
temperature of the sensor was set using a special 
electronic device based on the temperature 
coefficient of resistance of the heater known from 
preliminary measurements. 

The electrical resistance of the gas-sensitive 
layer was determined using a special electronic 
device with a frequency of up to 40 Hz and 
recorded as a computer file. The duration of each 
measurement cycle was 15 seconds, of which 
heating from 100 to 450 °С was performed for 
2 seconds, and the cooling from 450 to 100 °С 
was performed for the following 13 seconds. 
The heating-cooling cycles followed each other 

without interruption. The measurement results 
obtained in the first five cycles were discarded. 
For quantitative analysis, only one out of the 575 
points of the cycle was used, corresponding to a 
time of 14.95 seconds after the start of the cycle.

The response S was calculated as the ratio 
of electrical resistance R0 in air to electrical 
resistance Rg in the investigated gaseous medium:
S = R0/Rg. 		  (3)

3. Results and discussion
The dependence of the electrical resistance 

of the ZnO-Ag sensor on time during one 
measurement cycle for different hydrogen 
sulphide concentrations is shown in Fig. 3. 
As can be seen from Fig. 3, an increase in the 
concentration of hydrogen sulphide led not only 
to a significant increase in the response, but the 
shape of the curves also changed. 

The calibration dependence for determination 
of hydrogen sulphide concentration with a ZnO-
Ag sensor in non-stationary temperature mode 
is shown in Fig. 4. The transition from a constant 
temperature to a non-stationary mode led not 
only to an increase in the response to hydrogen 
sulphide, but also increased the selectivity of 
the analysis. The cross-sensitivities of SnO2-Ag 
sensor to hydrogen sulphide/carbon monoxide, 
hydrogen sulphide/hydrogen, hydrogen sulphide/
ammonia are shown in Table 2. As can be seen 
from Table  2, a ZnO-Ag sensor operating in 
non-stationary mode can be considered highly 
selective, since its responses to the same 
concentration of hydrogen sulphide and other 

Fig. 2. X-ray diffraction. Sample 1 of zinc oxide nano-
powder was calcined at 300 °С, sample 2 – at 400 °С, 
sample 3 – at 500 °С, sample 4 – at 600 °С 

Fig. 3. Electrical resistance of ZnO-Ag sensor in hy-
drogen sulphide as a function of H2S concentration 
under non-stationary temperature condition during 
one measurement cycle 

Fig. 4. Calibration curve of the sensor ZnO-Ag at the 
determination of hydrogen sulphide concentrations
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reducing gases differ by more than 3 orders of 
magnitude.

Under stationary temperature modes, 
the cross-sensitivity of the determination of 
hydrogen sulphide and other reducing gases 
(hydrogen, carbon monoxide, ammonia) was one 
and a half orders of magnitude; when switching 
to non-stationary mode, the cross-sensitivity 
exceeded three orders of magnitude (Table 2). 
One of the reasons for the increased sensitivity 
and selectivity in the determination of hydrogen 
sulphide is the time separation of the sorption 
of the gas analyte and the catalytic activity of 
the gas-sensitive layer. Pulsed temperature 
mode allows the catalyst to be activated before 
desorption of the gas analyte occurs [33]. This 
effect seems to play an important role, but it 
is not the only one effect. The sensor response 
largely depends on the total concentration of 
charge carriers. In the case of the same action of 
the gas analyte, the sensory response will be the 
higher, the fewer charge carriers were present in 
the semiconductor before the gas analyte was 
introduced. The unsteady temperature mode 
allows increasing the resistance of the metal 
oxide nanomaterial in the air due to the efficient 
sorption of oxygen. Various forms of chemisorbed 
oxygen play an important role in the interaction 
with hydrogen sulphide:

2 3 2 2 32 2H S O SO H O e,2 2+ Æ + +-  	 (4)

H S O SO H O e,2 2+ Æ + +-3 32 	 (5)

H S O SO H O e.2 2+ Æ + +-3 62
2 	 (6)

At low temperatures (for example, at 
room temperature), chemisorbed oxygen is 
predominantly in the form O2

–, therefore, the 
reaction channel (4) prevails. At temperatures 
slightly exceeding 200 °C, chemisorbed oxygen 
transforms into the form O–, and channel (5) 
prevails. A further increase in temperature 
(400 °C and above) leads to the reaction through 
channel (6). However, the redox mechanism of 
the interaction of hydrogen sulphide with the 
semiconductor surface (4–6) does not allow the 

selective determination of reducing gases, since 
similar interaction mechanisms occur on the 
surface during the chemisorption of hydrogen, 
carbon monoxide, ammonia, ethanol, and so on.

Sensors based on metal oxides with silver 
additives exhibit some selectivity to hydrogen 
sulphide even when they operate with a stationary 
temperature. This is due to the processes of 
reversible transformation of silver oxide into 
sulphide, which has a low electrical resistance, 
and therefore this transition makes a significant 
contribution to the donor sensory response:
Ag O H S Ag S H O.2 2 2 2+ Æ + 	 (7)

Process (7) is exothermic, and at low 
temperatures the equilibrium shifts towards the 
formation of silver sulphide. At high temperatures, 
an endothermic process (8) of the formation of 
silver oxide occurs [17]:
2 3 2 22 2Ag S O Ag O SO .2 2+ Æ +  	 (8)

4. Conclusions
In our study, we investigated the sensory 

characteristics of the material obtained by adding 
silver oxide (3% by weight) to the ZnO nanopowder 
in relation to hydrogen sulphide and other reducing 
gases (H2, CO, NH3). The sensor was obtained using 
the classic sol-gel technology. The main task of 
the study was comparison of the characteristics 
of the sensor in two modes: with a stationary 
temperature and with temperature modulation. 
It was shown that the use of a mode in which the 
sensor quickly heated up to 450 °C (2 seconds) and 
then cooled down to 100 °C (13 seconds), led not 
only to a significant increase in sensitivity, but 
also to a noticeable increase in selectivity. The 
cross-sensitivity in the determination of hydrogen 
sulphide and in the determination of other reducing 
gases (hydrogen, carbon monoxide, ammonia) was 
approximately three orders of magnitude, which 
makes this sensor highly selective.

Thus, a sensor based on ZnO–Ag when 
operating in a pulsed temperature mode has a 
high selectivity and can be used to determine 
hydrogen sulphide in the presence of interfering 
components, as well as in mixtures of hydrogen 
sulphide with other target gases.
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Response 
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Abstract 
The present work is related to the microscopic studies of the morphology of the planar and inner part of silicon nanowires 
arrays before and after immobilization with a natural nanomaterial, Dps protein of bacterial origin.
Silicon nanowires were formed by metal-assisted wet chemical etching. To obtain the recombinant protein, Escherichia coli 
cells were used as excretion strain and purification were carried out using chromatography. The combination of silicon 
nanowires with protein molecules was carried out by layering at laboratory conditions followed by drying under air. The 
resulting hybrid material was studied by high-resolution scanning electron microscopy. Studies of the developed surface 
of the nanowires array were carried out before and after combining with the bioculture. The initial arrays of silicon wires 
have a sharp boundaries in the planar part and in the depth of the array, transition layers are not observed. The diameter 
of the silicon nanowires is about 100 nm, the height is over a micrometer, while the distances between the nanowires are 
several hundred of nanometers. The pores formed in this way are available for filling with protein during the immobilization 
of protein.
The effectiveness of using the scanning electron microscopy to study the surface morphology of the hybrid material “silicon 
wires – bacterial protein Dps” has been demonstrated. It is shown that the pores with an extremely developed surface can 
be combined with a bio-material by deposition deep into cavities. The protein molecules can easily penetrate through 
whole porous wires matrix array. The obtained results demonstrate the possibility of efficient immobilization of nanoscaled 
Dps protein molecules into an accessible and controllably developed surface of silicon nanowires.
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1. Introduction
Arrays of Silicon Nanowires (Si-NW) are a 

well-known material, including nanomaterials, 
whose formation technologies are well developed 
[1]. Si-NW traditionally attracts the attention 
of researchers as a material with important 
properties: visible photoluminescence at room 
temperature [2] or the possibility of use in 
hydrogen generation issues [3]. However, the most 
important property of this material is a simple and 
economical technology of reproducible formation 
in combination with an extremely developed 
surface [4], which is available for activation when 
combined with numerous functional materials, 
including nano-biomaterials of natural origin. 
With this approach to using the available surface 
of silicon wires arrays of controlled morphology, 
the issues of the general possibility of combining 
with the necessary material are the issue of a 
great interest.

Dps protein (DNA-binding protein of starving 
cells) of Escherichia coli (E. coli) bacteria is a 
representative of bacterial ferritins [5]. The shell 
size of the bacterial Dps protein is about 9 nm. The 
protein part includes 12 identical subunits with 
a homo-dodecamer structure [5, 6]. Dps protein 
molecules are able to accumulate (deposition) 
inorganic nanoparticles of the iron-oxygen 
system [7] inside a hollow part with a diameter of 
up to 5 nm [7, 8]. Thus, ferritin Dps is a potential 
container of natural origin, which can be used for 
the accumulation, storage and targeted delivery 
of nanomaterials. Previously, synchrotron X-ray 
absorption near edge fine structure spectroscopy 
showed a complex composite-like composition 
of a nanoparticle, which is formed from the 
oxidation products of Fe2+ ions in the ferroxidase 
centers of natural Dps molecules isolated from 
E.coli bacteria grown aerobically [9]. Moreover, 
the possibility of forming one-dimensional 
structures of Dps molecules has been shown by 
cryo-electron microscopy [5, 8].

Finally, it should be noted that the Scanning 
Electron Microscopy (SEM) method is one of the 
most popular in the diagnosis of a large variety 
of objects, including nanoscale structures and 
biomaterials. The capabilities of the method 
make it possible to study the morphology features 
for objects of various origins with high lateral 
resolution. However, the question of the SEM 

technique applicability for the precision study of 
hybrid nano-biomaterials requires experimental 
verification due to the complex composition and 
structure of such objects.

Thus, the issue of presented study is related 
to the possibility of combining Si-NW silicon 
wires arrays with natural nanomaterial bacterial 
protein Dps. This is relevant, from the point 
of view, for the development and application 
of hybrid materials – combining inorganic 
structures with desired properties with functional 
nanomaterials of natural origin. This work is 
devoted to the application of high-resolution 
scanning electron microscopy to study structures 
formed as a result of combining arrays of silicon 
wires with bacterial protein Dps.

2. Experimental
To obtain Si-NW arrays, the metal-assisted 

wet chemical etching was used [2, 10]. Standard 
substrates of n-type crystalline silicon (resistivity 
of ~ 1–5 Ω/cm were rinsed in a 2% solution of 
HF for 10 sec. Further, silver nanoparticles were 
deposited on the surface as a result of immersion 
of purified Si substrates in AgNO3 (0.01 M) 
and HF (5M) solution for 30 sec. The next step 
was etching in 30% H2O2 and HF (5M) solution 
for 180 sec, followed by rinsing in 65% HNO3 
solution (to remove silver nanoparticles) with 
additional rinsing in water for 10 minutes. The 
structures formed were dried in the air in ambient 
conditions.

Recombinant Dps protein was obtained 
using Escherichia coli BL21*(DE3) cells as 
producers. E.coli cells were transformed by the 
pGEM_dps plasmid. The paper [5] provides 
detailed information about protein biosynthesis 
and its subsequent isolation and purification. The 
solution of protein molecules had a concentration 
of 2 mg/ml in the initial buffer of 10 mM NaCl, 
50 mM tris-HCl (pH 8.0) and 0.1 mM EDTA.

Protein molecules were deposited on the 
surface of formed and previously studied Si-
NW arrays by layering 10 ml solution. After that, 
the resulting structure was dried in ambient 
conditions, rinsed in deionized water (by pulling) 
in order to remove residual salts and dried again 
under the same conditions.

The surfaces morphology of the initial 
Si‑NW array and the hybrid structure based on 
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it with layered protein, as well as the sections 
were studied by SEM. The Carl Zeiss ULTRA 
55 microscope was used (secondary electrons 
registration) with low accelerating voltages of 
2, 3 and 5 kV, necessary for working with bio-
structures.

The Image J software package was used to 
estimate the areas occupied by the Si wires, 
cavities and filling the arrays with molecular 
culture.

3. Results and discussion
Fig. 1 shows the morphology of the initial 

surface of Si-NW arrays. The largest wide cavities 
V1–V6, which were formed as a result of etching, 
were noted. The width of such pores is up to 
737 nm. At the same time, pores with a width of 
less than 100 nm are observed.

It should be noted that the edges of the wires 
arrays are sharp, while the arrays themselves 
have morphological features with sizes less than 
50 nm as a result of local etching processes not 
stimulated by silver nanoparticles [2, 10]. There 
are no noticeable morphologically transitional 
layers in the initial array of Si-NW. To estimate 
the areas in the lateral projection that were taken 
into account in the calculation are indicated: 1 – 
the surface of the wires arrays, including the pores 
side parts available for observation, 2 – cavities 
(pores). The ratio of the areas of type 1 and type 2 
areas is 48 to 52%.

Fig. 2 shows the results of Si-NW arrays 
combining with Dps protein after drying in 

laboratory conditions. Before discussing the 
result of the combination, let us pay attention 
to the section of the hybrid structure (Fig. 2b) 
that gives the morphology of individual wires 
and their height as a whole. Note that the lateral 
surfaces of the wires are morphologically similar 
to the surface of the wires arrays. This is especially 
noticeable for areas of non-etched surface (for 
example, see the highlighted area 1 in Fig. 1). 
The height of almost vertical wires is more than 
a micrometer (Fig. 2b). Consequently, the depth 
of the cavities (pores) available for filling with 
protein molecules exceeds a micrometer. At the 
same time, individual wires, which, on the other 
hand, we can consider as the walls of cavities 
(pores) are uniform.

The small accelerating voltages used for 
registration (shown in the figures) were sufficient 
to form images (Fig. 2) of the morphology of 
hybrid bio-structures of sufficient sharpness and 
degree of detailing.

In Fig. 2 it is clearly visible that the cavities 
between the wires of the Si-NW array are filled 
with protein. Areas 1 (as in Fig. 1) mark the surface 
of non-etched areas, including those not covered 
with deposited molecular culture. At the same 
time, areas 2 clearly contain morphologically 
pronounced areas corresponding to the residual 
volumes of the molecular culture, which are 
located in the cavities after drying the hybrid 
structures in the laboratory and vacuuming in 
the microscope working chamber. In fact, the 
material that fills the pores is morphologically 
more homogeneous than the surface (walls) of 
Si-NW and is located precisely in the cavities 
available for deposition (combining). In Fig. 
2b area 3 is additionally marked confirming 
the fact that the entire volume of the pore is 
filled with the molecular culture. The ratio of 
unfilled surface areas (1) and protein coating (2) 
is estimated as 30% and 70% of the total area of 
the microscopic surface image. This fact confirms 
the success of the first time combination of the 
nano-biomaterial of the molecular culture of the 
Dps protein with the available developed surface 
of the silicon wires array.

4. Conclusions
For the first time, a combination of a nano-

biomaterial as the Dps protein molecular 

Fig. 1. Morphology of the silicon wires array initial 
surface. The sizes of cavities (pores) of the largest 
width are underlined
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culture with an accessible developed surface of 
a silicon wires array was performed. It has been 
shown by high-resolution scanning electron 
microscopy that ferritin Dps molecules can 
successfully penetrate into the submicron size 
pores, successfully filling them and covering the 
silicon wires array highly developed surface as a 
whole. Suggested approach can be used for the 
functionalization of the Si wires arrays surface 
by using ferritin molecules as nanometer-sized 
containers for targeted delivery of materials tasks 
and the formation of functional hybrid nano-
biomaterials in general.
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