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Abstract 
The research purpose  was to develop and study biocatalysts based on papain associates with chitosan nanoparticles. We 
obtained medium and high molecular weight chitosan nanoparticles, both with and without ascorbic acid .
When the papainna-noparticles complexes with ascorbic acid were formed, the catalytic activity of the enzyme increased 
by 3 % for medium molecular weight chitosan and by 16 % for high molecular weight chitosan. After 168 hours of incubation 
in 0.05 M of Tris-HCl buffer (pH 7.5) at 37 °C, the free enzyme retained 15 % of its catalytic activity, whereas its associates 
with chitosan nanoparticles exhibited ~ 30 %. The papain complex with chitosan nanoparticles and ascorbic acid exhibited 
40 % of the enzyme catalytic activity.
We simulated the bonds and interactions within the chitosan-ascorbic acid-papain complex. The proposed biocatalysts 
have high prospects for effective use in cosmetology, biomedicine, and pharmacy.
Keywords: Nanoparticles, Papain, Chitosan, Association
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1. Introduction
Nanoparticles are highly dispersed, usually 

spherical particles with dimensions not exceeding 
100 nm. Nanoparticles have unique properties that 
make them useful for biomedical applications. 
The use of polymeric nanoparticles as carriers of 
genes and drugs is promising, as they are capable 
of controlled release and targeted delivery of 
biologically active substances [1].

Nanoparticles have different properties from 
those of macromolecules. They have a high specific 
surface area, causing an increase in dispersion. It 
influences the rate and the ability of the drug to 
be absorbed by the body systems. Due to the large 
interface area, nanoparticles are characterised 
by high drug sorption, which contributes to 
them more efficient use [2, 3]. Nanoparticles are 
energy-intensive systems:molecules or atoms 
on the interface lead to excess surface energy. To 
minimise this , nanoparticles interact effectively 
with any compounds and bind rapidly to each 
other. 

The properties of nanoparticles are “collective”, 
they are determined not by a single particle, but 
by an ensemble of particles distributed in the 
dispersion medium. Therefore, the characteristics 
of the microenvironment are a determining factor 
in the drug delivery properties [4].

One of the promising materials for targeted 
delivery systems is chitosan. It is a modified natural 
polyamino-b-glycoside that has biodegradable, 
antibacterial, and antifungal properties [5–7]. 
The polymer is highly mucoadhesive and non-
immunogenic [8].

Proteases are applied in many industrial 
processes, for example, in the food and pharmaceu
tical technologies, as well as in medicine. Papain 
has a special place among the frequently-used 
plant proteases [9, 10].

Papain (EC 3.4.22.2) is a proteolytic enzyme 
isolated from the unripe papaya peel (Carica 
papaya). The enzyme belongs to the cysteine 
protease family, it is stable under a wide range 
of conditions, even at high temperatures and 
pH values of 3–12. Papain has antibacterial, 
antioxidant, and antitumour properties. Its 
complexes are used as a pharmaceutical adjuvant 
[11–14].

The main disadvantage of proteolytic enzyme 
soluble forms is their rapid inactivation due to 

proteolysis. One of the ways for increasing the 
stability of proteases is their association with 
nanoparticles.

Therefore, the aim of this work was to develop 
biocatalysts based on papain associates with 
chitosan nanoparticles and study their catalytic 
activity. 

2. Experimental
Papain was the focus of the study and 

azocasein (Sigma, USA) was used as a substrate 
for hydrolysis. Nanoparticles were obtained 
from medium molecular weight (200 kDa) and 
high molecular weight (350 kDa) chitosan 
(Bioprogress, Russia).

Chitosan nanoparticles were obtained as 
follows: 300 mg of chitosan was dissolved in 
100 ml of a 0.3 % acetic acid solution under 
mechanical stirring. Then, a 3 % NaOH solution 
was added until a white precipitate formed and 
the pH of the medium exceeded 11. The dispersion 
was passed through a filter (pore size 0.45 µm), 
the precipitate was washed with distilled water 
until neutral pH, placed in 100 ml distilled water, 
and sonicated using a Qsonica Sonicators (Japan) 
disintegrator for 10 min (40 kHz). To obtain 
nanoparticles with ascorbic acid, 50 mg of the 
latter was added to a solution of chitosan in acetic 
acid before adding the NaOH solution to it. The 
other procedures were carried out in the same 
way as described above.

The associates of nanoparticles with papain 
were obtained according to the method described 
in [15] and validated in [16–18].

The protease activity of the obtained 
complexes was measured as described in [19].

To determine the sizes and surface charges 
of the papain-nanoparticles associates, 
we used a Nano Zetasizer  ZS (Malvern 
Instruments, UK) equipped with a 4 mW He/Ne 
laser with l = 632.8 nm, the scattering angle 
was 173°.

In silico studies of the bonds and interactions 
formed within the chitosan-ascorbic acid-papain 
complex were performed by flexible molecular 
docking in the Autodock Vina software (https://
sourceforge.net/projects/autodock-vina-1-1-2-
64-bit/) using the three-dimensional structure 
of papain (PDB ID: 9PAP, https://www.rcsb.org/
structure/9PAP ). The enzyme structure model 
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was developed and the carrier polymer matrix 
was optimised as described in [20]. 

3. Results and discussion
In the first series of experiments, we evaluated 

the sizes and zeta potentials of chitosan 
nanoparticle before and after association with 
papain. The parameters of the papain associates 
with nanoparticles are presented in Table 1. 
The median zeta potential of all nanoparticles 
was 0 mV. It was found that papain associates 
with medium and high molecular weight 
chitosan nanoparticles obtained with ascorbic 
acid differed significantly in size from the ones 
produced without ascorbic acid. When medium 
molecular weight chitosan nanoparticles 
interacted with papain, the size of the associates 
exceeded the size of free nanoparticles to 
a greater extent, 42 times for the particles 
formed without ascorbic acid and 13 times for 
those obtained with it. On the other hand, for 
high molecular weight chitosan nanoparticles 
associated with papain, the size of complexes 
was only 6 and 8 times larger, respectively, 
than that of empty nanoparticles. Based on the 
obtained sizes of papain-chitosan nanoparticles 
associates, we could assume that the protein 
adsorption on the surface of nanoparticles 
was followed by the formation of multilayer 
structures. 

When papain formed complexes with 
medium and high molecular weight chitosan 
nanoparticles, obtained without ascorbic acid, 
the activity of the associates was 94 and 97 % of 

the values for the native enzyme, respectively. 
When the papain-nanoparticles complexes 
with ascorbic acid were formed, the proteolytic 
activity of the enzyme increased by 3 % for 
medium molecular weight chitosan and by 16 % 
for high molecular weight chitosan (Fig. 1). The 
higher residual papain activity in the complex 
with chitosan nanoparticles formed with 
ascorbic acid is probably due to the antioxidant 
properties of this compound over the biocatalyst 
[21, 22].

The active site of papain is known to contain 
a cysteine residue. Its sulphydryl group attacks 
on the substrate during its hydrolysis. In 
addition, the SH-group is an effective reducing 
agent. Therefore, it is easily oxidised by the 
air oxygen. There are sources reporting on the 
activation of papain by the introduction of 
various reducing agents, such as cysteine [23] 
and other SH‑containing compounds [24]. Thus, 
the fact that papain associates with chitosan 
nanoparticles and ascorbic acid have higher 
activity may be attributed to the reducing effect 
of the acid on the active site SH-group. Moreover, 
there are reports on the effect of ascorbic acid 
[25] or its combination with Fe2+ [26] or Cu2+ 
[27] ions on the proteolytic activity of native 
papain. It should also be noted that ascorbic 
acid has low toxicity and is widely applied for 
medical purposes. So, it is possible to use enzyme 
preparations containing it in biomedicine and 
pharmacy.

We carried out experiments to evaluate the 
residual activity of papain at 37 °C and pH 7.5 

Table 1. Characteristcs of medium and high molecular weight chitosan nanoparticles and papain 
associates with them

Studied sample Average size, nm Size range, nm

Chitosan nanoparticles
Medium molecular weight chitosan 12 7–21
Medium molecular weight chitosan with ascorbic acid 21 14–59 
High molecular weight chitosan 33 18–79
High molecular weight chitosan with ascorbic acid 38 28–79

Papain associates with chitosan nanoparticles
Medium molecular weight chitosan 499 164–1281
Medium molecular weight chitosan with ascorbic acid 267 91–712
High molecular weight chitosan 200 105–396

High molecular weight chitosan with ascorbic acid 321 105–825
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in 0.05 M Tris-HCl buffer for free papain and 
its associates with medium and high molecular 
weight chitosan nanoparticles obtained with 
ascorbic acid and without it. All the samples 
showed a decrease in their activity within 
7 days.

After incubation for 168 hours, native papain 
solution retained 15 % of its initial proteolytic 
activity. Its complexes with medium and high 
molecular weight chitosan nanoparticles, 
retained, respectively, 29 and 34 % of their ability 

to hydrolyse azocasein. The associates with 
medium and high molecular weight chitosan 
nanoparticles prepared with ascorbic acid kept 
40 and 43 %, respectively, of their proteolytic 
activity (Fig. 2).

Papain associates with both types of chitosan 
nanoparticles, obtained both with ascorbic 
acid and without it, were more stable than the 
free enzyme following 4 hours of incubation 
in 0.05 M Tris-HCl buffer with pH 7.5 at 37 °C. 
Thus, complexation with chitosan nanoparticles 

Fig. 1. Catalytic activity of papain, units/ml (A) and its change, % (B): soluble papain (1); papain associated 
with medium molecular weight chitosan nanoparticles (2); papain associated with medium molecular weight 
chitosan nanoparticles with ascorbic acid (3); papain associated with high molecular weight chitosan nanopar-
ticles (4); and papain associated with high molecular weight chitosan nanoparticles with ascorbic acid (5). The 
activity of free papain under optimum hydrolysis conditions was taken as 100 %

a

b
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increases the stability of papain more effectively 
than its association with chitosan microparticles 
under similar conditions. In the case of chitosan 
microparticles, proteolytic activity stabilisation 
effects were observed only after 96 hours of 
incubation in 0.05 M of Tris-HCl buffer with pH 
7.5 at 37 °C [16].

To explain the higher residual activity 
of papain in the complexes with chitosan 
nanoparticles and ascorbic acid, as well as 
the increased stability of the enzyme in 

this complex during incubation at 37°C, we 
simulated the bonds and interactions within 
the chitosan-ascorbic acid-papain conjugate 
(Fig. 3). From the results of an in silico study 
of the interactions within the chitosan-
ascorbic acid-papain system it also appears that 
ascorbic acid does not interact directly with 
cysteine, which is part of the active site (Cys25). 
However, it interacts hydrophobically with a 
catalytically-valuable histidine residue (His159) 
via the carbon skeleton. This fact indicates 

Fig. 2. Residual catalytic activity of papain after incubation of the samples at 37 °C (A: in units/ml of solution 
or suspension, B: % of the initial value): 1 – soluble papain; 2 – papain associated with medium molecular 
weight chitosan nanoparticles; 3 – papain associated with medium molecular weight chitosan nanoparticles 
with ascorbic acid; 4 – papain associated with high molecular weight chitosan nanoparticles; and 5 – papain 
associated with high molecular weight chitosan nanoparticles with ascorbic acid. The proteolytic activity of 
the samples without pre-incubation and under optimum hydrolysis conditions was taken as 100 %

a

b
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the proximity of the potential reducing agent 
to the sulphydryl group and also confirms the 
hypothesis of a reducing effect of ascorbic acid 
against the active site of papain. Moreover, 
ascorbic acid has some advantages over other 
types of reducing agents for cosmetology, 
biomedicine, and pharmacy: it is a cofactor 
for a number of enzymes involved in collagen 
biosynthesis, is necessary for wound healing 
and bone repair [28], is involved in thyroxine 
synthesis and amino acid metabolism [21], plays 
an important role in the antioxidant system, 
immune competence, and in the resistance to 
infections [29]. It prevents DNA mutations, and 
may be an important element in the treatment 
of some types of cancer and chronic diseases 
[29]. Chitosan ascorbate is known to have higher 
antibacterial activity against Staphylococcus 
aureus and Escherichia coli than chitosan, which 
probably inhibits microbial degradation of 
papain under physiological conditions (37 °C, 
pH 7.5) [30]. 

4. Conclusions
Thus, we obtained papain associates with 

medium and high molecular weight chitosan 
nanoparticles with and without ascorbic acid. The 
samples obtained with ascorbic acid exhibited 
higher proteolytic activity against azocasein. 

It was found that papain associates with 
both types of chitosan nanoparticles and with 
ascorbic acid significantly differ in size from 
the associates with particles formed without 
it. Papain complexes with medium molecular 
weight chitosan particles exceed the size of free 
nanoparticles to a greater extent than the enzyme 
associates with the particles of high molecular 
weight chitosan.

While determining the stability of the 
complexes of chitosan and papain nanoparticles, 
we noticed a decrease in the proteolytic activity 
of the samples within seven days. The association 
with chitosan nanoparticles, especially those 
obtained with ascorbic acid, increased the 
stability of papain.

Fig. 3. Topology of the chitosan-ascorbic acid-papain complex (A), and the bonds and interactions between 
the components of the above system (the dotted lines indicate hydrogen bonds, their lengths are measured in 
Å (B)

а

b
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To explain the preserved activity of papain 
in the complexes with chitosan nanoparticles, 
we analysed in silico the interactions within 
the chitosan-ascorbic acid-papain system. It 
was determined that ascorbic acid does not 
bond directly with Cys25 in the papain active 
site, but involves into hydrophobic interactions 
with catalytically important amino acid residue 
His159. This proves the proximity of the potential 
reducing agent to the sulphydryl group and 
confirms the hypothesis about the reducing effect 
of ascorbic acid on the active site of papain.
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Abstract 
This work presents the results of studying the IR luminescence of colloid PbS quantum dots coated with molecules of 
thioglycolic acid.
Luminescence of the sample was recorded using the InGaAs image sensor PDF 10C/M (ThorlabsInc., USA) and a diffraction 
monochromator with 600 mm-1 grating. To study the temperature dependence of luminescence, the sample was cooled in 
a nitrogen cryostat down to 80 К. A redistribution of the luminescence intensity between two peaks (1100 and 1280 nm) 
was identified upon a decrease in temperature. It was shown that an exciton absorption peak was present in the excitation 
spectrum for the short-wave luminescence peak, and the Stokes shift was ΔEstokes ~ 0.1 eV. On the contrary, the exciton peak 
was absent in the luminescence excitation spectrum of the long-wave band, and its red boundary was shifted towards the 
short-wave region, that provided the Stokes shift of more than 0.3 eV.
It was concluded that the short-wave luminescence band appeared as a result of the radiative annihilation of an exciton, 
while the long-wave band appeared due to the recombination of charge carriers at trap states. Trap state luminescence was 
effectively excited upon direct absorption of the radiation by the luminescence centre. A three-level diagram was suggested 
that determined the IR luminescence of colloid PbS quantum dots coated with thioglycolic acid molecules.
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1. Introduction 
Semiconductor colloid quantum nanocrystals 

(quantum dots or QDs) attract interest due to 
their wide range of potential application in 
various optoelectronic devices and systems. QDs 
can be used in optic sensors and laser emitters 
and as non-linear media for controlling intensity, 
radiation phase, etc. [1–4]. It is possible to use 
QDs in various devices as their spectral and 
transport properties can be easily adjusted due 
to the quantum size effect.

A  d e t a i l e d  u n d e r s t a n d i n g  o f  t h e 
photoprocesses regulerities that determine the 
size-dependent spectral-luminescent properties 
is required for the practical application of QDs. 
In case of non-stoichiometric compounds, 
photoprocesses are also significantly complicated 
by the participation of Defect trap states. PbS 
is one of the typical representatives of non-
stoichiometric semiconductors [5]. The increased 
interest in PbS is associated with the possibility 
of its use in the IR range as the band gap of a bulk 
crystal is 0.41 eV [6] and the exciton Bohr radius 
is approximately 20 nm. The absorption bands 
from IR to the visible range can be controlled by 
varying the crystal sizes in the range of 1–20 nm 
due to the quantum size effect [7–13].

Controlling the position of luminescence 
peaks is an individual large task. Together with a 
change in the energy structure of exciton states 
due to variation in the QD size, there is also a 
possibility to obtain new luminescence bands 
determined by optical transitions on trap states 
of charge carriers [15–17].

Still, in each specific case it is necessary to 
establish the photoprocesses regularities and 
luminescence mechanisms for different types of 
semiconductors. At the present time for PbS QDs, 
the observed experimental regularities turn out 
to be very contradictory [7–13].

In [9], it was shown for PbS QDs dispersed in 
polyvinyl films that upon a temperature increase 
from 10 to 250 К the width of the effective band 
gap decreased (ΔEg/ΔT = – 1.1·10–4 eV/K). On the 
contrary, the width of the band gap increased 
for massive PbS upon a temperature increase 
(ΔEg/ΔT = + 4.7·10–4 eV/K) [18]. Based on the 
temperature dependences, the complex band in 
the QD luminescence spectra was decomposed 
into three peaks [9] with the Stokes shift (0.47, 

0.25, and 0.17 eV). All three peaks were correlated 
with the recombination of charge carriers on 
trap states. However, in [7,8,12,13,19], an exciton 
luminescence mechanism was assumed for 
luminescence peaks with a Stokes shift regarding 
the exciton absorption peak in the range from 0 
to 0.6 eV.

In [10], two luminescence peaks were discovered 
for PbS QD films coated with ethanethiol. Based 
on the data of femtosecond transient absorption 
spectroscopy, the process of thermal release 
of localized charge carriers was shown. The 
increase in the short-wave luminescence peak and 
decrease in the long-wave peak were observed 
under an increase in temperature. The increase in 
the short-wave luminescence peak and decrease 
in the long-wave peak were observed under an 
increase in temperature. It was concluded that 
the short-wave luminescence peak corresponded 
to radiative exciton annihilation, while the long-
wave peak corresponded to the recombination on 
trap states.

In [20], the complex luminescence band for 
PbS QDs was also represented by the total of three 
individual components. Based on the analysis of 
the data of time-resolved luminescence, it was 
concluded that the short-wave luminescence 
peak was determined by the radiative exciton 
annihilation. As for the other two peaks, the 
authors associated them with phonon repetitions, 
although there was a strong difference in the 
luminescence kinetics of all three bands.

Therefore, the existing experimental data on 
the regularities of the PbS QD luminescence are 
very contradictory. 

In this work we present the results of studies 
of the luminescence regularities of colloidal PbS 
QDs coated with thioglycolic acid molecules (PbS/
TGA QDs).

2. Experimental 
1.1. Synthesis method

Colloidal PbS/TGA QDs were synthesised in 
water using thioglycolic acid (TGA) molecules 
as a passivator of the QD surface. The synthesis 
method was based on the techniques that we used 
previously to obtain colloidal solutions of silver 
and cadmium sulphide QDs [14, 17].

The synthesis of PbS QDs was based on the 
reaction of substitution of thioglycolic acid 
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molecules for sulphur atoms in the Pb:TGA 
precursor. At first, 1.5 mmol of Pb(NO3)2 were 
dissolved in 50 ml of distilled water, and 
thioglycolic acid (3 mmol) was added. After 
that, the pH level was increased up to 9 by 
the addition of NaOH (1 M), which allowed 
obtaining the Pb(SCH2COONa)2 precursor. The 
addition of an aqueous solution of Na2S (0.85 
mmol) was accompanied by a change in colour 
to brown, which indicated the formation of PbS/
TGA QDs. The obtained solution of colloidal 
QDs was precipitated with acetone (which was 
added by volume to a concentration of 50%) and 
centrifugation. The precipitate was gathered and 
dissolved again in distilled water. The process of 
purification was repeated twice. Thus, the studied 
samples were a colloidal solution of PbS/TGA 
QDs in water.

2.2. Experimental techniques
Structural studies of the sample were conducted 

using transmission electron spectroscopy (TEM) 
with a Libra 120 microscope (CarlZeiss, Germany) 
and a digital analysis of TEM images and X-ray 
diffraction. The size dispersion of QDs was 
determined in the sample using TEM images.

Absorption spectra were recorded on a 
USB2000+ spectrometer (Ocean optics) with a USB-
DT radiation source (Ocean optics). Luminescence 
spectra in the IR region were recorded on a 

PDF 10C/M image sensor (ThorlabsInc., USA) 
with the built-in amplifier and a diffraction 
monochromator with a 600 mm–1 grating. The 
luminescence spectra were corrected for the 
spectral characteristics of the devices which 
was measured using a reference incandescent 
tungsten lamp with a known colour temperature.

We used the 400 W incandescent lamp and a 
second monochromator with a 1200 mm–1 grating 
in order to obtain the luminescence excitation 
spectra, which resulted in an excitation region 
from 500 to 1300 nm.

We placed the sample in a nitric cryostat and 
cooled it down to 80 К in order to record the 
luminescence spectra of the studied sample at 
low temperatures.

3. Results and discussion 
Figure 1a shows a TEM image of the studied 

samples of PbS/TGA QDs with a histogram 
of the QD size distribution. It can be seen 
that the suggested synthesis method allowed 
obtaining individual nanoparticles with an 
average size of about 3 nm. The size dispersion 
was approximately 25–30 %.

Figure 1b shows X-ray diffraction from a PbS QD 
sample for CuKa radiation with a 1.056 Å length, 
and there are well-distinguished reflections 
at 25.9º, 30.1º, and 43.05º, corresponding to 
the cubic modification of the PbS crystal. All 

Fig. 1. TEM image of PbS/TGA QDs with size distribution histogram (a). X-ray diffraction from a sample (b)
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reflections were significantly broadened. The size 
of the crystallites was assessed using the Scherrer 
equation:

d = 0 9.
cos

,
l

b q
		  (1)

where d is the size, nm, l is the wavelength of the 
X-ray emission 0.15405 nm, b is the width of the 
diffraction peak at half height (the (220) peak was 
used as it did not overlap with other reflections), 
q is the Bragg angle. The size value was of about 
3–3.5 nm, which correlated well with the TEM data. 
Therefore, the synthesized sample was a set of PbS 
nanocrystals with an average size of about 3 nm.

Figure 2 shows the optical absorption 
spectrum of PbS/TGA QDs. The edge of the 
absorption spectrum located in the region of 
about 1000  nm was shifted towards the short-
wave region in relation to the absorption 
edge of bulk PbS (0.41  eV or 3025 nm), which 
indicated the quantum limitation of charge 
carriers. The exciton structure was absent for 
the absorption spectrum, which is typical for 
QDs from semiconductors with a high degree of 
non-stoichiometry [14]. In this case, the shape of 
the absorption spectrum can be determined not 
only by transitions between the quantum size 
states of the nanocrystal but also by transitions 
with the participation of trap states. A significant 
contribution to the absence of an exciton 

structure was also determined by the considerable 
size dispersion of QDs in the sample.

Intensive IR luminescence emerged upon 
the excitation with the wavelength of 462 nm, 
its spectrum is also presented in Fig. 2. The 
luminescence spectrum was not elementary and 
there were at least two peaks, a short-wave peak 
with the maximum of about 1100 nm and a long-
wave peak with the maximum of about 1280 nm. 
The half width at half-maximum (HWHF) of both 
luminescence peaks was estimated to be within 
the range of 0.1–0.2 eV. Narrow luminescence 
peaks for QDs are usually attributed to radiative 
exciton annihilation, but luminescence peaks 
with a HWHF not more than 0.2 eV can also be 
some semiconductor compounds, even in case 
of trap-state luminescence [14]. In our case, the 
absence of an exciton structure in the absorption 
spectrum did not allow determining the Stokes 
shift for the identified luminescence peaks. To 
establish the luminescence mechanisms, we need 
to consider the luminescence excitation spectra.

As opposed to the absorption spectra that are 
determined by the absorption of each nanocrystal 
in the sample, only the QDs emitting in the 
wavelength of emission recording participate 
in the formation of the excitation spectra. This 
allowed achieving selectivity by the wavelength 
in the luminescence excitation spectra through a 
change in the wavelength of emission recording.

Fig. 2. Spectra of absorption and luminescence of colloidal solutions of PbS/TGA QDs in a quartz cuvette
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Figure 3 presents the luminescence excitation 
spectra recorded at the peak of the observed 
bands. Narrow intense peaks in the region of 
1100 and 1280 nm with a HWHF of approximately 
15 nm were associated with the scattering of the 
excitation radiation, when its wavelength was 
the same as the wavelength of the luminescence 
recording. A specific feature was observed with 
a peak at 990 nm in the luminescence excitation 
spectrum in the short wavelength band (1100 nm). 
According to the position and shape of this peak, 
it was associated with absorption into the ground 
state of the exciton. In this case, the Stokes 
shift of the luminescence peak in relation to the 
exciton absorption peak was 0.125 eV. This value 
is typical for the PbS QDs exciton luminescence 
with an average size of about 3–3.5 nm. On the 
contrary, no exciton structure was found in the 
luminescence excitation spectrum with a peak at 
1280 nm. The excitation band edge was located in 
the region of 950 nm while the Stokes shift value 
increased up to 0.33 eV. This allowed associating 
the long-wave luminescence band with the 
radiative recombination of charge carriers on trap 
states. It should be noted that the excitation of the 
recombination band from the exciton absorption 
peak was not effective enough (the exciton 

absorption peak was absent from the excitation 
spectrum). Indeed, the intensity of the long-wave 
band was significantly lower as compared to the 
short-wave band upon excitation with a wavelength 
of 950 nm (Fig. 2). The strong absorption by trap 
states was also shown in [10] as compared to its 
own exciton absorption for PbS QDs.

If the suggested luminescence mechanisms 
of colloidal PbS/TGA QDs (recombination and 
exciton bands) are correct, and both luminescence 
peaks belong to each QD in the sample, not to 
individual nanocrystals, there must be some 
relationship between the intensity of the 
luminescence bands. And in fact, there is. When 
the PbS/TGA colloidal QD sample was cooled 
down to 80 K, the luminescence band with a peak 
at 1100 nm disappeared, and the radiation in the 
long-wave band became more intense (Fig. 2). As 
it cooled down, the long-wave luminescence peak 
gradually shifted towards the long-wave region 
from 1280 to 1380 nm, by 0.07 eV. 

The dependence of the relative intensity of 
the luminescence bands on temperature showed 
that both bands belonged to each nanocrystal 
in the sample and allowed creating a diagram of 
energy levels and the transitions between them 
(Fig. 4). The diagram includes a non-excited 

Fig. 3. Luminescence excitation spectra
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state and several excited states of the exciton 
determine by the ground and the excited state 
of the electron and the hole at the quantum 
size levels of the nanocrystal. There were also 
several levels of the excited state of the trap state 
luminescence centre. 

The observation of two peaks in the 
luminescence spectrum at room temperature 
can be explained by the fact that charge carriers 
are mainly captured by the excited state of the 
trap when QDs are excited by radiation with 
a wavelength of 462 nm. After that, charge 
carriers can move to the exciton level as a result 
of thermal activation. Therefore, charge carriers 
are able to recombine both from the trap and 
from the exciton levels. The thermal activation 
of the transition to the exciton level also explains 
the absence of an exciton peak in the spectrum 
upon cooling the sample down to a temperature 
of 80 K. When QDs are excited by radiation with 
a wavelength of 950 nm, the exciton is excited 
directly. In this case, the capture of charge carriers 
by the trap state luminescence centre was less 
efficient as compared to the radiative exciton 
annihilation, which can explain the weakening of 
the peak associated with the luminescence from 
the trap. Thermal excitation of charge carriers 
from the luminescence centre to the exciton state 
contributed to the increase in the population 
of the latter and the increase in the exciton 

luminescence with increasing temperature. 
Excitation of the exciton state with the lowest 
energy (the wavelength of about 950  nm) 
apparently corresponded to non-resonant low-
efficiency excitation of the luminescence centre. 
The capture of charge carriers from the exciton 
state to the luminescence centre was also a slow 
process. The low capture rate contributed to the 
dominance of exciton luminescence upon direct 
excitation by radiation with a wavelength of 950 
nm, which corresponded to the region of the 
exciton absorption peak (Fig. 3).

Therefore, the intense IR luminescence 
identified for PbS/TGA QDs in two bands 
corresponded to radiative exciton annihilation 
at 1100 nm and to recombination on trap states 
in the long-wave region.

4. Conclusions
In this work we presented new regularities in 

the IR luminescence of colloid quantum dots of lead 
sulphide coated with the molecules of thioglycolic 
acid. Two luminescence peaks with peaks at 
1100 nm and 1280 nm were found. A temperature 
decrease down to 80 K was accompanied by the 
decrease in luminescence intensity in the short-
wave band and simultaneous increase in the 
intensity of the long-wave luminescence peak. 
In addition, fundamental differences were found 
between the photoluminescence excitation 

Fig. 4. Diagram of energy transitions in PbS/TGA QDs
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spectra for two peaks. The exciton structure was 
present in the excitation spectrum of the short-
wave luminescence peak while the Stokes shift 
was about 0.1 eV. On the contrary, no exciton 
structure was found in the excitation spectrum 
for the long-wave luminescence peak, while the 
Stokes shift in the luminescence peak in relation 
to the long-wave edge of the excitation spectrum 
was approximately 0.3 eV. It was concluded 
that the nature of the short-wave peak (1100 
nm) was associated with the radiative exciton 
annihilation, and the long-wave peak emerged as 
a result of the recombination of charge carriers 
on trap states. We proposed an empirical diagram 
of photoprocesses that takes into account the 
thermal redistribution of the populations of 
the exciton state and trap state luminescence 
centre together with the special features of direct 
excitation of trap state luminescence.
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Abstract 
The study is aimed at developing a technique for forming a structure with a Schottky barrier in the form of a multilayer 
Al-Ag2S-ITO sandwich structure, which includes a condensate of colloidal Ag2S quantum dots passivated with thioglycolic 
acid molecules (Ag2S/TGA QDs).
The spectral properties were studied using a USB2000+ spectrometer (Ocean Optics, USA) with a USB-DT light source 
(Ocean Optics, USA). Electrophysical and photoelectric properties of the structures were studied using a Keysight B1500A 
semiconductor device analyzer (Keysight tech, USA). The study of the temperature dependences of the properties in the 
temperature range from 300 to 360 K was carried out in a Shielded room (Faraday cage) placed in a muffle furnace. It was 
found that the conductivity of the Al-Ag2S-ITO structure is mostly governed by the Schottky barrier at the Al-condensed 
Ag2S QDs film junction.
At the junction between the condensed Ag2S QDs film and Al, signs of the formation of a rectifying contact were found.
Under the action of the optical radiation with a wavelength of 650 nm and less, which corresponds to the most probable 
exciton transition in the UV-Vis absorption of Ag2S/TGA QDs, an increase in the current was found for the negative branch 
of the J-V curve.
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1. Introduction
In recent years, optical and transport properties 

of nanostructures based on semiconductor colloid 
quantum dots (QDs) have been of particular 
interest. Due to the existence of QDs in the form 
of ensembles in colloid solutions, it is possible 
to obtain thin condensate layers required for the 
implementation of practical applications using 
various methods, such as spin coating, dip coating, 
the Langmuir–Blodgett method, etc. [1–4]. The 
issue of transport properties comes to the fore 
in such condensates and their connection with 
energetic and electrophysical properties of the 
components (substrates, electrodes, etc.) as well 
as optical properties of QDs condensates [5, 6]. 

Optical, electrophysical, and recombination 
properties in addition to the fabricability of QDs 
condensates are important for the development 
of new photodetectors [2] and other photonics 
devices. The advantages of the use of QDs in 
photovoltaic devices are related to the ability of 
fine adjustment of energy levels of the element, 
modification of the surface in order to increase 
the efficiency of light absorption, including near-
infrared light range [7–9]. The correct choice of 
the surface ligand of QDs has a positive effect 
on the transport properties of condensates [6, 
7, 10]. To date, it has been established that the 
use of shorter ligands provides the formation of 
concentrated layers of QDs condensates, in which 
the effectiveness of charge diffusion between 
neighbouring QDs is significantly facilitated. 
Thiocarboxylic acids are highly promising and 
can be effectively used to solve these issues 
[11]. However, there are few studies of the 
electrophysical photovoltaic properties of QDs 
passivated with this ligand [12]. Condensates of 
Ag2S QDs, in their turn, are of particular interest 
as model photosensitive media. There are known 
approaches and technologies for the efficient 
passivation of interfaces with thiocarboxylic acids 
for them [13–26].

The possibilities of creating new thin-film 
systems based on condensates of Ag2S QDs 
were mentioned in certain works [27–29]. For 
example, the addition of silver sulphide as an 
isolating layer in a Schottky diode improved 
its characteristics and increased the rate of 
rectification [29]. However, currently there are 
no available systematic studies of the conductive 
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properties, photoresponse, and photoprocess 
patterns that determine them in systems based 
on Ag2S QDs condensates passivated with short-
chain molecules of thiocarboxylic acids.

This work partially fills this gap and is 
dedicated to the analysis of the electrophysical 
properties and photoresponse in multilayer 
structures of the Al-Ag2S-ITO type, which 
include a condensate of colloidal Ag2S quantum 
dots passivated with thioglycolic acid molecules 
(abbreviated as Ag2S/TGA QDs) as a photosensitive 
element.

2. Experimental
2.1. Samples

Electric parameters and photoresponse were 
studied on Al-Ag2S QDs-ITO sandwich structures 
[30]. The initial colloid solution Ag2S/TGA QDs 
in the volume of 0.4 ml was applied to the 
conductive indium tin oxide (ITO) or aluminium 
substrates obtained using magnetron sputtering. 
Surface resistance of the substrates did not exceed 
20 Ohm/sq, and geometric parameters were 
10×10 mm.

The samples of colloid Ag2S/TGA QDs were 
synthesised as part of water colloid synthesis. 
It was based on mixing aqueous solutions of 
AgNO3 and TGA with a molar ratio of 1:1 with 
the aqueous solution of Na2S the concentration 
of which corresponded to the molar ratio of 
AgNO3:TGA:Na2S which was 1:1:0.33. High purity 
reagents by Sigma-Aldrich were used for the 
synthesis.

2.2 Methods of experimental studies
Morphology of Ag2S/TGA QDs was studied 

using Libra 120 (CarlZeiss, Germany) and JEOL 
2000FX (JEOL Ltd., Japan) transmission electron 
microscope with high resolution. The surface 
morphology of thin films of Ag2S/TGA QDs 
condensates was evaluated using reflection and 
transmission microscopy on a MII-4M (LOMO, 
Russia) micro interferometer. 

The absorption properties were studied on 
a USB2000+ spectrometer (Ocean Optics, USA) 
with a USB-DT light source (Ocean Optics, USA).

The electrophysical and photoelectric 
properties of the studied structures were measured 
using a B1500A semiconductor analyser (Keysight 
tech, USA). The temperature dependences of 
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these properties in the range from 300 to 360 
K were investigated in a screened chamber 
(Faraday cage) placed in a muffle furnace. As for 
the source of monochromatic radiation, we used 
an incandescent lamp together with an MDR‑41 
monochromator with a diffraction grating of 
1200 mm–1. The operational spectral range was 
500–1300 nm, and the power of radiation on the 
sample was 200 µW.

3. Results and discussion
3.1. Structural and optical properties of samples

An analysis of TEM images demonstrated the 
formation of ensembles of individual Ag2S/TGA 
QDs with an average size of 2.5 nm and a dispersion 
of 20% (Fig. 1a). The studies of TEM imaging with 
high resolution showed the formation of Ag2S 
nanocrystals in a monoclinic lattice (space group 
P21/c) (Fig. 1b). The thickness of films determined 
by the interferometric method for Ag2S/TGA QDs 

was 280–300 nm (Fig. 1c).
The optical absorption band of the initial 

colloidal solutions of Ag2S/TGA QDs caused by the 
most probable exciton transition had a maximum 
in the region of 1.9 eV (650 nm). This value of 
energy exceeded the width of the band gap for 
Ag2S crystals with a monoclinic crystal structure 
equal to 1.0–1.1 eV (Fig. 1d) [31]. This specific 
feature is the expression of the size effect. Using 
the Kayanuma formula [32]:
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where e = 5.95 is the dielectric constant of bulk 
Ag2S [33], R is the radius of Ag2S QDs in cm, 
ΔE = Eexc – Emass is the value of a quantum size 

effect in absorption spectra in erg, m =
+
◊m m
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,  

me = 0.42m0 and mh = 0.81m0 are the effective mass 

Fig. 1. TEM image, size distribution histogram of Ag2S/TGA QDs (a). High resolution TEM (b). Optical photo-
graph of an Ag2S/TGA QD film (c). Optical absorption spectra of Ag2S/TGA QDs (d)
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of the electron and the hole, and the size of 
nanocrystals was 1.9 nm.

3.2. Electrophysical properties
Figure 2 presents the logarithmic dependence 

of the current on the applied voltage upon 
reversed bias for the studied sandwich structures 
Al-Ag2S QDs-ITO. In Fig. 3 the current/voltage 
diagram (J-V curve) was asymmetric in relation 
to the zero field, which indicated the barrier 
structure. It should be noted that the currents 
were of the same magnitude, both with forward 
and reversed bias.

Based on the estimated value of the work 
function of electrons in the components of the 
investigated sandwich structure (4.2–4.8 eV for 
ITO [34, 35]; 4.1–4.9 eV was the estimated work 
function for the Ag2S QDs film [31, 36], 4.25 eV 
was the electron work function for Al [37]) and 
their ratio, it can be expected that an ohmic 
contact will be formed in the sandwich structure 
at the ITO-Ag2S QDs film interface and a Schottky 
barrier at the Ag2S QDs-Al film interface.

We also formed an Al-Ag2S QDs-Al sandwich 
structure to confirm the dominant role of Schottky 
barrier at the contact with Al-Ag2S QDs in the 
formation of conductivity of the Al-Ag2S QDs-ITO 
sandwich structure. A J-V curve for this structure 
also demonstrated the formation of a barrier, and 
the currents in both directions were similar while 
the J-V curve was symmetric in relation to the 
zero field. This indicated that the conductivity 

of the Al-Ag2S QDs-ITO structure was mainly 
determined by Schottky barrier emerging at the 
Al-Ag2S QDs interface. Thus, a rectifying contact 
was formed at the Al-Ag2S QDs film interface due 
to lower work function of Al [38, 39]. J-V curves 
of the studied films were exponential, therefore, 
the conductivity mechanism was apparently 
implemented according to Schottky emission 
[40,41].

To determine the conductivity mechanism, 
the J-V curve were replotted on a logarithmic 
scale [42], which allowed determining the 
dominant conductivity mechanism. Experimental 
dependencies of current on the applied voltage 
(Fig. 3) could be described in three regions by the 
power law I ~ Um[43], where m is the value of the 
slope for each region of the applied voltage. The 
value m showed the kinetics of charge carriers 
and the type of conductivity [42].

The resistive conductivity mechanism is 
typically [42] observed for the lowest voltage 
applied to the investigated structure, when 
the concentration of charge carriers injected 
into the QDs film is significantly lower than 
the concentration of intrinsic carriers. In this 
case, the coefficient m must be equal or close 
to one. Experimentally determined value m1 for 
the region of voltages up to 0.2 V was equal to 
0.2. As the voltage increased, the regions from 
0.2 to 0.7 V could also be identified, where the 
value m2 was 2.3, and the range of voltages more 
than 0.7 V, where m3 was 5.49. The region of 

Fig. 2. Logarithmic dependence of the current on the 
applied voltage at a negative bias at T = 300 K for thin-
film sandwich structures based on Ag2S/TGA QDs

Fig. 3. J-V curve for sandwich structures based on Ag2S/
TGA QDs. The inset shows the photosensitivity spec-
trum of sandwich structures based on Ag2S/TGA QDs

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2023;25(2): 190–197

V. S. Gurchenko et al.	 Photoelectric response in sandwich structures based on condensed layers of Ag2S...



194

low voltages (<0.2 V) showed slightly strange 
behaviour, which was apparently due to the 
heterogeneous structure of the Ag2S QDs film 
and the contribution of several processes to the 
conductivity. These processes will be described 
in detail in a different work.

A current mode with a space charge limited 
conduction (SCLC) was observed in the range 
of applied voltages from 0.2 to 0.7 V. The third 
range corresponded to the charge transfer due to 
the trap charge limited conduction mechanism 
(TCLC) [45]. Localised states of recombination 
luminescence centres seemed to participate in the 
formation of this third section of J-V curve (Fig. 
1). Shallow localised states that we previously 
discovered for similar samples of colloidal Ag2S 
QDs using thermally stimulated luminescence 
can also have a considerable effect [46].

3.3. Photoelectric response
Figure 3 presents the J-V curves for Al-Ag2S 

QDs-ITO sandwich structures both in the absence 
of radiation and in the presence of illumination 
for the film structure with monochromatic 
radiation. It can be seen that there are no changes 
in the negative branch of J-V curve for the optical 
wavelength of more than 700 nm (1.77 eV). When 
comparing to the optical absorption spectra of 
Ag2S QDs films, for which an exciton absorption 
peak was observed in the region of 1.9 eV (650 
nm), and the long-wave absorption edge is 
approximately 700 nm, we can state that the 
absorption of light by Ag2S QDs condensates is the 
primary act in the formation of the photoresponse 
of sandwich structures based on Ag2S/TGA QDs. 
The form of the photocurrent spectrum measured 
for the negative shift (0.2 V) reiterated the long-
wave edge of the absorption spectra of the Ag2S/
TGA QDs film. The forward J-V curve branch 
shows the changes that occurred under the 
influence of the radiation with a wavelength of 
less than 700 nm, which also proves the dominant 
role of the absorption process in the Ag2S/TGA 
QDs film for the formation of a photoresponse.

4. Conclusions 
As a result of studying the electrophysical 

properties of the Al- Ag2S QDs-ITO sandwich 
structure, where the main working component 
was a condensate of colloidal Ag2S QDs passivated 

with thioglycolic acid (TGA) molecules, we 
established new patterns that indicate the 
formation of photosensitive systems with a 
Schottky barrier. The obtained experimental data 
showed that the conductivity of such structures 
was determined by Schottky barrier at the Al-Ag2S 
QDs interface. Spectral area of photosensitivity 
of these structures coincided with the region 
of absorption of Ag2S QDs condensates. The 
obtained results indicate that model objects can 
be developed for photodiode structures based on 
condensates of colloid Ag2S/TGA QDs.
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Abstract 
Copper is widely used as a material for technical solutions in microelectronics, as well as for the manufacture of various 
heat exchange equipment used in aggressive environments. Corrosion inhibitors are used for the reduction of the corrosive 
activity of the environment. This article presents the results of a study of the anticorrosion activity of a number of derivatives 
of the class 3-alkyl- and 3-hydroxyalkyl-5-amino-1H-1,2,4-triazole with respect to copper corrosion in chloride-containing 
environment. Over the course of the study, 3-alkyl- and 3-hydroxyalkyl-5-amino-1H-1,2,4-triazoles with different lengths 
of the alkyl substituent were synthesized. The structure of these compounds was confirmed using NMR spectroscopy and 
HPLC/MS analysis. Based on the results of electrochemical and direct corrosion tests, regularities were established for the 
inhibitory activity of the obtained compounds in acidic (1% HCl solution) and neutral (borate buffer solution, pH = 7.4) 
chloride-containing media. 
In in a neutral media, the greatest protective effect was obtained for 3-propyl-5-amino-1H-1,2,4-triazole I, which has the 
shortest alkyl radical without modification by an OH group. As the concentration increased in the range from 0.01 to 10.0 
mmol/L, the inhibitory activity increased. With an increase in the length of the alkyl radical and/or the introduction of an 
OH group, a decrease or absence of a protective effect was observed. At the same time, in an acidic medium, the introduction 
of a hydroxyl group into the alkyl substituent of 5-amino-1H-1,2,4-triazole increased anti-corrosion efficiency only with 
sufficient length of the carbon chain.
The highest protection degree was obtained for 17-(5-amino-1H-1,2,4-triazol-3-yl)heptadecan-7-ol IV at a concentration 
of 10.0 mmol/l and it reached a value of 97%. 
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1. Introduction 
T h e  w i d e s p r e a d  u s e  o f  co p p e r  i n 

microelectronics and technological equipment 
is usually associated with its high electrical 
and thermal conductivity and general corrosion 
resistance. In addition, it has additional specific 
properties, for example, it prevents fouling 
by marine microscopic organisms, since its 
ions are detrimental to algae and molluscs [1]. 
This allows the use of copper in shipbuilding, 
fisheries and other areas that involve the long-
term operation of metals in such environments 
[2]. However, like most metals, copper is subject 
to corrosion damage, and it is characterized by 
local types of corrosion (pitting corrosion) that 
occur when a solid phase comes into contact 
with a liquid medium containing, for example, 
chloride ions. One of the most common ways to 
reduce the rate of destruction during its use in 
various environments is the use of special organic 
corrosion inhibitors [3].

Among organic copper corrosion inhibitors, 
heterocyclic azole-based compounds have 
the greatest practical application [4, 5]. This 
is due to the presence of several properties: 
good solubility in water, high thermal stability, 
environmental friendliness, economy, etc. The 
inhibitory properties of azoles [6–10] are due to 
the fact that the hydrogen atoms that are directly 
bonded to the nitrogen atom in the azole ring are 
highly mobile. As a result, it is possible for the 
inhibitor to interact with the surface of metals, 
which is accompanied by adsorption on it and the 
formation of protective films [11].

Despite the extensive list of already known 
compounds for which an inhibitory effect has been 
proven, the task of searching for and studying the 
properties of new corrosion inhibitors both for 
one metal in a specific environment and universal 
inhibitors for a number of metals and alloys used 
under various conditions is still relevant [ 12.13].

The most studied copper corrosion inhibitor 
of the azole class is 1,2,3-benzotriazole [14–16], 
which is currently widely used to protect non-
ferrous metals. However, not only benzotriazole 
derivatives, but also some other, more hydrophilic 
triazoles [17], attract the attention of researchers 
for the protection of copper and its alloys [18–19]. 
Thus, 3-amino-1,2,4-triazole is more effective 
than benzotriazole in preventing the formation 

of pitting on a copper–nickel alloy in an ammonia 
buffer solution containing chlorides or sulphates 
[20]. The effectiveness of such inhibitors is 
often increased by introducing a hydrophobic 
substituent into the triazole ring. However, this 
reduces their solubility in water and can lead 
to disruption of the equipment, including due 
to the formation of particle agglomerates with 
subsequent clogging of the conductive channels 
[21, 22]. Obtaining corrosion inhibitors with high 
protective properties and satisfactory solubility is 
an important scientific and practical task.

The purpose of this study was the synthesis of 
3-alkyl- and 3-hydroxyalkyl-5-amino-1H-1,2,4-
triazoles compounds, study and comparison of 
their inhibitory activity against copper corrosion 
in neutral and acidic solutions containing 
chloride ions.

2. Experimental
2.1. Spectral methods of analysis 

1H NMR spectra were obtained using Bruker 
DRX-500 (operating frequency 500 MHz) in a 
pulsed Fourier mode in DMSO-d6. Proton chemical 
shifts are given in parts per million (ppm) relative 
to the residual proton signals of the deuterium 
solvent or tetramethylsilane as an internal 
standard. Chromatographic analysis of the purity 
of the obtained compounds was carried out on 
an Agilent 1260 Infinity liquid chromatograph 
with UV and mass detection (Agilent 6230 TOF 
LC/MS high-resolution time-of-flight mass 
detector, electrospray ionization). Chromatography 
conditions: Gemini C18 column (4.6×50 mm); 
sorbent particle diameter 5 µm; linear gradient 
elution; mobile phase: eluent А – MeCN–Н2Oh, 
2.5: 97.5, 0.1% CF3COOH, eluent B – MeCN, 0.1% 
CF3COOH, mobile phase flow rate 3.75 ml/min; 
column temperature 40 °С; injection volume 1.5 μl.

2.2. General procedure for the synthesis of 
3-substituted 5-amino-1H-1,2,4-triazoles (I-IV) 
in pyridine

A mixture of 0.1 mol of aminoguanidine 
bicarbonate, 0.1 mol of the corresponding 
carboxylic acid ester and 200 ml of pyridine was 
boiled under reflux for 6–12 hours. The mixture 
was cooled, pyridine was distilled off on a rotary 
evaporator, and the residue was recrystallized 
from a mixture of petroleum ether and isopropyl 
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alcohol. The formed precipitate was filtered off, 
washed with petroleum ether, and dried at 60°C.

2.3. General procedure for the synthesis of 
3-substituted 5-amino-1-H-1,2,4-triazoles 
(I-IV) in butanol

Butanol (100 ml) was added to 0.21 mol 
of aminoguanidine, then 0.21 mol of the 
corresponding carboxylic acid was added in 
portions with stirring. The mixture was carefully 
heated to 50°C and, after the carbon dioxide 
evolution ceased, it was boiled with a Dean-Stark 
apparatus. After the separation of water in the 
trap ceased, the reaction mass was cooled and 
butanol was distilled off on a rotary evaporator. 
The residue was recrystallized from a mixture 
of petroleum ether and isopropyl alcohol. The 
precipitate formed after cooling was filtered off, 
washed with petroleum ether, and dried at 60°C.

3-Propyl-5-amino-1H-1,2,4-triazole I.

Yield 58-63%, MP 134-136 °С. White powder. 1H 
NMR spectrum: 0.88 (t, J=7.5, 3H, CH3); 1.52–1.57 
(m, 2H, CH2); 2.36 (t, J=7.3, 2H, CH2); 5.70 (s, 2H, 
NH2); 11.45 (s, H, NH). Determined, m/z: 127.0984 
[M+H]+. C5H10N4+H+. Calculated, m/z: 127.0979 
[M+H]+. 

3-(5-Amino-1H-1,2,4-triazol-3-yl)propan-1-
ol II.

Yield 40-45%, MP 128-130 °C. White powder. 1H 
NMR spectrum: 1.48–1.55 (m, 2H, CH2); 2.38 (t, 
J=7.3, 2H, CH2); 3.41 (m, 2H, CH2); 4.44 (br. s, 1H, 
OH); 5.67 (s, 2H, NH2); 11.49 (s, H, NH). Deter-
mined, m/z: 143.0821 [M+H]+. C5H10N4O+H+. Cal-
culated, m/z: 143.0855 [M+H]+.

3-Heptadecyl-5-amino-1H-1,2,4-triazole III.

Yield 41-49%, MP 99-103 °С. White powder. 1H 
NMR spectrum: 0.85 (t, J=7.5, 3H, CH3); 1.21–1.30 
(m, 28H, 14CH2); 1.52-1.59 (m, 2H, CH2); 2.37 (t, 
J=7.3, 2H, CH2); 5.54 (s, 2H, NH2); 11.54 (s, H, NH). 
Determined, m/z: 323.3180 [M+H]+. C19H38N4+H+. 
Calculated, m/z: 323.3171.

1 7- ( 5 -Am i n o - 1 H - 1 , 2 , 4 - t r i a z o l - 3 - y l )
heptadecan-7-ol IV.

Yield 42-51%, MP 102-103 °С. White powder. 1H 
NMR spectrum: 0.85 (t, J=7.5, 3H, CH3); 1.24–1.39 
(m, 12H, 6CH2); 1.53-1.60 (m, 2H, CH2); 1.77–1.81 
(m, 4H, 2CH2); 2.38 (t, J=7.3, 2H, CH2) 2.73–2.78 
(m, 4H, 2CH2); 3.79-3.83 (m, 1H, CH); 4.44 (br. s, 
1H, OH); 5.54 (s, 2H, NH2); 11.54 (s, H, NH). De-
termined, m/z: 339.3220 [M+H]+. C19H38N4O+H+. 
Calculated, m/z: 339.3220.

2.4. Electrochemical studies in a neutral 
environment

Electrochemical measurements were carried 
out in an aerated borate buffer solution (pH = 7.40) 
in the presence of an activating additive of 
0.01 mol/L NaCl. Studies in this solution allow to 
obtain information about the passivating effect of 
triazoles and their ability to stabilize the passive 
state of copper under conditions of competitive 
adsorption of an organic inhibitor and chloride.

Polarization curves were recorded on an M1 
copper electrode reinforced with epoxy resin (area 
0.75 cm2) in an electrochemical cell with undivided 
electrode spaces using an IPC-PRO potentiostat. 
The working electrode was preliminarily cleaned 
with K2000 sandpaper, washed with distilled 
water, and degreased with ethanol (reagent grade). 
Electrode potentials (E) was measured relative to 
the silver chloride electrode, connecting the space 
of the electrochemical cell and the reference 
electrode by electrolytic bridge based on agar-
agar and sodium nitrate, and recalculated to the 
scale of a standard hydrogen electrode (potential 
+201 mV relative to SHE). The auxiliary electrode 
was a platinum grid.

After the reduction of the copper oxide 
film formed in air at E  = –0.60 V for 15 min, 
the polarization was turned off until the open-
circuit potential (Ecor) was established. The time 
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to the onset of the steady state ranged from 3 to 
5 minutes. Next, with stirring, a NaCl solution 
with a concentration (CCl-) 0.01 mol/l and test 
inhibitors was added. After the new Ecor value was 
established, the anodic and cathodic polarization 
curves were recorded within 3–5 minutes with a 
potential scan rate of 0.2 mV/s from Ecor in the 
anodic and cathodic directions, respectively.

Measurements for each concentration of 
the substance were made at least 5 times until 
reproducible data were obtained, followed by 
statistical processing of the measurement results.

2.5. Salt spray testing (neutral environment)
Corrosion tests were carried out on copper 

plates (20×50 mm, thickness 0.2 mm), which were 
preliminarily cleaned with K2000 sandpaper, 
washed with distilled water, and degreased 
with ethanol (chemically pure). A protective 
film of inhibitors was obtained by incubation 
the plates in an aqueous solution with the 
addition of inhibitors with concentrations of 
Cinh = 1.0, 5.0, and 10.0 mmol/l for 60 minutes 
at room temperature. The samples were dried 
and placed in a salt spray cabinet. As a solution 
(GOST R 52763-2007), we used a 5% NaCl solution 
(pH = 6.5–7.2), which was sprayed as a mist inside 
the cabinet with the test samples. The samples 
were irrigated with a solution at intervals of 
1  hour at room temperature and a constant 
relative humidity of 95–100% in the cabinet. 
Inspection of the samples was carried out 3 times 
per day to determine the time of appearance of 
the first corrosion damage (tcor).

2.6. Gravimetric tests in acidic environment
The tests were carried out in accordance with 

GOST 9.905-82 “Methods of corrosion tests”, 
9.907-83 “Methods for removing products after 
corrosion tests” on copper plates (20×50 mm, 
thickness of 0.2 mm). The plates were cleaned 
with K2000 sandpaper, washed with distilled 
water, degreased with ethanol (reagent grade) 
and dried with filter paper. The experiments were 
carried out in a 1% HCl solution (pH = 0.55) for 
7 days under natural aeration without stirring for 
three samples simultaneously (for each inhibitor 
concentration). The study of anticorrosion 
activity was carried out for systems with an 
inhibitor concentration of Cin = 1.0, 5.0, and 10.0 
mmol/l.

The corrosion rate was determined based on 
the weight loss of the samples and was calculated 
using the formula:

k
m
S tinh =

◊
D

,

where ∆m = m0 - m (m0 is the weight of the sample 
before the start of the experiment; m is the weight 
of the sample after testing, g; S – plate area, m2; 
t – time of the experiment, days.

For each solution, the corrosion rate k0was 
determined without inhibitor additive (k0 (1% HCl 
solution) = 44 g/m2days). The effectiveness of the 
inhibitory action of aminotriazole derivatives was 
evaluated based on the value of the inhibition 
coefficient g = k0/kinh and degree of protection: 

Z
k k
k

=
-È

Î
Í

˘

˚
˙ ◊0

0

100inh %,

where k0 and kinh are the corrosion rates in the 
background solution and in the solution with the 
inhibitor, respectively.

3. Results and discussion
3.1. Electrochemical studies in a neutral 
environment

Based on the results of electrochemical 
measurements, data were compared for a solution 
without the addition of inhibitors (control 
experiment) and in the presence of substances 
I–IV. The influence of Cinh on the Ecor, as well as 
the change in current density (i) in the initial 
segments of the anodic (APC) and cathodic (CPC) 
polarization curves were analysed.

Introduction of 3-propyl-5-amino-1H-1,2,4-
triazole I in the concentration range Cinh = 0.01–
1.00 mmol/l resulted in a shift of Ecor by 39–66 mV 
into the cathodic region relative to the control 
experiment (Table 1). On APC and CPC in the 
presence of 3-propyl-5-amino-1H-1,2,4-triazole 
I there was a decrease in the current density 
relative to the control experiment (Fig. 1a). With 
an increase in the concentration of a substance, 
the CPC did not change, and the current density 
decreased on the APC.

According to [23], in the initial sections of 
the APC, copper is oxidized with the formation 
of complexes according to the scheme: 

Cu + Cl– → CuClads + e–,
CuClads + Cl– → CuCl2

- + e–.
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At the same time, the reduction of the 
oxidizing agent (air oxygen) proceeds at the 
cathode:

O2 + 2H2O + 4e– → 4OH–.

Thus, the introduction of 3-propyl-5-amino-
1H-1,2,4-triazole I suggests an inhibitory effect 
on copper corrosion in a neutral solution in the 
presence of chlorides with a predominant effect 

on the anodic metal oxidation process. In the 
concentration range Cinh = 0.01–1.00 mmol/l, an 
increase in inhibitory activity was observed.

When 3-(5-amino-1H-1,2,4-triazol-3-yl)
propan-1-ol II and 3-heptadecyl-5-amino-1H-
1,2,4-triazole III were added, the change of Ecor 
relative to the control experiment was observed 
only when Cinh = 0.10 mmol/l at –22 and –25 mV, 
respectively (Table 1). Current density on APC 

Table 1. Stationary values of copper Ecor in borate buffer solution (pH = 7.40) in the presence  
of 0.01 M NaCl and I-IV inhibitors of various concentrations

Inhibitor
Inhibitor concentration, Сinh, mmol/l

0.00 0.01 0.10 1.00
I

+176

+135 +110 +120
II +181 +154 +181
III +177 +151 –
IV +200 +186 +175

                                                  c                                                                                                     d
Fig. 1. Anodic (1–4) and cathodic (1’-4’) polarization curves obtained on copper in a borate buffer (pH = 7.40) 
with of 0.01 M NaCl and 3-propyl-5-amino-1H-1,2,4-triazole I (a), 3-(5-amino-1H-1,2,4-triazol-3-yl)propane-
1-ol II (b), 3-heptadecyl-5-amino-1H-1,2,4-triazole III (c), 17-(5-amino-1H-1,2,4-triazol-3-yl)heptadecan-7-ol 
IV (d) with a concentration of Сin (mmol/l): 1,1’ – without additive; 2,2’ – 0.01; 3,3’ – 0.10; 4,4’ – 1.00

                                                  a                                                                                                     b
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with 3-(5-amino-1H-1,2,4-triazol-3-yl)propan-
1-ol II for all studied concentrations increased 
faster than in the solution without an additive 
(Fig. 1b). On a CPC at Cinh = 0.10 mmol/l reduction 
of i was obtained. That is, a slight inhibitory 
effect can occur for a given substance only when 
Cinh = 0.10 mmol/l by reducing the reduction rate 
of the oxidant (air oxygen). 

Current density in the initial sections of APC 
with 3-heptadecyl-5-amino-1H-1,2,4-triazole 
III decreased relative to the control experiment 
(Fig. 1c), the difference was obtained on the CPC 
at Cinh  =  0.10 mmol/l. Thus, the introduction 
of 3-heptadecyl-5-amino-1H-1,2,4-triazole III 
suggests an inhibitory effect on copper corrosion 
in a neutral solution in the presence of chlorides 
with a predominant effect on the anodic metal 
oxidation process. In the concentration range 
Cinh = 0.01–0.10 mmol/l, there was an increase in 
inhibitory activity, which was less pronounced, 
relative to 3-Propyl-5-amino-1H-1,2,4-triazole I.

The introduction of 17-(5-amino-1H-
1,2,4-triazol-3-yl)heptadecan-7-ol IV with the 
minimum studied concentration Cinh =  0.01 
mmol/l caused a shift of Ecor +24 mV relative to 
the solution without an additive. With increasing 
Cinh up to 1.00 mmol/l, the Ecor value coincided 
with the result of the control experiment. The 
initial sections of the CPC were indistinguishable 
from the control experiment. On the APC, the 
current density increased faster. According to the 
results of electrochemical measurements, it was 

not possible to predict the inhibitory effect of 
17-(5-amino-1H-1,2,4-triazol-3-yl)heptadecan-
7-ol IV in relation to copper in a neutral solution 
in the presence of chlorides.

Thus, in the series of studied derivatives of 
3-alkyl-5-amino-1H-1,2,4-triazoles, according 
to the results of electrochemical measurements 
in a neutral aerated solution (рН = 7.4) in the 
presence of 0.01 mol/L NaCl, an increase in 
inhibitory activity in the absence of OH groups 
and a decrease in the length of the hydrocarbon 
radical was obtained. The decrease in inhibitory 
activity with an increase in the length (volume) 
of substituents, despite an increase in surface 
activity, was explained by the authors of [24] as 
steric hindrances in the process of adsorption and 
the formation of complex compounds with copper. 
The introduction of an OH group increased the 
hydrophilicity of the molecule.

3.2. Salt spray testing (neutral environment)
On the one hand, the results of salt spray 

testing (periodic spraying with a neutral chloride 
solution) tend to be similar to the results of 
electrochemical measurements in a solution 
(Table 2). The highest tcor value was obtained for 
3-propyl-5-amino-1H-1,2,4-triazole I. Parameter 
tcor increased relative to the control experiment 
by 10 times at Cinh = 1.0 mmol/l and by 12.5 times 
at Cinh  =  10.0 mmol/l. For copper plates after 
incubation in 3-(5-amino-1H-1,2,4-triazol-3-yl)
propan-1-ol II and 3-heptadecyl-5-amino-1H-

Table 2. Comparative results of direct tests of 3-substituted 5-amino-1H-1,2,4-triazoles I–IV

Inhibitor Cinh, mmol/l
1% HCl solution Salt spray

k, g/m2·day g Z, % tcor, hour

without 0.0 44.0 1.0 – 4

I
1.0 43.9 1.0 3.3 40
5.0 41.9 1.0 1.4 44

10.0 37.3 1.1 12.2 50

II
1.0 23.0 1.0 –0.7 21
5.0 22.1 1.0 2.9 30

10.0 21.2 1.1 7.0 30

III
1.0 52.7 0.8 –24.0 20
5.0 49.4 0.9 –16.2 22

10.0 14.6 2.9 65.6 27

IV
1.0 1.5 16.0 93.8 15
5.0 7.9 3.1 68.2 17

10.0 0.7 35.3 97.2 24
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1,2,4-triazole III solutions at Cinh = 1.0 mmol/l, 
the time to the formation of corrosion lesions 
increased by 5.2 and 5 times, respectively, at 
Cinh =  10.0 mmol/l by 7.5 and 6.8 times. For 
17-(5-amino-1H-1,2,4-triazol-3-yl)heptadecan-
7-ol IV tcor increased from 3.8 to 6 times in the 
considered range Cinh.

On the other hand, the manifestation of an 
inhibitory effect with a trend towards an increase 
in inhibitory activity with an increase in Cinh was 
obvious. This can be explained by differences in 
the preparation procedure for the experiment: 
for electrochemical measurements, potential 
inhibitors I–IV were injected simultaneously 
with the activator (chlorides), and for salt spray 
testing, copper plates were kept in a solution 
with additives I–IV and after exposure, they were 
exposed to a chloride solution.

3.3. Gravimetric tests in acidic environment
The highest degree of protection (> 68%) in 

1% HCl solution was obtained for 17-(5-amino-
1H-1,2,4-triazol-3-yl)heptadecan-7-ol IV. At Cinh 
= 1.0 and 10.0 mmol/L, this parameter reached 93 
and 97%, respectively. For 3-heptadecyl-5-amino-
1H-1,2,4-triazole III only for Cinh = 10.0 mmol/l, 
an inhibitory effect was established with a degree 
of protection of 65%. At lower concentrations, 
corrosion was intensified by 16-24%.

For substances I, II with a short alkyl 
substituent, the degree of protection was from 
0 to 12%, i.e., they did not possess an inhibitory 
effect on copper corrosion in the test solution.

Thus, among the studied derivatives of 3-alkyl-
5-amino-1H-1,2,4-triazoles, according to the 
results of gravimetric tests in an acidic aerated 1% 
HCl solution (pH = 0.55), an increase in inhibitory 
activity was obtained with the inclusion of an 
OH group and an increase in the length of the 
hydrocarbon radical. This agrees with the data 
of [25], where in HCl solution, aminotriazole 
and its short-chain modifications exhibited low 
protective properties at concentrations up to 10 
mmol/L. 

4. Conclusions
The synthesis was carried out and the structure 

of 3-alkyl- and 3-hydroxyalkyl-5-amino-1H-
1,2,4-triazoles with different lengths of the alkyl 
substituent was proved. For a neutral chloride-

containing medium, the highest protective 
effect out of all studied substances was obtained 
for 3-propyl-5-amino-1H-1,2,4-triazole with a 
short alkyl substituent. The inhibitory activity 
increased with the increase in concentration. 
With an increase in the length of the hydrocarbon 
radical and with the introduction of an OH 
group into the structure, the inhibitory activity 
decreased. The data of potentiodynamic and full-
scale measurements in the salt spray cabinet were 
consistent. For an acidic environment (1% HCl 
solution) the highest inhibitory effect according 
to the results of gravimetric measurements was 
obtained for 17-(5-amino-1H-1,2,4-triazol-3-yl)
heptadecan-7-ol with long alkyl substituent with 
a protection degree of 97% at a concentration of 
10.0 mmol/l. When decreasing the length of the 
hydrocarbon radical and the absence of an OH 
group, the degree of protection is reduced.
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Abstract 
The work is related to the study of the morphological features of silicon wires arrays combined with a nanomaterial of 
natural origin, a bacterial ferritin-like protein Dps, and their relationship with the composition of the surface and interior.
A silicon wires array was formed by metal-assisted wet chemical etching. To obtain recombinant protein, Escherichia coli 
BL21*(DE3) cells were used as producers, and purification was carried out by the chromatography method. The combination 
of silicon wires with protein molecules was carried out by layering under laboratory conditions, followed by drying. The 
resulting hybrid material was studied by scanning electron microscopy and X-ray photoelectron spectroscopy.
The initial silicon wires array had sharp boundaries on the surface. The diameter of the silicon wires was about 100 nm, 
while the distances between the wires can vary widely, reaching several hundred nanometres or be less than 100 nanometres, 
depending on the formation conditions, in the absence of noticeable transition layers. The pores formed in this way are 
available for filling with protein during deposition.
The effectiveness of using the scanning electron microscopy method to study the morphology of the hybrid material “silicon 
wires – bacterial protein Dps” as well as X-ray photoelectron spectroscopy method together with ion etching for the 
investigation of the composition and physico-chemical of the hybrid material was demonstrated. Complementary results 
have shown that the molecular culture, which is a solution of oligomers of the recombinant Dps protein of E.coli bacterial 
cells, can penetrate deep into the pores of the silicon wires array with an extremely developed surface. The possibility of 
the control of the filling of silicon wires arrays by varying the pore morphology and other modes of formation of structures 
and their surface has been demonstrated.
The obtained data can be used to study the possibilities of the functionalization of the developed surface of silicon wires 
by their driven coating with controlled delivery of biohybrid material.
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1. Introduction
One of the modern and relevant directions of 

technologies development for the formation of 
new functional nanomaterials of high scientific 
and practical interest is the creation and study 
of structures based on the combination of well-
known and well-technologically developed 
inorganic nanomaterials and biopolymers, 
including those of natural origin [1, 2]. The well-
known silicon wires (Si-NW) remain an attractive 
material for researchers because of their simple, 
well-developed and economical production 
technology, their ability to photoluminescence in 
the visible spectral region at room temperature 
[3, 4] and the possibility of using such structures 
to generate hydrogen [5]. The presence of an 
extremely developed surface in Si-NW is an 
important characteristic that enhances the 
attractiveness of this material. Targeted delivery 
of nanoparticles, including nano-biohybrid ones, 
and their controlled distribution during the 
functionalization of 3D-developed surfaces is a 
real example of how silicon wires can be applied 
[6–8].

One of the characteristic examples of a natural 
functional nano-biohybrid material formation 
is the accumulation of inorganic nanoparticles 
inside a natural protein molecule [7, 9]. The Dps 
protein (DNA-binding protein of starving cells) 
is a representative of bacterial ferritins [10]. The 
size of the outer shell of the bacterial protein 
Dps is about 9 nm. The protein part includes 
12 identical subunits with a homododecamer 
structure [9, 10]. Dps protein molecules are 
capable of accumulating (depositing) iron ions. 
The accumulation of iron occurs in the form 
of inorganic nanoparticles of the iron-oxygen 
system [9] inside the hollow part of the protein 
with a diameter of up to 5 nm [9, 10]. Thus, the 

Dps dodecamer is a potential container of natural 
origin, which can serve for the accumulation, 
storage, and targeted delivery of nanomaterials, 
including into various matrices with a developed 
3D surface. Therefore, the issue of studying the 
result of combining Si-NW arrays with oligomers 
of recombinant Dps protein obtained from 
E. coli cells is relevant for the development and 
application of new hybrid materials combining 
inorganic structures with desired properties with 
functional nanomaterials of natural origin.

Previously, by scanning electron microscopy 
(SEM), we showed the potential possibility 
of filling the developed and available for 
functionalization surface of silicon wires with 
E. coli Dps protein molecules [6, 8]. In this study, 
the morphology data are supplemented by the 
results of the X–ray photoelectron spectroscopy 
application - XPS method, sensitive to the surface 
composition and physico-chemical state of the 
studied object, together with focused ion etching, 
in order to establish the possibility of filling the 
space between Si-NW with a recombinant protein 
molecular culture.

2. Experimental
Silicon wires were formed by metal-assisted 

wet chemical etching [3, 4]. Crystalline silicon 
substrates of p- and n- types (specific conductivity 
~  1–5 Ω/cm and < 0.02 Ω/cm, respectively) 
were washed for 10 seconds in a solution of 
2 % hydrofluoric acid (HF). Deposition of silver 
nanoparticles on the silicon wafers surface was 
carried out by immersion in a solution of AgNO3 
(0.01 M) and HF (5 M) at 15 sec (p-type substrates) 
and 45 sec (n-type substrates). Then etching was 
carried out in a 30 % solution of H2O2 and HF 
(5 M) for 180 sec, followed by removal of silver 
nanoparticles by washing in a solution of HNO3 
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(65 %) in water for 10 minutes. The structures 
formed in this way were dried in air under 
laboratory conditions.

Cells of Escherichia coli BL21*(DE3) bacteria, 
hereinafter E. coli, transformed by pGEM_dps, 
were used as producers to obtain recombinant Dps 
protein. Detailed information on the preparation 
of the recombinant protein, the method of its 
isolation and purification, removal of inorganic 
components by stepwise hydrolysis and dialysis 
are provided in [9]. The protein solution had a 
concentration of 2 mg/ml in a buffer containing 
10 mM NaCl, 50 mM Tris-HCl (pH 7.0) and 
0.1  mM EDTA. The sizes of protein molecules 
were controlled by dynamic light scattering [11]. 
A single layering of 10 ml protein molecules 
solution on the surface of Si-NW arrays was 
performed, followed by drying under laboratory 
conditions.

The morphology of the initial Si-NW array 
surfaces and the hybrid structure based on it 
with a layered protein were studied by Scanning 
Electron Microscopy. The Carl Zeiss ULTRA 55 
microscope was used in the mode of secondary 
electrons registration with a low accelerating 
voltage of 2 kV, which is necessary for working 
with structures of biological origin. To estimate 
the areas occupied by the wires array and pores, 
as well as the degree of arrays filling with 
molecular culture, the Image J software package 
was used.

XPS studies was carried out using the 
NANOFES beamline ESCA module of the 
Kurchatov synchrotron ultrahigh vacuum 
experimental end-station (National Research 
Center Kurchatov Institute, Moscow), equipped 
with an electron energy analyzer SPECS Phoibos 
150 [12]. Monochromatized AlKa radiation of an 
X-ray tube (1486.61 eV) was used, the depth of 
the informative layer was ~ 2–3 nm [13]. Survey 
spectra were recorded in the range of binding 
energies 0–850 eV. To normalize and calibrate 
the data, a standard approach was used based on 
the independent recording of the pure gold foil 
(Au 4f) signal. To identify the main features of 
the survey spectra, well-known databases were 
used, from which the actual and most accurate 
(monochromatic) spectra were selected [13–15]. 
A focused source of surface etching with argon 
ions was used at an accelerating voltage of 3 kV 

with an etching duration of 20 minutes. The area 
of the etching site was selected with an excess of 
the surface area from which the XPS data were 
recorded.

3. Results and discussion
The SEM data obtained for the initial arrays of 

p- and n-type substrates silicon wires are shown 
in Fig. 1 (a, c) and, on the same scale, for arrays 
of silicon wires after layering of a molecular 
protein culture obtained from E.coli bacteria 
(Fig. 1 (b, d)), respectively. For p-type substrates, 
taking into account their significantly higher 
specific conductivity (~ 1–5 Ω/cm) compared to 
n-type substrates (< 0.02 Ω/cm), a shorter silver 
deposition time was chosen according to [3]. This 
led to the formation of smaller Ag nanoparticles 
on the surface of p-type crystalline silicon and for 
other equal parameters, to a more pronounced 
formation of wires during etching. Arrays of 
p-type substrates silicon wires were characterized 
by a more uniform distribution of submicron size 
~ 200–500 nm pores (voids) between the wires, 
along with generally uniform wall sizes. At the 
same time, for n-type substrates, large pores of 
similar size were observed together with much 
smaller ones, about 10-100 nm in size. The 
formed characteristic upper parts of the wires are 
indicated by arrow 1, and the pores are indicated 
by arrow 2 in Fig. 1 (a, c). All observed pores of 
silicon wires arrays appear to be available for 
filling as a result of the layering of Dps protein 
molecules with a size of up to 10 nm.

The morphology of the surface changed after 
layering the molecular culture of the recombinant 
bacterial protein Dps from E.coli and subsequent 
drying. Fig. 1 shows the SEM data for p-type 
(Fig. 1b) and n-type substrates (Fig. 1d). These data 
indicate a clear overflow of pore volumes of the 
wires array of the p-type substrate in the presence 
of Dps molecules (Fig. 1b). Individual small 
sections most likely represent the uppermost 
parts of the wires (arrow 1). There were also quite 
large submicron-sized formations on the surface, 
which presumably represent a residual salt from 
the culture medium, or, more likely, a buffer 
solution used to maintain the conformation of the 
Dps dodecamer, in which the molecular culture 
was directly layered. According to the protocol 
of experiments this salt is NaCl. However, traces 
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of salt release were not noted for silicon wires 
formed on n-type substrates (Fig. 1d). Here, the 
filling of pores was also noted (arrow 2), however, 
a much larger number of uncovered vertices 
of silicon wires was observed. As the uniform 
experimental conditions were maintained, we 
associate this observation with the large volume 
of formed wires array pores available for filling 
with molecular culture. The three-fold increase in 
time of silver deposition on the surface (the size 
of silver nanoparticles, according to [3] was larger) 
with a much lower resistivity of n-type substrates 
compared to p-type led to a more pronounced 
“etching” and, as a consequence, large volumes 
of space between them were available for filling, 
which is in good agreement with [3, 6, 8]. The 
absence of NaCl formations on the surface can 
presumably be explained by the penetration of 
salt deep into the pores, before the formation of 
large particles as a result of drying.

The XPS survey spectra are shown in Fig. 2 
for p-type silicon wire substrates after layering 

of the molecular culture. It should be noted 
that we do not provide XPS survey spectra for 
both types of the initial substrates and arrays 
of wires before filling with protein due to their 
almost complete identity. The exception is the 
intensities redistribution for the 2s and 2p silicon 
lines relative to the 1s oxygen line intensity which 
was obviously associated with an increase in the 
amount of the wires array surfaces available for 
oxidation. For the wires arrays, after the layering 
of E.coli Dps cells, all lines corresponded to the 
biological component of the studied sample 
were noted. First of all, the 1s carbon line had 
most significant in intensity, 1s nitrogen and 
oxygen lines were also present. A weak set of 
sodium and chlorine lines in combination with 
the observation of a noticeable Na KLL Auger line 
indicated some presence of salt on the surface. 
A comparison with the SEM results may imply the 
NaCl particles could be observed microscopically 
with a layer of residual Dps molecular culture 
covering them. In addition, the presence of barely 

Fig. 1. Scanning electron microscopy of the initial samples of silicon wires array surfaces formed from p-type 
(a) and n-type (c) substrates, as well as after layering of the Dps protein molecular culture (b) and (e), respec-
tively. 1 – tops of wires (walls of pores), 2 – pores between wires, 3 – NaCl salt particles after drying
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noticeable 2s and 2p silicon lines should be noted, 
confirming the assumption that wire arrays 
formed on a p-type substrate overflow, according 
to the SEM data.

Unlike the studies published earlier, where 
“soft” modes were used for etching [16, 7], in 
the present study we used a relatively high 
accelerating voltage of argon ions (3 kV) for the 
removal of the significant part of the surface in 
20 minutes of etching. The estimation of the 
etching rate used at the NANOFES station module, 
along with calibration measurements, showed the 
removal rate for silicon atoms of ~ 2.5 nm/min. For 
the residual part of the molecular culture, this rate 
may differ by several times [17]. The removal of 
more than 50 nm of the surface by an ion beam led 
to significant changes. NaCl lines became the most 
intense, confirming the assumption made above 
about the salt particles coverage by the residual 
protein. The intensities of the silicon lines also 
became more pronounced, which also implies the 
removal of a significant amount of protein from 
the part of the surface subjected to ion etching.

Finally, it should be noted that after the 
removal of the part of the surface, the intensity 

of the oxygen 1s line practically did not change, 
but the peak became two-component. The 
preservation of intensity may be associated with 
the preservation of pores filling with molecular 
culture. The appearance of the second component 
of the oxygen peak may be due to the contribution 
of natural silicon oxide from the wires array 
“opened” after ion etching. The preservation of 
the position and relative intensity of the carbon 
line, obviously the main for the molecular culture, 
confirms the penetration and filling of pores 
with Dps protein under the selected method and 
modes of formation.

XPS spectra survey for n-type silicon wire 
substrates after layering of molecular culture are 
shown in Fig. 3. It should be noted that the silicon 
lines were among the most intense, confirming 
the observations of SEM, indicating the not so 
pronounced filling of pores in comparison with 
p-type substrates. The two-component oxygen 
line had the highest intensity here. This result 
was undoubtedly obtained by the cumulative 
contribution of oxygen atoms of naturally 
oxidized silicon wires and protein in the pores 
of the wires matrix.

Fig. 2. XPS survey spectra of a silicon wires sample formed on a p-type substrate before (black) and after (red) 
ion beam etching (Ar+ 3 kV 20 min). The characteristic elements that make up the studied sample surface are 
noted
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The intense carbon line as well as nitrogen 
line, also indicated the presence of a significant 
amount of protein in the matrix pores of wires. 
The weak contribution of chlorine lines to the 
survey spectrum, together with the absence of 
sodium lines, may indicate insignificant, residual 
traces of salt in the most superficial layers (~ 3 
nm). An interesting observation was the presence 
of an Ag 3d doublet line. This finding is explained 
by the three times longer deposition time of silver 
on the silicon surface for n-type wafers compared 
to p-type with identical washing time after the 
formation of a wires array.

As in the previous case, ion etching led 
to a change in the physicochemical state of 
the studied structure. The silicon line became 
one-component after etching. Together with a 
significant decrease in the intensity of the two-
component 1s oxygen line, this observation 
confirmed the noticeable removal of natural 
silicon oxide from the developed (including 
SEM data, Fig 1) surface of the wires array. 
The 1s oxygen line remained two-component 
indicating that the Dps protein molecules were 

also preserved in the pores. The increase in the 
intensity of 1s carbon line also confirmed this 
observation. The appearance of all the lines 
characteristic of NaCl observed for structures 
on p-type substrates confirmed the assumption 
made during the analysis of SEM data about the 
presence of residual culture medium salts or 
buffer solutions after drying in the depth of pores 
for wire arrays of n-type substrates.

Finally, the presence of fluorine atoms on the 
studied structures surface after protein layering 
and the decreased intensity of the nitrogen line 
after ion etching of the structures formed on 
the both types of substrates can be considered 
as the subject of separate studies. Additionally 
the issue of the removal of residual salts of 
buffer solutions and the culture medium of 
E.coli cells producers of Dps deserves separate 
consideration.

4. Conclusions
The possibility of the effective filling of silicon 

wires array pores with bacterial ferritin Dps 
molecules of E.coli cells has been demonstrated 

Fig. 3. XPS survey spectra of a silicon wires sample formed on a p-type substrate before (black) and after (red) 
ion beam etching (Ar+ 3 kV 20 min). The characteristic elements that make up the studied sample surface are 
noted
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for the first time using X-ray photoelectron 
spectroscopy and scanning electron microscopy.

It was shown that the morphology of the initial 
silicon wires array has a significant effect on the 
characteristics of pores filling with a molecular 
culture of the Dps protein. The possibility of 
the controlled filling of silicon wires arrays by 
varying the morphology of pores and other 
modes of structure formation was established: the 
resistivity of the initial crystalline silicon wafers, 
etching time, layering characteristics, and salt 
concentrations of working solutions.

The obtained self-complementary data of the 
SEM and XPS methods can be used to study the 
possibilities of the silicon wires developed surface 
functionalization by driven coating under the 
controlled delivery of biohybrid material.
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in visible and near-infra-red regions and high efficiency of reactive oxygen species generation is an important task. The 
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1. Introduction
The development of effective photocatalysts 

of various compositions with a wide range 
of photosensitivity and high efficiency 
of reactive oxygen species generation is an 
important scientific and technological task [1]. 
Traditionally, nanoparticles (NPs) of wide band 
semiconductors, such as TiO2, ZnO, ZnS, etc., 
are used for photocatalysis [1]. However, despite 
their high photocatalytic activity and stability, 
they have a number of drawbacks. The key 
disadvantage of traditional photocatalysts is that 
they are not photosensitive to the visible and near-
infrared spectral regions [1]. Photosensitivity of 
nanoparticles of wide band semiconductors can be 
achieved by doping them with non-metal atoms (S, 
N, C, etc.) and metal ions (Fe3+, Mo5+, Os3+, Rh3+, etc.), 
hybrid association with molecules of organic dyes, 
decorating the surface of the NP with plasmonic 
nanoparticles (Cu, Au, Ag, Pt) or semiconductor 
colloidal quantum dots (QDs) (Ag2S, CdSe, etc.) 
[1–4]. Decoration of the surface of TiO2 NPs with 
colloidal QDs of narrow band semiconductors 
(Ag2S, PbS, etc.) is of particular interest. PbS is 
characterised by the narrow band gap and a large 
Bohr radius of the Wannier–Mott exciton (~18 nm) 
[5]. These properties allow controlling the position 
of the exciton absorption peak in the region of 
800-2,400 nm [6], and, accordingly, the region of 
spectral sensitisation of TiO2 NPs. 

[7, 8] demonstrated the possibility of increa
sing the photocatalytic activity of TiO2 nanotubes 
with a size of 90–100 nm when decorating their 
surface with PbS QDs with a size of 4–5 nm. In 
this case, PbS nanocrystals were grown directly 
on the surface of TiO2 nanotubes. It was shown 
that decoration of TiO2 nanotubes increases 
photocatalytic activity. Other works [9] propose 
a method for increasing the spectral sensitivity of 
the TiO2/Cu heterosystem with a size of ~20 nm 
by the deposition on their surface of PbS QDs 
with an average size of 3–5 nm dispersed in 
toluene. This approach increases the spectral 
sensitivity of the photocatalyst to 610 nm 
depending on the size of QDs. However, there 
have been no systematic descriptions of optical 
and photocatalytic properties of TiO2 NPs and 
PbS QDs heterosystems in literature.

The purpose of this work was to establish 
the possibility of photosensitisation of ROS 
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in the presence of TiO2 NPs – PbS/3MPA QDs 
nanoheterostructures in the visible and near-IR 
region.

2. Experimental
2.1. Sample synthesis methods

Used reagents are lead nitrate (Pb(NO3)2), 
3-mercaptopropionic acid (3MPA), sodium 
sulphide (Na2S), sodium hydroxide (NaOH), 
2H-1-benzopyranone-2 (coumarin), imidazole, 
and 4-nitroso-N,N-dimethylaniline (RNO). They 
were purchased from Sigma-Aldrich and used 
without further purification. Amplex UltraRed 
and horseradish peroxidase were purchased from 
Thermofisher Scientific.

Colloidal PbS QDs were synthesised in water. 
3MPA was used as a passivator. 3MPA (1.5 mmol) 
was introduced into an aqueous solution of 
Pb(NO3)2 (1.5 mmol and 200 ml of water) at 30 °C 
followed by adjustment of the pH level to 10 with 
NaOH solution. Then, with constant stirring a 
peristaltic pump was used to add 50 ml of Na2S 
solution (0.8 mmol), which served as a source of 
sulphur. This ratio of reagents provided for the 
formation of PbS QDs with a concentration of 6·10–

3 mol QD/l in water. To remove the by-products 
of the reaction, PbS QDs were precipitated with 
acetone, centrifuged, and redispersed in water.

The resulting PbS QDs were used to form 
nanoheterostructures with TiO2 NPs. The 
experimental technique was similar to the 
one described in detail in [10, 11]. To form the 
nanoheterostructures, TiO2 NPs were dispersed 
in water and sonicated at 60 kHz until a uniform 
suspension was obtained. The suspension was 
then mixed with a QDs solution and dried at room 
temperature. Free QDs were removed from the 
resulting grey powder.

2.2. Equipment and experimental techniques
Structural studies of the obtained samples 

were performed by transmission electron 
microscopy (TEM) using a Libra 120 PLUS 
transmission electron microscope (Carl  Zeiss, 
Germany) with an accelerating voltage of 120 kV 
and a THERMO ARL X’TRA X-ray diffractometer 
(ThermoFisher, Switzerland).

The optical absorption spectra of the colloidal 
solution of PbS/3MPA QDs and the diffuse 
reflection spectra of the powders of TiO2 – 
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PbS/3MPA nanoheterostructures were recorded 
with a USB2000+ spectrometer with the combined 
USB-DT radiation source and IS80 integrating 
sphere (Ocean Optics, USA). Barium sulphate 
powder (P.A.) was used as a white standard 
to measure diffuse reflection spectra. The 
absorption coefficient was calculated from the 
experimental diffuse reflection spectra using the 
Kubelka-Munk function F(R) [12]:

F R
k
s

R
R

( ) ,= = -1
2

2

where R is the diffuse reflection, k is the absorp-
tion coefficient, and s is the scattering coefficient.

A computer-aided spectrometric system based 
on a MDR-4 diffraction monochromator (LOMO, 
Russia) with a PDF-10C/M photodiode (ThorLabs, 
USA) as a radiation receiver were used to record 
QD luminescence spectra in the range of 800–
1,400 nm. An LD PLTB450 semiconductor laser 
diode (Osram, Germany) with a wavelength of 
445 nm and an optical power of 400 mW was used 
as an excitation source.

Reactive oxygen species were detected by 
standard absorption and photoluminescence 
techniques [13]. Production of hydrogen 

peroxide (H2O2) was controlled with an Amplex 
UltraRed selective sensor [14] in the presence of 
peroxidase by measuring the rate of luminescence 
enhancement of the sensor at a wavelength of 
596 nm. The concentration of hydroxyl radical 
(·OH) was determined by the luminescence of 
7-hydroxycoumarin (7HC) in the region of 470 nm 
produced in a coumarin solution in the presence of 
·OH radicals [15]. The presence of singlet oxygen 
(1O2) was monitored by an absorption method 
using an imidazole solution with the addition of 
4-nitroso-N,N-dimethylaniline (RNO) dye at a 
ratio of 160:1 to reduce the optical density of the 
RNO absorption band in the region of 445 nm [16].

3. Results and Discussion
3.1. Structural properties of the studied samples

TEM images demonstrated that ensembles 
of colloidal PbS QDs had been formed with an 
average size of nanocrystals of ~2.7 nm and a 
dispersion in size of ~25% (Fig. 1).

X-ray diffraction analysis of Ka1 emission 
line of copper (1.54 Å) revealed the formation 
of crystallites, the position of reflexes from 
which corresponded to the cubic FCC lattice of 
PbS (Fmm) [17] (Fig. 1). Estimates of the average 

Fig. 1. TEM images and X-ray diffraction patterns of: PbS/3MPA QDs, TiO2 NPs and TiO2 – PbS/3MPA nano-
heterosystems



218

size of crystallites performed using the Debye-
Scherrer equation [18] had a value of crystallite 
sizes of ~ 3 nm, which correlated with the TEM 
data.

X-ray diffraction analysis revealed that 
TiO2 NPs had the average size of 12 nm and 
anatase crystal structure (Fig. 1). TEM images 
of PbS QDs and TiO2 NPs mixtures clearly 
showed nanoparticles with an average size of 
10–15 nm on the surface of which there were 
much smaller NPs with a size of about 2–3 nm 
(Fig. 1). Comparing the sizes of the detected 
nanoparticles in mixtures and similar sizes of 
initial components allows us to assume that the 
TEM images of mixtures showed TiO2 NPs with 
PbS QDs adsorbed on their surfaces.

3.2. Absorption and luminescence properties 
of  the studied samples

The optical absorption spectrum of PbS/3MPA 
QDs was a broad structureless band with the 
band edge near 1,300 nm (Fig. 2a) and weak 
features in the region of 500 and 1,000 nm. The 
absence of an exciton structure in the PbS QDs 
optical absorption spectrum can be explained by 
several factors: 1) size dispersion of QDs, which 
was detected during the analysis of TEM images; 
2) non-stoichiometry of PbS nanocrystals, whose 
occurrence in PbS nanoscale crystals was indicated 
in [19]. In this case, optical absorption spectrum 
for PbS QDs is determined not only by transitions 
between the quantum size levels in QDs but also 
by transitions with the participation of trap states.

The intrinsic absorption edge of TiO2 NPs 
obtained from the diffuse reflection spectra 
(Fig. 2a) was located near 3.21 eV and corresponded 
to the TiO2 band gap with anatase crystal structure 
(3.2 eV) [20, 21]. On the long-wavelength side 
from the intrinsic absorption edge in the region 
of 3.0–3.2 eV, there was a certain optical density 
caused by permitted band - trap state transitions. 
Absorption by trap states in TiO2 crystals was 
indicated in [13].

Mixtures of TiO2 NPs and PbS/3MPA QDs 
demonstrated transformations of optical 
absorption spectra. The absorption spectrum 
of mixtures (Fig. 2a) had a complex structure 
and was not simply a sum of the spectra of 
the components. In particular, against the 
background of strong absorption of TiO2 NPs (in 
the quantum energy range above 3.2 eV), there 
was a broad absorption band in the range of 400–
1,100 nm (1–3.1 eV). There were no changes in 
the absorption region of TiO2 NPs. Therefore, the 
transformation of the absorption band structure 
in the long-wavelength region, for which PbS QDs 
are accountable in mixtures, and the presence 
of the absorption band in the region of 200-400 
nm, for which TiO2 NPs are accountable, as well 
as structural data indicated the formation of TiO2 
NPs – PbS/3MPA nanoheterostructures.

Significant changes were also observed 
in luminescence when TiO2 NPs – PbS/3MPA 
nanoheterostructures were formed. This 
was accompanied by quenching of PbS QDs 
luminescence bands in the region of 1,100–

                                                        a                                                                               b
Fig. 2. (a) Optical absorption and photoluminescence spectra of TiO2, PbS/3MPA QDs, and TiO2 – PbS/3MPA 
nano-heterosystems; (b) photoluminescence excitation spectrum of PbS/3MPA QDs and spectral sensitivity 
dependences of the ·OH radical production in the suspensions of TiO2 and TiO2 – PbS/3MPA nano-heterosys-
tems
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1,200 nm. A similar pattern was observed in [10, 11] 
for TiO2 NPs decorated with Ag2S QDs. Quenching 
of PbS QDs luminescence during their adsorption 
on the TiO2 NPs interfaces also indicated that 
nanoheterostructures had been formed and 
there had been a transfer of photoexcited charge 
carriers between the nanostructure components. 
However, luminescence partially kept in the band 
with a peak at 890 nm indicated that there was 
no interaction between PbS QDs with a size of 
less than 2.5 nm (the smallest) present in the 
ensembles and surface of TiO2 NPs, which was 
due to displacement of the quantum size levels 
of PbS QDs and states of TiO2 NPs.

3.3. ROS sensitisation with the obtained 
samples

Figure 3 shows the results of measurements 
of ROS generation by TiO2 NPs – PbS/3MPA 
QDs nanoheterostructures under excitation by 
UV radiation and radiation in visible spectral 
regions. It should be noted that during UV 
excitation, electrons and holes are generated in 
both TiO2 and PbS QDs, while during excitation 
in the visible range they are mainly generated in 
PbS QDs. Visible radiation allows establishing 

that PbS QDs provide for TiO2 photosensitisation 
to this range. On the other hand, selective 
excitation of components helps to specify the 
mechanisms of photocatalytic reactions in the 
TiO2 NPs – PbS/3MPA QDs heterosystems. The 
used methods of ROS detection showed that 
singlet oxygen (1O2), hydroxyl radical (·OH) and 
hydrogen peroxide (H2O2) were generated in 
TiO2 NPs suspensions exposed to radiation with 
a wavelength of 365 nm, which is consistent 
with the data in [22]. In colloidal solutions 
of PbS/3MPA QDs, we recorded generation of 
hydrogen peroxide and singlet oxygen (Fig. 4), 
which had not been previously recorded for PbS 
QDs in the literature.

The formation of nanoheterostructures 
led to a change in the efficiency of generation 
of all types of ROS. Under UV excitation of 
TiO2 NPs decorated with PbS/3MPA QDs, in 
the absorption region of titanium dioxide the 
efficiency of generation of hydroxyl ·OH radical 
decreased by 10%, of singlet oxygen by 40%, and 
the generation of H2O2 increased by 3.5 times 
relative to pure TiO2 NPs. The efficiency of singlet 
oxygen and hydrogen peroxide generation by 
the created nanoheterosystems under excitation 

Fig. 3. Histograms of the relative rates of production of hydroxyl radical (·OH), hydrogen peroxide (H2O2), and 
singlet oxygen (1O2) in the suspensions of TiO2, PbS/3MPA QDs, and TiO2 – PbS/3MPA nanoheterosystems when 
excited by radiation in the UV and visible region of the spectrum

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2023;25(2): 215–224

A. S. Perepelitsa et al.	 Photosensitising reactive oxygen species with titanium dioxide nanoparticles...



220

in the UV region of the spectrum increased by 
6.6 and 120 times, respectively, relative to pure 
PbS QDs.

When PbS/3MPA QDs were excited at a 
wavelength of 520  nm, hydrogen peroxide and 
singlet oxygen generation was observed. TiO2 
nanoparticles under 520 nm radiation showed no 
signs of ROS generation. The formation of TiO2 
NPs – PbS/3MPA QDs nanoheterostructures led to 
the photosensitisation of the ·OH radical, which 
was not observed in pure PbS QDs, a 10‑time 
increase in hydrogen peroxide generation as 
compared to the initial PbS/3MPA QDs, and 
a 3-time decrease in the efficiency of singlet 
oxygen generation. What is more, for the TiO2 
NPs – PbS/3MPA QDs nanoheterosystems, a 
broad band of photosensitivity to the generation 
of ·OH radical was detected in the range from 
300 to 1,100 nm, which was absent in case of the 
initial components (TiO NPs and PbS/3MPA QDs) 
(Fig. 2b). The shape of the photosensitisation 
band for ·OH radical qualitatively coincided 
with the excitation spectrum of PbS/3MPA QDs 
photoluminescence, which, together with the 
detected quenching of photoluminescence during 
the formation of nanoheterostructures, indicated 
the participation of excitons excited in QDs 
during ROS generation.

3.4. Empirical model of ROS generation  
in the studied samples

The obtained results allow justifying in general 
terms the scheme of the mutual arrangement of 
the energy levels of PbS/3MPA QDs and TiO2 NPs 
(Fig. 4). It should be noted that the generation 
of ·OH radical and hydrogen peroxide occurred 
as a result of a charge carrier transfer reaction 
[13, 23–28]. On the contrary, the production of 
singlet oxygen was possible both as a result of 
the transfer of charge carriers and non-radiative 
energy transfer from the nanoheterosystem (or 
one of the components) to the molecule of the 
unexcited triplet oxygen [31]. The formation of 
TiO2 NPs – PbS/3MPA QDs nanoheterostructures 
was accompanied by a pronounced quenching 
of the PbS QDs luminescence, which was 
interpreted as the separation of photoexcited 
charge carriers between the components. 
Moreover, effective separation of charge carriers 
was observed both during photoexcitation in 
the region of strong TiO2 absorption (UV region) 
and noticeable PbS QDs absorption (520 nm). 
Also, the efficiency of ROS production by TiO2 – 
PbS/3MPA nanoheterostructures redistributed. 
It is noteworthy that when a nanoheterosystem 
was photoexcited in the PbS QDs absorption 
region (520 nm) an ·OH radical was effectively 

Fig. 4. Scheme of photoprocesses and photocatalytic reactions in the TiO2 – PbS/3MPA nano-heterosystem. 
The data on redox potentials and the location of bands were taken from [13, 23-28]
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produced, which indicated the formation of charge 
phototransfer channels between the components 
of the system. Indeed, the comparison of the 
energy of electron affinity for TiO2 NPs and PbS 
QDs (taking into account the size effect for the 
electron and hole levels) allowed us to assume 
that a second type heterosystem had been formed, 
i.e. the quantum-size conduction states for PbS 
QDs were above the bottom of the TiO2 NPs 
conduction band. In this case, the most likely 
was the phototransfer of electrons from PbS 
QDs to TiO2 NPs into the conduction band. Then, 
the holes remained localised in PbS QDs, which 
blocked the recombination of charge carriers 
and facilitated their participation in catalytic 
reactions of ROS generation.

In this case, the electrons in TiO2 NPs could 
react with adsorbed H2O and O2 molecules, produce 
the hydroxyl radical ·OH and hydrogen peroxide 
H2O2. The reaction for the production of hydrogen 
peroxide is known: O2 + 2e– + 2H+ → H2O2. This 
reaction requires a photoelectron from the TiO2 
conduction band [13, 23–28]. In this case, the 
formation of a heterosystem should contribute to 
an increase in the efficiency of H2O2 generation 
both when excited in the UV and visible region, 
which was observed during the experiment. The 
generation of the ·OH radical in the presence of 
TiO2 can be provided for by two reactions: both 
with the participation of electrons from the 
conduction band (1) TiO2 – H2O2 + e– → ·OH + OH– 
[13, 23–28] and holes from the valence band (2) 
TiO2 (2) OH– + h+ → ·OH. Separation of charge 
carriers in the heterosystem contributes to the 
hole localisation in PbS, which blocks reaction 
(2). In this case, the efficiency of the ·OH radical 
generation during the heterosystem formation 
may decrease, which was observed during the 
experiment under excitation in the UV region. 
Under the influence of visible radiation, the 
electron and the hole are generated in PbS QDs. 
The mutual arrangement of PbS QDs and TiO2 NPs 
levels contributes to the transition of the electron 
to the TiO2 conduction band. This photo-excited 
electron from the TiO2 conduction band can 
participate in the generation of the ·OH radical 
by reaction (1). Indeed, under the influence 
of visible radiation the generation of the ·OH 
radical was detected for heterosystems, which 
is not characteristic of individual components. 

To close the proposed scheme of the ·OH 
radical generation under the influence of visible 
radiation and to let the photocatalyst operate 
for an unlimited time, reduction of PbS QDs is 
needed. The study revealed that the generation 
of the ·OH radical under the influence of visible 
radiation is not saturated. However, so far the 
mechanism of PbS QDs reduction has not been 
established and will be studied separately.

As have been noted, the generation of 
singlet oxygen is possible both as a result of 
the charge carrier transfer (electron and hole) 
and the non-radiative energy transfer from the 
nanoheterosystem (or one of the components) 
to the molecule of unexcited triplet oxygen [23–
28, 30, 31]. In the case of UV excitation of TiO2, 
the following two-stage process is recognised 
as the main mechanism: (3) O2 + e → O2

•– and 
(4) O2

•– + h+ → 1O2 [13, 27]. The process of singlet 
oxygen generation in PbS QDs detected by us 
cannot proceed by reaction (4) in terms of energy 
since the level of size quantisation for holes in 
PbS QDs is located above the oxidative potential 
O2

•– /1O2. Therefore, the only possible mechanism 
is the exchange-resonance mechanism of non-
radiative transfer of excitation energy from PbS 
QDs to 3O2 and excitation of the latter to the 
singlet state of 1O2. This scheme was indirectly 
confirmed by a sharp decrease in the efficiency of 
1O2 generation in TiO2 NPs (UV excitation) when 
introducing a hole acceptor into the solution, 
which blocked reaction (4). Introduction of a hole 
acceptor to the PbS QDs did not change the rate 
of 1O2 generation. In heterosystems, a decrease 
in the rate of 1O2 generation under excitation in 
the visible radiation as compared to pure PbS 
QDs is determined by the effective separation of 
charge carriers between components. It should 
be noted that we did not find any reports of 1O2 
photogeneration in PbS QDs. This was observed 
for carbon, CdS, and ZnS QDs [30, 31].

4. Conclusions
The authors developed a method for decorating 

the surface of TiO2 NPs with colloidal PbS QDs with 
an average size of 2.7 nm obtained in an aqueous 
solution of 3-mercaptopropionic acid. The 
following spectral manifestations of the formation 
of the TiO2 – PbS/3MPA nanoheterosystem were 
detected: i) in terms of absorption properties 
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the study revealed a transformation of PbS QDs 
absorption bands during adsorption to the surface 
of TiO2 NPs; ii) there was quenching of PbS QDs 
luminescence in the region of 1000-1400 nm 
during the formation of the TiO2 – PbS/3MPA 
QDs nanoheterosystems. Studies were conducted 
to check the possibility of generating ROS by the 
obtained nanoheterosystems. The generation 
of singlet oxygen and hydrogen peroxide in 
the presence of PbS QDs was detected. It was 
shown that decorating the surface of TiO2 NPs 
resulted in a 10% decrease in the efficiency of 
hydroxyl radical generation, and a 40% decrease 
in the efficiency of singlet oxygen generation as 
compared to pure TiO2 NPs. The rate of hydrogen 
peroxide generation increased up to 3.5 times 
relative to the TiO2 NPs and up to 150 times 
relative to PbS/3MPA QDs under excitation 
by UV radiation. The generation of ROS was 
detected when excited by radiation in the visible 
spectrum, which was absent in case of pure TiO2 
NPs. It was determined that the generation of 
hydrogen peroxide increased by 10 times and the 
production of singlet oxygen decreased by 3 times 
relative to pure PbS QDs. The study revealed 
hydroxyl radical sensitisation absent in case of 
pure PbS QDs. It also established an expansion of 
the excitation region of ROS production to 1100 
nm. An empirical model for photoprocesses in the 
studied nanoheterosystems was created.
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Abstract 
Nanocrystalline films of palladium(II) oxide obtained by oxidation of the initial metallic Pd layers with a thickness of 35 
nm on Si (100) substrates in atmospheric air were studied using XRD analysis, TEM, and RHEED.
PdO/SiO2/Si (100) heterostructures were synthesised in two stages. First, we obtained finely dispersed layers of metallic Pd 
on SiO2/Si (100) substrates with an ~ 300 nm SiO2 buffer layer using thermal sublimation in a high vacuum. The Pd layers 
were then oxidised in the temperature range Tox = 620 – 1100 K in atmospheric air (with the partial pressure of oxygen of 
about 21 kPa). The study determined that the deformation of the tetragonal crystal structure of homogeneous nanocrystalline 
PdO films is explained by an increase in the values of lattice parameters with the oxidation temperature. The deformation 
reaches its maximum values at Tox ~ 970 K. Comparison of the obtained results with the earlier data regarding PdO/SiO2/
Si (100) heterostructures synthesised in a dry oxygen atmosphere (with the partial pressure of oxygen of about 101.3 kPa) 
demonstrated that PdO films synthesized in an oxygen atmosphere are characterized by a higher degree of deformation of 
the crystal structure.
The effect of the oxidation temperature and O2 partial pressure on the increase in the tetragonal lattice parameters of the 
PdO films can be explained by the formation of interstitial oxygen atoms in the octahedral void in the centre of the 
palladium(II) oxide unit cell.
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1. Introduction
Creating a global system for monitoring the 

quality of atmospheric air is one of the most 
urgent scientific and technical problems of the 
21st century [1]. Currently, a number of devices 
and technologies are used to detect poisonous 
and explosive gases in air. They include resistive 
gas sensors based on wide-band metal oxide 
semiconductors, which are widely used due to their 
reliability and a relatively low production cost [1–
3]. Such devices are necessary for the prevention 
of technological and household incidents with 
explosive gases, as well as for security systems in 
various industrial processes that use poisonous 
or flammable volatile substances [1–4]. For 50 
years, the materials most often used in scientific 
studies and industrial production of resistive gas 
sensors have been metal oxide semiconductors 
with an electronic type of conductivity, specifically 
tin(IV) oxide SnO2 [1–6]. Impressive success in the 
development of gas sensors based on SnO2 can be 
explained by the results of studying the physico-
chemical patterns that describe and predict the 
nature of the interaction of the active layer surface 
with the molecules of detected gases [3, 6, 7]. It was 
established that n-type wide-band semiconductors, 
particularly SnO2, are characterised by a rather 
narrow homogeneity region [3, 4, 6, 7]. Various 
authors have proved the nature of point defects, 
mainly oxygen vacancies, which are responsible 
for nonstoichiometry and electronic type of 
conductivity of these compounds [3–7]. 

Despite the popularity of metal oxide 
semiconductors with an electronic type of 
conductivity for the production of gas sensors, 
materials for the so-called “perfect sensor” with 
optimal functional parameters have not yet been 
found [8, 9]. Over the past decade, there has been 
a considerable increase in the interest in the study 
of sensor properties of wide-band metal oxide 
semiconductors with the p-type surface and the 
composites based on them [10]. 

Recent studies have demonstrated that 
p-type nanostructures with various types 
of morphological organisation based on 
palladium(II) oxide are promising materials 
for the production of gas sensors that can 
detect even very small concentrations of toxic 
gases, including ozone and nitrogen oxides, in 
atmospheric air [11–23].

Prototypes of  gas sensors based on 
nanocrystalline PdO films are characterised by 
a short recovery period and good reproducibility 
of the sensor signal when detecting ozone and 
nitrogen dioxide NO2 in atmospheric air [17, 20–
22]. There is also evidence that sensors based on 
PdO are highly sensitive to organic compound 
vapours, carbon monoxide, and hydrogen [24–25], 
which is of utmost importance for the creation of 
a strong hydrogen energetics system. 

Earlier experiments demonstrated [11–25] 
that gas sensors based on palladium(II) oxide 
nanostructures are compatible with similar 
devices based on metal oxide materials with 
an electronic type of conductivity [20, 24–25]. 
However, unlike SnO2, a large number of basic 
physico-chemical properties of palladium(II) 
oxide have not been thoroughly studied yet. 
For instance, there is no phase diagram of the 
palladium-oxygen system, and the nature of 
point defects responsible for the p-type of 
conductivity of PdO is still a matter of debate 
[11, 15, 17, 19, 20]. The lack of this information 
makes it impossible to establish the mechanisms 
of interaction of the detected gases with the 
surface of nanostructures of palladium(II) oxide 
and largely hinders the practical application of 
gas sensors based on them. A detailed study of 
the changes in the crystal structure of nanosized 
PdO films depending on the synthesis conditions 
will help to get closer to solving the problem of 
nonstoichiometry of palladium(II) oxide and the 
nature of point defects [19].

The purpose of our study was to analyse the 
crystal structure of nanosized Pd films on SiO2/Si 
(100) substrates during oxidation in atmospheric 
air in the temperature range Tox = 573–1148 K 
and then compare it to the results of earlier 
experiments involving oxidation of Pd/SiO2/
Si (100) heterostructures in a dry oxygen 
atmosphere [18–19].

2. Experimental
Nanocrystalline films of metallic palladium 

with a thickness of ~ 35 nm were synthesised 
using thermal sublimation of palladium foil with 
the concentration of the main component of 
99.998 at.% in a high vacuum (residual pressure 
~ 10−10 Pa) on SiO2/Si(100) substrates which were 
not heated. Since the SiO2/Si(100) substrates were 
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not heated, ultradispersed layers were formed 
with the size of Pd crystallites between 2 and 
6 nm. Crystallites of this size ensure uniform 
oxidation and formation of PdO [17–20]. The 
sickness of the initial films of metallic palladium 
determined by studying the cleavages of the Pd/
SiO2/Si(100) heterostructure using scanning 
electron microscopy was ~ 35 nm (varied within 
the range of 32-38 nm).

The thickness of the SiO2 buffer layer was 
about 300 nm. [18, 19] demonstrated that the SiO2 
buffer layer helps to prevent direct interaction 
between metallic palladium and the material 
of the substrate resulting in the formation of 
palladium silicide Pd2Si. The oxidation of Pd films 
grown on Si(100) substrates without a SiO2 buffer 
layer in an O2 atmosphere in the temperature 
range Tox = 970 –1070 K resulted in the formation 
of palladium silicide Pd2Si [18].

In our study, thermal oxidation of the formed 
ultradispersed Pd films was performed by 
heating in air. Pd/SiO2/Si (100) heterostructures 
were put into a resistive heating tube furnace 
at room temperature and then heated to the 
set temperature at a rate of 250 degrees per 
hour. After reaching the set temperature, the 
heterostructures were exposed to isothermal 
endurance for 120 minutes.

When choosing the oxidation conditions for 
the ultradispersed Pd layers, we took into account 
the conditions under which the same process 

was conducted in an oxygen atmosphere [18, 19]. 
The oxidation conditions of the initial films of 
metallic Pd in air are given in Table 1.

Table 1 demonstrates that in some cases, 
specifically when the oxidation temperature 
was Tox = 773 K and Tox = 973 K, the duration of 
oxidation in air was 120 and 240 minutes. After 
the isothermal endurance, the samples were 
cooled together with the furnace.

The phase compositions and the crystal 
structures of the samples obtained by means 
of oxidation of the initial metallic Pd layers on 
SiO2/Si (100) substrates were analysed using 
X-ray powder diffraction analysis (XRD) and 
reflection high-energy electron diffraction 
(RHEED). DRON-4-07 and Philips PANalytical 
X’Pert diffractometers with CuKa or CoKa 
and an ER–100 electronograph were used. 
X-ray diffraction patterns of the samples 
were registered with rotation of the samples, 
while the profiles of X-ray reflections were 
constructed pointwise with the step of the 
counter being 0.01°. The most intense reflection 
(400) of the Si (100) substrate served as an 
internal standard to prevent accidental errors. 
Reflections of the Si (100) substrate and Pd and 
PdO films were identified using an international 
database [27–28]. 

Precise determination of the tetragonal 
crystal lattice period of palladium(II) oxide films 
was conducted by extrapolating the diffraction 

Table 1. Synthesis conditions of nanocrystalline films of palladium(II) oxide by means of oxidation of ~ 
35 nm ultradispersed films of metallic palladium in air and in an oxygen atmosphere [18, 19]

Temperature 
Тох , К

Oxidation in oxygen atmosphere [18, 19] Oxidation in atmosphere air (this work)

Duration t, 
minutes

Phase 
composition of 

samples

Phase 
composition 
of samples

Duration t, 
minutes

Phase 
composition of 

samples

Phase 
composition 
of samples

573 120 Heterogeneous Pd + PdO 120 Homogeneous Pd
623 120 Homogeneous PdO 120 Heterogeneous Pd + PdO
673 120 Homogeneous PdO 120 Homogeneous PdO
773 120 Homogeneous PdO 120 Homogeneous PdO
873 120 Homogeneous PdO 120 и 240 Homogeneous PdO
923 120 Homogeneous PdO 120 Homogeneous PdO
973 120 Homogeneous PdO 120 и 240 Homogeneous PdO

1023 120 Homogeneous PdO 120 Homogeneous PdO
1073 120 Homogeneous PdO 120 Homogeneous PdO
1098 120 Homogeneous PdO 120 Heterogeneous Pd + PdO
1123 120 Heterogeneous PdO + Pd 120 Homogeneous Pd
1148 120 Heterogeneous Pd + PdO 120 Homogeneous Pd
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angle to q = 90 degrees. For this, an extrapolation 
function f(q) was chosen so that the dependence 
of parameters a and c on the value of f(q) was 
closest to linear. The best results were obtained 
using the Nelson–Riley extrapolation function 
[27]:

f ( ) ,
cos cos

sin
,q q

q
q

q
= +

Ê
ËÁ

ˆ
¯̃

0 5
2 2

 (1)

where q − is the diffraction angle.
The lattice constants a and c of the tetragonal 

structure of palladium(II) oxide were calculated 
using a software based on an algorithm for 
solving a system of quadratic equations with 
two non-obvious parameters, as well as the 
UnitCell software. We should note that the results 
calculated using two different methods correlate 
with each other within the experimental error. 
The values of the tetragonal lattice parameters 
were calculated by means of linear function 
approximation using the least squares method:

a = k×f(sin q) + a0,		  (2a)
c = k×f(sin q) + c0.		  (2b)

3. Results and discussion
Results of the XRD and RHEED analyses of 

the samples obtained by means of oxidation in 
air of ultradispersed layers of metallic Pd on 
SiO2/Si (100) substrates in the temperature range 
Тox = 573–1148 K are presented in Fig. 1 and 2 
respectively. A characteristic RHEED pattern of 
single-phase nanocrystalline PdO films is given 
in Fig. 1. The XRD patterns of homogeneous Pd 
layers as well as heterogeneous samples (PdO + 

Pd) are given in Fig. 2 in the form of line diagrams 
of powder pattern. Since the reflections of 
nanocrystalline Pd and PdO films are 3–4 times 
less intense than the reflection of the Si (400) 
substrate, Fig. 2 shows the intensity of X-ray 
diffraction peaks on a logarithmic scale. 

Comparison of the results of earlier 
experiments involving oxidation of Pd/SiO2/Si 
(100) heterostructures in an oxygen atmosphere 
[18, 19] with the analysis of the phase state of the 
films obtained by means of oxidation of initial 
layers of metallic Pd in air is given in Table 1 
and Fig. 3. 

Fig. 2b and Table 1 demonstrate that the 
XRD analysis did not register any changes in 
the phase composition after the oxidation of the 
initial Pd films at Tox = 573 K in atmospheric air. 
In other words, Pd is not oxidized in air at this 
temperature, as the PdO phase was not registered. 

On the contrary, at the temperatures of Tox = 
873 K and Tox = 973 K, the oxidation is fast and 
complete. When the duration of oxidation was 
two times longer, the diffraction patterns did 
not differ from those of the samples oxidised 
for 120  minutes. Therefore, we can say that 
120 minutes is enough to reach the practical 
thermodynamic conditions required for oxidation. 

Fig. 2c shows that after the oxidation in air at 
Tox = 623 K, heterogeneous samples (Pd + PdO) 
are formed. The diffraction pattern registered 
Pd reflections and several most intense PdO 
reflections. The XRD and RHEED analyses 
demonstrated that single-phase PdO films are 
formed after the oxidation in air at Tox = 673–1073 K 
(Table1, Fig. 3). When the oxidation temperature 

                                                                a                                                                      b
Fig. 1. Reflection high-energy electron diffraction pattern (a) and a bright field TEM image (b) of single-phase 
(homogeneous) nanocrystalline PdO films obtained by oxidation of the initial ultradispersed palladium layers 
in atmospheric air at Tox = 873 K

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2023;25(2): 225–236

А. М. Samoylov et al.	 The effect of the synthesis conditions on the crystal structure of palladium(II) oxide...



229

Fig. 2. X-ray diffraction patterns of samples synthesised by oxidation of ultradispersed films of metallic Pd on 
SiO2/Si (100) substrates in atmospheric air in the temperature range Tox = 573 – 1148 K: a) initial Pd/SiO2/Si 
heterostructure; b) Tox = 573 K; c) Tox = 623 K; d) Tox = 1098 K; e) Tox = 1123 K; f) Tox = 1148 K; CoKa-radiation

Fig. 3. XRD and RHEED patterns of films obtained by oxidation of the initial ultradispersed layers of metallic 
Pd on SiO2/Si (100) substrates in air and in an oxygen atmosphere: 1, 3 – single-phase PdO samples; 2, 4 – het-
erogeneous samples PdO + Pd; 1, 2 – oxidation in an oxygen atmosphere, data obtained in [18, 19]; 3, 4 – oxi-
dation in air, data obtained in the study
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was raised to Tox = 1098 K, heterogeneous samples 
were formed (Fig.  2d). The diffraction patterns 
of such samples registered PdO reflections and 
several metallic Pd reflections. Oxidation in air 
at Tox > 1098 K results in the complete thermal 
decomposition of palladium(II) oxide films and 
the formation of metallic palladium (Fig. 2e 
and f). 

Fig. 3 presents a comparison of the 
experimental results obtained in our study 
with the results presented in [18, 19] regarding 
the phase state of ultradispersed Pd films after 
oxidation in an oxygen atmosphere. The figure 
shows that the results obtained in this study are 
in qualitative agreement with the data presented 
in [18, 19]. There are only quantitative differences. 
For instance, homogeneous PdO films were 
formed after oxidation in an O2 atmosphere [18, 
19] at Tox = 623 K, while during the oxidation in 
air homogeneous PdO samples were obtained 
only at Tox = 673 K (Fig. 3). In our study, we 
also determined that thermal decomposition 
of homogeneous PdO layers in air followed by 
the formation of metallic Pd occurs at lower 
temperatures as compared to oxidation in oxygen. 
When oxidised in air, heterophase PdO + Pd layers 
were formed at Tox = 1098 КK, while when oxidised 
in an oxygen atmosphere, thermal decomposition 
of homogeneous palladium(II) oxide films was 
only registered at Tox = 1123 K (Fig. 3). 

Therefore, we can say that replacing oxygen 
with atmospheric air for the oxidation process 
results in a significant reduction (by about 80 K) 
in the range of oxidation temperatures ensuring 
the formation of homogeneous PdO films. Taking 
into account the fact that Pd does not react 
with nitrogen in the studied temperature range 
[30], we can say that the oxidation process of 
Pd resulting in the formation of PdO is largely 
affected by the partial pressure of oxygen (Fig. 3). 

Based on the diffraction patterns of the 
Pd/SiO2/Si (100) samples after thermal oxidation 
in air, we calculated the parameters of the 
tetragonal crystal lattice of palladium(II) oxide. 
The comparison of the calculations with the 
results obtained in [18, 19] is presented in Fig. 4.

Fig. 4 shows that nanocrystalline PdO films 
on SiO2/Si(100) substrates demonstrated non-
monotonic change in the parameters of the 
tetragonal crystal lattice depending on the 

oxidation temperature. Non-monotonic change 
in parameters a and c of the tetragonal crystal 
lattice was registered for PdO films obtained by 
oxidation both in air and in an oxygen atmosphere 
(Fig. 4). When the oxidation temperature 
was increased to Tox ~ 973 K, we observed a 
monotonous increase in parameters a and c of 
the tetragonal crystal lattice of single-phase PdO 
films regardless of the oxidation atmosphere. 
Further increase in the oxidation temperature 
at Tox > 973 К was followed by a decrease in the a 
and c parameters of the tetragonal crystal lattice 
(Fig. 4). The sharpest decrease in the parameters 
a and c was registered at Tox > 1073 K. 

Despite the similarity of curves a = f(Tox) and 
c = f(Tox) of PdO films synthesised by means of 
oxidation of the initial ultradispersed palladium 
layers in air and in an oxygen atmosphere, there 
are some quantitative differences. Fig. 4 shows 
that in order to determine the differences we 
compared the results of this study and the ones 
obtained in [18, 19] with the latest data from an 
international crystallographic database [28]. The 
figure demonstrates that there are temperature 
ranges, in which parameters a and c of the 
tetragonal crystal lattice of nanosized PdO films 
are larger than those of the reference sample 
presented in the international crystallographic 
database [28]. 

Fig. 4a demonstrates that it is especially 
noticeable for the parameter a of the tetragonal 
crystal lattice of palladium(II) oxide films. At the 
same time, the range of such temperatures for 
the samples oxidised in an oxygen atmosphere 
(∆Tox = 773–1073 K) is significantly larger than that 
of the samples oxidised in air (∆Tox = 923–1073 K). 
We also calculated the absolute increase in the 
parameter ∆a using the following formula:

∆a = aexp – aref,		  (3)

where aexp is the experimental value; aref is the 
reference value of the ASTM sample. 

For the films synthesised in oxygen, parameter 
∆a was almost three times larger than that of the 
samples oxidised in air.

Fig. 4b demonstrates that parameter c of the 
tetragonal crystal lattice of palladium(II) oxide 
films oxidised in air is lower than that of the ASTM 
standard sample [28]. At the same time, according 
to [18, 19], parameter c of the tetragonal crystal 
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lattice of palladium(II) oxide films oxidised in an 
O2 atmosphere is higher than the ASTM standard 
parameter in the range of oxidation temperatures 
Tox = 923–1073 K. 

Therefore, we can say that the distortion of the 
tetragonal crystal lattice of palladium(II) oxide 
films obtained by oxidation in air, as compared 
to the ASTM standard [28], occurs mainly due to 
an increase in parameter a (Fig. 4a). 

In this work, the values of the ratio of the c/a 
parameters were calculated for a more accurate 
estimate of the contribution of changes in the 
a and c parameters to the overall picture of 
deformation phenomena in the tetragonal lattice 
of nanocrystalline PdO films. It is known that 
the c/a ratio is a parametric feature of crystals of 
the middle category and it reflects the degree of 
anisotropy of the crystal structure and a number 
of physical properties. 

The change in the c/a values for nanocrystalline 
PdO films depending on the oxidation temperature 
Tox is presented in Fig. 5. As the figure shows, the 
c/a values for all single-phase nanocrystalline 
PdO films obtained by oxidation in oxygen in the 
temperature range of 600 K< Tox <1050 K [18, 19] 
are significantly lower than the value calculated for 
the reference sample from the ASTM database [28]. 
On the contrary, the c/a values of heterogeneous 
samples (PdO + Pd) are higher than the similar 
value of the reference sample. 

For the homogeneous PdO films obtained by 
oxidation in air, the c/a values are higher than the 
value calculated for the reference sample only in a 
limited temperature range of 923 K < Tox < 1050 K 
(Fig. 5). When oxidised at low temperatures of 673 
К < Tox < 873 K in air, the c/a values were almost 
the same as the reference. 

Curve c/a  = f(Tox) presented in Fig. 5 
demonstrates a flat minimum in the temperature 
range 800 < Tox < 850 K for PdO films obtained 
by oxidation in oxygen. For nanocrystalline PdO 
samples synthesised by oxidation in air, the 
minimum on curve c/a = f(Tox) shifted to higher 
temperatures Tox ~ 973 K (Fig. 5).

We should also note that nanosized PdO 
films obtained by oxidation in an O2 atmosphere 
[18, 19] demonstrated greater deformation 
of the tetragonal lattice as compared to the 
reference sample in the ASTM database [28] 
than the samples obtained by oxidation in air 
(Fig. 5). This is reflected in the absolute values of 
the change in the parametric ratio c/a = f(Tox) as 
well as in an increase in the range of oxidation 
temperatures in which the distortions were 
registered (Fig. 5).

The behaviour of the c/a = f(Tox) curves of 
nanosized PdO films regardless of the synthesis 
conditions is another evidence proving that an 
increase in the parameters of the tetragonal 
lattice of nanocrystalline PdO films is not 

Fig. 4. Dependence of the a and c parameters of the tetragonal crystal lattice of nanosized PdO films synthe-
sised by oxidation of the initial ultradispersed layers of metallic Pd on SiO2/Si (100) substrates in air and in an 
oxygen atmosphere on the oxidation temperature Tox: 1, 3 – single-phase PdO samples; 2, 4 – heterogeneous 
samples PdO + Pd; 1, 2 – oxidation in an oxygen atmosphere, data obtained in [18, 19]; 3, 4 – oxidation in air, 
data obtained in the study; 5 – ASTM reference sample [28]
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uniform. The main contribution to the distortions 
of the tetragonal crystal structure of palladium(II) 
oxide occurs mainly due to an increase in the 
values of the a parameter, which is due to an 
increase in elementary translations along the 
OX and OY axes.

The above analysis of the transformations of 
the tetragonal structure of nanocrystalline PdO 
films depending on the oxidation temperature, 
demonstrated that the distortion is not uniform 
mainly due to an increase in the parameter a. 
This analysis needs to be complemented with 
the calculations of the unit cell volume of the 
crystal structure of palladium(II) oxide. Such 
calculations allow assessing the average degree 
of distortion of the tetragonal structure of 
nanocrystalline PdO films.

Based on the experimental data (Fig. 3), 
we calculated the unit cell volume Vuc of the 
tetragonal structure of nanocrystalline PdO films 
using the formula:

Vuc = a2c,		  (4)

where Vuc − is the unit cell volume; a and c − are 
parameters of the tetragonal crystal lattice of 
palladium(II) oxide. 

The results of the calculations and their 
comparison with the data obtained in [18, 19] 
are given in Fig. 6 as a dependence Vuc = f(Tox). As 
the figure shows, the unit cell volume Vuc of the 
crystal structure of single-phase nanocrystalline 
PdO films monotonously grows with an increase 
in the oxidation temperature from Tox = 673 
К to Tox = 973 K regardless of the oxidation 
atmosphere. The maximum values of Vuc are found 
in the temperature range of 950 < Tox < 980 К. 
At the same time, in the temperature range 
of Tox  =  773−1073  К the values of the unit cell 
volume Vuc for PdO films synthesised in oxygen 
atmosphere exceed the volume of the ASTM 
reference unit cell [28]. For PdO films obtained 
by oxidation in air, the range of temperatures in 
which Vuc exceeds the Vuc of the reference sample 
is far below Tox = 873−1050 К. 

The values of the X-ray density were 
calculated for a fuller picture of the analysis of the 
deformations in the structure of nanocrystalline 
PdO films. The X-ray density rXray(PdO) was 
calculated using the formula:

rXray
uc

(PdO)  
PdO=
◊

2M
V NA

( )
, 	 (5)

where M(PdO) − is the molar mass of palladi-
um(II) oxide; Vuc − is the unit cell volume; NA − is 
Avogadro number.

The results calculated using formula (5) for the 
samples obtained by oxidation in air are presented 
in Fig.7 as dependence rXray(PdO)  =  f(Tox) in 
comparison with the data obtained earlier [18, 
19]. The figure shows that the values of rXray(PdO) 
of PdO films synthesised by oxidation in both 
oxygen and air monotonously decrease with an 
increase in the oxidation temperature up to a 
minimum of Tox ~ 970 К. We should note that 
the maximum values of density rXray(PdO) were 
obtained for heterogeneous samples (PdO + Pd) 
synthesised at Tox = 573 К and Tox = 1123 К 
respectively [18, 19]. 

Comparison of the calculated dependences 
rXray(PdO) = f(Tox) with that of the ASTM reference 
sample (Fig. 7) demonstrated that homogeneous 
nanocrystalline PdO films obtained by oxidation 
in air in the temperature range of 970 < Tox < 1050 
are characterised by densities lower than those 
of the reference sample [28]. Minimum values of 
the X-ray density of PdO samples synthesised 

Fig. 5. Dependence of the c/a ratio of the tetragonal 
crystal lattice of nanosized PdO films synthesised by 
oxidation of the initial ultradispersed layers of metal-
lic Pd on SiO2/Si (100) substrates in air and in an oxy
gen atmosphere on the oxidation temperature Tox: 1, 
3 – single-phase PdO samples; 2, 4 – heterogeneous 
samples PdO + Pd; 1, 2 – oxidation in an oxygen at-
mosphere, data obtained in [18, 19]; 3, 4 – oxidation 
in air, data obtained in the study; 5 – ASTM reference 
sample [28]
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in an O2 atmosphere were registered in a much 
larger temperature range of 770 < Tox < 1070 К. 
Nanocrystalline PdO films synthesised at lower 
temperatures (570 < Tox < 770), as well as at Tox > 
1070 К are characterised by a higher X-ray density 
as compared to the ASTM reference sample [28]. 

Fig. 7 also shows the density of polycrystalline 
r(PdO) powders of palladium(II) oxide determined 
by means of hydroscopic weighing [30]. The figure 
demonstrates that the rXray(PdO) of the ASTM 
reference sample and r(PdO) determined by 
means of hydroscopic weighing are close to each 
other. 

When analysing the nature of deformations 
of homogeneous nanocrystalline PdO films 
(Fig. 4–7), we should point out that the degree of 
distortion of the crystal lattice of homogeneous 
nanocrystalline PdO films depends more on 
the oxidation atmosphere rather than the 
temperature. The maximum deformation of the 
tetragonal lattice was observed in PdO films 
obtained by oxidation in oxygen with the value 
of partial pressure p(O2) ~101–103 kPa (Fig. 3). 

When discussing the obtained results, it is 
necessary to take into account the fact that PdO 
samples are characterised by p-type conductivity 
[12, 15, 17], which, from the point of view of solid 

state chemistry, is explained by the presence 
of negatively charged interstitial atoms of 
oxygen. Incorporation of excess oxygen atoms 
(with regard to the stoichiometric ratio of PdO) 
confirms a decrease in the density caused by an 
increase in the portion of a lighter component - 
oxygen. Therefore, taking into account the unit 
cell model of palladium(II) oxide suggested in 
[18], possible ways of incorporation of oxygen 
atoms into the crystal lattice of palladium(II) 
oxide are given in Fig 8.

It is also known [30] that palladium can 
form compounds with the oxidation state 
(+4). Palladium(IV) oxide is characterised by 
a crystal structure of the rutile type TiO2. The 
palladium-oxygen coordination number is 6, and 
the coordination polyhedron is an octahedron. 
Therefore, oxygen atoms can be incorporated 
between neighbouring palladium atoms in the 
crystal structure of palladium(II) oxide as shown 
in Fig. 8. 

Taking into account the unit cell model of 
palladium(II) oxide [18], interstitial oxygen atoms 
should be located in the octahedral void in the 

centre of the cell with coordinates 
1
2

1
2

1
2

È
ÎÍ

˘
˚̇

È

Î
Í

˘

˚
˙ .

Fig. 6. Dependence of the unit cell volume Vuc of the 
tetragonal crystal lattice of nanocrystalline PdO films 
synthesised by oxidation of the initial ultradispersed 
layers of metallic Pd on SiO2/Si (100) substrates in air 
and in an oxygen atmosphere on the oxidation tem-
perature Tox: 1, 3 – single-phase polycrystalline PdO 
samples; 2, 4 – heterogeneous samples (PdO + Pd); 1, 
2 – oxidation in an oxygen atmosphere, data obtained 
in [18, 19]; 3, 4 – oxidation in air, data obtained in the 
study; 5 – ASTM reference sample [28]

Fig. 7. Dependence of the X-ray density of nanocrys-
talline PdO films synthesised by oxidation of the initial 
ultradispersed layers of metallic Pd on SiO2/Si (100) 
substrates in air and in an oxygen atmosphere on the 
oxidation temperature Tox: 1, 3 − single-phase poly-
crystalline PdO samples; 2, 4 − heterogeneous samples 
(PdO + Pd); 1, 2 – oxidation in an oxygen atmosphere, 
data obtained in [18, 19]; 3, 4 – oxidation in air, data 
obtained in the study; 5 − ASTM reference sample [28]; 
6 – data obtained by means of hydrostatic weighing 
[30]
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4. Conclusions
1. The XRD and RHEED analyses determined 

that the oxidation of the initial ultradispersed 
layers of metallic palladium in air results in the 
formation of homogeneous polycrystalline films 
of palladium(II) oxide on SiO2/Si (100) substrates 
in the temperature range Tox = 673−1073 К. The 
temperature range is significantly wider, when the 
oxidation is conducted in an oxygen atmosphere.

2. Based on the calculation of the changes in 
the parameter ratio of the tetragonal lattice of 
nanocrystalline PdO films, we demonstrated that 
the distortions of the crystal lattice are mainly 
due to an increase in the value of parameter а.

3. The study demonstrated that the 
degree of distortion of the crystal lattice of 
homogeneous nanocrystalline PdO films depends 
on the oxidation atmosphere rather than on the 
temperature. The maximum deformation of the 
tetragonal lattice was observed in PdO films 
obtained by oxidation in oxygen with the value 
of partial pressure p(O2) ~101–103 kPa.

4. The article suggested a model which 
explains the distortions in the tetragonal lattice 
of nanocrystalline films of palladium(II) oxide by 
the incorporation of excess oxygen atoms into 
interstitial sites of the unit cell, preferably into 
the octahedral void in the centre of the cell with 
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Abstract 
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Ternary alloys were obtained through direct synthesis from simple substances and subjected to long-term solid-phase 
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thermal analysis to determine the temperature of these four-phase transformations.
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1. Introduction
Compounds of the AIVBV class in the form of bulk 

single and polycrystals have been actively studied 
since the 1970s, and the Department of General and 
Inorganic Chemistry of Voronezh State University 
also performed such studies [1–4]. Although 
some of these compounds possess semiconductor 
properties and electrophysical characteristics that 
are practically important, they had not been put to 
good use for a long time. This is mainly associated 
with the fact that many AIVBV compounds have a 
layered structure and can stratify into flakes when 
crystals are cut and ground, which was considered 
a significant drawback in the era of wide use of 
diamond-like semiconductors. 

Over the past 20 years, due to the rapid 
development of 2D technologies, researchers 
have again turned their attention to this 
class of compounds. Silicon and germanium 
monopnictides form a family of two-dimensional 
layered semiconductors with a possibility of 
changing the width of the band gap through 
the variation of the number of layers [5–8]. 
They can also be used as catalysts and materials 
for optoelectronic devices [9–11]. The peeling 
energy of silicon and germanium arsenides and 
phosphides can be compared to this value for 
graphene, which suggests a high probability of 
their successful production using mechanical 
peeling from bulk crystals [5, 6]. 

Bulk crystals of AIVBV compounds also have 
practical importance as they are capable of 
interlayer introduction reactions. Tin and silicon 
arsenides SnAs, Sn4As3, SiAs2, and SiAs are 
suitable materials for the creation of electrodes 
of alkali-ion batteries [12–14]. For example, 
Li2SiAs2 has a calculated band gap of 1.4 eV, 
low thermal conductivity at room temperature, 
and high electrical resistivity, and therefore it is 
highly promising as a lithium-ion conductor with 
lithium-ion conductivity at room temperature of 
7 μΩ/cm [13]. 

Functional properties of the material can be 
improved to some extent through doping and the 
use of solid solutions instead of pure compounds. 
From this point of view, it is important to study 
the phase diagrams of multicomponent systems 
formed by the elements of the IVA and VA groups. 
The phase diagrams of AIV–BV–СV systems with 
anionic substitution have been studied better 

as compared to the diagrams of the systems 
with cationic substitution [15, 16]. There are no 
publications on the state diagram of the Si–Sn–As 
system, which explains the relevance of this work

The goal of this work was theoretical analysis 
and experimental study of phase relations 
in a ternary Si–Sn–As system: establishing 
cross sections, constructing a scheme of phase 
equilibria, and identifying the temperature of 
non-variant transformations.

2. Experimental
2.1. Methods for Sample Synthesis

Due to the high melting point of silicon, 
which cannot be reached upon synthesis in quartz 
tubes, as well as the duration of the solid phase 
reaction and considerable vapour pressure of 
arsenic at high temperatures, the experimental 
study of the phase diagram of Si–Sn–As becomes 
a challenging process.

The samples with the compositions belonging 
to four polythermal sections of the SnAs–SiAs2, 
SnAs–SiAs, SnAs–Si, and SiAs–Sn ternary 
system were obtained by synthesis in a single 
zone furnace from simple substances in quartz 
ampoules vacuumed to the residual pressure 
of 5·10–4 GPa. KEF 4.5/0.1-43.5 silicon, OVCH-
000, and OSCH-9-5 arsenic were used for the 
synthesis. Arsenic was preliminary purified from 
oxides using vacuum sublimation. The weighing 
was performed on AR2140 electronic scales with 
the measurement error ±1·10–3 g.

Maximum temperature of the furnace heating 
upon synthesis was 1353 К, which is lower than 
the melting point of silicon (1683 К). To ensure 
the possibility of the heterogeneous reaction, the 
samples were held for six hours at 1353 К and after 
the synthesis they were subject to solid phase 
annealing for 250 hours at 753 К (the alloys of the 
SiAs–Sn section rich in tin were annealed at 473 К).

To make sure that the temperature and the 
duration of synthesis and annealing are enough 
for the silicon to react, a binary alloy was prepared 
in similar conditions, the composition of which 
Si0.48As0.52 corresponded to the eutectic mixture of 
SiAs2 and SiAs in the Si–As binary system. Peaks 
of silicon monoarsenide and diarsenide were 
observed on an X-ray diffraction pattern of this 
alloy while there were now silicon peaks. Therefore, 
the temperature and duration of synthesis and 
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annealing are enough for silicon to react completely 
in the conditions of our experiment.

2.2. Methodology of X-ray diffraction 
and differential thermal analysis

The alloys were studied using X-ray diffraction 
analysis (XRD) and differential thermal analysis 
(DTA).

X-ray phase analysis was performed using 
an ARL X’TRA diffractometer with Bragg–
Brentano Q–Q focusing geometry. The source of 
radiation was an X-ray tube with a copper anode: 
l(Cu‑Ka1) = 0.1541 nm; l(Cu-Ka2) = 0.1544 nm. 
The X-ray patterns were made with a step size 
of 0.04° and a counting time of 3 seconds per 
step. The determination error for the interplanar 
distances dhkl was below 5.10–4 nm. Parameters of 
the lattice of the phases were calculated using 
High Score Plus-305 program and specified using 
the Pauli principle.

Differential thermal analysis was performed 
on a DTA device with the programmed furnace 
heating with a heating rate 5 K/min (7 K/min 
for the most refractory samples). Heat treated 
chromel-alumel thermocouples and aluminium 
oxide were used as a reference. The signal received 
from the thermocouples was digitized and 
processed by the MasterSCADA software package. 
The determination error for the temperature of 
phase transformations was below ±1 K. The alloys 
of the studied system had a tendency to overcool, 
therefore the temperature of phase transitions 
was determined by the heating curves. In cases 
where the peak corresponding to the liquidus 
on a thermogram was stretched and fuzzy, the 
temperature was determined by the cooling curve 
with a correction for the overcooling value.

3. Results and discussion

3.1. Results of an X-ray study and a scheme 
of phase equilibria in a ternary system

As we were studying the Si–Sn–As ternary 
system for the first time, it was necessary to 
analyse the possibility of its separation into 
subsystems using cross sections. 

Two intermediate compounds were formed in 
the Si–As binary system: silicon monoarsenide 
that had a monoclinic crystal lattice and melted 
congruently at a temperature of 1386 K, and 
silicon diarsenide with an orthorhombic lattice, 

which decomposed according to the peritectic 
scheme into SiAs and a melt at 1250 K [17]. 
Silicon monoarsenide was a one-sided phase 
shifted towards silicon, while the stoichiometric 
composition practically coincided with the right 
border of the homogeneity region. The width of 
the homogeneity region of SiAs was 0.45 mol % 
at 1300 К [4,15]. Arsenic dissolves well in silicon, 
and the maximum solid phase solubility is about 
3.5 mol % As at ~1473 К [17].

In the Sn–As system, two intermediate phases 
were also formed [18]: tin monoarsenide with a 
crystal lattice of the NaCl type and Sn4As3 which 
melted congruently at 868 K and crystallised 
in the trigonal non-centrosymmetrical space 
group R3m, while the selected unit cell could be 
either rhombohedral or hexagonal [19]. Sn4As3 
had a pronounced homogeneity region (~3 mol 
%) directed towards the excess of tin [18]. In the 
Si–Sn system [20] there were no intermediate 
compounds, and a degenerate eutectic near tin 
was observed with a temperature of 231.9 °С, 
which was similar to the melting point of pure 
tin. Tin slightly dissolved in silicon, and the 
maximum solid phase solubility was 0.1 mol % 
achieved at a temperature of 1339 K.

Therefore, due to the nature of the melting of 
intermediate phases and the presence of visible 
regions of homogeneity in some of them, only 
subsolidus phase separation was possible. Figure 1 
shows four possible options for the division of 
a ternary system by cross sections (below the 
solidus) into subsystems, each of which had three 
solid phases coexisting in equilibrium. 

Arsenic can participate in equilibria with 
the closest phases SnAs and SiAs2, which means 
that a part of the concentration triangle with 
As the apex is separated in the only possible 
way. As an example, Figure 2a shows the 
X-ray powder diffraction spectrum of an alloy 
of the SnAs–SiAs2 section alloy containing 
20 mol % SiAs2. Peaks of silicon diarsenide and tin 
monoarsenide were observed, and the intensity 
of the peaks of the second phase were higher 
as it prevailed in this alloy. It should be noted 
that the (SnAs)0.97(SiAs2)0.03 sample was single-
phase, while ((SnAs)0.93(SiAs2)0.07 was a two-phase 
sample, which probably indicated the formation 
of a solid solution based on SnAs with a range of 
at least 3 mol % along the SnAs–SiAs2 section. 
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Table 1 shows the cubic lattice parameter 
(а) and unit cell volume (V) of the SnAs phase 
which is present in the alloys of the polythermal 
section SnAs–SiAs2. Parameters of the lattice 
were calculated using High Score Plus-305 
program and specified using the Pauli principle. 
Both the lattice parameter and the cell volume 
were slightly decreased as compared to the 
data for tin monoarsenide presented in the 
powder X-ray diffraction catalogue (PDF2-2012 
database). This indicated the formation of a solid 
substitution solution (tin atoms were replaced 
by smaller silicon atoms). The parameters of the 
orthorhombic SiAs2 lattice differed very little 
from the reference values. 

The Sn4As3–SnAs–SiAs2–SiAs trapezium 
could be divided into triangles corresponding 
to the equilibrium of three solid phases using 
two methods: the SnAs–SiAs cross section 
(Fig. 1a) or the Sn4As3–SiAs2 cross section (Fig. 
1b). If the second scheme is correct, the alloys 
whose compositions belong to the SnAs–SiAs 
section and are to the right of the crossing 
point with the Sn4As3–SiAs2 section should not 
contain tin monoarsenide and should contain 
Sn4As3. X-ray phase analysis showed that, on 
the contrary, SnAs was present in these alloys, 
while Sn4As3 was not, therefore, the scheme 
presented in Fig. 1b had to be excluded from 
consideration.

                                             c                                                                                                     d
Fig. 1. Schemes of phase equilibria in the Si–Sn–As ternary system

                                             a                                                                                                     b
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c
Fig. 2. X-ray powder diffraction patterns of the Si–Sn–As system: а – (SnAs)0.8(SiAs2)0.2; b – (SnAs)0.4(SiAs)0.6; 
c – (SnAs)0.8Si0.2. Phase symbols: ■ – Si, ● – SnAs, □ – SiAs, ∆– SiAs2, ▲– Sn4As3

a

b
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The cubic phase of SnAs did not have many 
peaks but almost all of them were observed 
on diffraction patterns. Fig. 2b shows an X-ray 
diffraction spectrum of an alloy (SnAs)0.4(SiAs)0.6. 
Apart from the SnAs and SiAs peaks, several 
peaks of tin diarsenide could be observed. 
This is how we explain this fact: the process 
of crystallisation of the (SnAs)0.4(SiAs)0.6 alloy 
ended at point Р2 (Fig. 3), which corresponded 
to the four-phase peritectic transformation 
L + SiAs2 ↔ SnAs + SiAs. Apparently, the duration 
of synthesis and annealing was insufficient 
for this transformation to be fully completed, 
and there was a certain amount of unreacted 
silicon diarsenide left. The lattice parameter of 
tin monoarsenide present in the alloys with the 
SnAs–SiAs cross section and calculated using 
XRD data was slightly different from the reference 
value; the parameters а and b of the SiAs 
monoclinic lattice were slightly increased, while 
the parameter c was slightly decreased (Table 2). 
It can be concluded that the solid-phase solubility 
along the SnAs–SiAs section was very low.

The Sn–SnAs–SiAs–Si trapezium could be 
divided into triangles that corresponded to the 
equilibrium of three solid phases using three 

methods (Fig. 1a, c, d). If option (c) is correct, 
the SiAs–Sn cross section separates silicon, and 
silicon should not be identified in alloys with 
the compositions in the concentration triangle 
(in the plane of the figure, to be precise) located 
above this cross section. If option (a) is correct, 
SnAs should not be identified in the alloys with 
the compositions in the concentration triangle 
located below the Sn4As3–SiAs cross section. The 
most informative solution to this problem was the 
study of the samples of the SnAs–Si cross section. 

For example, we detected silicon in the 
(SnAs)0.8Si0.2 alloy by XRD, and its peaks were 
dominating (Fig. 2c), which makes the scheme 
presented in Fig. 1c incorrect. To choose between 
schemes (a) and (d), we must examine in more 
detail the paths of alloy crystallisation of the 
SnAs–Si polythermal section. Figure 3 shows 
two possible schemes of phase equilibria in a 
ternary system, corresponding to situations (a) 
and (d) in Fig. 1. The crystallisation processes 
proceeded similarly according to both schemes 
in the range of compositions rich in arsenic. The 
field of primary crystallisation of arsenic was 
limited by monovariant curves e3P1 and e1P1 along 
which the eutectic processes L → As + SnAs and 

Table 1. Lattice parameter and unit cell volume of tin monoarsenide present in the alloys  
of the SnAs–SiAs2 section

PDF2 data Composition of the alloys, mol f.,  SiAs₂

SnAs 0.03 0.07 0.2 0.4 0.6
а, Å 5.7248 5.7245 5.7206 5.7225 5.7217 5.7212

V/106 pm3 187.621 187.591 187.208 187.391 187.315 187.268

                                                   a                                                                                                 b
Fig. 3. Schemes of phase equilibria in the Si–Sn–As ternary system
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L → As+SiAs2 occurred, respectively. The four-
phase peritectic equilibrium L+As ↔ SnAs+SiAs2 
corresponded to point P1. 

The peritectic process L+SiAs ↔ SiAs2 
occurred along the p1P2 curve, while the eutectic 
process L → SnAs + SiAs2 proceeded along the Р1P2 
curve. Curves e1P1, Р1P2, and p1P2 limited the field 
of primary crystallisation of silicon diarsenide. 
The peritectic point P2 corresponded to the 
invariant equilibrium L + SiAs2 ↔ SnAs + SiAs.

Further processes were different for the 
two schemes. First, we will consider the option 
presented in Fig. 3a. Point P3 corresponded to the 
four-phase equilibrium with the participation of 
the melt and solid phases SnAs + SiAs + Sn4As3, 
and it was also peritectic, as it was located 
outside the triangle connecting the compositions 
of solid phases coexisting in equilibrium. The 
L →  SiAs  +  SnAs process proceeded along the 
Р2P3 curve. The p2P3 curve separated the primary 
crystallisation fields of SnAs and Sn4As3.

The Р3P4 curve separated the primary 
crystallisation fields of the Sn4As3 and SiAs phases. 
The eutectic process L → SiAs + Si proceeded along 
the e2P4 line and along the P4Е line: L → Sn4As3 + Si. 
Point P4 corresponds to the peritectic process L + 
SiAs → Sn4As3+Si. Point E was located inside the 
triangle of solid phases and corresponded to the 
eutectic equilibrium L → Sn4As3 + Si + Sn. It was 
degenerate, as the eutectics е4 and е5 in binary 
systems were degenerate.

In the second scheme (Fig. 3b), point P5 
corresponded to the non-variant peritectic process 
L + SiAs → SnAs+Si, while point P6 corresponded 

to the peritectic process L + SnAs → Sn4As3 + Si. 
The processes similar to the first scheme occurred 
with a further decrease of temperature (Fig. 3a).

We will consider a possible sequence of 
crystallisation processes for the (SnAs)0.8Si0.2 alloy 
in accordance with the first scheme. The figurative 
point of the melt was located in the field of primary 
crystallisation of SiAs. Once silicon monoarsenide 
crystals were separated from the melt, secondary 
crystallisation occurred along the Р3P4 curve, and 
the crystallisation process was completed at point 
P4: L + SiAs → Sn4As3 + Si. According to the second 
scheme (Fig. 3b), the (SnAs)0.8Si0.2 composition 
was in the field of primary silicon crystallisation, 
and once silicon was separated, the process 
occurred along the е2Р5 line and completed with 
the peritectic process L + SiAs → SnAs + Si.

Clear intense peaks of silicon and Sn4As3 
were observed on the diffraction pattern of the 
(SnAs)0.8Si0.2, while peaks of tin monoarsenide 
were absent (Fig. 2c). Similar diffraction patterns 
were also obtained for samples of the SnAs–
Si cross section that were richer in silicon, and 
only the intensity of the peaks changed. This 
allowed stating that the correct scheme is the 
one presented in Figs. 1a and 3a, according to 
which the subsolidus phase separation was 
performed by the SnAs–SiAs2, SnAs–SiAs, 
Sn4As3–SiAs, and Sn4As3–Si. sections. The lattice 
parameter of silicon present in the alloys of the 
section varied within the range of experimental 
error and without any patterns. The calculated 
parameters of the rhombohedral lattice of Sn4As3 
in a hexagonal device (Table 3) also did not allow 

Table 2. Lattice parameters of silicon monoarsenide present in the alloys of the SnAs–SiAs section

PDF2 data Composition of the alloys, mol f., SiAs
SiAs 0.2 0.3 0.4 0.6 0.8

a, Å 15.97 15.979 15.980 15.976 15.977 15.979
b, Å 3.668 3.670 3.672 3.669 3.667 3.666
c, Å 9.529 9.520 9.526 9.527 9.526 9.526
b° 106.0 106.1 106.1 106.0 106.0 106.0

Table 3. Lattice parameters of the Sn4As3 phase present in the alloys of the SnAs–Si section

PDF2 data Composition of the alloys, mol f., Si

Sn4As3 0.1 0.2 0.3 0.4 0.6 0.8

а, Å 4.089(1) 4.088 4.086 4.086 4.090 4.078 4.088
с, Å 36.059(6) 36.081 36.0174 36.006 36.140 36.120 36.119
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drawing a conclusion that a solid solution of 
any significant range was formed based on this 
compound.

We also studied several alloys of the SiAs–Sn 
polythermal section which did not participate 
in the subsolidus phase separation. This section 
crossed the Sn4As3–Si cross section, therefore the 
alloys with low and high tin content participated 
in different equilibria. X-ray phase analysis 
showed the presence of Sn4As3, Si, and SiAs phases 
in the (SiAs)0.8Sn0.2alloy (Fig. 4a), and Sn4As3, Si, 
and Sn phases in the (SiAs)0.4Sn0.6 alloy (Fig. 4b). 
This indicated that the process of crystallisation 
of the first alloy ended at point P4, while the 
crystallisation of the second alloy ended at 
point E (Fig. 3a).

3.2.	Results of differential thermal analysis of 
alloys. Determining the temperatures of four-phase 
transformations

In this work, differential thermal analysis was 
performed primarily to determine the temperature 
of four-phase equilibrium. It was impossible to 
plot Т-х diagrams of polythermal cross sections 
and the projection of the liquidus surface of the 
ternary system using experimental data only, as the 
maximum heating temperature (1273 K) was limited 
both by the technical properties of the furnace and 
by the risk of depressurisation of Stepanov’s quartz 
ampoules at high temperatures and arsenic vapour 
pressure. Therefore, liquidus was not achieved for 
all samples in the course of DTA.

Figure 5 shows thermograms of some 
alloys selected so that the temperature of the 

b
Fig. 4. X-ray powder diffraction patterns of the Si–Sn–As system: а – (SiAs)0.8Sn0.2; b – (SiAs)0.4Sn0.6. Phase 
symbols: ■ – Si, * – Sn, □ – SiAs, ▲ – Sn4As3

a
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c
Fig. 5. Thermograms of alloys: а – (SnAs)0.8(SiAs2)0.2; b - (SnAs)0.4(SiAs)0.6; c - (SnAs)0.9Si0.1; d - (SiAs)0.9Sn0.1; e - 
(SiAs)0.4Sn0.6

b

a
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beginning of the first effect on the heating curve 
corresponded to the temperature of a certain 
four-phase invariant equilibrium. For instance, 
the crystallisation process ended at point P1 
for samples of the SnAs–SiAs2 section, whose 
compositions were located to the left of the 
intersection point of this section with the р1Р2 
curve (Fig. 3a), On the thermogram of the alloy 
containing 20 mol. % silicon diarsenide, the 
temperature of the beginning of the first effect 
was 850±1 K (Fig. 5a), and this temperature 

corresponded to the four-phase process 
L + As ↔ SnAs+SiAs2. 

As for compositions located to the right of the 
intersection point of the SnAs–SiAs2 section and 
the р1Р2 curve, as well as for all alloys of the SnAs–
SiAs section, crystallisation was completed at 
point Р2 with the process L + SiAs2 ↔ SnAs + SiAs. 
For these alloys, we recorded the temperature 
of the beginning of the first endoeffect at 
847±1 K (Fig. 5b shows the thermogram of the 
(SnAs)0.4(SiAs)0.6 sample).

e
End of fig. 5

d
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We determined the temperature of the 
L + SnAs ↔ SiAs + Sn4As3 (p. Р3) peritectic process 
by thermography of (SnAs)0.9Si0.1 alloy. It was 
845±1 К (Fig. 5c). 

The temperature of peritectic transformation 
L + SiAs → Sn4As3 + Si (p. Р4) could be determined 
in the course of a thermographic study of the 
alloys that are rich in silicon of the SnAs–
Si section, as well as of the alloys of the Sn–
SiAs section with a high content of silicon 
monoarsenide. Fig. 5d presents a thermogram 
of the (SiAs)0.9Sn0.1 sample, and the determined 
temperature of the beginning of the first 
endoeffect was 840±1 К.

The crystallisation of the alloys of the Sn–SiAs 
section with a high content of tin ended at p. E 
(Fig. 3a) The temperature of the corresponding 
eutectic process L →  Sn4As3  +  Si  +  Sn was 
determined according to the DTA results of the 
(SiAs)0.4Sn0.6 alloy, and it amounted to 503±1 K 
(Fig. 5e), which is slightly lower than the 
temperature of tin melting.

4. Conclusions
We used X-ray diffraction analysis and 

differential thermal analysis to study the phase 
relations in the Si–Sn–As ternary system. It 
was established that the phase subsolidus 
demarcation was performed by the SnAs–SiAs2, 
SnAs–SiAs, Sn4As3–SiAs, and Sn4As3–Si sections. 
Taking into account the theoretical analysis and 
XRD results, we suggested a scheme of phase 
equilibria in the system that presupposed the 
existence of one eutectic and four peritectic 
invariant equilibria with the participation of a 
melt and three solid phases. Differential thermal 
analysis allowed identifying the temperatures at 
which these four-phase equilibrium occurred: 
L + As ↔ SnAs + SiAs2 (850±1 К); L + SiAs2 ↔ SnAs 
+ SiAs (847±1 К); L  +  SnAs ↔  SiAs + Sn4As3 
(845±1 К); L  +  SiAs →  Sn4As3 +  Si (840±1 К); 
L →  Sn4As3 +  Si  +  Sn (503±1 К). According to 
the X-ray diffraction analysis, the solid phase 
solubility along the studied sections was very 
small, and a solid replacement solution with a 
range of at least 3 mol % was formed only based 
on tin monoarsenide along the SnAs–SiAs 
section. Further examination of the Si–Sn–As 
system presupposes a more detailed study of this 
issue as well as a construction of Т-х diagrams 

of polythermal sections and projections of 
isotherms of the liquidus surface of the ternary 
system.
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Abstract 
Due to their multi-functionality, spinel ferrites, both doped and undoped, are promising materials for a wide range of 
practical applications, including catalysis, sustainable production of hydrogen and СО2 deposition, electronic and magnet 
devices, as well as antibacterial agents. Recently, nanosized ferrites have been actively tested as catalysts in Fenton-like 
processes of deep oxidative degradation of organic substances in order to purify waste waters of different dyes, phenol and 
its derivatives, and antibiotics. The goal of this work was to establish the catalytic activity of СоFe2O4 nanopowder synthesised 
using citrate combustion in the reaction of oxidative degradation of 2,4-dinitrophenol upon the activation of the process 
with UV radiation.
Using citrate combustion, we synthesised the impurity-free nanopowder of CoFe2O4 cobalt ferrite with the average size of 
particles of about 70 nm and a pronounced agglomeration of particles. The cobalt spinel was tested as a catalyst of Fenton-
like reaction of oxidative degradation of 2,4- dinitrophenol with UV radiation of l = 270 nm. This process was differentiated 
with the sorption of dinitrophenol on a nanosized catalyst.
The degree of degradation of 2,4-dinitrophenol in a Fenton-like reaction without the CoFe2O4 catalyst was 14 %, while in 
the presence of a nanosized catalyst it increased up to 80 %. The effective oxidative degradation of the pollutant was 
performed in a less acidic environment as compared to a classic Fenton process with a rather large initial concentration of 
dinitrophenol. This allowed considering the nanosized CoFe2O4 as a promising catalyst of Fenton-like of waste waters 
purification through deep oxidative degradation of toxins.
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1. Introduction 
Today, the pollution of natural water with 

waste waters of industrial and agricultural 
productions has a significant antropogenic 
impact. Among the most widespread toxic agents 
entering the surface waters from oil refining, 
wood chemical, coke chemical, aniline dye, 
textile, and hydrolysis industrial enterprises 
are phenols and their derivatives. Nitrophenol 
compounds, such as nitrocene and dinitrophenol, 
are especially toxic. Nevertheless, dinitrophenols 
are rather widely used in agriculture due to 
their pronounced simultaneous herbicidal, 
fungicidal, and insecticidal effect, and they also 
act as precursors in the production of dyes and 
anticeptics for wood. It should be noted that 
pesticides of the dinitrophenol type have a good 
cumulation ability, which makes the task of their 
inactivation even more relevant [1].

It is considered that the most reliable and 
effective method is the complete oxidative 
degradation of phenol nitro-derivatives to non-
toxic substances. In this regard, Fenton processes 
are of great interest, in the course of which 
hydrogen peroxide, by decomposing under the 
influence of a catalyst, acts as a source of stronger 
oxidants, primarily hydroxyl radicals with a redox 
potential from +2.0 to +2.8 V depending on pH [2, 
3]. Ferriferrous materials based on mesoporous 
silicon dioxide, zeolites, and others are used as 
heterogeneous Fenton catalysts [4, 5]. 

Nanosized spinel ferrites MeFe2O4 [6–10] 
seem to be promising in this regard as their 
catalytic activity significantly increases due to a 
great specific surface area and ability of activation 
with ultraviolet radiation.

Spinel ferrites are already being used in a 
number of “green chemistry” technologies, such as 
wastewater treatment [11–13], carbon deposition 
[14], and antimicrobial treatment [15]. In case of 
photochemical processes due to a combination of 
radiation with the action of different oxidants, the 
most widespread of which is hydrogen peroxide, 
and catalysts, the redox potential of the system 
is considerably increased, and, as a result, the 
degree of oxidative degradation also rises. Thus, 

the goal of this work was to establish the catalytic 
activity of СоFe2O4 nanopowder synthesised using 
citrate combustion in the reaction of oxidative 
degradation of 2,4-dinitrophenol upon the 
activation of the process with UV radiation.

2. Experimental 
The synthesis of ferrite-spinel CoFe2O4 using 

the citrate combustion method was carried 
out according to [16]. Phase composition of 
the nanopowder was determined by X-ray 
diffractometry (Empyrean BV diffractometer with 
Cu anode (l = 1.54060 nm)). The scanning was 
performed within a range of angles 2q = 10–80° 
with a step of 0.0200. The JCPDC database 
[17] was used to identify the phases. The size 
and morphology of CoFe2O4 particles were 
determined by transmission electron microscopy 
(TEM, CarlZeiss Libra-120 transmission 
electron microscope). Quantitative elemental 
analysis was performed on a JSM-6380LV JEOL 
scanning electron microscope with an INCA 250 
microanalysis system.

The catalytic activity of the cobalt ferrite 
nanopowder was studied on a reaction 
of  2 ,4-dini t rophenol  (DNP)  ox idat ion 
with hydrogen peroxide. To do this, we 
prepared a solution containing 0.084 g/l of 
2,4-dinitrophenol and 10 wt. % hydrogen 
peroxide. pH of the solution, which was 4.4, 
was maintained by an acetate buffer. After 
that, 0.25 g of cobalt ferrite was added to a 
series of solution samples with a volume of 
15 ml, and the concentration of DNP was 
measured at certain periods after the beginning 
of the reaction. Control measurements of the 
concentrations of DNP solutions without a 
catalyst were performed in the same manner. 
The experiment was conducted with daylight 
and ultraviolet radiation with l = 270 nm 
(Nuobi UV lamp, 20 W). The DNP concentration 
was determined using photocolorimetry 
(KFK-3-01 photocolorimeter). The analytical 
wavelength for 2,4-dinitrophenol was 364 nm. 
The degree of DNP degradation was calculated 
by formula (1):
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where W is the degree of degradation %, C0 is the 
concentration of the dye at the initial moment of 
time, and Ct is the concentration of the dye at the 
present moment of time.

To differentiate the catalytic oxidative 
degradation of DNP and its sorption on a 
nanosized catalyst, we performed an experiment 
using the above-described method without 
adding Н2О2 oxidant to the solutions. In this case, 
oxidative degradation of DNP was not performed, 
while decolorisation of the solutions was only 
determined by the sorption of the pollutant on 
cobalt ferrite. The duration of static sorption was 
2 hours. The sorption capacity of cobalt ferrite 
was determined using equation (2): 

A
C C V

m
=

-( ) ◊0 , 		  (2)

where С0 is the initial concentration of the DNP 
solution, mol/l; C is the concentration of DNP 
after a certain time after the beginning of the 
reaction, mol/l; V is the volume of the adsorbate 
solution, l; m is the weight of cobalt ferrite, g. 

The validity of the results was established 
using methods of statistical analysis. The law 
of result distribution was determined using the 
Kolmogorov-Smirnov test. We determined the 
statistical significance by the Student’s test. 

3. Results and discussion 
According to XRD results (Fig. 1), cobalt ferrite 

powder synthesised by citrate combustion did 
not contain impurities, and all reflections in the 
diffraction pattern belonged to CoFe2O4 spinel 
(JCPDC, card 22-1086). 

The average size of coherent scattering regions 
(CSRs) of CoFe2O4 particles calculated using the 
Debye–Scherrer formula [18] was 61 ± 4 nm.

The average values of the weight and atomic 
percentages of the elements Co, Fe, and O 
according to the data of energy dispersion analysis 
are presented in Table 1, and the results correlate 
with the expected chemical composition. 

According to TEM, cobalt ferrite powder 
(Fig. 2A) was highly agglomerated, which could 
be associated with specific features of the method 
of synthesis. Additional ultrasound dispersion 
of the nanopowder in an ultrasonic bath 
VU-09-“Ya-FP”-0 for 20 min allowed reducing 

Fig. 1. Diffraction pattern of the CoFe2O4 powder synthesised by the citrate method
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the degree of agglomeration, thus making it 
possible to identify individual nanoparticles on 
the TEM image and assess their shape and size 
(Fig. 2b). The CoFe2O4 sample was represented by 
nanoparticles of irregular round shapes, and some 
particles were faceted. The majority of particles 
had a size in the range from 50 to 90 nm, while 
the average size of particles was about 70 nm. 
According to XRD, the calculated data of CSR 
values generally correlated with the TEM results.

It was experimentally established that cobalt 
spinel nanopowder synthesised using the citrate 
method is an effective heterogeneous catalyst for 
Fenton-like reactions. Oxidative degradation of 
DNP under the influence of UV radiation in the 
presence of the СоFe2O4catalyst proceeded more 
intensely than in its absence (Fig. 3a). Therefore, 
the concentration of DNP during catalytic 
oxidation 2.5 hours after the beginning of the 
reaction decreased by 5 times. In the absence 
of a catalyst, after 2.5 hours of reaction, the 

concentration of dinitrophenol decreased only 
by 1.4 times. As for the combination of the Н2О2 
oxidiser with UV radiation, the degradation degree 
of DNP was 29%, and the degree of degradation 
increased up to 80% with the introduction of a 
nanosized decomposition catalyst of hydrogen 
peroxide into the system. 

The shape of kinetic curves of the oxidative 
degradation of DNP corresponded to the pseudo-
first order of the reaction. The rate constant 
was evaluated by linearisation of the kinetic 
dependences in logarithmic coordinates (Fig. 3b). 
The rate constant of the oxidative degradation 
of DNP in the presence of CoFe2O4 with UV 
radiation was 0.102 min–1, while in the absence 
of a catalyst, it was an order of magnitude smaller 
and amounted to 0.0019 min-1. The value of the 
rate constant of dinitrophenol oxidation was 
comparable with the values in [19] obtained for 
a more acidic medium (рН ≤ 3) and for the initial 
DNP concentration 8 times lower as compared 
to this work. In [10], the calculated constant of 
photodegradation rate of the methylene blue 
dye in the presence of nanosized MgFe2O4 was 
0.0117  min–1 with UV radiation by two Xe arc 
lamps, 35 W each, for two hours. In [20], the rate 
constant of photodegradation of the same dye 
with the participation of СоFe2O4 as a catalyst 
and Н2О2 as an oxidant with daylight but in a 

                                                 a                                                                                                     b
Fig. 2. TEM images of the CoFe2O4 sample before (a) and after the ultrasound dispersion (b)

Table 1. Results of energy dispersion analysis 
of spinel nanopowder

Element Weight % Atomic %
O 27.45 56.82
Fe 47.40 28.73
Co 25.15 14.44
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considerably more acidic medium (рН = 2.5) was 
0.078 min–1. Decomposition of Rhodamine 6 dye 
in the presence of СоFe2O4 in the dark with рН = 2 
[21] proceeded much slower (the rate constant 
was 0.0041 min-1), which allowed concluding that 
рН of the reaction medium, as well as the type and 
lighting power were among the most important 
factors determining the rate of the reaction.

When the reaction proceeded with natural 
lighting, the catalytic effect of СоFe2O4 was feebly 
pronounced. The degree of DNP degradation was 
only 14%, although it should be noted that, in 
the absence of a catalyst, oxidative degradation 
of 2,4-dinitrophenol hardly occurred (the 
degradation degree was 0.13%).

The main parameters affecting the course 
of heterogeneous Fenton-type catalysis were 
concentration and availability of active catalyst 
centres, pH, Н2О2 concentration, and the initial 
content of organic pollutants and accompanying 

ions. As for the classical homogeneous Fenton 
process, the best pH value is from 2.8 to 3.5 
[22]. With higher pH, Fe2+ ions become oxidised, 
thus forming complex hydroxo-compounds, and 
oxidative activity of Н2О2 is also reduced. 

The mechanism of oxidative degradation in 
heterogeneous Fenton-like reactions consisted 
in the formation of strong oxidants (OH•) in the 
course of the reversible transition from Fe2+ to 
Fe3+ under exposure to light. It was shown in [23] 
that tetrahedral centres of Fe3+ had electron-
withdrawing properties, while the formed Fe2+ 
ions were active centres of Fenton-like processes:

Fe2+ + H2O2 → Fe3+ + •OH + OH−.	 (3)
In case of cobalt spinel and for cobalt ion 

(+2), the reaction proceeded with the formation 
of hydroxyl radicals, which was also confirmed 
by the data in [24]: 
Со2+ + H2O2 → Со3+ + •OH + OH−.	 (4)

b
Fig. 3. Change in the concentration of DNP under the influence of UV radiation in the coordinates C/C0 (a) and 
ln(C/C0) (b) (a – without a catalyst, b – in the presence of the CoFe2O4 catalyst,)

а
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The Fe3+ ion is capable of regeneration 
into Fe2+ (especially upon UV radiation) with 
the formation of an extra amount of hydroxyl 
and perhydroxyl radicals participating in the 
oxidation of DNP, which increases the degree of 
degradation up to 80% as compared to daylight:

Fe3+ + H2O → Fe2+ + •OH + H+,	 (5)

Fe3+ + H2O2 → Fe2+ + •ОOH + H+.	 (6)

It seems that in our case, with daylight, the pH 
value = 4.4 and the high initial concentration of 
DNP determined a rather low degree of pollutant 
degradation.

A series of experiments involving the 
oxidation of DNP in the combination of Н2О2+ 
СоFe2O4 + UV and in the presence of СоFe2O4 with 
UV radiation without hydrogen peroxide as an 
oxidising agent certainly showed that in the first 
case, the degradation of DNP occurred primarily 
due to the formation of strong oxidants in the 
course of the catalytic decomposition of Н2О2. The 
absence of an oxidant revealed a weak sorption 
capacity of cobalt spinel regarding DNP, and the 
concentration of the toxic agent decreased only 
by 5% (Fig. 4). Although under these conditions, 
Fe3+ can be considered as a possible oxidant of 
dinitrophenol, the data we obtained allowed 
concluding that this contribution to the overall 
process was insignificant.

The decrease in the DNP concentration due to 
sorption was approximately 5% (Fig. 4b), which 
correlated with the calculated sorption capacity 
of cobalt ferrite, which was very low, and it may 

be associated with the strong agglomeration 
of the CoFe2O4 nanopowder. It should be noted 
that a small specific surface area was also typical 
for cobalt spinel synthesised by co-deposition 
[25]. The sorption capacity of CoFe2O4 reached 
its maximum value (only 0.2 µmol/g) in 15 min 
(Fig. 4, insert), and then remained almost 
unchanged. As a result, it can be concluded 
that the contribution of sorption to the overall 
process of DNP degradation in the presence of 
the CoFe2O4 nanosized catalyst in a Fenton-like 
process was insignificant.

Therefore, the performed assessment of 
the catalytic activity of nanosized cobalt spinel 
in the reactions of oxidative degradation of 
2,4-dinitrophenol allowed considering CoFe2O4 
as the basis for creating heterogeneous Fenton 
catalysts, including composite ones. 

4. Conclusions 
We synthesised CoFe2O4 spinel with an 

average particle size of about 70 nm using citrate 
combustion. The strong agglomeration of particles 
as a result of the selected synthesis method was a 
specific feature of the nanopowder. We established 
high catalytic activity of nanodispersed CoFe2O4 
in Fenton-like reactions of oxidative degradation 
of 2,4-dinitrophenol upon radiation by ultraviolet 
l = 270 nm in a less acidic medium as compared to 
a classical Fenton process and with a significantly 
higher initial pollutant concentration. The 
degradation degree of DNP without a catalyst was 
14%, while in the presence of a nanosized catalyst 
CoFe2O4 it was 80%. 

Fig. 4. Curves of catalytic oxidation (a) and sorption (b) of DNP in the presence of СоFe2O4, (c) – sorption ca-
pacity of the sample
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1. Introduction
Phase diagrams are the physical and chemical 

basis for the synthesis of functional materials. In 
addition, they allow predicting the behaviour of 
the material under operating conditions. Solid 
solutions of oxides of rare earth elements (REE) 
R2O3 in high-temperature cubic modifications 
of zirconia Zr1–хRxO2–0.5x are among the most 
refractory oxides with a melting temperature 
above 2700°C [1, 2]. Materials based on them 
are widely used as jewellery crystals (fianites) 
[3, 4] and refractory and corrosion-resistant 
ceramics [5–9]. The high anionic conductivity 
of these solid solutions is combined with a low 
thermal conductivity [10]. These circumstances 
determine the use of appropriate materials 
in electrochemical devices (fuel cells, oxygen 
sensors) [11–13] and also as thermal barrier 
coatings [14, 15]. Materials based on zirconia are 
the basis of nuclear fuel with an inert matrix [16].

A lot of studies were dedicated to the study 
of phase equilibria in ZrO2-R2O3 systems, but the 
result of these studies is not satisfactory. These 
systems have been studied by various groups of 
researchers. A summary of the data is provided 
in [17, 18]. The results obtained for different REE 
do not fit well with each other. Difficulties are 
associated both with high melting temperatures 
and with very long time intervals required to 
achieve equilibrium in the low-temperature region 
[19-22]. As in previous studies, we will denote 
regions of phase diagrams where the time required 
to establish equilibrium exceeds a year as being 
low-temperature regions. Cubic solid solutions 
of Zr1–хRxO2–0.5x are obviously thermodynamically 
unstable at low temperatures. However, the 
negligibly small diffusivity of cations [23] prevent 
the decomposition of solid solutions, which makes 
the corresponding materials indefinitely stable 
at ambient temperatures. The insufficiency of 
the annealing used in a number of studies was 
demonstrated by researchers from the Tokyo 
Institute of Technology [24, 25]. In particular, it 
turned out that the temperature of the eutectoid 
decomposition of a solid solution based on the 
medium-temperature tetragonal modification in 
the ZrO2-Er2O3 system, determined in the study 
[26], was underestimated by about 500 ºС [24]. 

The synthesis of samples under hydrothermal 
conditions sharply accelerates the processes 

of phase formation in refractory oxide systems 
[2, 27]. However, additional problems arise in 
this case, associated, in particular, with the 
contamination of samples with hydroxyl ions, 
which distort the pattern of phase equilibria 
[28]. In addition, the resulting nanocrystals 
of intermediate phases often “get stuck” in 
metastable states [29–30]. 

The purpose of this study is a critical analysis 
of the available data on the study of phase 
equilibria in key ZrO2-Y2O3 and ZrO2-Sc2O3 
systems and construction of assumed phase 
diagrams with extrapolation to absolute zero 
temperature in accordance with the third law of 
thermodynamics. 

2. Analysis methodology 
In this study, we applied the methodology 

that we used earlier in [31–33]. According to the 
consequence of the third law of thermodynamics, 
as the temperature tends to absolute zero in 
quasi-equilibrium processes, all phases of 
variable composition should disappear through 
the decomposition or contraction of compositions 
to stoichiometric ones [20, 34]. In this case, the 
limiting solubility curves should have vertical 
tangents as the temperature approaches absolute 
zero [33]. The second important thermodynamic 
condition is the so-called Hume-Rothery rule, 
according to which, when an ordered phase with 
a narrow homogeneity region appears, the region 
of existence of a neighbouring disordered phase 
should sharply narrow [35]. 

The corresponding approach using the 
extrapolation of the most reliable experimental 
data in the study of phase equilibria allows 
by extrapolating phase fields to the region of 
low temperatures, to obtain information for 
those regions of phase diagrams where an 
experiment aimed at realizing equilibrium states 
is complicated or simply impossible. Previously, 
using this approach, we outlined the scheme of 
phase equilibria in the ZrO2-Er2O3 system [22].

An alternative technique is the thermodynamic 
computer simulation of phase equilibria. The 
construction of thermodynamic models of the 
studied systems is an ideal goal to strive for [36–
38]. However, there are problems associated, 
among other things, with the determination 
of the thermodynamic properties of phases of 
variable composition and with the choice of 
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reliable experimental data for their processing 
[39–42]. The thermodynamic modelling of phase 
equilibria in ZrO2-Y2O3 system was performed in 
[43–46]. The results differ significantly. 

3. Results 
3.1. ZrO2-Y2O3 system

The ZrO2-Y2O3 system is a classic and model 
system. It has been studied by various groups of 
researchers [17, 18, 47]. Solid-liquid equilibria 
were studied by Rouanet [48], Noguchi et 
al. [49], Lopato et al. [50]. The most detailed 
studies of phase equilibria in the solid state 
were carried out by Pascual and Duran [51] and 
Stubican et al. [52], with an annealing duration 
of up to 8   months. These studies provided 
similar results. 

Based on the work data Pascual and Duran, see 
Fig. 1a. In this study the samples were annealed 
for 3 hours at 2000°C, 10 hours at 1800°C, and 
385 hours at 1450°C, which appears acceptable 
[22]. However, it is obvious that the 8 months 
used in this study for annealing at 800°C were 
completely insufficient. The corrected pattern of 
phase equilibria is shown in Fig. 1b. At the same 
time, the designations of the phase composition 

of the samples annealed and quenched in the 
study of Pascual and Duran were applied to the 
figure.

Extensive regions of heterovalent solid 
solutions based on the high-temperature 
polymorph of ZrO2 with fluorite structure (phase 
F, space group Fm3m) and low-temperature cubic 
modification Y2O3 (phase C, bixbyite type, space 
group Ia3) were formed in the system. Although 
the bixbyite type is derived from the fluorite type 
with an ordered arrangement of vacancies [53], 
the presence of a two-phase F+C region in the 
phase diagram was reliably recorded as early as 
by Duwes et al. [36]. 

Dissolution of yttrium oxide in high-
temperature ZrO2 modification stabilizes the 
fluorite structure, and a maximum occurs on 
the liquidus curve. The maximum point on the 
melting curves of the solid solution is non-
variant, and the liquidus and solidus curves merge 
at it in the presence of a common horizontal 
tangent. When depicting phase equilibria in this 
region Pascual and Duran made an unfortunate 
mistake, which is corrected in Fig. 1b. The 
course of the liquidus curve in this system was 
determined using a solar furnace in the studies 

Fig. 1. Phase diagram of the ZrO2-Y2O3 system according to [51] (a) and its correction taking into account the 
requirements of the third law of thermodynamics (b)
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[48–50], see Fig. 2. When constructing Fig. 1b, we 
used data of Shevchenko et al. [50].

At a high concentration of yttrium oxide, 
the melt and three solid phases F, C, and H (a 
solid solution based on the high-temperature 
modification of Y2O3) should provide two 
three-phase equilibria, displayed as horizontal 
segments on the phase diagram. Experimentally, 
the temperatures of these equilibria are not 
resolved, and computer simulation [43-46] 
provides a difference in temperatures within 10-
25 degrees. Thus, this system at normal pressure 
is located in the vicinity of the bifurcation point 
of A1II type [54] corresponding to the equilibrium 
of four condensed phases. 

As the temperature decreases, the solid 
solutions based on the F and C phases undergo or
dering with the separation of Y4Zr3O12 and Y6ZrO11 
phases (idealized composition), respectively. 
The data of [51] and [52] studies agree very 
well (± 10  ºС) in terms of the phase transition 
temperature F ↔ Y4Zr3O12. Our correction in the 
region of high concentrations of yttrium oxide 
includes a significant decrease in the region of 
homogeneity of the ordered phase, which, as the 
temperature is lowered, must shrink to the ideal 
Y6ZrO11 composition, as well as the position of the 
decomposition curve of the solid solution based 
on the cubic modification of yttrium oxide, which 
should come to the point of the pure component 
at T → 0 K.

Probably, the observation of a wide region 
of the ordered phase “Y6ZrO11” in the absence 
of a two-phase region with phase C was caused 
by the fact that the ordering in this system in 

an experimental study [51] occurred according 
to a non-equilibrium non-diffusion mechanism 
that does not require overcoming the potential 
barrier to the nucleation of a new phase in the 
volume of the old one. A similar phenomenon, 
as shown by the analysis, was observed during 
low-temperature ordering in the Ni-Pt system 
[33], as well as in the HfO2-R2O3 systems (fluorite-
pyrochlore transitions) [22]. 

The region of low concentrations of yttrium 
oxide (the decomposition of the tetragonal phase – 
a solid solution based on the medium-temperature 
modification of ZrO2) was corrected by analogy 
with the data of Yashima and others [24], which, 
when studying equilibria in a similar ZrO2-Er2O3 
system, annealed samples at 1690 ºC for 48 hours 
and 8 months at 1315 ºC. At the same time, the 
temperature of the eutectoid decomposition of 
the tetragonal phase was raised by us by several 
hundred ºС in comparison with the variants of the 
phase diagram presented in [51, 52]). 

The dotted line denotes the metastable 
continuation of the curve of the maximum 
concentration of this solid solution (the solvus 
curve of phase F). This curve must pass through 
the origin of the coordinates and have a vertical 
tangent at this point. This condition can be 
fulfilled only if there is a point of inflexion on 
the solvus curve (in this case, on the metastable 
part of this curve). It should be noted that the 
eutectoid corresponding to the decomposition 
of the fluorite phase should be located above 
the metastable solvus curve. Accordingly, the 
temperature of the eutectoid decomposition of 
the cubic solid solution was presumably targeted 
at 600 ± 100 ºС. This is much higher than is 
accepted in all studies on phase equilibria in this 
system, both experimental and calculated. 

Thus, the proposed version of the phase 
diagram of the ZrO2-Y2O system (Fig. 1b) is 
characterized by the following non-variant 
equilibria, presented in Table 1. 

3.2. ZrO2-Sc2O3 system
Phase equilibria in the ZrO2-Sc2O3 system have 

been studied in numerous papers [55–66]. The 
approximate phase diagram of ZrO2-Sc2O3 system, 
plotted in accordance with the data of Spiridonov 
et al. [57], Shevchenko et al. [60–62] and Fujimori 
et al. [65, 66] with extrapolation to 0 K is shown in 
Fig. 3. The coordinates of the non-variant points 

Fig. 2. Liquidus of the ZrO2-Y2O3 system. 1 – data [48], 
2 – data [50], 3 – data [49]
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are summarized in Table 2. Wide regions of solid 
solutions based on scandia (bixbyite type, phase 
C) and cubic high-temperature modification of 
zirconia (phase F) were formed in the system. A 
maximum was formed on the melting curves of the 
fluorite solid solution. A comparison of the liquidus 
curves obtained in [58, 60] is shown in Fig. 4. 

With decreasing temperature, the fluorite solid 
solution (phase F) undergoes ordering with the 

release of ordered phases, which were originally 
assigned the designations b, g, and d and Zr7Sc2O17, 
Zr5Sc2O15 and Zr3Sc4O12 compositions (cubic 
solid solution, phase F was designated as phase 
a). The decodering of crystal structures [67–69] 
allowed refining the composition of the b phase: 
Zr50Sc12O118. Compound Zr3Sc4O12 was described 
as a rare mineral found in meteorites [70]. This 
compound isostructural to the corresponded 
yttrium phase Zr3Y4O12 and forms a continuous 
solid solution with it [63].

The low-temperature phases b, g, and d are 
characterized by the trigonal distortion of the 
fluorite lattice due to the ordered arrangement 
of anion vacancies [61]. The differentiation of 
cations over crystallographic positions practically 
does not occur due to frozen diffusion [55], 
although it is energetically favourable [69]. 

Table 1. Non-variant equilibria in the ZrO2-Y2O3 system

Name Phase balance Composition, mol % Y2O3 Temperature, ºC Temperature, К
Dystectics (maximum 
on the solid solution 

melting curve)
L ↔ F 20±2 2750±25 3023

А1II type bifurcation L+F+C+H – 2360±50 2633
Distectoid F ↔ Y4Zr3O12 40 1380±10 1653
Distectoid С ↔ Y6ZrO11 75 1750±50 2023
Eutectoid T ↔ M + F 3±1 950±25 1223
Eutectoid F ↔ Y4Zr3O12+ M 18±3 600±100 873
Eutectoid F ↔ Y4Zr3O12+ Y6ZrO11 45±3 1350±25 1623
Eutectoid С ↔ Y6ZrO11+ F 68±2 1650±50 1923

Fig. 3. Summary phase diagram of the ZrO2-Sс2O3 
system

Fig. 4. Liquidus of the ZrO2-Sc2O3 system 1 – data [60], 
2 – data [58]
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The transition temperature of the phase b to a 
disordered state (phase F) is close according to 
the data of [57, 60–62, 65–66], and is 650±50 ºС. 
Phase disorder temperatures g and d indicated in 
the literature are very different. This may be due 
to the non-quenchability of the high-temperature 
disordered cubic phase upon cooling [57]. Data of 
Zyrin et al. were preferential for the construction 
of Fig. 4 [61]. In particular, for the transition 
a↔g, Spiridonov et al. [57] and Ruh et al. [59] 
reported a temperature of ~1100 ºС. The same 
group of researchers reported a g phase disorder 
temperature equal to 1480°C [61] and 1650°C [62]. 
This region of the phase diagram of ZrO2-Sc2O3 
system requires further research. 

It should be noted that the continuation of the 
line of the maximal concentration of the cubic 
solid solution (solvus curve of the phase F) to 
zero coordinates (ZrO2) subject to the presence 
of a vertical asymptote is impossible without the 
assumption of the presence of an inflection point 
on the metastable continuation of this curve.

3.3. Distribution coefficients 
Accurate measurement of the liquidus curve of 

solid solutions allow calculating the distribution 
coefficients of the impurity component during 
the crystallization of the matrix from the melt 
using the modified cryoscopy method. Previously, 
such calculations were carried out for a number of 
ZrO2–R2O3 systems [71]. The basis of the modified 
cryoscopy method is the Van’t Hoff limit equation:
m = [RT0

2 /∆H](k-1),		  (1)

where ∆H and T0 [K] are enthalpy of melting and 
melting temperatures of the matrix, R is the uni-
versal gas constant, k is the impurity distribution 

coefficient, m is the liquidus slope. This equation 
is valid for infinite dilution. 

In the modified cryoscopy method, the 
value m is not determined based on precision 
measurements of small values of temperature 
depression with the introduction of low impurity 
concentrations, but by approximating liquidus 
curves in a wide range of concentrations, followed 
by differentiation of analytical expressions [72, 73].

Previously, this method was used to process 
the data of [48, 49] using the liquidus curve of 
the F phase in the ZrO2–Y2O3 system and study 
[60] for the ZrO2–Sc2O3 system. In this study, 
the data of Shevchenko et al. [50] for the ZrO2–
Y2O3 system and data of Sekiya et al. [58] for the 
ZrO2–Sc2O3 system were processed using this 
method. The points of the liquidus curves in a 
wide concentration range were processed using 
the least squares method in the form of a 3rd 
order polynomial. In this case, the melting point 
of ZrO2 (2710 °C) was fixed by the provision of a 
tenfold weight to this point. Primary data were 
obtained by digitizing the graph provided in [58]. 

Data for ZrO2-Y2O3 [50] and ZrO2-Sc2O3 
[58] systems are well described by third-order 
polynomials with correlation coefficients of 0.999 
and 0.980, respectively. By differentiating the 
obtained equations for х = 0 , the values of the 
liquidus slope (depression) were obtained for 
an infinitesimal impurity content m = (∂T/∂x)x=0, 
namely 594 and 1005 deg/mol, respectively. Hence, 
according to equation (1) using the enthalpy 
of ZrO2 melting, ∆H = 16.40 kcal/mol [74], we 
obtain the distribution coefficients of Y2O3 and 
Sc2O3 during crystallization of the ZrO2 melt. 
The obtained value kY = 1.55 agrees well with 

Table 2. Non-variant equilibria in the ZrO2-Sc2O3 system

Name Phase balance Composition, mol % Sc2O3 Temperature, ºC Temperature, К
Distectics (maximum on 

the solid solution 
melting curve)

L ↔ F 15±5 2800±50 3073

Eutectic L ↔ F+ С 78±2 2400±50 2673
Distectoid F ↔ b 650±50 923
Distectoid F ↔ g 750±50 1023
Peritectoid F + С ↔ d 40±2 1550±100 1733
Eutectoid T ↔ M + F 3±1 800±100 1073
Eutectoid F ↔ M + b 11±1 600±50 873
Eutectoid F ↔  b + g 13±1 600±50 873
Eutectoid F ↔ b + d 21±2 700±50 973
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the calculated value obtained from the data of 
Noguchi et al. [49], but diverges from the value 
obtained from the data of Rouanet [48], see [22]. 
The calculated value kSc = 1.93 significantly differs 
from the value kSc = 2.87 calculated according 
to Shevchenko et al. [22]. The discrepancies are 
determined by the complexity of conducting 
experiments at temperatures above 2700 °C, see 
Figs. 2 and 4.

4. Discussion 
The wide regions of solid solutions formed 

in ZrO2-R2O3, systems are striking examples of 
the so-called grossly nonstoichiometry [55]. 
The maxima on the melting curves of these 
solid solutions are a characteristic feature 
of heterovalent isomorphism with a variable 
number of atoms in the unit cell and correlate 
with high ionic conductivity and low thermal 
conductivity [9, 75, 76].

The formation of such solid solutions is 
characterized by the accumulation of defects 
associated with charge compensation and the 
formation of ordered phases with decreasing 
temperature. This effect that is observed in the 
studied systems and in this case it is weakened 
and smeared out due to low cationic diffusion. 
The absence of pronounced differentiation of 
cations over crystallographic positions during 
the formation of ordered fluorite-like phases 
sharply distinguishes oxide systems from 
analogous fluoride systems. It can be assumed 
that the complete cationic ordering will change 
the thermodynamic stability of the corresponding 
phases and, thus, it will shift the temperature limits 
of their existence in the phase diagrams of ZrO2-
R2O3. Probably, the observed pattern of ordering 
(the formation of only two fluorite-like phases 
Y4Zr3O12 and Y6ZrO11 in the ZrO2–Y2O3 system and 
three ordered phases in the ZrO2–Sc2O3 system) 
is not complete. For comparison, we can refer to 
the CeO2-Ce2O3 model system, where the set of 
ordered phases is much richer [77]. In particular, 
it can be expected that in the yttrium system the 
same ordered phases as in the scandium system are 
formed , and the absence of phases of the b and g 
types in the ZrO2–Y2O3 system associated only with 
kinetic difficulties [62]. In addition, the existence 
of the phase Y5Zr2O11.5, which is isostructural to the 
erbium analogue can be expected [78]. 

It should be noted that all thermodynamic 
models for the ZrO2–Y2O3 system provide for the 
presence of only one ordered phase Y4Zr3O12, which 
significantly limits their reliability. In this case, 
the temperature of the eutectoid decomposition 
of the cubic phase in the ZrO2-Y2O3 system differs 
according to the data of different models by 
hundreds of degrees [43–46], and in [46] it falls 
below absolute zero, which contradicts the third 
law of thermodynamics. The diagram constructed 
by us (Fig. 1b) is closest to the thermodynamic 
model of Degtyarev and Voronin [43]. 

The inflection points on the extrapolated 
solvus curves of the F phases deserve special 
attention. Such points are characteristic of 
all binary systems with heterovalent solid 
solutions based on compounds with the fluorite 
structure [79], which is associated with diffuse 
phase transitions in fluorite matrices [80, 81]. 
In particular, such a behaviour of the solvus line 
takes place in the system UO2–UO3 [82], and the 
presence of a diffuse phase transition in uranium 
dioxide is discussed [80, 83–85]. Thus, the results 
of low-temperature extrapolation of the solvus 
curves both in the analysed systems and the 
corresponding curves in other systems with the 
participation of zirconia and hafnium oxides [22] 
suggest the presence of a diffuse phase transition 
in the cubic ZrO2 and HfO2 polymorphs. For 
zirconium and hafnium oxides, we do not know 
any indications of its existence. 

Conditional estimation of approximate 
temperature of this transition (since this 
is diffuse transition, and it is not a phase 
transition in the thermodynamic sense) based 
on T  ~  (0.7–0.8)Tmelt [K] ratio provides a value 
of 1680–2100 °C, i.e. below the temperature of 
polymorphic transformation between the cubic 
and tetragonal modifications of ZrO2 (2170 °С 
[2]). Thus, probably, all solid solutions of the 
fluorite structure formed in systems with the 
participation of zirconia are solid solutions in 
the disordered initial ZrO2 form. This creates 
additional difficulties for constructing the 
corresponding thermodynamic models. 

On numerous published “phase diagrams” of 
(Zr,Hf)O2-R2O3 systems at temperatures below 
1300 °С frozen states are shown instead of 
equilibrium phase regions. The actual behaviour 
of materials in these systems upon cooling is 
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determined mainly not by equilibrium phase 
transformations, but by non-diffusion phase 
transitions. Accordingly, on phase diagrams, in 
some cases, two-phase regions degenerate, and 
instead of them lines of phase transformations 
of the martensitic type are present. 

A scandium solid solution of optimal 
concentration is thermodynamically stable at 
temperatures above 700 °С, i.e., the corresponding 
products are stable in terms of phase composition 
for an indefinitely long period of time if they are 
operated at this temperature without lowering it. 

5. Conclusions 
Phase equilibria at low temperatures in 

systems involving zirconia and hafnia are 
among the unresolved fundamental issues. Since 
the time of achieving equilibrium controlled 
by cationic diffusion increases exponentially 
with decreasing temperature, the study of low-
temperature equilibria is a very complicated and 
often unsolvable problem. 

It should be noted that ordering processes in 
systems with zirconia and hafnium oxides have 
been very poorly studied. Significant discoveries 
can be expected here. 

Other methods for the investigation of low-
temperature phase formation in the discussed 
systems are required. It can be expected that the 
use of salt melts will allow progress to be made 
in solving this problem. It should be noted that 
salt melts, in contrast to hydrothermal synthesis, 
contribute to the formation of micron rather than 
nanoscale powders, which probably less prone to 
the formation of metastable equilibria. 
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Abstract 
The article presents a study of the behaviour of the MA-41 anion-exchange membrane and MB-2 bipolar membrane during 
the electrodialysis of a solution containing tyrosine and sucrose. It establishes changes in current-voltage, transport, and 
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understanding of and finding solutions to the problem of organic fouling of membranes, which complicates the 
electromembrane separation of components of the solution during microbiological synthesis of amino acids.
It was found that the fluxes of tyrosine and sucrose through the MA-41 membrane measured after its operation during 
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1. Introduction
Amino acids in the form of pure compounds 

are in great demand in the food, medical, 
pharmaceutical, and biotechnology industries. 
They are used as nutrient additives, such 
as seasonings and flavourings, growth feed 
supplements, and pharmaceutical preparations 
to treat various diseases. The demand for amino 
acids continues to grow. Currently, L-amino 
acids are produced by microorganisms (by 
fermentation). However, their processing and 
extraction from fermentation broths can be 
challenging and inefficient [1, 2].

Membrane technologies offer a promising 
solution to the extraction of amino acids. Their 
implementation is attractive due to the fact 
that there is a wide range of materials that can 
be used to produce membranes with certain 
required properties and there are various ways 
of controlling the parameters of membrane 
processes. Electromembrane technologies use 
ion-exchange membranes and the electrical 
potential gradient as the driving force of mass 
transport of charged particles. These technologies 
have such important advantages as the possibility 
of separating components with different charges, 
they require no reagents, are environmentally 
friendly, and relatively inexpensive [3–5]. 
Electrodialysis with ion-exchange membranes 
provides a tool for the separation of electrolytes 
and non-electrolytes, desalination, and 
concentration of electrolyte solutions. This 
method is often used in food industry for the 
deionisation of various intermediates and food 
products and for demineralisation of wastewater, 
sea and brackish water, desalination of tobacco 
leaf extract, extraction of lactic acid and amino 
acids from the juice of grass silage, etc. [6–12]. 
Bipolar membrane electrodialysis is used to 
obtain acids and bases from salts, to perform 
other chemical transformations, to separate 
electrolytes and non-electrolytes, to deoxidise 
certain foods, to separate mixtures of organic 
and inorganic acids, and to produce highly 
purified water [13–15]. Some works consider the 
separation of amino acids and their isolation from 
impurities remaining after synthesis, mineral 
salts and carbohydrates [16–19].

Ion-exchange membranes are modern 
materials and have a wide range of applications 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2023;25(2): 268–276

A. Yu. Kharina et al.	 Organic fouling of anion-exchange and bipolar membranes during the separation...

[20–23]. To effectively use bipolar and monopolar 
membranes for amino acids extraction from 
solutions, it is important to understand changes 
in the structural, transport, and current-voltage 
characteristics of these polymer materials since 
when ion-exchange membranes come into 
contact with organic substances, there might 
appear undesirable side interactions.

The long-term use of ion-exchange materials 
in solutions of amino acids and a number 
of other organic substances can complicate 
electromembrane processes due to organic fouling, 
which causes changes in the electrochemical, 
transport, and structural characteristics of 
membranes [24–26]. Biological fouling is also a 
possibility [27].

The study of the properties of membranes 
used in electromembrane systems for a long 
time is very important since currently there is 
not enough data on the characteristics of ion-
exchange membranes that come in durable 
contact with aromatic amino acid solutions.

Therefore, the purpose of this study was to 
assess changes in the current-voltage, transport, 
and structural characteristics of anion-exchange 
and bipolar membranes during prolonged 
electrodialysis of a solution of an aromatic amino 
acid (tyrosine) and disaccharide (sucrose).

2. Experimental
Changes in the current-voltage and transport 

characteristics of ion-exchange membranes 
were studied during a prolonged electrodialysis 
of model solutions of an aromatic amino acid, 
i.e. tyrosine (Sigma-Aldrich, Burlington, USA) 
(C  =  0.0025M) and sucrose (Sigma-Aldrich, 
Burlington, USA) (C = 0.02M) in a seven-
compartment laboratory apparatus (Fig. 1) 
for 60 hours. We used the L-optical isomer of 
tyrosine, an amino acid that contains a para-
hydroxyphenylmethyl side radical in its structure. 
Some physicochemical properties of tyrosine are 
given in Table 1.

Electrodialysis compartment 4 had an anion-
exchange and bipolar membrane. The anion-
exchange layer of the bipolar membrane faced 
section 4. The working area of the membranes was 
20 cm2. The height of the apparatus was 20 cm, 
the intermembrane distance was 10 mm, and the 
linear fluid flow rate was 0.05 cm·s–1. The anode 
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was made of platinum, while the cathode was 
made of stainless steel.

We used an MA-41 heterogeneous anion-
exchange membrane, an MK-40 cation-exchange 
membrane, and an MB-2 bipolar membrane 
manufactured by LLC Shchekinoazot. These 
heterogeneous membranes have a styrene-
divinylbenzene matrix. The structure of the 
MA-41 anion-exchange membrane includes 
quaternary ammonium base groups, whereas the 
MK-40 membrane has sulpho groups. The MB-2 
bipolar membrane is manufactured using the MA-
41 and MK-40 membranes [31].

A mixed solution of tyrosine (Tyr) and 
sucrose (Suc) entered compartments 3, 4, and 
5 of the electrodialysis apparatus. A sodium 
sulphate solution (C = 0.1M) (ZAO Vekton, 
Saint Petersburg, Russia) was supplied to 
compartments 1, 2, 6, and 7 of the apparatus. 
The analysis was performed for solutions flowing 
from sections 3, 4.

The changes in current-voltage characteristics 
(CVC) of bipolar and anion-exchange membranes 
during electrodialysis were detected using a V7-
26 voltmeter. Platinum electrodes were placed 
near the studied membrane surfaces at a distance 
of 0.2 mm on each side.

The UV spectroscopy was used for the 
quantitative determination of Tyr [32], while 
Suc was analysed by a photometric method 
based on the sucrose oxidation in acidic medium 
with potassium dichromate to CO2 applying the 
calibration curve procedure [33].

The substance flux through the ion-exchange 
membrane was calculated according to formula 
(1) [22]:
J = C.V.t–1.S–1,		  (1)
where  J is the flux through the ion-exchange 
membrane, mol·cm−2·s−1; C is the concentration 
of the solution, mol·dm−3; V is the sample volume, 
dm3; t is the sampling time, s; and S is the working 
area of the ion-exchange membrane, cm2.

Fig. 1. Seven-compartment electrodialysis cell with alternating cation (C)- and anion (A)-exchange membranes, 
BM – bipolar ion-exchange membrane, ‘+’ – cation, ‘–’– anion, E – Pt electrodes

Table 1. Physicochemical properties of the amino acid studied [28–30]

Amino 
Acid Structure рI

рK
Molecular 

Weight

Solubility,  
g/100 mL H2O,  

25 oС

Side 
Radical 
Volume, 

nm3

pK1 pK2 pK3

Tyrosine
(Tyr)

OH
NH2

OH

O

5.63 2.20 9.11 10.07 181.19 0.045 0.1388
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The effective hydroxyl ion transport number 
was determined by equation (2) [22]:

T = z·F·J·i–1,		  (2)

where T is the effective transport number; F is 
the Faraday constant, Cl·mol–1; z is the ion charge; 
i is the current density, A·cm–2; and J is the flux 
of ОН– ions, mol·cm–2·s–1.

The pH of the studied solutions was measured 
using an I-160MI electronic pH-meter which had 
been calibrated by buffer solutions (pH = 1.65, 
pH = 9.18). The pH of the solutions supplied to 
compartment 4 was within 5.5–5.9, which was 
close to the isoelectric point of tyrosine.

The structural changes in the ion-exchange 
membranes which came in contact with solutions 
containing an aromatic amino acid were investiga
ted by IR spectroscopy. The membrane samples 
were pre-dried at 50°C, crushed, and compressed 
with KBr into tablets at a ratio of 1 to 100. The 
spectra were obtained using a Vertex 70 IR-Fourier 
spectrometer, Bruker Optik GmbH (Germany).

3. Results and discussion
To assess the effect of the interactions 

of an aromatic amino acid, sucrose, and ion-
exchange material under the action of the 
electrical potential gradient, we studied the 
changes in transport characteristics of the MA-
41 membrane during the prolonged bipolar 

membrane electrodialysis of a solution containing 
tyrosine and sucrose (Fig. 2a, b). Figure 2 shows 
the dependences of the component fluxes 
through the MA-41 membrane on the current 
density for the “pristine” membrane after the 
steady state was reached and for the samples of 
membranes after they had been used for 50 and 
60 hours without washing.

At the initial section of the obtained 
dependencies, there was a gradual increase in 
tyrosine flux with increasing current density 
followed by a “plateau” at a current density of 
i = 1.0–2.3 mA.cm-2. Then, the amino acid mass 
transport continued to grow with a higher current 
density (Fig. 2a). The absence of decreasing 
fluxes through the MA-41 membrane in the area 
of the “barrier effect” observed in a system with 
alternating monopolar membranes was due to the 
intensive generation of hydrogen and hydroxyl 
ions by the bipolar membrane, which led to the 
conversion of tyrosine bipolar ions into anions in 
the compartment 4 even with a low current. At a 
higher current density, there was an increase in the 
slope angle of the considered dependencies J – i, 
which is associated with an increased electrical 
convection contributions and an increased effect 
of facilitated electromigration [34, 35]. There was 
a slight increase in the disaccharide flux with an 
increase in current density (Fig. 2b) since sucrose 

                                                     a                                                                                             b
Fig. 2. Dependence of Tyr (a) and Suc (b) fluxes through the MA-41 membrane on the current density in electro
dialysis of Tyr + Suc solution: 1 – membrane after establishment of a steady state (“pristine” membrane), 2 – 
membrane after 50 hours of operation, 3 – membrane after 60 hours of operation
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is a weak electrolyte with an acid dissociation 
constant of about 10–13 [30].

These dependencies mean that the tyrosine 
and sucrose fluxes through the anion-exchange 
membrane, which has been used for 50 hours, 
reach higher values as compared to the “pristine” 
membrane sample (Fig. 2a, b). These changes 
are due to the mass transport of quite large 
hydrated organic substances which changes 
the porosity of the membrane: pores of a larger 
radius appear in the membrane as compared to 
a “new” membrane [36].

However, if membranes continued to be used 
with a high current density, the fluxes of these 
components through the MA-41 membrane 
decreased. The dependences of the amino acid 
flux through the MA-41 membrane on the 
electrodialysis duration with different values of 
current density are shown in Fig. 3. It was obvious 
that with a high current density, the tyrosine flow 
through the membrane, which had been used for 
a long time in a solution containing an amino 
acid and disaccharide, started to decrease after 
50 hours of operation.

This may be due to the gradual organic fouling 
of ion-exchange membranes that were in contact 
with a solution of tyrosine and sucrose during the 
electrodialysis.

We also recorded changes in the current-
voltage characteristics of ion-exchange 

membranes during a prolonged electrodialysis 
of the Tyr + Suc solution. There was an increased 
voltage drop for both MA-41 and MB-2 membranes 
after 50 hours of operation. CVCs for MB-2 
membranes at different operating times are 
shown in Fig. 4a. The changes may be explained 
by the shielding of the functional groups of the 
studied membranes with amino acid and sucrose 
molecules that block the membrane pores which 
impede the reaction of water dissociation due 

Fig. 3. Dependence of Tyr fluxes through the MA-41 
membrane on time in electrodialysis of Tyr + Suc 
solution: 1 – at 0.75 mA.cm–2, 2 – 1.25 mA.cm–2, 3 – 
2.75 mA.cm–2

                                                     a                                                                                             b
Fig. 4. Current-voltage characteristics of MB-2 (a) membranes and dependence of the effective transport 
numbers of OH- ions for the MA-41 membrane on the current density (b) in long-term electrodialysis of Tyr + 
Suc solution: 1 – «pristine» membrane, 2 – membrane after 50 hours of operation; 3 – membrane after 60 hours 
of operation
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to a decrease in the catalytic activity of the 
functional groups of the membranes in relation 
to the reaction of water dissociation. In case of 
the MA-41 anion-exchange membrane used for 
a long time during electrodialysis, this fact was 
confirmed by a decrease in the effective hydroxyl 
ion transport number (Fig. 4b).

The CVC of the MB-2 membrane (Fig. 4a) 
did not show the presence of three traditional 
sections characteristic of the MA-41 monopolar 
membrane [22]. This is due to the fact that when 
any current flows through the bipolar membrane, 
water molecules dissociate at the inner boundary 
separating the cation-exchange and anion-
exchange parts of the membrane.

In addition, we recorded a change in the total 
cell voltage during a prolonged electrodialysis 
without washing (regeneration) of ion-exchange 
membranes. As the time of the membranes’ 
contact with a solution containing an aromatic 
amino acid and a carbohydrate increased, the 
total voltage in the system increased at the same 
value of the current.

Figure 5 shows the recorded dependences 
of the pH of the solution in the compartment 4 
on the operation time of the membranes. The 
obtained results show that after 50 hours of the 
membranes’ operation without regeneration, 
lower pH values of the solution in the compartment 
4 were achieved. This is due to a decrease in 

the generation of hydroxyl ions by the MB-2 
membrane over time and indicates fouling of the 
anion-exchange layer of the bipolar membrane.

The study revealed that the changes in the 
transport and current-voltage characteristics of 
the membranes were accompanied by changes in 
their structure. We studied samples of the MA-
41 anion-exchange membrane, whose structure 
was identical to the anion-exchange layer of the 
MB-2 bipolar membrane: in the basic form, in 
the form that adsorbed the components from the 
Tyr + Suc solution, and the “fouled” membrane 
after its prolonged contact with the solution for 
10 days.

On the IR spectra of the MA-41 membrane, 
the presence of tyrosine in the membrane phase 
after sorption from the Tyr + Suc solution was 
confirmed by the absorption bands at 1157 cm–1 
(Tyr phenolate ion), 1573, and 1257  cm–1 

(carboxylate ion). An increase in the intensity of 
these maxima after 10 days of the membrane’s 
contact with a solution containing an amino 
acid and sucrose indicates the accumulation of 
tyrosine in the membrane phase. In addition, 
on the IR spectrum of the membrane which 
was in a prolonged contact with a Tyr + Suc 
solution for 10 days, there was a new peak of 
1595 cm–1, which may indicate the appearance 
of 3,4-dihydroxyphenylalanine, the product of 
tyrosine oxidation, in the membrane phase.

After the membrane adsorbed Suc from a 
mixed solution of amino acid and carbohydrate, 
there were bands on the spectra at 1635 cm–1 (C‑O) 
and at 1307, 1257, and 1089 cm–1 (C-O-C group). 
In addition, the intensity of the band increased at 
3425 cm–1 (OH group). These changes indicate the 
presence of disaccharide in the membrane phase. 
After 10 days of contact with the studied solution, 
on the IR spectrum, there was a decrease in the 
intensity of the bands at 1635 cm–1 (C-O), and 
1307, 1257, and 1089 cm–1 (C-O-C group), which 
indirectly indicates a decrease in the content of 
disaccharide in the phase of the ion-exchange 
membrane.

4. Conclusions
The article presents the study of the behaviour 

of the MA-41 anion-exchange membrane and 
MB-2 bipolar membrane during the electrodialysis 
of a solution containing tyrosine and sucrose.

Fig. 5. Time dependence of pH for the compartment 
4 output in long-term electrodialysis of Tyr + Suc 
solution: 1 – at 0.75 mA.cm–2, 2 – 1.25 mA.cm–2, 3 – 
2.75 mA.cm–2
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The study revealed an increased voltage 
drop on the membranes during a prolonged 
electrodialysis. These changes can be due to the 
shielding of the functional groups of the MB-2 
membrane with an amino acid and sucrose, as 
well as blocking of the membrane pores, which 
impede the reaction of water dissociation.

It was found that the flux of tyrosine and 
sucrose during electrodialysis reaches higher 
values when it passes through the MA-41 
membrane, which has been used for 50 hours 
rather than through the “pristine” membrane. 
The transport characteristics of the membrane 
increase due to changes in the porosity and 
moisture content of the membrane during its 
contact with highly hydrated organic substances. 
However, further usage of membranes leads to a 
reduction in the flux of amino acids and sucrose 
through the MA-41 membrane with a high current 
density. A reduction in the mass transport of 
components through the MA-41 membrane, an 
increase in the resistance of the MB-2 membrane, 
as well as the detected decrease in the achieved 
values of the effective ОН- ion transport number 
for the studied membranes during their operation 
are associated with the phenomenon of organic 
fouling accompanied by detected structural 
changes that occur after a prolonged contact 
(over 50 hours) with a mixed solution of tyrosine 
and sucrose and that manifest themselves in 
the retention of an amino acid and its oxidation 
product, 3,4-dihydroxyphenylalanine, in the 
membrane phase, and in a decrease in the sucrose 
content in the membrane phase.
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Abstract 
Kaolinite certification is necessary when using it as a raw material in the ceramic industry. The kaolin clay deposit discovered 
in the Orenburg Region in 2018 is presumably the largest in the country. Within the Koskolskaya area, 5 mineral deposits 
have been described. Three of them are particularly promising deposits of high-quality kaolin clay. Previously, studies of 
the technological and physical characteristics of clay from this deposit were carried out. The purpose of our study was to 
derive and specify the structural formula of kaolinite contained in the clays.
After elutriation and grinding in a ball mill, natural clay was sifted through a sieve with meshes of 40 μm. The conducted 
IR, Raman, and EPR spectroscopy, as well as DTA allowed us to monitor the process of metakaolinisation, which occurs as 
a result of dehydration of kaolinite (i.e. the process of transformation of kaolinite into metakaolinite). Spectroscopic 
methods made it possible to analyse the parameters of the fine structure, in particular, the degree of crystallinity of kaolinite 
particles and the occurrence of iron and magnesium ions in hydroxyl sheets.
Conducting a series of experiments, we managed to specify the structural formula of the kaolinite of the Koskolsky deposit 
of the Orenburg region:

K,Na,Ca,Ba Al Fe ,Fe Mg Mn,Cr
0.16 3.62

3+ 2+

0.11 0.27 0.01( ) ( ) ( )È
Î

˘
˚ SSi Ti O OH3.86 0.14 10 8

ÈÎ ˘̊ ( ) ,

The square brackets indicate the cationic compositions of the hydroxyl and siloxane sheets that formed the surface charge 
of the mineral particles. Compensator ions remain outside the square brackets. Thus, in our study we assessed the substance 
used as a raw material in the ceramic industry and determined the role of elutriation and mechanical treatment of kaolin 
clay.
Keywords: Structure, Kaolinite, XRF spectroscopy, Differential thermal analysis, FTIR spectroscopy, Raman spectroscopy, 
EPR spectroscopy
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1. Introduction
Over 3/4 of the Earth’s crust consists of 

silicate rocks whose finely dispersed powders 
are used to synthesise technical ceramics [1]. 
Following the current trends in physical materials 
science, the potential of clays is determined by 
their key parameters, namely their chemical, 
mineralogical, and phase compositions. Kaolinite 
has long been used in ceramics, coatings, paper, 
and oil industries. It is now largely considered 
to be a promising material for the production of 
more valuable products that can be widely used 
for industrial purposes [2, 3]. Kaolinite is reported 
to be used for the production of materials with 
new physical and chemical properties [4, 5]. The 
phase composition of kaolin clays is important for 
determining their functional properties including 
the sorption process [6], catalysis [7], sintering 
[8], etc.

The main method used to identify the phases 
of crystalline minerals is X-ray diffraction. 
However, it does not always register poorly 
crystallized minerals, even when they are present 
in significant quantities. X-ray diffraction 
analysis is not sensitive enough to register 
small distortions in the crystal lattice caused 
by isomorphic substitutions, especially when 
their number is insignificant. Impurity phases, 
even in small quantities, can lead to incorrect 
conclusions regarding the structure of the 
mineral. Therefore, aluminosilicate minerals have 
mainly been analysed by means of spectroscopic 
methods, including infrared (IR) spectroscopy 
and electron paramagnetic resonance (EPR) 
spectroscopy [9, 5, 10]. Kaolin clays contain a 
relatively small number of paramagnetic ions. 
Therefore, EPR spectroscopy [11] can provide 
valuable information regarding the nature and 
distribution of paramagnetic ions in transition 
metals, free radicals, and structural defects [12-
14], which can be important for determining the 
degree of conductivity.

The Orenburg Region is rich in kaolin clays. 
Within the Koskolskaya area, 5 mineral deposits 
have been described. The kaolin clay deposits 
found in the Orenburg Region in 2018 are 
presumably the largest in the Russian Federation 
and are of a high quality [15]. Kaolin clay mining 
is currently of economic strategic importance 
for Russia. It provides valuable information that 

can be used to build a database of eluvial mineral 
deposits. Therefore, the exploration and material 
studies of kaolin clays in the Svetlinsky area are 
of utmost importance [16, 17]. 

Samples of kaolin were analysed in much detail 
in [8, 18, 19] by means of colorimetric gradation, 
X-ray diffraction analysis, and fractal analysis. 
This article presents the results of further studies 
of enriched kaolin and provides new information 
obtained by means of spectroscopic methods and 
derivative thermal analysis.

Kaolinite, being the main component of kaolin 
clay, is a layered clay mineral which belongs to 
the aluminosilicate group. Each layer consists 
of a tetrahedral (Т) sheet composed of silicon 
and oxygen ions and an octahedral (O) sheet 
composed of oxygen, aluminium, and hydroxyl 
ions linked by hydrogen and molecular bonds 
(Fig. 1). The mineral has a triclinic structure 
(space group aP13). When the crustal lattice 
deteriorates, the structure can transform into 
monoclinic. Ideally, kaolinite does not show 
any isomorphism, and the structural formula is 
presented as follows:

Al4Si4O10(OH)8. 		  (1)

The averaged structural formula of kaolinite 
taking into account isomorphism is presented as 
follows [20]:

K Al Fe Fe ,Mg Si Ti O OH0.04 3.93
+3
0.03

2+
0.04 3.95 0.05 10 8[ ( ) ][ ] ( ) ..	

		   (2)

The square brackets indicate cationic 
compositions of the hydroxyl (octahedral) and 
siloxane (tetrahedral) sheets (Fig. 1) forming 
the surface charge of the particles. Deriving 
the structural formula of the Orenburg natural 
kaolinite − is a difficult but important task 
required for the certification of the material used 
in industrial production. 

The purpose of our study was to derive and 
specify the structural formula of kaolinite by 
means of a comprehensive analysis of enriched 
eluvial kaolin from the Orenburg Region deposits. 

2. Experimental 
2.1. Materials

In our study, we analysed samples of natural 
clay mined in the Orenburg Region. X-ray 
phase analysis demonstrated [18] that the 
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clay contained about 40% (vol.) of amorphous 
and 60% (vol.) of crystalline modifications. Of 
the crystalline phases, kaolinite substituted 
73.2  wt.%, corundum – 15.4 wt.%, and free 
silica – 11.4 wt.%. Finely dispersed clay materials 
have a low degree of crystallinity, i.e. they are 
X-ray amorphous. Therefore, the validity of the 
complete phase analysis of the sample is not 
very high. 

The elemental composition of kaolin, 
expressed in form of oxides, was determined by 
means of chemical analysis according to [21]. The 
resulting preliminary structural formula was the 
following [22]: 
(K,Na)0.73[Al3.3(Fe3+,Fe2+)0.14Mg0.32Ca0.24][Si3.86Ti0.14]O10(OH)8.  
		  (3)

The comparison of the structural formula 
(3) with the averaged formula (2) and the ideal 
formula (1) demonstrated that kaolinite from 
the studied deposit includes a large number of 
isomorphic substitutions and is far from ideal.

Further in the article we describe the results 
of the analysis of kaolin clay after mechanical 
treatment, namely after it was grounded in an 
iMold milling machine and subjected to sieve 
analysis with the mesh size of 40 µm.

The isoelectric point of mechanically treated 
kaolin clay (d ≤ 40 µm) determined according 
to [23] is close to pH = 2, since the z-potential 
decreases from +5 to –20 mV, when рН decreases 
from 1.5 to 3.3 [24]. In proximity to the isoelectric 
point of the mineral cleavages, the dissociation of 

silanol (Si−OH) and aluminium (Al−OH) groups 
was minimum, and the insignificant numbers 
of positive and negative charges formed on the 
cleavages were equal. As a result, when рН = 2, 
we managed to determine the granulometric 
composition of the clay by means of photon 
correlation spectroscopy [25]. The size of the 
particles is represented by three modal peaks: 
(0.14±0.05); (1.13±0.40); (23.4±2.7) μm. 

To study the structural state of kaolinite 
in mechanically treated clay in more detail we 
used methods which helped us to assess both 
mineralogical parameters (2.2–2.3) and the fine 
structure (methods 2.4–2.6).

2.1. X-ray fluorescence analysis (XRF)
X-ray fluorescence analysis helped us to 

specify the elemental composition of the kaolin 
clay. X-ray fluorescence spectra were recorded 
using a Spectroscan MAX-GVM vacuum energy-
dispersive X-ray spectrometer in the wavelength 
range from 800 to 14000 mÅ. The analysing 
crystals were PET, LiF, KAP, and C002. Powder 
samples were pressed into 20 mm tablets on a 
boric acid substrate at a ratio of 5:4. 

2.2. Differential thermal analysis (DTA)
Differential thermal analysis (DTA) was 

used to monitor structural transformations 
in the mechanically treated kaolin clay 
sample. Derivatograms were recorded using 
a Thermoscan-2 unit with a heating rate of 
10  °С/min according to [26]. The sample was 

Fig. 1. Kaolinite structure: a – atomic, b – schematic [20]
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heated from room temperature to 900 °С. The 
error for temperature measurement was ± 1 °С. 
Aluminium oxide powder (Al2O3) with a weight of 
0.5 g and sealed in a quartz container was used as 
a reference. The weight of the analysed sample 
was 0.50±0.01 g. 

2.3 Optical microscopy
The morphological analysis of kaolinite 

particles (their size, shape, and surface properties) 
was conducted. The images were obtained using 
a Bresser optical microscope, with a СELESTRON 
digital camera with a resolution of 5 МP. 

2.4. Infrared (IR) spectroscopy
The IR spectra of the initial and annealed (after 

DTA) samples were registered using an InfraLum 
FT-08 spectrometer (Lumex) with a potassium 
bromate optical system. The spectrometer 
had an attachment for disturbed total internal 
reflection (DTIR) with a zinc selenide crystal. 
The measurement cycle time was 120 seconds. 
The spectral range was from 525 to 8000 cm–1 
with a step of 4 cm–1. Before each measurement, 
the background spectrum of the attachment was 
assessed. Powder sample was then placed on the 
surface of the crystal under a high pressure. After 
each measurement the crystal was cleaned with 
cotton wool wetted with acetone.

2.5. Raman spectroscopy
Raman spectroscopy is used to analyse a large 

number of chemical substances whose molecules 
are active in the Raman spectra (the substance 
can be a solution, a solid, or in a multi-phase 
state) and their concentration does not exceed 
0.1%. This approach is important for studying 
clay materials. The Raman spectra of the initial 
sample were registered using a RamMix М532 
spectrometer. The spectral range was from 120 
to 4000 cm-1 with a step of 4 cm-1. Before each 
measurement, the background spectrum of the 
attachment was assessed. The IR spectroscopy 
and the Raman spectroscopy − complement each 
other and demonstrate bond vibrations of various 
intensity [27].

2.6. Electron paramagnetic resonance (EPR) 
spectroscopy

The sensitivity of the EPR spectroscopy 
depending on the type of paramagnetic centres 

during a qualitative mineralogical analysis is up to 
0.08÷0.10%. Some ions including Fe3+, Fe2+, Cu2+, 
Mn2+, and Ti4+, which have unpaired electrons 
on d-sheaths, have non-zero electron spins 
and magnetic moments. This makes it possible 
to analyse the minerals containing these ions 
by means of electron paramagnetic resonance 
spectroscopy. The EPR method is gaining 
popularity and is used to study the fine structure 
of clay materials. A large number of studies are 
fully or partially dedicated to the interpretation 
of EPR spectra created by paramagnetic ions or 
radicals in clays [28, 29]. 

Besides the lines of metal ions, EPR spectra of 
aluminosilicates often demonstrate narrow lines 
of paramagnetic defects of the electron structure, 
namely localised unpaired electrons and holes. 
Both types of centres – electron and hole – have 
g-factors close to g ≈ 2.00. It is believed [28, 30] 
that electron centres have g ≤ 2.00 and hole 
centres have g ≥ 2.00. Therefore, EPR spectra can 
provide accurate data regarding their localisation. 

The EPR spectra of the initial samples 
and samples after DTA were registered using 
a CMS8400 compact automatic controlled 
spectrometer at room temperature. The spectra 
were registered under the following conditions: 
frequency of 9.86 GHz, magnetic field of 1÷7 kOe, 
magnetic field modulation frequency of 100 kHz 
and amplitude of 6 Hz. 

3. Results and discussion
3.1. Specifying the elemental composition 
by means of XRF

X-ray fluorescence analysis of mechanically 
treated kaolin clay from the Svetlinsky area of 
the Orenburg Region has not yet been described 
in literature. Table 1 presents the chemical 
composition of the clay expressed in form of oxides. 
The compositions are listed from the largest to the 
smallest quantitative content. The legend is given 
below the table. Elements whose content increased 
or decreased after the processing are shown in pink 
and blue. Trace amounts of barium, sulphur, and 
chromium registered by the XRF are tinted yellow. 
The content of paramagnetic centres (Fe2O3 and 
MnO) did not change after mechanical treatment 
within the experimental error. The concentration 
of the following oxides increased significantly: 
SiO2 – by 10%, Al2O3 – by 20%, and MgO – by 
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2 times. The concentration of CuO − decreased by 
3 times, and the concentration of CaO decreased 
by 30 times [21].

Table 1 demonstrates that the chemical 
composition of the sample includes the following 
oxides: SiO2 (silica), Al2O3 (alumina), Na2O and K2O 
(alkali oxides), Fe2O3 and TiO2 (colouring oxides), 
as well as CaO (lime), and MgO (magnesia). 
Silica was found in the clays in bound (in clay 
minerals) and free states (in sand and quartz 
dust impurities). Its total content is usually about 
60÷65% in clays, and up to 85% in oversanded 
clays. Therefore, the analysed sample was not 
oversanded. 

The silica was found in the clay mainly in a 
bound state (clay minerals and mica impurities). 
It is a highly refractory oxide ensuring the 
refractoriness of clays. Based on the content of 
silica and titanium dioxide (%) the analysed clay 
was classified as semiacid [26]. 

Iron oxide (1.84%) in the form of isomorphic 
substitutions of the ions of the hydroxyl layer 
practically did not have any colouring effect. 
Titanium dioxide (2.43%) was present in the form 
of isomorphic impurities in the siloxane sheet of 
the kaolinite lattice. 

Alkali oxides, which reduce the colouring 
effect of iron and titanium oxides by reducing 
the melting point of clay, were present in the clay 
minerals and impurities in the isomorphic form. 
Their content was below 8%. High concentrations 
of these compounds enabled us to perform 
chemical processing − elutriation, i.e. removal of 
water-soluble salts. As a result, their concentration 
in the sample was below 1.5%. The percentage 
of crystalline kaolinite in mechanically and 
chemically treated clays exceeded 77% (vol.) [21].

[17] pointed out that the composition of 
elutriated finely dispersed kaolin clay (with 
low concentrations of Na and K oxides) is close 
to monokaolinite, which makes it a promising 
material for obtaining metakaolinite - an 
intermediate product whose areas of application 
are constantly extending.

3.1. Differential thermal analysis of kaolin clay
In order to study the physico-chemical 

processes occurring in the clay, the sample was 
subjected to thermal treatment at 900 ºС. At 
this temperature, the calcination of kaolinite 
is usually complete and it transforms into 
metakaolinite [31]. The thermogram presented 
in Fig. 2 demonstrates an endothermic effect in 
the said temperature range, which started at a 
temperature of about 520 °С and ended at 680 ºС. 
Maximum energy absorption corresponded to a 
temperature of about 590 °С. According to [32], 
in this temperature range ideal kaolinite begins 
transforming into metakaolinite with the water 
of crystallization being removed:

Al O SiO H O Al O SiO H O.2 2 2 23 2 3 22 2 2◊ ◊ Æ ◊ +

The thermogram presented in Fig. 3 shows 
an asymmetric peak with an inflection at a 
temperature of about 620 ºС. Such a double peak 
can be interpreted as an increase in the structural 
disorder of kaolinite following a decrease in 
the size of its crystallographic planes, which is 
characteristic of the formation of metakaolinite. 
In certain situations, this effect is explained 
by the presence in the clay of a mineral that is 
difficult to identify − dickite, whose mineralogical 
properties are close to those of kaolinite [33]. 
Thus [34, 35] present a differential thermal 
analysis of kaolin clay from the Novoorsky 
deposit, which did not demonstrate asymmetric 
peaks. At temperatures above 680 ºС, no thermal 
processes were observed, which is characteristic 
of the state of transformation of kaolinite into 
metakaolinite [36]. 

3.3. Morphology of kaolinite particles 
Optical images of the particles in transmitted 

light are given in Fig. 4. In their initial state, the 
particles are translucent, inhomogeneous, and 
lamellar (Fig. 4a); their size does not exceed 10 
μm. At larger magnification (Fig. 4b), 10±5 μm 
particles were observed to have kaolinite-like 
faceting (a hexagon at the end of the crystal). 

Table 1. Composition of the enriched kaolin clay obtained by means of X-ray fluorescence analysis

SiO2 Al2O3 K2O TiO2 MgO Fe2O3 BaO SO2 CuO CaO P2O5 MnO Cr2O3

59.13 27.35 7.04 2.43 2.23 1.84 0.19 0.13 0.08 0.07 0.04 0.03 0.02

Z increased Z decreased Z hasn’t changed Z discovered
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There were also cleavage planes in certain 
crystals. According to the modern classification, 
the analysed clay can be attributed to the 1st 
class, which corresponds to the presence of 
minerals with the least defective structures and 
the least physico-chemical activity [20].

We also performed a comparative morpho
metric study of kaolinite particles before and 
after the DTA. After the first endothermic effect 
of annealing at 620 °С we observed aggregations 
of particles (Fig. 4c), their partial agglomeration 
and cluster wafers of up to 30 μm with hexagonal 

Fig. 3. Derivatogram (thermogram) of the enriched kaolin clay

Fig. 2. Integral XRF spectrum of the enriched kaolin clay; PET, LiF, KAP, and C002 are analysing crystals
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symmetry (Fig. 4d). The formation of point and 
phase contacts was confirmed by a slight increase 
in the number of crystalline phases, according 
to the X-ray phase analysis [8, 18, 19]. A similar 
microstructure of the products of heating of 
kaolin clay of the Novoorsky deposit obtained in 
reflected light is described in [34].

3.4. Interpretation of the IR and Raman spectra 
(specifying the chemical bonds)

The main purpose the IR spectroscopy was 
to specify the chemical bonds in the clay sample 
and the presence of dickite. In order to do this, we 
obtained the IR and Raman spectra of the samples 
of enriched kaolin clay (Fig. 5, 6). 

The results of the analysis of the IR spectra are 
given in Table 2. The spectra of the kaolin samples 
before and after the DTA demonstrate (Fig. 5) 
that the IR radiation was mainly absorbed in two 
regions: from 3600 to 3700 cm–1 and from 800 
to 1200 cm–1. The region near 1000 cm-1 in both 
cases corresponded to asymmetric Si-O vibrations 
in the structure of aluminosilicates [42]. The 

spectrum of the initial kaolin clay demonstrated 
four intense absorption bands corresponding to 
O-Si-O and O-Al-O vibrations at 1164, 1113, 1025, 
and 999 cm–1, as well as two absorption bands 
corresponding to Al-OH vibrations at 935 and 
909 cm–1 [37]. Two Si-O-Al bending vibrations in 
the kaolinite structure were observed at 788 and 
750 cm–1 [37]. The mode at 687 cm-1 is explained by 
Si-O-Al vibrations where the aluminium ion was 
replaced by a magnesium ion [37, 39]. In the range 
from 3600 to 4000 cm–1 four peaks were registered 
at 3690, 3670, 3650, and 3619 cm–1 corresponding 
to the vibrations of OH groups in the kaolinite 
structure [37, 38]. The above presented data led us 
to the conclusion that the clay sample contained 
mainly kaolinite with an insignificant amount of 
free silica impurities. 

The Raman spectra of the enriched kaolin 
clay are presented in Fig. 6 and Table 3. The 
Raman spectra of the kaolin clay demonstrated 
two main regions explained by the absorption 
by hydroxyl groups in the range from 3000 to 
4000 cm–1 and by crystalline vibrations in the 

Fig. 4. Lamellar kaolinite particles: a – before thermal treatment (1 cm = 50 μm); b – before thermal treatment 
(1 cm = 5 μm); c – after thermal treatment (1 cm = 50 μm); d – after thermal treatment (1 cm = 5 μm
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range of up to 1200 cm–1. The vibration region of 
hydroxyl groups demonstrated four absorption 
bands: at 3619, 3648, 3661, and 3693 cm–1. These 
modes were responsible for the vibrations of 
constitutional water (ОН groups of kaolinite) [46]. 

In the range from 140 to 1000 cm–1 there 
were a large number of intense absorption 
bands corresponding to the vibrations of the 

crystal structure of kaolinite [43–46]. The Raman 
spectrum also demonstrated weak absorption 
bands of quartz [43] and Ti-O chemical bonds 
[43]. Unfortunately, the intense absorption of 
kaolinite and partial overlap of the bands makes 
the identification process rather problematic. 
The presence of dickite was excluded based on 
the absence of characteristic Si-O vibration 

Fig. 5. IR spectra of the samples of enriched kaolin clay before and after DTA

Fig. 6. Raman spectrum of the initial enriched kaolin clay
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Table 2. Characteristic modes of interatomic bonds in the samples of enriched kaolin clay in the initial 
state obtained by means of IR spectroscopy

Wavenumber
starting material, cm–1

Wavenumber
after DTA, cm–1 Oscillation type Mineral

643 645 Si-O-Al [37, 38] Kaolinite
687 – Si-O-Mg [37 - 39] Kaolinite

- 694 Si-O [40] Silica
750 760 Si-O-Al [37, 38] Kaolinite
790 – Si-O-Al [37, 38] Kaolinite
797 795 Si-O-Si [40, 19] Kaolinite
830 830 Al-Mg-OH [37, 38] Kaolinite

909, 935 – Al-Al-OH [37, 38, 19] Kaolinite
1164, 1113, 1025, 999 1164, 1036, 979 O-Si-O, O-Al-O 

[37, 38, 41]
Kaolinite

3620 – Constitutional water 
(OH-group) [37, 38, 19, 41]

Kaolinite

3652, 3670, 3690 – Constitutional water 
(OH-group) [37, 38, 41]

Kaolinite

Table 3. Characteristic modes of interatomic bonds in the samples of enriched kaolin clay in the initial 
state obtained by means of Raman spectroscopy

Raman shift, cm–1 Oscillation type Mineral
146,2 O-Al-O [43] Kaolinite
198 AlO6 octahedron [44] Kaolinite

263 Конституционная вода 
(ОН-группа) [44] Kaolinite

337 Constitutional water 
(OH-group) [43] Kaolinite

355 SiO4 tetrahedron [44] Kaolinite / Silica
413 Ti-O [43] Substitutional ion in kaolinite
428 Si-O-Si [44] Kaolinite / Silica
464 Si-O-Si [43] Silica
512 Al-O-Si [44] Kaolinite
702 Al-OH [44] Kaolinite
750 Al-O-Si [44, 43] Kaolinite
788 Al-O-Si [44, 43] Kaolinite
800 Al-O-Si [45] Dickite
911 Al-OH [44, 43] Kaolinite

1070 Si-O [45] Dickite
1118 Si-O [45] Dickite
2836 СН [27] Оrganic compounds

3619 Constitutional water 
(OH-group) Kaolinite

3648 Constitutional water 
(OH-group) Kaolinite

3661 Constitutional water 
(OH-group) Kaolinite

3693 Constitutional water 
(OH-group) Kaolinite
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bands with the peaks at 1070 and 1118 cm–1 

[45]. A broad weak absorption band with a peak 
at 2836  cm–1 corresponds to С-Н vibrations of 
organic compounds in the clay [27].

After the DTA the clay underwent structural 
transformations and the IR spectrum did not 
register the absorption bands corresponding 
to the vibrations of ОН groups (Fig. 4, Table 2). 
The absence of absorption bands at 3600 cm–1 
indicates complete dehydration of the crystal 
structure of kaolinite, i.e. its transformation into 
metakaolinite. The identification of the spectra of 
the studied structures was hindered by the partial 
amorphisation of silicon oxide whose absorption 
bands overlapped with the absorption bands of 
anhydrous aluminosilicates. To specify the fine 
structure, other methods should be used, for 
instance EPR spectroscopy. 

3.5. Paramagnetic centres in the structure 
of  enriched kaolin clay

EPR spectroscopy of soils and nonmetallic 
minerals is often used to study their structural 
features [47, 48]. The EPR spectra of mechanically 
and chemically treated kaolin clay in the initial 
state and after annealing at 620 °С (for a detailed 
study of structural transformations) and 900 °С 
are given in Fig. 7. 

The EPR spectrum of the initial clay (Fig. 7A) 
contained characteristic groups of resonances: 
the first group of low field lines with the central 
g-factor of about 4.2 and the second group of 
overlapping lines in a strong magnetic field with 
g ≈ 2.0. Similar to standard kaolinites, the analysed 
sample demonstrated the following lines: the so-
called А-line with g ≈ 4.2 and three symmetric 
В-lines of various intensity with gВ1 =  4.6790, 
gВ2 = 4.3173, and gВ3 = 3.7986. The A-line in a weak 
magnetic field with g ≈ 4.2 belonged to Fe3+ ions in 
the crystal lattice with strong trigonal distortions. 
It is known that Fe3+ ions can replace Al3+ ions in 
an octahedral system of phyllosilicates and do not 
replace Si atoms in the tetrahedral system (Fig. 1) 
[49]. В-lines are often allowed in the EPR spectra 
of powders [28]. Their presence indicated that the 
layers were regularly packed and the mineral had 
good crystallinity. According to [50] in this triplet, 
the side lines with gВ1 = 4.6790 and gВ3 = 3.7986 
are explained by the replacement of the Fe3+ 
ion, located in the surface layers of kaolinite. It 

is known [28, 51] that the ratio of the intensity 
of lines of the В/А spectrum helps to determine 
the degree of structural perfection of kaolinite 
crystals, i.e. the Hinckley crystallinity index. In 
our study it was close to 0.2.

A broad intense line with g ≈ 2.0 was 
identified as a line of magnetic resonance of 
Fe3O4 superparamagnetic particles. Such spectra 
are also called superparamagnetic resonance 
(SPR) spectra [52, 53]. The line usually overlaps 
with signals connected with local defects: narrow 
lines close to g ≈ 2.0 [30]. Lines with g = 2.0016 and 
g = 1.9789 are explained by electron-hole centres 
formed as a result of isomorphic substitutions 
of cations in the octahedral sheet. These are O- 
centres of the substitution stabilisers Mg2+→Al3+. 
They are relatively poorly connected with the 
structure of the mineral and served as indicators 
of the external influence on the structural order 
of the mineral. 

Annealing of the enriched kaolin clay at 
620 ºС practically did not change the location, 
width, or shape of the magnetic resonance line 
with the g-factor of 2.0018 (Fig. 6b). Therefore, 
the annealing did not change the concentration 
of Fe3+ ions inside the distorted crystallographic 
cells, and Fe3+ ions did not transform into 
unobserved Fe2+ ions and did not leave the 
distorted octahedral cell. The width of the low 
field line with the g-factor of 4.2085 decreased 
to about 14 mT, and the amplitude increased 
by three times similar to [53]. A significant 
increase in the intensity of the isotropic signal 
with g = 4.2085 indicated a decrease in the 
Hinckley crystallinity index almost to zero 
and formation of metakaolinite. A prominent 
connection between the resonance and the degree 
of perfection of crystals agrees well with the 
interpretation of the results of the DTA. During 
the formation of metakaolinite the environment 
of the Fe3+ ions in the kaolinite lattice changed 
following the modification of Al3+ coordination 
in the octahedral layer of the lattice.

The signal explained by the hole defects 
(vacancies) caused by the replacement of Al3+ ions 
with double charge ions (in this case, Mg2+, Mn2+, 
and Fe2+) disappeared. The position and amplitude 
of the second signal remained the same.

The end of the transformation of the enriched 
kaolin clay processed at 900 °С into metakaolinite 
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Fig. 7. EPR spectrum of the enriched kaolin clay: a – initial; b – after 620 ºС; c – after 900 ºС

a

b

c
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resulted in a slight expansion of the line with g ≈ 
2.00 and a significant decrease in the amplitude 
(Fig. 7c). It is possible that, when the crystal 
lattice was destroyed, the diffusion of Fe3+ ions 
caused the depletion of supermagnetic domains 
rich in iron, which resulted in a decrease in the 
concentration of diluted Fe3+ [53]. This explains 
the signal with g = 2.3819 which is attributed to 
the release of aggregated iron Fe3+ as a cluster 
previously contained in ferriferrous impurities 
which are not clay minerals [54]. As a rule, 
the signal is not observed in elutriated clays. 
Therefore, the analysed sample of enriched kaolin 
clay requires longer and more thorough chemical 
treatment in order to extract weakly bound iron 
ions from the surface layers of kaolinite particles 
and from impurities. 

Manganese and copper lines are indiscernible, 
presumably due to a low concentration of 
paramagnetic centres in the sample (less than 
0.03%). Titanium lines are also indiscernible, 
same as in [55, 56], due to correct substitution of 
Si4+→Ti4+ in the tetrahedral layer. Ca2+, Na+, K+, and 
Ba2+ cations are usually described as compensator 
cations and located outside the hydroxyl and 
siloxane sheets. Al3+ cations together with 
substituting Mg2+, Fe3+, Fe2+, and Mn2+ ions are 
attributed to octahedral positions.

Based on the obtained results, we specified 
the formula of kaolinite after the mechanical and 
chemical treatment of the sample: 

( ) [ ( ) ( ) ]
[
K,Na,Ca,Ba Al Fe ,Fe Mg Mn,Cr
S

0.16 3.62
3+ 2+

0.11 0.27 0.01

ii Ti O OH3.86 0.14 10 8] ( ) .
 

		   (3)
The corrections in the structural formula 

agree with the changes in the quantitative 
and qualitative compositions of the hydroxyl 
and siloxane sheets of the kaolinite lattice as 
compared to the averaged formula (1).

4. Conclusions
The XRF determined that the chemical 

composition of the analysed kaolin clay includes 
the following oxides: SiO2 (silica), Al2O3 (alumina), 
Na2O and K2O (alkali oxides), Fe2O3 and TiO2 
(colouring oxides), as well as CaO (lime), and MgO 
(magnesia). Trace amounts of barium, sulphur, 
and chromium registered by the XRF were also 
registered. 

The results of the IR and Raman spectroscopy led 
us to the conclusion that the clay sample contained 
mainly kaolinite with an insignificant amount of 
free silica impurities. The disappearance of the 
absorption band connected with the vibrations of 
the ОН groups on the IR spectrum of the clay after 
DTA indicates complete dehydration of the crystal 
structure of kaolinite, i.e. its transformation into 
metakaolinite. The EPR spectroscopy registered 
the introduction of iron ions into the octahedral 
sheet of the kaolinite lattice.

The study specified the structural formula 
of kaolinite from the Koskolsky deposit in the 
Orenburg Region using a series of experiments. 
Thus, we assessed the substance used as a 
raw material in ceramics industry. The study 
determined that spectroscopic methods can 
be used to analyse fine structural parameters, 
namely the degree of crystallinity and the 
mechanism of introduction of iron ions. We also 
monitored the process of metakaolinisation as 
a result of dehydration of kaolinite by means of 
IR, Raman, and EPR spectroscopy and the DTA. 
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1. Introduction
Binary and more complex chalcogenides of 

copper and silver are valuable functional materials 
[1-3]. Among these compounds, synthetic 
analogs of the argyrodite mineral with formula 
A8B

IVX6 (A – Cu, Ag; BIV – Si, Ge, Sn; X – S, Se, Te) 
have high thermoelectric performance at low 
temperatures and are of special interest because 
they are environmentally safe [4–12]. At the same 
time, these compounds have semiconductor, 
photovoltaic, and optical properties [13–18]. 
On the other hand, the presence of highly 
concentrated and highly mobile Ag+/Cu+ ions 
distributed in a rigid anionic framework is 
ensured in the crystal structure of this class of 
compounds. Due to this feature of the crystal 
structure, some of the argyrodite compounds 
have high ionic conductivity for Cu+(Ag+) cations, 
which makes them very promising for use in 
the preparation of photoelectrode materials, 
electrochemical solar energy converters, ion-
selective sensors, etc. [19–22].

Study of new multicomponent materials 
is based on information about the phase 
equilibrium of the corresponding systems and 
the thermodynamic properties of the phases 
formed in them [23–26]. As the argyrodite family 
compounds are isostructural, there is a high 
probability of the formation of solid solutions 
in systems composed of these compounds. In 
[27–34], phase equilibria were studied in several 
systems consisting of argyrodite phases, and 
continuous series of solid solutions were found.

The present study aimed to obtain a complete 
picture of the phase equilibrium of the Ag2S–
Ag8GeS6–Ag8SiS6 composition area of the Ag2S–
GeS2–SiS2 quaternary system.

The primary compounds of the Ag2S–Ag8GeS6–
Ag8SiS6 system have been sufficiently studied. 
Ag2S compound melts congruently at 1113 
K and undergoes polymorphic transitions at 
449 and 844  K [35]. Ag8SiS6 compound melts 
congruently at 1231 K and has a polymorphic 
transformation at 526 K [36]. Ag8GeS6 compound 
melts congruently at 1221 K [36] or 1223 K [37]. 
The polymorphic transition temperature of this 
compound is 488 K [36] or 496 K [37]. Both Ag8SiS6 
and Ag8GeS6 low-temperature modifications 
crystallize in orthorhombic system (phase group 
Pna21) and the lattice parameters are as follows: 
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Ag8SiS6: a = 15.024, b = 7.428, c = 10.533 Å[38]; 
Ag8GeS6: a = 15.149, b = 7.476, c = 10.589 Å [39].

High-temperature modifications of the 
ternary compounds have a cubic structure 
(phase group F-43m) with parameters: Ag8SiS6: 
a = 10.63 Å [38]; Ag8GeS6: a = 10.7 Å [40].  

Ag2S-Ag8GeS6 and Ag2S-Ag8SiS6 quasi-binary 
boundary sections were reported in [35, 46]. Both 
systems form a eutectic-type diagram. Eutectic 
mixtures crystallize at 1080 K (20 mol%-Ag8GeS6) 
[35] and 1085 K (24 mol %-Ag8SiS6) [36]. 

The Ag8GeS6-Ag8SiS6 system has not been 
studied.

2. Experimental
2.1. Synthesis

Ag2S, Ag8SiS6, and Ag8GeS6 compounds were 
synthesized by melting stoichiometric mixtures 
of the corresponding elements with high purity 
(no less 99.9999 %) in quartz ampoules under 
vacuum conditions (10-2Pa). As the saturated 
vapor pressure of sulfur (Tboiling=717 K) is high at 
the melting temperature of all three compounds, 
their synthesis was carried out in a two-zone 
furnace. The furnace was gradually heated to a 
temperature of 40-50 K above the melting point 
of the synthesized compound. The part of the 
ampoule outside the oven is constantly cooled. 
Due to the process of cooling with water for 
2–3 hours, the sulfur accumulated in the form of 
vapor at the end of the ampoule was condensed 
and sent to the reaction zone, and after absorbing 
most of the sulfur, the ampoule was completely 
inserted into the furnace. After keeping the 
ampoule in the furnace for 4–5 hours, they were 
gradually in the off-furnace mode.

The synthesized compounds were identified 
by differential thermal analysis (DTA) and X-ray 
diffraction (XRD) technique. Thus, the DTA results 
of Ag2S, Ag8SiS6, and Ag8GeS6 compounds showed 
that their polymorphic transition and melting 
temperatures agree well with the literature data 
given above. X-ray diffraction analysis confirmed 
the homogeneity of the synthesized samples and 
the diffraction patterns of all three compounds 
agree with the literature data [19–28]. DTA and 
XRD results of the synthesized compounds are 
listed in the Table 1.

Alloys of the Ag2S–Ag8GeS6–Ag8SiS6 system 
were prepared by melting mixtures of the 
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obtained starting compounds in different 
proportions in vacuumed quartz ampoules. To 
bring the samples to the equilibrium state, they 
were thermally treated for a long time (500 h) 
at 900 K. Two samples were prepared for each 
composition in the Ag8GeS6–Ag8SiS6 system, one 
of which was gradually cooled in a switched-off 
furnace after thermal treatment, and the other 
one was quenched by dropping the ampoule in 
cold water at 900 K.

2.2. Research methods
All the alloys were analyzed using powder 

XRD and DTA techniques. Powder XRD 
analysis was performed in a Bruker D2 PHASER 
diffractometer using CuKa1 radiation within the 
scanning range of 2q = 5÷75. DTA measurements 
were recorded with a “Netzsch 404 F1 Pegasus 
system” differential scanning calorimeter 
(under f lowing argon atmosphere) and a 
multichannel device based on the electronic 
“TC-08 thermocouple data logger” (in sealed 
quartz tubes). The measurement results were 
processed using the NETZSCH Proteus Software. 
The temperature measurement accuracy was 
within ±2 К.

3. Results and discussion
From the present experimental data and 

published reports on the Ag2S–Ag8GeS6 and 
Ag2S–Ag8SiS6 constituent binaries, we obtained a 
detailed picture of phase equilibria in the Ag2S–
Ag8GeS6–Ag8SiS6 system.

3.1. The border section Ag8SiS6-Ag8GeS6

Based on the DTA and XRD results, the 
phase diagram of the Ag8SiS6-Ag8GeS6 system 
was constructed. As can be seen from Fig. 1, 
continuous series of solid solutions are formed 
between both low (g-phase) and high-temperature 
modifications (d-phase) of the initial compounds. 
A special point of interest is that even though 
the melting temperatures (1231 and 1218 K) 
and polymorphic transformation temperatures 
(512 and 491 K) of the primary compounds are 
very close to each other, the extreme points on 
both the liquidus and solidus and d ↔ g phase 
transition curves not observed.

The lattice parameters of both ternary 
compounds and solid solutions were calculated 
using the TOPAS3.0 computer program and the 
results are listed in Table 1.

Fig. 1. Phase diagram of the Ag8SiS6-Ag8GeS6 system

Table 1. DTA and XRD results for Ag8SiS6 – Ag8GeS6 system

Composition,
Mol %

Ag8GeS6

Effect 
temperatures 

according to DTA 
data, K

Lattice parameters, Å ;
low-temperature phase obtained by 

slow cooling to 298 K,
 (Sp. gr. Pna21)

Lattice parameters, Å;
high temperature phase 

obtained by quenching from 
900 K 

(Sp. gr. F-43m)

a b c a
0 (Ag8SiS6) 512 ; 1231 15.0264 7.4384 10.5311 10.6225

10 510 ; 1229 15.0524 7.4439 10.5411 10.6348
20 506 ; 1227 15.0751 7.4412 10.5429 10.6436
40 503 ; 1225-1228 15.0926 7.4523 10.5562 10.6552
60 499 ; 1223 15.0962 7.4601 10.5626 10.6785
80 497 ; 1121 15.1265 7.4694 10.5774 10.6935
90 494 ; 1219 15.1345 7.4705 10.5823 10.7026

100 491 ; 1218 15.1442 7.4713 10.5912 10.7124
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Ag8GeS6 and Ag8SiS6 compounds both have 
orthorhombic structure under room conditions 
(space group- Pna21). The high-temperature 
modifications of both compounds are cubic 
(phase group F-43m). Table 1 lists the thermal 
effects and crystal lattice parameters of the 
starting compounds and solid solutions.

Graphs of the dependence of crystal lattice 
parameters on concentration were constructed 
(Fig. 2). As can be seen, the lattice parameters 
of both modifications of solid solutions increase 
linearly with Ge substitution, i.e., they follow 
Vegard’s rule.

Fig. 3 shows powder diffraction patterns of 
thermally treated and slowly cooled alloys. As 
can be seen, all intermediate alloys have the same 
diffraction pattern as the starting compounds. 
This indicates the formation of continuous series 
of solid solutions in the Ag8SiS6–Ag8GeS6 system 
between room temperature modifications of the 
starting compounds over the entire consentration 
range. A slight shift of the diffraction lines 
towards small angles is observed because of 
Si → Ge substitution. This is because the ionic 
radius of germanium is larger than silicon.

Fig. 4 shows powder XRD patterns of Ag8SiS6 – 
Ag8GeS6 alloys quenched at 900 K. Analysis of the 

XRD patterns of the quenched alloys shows the 
formation of continuous series of solid solutions 
between high-temperature modifications in 
the entire range. As can be seen, the diffraction 
patterns of high-temperature alloys have a 

Fig. 3. Powder XRD patterns of the Ag8SiS6 – Ag8GeS6 alloys (slowly cooled to room temperature samples)

Fig. 2. Dependences of lattice parameters of the 
low-temperature (stable at room temperature) and 
high-temperature modifications of Ag8SiS6 – Ag8GeS6 
solid solutions on composition
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diffraction pattern characteristic of a cubic 
structure.

3.2. Solid phase equilibria  
in the Ag2S–Ag8GeS6–Ag8SiS6 system at 300 K

Based on the XRD results of a number of 
equilibrium alloys within the Ag2S–Ag8GeS6–
Ag8SiS6 concentration triangle and the phase 
diagrams of boundary quasi-binary systems, a 
solid phase equilibria diagram of this system at 
300 K was constructed (Fig. 5). The formation 
of the g-phase in the Ag8GeS6–Ag8SiS6 boundary 
system, and the absence of other phases in the 
concentration triangle lead to the formation 
of a two-phase a¢+g field (where a¢ is a solid 
solution formed on the basis of low-temperature 
Ag2S). Connode lines are formed between a¢ 
and g-phases. The phase composition of room 
temperature alloys of the Ag2S–Ag8GeS6–Ag8SiS6 
system was determined by XRD. Fig. 5 shows the 
studied vertical sections and the composition of 
the alloys. For example, the diffraction patterns 
and phase compositions of alloys 1 and 2 from 

Fig. 5 are shown in Fig. 6. As can be seen, the 
diffraction patterns of both alloys consist of 
the sum of the diffraction lines of the low-
temperature modification of Ag2S and the g-phase.

3.3. Liquidus surface projection  
of the Ag2S–Ag8GeS6–Ag8SiS6 system

The liquidus surface projection of this system 
consists of two fields, which correspond to the 
primary correspond to the primary crystallization 
of the d-phase and a solid solutions based on 
the high-temperature modification of the Ag2S 
compound (Fig. 7). These fields are bounded by 
the e1e2 monovariant eutectic curve:

L ↔ a + d.	 (1)

3.4. Some polythermal sections  
of the phase diagram

The Ag2S-[A] section ([A] – Ag8Si0.5Ge0.5Se6 
solid solution). The liquidus of this section 
(Figure 8) consists of two curves of primary 
crystallization fields of a and d solid solutions. 

Fig. 4. Powder XRD patterns of Ag8SiS6 – Ag8GeS6 alloys (quenched at 900 K samples)
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Fig. 5. Isothermal section of the Ag2S–Ag8SiS6–Ag8GeS6 system at 300 K 

Fig. 6. Powder XRD patterns (300 K) of Ag2S–Ag8SiS6–Ag8GeS6 alloys: (a) alloy – #1 and (b) alloy – #2 in Fig. 5
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The crystallization process ends with the 
formation of the two-phase field a + d. Below the 
liquidus, crystallization proceeds according to 
the eutectic reaction (1). Since the temperatures 
of e1 and e2 eutectic equilibria on Ag2S–Ag8SiS6 
and Ag2S– Ag8GeS6 boundary systems differ 
little (Fig. 7), the temperature interval of this 
monovariant eutectic equilibrium is very small 
(2–3o). Therefore, in Figure 8, the L + a + d three-
phase field is delimited by a dotted line. Thermal 

effects at the 503–510 K range correspond to 
monovariant equilibrium d ↔ a + g. There is no 
more than 5% solubility area based on the high-
temperature modification of Ag2S. The horizontal 
line at 443K corresponds to the polymorph 
transformation a ↔ a¢.

The Ag8SiS6–[B] Ag2S–[A] section ([B] is alloy 
of the 5Ag2S–Ag8GeS6 system containing 50 mol 
% Ag8GeS6). This section is entirely located in the 
primary crystallization field of the d-phase (Fig. 9) 

Fig. 7. The liquidus surface projection of the Ag2S–Ag8GeS6–Ag8SiS6 system. Primary crystallization fields: 1 
(d), 2 (a). Dashed lines indicate studied sections

Fig. 8. Polythermal section Ag2S–[A] ([A] – Ag8Si0.5Ge0.5Se6 solid solution)
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and firstly d-solid solutions crystallize from the 
liquid phase. Crystallization continues according 
to the monovariant eutectic reaction (1) and ends 
with the formation of two-phase mixtures a + d. 
Then d ↔ a + g monovariant eutectoid reaction 
(512–491) and polymorphic transformation of 
Ag2S (443 K) take place.

3. Conclusion
The phase equilibria of the Ag2S–Ag8SiS6–

Ag8GeS6 plane of the Ag–Si–Ge–S system were 
studied. The liquidus surface projection of the 
mentioned subsystem, solid phase equilibria 
diagram at 300 K, as well as two polythermal 
sections of the phase diagram were constructed. 
It was determined that continuous series 
of solid solutions are formed between both 
crystallographic modifications of the starting 
compounds in the boundary Ag8SiS6–Ag8GeS6 
system. Based on powder diffractograms, 
the homogeneity  of both solid solutions was 
confirmed, and their crystal lattice types and 
parameters were determined. It is shown that 
the dependence of the lattice parameters on 
the composition obeys Vegard’s rule. The 
obtained new non-stoichiometric phases 
are of particular interest as environmentally 

safe, thermoelectric, and mixed ion-electron 
conducting materials.
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