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Selective ion-exchange sorbents for caesium extraction  
from alkaline radioactive solutions. Review
V. A. Ivanov, S. I. Kargov, O. T. Gavlina   *

Lomonosov Moscow State University, the Faculty of Chemistry,  
GSP-1, building 3, 1 Leninskiye Gory, Moscow 119991, Russian Federation
Abstract 
This review covers studies dedicated to the search for and development of sorbents for the extraction of the caesium-137 
radioactive isotope from highly mineralised, highly alkaline solutions that are waste products of nuclear plants. This isotope 
with a half-life of 30.2 years is one of the most significant contributors to the radioactivity of the waste. It was shown that 
phenolic sorbents play the key role in caesium extraction from such solutions, they are able to exchange ions on phenolic 
groups in alkaline solutions, exhibiting high selectivity to caesium against large amounts of sodium and potassium ions. 
The sorbents make it possible to filter large solution flows, as well as to elute concentrated caesium quantitatively and 
rapidly with a small volume of acid. We compared the selectivity of sorbents obtained by the condensation of phenol and 
diatomic phenols with formaldehyde as well as modern materials obtained by the condensation of calixarenes and 
resorcinarenes with aldehyde. It was shown that the latter do not have any advantage in selectivity and are of lower chemical 
stability. Therefore, resorcinol-based materials are considered the key element in solving the problem of extracting the 
caesium-137 isotope from alkaline solutions. We analysed the current state of the problem. This article explains the nature 
of the high selectivity of phenolic sorbents for caesium ions and why the special arrangement of functional groups of 
calixarene and resorcinarene resins does not result in increased selectivity as compared with conventional phenol- and 
resorcinol-based materials. 
Keywords: Caesium-137 isotope, Highly mineralised alkaline solutions, Ion exchange, Sorbtion, Selectivity, Resorcinol-
formaldehyde resin, Calixarene, Resorcinarene
Funding: The work was carried out as part of the project “Molecular and supramolecular structure of individual substances, 
hybrid and functional materials” (state-funded, section 0110 (for the topics under the state project), Centre of Information 
Technology and Systems for Executive Authorities number 121031300090-2).
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1. Introduction
The reviewed authors have a number of 

publications concerning the properties and 
applications of sorbents and ion exchangers based 
on phenol-formaldehyde resins (PFRs). When one 
of these studies [1] underwent the review phase 
in an international journal, one of the reviews 
clearly questioned the relevance and practical 
value of the study of ion exchange on phenolic 
groups. The reviewer added that such materials 
were considered long outdated in the field of ion 
exchange.

The reviewer’s doubt and bemusement 
are understandable. After all, the whole era of 
research, production, and widespread use of 
synthetic organic ion exchange resins began as 
early as 1935 with the condensation products 
of phenols with formaldehyde [2]. The PFR was 
a polymeric matrix onto which ion-exchange 
groups such as sulphonic acid, carboxylic acid, 
phosphorus, and amine groups were grafted 
[3–8]. Sulphonic acid cation exchangers were 
the most common as they were widely used in 
the softening and demineralisation of natural 
water and other solutions. By the mid-50s, such 
ion-exchange resins were produced in at least 
15 countries (including the USSR [3, p.  204]). 
However, starting with the mid-1940s, they were 
promptly superseded by more chemically and 
mechanically stable resins based on styrene-
divinylbenzene copolymer.

Nevertheless, the reviewer of [1], following 
our response to the comment, was surprised to 
admit that phenol-formaldehyde sorbents were 
still relevant even in the late 1990s, as they were 
produced, researched, and used. Since then, 
another two decades have passed. But even 
now, studies in this field still attract attention 
regularly, they are often cited. Therefore, it seems 
that the long established data on the properties of 
phenolic sorbents is still relevant for some areas 
of research, which have become a priority only 
in recent years. 

In this review, the authors pointed out the 
most significant properties of phenolic sorbents, 
the issues they helped to solve, and the origin 
of their most important property, selectivity for 
caesium ions.

2. Some information on the properties of 
phenol-formaldehyde adsorbents and ion 
exchangers, and the problems they solve

In our review we did not cover the above-
mentioned group of ion-exchange resins based on 
the PFRs with grafted acid or base groups, as they 
were described in a large number of monographs. 
We focused on the sorbents where the properties 
of the phenol-formaldehyde matrix and its ion-
exchange properties play the key role.

In the 1970s, Diamond Shamrock Chemical 
Co. [9], a US company, produced the Duolite 
S-761 sorbent with irregularly shaped grains 
in the form of splinters resulting from the 
crushing of PFRs. The sorbent was proposed 
for the removal of colouring and other organic 
substances from food processing solutions. 
Rohm&Haas offered a similar product called 
Amberlite XAD  761 (previously known as 
Duolite XAD  761) [10]. These sorbents were 
synthesised by the condensation of phenol and 
formaldehyde, they did not have any other ion-
exchange groups grafted into their structure 
other than phenolic groups. However, as the 
analysis in [11] showed, in addition to phenolic 
groups, they contained a rather large amount of 
methylol groups.

In addition, similar PFRs with grafted 
secondary and tertiary amino groups were 
produced under Duolite A-568, A-561, and A-7 
brands as adsorbents of organic substances from 
liquid media. There are examples of their use 
in decolourisation of solutions of glucose and 
sodium glutamate and purification of citric acid 
during its extraction from products of enzymatic 
sugar processing.

PFR-based sorbents were used for these 
purposes due to a number of their specific 
properties [10]:

• Better adsorption properties towards 
substances with large molecules, which is 
attributed to the fact that their matrix is more 
hydrophilic compared to the polystyrene matrix 
and has a porous structure.

• Higher density (1.11 g/cm3) compared to the 
polystyrene matrix (1.04 g/cm3), which makes the 
adsorption layer more stable, and also gives other 
advantages for their practical use.
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• Better fluid permeability through the 
layer of adsorbents and ion exchangers based 
on the phenol-formaldehyde matrix with 
irregularly shaped grains (obtained by crushing 
a polycondensation resin) compared to the 
layer of the spherical grains of polystyrene ion 
exchangers.

In the USSR, in the mid-1980s, the technology 
for the synthesis of macroporous PFRs with 
spherical granules was developed at the Nizhny 
Tagil branch of NPO Plastmasy [12], and the 
first batches were produced. In addition to 
being used as molecular sorbents for organic 
substances, they were also intended to be used 
as intermediates for further transformation into 
activated macroporous carbon with spherical 
granules. However, the current list of products 
by the manufacturing plant, which is now called 
Uralchimplast, does not include such products.

The main feature of the PFR-based sorbents 
is their high ion-exchange selectivity for caesium 
and rubidium ions. This property was long ago 
revealed and studied in sulphonic acid cation-
exchangers based on PFRs in neutral and alkaline 
solutions [13–16]. In the USSR in the 1960s, 
processes for separating high purity caesium 
and rubidium compounds from alkali metal 
mixtures on sulphophenolic cationite [17–20] 
were developed as part of a state programme.

The PFRs without other types of ionogenic 
groups besides phenolic ones also exhibit 
high ion-exchange selectivity for caesium and 
rubidium ions in alkaline solutions [2–23]. When 
interacting with an alkaline solution, hydrogen 
from phenolic groups is substituted by alkali 
metal cations, and the interchange of metal 
cations may occur. It is possible to extract Cs+ 
and Rb+ ions from alkali metal mixtures using 
macroporous PFRs with spherical granules 
produced by the Nizhny Tagil branch of NPO 
Plastmasy [1, 24]. In the 1980s, as part of the state 
programme aimed at creating a technology for 
complex seawater processing with the recovery 
of valuable minerals, a method for rubidium 
extraction from seawater concentrates containing 
a large excess of potassium ions was developed. 
It was based on using macroporous PFRs [1, 
24–26]. Due to the major changes in the former 
Soviet Union at the turn of the 1980s and 1990s, 
the programme was discontinued. However, 

the technologies developed at that time will 
undoubtedly be in demand in the future, when 
the use of the ocean’s mineral resources will 
inevitably become a pressing issue.

3. Selective extraction of 137Cs from 
alkaline waste from nuclear plants

The most significant issue that explains the 
ongoing attention to phenolic sorbents is the 
extraction of radioactive caesium during the 
processing of nuclear waste in many countries. 
The key challenge is to extract caesium from 
solutions that are characterised by high salt 
content (up to 300–350 g/l) and are highly alkaline. 
For example, there are five large radioactive 
waste sites in the USA [27], particularly in South 
Carolina (Savannah River Site) and Washington 
(Hanford Site), where weapons-grade plutonium 
was produced. The scale of this issue was outlined 
in [28]: “In the previous decade, the government 
spent about $60 billion on abatement measures, 
most of which, however, resulted only in isolation. 
At least another $200 billion and 70 years are 
estimated to be required for remedial measures 
in more than 100 areas in the United States 
that have been involved in the national nuclear 
weapons programme”. In 1982, the US Congress 
passed the Nuclear Waste Policy Act. It launched 
a major project to develop a technology for 
processing accumulated radioactive waste into 
forms safe for long-term storage. A schedule 
for the construction of an underground facility 
for permanent storage of high-level radioactive 
waste was set [29, p. 537]. Since the late 1980s, 
extensive work was carried out to develop the 
technology and construct a processing facility for 
waste stored in the state of Washington [30]. The 
ultimate goal of the entire process is to compact 
the radioactive elements in order to reduce their 
volume, then vitrify them with borosilicate glass, 
and place them in stainless steel containers, first 
at the temporary storage facility, and then in a 
permanent storage facility. Already by 2005, the 
main stages of the technology had been designed 
[30] and construction had started [31]. However, 
there were uncertainties and concerns about the 
concentration of 137Cs, even after construction 
had started. Even in 2020, the construction of 
the processing facilities, including the caesium 
removal unit, was far from complete [32]. Notably, 
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the US Government Accountability Office noted a 
steady increase in the cost of the project.

The 137Cs and 90Sr isotopes, which are 
b-emitters with half-lives of 30.2 years and 28.8 
years, are major contributors to the radioactivity 
of the waste, and they also account for 95% of 
the heat release during waste storage. When 
radioactive waste is processed in the form of 
liquid solutions, these isotopes must be removed 
at the very beginning of the process, which turns 
out to be the most difficult challenge. This is why 
the separation of 137Cs is called the bottleneck 
of the whole process. First, there are huge 
volumes of solutions from which 137Cs has to be 
concentrated. Furthermore, the solutions have 
very high concentrations of alkali and sodium, 
reaching respectively ~1.7 M and 5.0 M (Table 1). 
It has also been noted that the composition of 
the solutions in different storage tanks may vary.

Table 1. Main components of the solution kept at 
the Hanford site in Washington before the 
extraction of radioactive caesium [33]

Ion Concentration, 
mol/l Ion Concentration, 

mol/l
Na+ 4.99 OH– 1.68
K+ 0.12 Al(OH)4

– 1.72
Cs+ 5.0·10–4 NO3

– 1.67
Rb+ 5.0·10–5 NO2

– 0.43
CO3

2– 0.23
SO4

2– 0.15
F– 0.09

A large number of alternative materials 
for caesium extraction have been considered, 
including the most advanced ones (phenol-
based extractants, crown ethers, calyxarenes, 
and inorganic sorbents and ion exchangers, etc.). 
Nevertheless, a key role in caesium extraction has 
been assigned to phenolic sorbents, which exhibit 
high ion-exchange selectivity for caesium against 
large excess of sodium and potassium ions. They 
also make it possible to filter large flow of solution 
and to elute concentrated caesium quantitatively 
and rapidly with a small volume of acid [34–36].

The use of the Duolite CS-100 ion exchanger 
was considered. It is a product of condensation 
of resorcylic acid with formaldehyde (besides two 
hydroxyl groups as substituents, the benzene 
ring also contains a carboxyl group). Its ability 

to sorb 137Cs from low-activity solutions has 
been known since the 1960s. But the focus was 
on the resorcinol-formaldehyde sorbent (RFS), 
synthesised similarly to the PFRs, which turned 
out to be more selective and capacious. (It should 
be noted that obtaining of RFS was mentioned as 
early as in [2], 1935.) The technology for obtaining 
of sorbents with irregularly shaped grains was 
developed, it was implemented by Boulder 
Scientific Co, a US company [38–41].

Unfortunately, RFS, like all phenolic sorbents, 
has low chemical stability in alkaline media in 
the presence of oxygen dissolved in solutions 
and allows a relatively small number of sorption-
desorption cycles [40]. (Our publication [42] 
was devoted to the issue of chemical stability of 
phenolic sorbents. It was shown that methylol 
groups were oxidised in alkaline media with 
formation of carboxylic groups and gradual 
destruction of the grains). Therefore, the US 
project further attempted to overcome this 
disadvantage. Sinvent A/S, a company from 
Norway, developed a method for introducing 
RFS into polystyrene-type spherical granules 
[43]. This method is based on the technology 
for obtaining low cross-linked monodisperse 
spherical styrene-divinylbenzene copolymer 
granules (0.1 wt. %), developed earlier by one 
of the authors of the method. The granules are 
hydrophilised by the introduction of sulpho 
groups or quaternary ammonium bases. To 
obtain the sorbent, water and reagents for the 
synthesis of RFS are added to a certain amount of 
dried monodisperse polystyrene granules. Once 
the granules have swollen substantially and the 
reagents are introduced, a polycondensation 
reaction is carried out. However, no details were 
disclosed regarding the type of granules used in 
the production of the sorbent for further testing 
in the extraction of radioactive caesium.

The possibility of producing sorbents with 
phenolic groups by condensation of calixarenes 
and resorcinarenes with formaldehyde or other 
aldehyde was also considered as a possible solution 
to the issue. Calixarenes and resorcinarenes, 
known since the 1940s [44–46], are products 
of cyclic oligomerisation of phenols with 
formaldehyde. Their molecules can be formed 
by different numbers of phenolic or resorcinol 
nuclei, for example, as shown in Figure 1.
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Interest in compounds of this type increased 
dramatically in the 1970s and 1980s. This was 
caused by an overall burst of activity in the 
new field of supramolecular chemistry. It was 
expected that they, as well as other “highly 
organised” compounds (crown ethers, cavitands, 
and spherands) would provide significantly higher 
selectivity for complexation with metal ions and 
bring separation technologies to a much higher 
level. It was taken into account that calixarene 
adopts a specific conformation so that the 
aromatic rings and alkyl substituents such as 
tert-butyl, as shown in Figure 2, form the central 
ring rim and the upper rim, while the hydroxy 
substituents are located in the lower part of the 
macrocycle. Such a structure is sometimes called 
a “basketball hoop”, its characteristic parameters 
are expected to ensure high ionic selectivity.

In the early 1980s, it was found in [47, 48] 
that during the diffusion transfer of alkali metal 
hydroxides through a liquid membrane containing 
various calixarenes, it shows high selectivity for 
Rb+ and Cs+ ions versus other alkali metal ions 
(the experiment is shown schematically in Fig. 3). 
In these experiments, a solution of calixarene in 
an organic solvent was placed between a solution 
of alkali metal hydroxides and pure water. The 
diffusion transfer of alkali metal hydroxides into 
water gradually occurred. The caesium hydroxide 
output was 20 times that of rubidium and 50 times 
that of sodium. The p-tert-butyl- and p-tert-
pentylcalix[4]arenes were observed to have the 
highest selectivity. 

However, the use of calixarenes directly in 
such experiments or in conventional extraction 
techniques is complicated by many drawbacks. 

                         a                                                          b                                                                     c
Fig. 1. Structure of calyx[4]arene (a), calyx[6]arene (b), and calyx[8]arene (c) (R – alkyl substituents)

Fig. 2. The “basketball hoop” conformation 
of tert-butylcalix[4]arene

Fig. 3. Schematic of a diffusion transfer experiment in a 
liquid membrane cell
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Among them are the need to use hydrophobic 
solvents, the formation of emulsions, and solvent 
losses when using aqueous solutions. The most 
important disadvantage is a very low rate of 
diffusion of the extracted ions from one phase 
to another, etc. Subsequently, IBC Advanced 
Technologies, Inc. founded by the authors of 
works [47, 48] and specialising in obtaining and 
promoting macrocyclic reagents and technologies 
involving them, developed a method for obtaining 
sorbents with calixarene groups [49]. The patents 
describe the condensation of calyx[6]arene, 
calyx[8]arene, or propylresorcin[4]arene with 
phenol or resorcinol and formaldehyde in the 
presence of NaOH. The resulting resin is then 
crushed into fragments. From the information 
available in the open sources, it is not possible 
to say for sure, which of the materials under 
the trade mark SuperLig  644 obtained using 
this technology were chosen for further testing 

in order to develop the technology for 137Cs 
extraction from radioactive waste in Hanford 
(Washington State, USA) [33, 50–54].

The scheme of the caesium extraction by 
sorption includes: 1) filtration of the treated 
alkaline solution through a column filled with 
one of the ion-exchange materials mentioned 
above until the breakthrough of caesium, and 
2) subsequent elution of caesium from the ion-
exchanger with 0.5 M of nitric acid. Fig. 4 shows 
examples of the output curves of radioactive 
caesium sorption on the SuperLig  644 ion 
exchanger, and its elution with nitric acid from 
[27]. The two output curves in the upper figure 
represent two slightly different compositions 
of the initial solution, in particular, the sodium 
content was 5.0 M in one solution and 5.7 M in 
the other.

In experimental studies, SuperLig 644 showed 
no significant advantage in the volume of the 

Fig. 4. Output curves of radioactive caesium sorption using the SuperLig 644 ion exchanger (a) and its elution 
with nitric acid (b) [27]

a

b
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treated solution (and hence selectivity) and 
in quality of acid elution (it was possible to 
achieve approximately 100-fold concentration 
of radioactive caesium) compared to the RFS. 
SuperLig 644 proved to be the least chemically 
stable sorbent, capable of withstanding only 5 or 
6 sorption-desorption cycles. Upon reaching the 
limit, the used material has to be replaced and 
disposed of (it must be treated as a radioactive 
material). Moreover, SuperLig 644 turned out to 
be the most sensitive to temperature. At 45 °C, 
it almost lost its capacity for 137Cs, while the 
conventional RFS retained its sorption capacity 
[51]. Another important consideration when 
selecting materials is that the SuperLig 644 ion 
exchanger is also the most expensive. Therefore, 
the RFS was considered a better option among 
these two materials, as it is more chemically 
stable.

In Russia, radioactive caesium in waste from 
nuclear facilities is mainly contained in nitric acid 
solutions. Highly selective ferrocyanide sorbents 
and corresponding technologies have been 
developed and successfully used for its extraction 
for a long time [55]. But there is a problem with 
caesium extraction from high salt alkaline boiler 
residues from evaporators at nuclear power 
plants, as their salt content reaches 300–350 g/l 
and their pH > 13 [56]. Ferrocyanide sorbents, 
like most inorganic sorbents, are unstable in such 
alkaline solutions. So, for the extraction of 137Cs, 
Axion-RNM (from Perm) developed a technology 
and produced pilot batches of AXIONIT RCs-
pk sorbents with granules obtained by crushing 
RFS and AXIONIT RCs-gran sorbents based on 
RFSs impregnated in spherical sulphonated 
polystyrene granules [56, 57]. During tests with 
solutions simulating high salt alkaline boiler 
residues from nuclear power plants evaporators, 
the sorbents showed high selectivity for caesium 
as well as good chemical and hydromechanical 
stability in alkaline media.

In Russia, the methods for the production of 
resorcinarene sorbents have also been developed. 
In particular, C-phenylcalix[4]resorcinarene 
(Fig.  5) is obtained by the condensation of 
resorcinol with benzaldehyde. It is used to 
produce a polymer in the form of spherical 
granules by catalytic resol polycondensation with 
formaldehyde, taken in the ratio of 1 : 3 [58].

In our article [59], we studied the selectivity of 
Cs+–Rb+ ion exchange (1 : 1) from 0.1 M of alkaline 
solutions using the RFS and a sorbent based 
on C-phenylcalix[4]resorcinarene. The results 
were compared with the data for the PFR-based 
sorbent. It turned out that this sorbent showed no 
advantage over PFR and even exhibited a slightly 
lower selectivity.

Thus, sorbents based on phenol, resorcinol, 
calixarenes, and resorcinarenes show high 
selectivity to caesium ion (and also rubidium) 
compared with other alkali metal ions. Particularly 
remarkable is the fact that the sorbents based on 
calixarenes and resorcinarenes did not exhibit 
the advantage over other materials of the 
group. Although we expected them to perform 
better, given the expectations which are usually 
associated with the use of macrocyclic reagents 
in the field of separation of substances. Therefore, 
the issue of explaining of such results remains 
urgent.

4. The origin of the ion-exchange 
selectivity of phenol-type sorbents 
for  caesium ions 

Previously [14, 60, pp. 65-88], the high 
selectivity for caesium and rubidium ions was 
explained by the fact that phenols or phenolic 
groups can form complexes with large caesium 
and rubidium ions. However, some researchers 
believe that this mechanism cannot explain the 
increased selectivity (61). 

The features of the formation and structure 
of such complexes were studied using quantum 
chemistry methods. For instance, we used the 
density functional method in our study [62]. 
The calculations showed no particular binding 

Fig. 5. Structure of C-phenylcalix[4]resorcinarene
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ability of caesium and rubidium ions to phenolate 
ions compared to other alkali metal ions. On 
the contrary, water molecules compete with the 
phenolate anion for binding to all alkali metal 
cations. Only three water molecules are enough 
to displace the phenolate anion into the second 
coordination sphere of any alkali metal ion. If 
more water molecules are added, the phenolate 
anion is always in the second coordination sphere 
(Fig. 6). The binding energy of (CH3)2PhO− with the 
Me+(H2O)n hydrated cation decreases irrespective 
of n, the number of water molecules in the aqua 
complex. It decreases in the same order as the 
hydration energy, i.e., Li+ > Na+ > K+ > Rb+ > Cs+.

The calculations also showed that the 
calyx[4]arene anion, obtained by the removal 
of one hydrogen atom from one of the four 
OH-groups, also has no specific selectivity for 
caesium and rubidium ions in the absence of 
water molecules [59]. In this case, the energy of 
the cation binding to the calyx[4]arene anion also 
decreases under the sequence of Li+ > Na+ > K+ > 

Rb+ > Cs+. The numerical values of the energy of 
binding to the calix[4]arene anion are also close 
to the corresponding values for binding to the 
phenolate anion (even slightly lower than them). 
It should also be noted that the caesium ion in the 
optimised structure of the complex is positioned 
far away from the oxygen “crown”, whereas the 
lithium ion is positioned almost in the plane of 
the crown. Thus, the modelling demonstrated 
that the special order of the functional groups of 
the calixarene and resorcinarene resins cannot 
cause an increase in selectivity for caesium ion 
compared to conventional PFRs and RFSs.

On our initiative, our colleagues in studies 
[63, 64] carried out molecular modelling of the 
interaction of alkali metal cations with the 
calyx[4]arene anion in the presence of 291 water 
molecules using the molecular dynamics method. 
The calculations showed that in the presence 
of water molecules the binding of Rb+ and Cs+ 
cations to the calyx[4]arene anion is much greater 
than that of Li+, Na+, and K+ cations. The authors 
attributed this to the fact that smaller cations 
with a lower coordination number exhibit greater 
disruption of the hydrate shell when they bind to 
the calix[4]arene anion.

Thus, the selectivity for caesium and rubidium 
ions during ion exchange on all phenolic ion 
exchangers is due to other features.

Usually, during the ion-exchange process, 
the transfer of ions from an external solution 
into the ion-exchanger, which is a concentrated 
polyelectrolyte solution, is accompanied by their 
considerable dehydration. When an alkali metal 
ion is transferred from an external solution into 
the sorbent, its complex with the anion is broken. 
The ion undergoes partial dehydration with 
subsequent binding to phenolic groups:
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At the same time, the smaller ion 1, which was 
originally in the ion exchanger, is transferred in 
the opposite direction:
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If we assume that the structures of similar 
complexes of the M1

+ and M1
+  и M2

+ alkali metal 
Fig. 6. Structure of the aqua complex of the Cs+(H2O)5 
ion with the 2,6-dimethyl-phenolate anion
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ions are the same (although this is not necessarily 
true), then the entropic component of the ion 
exchange reaction can be neglected. Thus, the 
Gibbs energy of the ion exchange reaction is 
determined by the hydration energies of ions and 
the energies of their interaction with fixed groups 
in the PFRs and with anions in the solution:

DG E E

E E

= - -

- -

( )

(
,Me ,Me

,Me ,Me

2binding binding

binding binding

1

2 1
)).

  (3)

The first difference reflects the difference 
in binding energies of the ions (dehydrated) 
exchanged with the phenolate ions in the ion 
exchanger. The second reflects the difference in 
binding energies of the ions exchanged with water 
and the anion in the external solution. As shown 
by the calculations from [62], these two differences 
are positive and quite close. The selectivity in 
the ion-exchange system is determined by the 
delicate balance between them. Since the value 
of ∆G is determined simultaneously by four large 
values of the formation energies of the different 
complexes, it cannot be expected that quantum 
chemistry calculations can quantitatively predict 
selectivity in an ion-exchange system. However, 
expression (3) evidently shows that formation of 
aqua complexes of alkali metal ions in a solution 
contributes to a decrease in selectivity of smaller 
ions in comparison with larger ions in terms of 
binding to phenolic groups.

Thus, the only explanation for the selectivity 
of PFRs and other phenolic compounds for 
caesium and rubidium ions is the dominance of 
the ion dehydration stage during the transition 
from aqueous solution to the phenolic phase 
rather than the stage of binding to the ion-
exchange groups. The phenolic ion exchangers 
have greater selectivity for caesium and rubidium 
ions than polystyrene-type sulphonic acid cation 
exchangers due to the fact that the former can 
bind much less water, and the ions in them are 
much more dehydrated. This is especially true 
for ion exchange on phenolic ion exchangers, 
which differ from other ion exchange resins and 
polyelectrolytes by considerably lower amounts 
of bound water (this can be seen, for example, 
from our data in [11]).

This conclusion is consistent with the 
explanation of the emergence of selectivity for the 

potassium ion in the ion channels of a biological 
cell. It says when the ion binds in the narrowest 
part of the channel, called the ion filter, it is also 
in a partially or completely dehydrated state [65]. 
The mechanisms of the emergence of selectivity 
of the ion channel and phenolic sorbents seem 
to be similar. The data [11] indicate a greater 
differentiation of water in phenol-formaldehyde 
sorbents in terms of its binding energy as 
compared to polystyrene sulphocationites. In 
general, the amount of water in such sorbents is 
quite large and comparable with the amount of 
water in polystyrene sulphocationites. However, 
the amount of strongly bound water is several 
times less. This seems to indicate that weakly 
bound “free” water is located in large pores, and 
relatively small amounts of water strongly bound 
to exchange groups can be located in narrow 
pores, which are similar to the ion channels in 
cells.

This conclusion about the mechanism of ion 
selectivity also coincides with the conclusion 
obtained in [66, 67]. The studies analysed the 
reasons for the preferential binding of potassium 
ion to guanine complexes and complexes with 
18-crown-6-ether compared to sodium ions. 

5. Conclusions
The sorbent obtained by condensation of 

resorcinol with formaldehyde plays the key role 
in caesium extraction from highly mineralised 
alkaline radioactive solutions. The sorbent of this 
type is capable of exchanging ions on phenolic 
groups in alkaline solutions, while exhibiting 
high selectivity for caesium against large excesses 
of sodium and potassium ions. It also makes 
it possible to filter large flows of solution and 
to elute concentrated caesium quantitatively 
and quickly with a small volume of acid. We 
compared the ion selectivity of sorbents obtained 
by condensation of phenol and diatomic phenols 
with formaldehyde and of modern materials 
obtained by condensation of calixarenes and 
resorcinarenes with aldehydes. The study showed 
that the latter had no advantage in selectivity and 
had a lower chemical stability.
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Abstract 
We present the results of the study of the structure and surface morphology of InxGa1–xAs thin films on a GaAs substrate. 
Thin films were obtained by magnetron sputtering from a specially formed In0.45Ga0.55As target in an argon atmosphere.
The obtained samples of thin films were studied by Raman scattering, atomic force microscopy, scanning electron microscopy, 
and energy-dispersive X-ray spectroscopy. It was shown that the grains of the films obtained at a substrate temperature 
below 600 °C were not faceted and were formed through the coalescence of grains with a size of 30–65 nm. At a substrate 
temperature of 600 °C, films consisted of submicron grains with a visible faceting.
It was determined that the average grain size increased and the root-mean-square roughness of thin films decreased due 
to an increase in the substrate temperature. Thin films obtained at a substrate temperature of 600 °C possessed the best 
structural properties.
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1. Introduction 
Semiconductor compounds A3B5 are widely 

used materials that are highly important in 
photovoltaics and optoelectronics. Today, among 
the most common methods for obtaining thin 
films and heterostructures of A3B5 compounds 

are the following: molecular beam epitaxy, metal 
organic chemical vapour deposition, ion-beam 
sputtering, and impulse laser deposition [15]. 
Magnetron sputtering is also used to obtain thin 
films of A3B5 compounds. Thin films of GaSb, 
AlxGa1–xN, InxAl1–xN, GaAs1–yNy, InxGa1–xN, and 
InxGa1–xAs on various substrates were obtained 
using this method [612]. InxGa1–xAs solid solution 
is widely used in modern optoelectronics [13], but 
the preparation of thin films using magnetron 
sputtering, although being highly relevant, still 
poses some challenges. They are mainly related 
to the fact that the effect of magnetron sputtering 
parameters on the properties of InxGa1–xAs thin 
films have not been thoroughly studied. In some 
works researchers either used the method of 
co-sputtering from high purity GaAs and In 
targets [14], or alternated the layers of GaAs and 
In, respectively. Although this method has certain 
advantages, it significantly complicates the 
process of magnetron sputtering. It is reasonable 
to use the targets with a set composition of the 
InxGa1–xAs solid solution the preparation of which 
was described in [5].

The goal  of  this  work was to  grow 
InxGa1–xAs thin films using magnetron sputtering 
and to study their structural properties and 
surface morphology.

2. Experimental 
In this study, we reported the preparation of 

InxGa1–xAs thin films on GaAs (100) substrates 
using magnetron sputtering from a target with 
a calculated composition of In0.45Ga0.55As. The 
target was formed by sintering GaAs and InAs 
powders in the pure hydrogen atmosphere at 
a temperature of 700 °C for 120 minutes. Thin 
films of InxGa1–xAs were deposited on GaAs (100) 
using a РМ1-60/1-02-02 IT magnetron in an argon 
atmosphere at a pressure of 8 Pa. The distance 
from the target to the substrate was 100  mm, 
the power of target sputtering was 1.8  W/cm2. 
The duration of deposition was 60 minutes for 
all samples, and the temperature of the substrate 

varied from 400 to 600 °C. All thin film samples 
were 0.42 μm thick.

Micrographs of  the surface and the 
composition were analysed using a scanning 
electron microscope MIRA3-LMH with a 
AZtecEnergy Standard/X-max20(standard) system 
that determines the elemental composition. 
The thickness of the layer was determined 
by micrographs of cleavages using contrast 
topography (SE detector). Structural properties 
were studied using Raman scattering on an inVia 
Raman Microscope (Renishaw) spectrometer 
with a laser wavelength of 514  nm at a room 
temperature. The surface morphology of thin 
films was studied on a Ntegra Aura atomic force 
microscope (AFM).

3. Results and discussion 
Figs. 1 and 2 show SEM images of the surface 

of InxGa1–xAs thin films on GaAs grown at a 
temperature of the substrate 400 and 600  °C. 
The presented images show that the surface of 
both films consists of grains that become faceted 
when the substrate temperature increases up 
to 600  °C. There were also microdrops on the 
surface of all samples of thin films (Fig. 1b). The 
size of the microdrops was not more than 2 μm, 
and their density was approximately 0.06 μm–2 
for thin films obtained at 400  °C. There were 
almost no microdrops on thin films obtained 
at 500 and 600 °C. According to the presented 
results, a non-classical mechanism of crystal 
growth was observed for thin films obtained at 
400 °C, which means that oriented attachment of 
small crystal grains occurred in the surface of a 
larger grain [15–16]. The surface of the films was 
very rough, and there were grains with the size of 
260 μm that were not faceted and had interfaces 
that were not clearly visible. When the substrate 
temperature increased up to 500 °C, there were 
a greater number of larger grains (up to 320 μm) 
with a poorly visible faceting. There were a great 
number of homogeneous multifaceted grains on 
the surface of a film grown at 600 °C. These grains 
were no more than 560 μm in size. It is obvious 
that the structural properties of films increase 
with the growth of the size of grains.

Energy dispersive analysis showed that 
the composition of the films grown at 400 and 
500  °C is similar to that of In0.32Ga0.68As, while 
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the composition of the film grown at 600 °C had 
a greater content of indium, In0.43Ga0.57As. This 
can probably be explained by the fact that the 
content of indium in a thin film decreased due to 
the segregation of indium at a lower temperature 
of a substrate. 

To study the surface of thin films more 
thoroughly, we performed an AFM study of the 

surface morphology (Fig. 3) and determined root-
mean-square roughness (RMS) of the surface. It 
was shown that when the substrate temperatures 
increased from 400 to 600 °C, RMS of thin films 
decreased from 32.62 to 26.75 μm, respectively.

The effect of the substrate temperature on 
the structural properties of InxGa1–xAs thin films 
was also studied by Raman spectra (Fig. 4). Two 

a                                                                                                  b
Fig. 1. SEM image of the surface of a thin InxGa1–xAs film on a GaAs substrate grown by magnetron sputtering 
at a temperature of 400 °C in the secondary electron detection mode at 10 kV, 64 kV (a), and 20 kV (b)

a                                                                                                  b
Fig. 2. SEM image of the surface (a) and cleavage (b) of a thin InxGa1–xAs film on a GaAs substrate grown by 
magnetron sputtering at a temperature of 600 °C
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high-intensity transverse (TO) phonon modes 
related to InAs and GaAs can be identified on 
the spectra in the frequency intervals of 219–
223 cm–1 and 245–257 cm–1 respectively. It should 
be noted that in case of the film grown at 400 °C, 
we observed a longitudinal (LO) optical mode 
of InAs on the spectra located at the frequency 
of 223 cm–1 as well as a low–intensity GaAs (LO) 
mode of  287 cm–1. The region in the range of 110– 
130 cm–1 can be associated with the presence of 
microdrops on the surface of films. According to 
the rules of selection, both LO and TO phonon 
modes must be allowed on Raman spectra for 
a perfect crystal [17]. The thin films grown at 
500 and 600 °C obviously have the most perfect 
structure as InAs (TO) and GaAs (TO) modes are 
dominant in their spectra. A displacement in the 
position of an InAs (TO) phonon mode regarding 
the position of the frequency of an InAs (TO) 
mode for the voluminous InAs [14] (221  cm–1) 
for 2 cm–1 was observed only for the films grown 
at 400 and 500 °C, which is typical for thin films 
with a decreased content of In [1821].

4. Conclusions
Thus, we grew InxGa1–xAs thin films on a 

GaAs substrate using magnetron sputtering. 
Using scanning electron microscopy and energy 
dispersion analysis, it was shown that InxGa1–xAs 
thin films obtained at the substrate temperature 
of 600 °C had the most similar composition to 
that of a sputtered target. The comparison of 
SEM images of the surface of InxGa1–xAs thin films 
on GaAs showed that the substrate temperature 

had a great effect on the surface morphology and 
structure of a film. The results of the study of 
Raman scattering spectra showed that InxGa1–xAs 
thin films obtained at the substrate temperature 
of 600  °C had the best structural properties. 
The presented experimental data showed that 
magnetron sputtering is a promising method that 
can be used for growing InxGa1–xAs thin films on 
GaAs.
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Abstract 
In this work, we aimed to prepare chromium substituted cobalt ferrite Co(CrxFe1–x)2O4 powders by a simple coprecipitation-
annealing method with different Cr contents to create novel magnetic adsorbents for the removal of phosphate ions from 
water. The effects of Cr substitution on the crystal structure, phase composition, morphology, surface atomic composition, 
surface area and magnetic properties of our adsorbents were investigated by X-ray diffraction, scanning electron microscopy, 
energy-dispersive X-ray spectroscopy, Brunauer-Emmett-Teller nitrogen adsorption-desorption and vibrating sample 
magnetometry. According to the results, all our Co(CrxFe1–x)2O4 samples exhibited higher phosphate adsorption than CoFe2O4 
powder but their magnetic properties were reduced for increasing Cr substitution. Among them, the Co(Cr0.25Fe0.75)2O4 
sample was found to be the most promising material since its magnetic properties are still high to allow it to be easily 
separated from the solution and its maximum P adsorption capacity (according to the Langmuir model) was estimated to 
be 4.84 times higher than CoFe2O4, which can be attributed to the presence of Cr3+ ions on the surface and the enhanced 
surface specific area of this substituted sample. Moreover, the adsorption data of Co(Cr0.25Fe0.75)2O4 sample also fitted well 
to the pseudo second order kinetic model, revealing the adsorption rate constant of 0.87 mgP–1s–1, two times superior to 
CoFe2O4. 
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1. Introduction
For a long time, the presence of phosphate 

ions in wastewater has been largely considered 
as the main factor causing eutrophication [1, 2], a 
phenomenon characterized by the excessive algal 
growth, which can lead to numerous ecological 
disturbances, such as the bloom of cyanobacteria, 
the impairment of water quality and the hypoxia 
problem [3]. Hence, removing phosphate ions 
from wastewater before discharge is always a 
crucial task of environmental control strategies. 
In the literature, among different approaches 
including adsorption, chemical precipitation and 
biological removal, adsorption is found to be an 
economical, simple and effective method for the 
removal of phosphate ions in low concentration 
without formation of chemical waste sludge 
[4, 5]. However, most of phosphate adsorbent 
materials such as fly ash [6], porous metal oxides 
[7], metal organic frameworks [8] and layered 
double hydroxides [9] were developed in the form 
of fine powder which has the high suspendability 
in water and thus is very difficult to be separated 
from water bodies after treatment.

To address this problem, magnetically 
separable  adsorbents  based on ferr ite 
materials were introduced. In fact, owing to 
their ferromagnetic properties, ferrite oxides 
have been extensively studied for various 
applications, including electromagnetic devices 
[10] magnetorheological fluids [11] and magnetic 
Fenton catalysts [12]. Hence, some recent 
studies have suggested to prepare magnetic 
phosphate adsorbents possessing the core-shell 
structure with ferrite particles as a magnetic 
core. For example, Lai et al. successfully prepared 
magnetic Fe3O4@SiO2 core-shell nanoparticles 
functionalized by hydrous lanthanum oxide, 
which exhibited both high phosphate adsorption 
and good magnetic properties, facilitating the 
separation and recovery of core-shell materials 
[13]. Likewise, Lin et al. also reported the effective 
phosphate adsorption using Fe3O4@MgAl-LDH@
La(OH)3 composites with a hierarchical core-
shell structure [14]. Thanks to their magnetite 
core, more than 79% of composite powders can 
be recovered from solution by a magnet [14]. 
However, the core-shell adsorbents were usually 
prepared by complicated procedures which 
increases their production cost. Besides, during 

phosphate removal, the shell component can be 
separated from the inner magnetic core since the 
bonding strength between the shell and the core 
is still a question mark.

Therefore, in this work, we proposed to 
developed novel magnetic phosphate adsorbents 
without core-shell structure, based on chromium 
substituted cobalt ferrite Co(CrxFe1–x)2O4 powders. 
These samples were prepared by a simple 
coprecipitation-annealing method with different 
Cr contents and then characterized in terms of 
phase composition, surface atomic composition, 
morphology, surface area and magnetic 
parameters. Their maximum P adsorption 
capacity and their adsorption kinetics for 
phosphate removal were also investigated.

2. Experimental
2.1. Synthesis of magnetic adsorbents

For the synthesis of Co(CrxFe1–x)2O4 with x = 
0, 0.25, 0.50 and 0.75, the starting precursors 
including CoCl6·6H2O, Fe(NO3)3·9H2O and 
Cr(NO3)3·9H2O (> 98%, purchased from Sigma 
Aldrich) were separately dissolved in distilled 
water and then mixed together following the 
desired molar Co/Cr/Fe ratios. Subsequently, 
NaOH solution (4.0 mol/L–1) was slowly added 
to the solution containing Co2+, Fe3+ and Cr3+ 
under regular stirring until pH 7. This solution 
was heated and maintained at 90 °C for 2 hours. 
After that, the precipitates were filtered, washed 
with distilled water, dried at 150 °C for 8 hours 
and ground into a fine powder. The powders were 
annealed at 700 °C for 4 hours. Next, the products 
were washed with distilled water, separated 
from water by a magnet and finally dried again 
at 150  °C for 1 hour to obtain Co(CrxFe1–x)2O4 
samples.

2.2. Material characterization
The magnetic measurement for Co(CrxFe1–x)2O4 

adsorbents was carried out at room temperature 
by using a vibrating sample magnetometer 
PPMS6000 (Quantum Design). Their crystal 
structure and phase composition were 
investigated by powder X ray diffraction (XRD) 
using a BRUKER-Binary V3 X-ray diffractometer 
with CuKa radiation (l = 1.5406 Å) in the 2q range 
of 10–80° (0.02° per step). The morphology of 
these samples was observed by a field emission 
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scanning electron microscope (FE-SEM) HITACHI 
S-48000 under an accelerating voltage of 10 kV. 
The energy-dispersive X-ray spectroscopy (EDS) 
analysis was also conducted using HITACHI 
S-4800 microscope to determine the surface 
atomic composition of our adsorbents. Moreover, 
their specific surface area was measured by using 
the Brunauer-Emmett-Teller (BET) method with 
N2 adsorption-desorption isotherms recorded at 
77 K on a NOVA 1000e analyzer (Quantachrome 
Instruments).

2.3. Preliminary tests for phosphate adsorption
The preliminary adsorption tests of our 

Co(CrxFe1–x)2O4 adsorbents toward phosphate 
ions were performed by dispersing adsorbent 
powder (0.20 g) in the glass beaker containing 
100 mL of KH2PO4 solution (2 mgP/L-1) without 
artificial pH adjustment. The beaker was sealed 
and placed in a circulation system of water to 
maintain the temperature at about 30 °C. The 
suspension was constantly stirred for 24 hours. 
Then, the magnetic adsorbent was separated from 
the phosphate solution by using a magnet and 
the phosphate concentration of this solution was 
determined by the molybdenum blue colorimetric 
method [15] using a Helios Omega UV – VIS 
spectrophotometer (Thermo Fisher Scientific, 
USA) to measure the absorbance at 880 nm. The 
phosphate removal yield (%) and the phosphate 
uptake capacity at equilibrium (qe, mgP.g–1) of 
Co(CrxFe1–x)2O4 samples were calculated by the 
following equations (Eq. 1 and 2):

Yield�(%)�=� �×100,f��

0��

C C
C

0 -
 (1)

q
C C V
me

f(
,=�

)

adsorbent

0 -
  (2)

where C0 and Cf are the initial and final concen-
tration of phosphate solution (mgP/L–1), V is the 
solution volume (L) and madsorbent is the mass of 
adsorbent (g).

2.4. Adsorption isotherms
In order to determine the maximum phosphate 

adsorption capacity of our samples, the study of 
adsorption isotherms was conducted by adding 
0.02 g of samples into 100 mL of KH2PO4 solutions 
with different phosphate concentrations (2–
100 mgP.L–1). These suspensions were regularly 

stirred at about 30°C (by using a circulation 
system of water) for 24 hours. After that, the 
equilibrium adsorption capacity for phosphate 
of our samples was calculated according to 
Eq. 2. These isotherm data were consequently 
analyzed using two adsorption Langmuir and the 
Freundlich models which can be expressed by the 
Eq. 3 and Eq. 4, respectively:
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where Ce (mgP/L–1) and qe (mgP/g–1) are the 
phosphate concentration and the phosphate 
adsorption capacity of Co(CrxFe1–x)2O4 at equi-
librium, respectively, qm is the maximum phos-
phate adsorption capacity (mgP/g–1), KL is a 
Langmuir constant associated with the affinity 
of binding sites (L/mg–1), KF is a Freundlich con-
stant related to the adsorption capacity (mg-
P/g–1) and n is the constant related to the ad-
sorption density.

2.5. Adsorption kinetics
In order to investigate the phosphate 

adsorption kinetics of Co(CrxFe1–x)2O4 samples, 
the adsorption tests were carried out in the 
same way of our isotherm study except the 
fact that the initial phosphate concentration 
was fixed at 2 mgP/L–1. At given time intervals, 
aliquots of solution were collected, followed 
by the separation of magnetic adsorbents by a 
magnet and the concentrations of remaining 
phosphate ions were determined. Then, two 
kinetic models, the pseudo first-order (Eq. 5) and 
the pseudo second-order (Eq. 6) were used to fit 
the adsorption data of our samples:

log( ) log
.

,e t eq q q
k t

- = - 1

2 303
 (5)

t
q k q

t
qt e e

,= +1

2
2   (6)

where qe (mgP/g–1) and qt (mgP/g–1) are the phos-
phate adsorption capacity of Co(CrxFe1–x)2O4 at 
equilibrium and time t (min), k1 (min–1) and k2 (g/
mgP–1· min–1) are the adsorption rate constants 
corresponding to the pseudo first-order and pseu-
do second-order kinetic models, respectively.
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3. Results and discussion
3.1. Preliminary tests for phosphate adsorption

The phosphate removal yield and the 
phosphate uptake capacity at equilibrium 
of Co(CrxFe1–x)2O4 samples measured in our 
preliminary tests after 24 hours were presented 
in Table 1. Without Cr substitution, our CoFe2O4 
sample only exhibited a low phosphate adsorption 
with the removal yield of 29.45 % and the uptake 
capacity of 0.31 mgP/g–1. When Cr3+ ions were 
introduced into Co(CrxFe1–x)2O4 samples, the 
phosphate adsorption was greatly improved, 
indicating that the presence of Cr3+ ions may 
act as new and efficient adsorption sites toward 
phosphate ions. With x = 0.25, the phosphate 
removal yield and the phosphate uptake capacity 
reached 58.91% and 0.61 mgP/g–1, respectively, 
which are about two times higher than CoFe2O4. 
However, when the substituent Cr content 
further increased (x = 0.50, 0.75), the adsorption 
capacity and the removal yield were only slightly 
enhanced, suggesting that the increase of Cr 
content did not strongly affect the adsorption 
capacity of Co(CrxFe1–x)2O4 samples.

3.2. Magnetic properties
Fig. 1 and Table 2 display the magnetic 

hysteresis loops and the magnetic parameters 
of our Co(CrxFe1–x)2O4 samples, respectively. 
Generally, magnetic adsorbent powders usually 
need high saturation magnetization (MS) to be 
easily attracted by using an external magnetic field 
and low coercivity (HC) to be easily redispersed 
for the next runs. It was observed that CoFe2O4 
sample presented the hard ferromagnetic 
behavior at room temperature with the saturation 
magnetization of 65.90 emu/g–1 and the coercivity 

of 646.32 Oe. For Co(Cr0.25Fe0.75)2O4 sample, these 
both magnetic parameters were clearly declined 
(MS = 41.25 emu/g–1 and HC = 181.60 Oe). This 
evolution can be attributed to the replacement 
of Fe3+ ions by Cr3+ ions in the oxide lattice. In 
fact, the magnetic moment of Cr3+ ion (3 μB) is 
lower than that of Fe3+ ion (5 μB) [16]. Hence, 
when an amount of Fe3+ ions at the octahedral 
sites were replaced by Cr3+ ions, the A-B super 
exchange interaction was declined, which causes 
the decrease in saturation magnetization of 
chromium substituted materials. Moreover, the 
reduction of magnetization could also turn our 
samples into soft magnetic materials, causing the 
decrease in coercivity [17]. These results are found 
to be in good agreement with previous works [17–
19]. Fortunately, the saturation magnetization 
of Co(Cr0.25Fe0.75)2O4 is still high enough to allow 
the quick separation from the solution by a 

Table 1. Phosphate removal yield (Y %) and phosphate uptake capacity (qe) of CoFe2O4, Co(Cr0.25Fe0.75)2O4, 
Co(Cr0.50Fe0.50)2O4 and Co(Cr0.75Fe0.25)2O4 in our preliminary tests after 24 hours

Samples CoFe2O4 Co(Cr0.25Fe0.75)2O4 Co(Cr0.50Fe0.50)2O4 Co(Cr0.75Fe0.25)2O4

Y % 29.45 58.91 58.22 66.36

qe (mgP g-1) 0.31 0.61 0.60 0.68

Table 2. Magnetic parameters of CoFe2O4, Co(Cr0.25Fe0.75)2O4, Co(Cr0.50Fe0.50)2O4, and Co(Cr0.75Fe0.25)2O4  
samples

Samples CoFe2O4 Co(Cr0.25Fe0.75)2O4 Co(Cr0.50Fe0.50)2O4 Co(Cr0.75Fe0.25)2O4

MS (emu g-1) 65.903 41.251 15.492 0.671

HC (Oe) 646.320 181.60 13.54 104.60

Fig. 1. Magnetic hysteresis loops of CoFe2O4, 
C o ( C r 0 . 2 5F e 0 . 7 5 ) 2O 4,  C o ( C r 0 . 5 0F e 0 . 5 0 ) 2O 4  a n d 
Co(Cr0.75Fe0.25)2O4 samples
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magnet. However, for Co(Cr0.50Fe0.50)2O4 and 
Co(Cr0.75Fe0.25)2O4 samples, the MS value was 
dramatically declined, making it very difficult to 
separate these samples by a magnet. Therefore, 
from the results of preliminary adsorption tests 
and magnetic analysis, the Co(Cr0.25Fe0.75)2O4 
sample can be considered as the most promising 
magnetic adsorbent among our chromium 
substituted materials.

3.3. Crystal structure and atomic composition
Figure 2 displays XRD patterns of our CoFe2O4 

and Co(Cr0.25Fe0.75)2O4 samples. The pattern of 
CoFe2O4 sample shows the pure phase of cubic 
spinel cobalt ferrite (space group Fd3m, JCPDS 
No.22-1086), identified by the XRD peaks at 
18.33, 29.91, 30.70, 34.68, 36.01, 43.97, 58.09 
and 62.15°. From this pattern, the cell parameter 
of cubic spinel lattice was found to be 8.375 Å. 
When Fe3+ ions were replaced by Cr3+ ions with 
x = 0.25, no additional phase and no evolution 
of cell parameters have been detected in the 
XRD pattern, indicating that the chromium 
substitution at the level of 25 mol% did not affect 
the crystal structure and the phase composition 
of ferrite adsorbents. 

Although no additional Cr-containing phase 
was detected, according to the surface atomic 
composition determined by EDS analysis (Table 2), 
Cr3+ ions were still present in Co(Cr0.25Fe0.75)2O4 
sample with the surface atomic content up to 
6.38%. It should be reminded that the ionic radius 
of Cr3+ ions at octahedral sites is 0.615 Å [20], 
which is very close to that of Fe3+ ions (0.645 Å) 
at the octahedral sites of cubic spinel lattice [20]. 

This explained why Cr3+ ions can be substituted 
for Fe3+ ions in CoFe2O4 and why the formation of 
this solid solution is difficult to identify by XRD.

3.4. Morphology and specific surface area
T h e  m o r p h o l o g y  o f  C o F e 2O 4 a n d 

Co(Cr0.25Fe0.75)2O4 samples were investigated via 
their FE-SEM images. As shown in Fig. 3, both 
two samples consist of polyhedral particles 
with the particle size in the range of 30–50 nm. 
However, the particles of CoFe2O4 are found to 
be more strongly agglomerated than those of 
Co(Cr0.25Fe0.75)2O4, which can be explained by the 
higher saturation magnetization of cobalt ferrite 
powders without Cr-substitution. Consequently, 
the Co(Cr0.25Fe0.75)2O4 sample shows the enhanced 

Fig. 2. XRD patterns of CoFe2O4, Co(Cr0.25Fe0.75)2O4, 
Co(Cr0.50Fe0.50)2O4 and Co(Cr0.75Fe0.25)2O4 samples

Fig. 3. FE-SEM images of CoFe2O4 (a) and Co(Cr0.25Fe0.75)2O4 (b) samples
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specific surface area (23.258 m2/g–1) whereas 
the specific surface area of CoFe2O4 is only 
14.331 m2/g–1 (Table 3).
Table 3. Specific surface area (SBET) of CoFe2O4 and 
Co(Cr0.25Fe0.75)2O4 samples

Ferrite CoFe2O4 Co(Cr0.25Fe0.75)2O4

SBET (m2 g–1) 14.331 23.258

3.5. Adsorption isotherms
The experimental dataset obtained from 

the study of phosphate adsorption isotherms 
for CoFe2O4 and Co(Cr0.25Fe0.75)2O4 samples were 
fitted with the linear form by the Langmuir 
model (Fig. 4a) and Freundlich model (Fig. 4b). 
Then, their characteristic parameters were 
calculated and presented in Table 4. From the 
correlation coefficient R2, it is noticed that all 
the adsorption isotherms are better described 
by the Langmuir model than Freundlich model. 
This result indicates that the precipitation of 
chromium phosphate or iron phosphate can be 
negligible [21] and the phosphate removal over 
our adsorbents follows the monolayer adsorption 
processes. Moreover, by using the Langmuir 
equation (Eq. 3), the adsorption rate constant of 

Co(Cr0.25Fe0.75)2O4 sample was found to be 2.1160 
mgP.g–1, which is 4.85 times higher than CoFe2O4 
(0.4365 mgP/g–1).

3.6. Adsorption kinetics
In order to investigate the phosphate 

adsorption kinetics of Co(CrxFe1–x)2O4 samples, 
all kinetic data were fitted to the pseudo-first-
order (Fig. 5a) and the pseudo-second-order 
(Fig. 5b). The calculated kinetic parameters were 
shown in Table 5. Owing to the higher correlation 
coefficients R2, the pseudo-second-order model 
was proved to be more suitable for the phosphate 
adsorption on our materials. Accordingly, with 
the pseudo-second-order equation (Eq. 6), the 
phosphate adsorption rate constants of CoFe2O4 
and Co(Cr0.25Fe0.75)2O4 samples were estimated to 
be 0.4767 and 0.8106 g/mgP–1.min–1, respectively 
(Table 5), confirming that the phosphate 
adsorption process on our Cr-substituted sample 
is clearly faster than CoFe2O4.

3.7. Discussion
According to our experimental results, the 

chromium substitution at the level of 25 mol% 
did not only improve the maximal phosphate 

Fig. 4. F Linear fitting curves of Ce/qe versus Ce for Langmuir model (a) and Lnqe versus LnCe for Freundlich 
model (b)
Table 4. Langmuir and Freundlich isotherm parameters for phosphate adsorption on CoFe2O4 and 
Co(Cr0.25Fe0.75)2O4 samples

Langmuir Freundlich

qm (mgP/g–1) R2 KF (mgP/g–1) R2

CoFe2O4 0.4365 0.9864 0.3422 0.4243

Co(Cr0.25Fe0.75)2O4 2.1160 0.9907 0.5576 0.9691
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adsorption capacity but also increased the 
phosphate adsorption rate of CoFe2O4 powders. 
This evolution should be assigned to the increase 
in surface specific area of Cr-substituted sample 
as well as the presence of Cr3+ species in the lattice 
and on the surface of magnetic powders. In fact, 
when Cr3+ ions (x = 0.25) were substituted for Fe3+ 
ions in CoFe2O4, the specific surface area was 
enhanced by the factor of 1.62, which can increase 
the number of adsorption sites for phosphate 
ions. Since the adsorption rate constant of 
Co(Cr0.25Fe0.75)2O4 (k2  =  0.8106  g/mgP–1.min–1) 
is also 1.70 times higher than that of CoFe2O4 
(k2 = 0.4767 g.mgP–1.min–1), we believe that the 
phosphate adsorption rate on our samples is 
strongly associated with their surface specific 
area. However, as mentioned in our isotherm 
study, when 25 mol% chromium was inserted to 
cobalt ferrite, the maximal adsorption capacity 
was greatly enhanced with the factor of 4.85, 
significantly outperforming the increase in surface 
specific area. Thus, in addition of large specific 
surface area, this enhancement of adsorption 
capacity should be attributed to the presence of 
Cr3+ species on the surface of Co(Cr0.25Fe0.75)2O4 

sample. In literature, the formation constant 
of Cr(OH)3H2PO4

– complex was reported to be 
102.78 [22] whereas that of FeHPO4

+ complex is 
only 101.28 [23]. Therefore, it is suggested that 
the existence of Cr(III) species on the ferrite 
surface can promote bonding with phosphate ions 
through complex formation, which improves the 
phosphate removal from solution. 

4. Conclusions
Herein, the synthesis of  chromium-

substituted cobalt ferrite particles by a simple 
coprecipitation – annealing method and their 
application as novel magnetic adsorbents to the 
removal of phosphate ions from the solution 
were reported. All the Cr-substituted samples 
exhibited the enhanced adsorption toward 
phosphate ions in solution but their magnetic 
properties tend to decline with Cr content. Among 
our different samples, the 25 mol% Cr-substituted 
CoFe2O4 sample was considered as the most 
promising magnetic adsorbent since its saturation 
magnetization is still high enough for the quick 
separation from the solution by a magnet and its 
maximal phosphate adsorption capacity as well 

Fig. 5. Linear fitting curves of Ln(qe- qt) versus time for pseudo-first-order model (a) and (t/qt) versus time for 
pseudo-second-order model (b)

Table 5. Kinetic parameters of phosphate adsorption on CoFe2O4 and Co(Cr0.25Fe0.75)2O4 samples

Pseudo-first-order Pseudo-second-order

k (min–1) R2 k (g mgP–1 min–1) R2

CoFe2O4 0.0086 0.8763 0.4767 0.9859

Co(Cr0.25Fe0.75)2O4 0.0081 0.5791 0.8106 0.9933
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as its phosphate adsorption rate constant are 
significantly superior to that of CoFe2O4, which 
can be attributed to the high surface specific area 
and the presence of Cr3+ species on the surface of 
Cr-substituted adsorbents. 
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Abstract 
The purpose of our study was to analyse the effect of the moisture content in benzoic acid on the electrical conductivity 
of its melts.
The measurements were performed using impedance spectroscopy in a hermetically sealed metal cell with the temperature 
of the melts being 160–200 °С. Samples of benzoic acid with different moisture content were used: (i) as-received benzoic 
acid; (ii) acid dried over anhydrous calcium chloride; (iii) acid exposed to air at 100 % relative humidity.
The study demonstrated that electrical conductivity increased with an increase in the amount of moisture in the acid (the 
conductivity of the sample with the highest moisture content was about 2.5 times higher than that of the driest sample).
The results obtained are of importance for understanding the mechanisms of proton exchange processes on lithium niobate 
crystals and can be used for the production of proton-exchange waveguides with stable characteristics.
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1. Introduction 
Benzoic acid (BA) is widely used as a source of 

protons to perform proton exchange on lithium 
niobate (LN) LiNbO3 crystals in order to produce 
integrated optical devices. During the proton 
exchange, a lithium niobate crystal is kept in a 
BA melt at a temperature of 170–200 °С. During 
this process, some of the lithium ions in the 
surface layer of the LiNbO3 crystal are replaced 
with protons: LiNbO3 + xH+ ↔ HxLi1–xNbO3 + xLi+. 

Furthermore, lithium ions in the lithium 
niobate crystal are replaced with hydrogen ions 
(protons) followed by the formation of a solid 
solution HxLi1–xNbO3. This results in an increase 
in the refractive index of the surface layer of the 
crystal [1–4]. Due to the increase in the refractive 
index and the total internal reflection, light 
travels through the waveguide. 

Some researchers believe that it is possible 
to control the intensity of the proton exchange 
process by reducing the acidity of the benzoic 
acid melt with lithium benzoate [5]. We should 
note that there are very few studies focusing 
on the state of benzoic acid in the melt. Thus, 
[6] demonstrates that the concentration of free 
protons in a benzoic acid melt is considerably low, 
and the protons required for proton exchange 
may result from dissociative adsorption of BA 
molecules in the surface of LiNbO3. Analysis of 
the IR spectra of benzoic acid melts demonstrated 
that benzoic acid molecules are mostly present 
in the melt in the form of dimers [6]. Further 
studies [7, 8] determined that small amounts 
of water (about 0.5 wt%) added to benzoic acid 
intensify the proton exchange process. This could 
be explained by the increased dissociation of BA 
and increased concentration of protons in the 
BA melt. At the same time, only a few studies 
consider the effect of water added to benzoic acid 
on the result of proton exchange [9, 10]. Thus, 
they determined a significant influence of water 
in a melt of benzoic acid and lithium benzoate 
on the characteristics of the waveguides formed 
in lithium niobate [10].

The purpose of our study was to analyse 
the effect of moisture in benzoic acid on the 
concentration of free protons in a benzoic acid 
melt under conditions simulating those of the 
proton exchange process on lithium niobate. 
For this purpose, we measured the electrical 

conductivity of benzoic acid melts prepared in 
different ways and with different amounts of 
water in them.

2. Experimental 
In our experiments we used benzoic acid 

prepared in the following ways. 
1) As-received benzoic acid (analytical grade) 

stored in a closed container in a laboratory for 
10 months (storage temperature 22–24 °С, the 
air humidity up to 60 %). This sample will be 
further on referred to as the BA with the “natural” 
moisture content. 

2) The same BA after drying in a desiccator 
over calcined calcium chloride for 7 days (dried 
BA). The weight loss was 0.02 %. 

3) The same BA after 5-7 days in a desiccator 
at 100 % relative air humidity. The weight 
increase was 0.02 %. 

The method used in the experiment was 
practically the same as the one described in [6]. A 
hermetic aluminium cell was used (Fig. 1). The cell 
had two identical metal electrodes embedded in 
fluoropolymer. The diameter of the electrodes was 
5 mm, and the distance between the electrodes 
was ~ 2 mm. The electrodes were placed parallel 
to each other. The electrodes were made of either 
titanium (as in [6]) or aluminium. Before the 
experiment the electrode surface was polished 
with fine abrasive cloth and cleaned with ethanol. 
The lid of the cell had a thermocouple inlet. The 
cell was sealed to prevent the release of benzoic 
acid and water vapours during the measurements. 
The range of operating temperatures Т was 160–
200 °С. The accuracy of the maintained operating 
temperature was ±1 °С. The cell was calibrated 
using 0.01 and 0.02 M solutions of potassium 
chloride.

Preliminary tests demonstrated that, when 
kept in BA melts for several hours, titanium and 
aluminium remain quite stable, and no corrosion 
products capable of affecting the electrical 
conductivity of the melt were observed. However, 
we should note that in the studied temperature 
range, thin oxide films formed on the surface of 
Ti and Al in BA melts.

To determine the conductivity of BA melts, 
we measured the frequency dependences of the 
impedance of the cell using a Solartron 1287/1255 
analyser (Solartron Analytical). The amplitude 
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of the signal was up to 2 V. Large amplitudes of 
the alternating signal were used due to the high 
impedance (up to ~5×107 Ohm). The resistance of 
the melt demonstrated a linear current-voltage 
characteristic. Therefore, a large amplitude signal 
can be used to reduce the noise in the impedance 
response [11]. 

3. Results and discussion 
Experimental graphs of the impedance 

spectra on the complex plane are an almost 
perfect capacitive semicircle with a large diameter 
and a centre insignificantly displaced from the 
abscissa (Fig. 2). The semicircle is determined by 
the electrical resistance of the melt between the 
electrodes and the geometric capacitance of the 
measuring cell (not the double-layer capacity on 
the electrode-melt interface). The explanation for 
this is provided in [6]. The resistance of the melt 
is determined by the diameter of the capacitive 
semicircle (Fig. 2), rather than by the intercept 
of the capacitive arc on the abscissa at high 
frequencies f (when the influence of the geometric 
capacitance is observed, the real axis intercept at 
f Æ • practically equals zero).

G e o m e t r i c  c a p a c i t a n ce  C g =  e 0e / d 
(e0 = 8.854×10–12, F/m is the electric constant, e is the 
dielectric constant of the medium filling the cell, d 
is the distance between the electrodes) is parallel 
to series connection of the interfacial impedance 
and the resistance of the medium between the 
electrodes [12]. Geometric capacitance has very 
low values (usually 10–11 F [12]) and its impedance 
1/(wCg) has high values. However, if the resistance 

of the medium between the electrodes and/or the 
interfacial impedance is high, then the effect of 
Cg on the measured impedance of the cell at high 
frequencies is dominant. Therefore, the effect 
of Cg is taken into account when studying high-
resistance systems [13–16].

After the measurements in the BA melt (the 
highest temperature 200 °С) and cleaning the 
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Fig. 1. External appearance and cross section of the cell used for conductivity measurements: 1 – titanium or 
aluminium electrodes; 2 – thermocouple inlet; 3 – plug; 4 – seal ring (fluoropolymer).

Fig. 2. The impedance graph for benzoic acid melt at 
190 °С. Benzoic acid was exposed to air at 100 % rel-
ative humidity. The numbers next to the symbols are 
the frequencies in Hz



318

electrodes from the residues of benzoic acid in 
isopropyl and ethyl alcohol, the impedance was 
measured in a 0.02 M KCl aqueous solution with 
the same geometry of the cell. In this case the 
measured impedance was determined by the 
impedance of oxide layers, since the resistance of 
the solution between the electrodes (about 200 
Ohm) was significantly lower than the impedance 
of the electrode with an oxide film on the surface. 
The study demonstrated that the diameter of the 
capacitive arc on the impedance graph of the cell 
with oxidised electrodes in an aqueous solution 
at room temperature is by about two orders of 
magnitude smaller than the diameter of the 
semicircle on the impedance graph of the cell 
with the BA melt, even at a higher temperature 
of the melt. At higher temperatures of the 
aqueous solution the impedance of the cell with 
oxidised electrodes reduced. We can thus assume 
that the difference in the resistance of the melt 
and the oxide film on the electrode surface at 
temperatures of 160–200 °С increases (more 
than two orders of magnitude). This proves that 
the high impedance of the cell with the BA melt 
is primarily accounted for by the resistance of 
the melt between the electrodes, rather than by 
the oxide film on the electrodes. In accordance 
with this, the obtained values of the electrical 
resistance of BA melts did not depend on the 
material of the electrodes (Ti or Al).

Based on the impedance graph (Fig. 2) we 
can calculate the capacitance of the cell with a 
BA melt using the relation [11] wmRC = 1, where 
wm = 2pfm, fm is the characteristic frequency, 
when the imaginary part of the impedance is 
maximum, and R is the resistance determined by 
the diameter of the semicircle. When fm ª 315 Hz, 
R ª 35 MΩ (Fig. 2), we obtain С ª 1.4×10–11 F, 
which complies with the geometric capacitance 
by the order of magnitude. When measured in 
an aqueous solution of electrolyte with oxidised 
electrodes (after the experiment with a BA melt), 
the values of the capacitance obtained based on 
the impedance graphs vary from several tenths of 
μF to several μF, i.e. they are noticeably different 
from the capacitance in the melt. 

The results of the measurement of electrical 
conductivity k of BA melts in the range of 
temperatures of 160–200 °С are shown in Fig. 3. 
Curve 2 agrees well with the log k, 1/T dependence 

obtained in [6], where as-received benzoic acid 
was used. When more water is added to BA, 
the electrical conductivity naturally increases 
and the slope of log  k-1/T lines decreases 
(Fig. 3). Therefore, the initial moisture content 
in benzoic acid has a marked effect on the 
electrical conductivity of the melt. The changes 
are obviously caused by the presence of Н2О 
molecules in the melt. Removal of water from a BA 
melt can be hindered by the formation of BA-Н2О 
complexes [17] followed by their transformations:

(BН)2 + Н2О = BН×Н2О + BН (1)

BН×Н2О = B- + Н3О
+  (2)

where (ВН)2 is a dimer of benzoic acid and 
BН×Н2О is a BA-Н2О complex.

The values of the activation energy Еа of the 
ion transfer process in the melt calculated based 
on the slopes of log k–1/T lines using the formula 
Ea = –2.303Rb (R is the gas constant, b is the slope), 
were 53.3 ± 6.2, 39.2 ± 3.1 and 37.6 ± 5.4 kJ×mol–1 
for the dried BA, the BA with natural moisture 
content, and the BA kept at 100 % air humidity 
respectively. We can see that the two samples of 
BA containing some moisture have similar values 
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Fig. 3. Temperature dependence of electrical conduc-
tivity of benzoic acid melts: 1 – dried benzoic acid; 
2 – benzoic acid with natural moisture content; 3 – 
benzoic acid exposed to air at 100 % relative humidity
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of Еа, while Еа of the dried BA is significantly 
higher. In moisture containing BA, charge carriers 
can be formed by reactions (1) and (2). In dried 
BA, small number of ions is presumably formed 
according to the autoprotolysis reaction:

(ВН)2 = ВН2
+ + В-  (3)

The difference in the nature and mechanism 
of charge carrier generation results in different 
values of Еа for moisture containing and dried 
samples of benzoic acid.

Thus, small amounts of water in benzoic 
acid melts result in an increase in electrical 
conductivity. Such an increase may result from a 
larger number of ions in the melt. 

4. Conclusions
The obtained results demonstrate that the 

effect of moisture in benzoic acid on the electrical 
conductivity of BA melts and consequently on 
the concentration of free ions in the melt is 
noticeable (the sample with the highest moisture 
content differs from the dried one by 2.5 times at 
160 °С), and should be taken into account during 
the proton exchange process on lithium niobate.
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Abstract 
It is now a well-known fact that interfacial effects play a decisive role in the formation of the properties of polymer composites 
on the whole and nanocomposites in particular. Therefore, this article investigates the relations between the structure of 
carbon nanotubes in the polymer matrix of a nanocomposite and the level of interfacial adhesion which is characterised 
by dimensionless parameter ba.
It was shown that carbon nanotubes form ring-like structures, which are analogous to macromolecular coils of branched 
polymer chains and represent a specific type of aggregates for nanofillers of this type. Such ring-like structures can be 
geometrically described either by a full circle (“closed” structures) or by a part of it (arc) (“open” structures). The amplification 
of the aggregation process of carbon nanotubes characterised by a decrease in the radius of the ring-like structures is 
accompanied by a decrease in the fractal dimension of their surface compared to the nominal maximum value. When the 
ring-like structures reach the smallest possible (about 130 nm) radius, their surface is perceived by the polymer matrix as 
absolutely smooth, i.e. with a dimension of d=2. This determines the transition of the level of interfacial adhesion from 
nanoadhesion to perfect adhesion by Kerner. The nanoadhesion effect allows significantly improving the properties of 
polymer/carbon nanotube nanocomposites. The nanoadhesion effect only takes place if the surface of the ring-like structures 
of nanotubes is fractal.
Parameter ba, which characterises the level of interfacial adhesion in polymer nanocomposites, linearly increases with an 
increase in the fractal dimension of the surface of carbon nanotube aggregates. In this case, the highest attainable nominal 
dimension of the nanotubes surface, equal to ~ 2.85, is only achieved for “open” ring-like structures. The proposed analytical 
methods make it possible to predict both interfacial characteristics and the properties of polymer/carbon nanotube 
nanocomposites.
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1. Introduction 
Currently, carbon nanotubes, which have a 

number of unique properties (in particular, an 
elastic modulus of up to 1 TPa), are considered 
one of the most promising nanofillers for polymer 
nanocomposites [1]. However, a significant 
number of experimental studies have shown that 
an increase in the elastic modulus of the matrix 
polymer resulting from the introduction of the 
nanofiller is much smaller than expected [2, 3]. 
As a rule, this has been explained by a low degree 
of dispersion of carbon nanotubes or, which is 
just the same, a high degree of aggregation of the 
nanofiller [4, 5]. It should be noted that generally 
nanoparticles have a high tendency to aggregate 
due to very high values of specific surface [6, 7]. 
However, this effect has not been generalised to 
a proper theory.

As is known [8, 9], the structure of initially 
one-dimensional carbon nanotubes in any 
environment (melt, solution, solid phase) has 
its own specific features such as the formation 
of ring-like structures, which structurally are 
similar to macromolecular coils of branched 
polymer chains [8]. This ability is common to all 
one-dimensional (1D-dimensional) fillers [10]. 
Since it is currently believed that the properties 
of polymer nanocomposites are determined by 
the structure of the nanofiller (or more precisely, 
its aggregates) in the polymer matrix [11, 12], 
it seems necessary to take into account the 
formation of these ring-like formations. Thus, the 
purpose of this work is to quantitatively analyse 
the change in the characteristics of interfacial 
effects (fractal dimension of the nanotube 
surface and the level of interfacial adhesion) as 
a function of the structure of carbon nanotube 
aggregates modelled as ring-like formations, 
using epoxy polymer/multi-walled carbon 
nanotube (EP/MCNT) nanocomposites as an 
example [13].

2. Experimental 
Multi-walled  carbon nanotubes (MCNTs) 

obtained by deposition of chemical vapours in 
the Research Institute of Petroleum Industry 
(Iran) were used as nanofillers. They had an outer 
diameter of 10–50 nm, a length of 1–3 μm and 
their mass content in the studied nanocomposites 
varied in the range of 0.25–10.0 wt% [13].

A LY-5052 low-viscosity epoxy resin and 
a HY-5052 hardener were used to form the 
polymer matrix of EP/MCNT nanocomposites. 
First, MCNTs were dispersed in the hardener by 
sonication for 30 min. The sonication was carried 
by the pulse method at 60% amplitude to avoid 
overheating the material. The epoxy resin and 
hardener were mixed at a mass ratio of 100:30, 
after that the mixture was stirred at 900 rpm for 
15 min. Then it was poured into metal molds and 
cured at 333 K for 15 hours [13].

Mechanical tests for uniaxial tension were 
performed using a Zwick/Roel machine at a 
temperature of 293 K and a slider speed of 
1 mm/min. The used samples were 168 mm long, 
13 mm wide, and 5 mm thick. The average value 
for 5 samples was taken as the test result [13].

3. Results and Discussion
Since the authors [13] did not use any 

methods of nanofiller processing (for example, 
functionalisation, in situ polymerisation, etc.) 
when preparing EP/MCNTs, the radius of ring-
like MCNT formations RCNT could be determined 
using the ratio [10, 14]:

2
3

2

R
r L

CNT
CNT CNT

n

( ) =
p

j
,  (1)

where rCNT and LCNT are the radius and the length 
of the carbon nanotube, respectively, jn is the 
volume content of the nanofiller estimated by the 
following simple formula [6]:

j
rn

n

n

=
W

,  (2)

where Wn and rn are the weight content and den-
sity of carbon nanofiller, respectively. For MCNT, 
the value of rn = 1500 kg/m3 [15].

Further, it is possible to determine the 
effective (real) fractal dimension of the surface 
of ring-like MCNT formations dsur using the 
following equation [16]:

E
E

d dn

m
n sur= + - -( )È

ÎÍ
˘
˚̇1 130 1

1 1 7
j

/ ,
, (3)

where En and Em are the elastic moduli of the 
nanocomposite and matrix polymer, respectively 
(the ratio En/Em is commonly referred to as rein-
forcement degree of the nanocomposite) and d is 
the dimensionality of the Euclidean space in 
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which the fractal is considered (obviously, in our 
study, d = 3).

Fig. 1 shows the dependence of fractal 
dimension dsur of the surface of nanotube 
aggregates (ring-like formations) on the 
radius of these formations RCNT for EP/MCNT 
nanocomposites. As can be seen from the graph 
in Fig. 1, there was a linear decrease in dsur as RCNT 
decreased, i.e. as MCNT aggregation increased [9]. 
The value of dsur = 2.0 determining the smooth 
Euclidean surface of MCNT aggregates was 
achieved at a certain finite value of RCNT ª 0.13 μm. 
The latter result was expected since the condition 
RCNT = 0 is physically unrealistic and the minimum 
value of RCNT cannot be less than two outer 
diameters of the nanotube, i.e. 0.10 μm in the 
studied case. The dependence dsur(RCNT) presented 
in Fig. 1 can be described analytically by the 
following empirical equation:

d Rsur CNT= + -( )2 1 6 0 13, , , (4)

where the value of RCNT was given in μm.
It should be noted that the value of dsur 

for separate straight carbon nanotubes was 
~  2.85. From equation (4), it follows that such 
maximum value of dsur is achieved for nanotubes 
with RCNT >  0.66  μm. The authors [17] revealed 
a significant change in the properties of epoxy 
polymer/single-walled carbon nanotube 
nanocomposites during the transition of ring-
like formations of these nanotubes from “closed” 
to “open” structures. The latter structure type 
referred to a nanotube in the shape of an arc, 
and the former could be approximated by a ring. 
It is obvious that boundary RCNT

cr  between these 
types of structures of ring-like formations can 
be determined purely geometrically by equation 
[17]:

R
L

CNT
cr CNT=

2p
.  (5)

For the maximum length of the MCNT in the 
studied nanocomposites, LCNT = 3 μm, the value of 
RCNT
cr ª 0 48.  μm, which is quite close to the above 

value of RCNT ª 0.66 μm at which the condition 
of dsur = 2.85 is fulfilled. This means that the 
maximum possible value of dsur = 2.85 for carbon 
nanotubes is only achieved for fully “open” ring-
like MCNT formations, i.e. under the condition 
of RCNT > RCNT

cr  [17].

The level of interfacial adhesion between 
the polymer matrix and the nanofiller can be 
estimated quantitatively using dimensionless 
parameter ba, which also allows the qualitative 
gradation of this level. Thus, when ba = 0, 
no interfacial adhesion is present; ba = 1.0 
corresponds to perfect adhesion by Kerner; and 
ba > 1.0 defines the nanoadhesion effect [1]. The 
value of ba can be determined according to the 
following percolation relation [6]:

E
E

bn

m
n= + ( )1 11 2 85
1 7

,
,

aj .  (6)

Fig. 2 shows the dependence of the level of 
interfacial adhesion characterised by parameter 
ba on fractal dimension dsur of the surface of the 
MNCT aggregates for the studied nanocomposites. 
As can be seen, there is a linear increase in ba 
with an increase in dsur, which can be described 
analytically by the following equation:

b da = + -( )1 11 2 2, sur .  (7)

Equation (7) allows us to draw two important 
conclusions. First, the nanoadhesion effect 
(ba > 1.0) is only observed for the aggregates of a 
nanofiller with a fractal surface, i.e. for dsur > 2. At 
dsur = 2.0, i.e. a smooth Euclidean surface of the 
nanofiller, ba = 1.0, which corresponds to perfect 
interfacial adhesion by Kerner. Secondly, the 

Fig. 1. Dependence of the dimension of the surface of 
ring-like formations of carbon nanotubes dsur on their 
radius RCNT for EP/MNCT nanocomposites
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combination of equations (6) and (7) indicates 
a very strong influence of the level of interfacial 
adhesion, or more precisely nanoadhesion, on 
the properties of nanocomposites. Thus, under 
the condition of ba = 1.0 (perfect adhesion) and 
the maximum value of jn = 0.0667 for the studied 
nanocomposites, the value of En/Em = 1.65, which 
is close to the experimental value of 1.74, and 
the value of En in this case with Em = 3.11 GPa, 
is 5.2  GPa. If at the specified value of jn the 
maximum value of dsur = 2.85 is observed, then 
according to equation (7) ba = 10.5. It follows from 
equation (6) that in the latter case En/Em = 36.6 
or En =  113.9  GPa. Thus, the transition from 
perfect adhesion to the maximum possible level 
of nanoadhesion for the studied nanocomposites 
(ba = 10.5) allows increasing the elastic modulus 
of nanocomposites by approximately 22 times.

4. Conclusions 
Therefore, the results of this work have 

demonstrated that the dimension of the surface 
of aggregates (ring-like formations) of carbon 
nanotubes is controlled by their radius, i.e. the 
degree of aggregation. Nominal dimension of 
this surface can only be achieved for “open” ring-
like formations. The nanoadhesion effect, which 
strongly affects the properties of nanocomposites, 
can only be observed in the case of fractal 

surfaces, while the smooth Euclidean surface of 
the nanofiller corresponds to perfect interfacial 
adhesion by Kerner. The nanoadhesion effect 
in polymer nanocomposites opens up many 
opportunities for improving their properties.
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Abstract 
The study of the chemical and physical processes of solidification of polydisperse cement systems until now is based 
predominantly on empirical approaches. The phenomenological analysis of the interrelation of structure coefficients of 
set cement systems at the microlevel with their physical-mechanical properties was proposed as one of scientifically-
practical approaches to control of physical and chemical processes of structure formation of controlled-quality concretes. 
The comparison of the quantity indicators of a microstructure of cement rock and its functional properties can be used for 
the estimation of structural modifications with a variation in the composition of cement systems. The aim of the study was 
to obtain quantitative data of the structural-phenomenological analysis of set cement systems for determination of 
interrelation of microstructure indexes with their physical-mechanical properties. 
For the analysis of the structure of cement systems we used fractal geometry and the theory of passing (percolation)-based 
methods as well as modern modelling methods and scanning electronic and atomic-power microscopy. Fractal index D and 
micro-coarseness index S were used for a quantitative estimation of the microstructure of cement rock obtained without 
an additive and with an organomineral additive. These indexes were compared with the properties of cement rock determined 
during standard physical-mechanical trials. 
The calculation of microstructure indicators and determination of the optimal content of the components of the 
organomineral additive allowed increasing the understanding of the fractal-cluster mechanism of self-organization of 
cement systems, taking into account the topology of particle distribution. The interrelation between the D and S indicators, 
compressive resistance and the density of the cement stone was shown. The higher fractal parameter and a relatively low 
level of micro-coarseness were indicators of the material with improved physical-mechanical properties. The monitoring 
of changes of D and S indicators can be used to control the structural formation processes of cement systems. 
Keywords: Polydisperse cement systems, Fractal-cluster microstructures, Electron microscopy, Fractality, Micro-coarseness, 
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1. Introduction 
The phenomenological theory in the most 

general way is the formulation of regularities 
determining the relations between various 
observations of phenomena in accordance 
with the fundamental theory, but not following 
directly from this theory. In the natural sciences, 
the phenomenological analysis is an approach 
based on the correlation of various aspects 
and components of the phenomenon for the 
establishment of shapes and structures, modes 
and types of manifestation and functioning, 
in terms of relations with other phenomena 
and their mutual influence on each other. For 
construction materials science, further research 
aimed at improving methodological approaches 
for the analysis and assessment of the indexes of 
the structure of materials and the identification 
of their relationship with the physicochemical 
parameters that characterize the functional 
properties of the forming systems are important 
fundamental tasks. The development of ideas 
about the structure formation of the complex 
polydisperse heterogeneous systems, such 
as set cement stone, can be implemented 
comprehensively based on the system structural-
phenomenological approach. The structural-
phenomenological approach considers the 
interrelation between phenomena and their 
physical-mechanical properties, as well as 
a comprehensive microscopic analysis of 
quantitative indicators structures. This allows 
to establish the mechanisms of interaction 
between the components of cement systems 
and their influence on the physicochemical 
structural formation processes occurring at the 
microlevel. 

The relevance of the implementation of 
the structural-phenomenological approach 
is associated with the widespread use of 
organomineral additives (OMA) for the production 
of cement concretes with improved physical and 
technical parameters based on multicomponent 
finely dispersed mixtures [1–18]. However, the 
control of the structural formation processes of 
cement systems have not yet been fully studied. 
The developed cement systems with OMA 
significantly differ from traditional concretes 
in terms of structural topology. As it is known, 
an inhomogeneous aggregated fractal-cluster 

structure is formed in the processes of hardening, 
as a result of chemical, physical intermolecular, 
interparticle and interfacial interaction of the 
components of cement systems in the solid 
phase. In the microvolume of set cement stone, 
the formed crystalline hydrate structure is a key 
element that determines the properties of the 
entire system [19–22]. At the same time, the 
formation of the microstructure is influenced 
by the properties of the surface of mineral 
components and the degree of dispersion, which 
manifests in the anisotropy of cement systems, 
their fractal-cluster heterogeneity [20–23]. 

The investigation of the structural formation 
processes of dispersed-disordered fractal-cluster 
systems at the microlevel can be successfully 
implemented based on the development of the 
provisions of fractal geometry, statistical physics, 
percolation theory with the involvement of 
modern numerical and computer models, physical 
and chemical research methods. One of the 
available methods for studying the microstructure 
of solids is electron and atomic force microscopy. 
In this case, the use of quantitative indicators 
of fractal dimension, micro-coarseness, which 
allow to assess the degree of homogeneity and 
ordering of complex fractal-cluster objects at the 
microlevel is efficient [24–29]. 

Thus, in our opinion, the development of a 
structural-phenomenological approach to the 
analysis of forming systems at the microlevel is 
one of the most important aspects of controlling 
the processes of structure formation and directed 
regulation of the properties of cement systems. 
New scientific knowledge in this direction allow 
to expand the understanding of the mechanism of 
interaction of components with various physical 
and chemical properties and their influence on 
the microstructure of cement concrete. This will 
become the basis for further improvement of the 
compositions and technology of concretes with 
improved functional characteristics, as well as 
the basis for the development of composites with 
unique properties. 

The aim of the study was to obtain 
quantitative data based on the structural and 
phenomenological analysis of set cement systems 
for the identification of the interrelations of 
microstructure indicators with their physical-
mechanical properties. 
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2. Experimental 
The object of research was model and set 

cement systems - cement stones with and 
without OMA additives. The characteristics of 
the microstructure and physical-mechanical 
properties of the set cement system were 
investigated. For comparative analysis, two 
series of samples with the size of 2.0×2.0×2.0 cm 
were prepared: 1) control composition - cement 
stone without additives; 2) cement stone of 
a composite system with a complex OMA 
additive – “Portland cement + OMA”. For these 
purposes, Portland cement class CEM I 42.5N 
with a specific surface area of 3000 cm2/g, particle 
density 3.1 g/cm3 was used. The mineralogical 
composition of Portland cement (wt. %) was as 
follows: 3CaO·SiO2 – 68.98; 3CaO·SiO2 – 10.87; 
3CaO·Al2O3 – 8.77; 4CaO·Al2O3·Fe2O3 – 11.38. Raw 
materials that showed high efficiency according 
to the results of preliminary studies [21–23] were 
used as components of the OMA. The chemical 
component of OMA was a plasticizing additive 
based on Melflux 2651F polycarboxylates, the 
dosage was 0.8% by weight of cement. The mineral 
component of the OMA was finely dispersed 
quartz sand with a fineness of 7000 cm2/g, SiO2 
content 97%, particle density 2.6 g/cm3, dosage 
5, 10, 15, 20% by weight of cement. 

The introduction of a pre-prepared complex 
OMA additive into the composition of the cement 
system was carried out in a dry form. Water 
content in the studied systems was selected based 
on constant rheological characteristic, estimated 
based on the cone flow diameter, which was 13–
15 cm [21–23]. 

Technical tests of samples for compressive 
resistance (MPa) and average density (g/cm3) 
was carried out according to GOST 30744-2001 
“Cements. Test methods using polyfractional 
sand.” After testing, samples from the destroyed 
cement stone were prepared by mechanical 
grinding for the analysis of their microstructural 
characteristics. The size of the studied samples 
was 5×5×2 mm. 

An analytical assessment of the indexes of the 
microstructure of the cement system, including 
OMA with different dosages of finely dispersed 
quartz sand, was carried out by numerical and 
computer simulation methods based on the 
concepts of the percolation theory [22, 29]. For 

the studied systems, the concepts of flow along 
tangent and overlapping spheres, which were 
models of particles of the solid phase of the 
microfiller - finely dispersed quartz sand and 
cement were used. During the calculation, the 
quantitative ratio (by volume) was evaluated, 
which characterizes the proportion of microfiller, 
determining the processes of formation of the 
structure and properties of the cement system 
according to the formula: 

V
N d= p 3

6
,    (1)

where V is volumetric content of spheres (models 
of particles of the solid phase of the microfiller); 
N is the number of spheres (models of particles 
of the solid phase of the microfiller); d is the di-
ameter of the sphere (models of particles of the 
solid phase). 

Also, during the analysis of the structural 
characteristics of the cement system, the ratio 
of microfiller particles to cement particles was 
calculated using the formula: 

C
n
n
mk

c

= ,   (2)

where nmk, nc are concentrations (countable) of 
particles of microfiller and cement, which were 
calculated using the formulas: 

n
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m
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c

c c
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3p r
,   (4)

where mmk, mc is the proportion of microfiller and 
cement particles (by weight); dmk, dc is average 
microfiller and cement particle diameter; rmk, rc 
is the density of microfiller and cement particles. 

Visualization and geometric modelling 
of particles in the studied two-component 
cement system was carried out in the Unity 3D 
computer software environment. The program 
created spheres, representing models of solid 
phase particles, the calculated values of the 
characteristics of the components were entered 
and the indexes of the structure were calculated 
and its model was visualized [22]. 

Analysis of the formed structure of the set 
cement system at the microlevel was carried out 
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using two methods of physicochemical studies: 
scanning electron microscopy and atomic 
force microscopy. Micrographs of the surface 
of the structure with a resolution of 5 nm at a 
magnification of 2000 times were obtained by 
scanning microscopy method using a “Jeol jsm-
6380LV” scanning electron microscope. The 
resulting electronic images were used for fractal 
analysis of the microstructure. Quantification 
of the fractal dimension index D was carried 
out by the islands cross-section method using 
Fractall.Stat 3.1 software package [24]. For the 
implementation of this method, a digital image 
of the surface of the microstructure, obtained 
by an electron microscope in gray scale, was 
converted into black and white, while adjusting 
the brightness and contrast in the Paint.NET 
program. The transformed image was loaded into 
the Fractall.Stat 3.1 computer program, in which 
the structure image was sequentially divided into 
fragments (islands) and the area of dense zones 
А and perimeter P for each selected fragment 
were calculated. The fractal dimension index 
was calculated as the slope of the dependence of 
the perimeter of dense zones Р from their area 
А, plotted in double logarithmic coordinates. 
To ensure the correctness and reliability of the 
obtained data, the number of fragments of the 
structure image was more than 10. An example 
of a graphical representation of the results of 
calculating the fractal dimension is shown in 
Fig. 1. 

Three-dimensional topology images were 
obtained by atomic force microscopy using 
a NanoEducator unit and the surface micro-
coarseness index S  (nm) was determined based 
on the maximum peak of the three-dimensional 
image (along the z axis). The size of the scanning 
area for obtaining the image was 9×9 μm. 

3. Results and discussion
Physical-mechanical tests demonstrated that 

the set cement system with the OMA complex 
additive predictably had significantly higher 
physical-mechanical properties (Table 1) than 
the system without additives. The obtained 
results were a consequence of the active influence 
of the organic and mineral components of the 
OMA complex additive on the formation of 
the microstructure of the cement stone. The 

mechanism of action of the organic component 
“Melflux 2651F” based on polycarboxylates was 
due to the plastification and modification of the 
cement system, resulted from the effect of “steric” 
repulsion of watered particles of the solid phase 
during the adsorption of the surfactant [21, 23]. 
The action of the mineral OMA component - 
finely dispersed quartz sand was based on the 
modification of the structure of the cement 
system due to the presence of polar silanol groups 
capable of chemically participating in the process 
of hydration hardening on the amorphised 
surface of SiO2 particles [23]. 

The physical factor of interparticle interaction 
also had an influence exhibited as the reshaping 
of the structure of the cement stone at the 
microlevel when OMA with a different ground 
quartz sand content was introduced [22]. 
According to the model representations of the 
percolation theory, the topological distribution 
of microfiller particles corresponding to the 
formation of a percolation “infinite” fractal 
cluster will determine the properties of the 
entire cement system (Fig. 2a) [22, 29]. It has 
been experimentally established that cement 
systems with a volume content of ground quartz 
sand V ≈ 0.1–0.15 had the highest strength and 
density indicators (see Table 1). Convergence 
of the obtained experimental values and the 

Fig. 1. Example of graphical representation of calcu-
lation results for determination of the fractal dimen-
sion using the Fractall.Stat 3.1 program [24]
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optimal indicators previously calculated for 
filled composites V ≈ 0.076–0.16 confirmed the 
cluster mechanism of aggregation of particles 
of the solid phase and the possibility of the 
topological analysis of the structure using the 
percolation theory methods [22]. It was shown 
that the ratio of components in the system 
was C ≈ 1 for a structure with a ground quartz 
sand content of 10% at V≈ 0.1 (see Table 1). A 
fragment of the visualization and geometric 
modelling of particles with the given structural 
characteristics of the cement system, carried 
out in the Unity 3D computer environment, is 
shown in Fig. 2b. Probably, under real conditions, 
the topological distribution of the aggregated 
microfiller provides its location in voids and 
between cement particles, which contributes 
to the compaction of the cement system. The 
obtained calculated values and the presented 
models characterize the optimal content of 
the OMA components for the formation of the 
microstructure and the improvement of the 
physical-mechanical properties of the filled 
cement system. 

The analysis of images obtained using 
scanning electron microscope allowed to 
visually establish a qualitative change in the 
microstructure of the cement system formed 
during hydration hardening (Fig. 3). For the 
cement system, including the OMA complex 
additive, a distinctive feature was the formation 
of a more homogeneous and spatially ordered 
microstructure, including dense crystalline new 
growths (Fig. 3a). In turn, the microstructure of 
the set cement system without additives was 
characterized by a less uniform distribution of 
the solid phase with the presence of structural 
void elements - “dark” zones (Fig. 3b). 

The images of the structure obtained using 
a scanning electron microscope were processed 
for quantitative evaluation by fractal analysis 
methods (Fig. 4). It was established that for a 
more homogeneous and ordered microstructure 
formed in a system with a complex OMA additive, 
the fractal index was higher D = 1.85 (Fig. 4a) 
in comparison with the index obtained for the 
structure without additives D = 1.43 (Fig. 4b). 
An increase in the fractal index quantitatively 

Table 1. Influence of OMA with different content of ground quartz sand on the physical-mechanical 
properties of the set cement system 

Cement system

Contents of system components Physical-mechanical properties 

mass content of 
ground sand, % 

volume content 
of ground sand, 

V 

the ratio of 
components in 
the system, C 

compressive 
resistance, MPa

density, 
g/cm3

with complex 
OMA additive  

5 0.054 0.47 114 2.26
10 0.104 0.99 135 2.28 
15 0.149 1.57 121 2.26
20 0.189 2.23 103 2.25

without additives – – – 57 2.07 

a                                                                                                b
Fig. 2. Flat schematic model describing the flow of an “infinite” cluster (a) and geometric visualization of the 
model of the structure of the cement system with microfiller in the Unity 3D program (b) [22] 
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characterized the geometric restructuring of the 
formed microstructure and correlated with the 
strength indexes and density of the cement stone 
(Table 2). In particular, the higher the fractal 
index, and its value closer to D = 2, the more 
evenly dense elements (areas) are distributed 
in the microstructure space of the system and, 
respectively, the formed system of cement stone 
is denser and more durable. 

The interrelation of the micro-coarseness index 
S with physical-mechanical properties of systems 
was revealed by the analysis of the microstructure 
using an atomic force microscope,(Fig. 5, see 
Table. 2). It was established, that denser and more 
durable cement system with the OMA additive 
was characterized by a more uniform and ordered 
surface relief (Fig. 5a). Complex relief surfaces 

with a large number of protrusions and a higher 
value of micro-coarseness was characteristic for 
less homogeneous structure of the cement system 
(Fig. 5b). 

4. Conclusions 
The structural-phenomenological approach to 

the analysis and evaluation of the formed cement 
systems allowed to expand the understanding of 
the fractal-cluster mechanism of their structure 
formation. The relationship of microstructure 
indicators with the properties of cement systems 
was established by the comparison of quantitative 
data of modelling of the topology of particle 
distribution, and fractal geometry indicators of 
electronic images with microrelief indexes and 
physical-mechanical properties. The developed 

a                                                                                                b
Fig. 3. Images of the microstructure of the set cement system obtained using a scanning electron microscope 
(×2000): a) cement system with the OMA additive; b) cement system without additives 

а                                                                                                б
Fig. 4. Processed images of the microstructure of the set cement system: a) cement system with OMA additive 
(D = 1.85); b) cement system without additives (D = 1.43) 
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methodology can be used for further study of 
the factors controlling the processes of structure 
formation and regulation of the properties of 
cement systems. 
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1. Introduction
A family of compounds with the general 

formula АВ2Х4 (А – Mn, Fe, Co, Ni; B – Ga, In, 
Sb, Bi; X – S, Se, Te) [1–8] and complex phases 
of variable compositions based on them [9–
12] has been of considerable interest over the 
past thirty years. These magnetic compounds 
that contain three metal cations around each 
anion position, while the fourth empty position 
forms an ordered massif of vacancies, can exist 
in various crystal structures and show a number 
of physical and chemical properties related to 
the crystallographically ordered massif of the 
vacancies. The magneto-optical properties of 
these compounds are also of particular interest 
due to the presence of magnetic ions Fe+2 and Mn+2. 
According to the results of [1-6], these compounds 
possess thermoelectric, photoelectric, and optical 
properties. 

Recent studies showed that some layered 
compounds of the АВ2Х4 type exhibit properties 
of a magnetic and topological insulator [13–24]. 
Such a combination of magnetic and topological 
properties potentially leads to the development 
of multi-functional electronic and spintronic 
components that offer prospects of better energy 
efficiency and computing capabilities.

Considering the above, it can be said that the 
researches aimed at obtaining and studying solid 
solution based on the compounds of the АВ2Х4 
type are relevant.

The search and development of methods for 
the directed synthesis of new multi-component 
phases and materials are based on reliable data 
on the phase equilibria of the corresponding 
systems [25–27]. 

In this article, we continued the study of multi-
component systems based on the chalcogenides 

of transition metals [28–31] and presented the 
results of the study of phase equilibria in the 
MnTе–MnGa2Te4–MnIn2Te4 system. 

1.1. Starting compounds
The results of the study of starting binary 

and ternary compounds of the studied system 
are presented in [32–35]. MnTe telluride melts 
incongruently by a peritectic reaction at 1425 К. 
Several polymorphic transitions are inherent 
to this compound [32, 33]. The crystallographic 
parameters of various modifications of this 
compound are presented in Table 1.

The other two compounds of this system, 
MnGa2Te4 and MnIn2Te4, melt congruently at 
1083  K [34] and 1025 K [35], respectively. The 
former crystallises in a pseudo-tetragonal 
structure, while the latter crystallises in a 
tetragonal structure (Table 1). 

1.2. Boundary quasi-binary systems
A new specified variant of the phase diagram 

of the MnTе–MnGa2Te4 system was presented 
in [34], according to which was of eutectic type 
and had the following coordinates of the eutectic 
point: 84 mol% MnGa2Te4 and 1070 К.

The phase diagram of another boundary 
MnTe-MnIn2Te4 system of the eutectic type had 
the following coordinates of the eutectic point: 
90 mol% MnIn2Te4 and 1015 К [35]. 

The authors of [30] studied the MnGa2Tе4–
MnIn2Tе4 system (Fig. 1). It was established 
that it is quasi-binary and is characterised by 
the formation of wide regions of solid solutions 
based on the starting compounds. The MnGaInTe4 
phase had the highest temperature (1030 К) and 
crystallises in a tetragonal structure (Table 1). 
A comparison of MnGaInTe4 crystal lattices and 
an MnIn2Te4 isostructural ternary compound 

Table 1. Crystallographic data of binary and ternary phases of the MnTе-MnGa2Te4-MnIn2Te4 system

Phases Crystal system, space group, and lattice parameters, nm Source
MnTе – rt hexagonal, P63/mmc: а = 0.41498, c = 0.67176 nm [36] 

MnTе – it cubic, F43m: а = 0.634 nm [36]

MnTе – ht hexagonal, P63/mmc: а = 0.4148, c = 0.6721 nm [36]

MnGa2Te4

pseudo-tetragonal: а = b = 0.847, с = 4.83 nm [37]
monoclinic, С/2с: a = b = 1.1999 нм, с = 2.4922 nm [38]

MnIn2Te4 tetragonal, I-42m: a = 0.619490(5), c = 1.23956(2) nm [30]

MnGaInTe4 tetragonal, I-42m: a = 0.610293(7), c = 1.21766(2) nm [30]
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showed [30] that they were considerably different 
in the nature of colonisation of crystallographic 
positions and that MnGaInTe4 could be 
characterised as an ordered phase.

2. Experimental
2.1. Synthesis

The starting compounds MnTе, MnGa2Te4, and 
MnIn2Te4 of the studied systems were synthesised 
by melting stoichiometric amounts of high 
purity elementary components (manganese, 
catalogue number 7439-96-5, indium – 7440-74-6, 
gallium – 7440-55-3, and tellurium – 13494-80-9) 
purchased from the German company Alfa Aesar. 
They were synthesised for 8 hours in sealed 
quartz ampoules that were evacuated to a residual 
pressure of 10–2 Pa. The temperatures were 20 K 
higher than the melting points. Then the furnace 
was turned off. To prevent the interaction of 
quartz with manganese, the starting compounds 
and intermediate alloys of the studied system 
were synthesised in graphitised ampoules. The 
graphitisation was performed by the thermal 
decomposition of toluene. 

The single-phase composition of the 
synthesised samples was confirmed by means 
of differential thermal analysis (DTA) and X-ray 
diffraction (XRD). 

According to DTA, the melting points of MnTе, 
MnGa2Te4, and MnIn2Te4 were 1425±3 K, 1083±3 К, 
and 1025±3 К, respectively, which corresponded 
with the results of [32–35].

Based on the XRD data, we calculated the 
crystallographic parameters of lattices, which 
corresponded well with the data from [36, 37, 
30], (Table 1):

MnTе-rt – hexagonal, space group P63/mmc: 
a = 0.41488(4), c = 0.67166(6) nm;

M n G a 2 T e 4  –  p s e u d o - t e t r a g o n a l 
а = b = 0.84851(8), c = 4.8402(2) nm; 

MnIn2Te4 – tetragonal, I-42m: а = 0.61949 (5); 
c = 1.23956(2) nm; 

MnGaInTe4 – tetragonal, I-42m: а = 0.610293 
(7); c = 1.21766(2) nm. 

The alloys of the MnTе–MnGa2Te4–MnIn2Te4 
system (Fig. 2) were synthesised by melting the 
above-mentioned compounds in different ratios 
in evacuated quartz ampoules with further long-
term (500 h) thermal annealing at 800 К. In 
order to develop a diagram for the solid-phase 
equilibria, some alloys were hardened by dropping 
ampoules into cold water. 

2.2. Research methods 
DTA was conducted on a Netzsch STA 

449 F3 unit (platinum-platinum/rhodium 
thermocouples) in the range of temperatures 
from room temperature to ~ 1450 К with a heating 
rate of 10 К·min–1. 

XRD was conducted by recording powder 
patterns on a D2 Phaser diffractometer. Crystal 
lattice parameters were calculated and specified 
using EVA and TOPAS 4.2 (Bruker, Germany, CuKa 
radiation, angle range 5° ≤ 2q ≤ 80°, recording rate 
0.03º×0.2 min). 

Fig. 1. Phase diagram of the MnGa2Te4–MnIn2Te4 system [30]
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3. Results and discussion
We processed both experimental and 

published data on boundary systems [30, 34, 
35] and obtained a general consistent pattern 
of phase equilibria in the MnTе–MnGa2Te4–
MnIn2Te4 system. In tables and figures as well 
as in the article itself, solid solutions based on 
compounds and their various modifications were 
designated as follows: a – MnTе-lt, g1 – MnGa2Te4, 
g2 – MnIn2Te4.

3.1. Solid-phase equilibria  
in the MnTе–MnGa2Te4–MnIn2Te4 system

Based on the XRD data of the samples 
hardened at 800 К, we developed a diagram 
for the solid-phase equilibria of the MnTе–
MnGa2Te4–MnIn2Te4 system at 800 К (Fig. 3). 
As can be seen, wide regions of solid solutions 
based on ternary MnGa2Te4 (g1) and MnIn2Te4 (g2) 
compounds were formed in the system. These 
phases had the form of bands 2–4 mol% wide 
and 15 and 65 mol% long, respectively, along the 
boundary system MnGa2Te4-MnIn2Te4. Based on 
the low-temperature modification of MnTe, the 
a-phase took up a narrow area (5–6 mol%) of the 
corresponding angle. The listed phases formed 
a number of two-phase regions, a+g1, a+g2, and 
g1+g2 that were separated by a three-phase region 
a+g1+g2.

All the phase regions presented in Fig. 3 
were confirmed by XRD. Fig. 4 shows X-ray 

powder diffraction patterns of three alloys from 
different phase regions. It can be seen that the 
compositions of these samples correspond to 
the pattern of solid-phase equilibria presented 
in Fig. 3.

3.2. Liquidus surface
A projection of the liquidus surface of the 

MnTе–MnGa2Te4–MnIn2Te4 system consists of 
four fields of primary crystallisation (Fig. 5). The 
presence of field (1) corresponding to the primary 
crystallisation of high-temperature modification 
of manganese, which was not a component of this 

Fig. 2. Compositions of the studied samples in the MnTе–MnGa2Te4–MnIn2Te4 system

Table 2. Non-variant and monovariant equilibria 
in the MnTе–MnGa2Te4–MnIn2Te4 system

Point or curve 
in Fig. 5. Equilibrium Т, К

D
M
e1
е2
e3
e4
e5
E

L ´ g2 (MnGaInTe4) 
L ´ g2

L ´ g1 + g 2
L ´ g1 + a 
L ´ g2 + a 
L ´ g2 + a
L ´ g2 + a

L ´ a + g1 + g 2

1030
1005
1012
1060
1015
1018
1310
997

е2E 
e1E
e4E
e3e5
e4 e5

L ´ a +  g1  
L ´ g1+  g2  
L ´ a + g2
L ´ g + g2
L ´ a + g 2

1060–997
1012–997
1018–997
1015–995
1018–995
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Fig. 3. Diagram of solid-phase equilibria in the MnTе–MnGa2Te4–MnIn2Te4 system at 800 К ·1-3 alloys for which 
X-ray powder diffraction patterns are presented in Fig. 4

Fig. 4. X-ray powder diffraction patterns of the alloys (1-3) of the MnTе–MnGa2Te4–MnIn2Te4 system specified 
in Fig. 3
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system, could be explained by the formation of 
MnTe by a peritectic reaction L + Mn-ht ́  MnTe-ht 
[32]. Field (2) corresponds to the crystallisation of 
solid solutions based on various modifications 
of MnTe. The other two fields belong to the g1 
and g2 phases. The specified fields are separated 
by a number of curves of monovariant equilibria 
and points of non-variant equilibria. The types 
and coordinates of non-variant and monovariant 
equilibria are presented in Table 2.

The MnTе–MnGa2Te4–MnIn2Te4 system had 
one partially quasi-binary section (Fig. 5, dotted 
line) that divided it into 2 subsystems. The MnTe–
MnGa2Te4–MnGaInTe4 subsystem belonged to the 
non-variant eutectic (E) type while the MnTe–
MnGaInTe4–MnIn2Te4 subsystem belonged to the 
monovariant eutectic type. It should be noted 
that the g2 phase of the MnGaInTe4 composition 
had the highest melting point of 1030 К. As 
was shown in [30], the nature of colonisation of 
crystallographic positions in MnGaInTe4 allowed 
considering it as an ordered phase. Taking into 
account that the MnGaInTe4 phase was in non-
variant eutectic equilibrium with the g phase 
based on MnTe-rt (Fig. 5, point е4), this section 
could be considered partially quasi-binary.

3.3. Polythermal sections 
The MnTe–MnGaInTe4 section (Fig. 6) was 

quasi-binary. The liquidus consists of three curves. 
Mn-ht crystallises from the melt in the regions 
of compositions rich in MnTe (> 90 mol%), while 
solid solutions based on various modifications of 
manganese monotelluride crystallise in the range 
of 13–90 mol% MnTe. The g2 phase crystallises in 
the range of 0–15 mol% MnTe. The formation of 
solid solutions based on MnTe leads to a decrease 
in temperature of its polymorphic transitions 
and establishment of metatectic equilibria. The 
coordinates of the eutectic points (e4) are 13 mol% 
MnTe and 1018 К. 

The MnGa2Te4–[A] section (Fig. 7) where [A] 
is a two-phase alloy of the 2MnTe–MnIn2Te4 side 
system with the 50 mol% MnIn2Te4 composition. 
This section crosses the 2MnTe–MnGaInTe4 
partially quasi-binary section and passes through 
the primary crystallisation fields of solid solutions 
based on various crystalline modifications of 
MnTe and the g1 phase. The following monovariant 
eutectic reactions procees below the liquidus: 
L ↔ a + g1 (55–97 mol% MnGa2Te4) and L ↔ a + g2 
(< 55 mol% MnGa2Te4). The second reaction is 

Fig. 5. Projection of the liquidus surface of the MnTе–MnGa2Te4–MnIn2Te4 system. Primary crystallisation 
fields of the phases: 1 – Mn-ht; 2 – phases based on various modifications of MnTe; 3 – g 1; 4 – g2
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Fig. 6. Polythermal section of 2MnTe–MnGaInTe4 

Fig. 7. Polythermal section of MnGa2Te4–[A], [A] is the alloy of the 2MnTe–MnIn2Te4 system with the compo-
sition of 50 mol% MnIn2Te4

non-variant in the extremum points (10 and 
33.3  mol% MnGa2Te4 compositions). Three-
phase fields are formed over the course of the 
specified eutectic processes: L + a + g1 and 
L + a + g2 (Fig. 7). In the range of the 0–48 and 80–
97 mol% MnGa2Te4 compositions crystallisation 

ends with the formation of two-phase mixtures, 
a + g2 and a + g1, respectively. In the range of 48–
80 mol% MnGa2Te4 crystallisation proceeds by a 
LЕ ↔ a + g1 + g2 non-variant eutectic reaction that 
resulted in the formation of a three-phase region 
a + g1 + g2 in the subsolidus.
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4. Conclusions
Phase equilibria in the MnTе–MnGa2Te4–

MnIn2Te4 system were studied by DTA and XRD 
methods. We built a projection of the liquidus 
surface of this system, an isothermal section at 
800 K, and internal polythermal sections of the 
2MnTe–MnGaInTe4 and MnGa2Te4–[A] phase 
diagram. It was shown that the liquidus surfaces 
corresponded to 4 fields of primary crystallisation 
fields. We identified the types and coordinates of 
non-variant and monovariant equilibria. Wide 
regions of solid solutions along the MnGa2Te4–
MnIn2Te4 section (10 and 65 mol%, respectively) 
that are of practical interest as potential magnetic 
materials were determined in the system. 
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Abstract 
The purpose of our study was to develop an optimal procedure for the synthesis of the b-phase of gallium(III) oxide with 
a high degree of chemical purity. Based on the analysis of the possible synthesis methods of the b-phase of gallium(III) 
oxide, we suggested a procedure which uses gallium(III) nitrate crystallohydrate as a precursor for obtaining the final 
product. The article demonstrates that during the synthesis of gallium(III) nitrate by means of direct interaction between 
metallic gallium and concentrated nitric acid, a hygroscopic crystallohydrate is formed with the formula Ga(NO3)3·

 9H2O.
Powders of the b-phase of Ga2O3 were synthesised by means of the thermal decomposition of gallium(III) nitrate in an 
oxygen atmosphere. Electron probe microanalysis (EPMA) and X-ray phase analysis (XRD) were used to determine the 
quantitative chemical composition, stoichiometry, and crystal structure of the gallium(III) oxide samples synthesised at 
different temperatures. The EPMA of the powders calcinated at temperatures Tcalc = 500–950 °C demonstrated that the 
ratio of the elements was constant and corresponded to the stoichiometric composition of Ga2O3. A comparative analysis 
of the X-ray diffraction peaks demonstrated that with an increase in the decomposition temperature within the range 
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1. Introduction
The scientific progress at the turn of the 

21st century and development of science-
intensive technologies necessitated the creation 
of a new generation of microelectronic devices. 
Consequently, scientists began their search for 
semiconductor materials other than silicon and 
gallium arsenide [1, 2]. The range of promising 
materials for optical- and microelectronics 
has grown significantly, with experts focusing 
especially on studying wide-band semiconductor 
materials such as gallium nitride (GaN), 
aluminium nitride (AlN), silicon carbide (SiC), and 
solid solutions of gallium nitride and aluminium 
nitride (AlGaN). 

The analysis of the literature data showed 
that of all the polymorphic modifications of 
gallium(III) oxide the b-phase of Ga2O3, which 
is thermodynamically stable in a wide range of 
temperatures, is the most promising material for 
optical- and microelectronics in the 21st century 
[2]. The obtained data on the physicochemical 
properties of single crystals and thin films of 
gallium(III) oxide demonstrates that this material 
has recently become a promising candidate for the 
production of certain types of devices in power 
electronics as well as solar energy converters 
and ultraviolet (UV) photodetectors [2–10]. Due 
to the large band gap of the b-phase of Ga2O3 
(DEg ~ 4.7 eV) this material can be used to produce 
ionizing radiation sensors and gas sensors which 
provide for more opportunities than the existing 
technologies [11–16]. 

Besides the above mentioned applications, 
gallium(III) oxide can also be used in doping 
of metal oxide semiconductors with hole 
conductivity, for instance palladium(II) oxide 
[17–20]. The studies of thin and nanocrystalline 
palladium(II) oxide films demonstrated that the 
heterostructures based on them can be effectively 
used to create resistive gas sensors [21–23]. 
Doping with gallium(III) oxide can enhance the 
sensitivity and selectivity of gas sensors produced 
using nanostructures with different morphological 
organization based on palladium(II) oxide due to 
the formation of active sites, as well as devices 
with p- n-transitions [24–25].

Analysis of the existing literature demonstrated 
that electrical properties of the b-phase of Ga2O3 
have not been thoroughly studied yet [2]. Such 

studies are very much hindered by the presence 
of the so-called unintentional impurities in 
gallium(III) oxide [2]. Therefore, it is important 
to develop a method for synthesising gallium(III) 
oxide of high chemical purity.

The purpose of our study was to determine 
the optimal method of synthesis of the b-phase 
of Ga2O3 with high chemical purity, as well as 
to investigate its quantitative composition and 
crystal structure depending on the synthesis 
conditions.

2. Experimental
As follows from the literature data [26–

28], there are several methods of synthesis of 
gallium(III) oxide. Fig. 1 presents the possible 
methods of synthesis of gallium(III) oxide. It 
might seem that the easiest way to synthesise 
b-phase powders of Ga2O3 is by the thermal 
decomposition of the precipitate of gallium(III) 
hydroxide according to the equation:

2Ga(OH)3
(S) Æ Ga2O3

(S) + 3 H2O
(G). (1)

Since gall ium(III)  hydroxide (III)  is 
characterised by a relatively small solubility 
product, Ksp(Ga(OH)3) = 1.6·10–37 [29], it is possible 
to obtain enough precipitation of the substance 
with a minimum loss of the initial reagents. It 
is known [26–28] that gallium is an amphoteric 
metal. Therefore, gallium(III) hydroxide can be 
obtained by means of two methods. 

First, the precipitate of gallium(III) hydroxide 
can be, in theory, synthesised in a single stage 
by direct interaction with hot water according to 
the equation:

2Ga(S) + 6H2O
(L) Æ 2Ga(OH)3

(S) + 3H2
(G). (2)

In fact, this reaction (2) does not take place 
due to the quick oxidation of the metal’s surface 
and formation of a thick layer of gallium(III) oxide 
which prevents the interaction between the metal 
and water.

The second way, as shown in Fig. 1, is to 
obtain the precipitate of Ga(OH)3 in two stages. 
During the first stage, gallium is dissolved in 
strong inorganic acids (HCl, H2SO4, and HNO3) 
followed by the deposition of Ga(OH)3 by means 
of the effect of alkali on the solution of the 
corresponding salt, for instance:

GaCl3
(Aq) + 3NaOH(Aq) Æ Ga(OH)3

(S) + 3NaCl(Aq). (3) 
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However, this method of obtaining the 
precipitate of Ga(OH)3 may result in smaller 
product yield of the reaction due to the incomplete 
deposition caused by the amphoterism of 
gallium(III) hydroxide:

Ga(OH)3
(S) + 3NaOH(Aq) Æ 3Na[Ga(OH)6]

(Aq), (4) 
Ga(OH)3

(S) + 3HCl(Aq) Æ GaCl3
(Aq) + 3H2O

(L). (5) 

The existing literature does not provide 
any information about the dependence of the 
product yield of the deposition reaction of 
Ga(OH)3 on the рН of the solution. There is 
also no data regarding the possible effect of the 
occurrence of sodium ions in the precipitate 
of Ga(OH)3 obtained according to the equation 
(3). Nevertheless, the reviews demonstrated [2, 
3] that the most common method of obtaining 
various polymorphic modifications of Ga2O3 is the 
thermal decomposition of Ga(OH)3 hydroxide or 
GaOOH oxyhydroxide. 

In this article, we suggest an optimal 
alternative method for the synthesis of 
gallium(III) oxide. It is based on the fact (Fig. 1) 

that during the synthesis of Ga2O3 the precursor 
is gallium(III) nitrate. 

The suggested method has two advantages 
over the synthesis methods of gallium(III) oxide 
described above. First, this method provides for 
the maximum product yield of Ga2O3, because it 
prevents the loss of the initial reagents during 
all the stages. Second, the method allows for 
obtaining a product of high chemical purity.

To obtain this result, we used the following 
initial reagents: 99.998% pure metallic gallium 
Extra 000 and concentrated nitric acid (reagent 
grade GOST 4461-77) which was additionally 
purified by means of distillation. As we know 
[30], nitric acid can contain a certain amount of 
hydrochloric acid impurities. Chloride anions 
in the samples of Ga2O3 are donor centres and 
therefore their presence in the samples of 
gallium(III) oxide is highly undesirable. 

The degree of purity of the nitric acid was 
monitored based on the qualitative reaction with 
silver nitrate. The nitric acid was distilled until 
there were no chloride anions in the distilled 

Fig. 1. Possible synthesis methods of different polymorphic modifications of gallium(III) oxide
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fraction of HNO3. As a result, we obtained nitric 
acid of 1.40–1.45 g/cm3, which corresponds to the 
mass fraction w% (HNO3) = 66 %. 

As demonstrated in Fig. 1, in our study we 
used the process of decomposition of gallium(III) 
nitrate to synthesise crystalline powders of 
gallium(III) oxide. In this case, the synthesis 
of Ga2O3 includes two stages. During the first 
stage, gallium(III) nitrate was synthesised. The 
synthesis of Ga(NO3)3

 was performed by means 
of direct interaction of 99.998 % pure metallic 
gallium Extra 000 with concentrated nitric acid 
at room temperature according to the equation:

Ga(S) + 6HNO3
(Aq) Æ  

Æ Ga(NO3)3
(Aq) + 3NO2

(G) + 3H2O
(L) (6)

To initiate the formation of crystals, the 
solution was evaporated at the temperature 
of 50 °C until the first microscopic crystals 
appeared. The solution was then cooled to room 
temperature, after which it was further cooled to 
0 °C in a mixture of ice and distilled water. The 
complete deposition of the gallium(III) nitrate 
crystallohydrate was obtained by keeping the 
solution at the temperature of 0 °C for 4 hours.

Using the calculations based on the results of 
the gravimetric analysis of the obtained crystals 
and the mass of the initial metallic gallium we 
determined that within the experimental error 
the formula of the obtained crystallohydrate 
is Ga(NO3)3·

 9H2O, or more precisely [Ga(H2O)6]
(NO3)3·

 3H2O. 
The synthesised Ga(NO3)3·

 9H2O crystals 
appeared to be highly hygroscopic and intensively 
absorbed moisture from air at room temperature. 
To prevent uncontrolled splashing of the 
Ga(NO3)3·

 nH2O samples, during the following 
calcination aimed at synthesising gallium(III) 
oxide, they were dehydrated by being heated 
to the temperature of 120 °C and exposed to 
isothermal endurance for 240 minutes. The 
temperature was monitored using chromel-
alumel thermocouples and a digital voltmeter. 
As a result of the dehydration of Ga(NO3)3·

 9H2O 
crystallohydrate under the described conditions, 
compact white samples were formed which 
practically did not absorb moisture from air. 
Prior to further calcination the dehydrated 
Ga(NO3)3·

 nH2O crystals were ground in an agate 
mortar for 30 minutes.

As a reactor for the decomposition of gallium 
nitrate we used a resistive heating tube furnace 
with dry oxygen delivered to the reaction zone. 
The quartz boat with the ground dehydrated 
Ga(NO3)3·

 nH2O crystals was put into the quartz 
reactor so that the galluim(III) nitrate sample was 
in the isothermal zone of the resistive heating 
furnace. The furnace was first slowly heated to 
Т = 200 °C after which oxygen was delivered 
to the reaction zone. Thermal decomposition 
of the crystals of the precursor was performed 
in the temperature range of 300–950 °C for 
6 hours. Gallium(III) nitrate was subjected to 
thermal decomposition to form gallium(III) oxide 
according to the equation:

4Ga(NO ) 2Ga O +12NO +3O3 3 2 3 2 2
T > ∞æ Ææææ ≠ ≠400 C . (7) 

The qualitative and quantitative elemental 
composition of the synthesised samples was 
determined by means of the electron probe 
microanalysis (EPMA). The analysis was 
performed using a JEOL-JCM 6380 LV scanning 
electron microscope with an Oxford Instruments 
INCA X-sight LN2 energy dispersive analysis 
system.

The crystal structure of the Ga2O3 samples was 
studied by means of X-ray phase analysis (XRD) 
using a DRON-4-07 diffractometer with filtered 
CoKa-radiation.

3. Results and discussion
Based on the quantity of gallium nitrate 

and the mass of the water, we determined the 
formula of the precursor used in the study. The 
synthesised gallium nitrate can be described by 
a molecular formula Ga(NO3)3·

 9H2O, or more 
precisely [Ga(H2O)6](NO3)·  3H2O. The X-ray 
analysis of the Ga(NO3)3·

 9H2O crystallohydrate 
using DRON-4-07 did not present any diffraction 
pattern, which can be explained by the very high 
hygroscopy of gallium nitrate.

Using electron probe microanalysis (EPMA), 
we studied a number of samples obtained by 
means of calcination of dehydrated and ground 
Ga(NO3)3·

 nH2O samples in dry oxygen at the 
temperature range of Tcalc = 300–950 °C. 

Fig. 2 presents the typical spectrum of 
characteristic X-ray radiation and the scanning 
area of 400×400 μm of the surface of the 
samples obtained by means of the calcination of 
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dehydrated ground Ga(NO3)3·
 nH2O samples in 

the temperature range of Tcalc = 300–950 °C. The 
synthesised samples of Ga2O3 showed very high 
resistance and very low electrical conductivity. 
To prevent the accumulation of static electricity 
and ensure the stability of the electronic probe, 
the surfaces of the studied Ga2O3 samples were 
coated with a thin layer of amorphous carbon 
(Fig. 2 a). This accounts for the presence of 
carbon lines in the characteristic X-ray radiation 
spectrum (Fig. 2 b). The figure demonstrates that 
the spectrum contains only gallium, oxygen, and 
carbon lines. No other elements were observed 
in the spectrum. This proves that the obtained 
samples are characterised by a high degree of 
chemical purity.

The data obtained my means of EPMA 
(Table 1) demonstrates that complete thermal 
decomposition of gallium(III) nitrate followed 
by the formation of a single-phase Ga2O3 
according to the equation (7) takes place at the 
calcination temperature Tcalc = 500 °C. The spectra 
of the samples obtained at lower temperatures 
(Tcalc = 300 °С) contained nitrogen lines, which 
indicated that the decomposition of gallium(III) 
nitrate was not complete.

Having determined the quantitative 
composition of the single-phase gallium(III) 
oxide powders we can conclude that the quantity 
of gallium and oxygen atoms in the samples 
obtained at Tcalc ≥ 500 °С is constant within the 
systematic error of the EPMA method (Table 1). 

b
Fig. 2. а – SEM image of a section of the Ga2O3 sample scanned during the study of the quantitative composi-
tion by means of EPMA. b – Characteristic X-ray radiation spectrum of the Ga2O3 sample synthesized by calci-
nation of Ga(NO3)3· nH2O in an oxygen atmosphere at Tcalc = 750 °C

a

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2022;24(3): 345–355

A. M. Samoylov et al. Synthesis of chemically pure b-phase powders of gallium(III) oxide



350

Within the temperature range Tcalc 500–950 °C, 
the ratio between the mole fractions of gallium 
and oxygen corresponds to the stoichiometric 
composition of Ga2O3 and does not depend on 
the calcination temperature. This data proved 
the assumption that the homogeneity region of 
Ga2O3 is rather narrow [2, 3].

Analysis of the literature data [2, 3, 31, 32] 
demonstrated that up to now five polymorphic 
modifications of gallium(III) oxide have been 
determined (Table 2). There is also data indicating 
the existence of a transitional form – the k-phase 
of Ga2O3 [2, 3]. We should point out that the 
data regarding the crystal structure of most 
Ga2O3 modifications is rather controversial. Even 
more controversial is the information about the 
methods of obtaining most of the polymorphic 
modifications of Ga2O3, as well as about the 
temperatures at which each polymorphic 
modification of Ga2O3 is stable. 

In our study, we used X-ray phase analysis to 
determine the phase composition of the Ga2O3 
samples synthesised by means of calcination of 
gallium(III) nitrate in oxygen at a temperature 

of Tcalc = 500–950 °С. The evolution of the 
X-ray diffraction pattern of the Ga2O3 samples 
synthesised at different temperatures is given 
in Fig. 3. The results of the identification of 
polymorphic modifications of the synthesised 
gallium(III) oxide samples based on the 
information in an international crystallographic 
database are presented in Table 3. 

Fig. 3 shows that with an increase in the 
temperature of calcination of gallium(III) nitrate 
in an oxygen atmosphere the crystal structure 
of the Ga2O3 samples changes dramatically. 
According to the data presented in Fig. 3 and 
Table 3, the Ga2O3 samples synthesised at 
Tcalc  =  500  °C are single-phase and have the 
cubic crystal structure of a spinel (g-phase of 
Ga2O3). When the synthesis temperature was 
increased to Tcalc  =  600  °C, the Ga2O3 samples 
were a mixture of two phases: the cubic g-phase 
with an insignificant fraction of the d-phase 
(Table 3). Further increase in the synthesis 
temperature of gallium(III) oxide samples in an 
oxygen atmosphere to Tcalc = 750 °C resulted in 
the growth of the fraction of the d-phase of Ga2O3 

Table 1. The quantitative composition of samples obtained by calcination of dehydrated Ga(NO3)3·
 nH2O 

crystallohydrate in oxygen at different temperatures as determined by EPMA

Calcination temperature Tcalc = 300 °С

Element Spectral line Mass fraction w, % Mole fraction х, %
Gallium L-line 63.26 18.985
Oxygen К-line 30.42 65.895

Nitrogen К-line 6.42 15.12
Total: 100% 100%

Phase composition of Ga(NO3)3 + Ga2O3

Calcination temperature Tcalc = 600 °С

Element Spectral line Mass fraction w, % Mole fraction х, %
Gallium L-line 74.005 39.515
Oxygen К-line 25.995 60.485

Nitrogen К-line ... ...
Total: 100 % 100 %

Quantitative composition of Ga2O3

Calcination temperature Tcalc = 850 °С

Element Spectral line Mass fraction w, % Mole fraction х, %
Gallium L-line 74.061 39.585
Oxygen К-line 25.939 60.415

Nitrogen К-line ... ...
Total: 100 % 100 %

Qualitative composition of Ga2O3
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Table 2. Literature data on gallium(III) oxide polymorphous modifications [2, 3, 31 – 34].

Polymorphic 
modification Crystal system Space group Pearson symbol

a-Ga2O3 Hexagonal (rhombohedral) R3c hR30
b-Ga2O3 Monoclinic C2/m mS20
g-Ga2O3 Cubic, defect spinel structure Fd3m –
d-Ga2O3 Cubic, possibly the structural 

type of bixbyite
Ia3 –

e-Ga2O3 Orthorhombic Pna21 –

Table 3. Phase composition of the Ga2O3 samples obtained by calcination of dehydrated Ga(NO3)3×nH2O 
crystallohydrate in oxygen at different temperatures

Calcination  
temperature Tcalc, °С

Calcination 
temperature t, min. Phase nature Phase composition

500 360 Однофазный g-Ga2O3

600 360 Гетерофазный g-Ga2O3+ d-Ga2O3

750 360 Гетерофазный d-Ga2O3 + g-Ga2O3  

850 360 Гетерофазный d-Ga2O3 + b-Ga2O3

950 360 Однофазный b-Ga2O3

Fig. 3. X-ray diffraction patterns of gallium(III) oxide samples synthesized by calcination of dehydrated and 
ground Ga(NO3)3·

 nH2O samples in an oxygen atmosphere at the temperature Tcalc = 500–950 °C (CoKa-radiation)
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with the presence of an insignificant fraction of 
the g-phase of Ga2O3. 

When the temperature was further increased 
to Tcalc = 850 °C, the crystal structure of gallium(III) 
oxide powders also changed. The diffraction 
pattern did not show any peaks of the g-phase, 
with the prevailing peaks of the cubic d-phase of 
Ga2O3 being accompanied by a certain number 
of reflections characteristic of the monoclinic 
b-phase (Fig. 3 and Table 3). When the synthesis 
temperature was Tcalc = 950 °C, the diffraction 
patterns of gallium(III) oxide samples showed 
only peaks of the monoclinic b-phase of Ga2O3 
(Fig. 3 and 4). The absence of the reflections 
characteristic of other polymorphic modifications 
of gallium(III) oxide led us to the conclusion that 
in our study, at the temperature Tcalc  =  950  °C 
we synthesised chemically pure single-phase 
powders of the monoclinic b-phase of Ga2O3 
(Fig. 4). 

According to the obtained XRD data (Fig. 3 and 
Table 3), thermal decomposition of gallium(III) 
nitrate did not allow for obtaining of two of the 
polymorphic modifications of gallium(III) oxide, 
namely the hexagonal (rhombohedral) a-phase 
and the orthorhombic e-phase (Table 2).

We should point out that the values of 
interplanar distances of the samples of the 
b-phase of Ga2O3 synthesised in our study are 
the closest to the recently obtained literature 
data [33, 34]. Based on the obtained X-ray 
diffraction patterns and the literature data 
[32 – 34] we calculated the parameters of the 
crystal lattice of the synthesised monoclinic 
b-phase of Ga2O3 (Table 4) using the UnitCell 
software and regression analysis [35]. The 
obtained parameters of the crystal lattice of the 
monoclinic b-phase of Ga2O3 and the unit cell 
volume were in maximum agreement with the 
results obtained in [34].

Table 4. Parameters of the crystal lattice of the b-phase of Ga2O3 synthesized at Tcalc = 950 °C calculated 
by means of the method suggested by TJB Holland & SAT Redfern (1995) using the Unitcell software [35]

Crystal lattice 
parameter 

Data source
[32] [33] [34] The article

a, nm 0.58 1.2227(1) 1.2214(3) 3) 1.22061
b, nm 0.304 0.30389(2) 0.30371(9) 0.30413
c, nm 1.223 0.58079(4) 0.57981(9) 0.57768

b, degrees 103.7 103.820(6) 103.83(2) 103.3706
Unit cell volume Vuc, 

nm3 0,2095 0.20955 0.20885 0.208636

Fig. 4. X-ray diffraction patterns of the sample of the b-phase of gallium(III) oxide synthesized by calcination 
in oxygen at Tcalc = 950 °C

b-phase of Ga2O3 (monoclinic structure)
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4. Conclusions
In our study, we developed a synthesis 

method of gallium(III) oxide powders of high 
chemical purity with maximum product yield. 
The interaction between metallic gallium and 
concentrated nitric acid resulted in the formation 
of gallium(III) nitrate crystallohydrate with 
the general formula Ga(NO3)3·

 9H2O. The study 
determined that complete thermal decomposition 
of gallium(III) nitrate and formation of gallium(III) 
oxide occurs at the temperature Tcalc ≥ 500 °C. 
Based on the results of the EPMA we determined 
that within the range of calcination temperature 
Tcalc = 500–950 °C, the ratio between gallium and 
oxygen atoms is stable within the systematic 
error, which corresponds to the stoichiometric 
composition of Ga2O3, and does not depend on 
the treatment temperature. The X-ray phase 
analysis proved that the crystal structure of 
the gallium(III) oxide powder whose synthesis 
temperature increased from Tcalc  =  500  °C to 
Tcalc = 950 °C, changes with symmetry decreased 
from the cubic to the monoclinic structure. The 
determined parameters of the crystal lattice 
of the synthesised monoclinic phase are in 
full agreement with the reference data, which 
demonstrates great perfection of the structure of 
the synthesised samples of the b-phase of Ga2O3.
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Abstract 
With the use of light-curing Bis-GMA (Bis-phenol-А glycidylmethacrylate) adhesive and nanocrystalline carbonate-
substituted calcium hydroxyapatite (nano-сHAp), corresponding by an aggregate set of characteristics to the apatite of 
human enamel and dentin obtained from the biogenic source of calcium – egg’s shell of birds biomimetic Bis-GMA/nano-
сHAp adhesives were synthesized.
Introduction and distribution of nano-cHAp filler in the adhesive matrix as well as its interaction with molecular groups 
of the latter one resulted in the change of chemical bonds that was evidenced by the data of Fourier transform infrared 
(FTIR) spectroscopy. In summary, for the specified nanofiller concentration increased values of Vicker hardnesses (VH) and 
degree of conversion were attained simultaneously while light curing of Bis-GMA/nano-cHAp adhesive.
This result would provide a considerable influence on the following application of the developed biomimetic adhesives and 
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1. Introduction
Numerous innovations with the application 

of biomimetic strategies and nanotechnologies 
(nanodentology) provided a considerable impetus 
in the area of engineering of the new class 
related with a new class of modern adhesion 
restoration materials [1]. It was repeatedly shown 
that the enhancement of trophic, mechanical 
(hardness and strength), physicochemical and 
performance properties of adhesive polymer 
matrix can be attained due to the introduction 
of various inorganic micro- and nanofillers 
into its composition [2, 3]. One of the applied 
fillers for dental materials and bonds is calcium 
hydroxyapatite (HAp). High efficiency in the 
use of this compound is due to the similarity 
of its physicochemical characteristics with the 
inorganic component of the bone and dental 
tissue of a human. However, the problem of the 
admissible content of nanocrystalline filler in 
the polymer matrix of an adhesive still remains 
a challenge. 

Therefore, the main task of our work was the 
determination of the proper adaptive composition 
and molecular properties of biomimetic 
adhesive based on Bis-GMA (bis-phenol -А 
glycidylmethacrylate), filled with nanocrystalline 
carbonate-substituted hydroxyapatite (nano-
сHAp), providing a high degree of polymerization 
and mechanical hardness. 

2. Methods of production and studying 
of  the samples 

To obtain the samples of biomimetic 
samples in our work we used bisphenol-A-
glycidyl methacrylate (Bis-GMA, Polysciences, 
Warrington, PA, USA, code 03344)-based 
commercial adhesive [11,25]. Nanocrystalline 
carbonate-substituted calcium hydroxyapatite 
(nano-cHaP) corresponding to the aggregate 
number of features in the human enamel and 
dentin [4–6] was applied as a filler for light-curing 
Bis-GMA аadhesive. Samples of nano-cHAp were 
obtained using the wet chemistry method. The 
raw calcium hydroxide was obtained by thermal 
annealing from the hen’s eggshells [4].

Mixing of nano-сHAp component and 
adhesive was performed with the use of ultrasound 
homogenizer QSonica Q55 (Qsonica LLC, CT, 
USA) for 30 s. 

To solve the problems stated in the work 
and connected with the determination of the 
adaptive composition and molecular properties 
of biomimetic nano-filled adhesives the following 
samples were obtained with different content of 
the raw components (see Table 1). 

Table 1. Composition of the synthesized 
biomimetic adhesives samples

Samples Bis-GMA,  ml nano-сHAp, g
А 250 0.2
B 250 0.16
C 250 0.12
D 250 0.08
E 250 0.04
F 250 0.01

The obtained samples were investigated with 
the use of Fourier transform infrared (FTIR) 
spectroscopy technique, including the application 
of Synchrotron FTIR microspectroscopy at the 
Infrared Microspectroscopy beamline (Australian 
Synchrotron, Victoria, Australia). Microhardness 
of the synthesized biomimetic adhesive samples 
after their photopolymerization was determined 
using Vicker’s technique and employing optical 
microscope-hardness testing instrument. 

3. Results and their discussion
Measuring of microhardness in the samples of 

biomimetic Bis-GMA/nano-cHAp adhesives was 
performed by Vicker’s technique. 

Microhardness number (HV) in this case is 
determined from the following expression:

H
P

dm
q= 2 2
2

sin( / )
,   (1)

where P – is the applied loading, d —is the size of 
indentation diagonal; q = 136° — angle at the top 
of the diamond square Vickers tip.

From the analysis of data in Table 1 one can 
see that microhardness of biomimetic Bis-GMA/
nano-cHAp adhesive begins at the addition of 
nanocrystalline hydroxyapatite and it attains 
maximum at the content of ~0.16 g nano-сHAp in 
250 ml of  Bis-GMA adhesive. After that a decay 
of microhardness value is observed. Non-linear 
behavior of the dependence of microhardness 
values on nano-сHAp  content is due to the 
changes that occur in molecular composition of 
the samples [7–10]. 
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It is well known that a degree of conversion 
for the adhesive material can be determined with 
the use of FTIR data [11]. To do this it is required 
to determine the ratio of integral intensities 
for the bands related to aliphatic (C = C) bonds/ 
aromatic (C = C) bonds before the process of 
polymerization and after its completion. The 
part of aliphatic C = C bonds can be determined 
from intensity of vibrations near 1637 cm–1, 
while the part of aromatic (C = C) bonds can be 
determined from intensity of vibrations near 1610 
cm–1. Calculations were performed for 10 samples 
of standard Bis-GMA adhesive and each of 
the 10 biomimetic adhesive specimens in the 
samplings. After that mean values for the degree 
of conversion for each group of the specimens 
were determined and standard deviation was 
calculated which did not exceed 2%. 

Results of the calculation show that in case 
of the use of original adhesive based on BisGMA 
the share of non-polymerized bonds is of about 
22.0±1.4%, thus coinciding with the calculations 
presented for the adhesive on the basis of Bis-
GMA/HEMA from [11]. At the same while adding 
nano-c-HAp the value of the degree of conversion 
(polymerization) starts increasing, attains its 
maximum at ~93%, while after that a decrease 

of polymerization degree (degree of conversion) 
is observed.

Spline-curves of microhardness and degree of 
polymerization for the samples in a dependence 
on nano-c-HAp in the composition of biomimetic 
adhesive are presented together in figure 1. It 
can be easily seen that both values representing 
as mechanical as molecular properties of the 
synthesized biomimetic adhesives are of the 
similar character in a dependence on the filler 
content. Simultaneous graphical analysis makes 
it possible to determine the range of the optimal 
compositions for bioadhesive providing maximal 
value of as microhardness as the value of the 
degree of conversion during polymerization. 
From the calculations it follows (see Fig. 1) that 
the content of nanocrystalline hydroxyapatite 
with characteristic morphological characteristics 
(20×20×50 nm) should be within the vicinity of 
the value ~0.125–0.135 g per 250 ml of Bis-GMA 
(Fig. 1).

Before our work has been performed it was 
shown that involvement of nanoparticles resulted 
in improvement of a number of mechanical 
properties for dental composites. Addition of 
the fillers (silicon nanoparticles) to the adhesion 
systems has an impact on the improvement 

Fig. 1. Comparison of the microhardness value Hm (HV) and Degree of conversion for biomimetic adhesives in 
a dependence of nanofiller admixture
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of mechanical properties and elastic modulus, 
improved the distribution of stresses caused 
by polymerization [12]. Results of modification 
for the adhesive systems on the basis of Bis-
GMA, TEGDMA and HEMA with the use of HAp 
nanocrystallites from the work by Vicente Castelo 
Branco Leitune el al [9] correlate well with the 
dependence of mechanical properties of adhesive 
under increase of nanofiller addition observed 
in our research work.  It was demonstrated that 
using HAp nanoparticles with the mean size of ~ 
27 nm the enhanced values of microhardness can 
be attained somehow in the range of ~ 32,35 MPa. 
After that with an increase of HAp nanoparticles 
content in adhesive characteristic decay of 
mechanical properties was obtained.  However, 
in our work we managed to get even greater 
values of microhardness (HV) with the account 
of increasing value of the conversion degree that 
considerably exceeds the value of 63.84%. The 
latter one was attained in the work by Vicente 
Castelo Branco Leitune el al for the addition of 
1% HAp by mass [9].

As it follows from the obtained results (see 
Fig. 1) while modifying Bis-GMA with the use of 
nano-cHAp it is possible to attain the value of 
Vicker hardness exceeding dentin hardness but 
less than for dental enamel [13,14]. This would 
probably redistribute natural loads between the 
anatomic tissues in the efficient manner. 

It was repeatedly noted that an important 
factor of the process is the size of nanofiller 
particles. The particles of large size can lead to 
agglomeration of the particles and degradation of 
mechanical properties of the interface [15]where 
nanoparticles (minimum size ~3 nm. However, the 
type of nanofiller has also a great impact on the 
final properties of the modified material. Unlike of 
the number of the previous similar investigations 
where HAp nanoparticles and other inorganic 
nanomaterials were applied for the filling of 
adhesion system, in our work used nanocrystals 
of carbonate-substituted hydroxyapatite with the 
mean sizes of 20×20×50 nm obtained according to 
our elaborated technology [4]. These nanocrystals 
are characteristic for the native dental tissue. 
Uniform distribution of nano-cHAp filler in the 
adhesive matrix as well the interaction with 
the filler molecular groups favors the changes 
in molecular bonds that is confirmed by FTIR 

data; as a result, this considerably improved 
mechanical characteristics of the material. 

4. Conclusions 
With the use of light-curing Bis-GMA (Bis-

phenol-А glycidylmethacrylate) adhesive and 
nanocrystalline carbonate-substituted calcium 
hydroxyapatite (nano-сHAp), corresponding by 
an aggregate set of characteristics to the apatite 
of human enamel and dentin obtained from the 
biogenic source of calcium – egg’s shell of birds 
biomimetic Bis-GMA/nano-сHAp adhesives were 
synthesized.

Introduction and distribution of nano-
cHAp filler in the adhesive matrix as well as its 
interaction with molecular groups of the latter 
one resulted in the change of chemical bonds that 
was evidenced by the data of Fourier transform 
infrared (FTIR) spectroscopy. In summary, for 
the specified nanofiller concentration increased 
values of Vicker hardnesses (VH) and degree of 
conversion were attained simultaneously while 
light curing of Bis-GMA/nano-cHAp adhesive.

This result would provide a considerable 
influence on the following application of the 
developed biomimetic adhesives and clinical 
successes of teeth restoration with the use of 
these composites.
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Abstract 
It is well known that below a certain temperature (Ti), local displacements of individual atoms from their original positions 
occur in ferroelectric crystals with incommensurate phases. They form a spatial wave with a length of l, which is 
incommensurate with the lattice period a, i.e. the l/a ratio is irrational. The wavelength increases as the temperature 
decreases. Near the phase transition temperature TC, it reaches a length comparable to the size of the ferroelectric domains, 
as in the model rubidium tetrachlorozincate crystal (Rb2ZnCl4). 
In ultrafine Rb2ZnCl4 crystals, the increase in l is hindered by the size of the crystallite. Therefore, the physical properties 
of nanocrystalline rubidium tetrachlorozincate are expected to be considerably different from those of the bulk sample.
One of the methods for producing nanosized ferroelectric materials is a method based on embedding the material from a 
solution into porous matrices with nanometre-sized through-pores. We applied this method to study the effect of the size 
of ultrafine rubidium tetrachlorozincate crystallites on its dielectric properties and the phases occurring in the 
nanocrystallites. 
For the experiment, we used samples of polycrystalline Rb2ZnCl4 and composites obtained by incorporation of Rb2ZnCl4 
salt from aqueous solution into porous silicon oxide matrices with an average through-pore diameter of 46 and 5 nm (RS-46 
and RS-5, respectively). The temperature dependencies of their dielectric permittivity were studied within the range of 
100 to 350 K. We determined the temperatures of transition to the incommensurate (Ti) and ferroelectric (TC) phases, as 
well as the mobility deceleration temperatures of ferroelectric domain boundaries in rubidium tetrachlorozincate 
nanocrystallites in the RS-46 composite. In Rb2ZnCl4 particles in the RS-5 composite, only the transition to the 
incommensurate phase occurs. In contrast to the bulk material, it shows features of the first-order phase transition. 
Keywords: Incommensurate phase, Composite, Porous glass, Ferroelectric phase transition, Dielectric permittivity 
Funding: The study was supported by the Russian Foundation for Basic Research, project no. 19-32-90164.
Acknowledgements: The authors would like to thank Rysiakiewicz - Pasek E. for porous glass matrices, as well as Kashirin 
M. A. for his help with the X-ray diffraction experiment.
For citation: Stekleneva L. S., Bryanskaya A. A., Pankova M. A., Popov S. V., Korotkov L. N.  Effect of pore size on phase 
transitions in rubidium tetrachlorozincate nanoparticles in porous glass matrices.   Condensed Matter and Interphases. 
2022;24(3): 000-000. https://doi.org/10.17308/kcmf.2022.24/9859
Для цитирования: Стекленева Л. С., Брянская А. А., Панкова М. А., Попов С. В., Коротков Л. Н. Влияние размеров 
пор на фазовые переходы в наночастицах тетрахлорцинката рубидия в пористых стеклянных матрицах. Конденсированные 
среды и межфазные границы. 2022;24(3): 000-000. https://doi.org/10.17308/kcmf.2022.24/9859

 Lyubov S. Stekleneva, e-mail: lubov_stekleneva@mail.ru 
© Stekleneva L. S., Bryanskaya A. A., Pankova M. A., Popov S. V., Korotkov L. N., 2022

The content is available under Creative Commons Attribution 4.0 License. 

Condensed Matter and Interphases. 2022;24(3): 362–368



363

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2022;24(3): 362–368

L. S. Stekleneva et al. Effect of pore size on phase transitions in rubidium tetrachlorozincate nanoparticles...

1. Introduction 
Crystals with incommensurate phases 

are crystal structures where, at a certain 
temperature, local displacements of individual 
atoms from their initial positions occur. They 
form a spatial wave with a length of l, that is 
incommensurate with the lattice period a, i.e. 
the ratio of l/a is irrational. More generally, any 
material can be considered incommensurate, 
if there are two or more features of the 
translational symmetry which are mutually 
incompatible [1, 2]. 

Crystals with incommensurate phases 
attract interest, because the incommensurate 
modulation breaks the translational symmetry, so 
that the crystal is not in the true crystalline state. 
The spatial modulation waveform, originally 
described as sinusoidal, evolves with temperature. 
Its period increases as it gets farther from the 
incommensurate phase transition temperature 
(Ti), and the wave transforms into a soliton 
structure. 

Rubidium tetrachlorozincate (Rb2ZnCl4) 
is a model ferroelectric material with an 
incommensurate phase [1–3].

The transition from the regular paraelectric 
to the incommensurate phase in the material 
is achieved at a temperature Ti ª 303 K, called 
the Lifshitz temperature. The transition from 
the incommensurate to the commensurate 
ferroelectric phase occurs at TC ª192 K [1, 3]. 

Below Ti, the wavelength l in rubidium 
tetrachlorozincate increases with decreasing 
temperature, reaching the size comparable to 
the size of the ferroelectric domains near TC [3]. 

However, the size of the crystallite in ultrafine 
crystals prevents an unlimited increase in the 
wavelength l. Naturally, we can expect that this 
fact can significantly affect the phase states 
occurring in the material and considerably change 
its physical properties.

It should be noted that the properties of 
regular nanosized ferroelectrics have been 
intensively studied over a long time [4–10], 
whereas the physical processes in nanosized 
ferroelectrics with incommensurate phases have 
hardly been investigated so far.  

Among various methods for obtaining 
nanocrystalline materials, the method of 
incorporation of the substance into porous 

matrices with nanometre-sized through-pores 
from the liquid state is probably the simplest [11].

We used this method to study the effect of 
the size of ultrafine rubidium tetrachlorozincate 
crystallites on its dielectric properties and the 
phases occurring in it.

2. Experimental
For the experiments, we used nanocrystalline 

Rb2ZnCl4 contained in the composites obtained 
by embedding rubidium tetrachlorozincate 
salt from aqueous solution into porous silicon 
dioxide plates with overall dimensions of 
10×10×0.5 and 8.5×4.5×0.65 mm and average 
diameters of through-pores of ~ 46 and 5 nm, 
respectively. (The composites were abbreviated 
as RS-46 and RS-5).

The technology for the production of porous 
glass with a fine mesh of through-pores is 
described in detail in [12]. The porous glass used 
in our study initially had a relative volume of 
unfilled pores of 55% for RS-46 and 36% for RS-5. 

Rubidium tetrachlorozincate salt was 
embedded into heat-treated porous glass plates 
from a saturated aqueous solution of Rb2ZnCl4 
salt at temperatures of 90–98 °C, the process 
took about 3.5 hours. Following the procedure, 
the samples were dried in a thermostat with a 
gradual increase in temperature to 350 °C to 
remove residual moisture. The drying time was 
about 10 hours. 

Using the weighing method, we found that 
the relative volume of embedded material in the 
porous matrix with an average pore diameter of 
about 46 nm was ª 19 %, and in the matrix with 
an average pore diameter of about 5 nm it was 
ª 15 %. In both cases, the proportion of Rb2ZnCl4 
in relation to the total volume of the sample was 
about 8 %. 

X-ray phase analysis of the synthesised 
composites was carried out using a Bruker 
D2  PHASER X-ray diffractometer (Cu-Ka- 
radiation). The diffraction pattern obtained for 
the RS-5 composite is shown in Fig. 1. It can be 
seen that the angular dependence of the X-ray 
scattering intensity can be represented as a 
blurred maximum characteristic of glass located 
near the angle 2q ª 24° and distinct peaks of 
intensity corresponding to the crystal lattice of 
bulk rubidium tetrachlorozincate.
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The average particle size (d) of Rb2ZnCl4 in the 
composites was determined by X-ray diffraction 
analysis using the specialised TOPAS 4.2 software 
[13]. The estimates resulted in d ª 51 for RS-46 
and 18 nm for RS-5.

In addition to the composite materials, we 
also used a bulk (polycrystalline) rubidium 
tetrachlorozincate sample in the experiment 
for comparative analysis. It was obtained by 
compacting from the Rb2ZnCl4 salt.

The structural phase transitions were 
determined by analysing dielectric response 
measurements in the temperature range of 100–
350 K.

Prior to the measurements, conductive paste 
was applied to the large surfaces of the samples 
to form the plane capacitor electrodes after 
drying. The samples were installed in a measuring 
cell fitted into a cryostat containing a platinum 
resistance thermometer, which allowed us to 
monitor the sample temperature with an error 
not exceeding ± 0.2 K. The dielectric permittivity 
(e) was measured using an E7-20 LCR meter at 
a frequency of 10 kHz during sample cooling/
heating at a rate of 1 to 2 K/min. 

Each measurement cycle was preceded by 
heating the sample together with the measuring 
cell in a vacuum at about 380 K to remove 
moisture adsorbed from the air. 

3. Results and discussion
The results of the experiment are shown in 

Fig.2 as temperature dependence e diagrams. 
In the case of polycrystalline rubidium 
tetrachlorozincate (Fig. 2a), the curves e(T) show 
two maxima. The dielectric permittivity maximum 
near the temperature Ti ª 307 K is due to the 
transition from the regular paraelectric phase to 
the incommensurate phase. Its position on the 
e(T) dependence diagrams when heating and 
cooling the sample remains almost unchanged, 
which is a characteristic feature of the second-
order structural phase transition.

The second e maximum occurs when the 
sample is cooled at TCс ª 187 К, and when 
it is heated at TCh ª 196 K. This e maximum 
corresponds to the ferroelectric phase transition. 
Depending on the measurement mode (heating/
cooling), its shift shows that the ferroelectric 
phase transition in the Rb2ZnCl4 bulk sample is 

Fig. 1. The X-ray diffraction pattern of the RS-5 composite
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a first-order phase transition, which is consistent 
with the known literature data [1, 2]. 

Some of the dielectric properties of the 
RS-46 composite were discussed in study [14]. 
The e(T) dependences show specific features 
around 160, 245, and 307 K (Fig. 2b). As in the 
polycrystalline sample, the maximum of e, 
observed around 307 K, is due to the transition 
from the incommensurate to the paraelectric 
phase in the embedded Rb2ZnCl4 particles. Near 
this maximum, there is a blurred heat capacity 
peak Cp (Fig. 2, insert). It should be noted that the 
corresponding temperature (ª 285 K) is slightly 
lower than Ti. Further research is required to 
clarify this issue.

The step-like anomaly of e at about 240 K, 
registered when cooling the sample, corresponds 
to the maximum heat capacity observed near 
232 K, as illustrated in the inset to Fig. 2. This 
Cp maximum has a specific shape characteristic 
of monocrystalline Rb2ZnCl4 in the temperature 
range corresponding to the ferroelectric phase 
transition [15]. 

In the temperature dependency of the 
dielectric permittivity measured when heating 
the sample, there were no dielectric response 
features indicative of a ferroelectric phase 
transition.

Moreover, we observed a blurred maximum 
of e at Т* ª 160 K (shifted towards 158 K on the 
cooling curve). It is almost symmetrical, the 
temperature hysteresis forming only its right 
slope. Remarkably, there were no specific features 
in the Cp(T) dependence around Т*.  

This fact suggests that the above maximum 
of e is due to a phase transition at the boundaries 
of the ferroelectric domains and the consequent 
reduction in their mobility. The phenomenon 
has been reported for monocrystalline rubidium 
tetrachlorozincate [15–17]. In the case of crystals 
with a lot of lattice defects, a blurred maximum of 
the dielectric response was observed around Т*, 
the temperature at which the mobility of domain 
boundaries ceases [15]. 

Notably, the temperature dependences of 
dielectric permittivity obtained upon heating 
and cooling of the studied material do not 
coincide, forming a temperature hysteresis of e 
over a wide temperature range. The range lies 
above the temperature T*, where the mobility of 

domain boundaries ceases. However, at Т < Т*, 
the temperature hysteresis of e was not observed. 

In the case of the monocrystalline sample, 
a similar dielectric response behaviour was 
reported [15–17]. However, unlike the above 
composite material, the temperature hysteresis 
of e in Rb2ZnCl4 monocrystal is limited to T* 
from below and to the Lifshitz temperature 
Ti from above. According to the authors who 
studied this phenomenon in Rb2ZnCl4 [15–17], 
the anomalously wide temperature hysteresis of 
dielectric permittivity is due to the fixation of the 
domain boundaries and solitons on lattice defects.  
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 Fig. 2. Temperature dependences of dielectric permit-

tivity for the crystalline Rb2ZnCl4 sample (a), and RS-
46 (b) and RS-5 (c) composites obtained by heating 
and cooling. The insert shows the temperature depen-
dence of the specific heat capacity of the RS-46 com-
posite [11]

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2022;24(3): 362–368

L. S. Stekleneva et al. Effect of pore size on phase transitions in rubidium tetrachlorozincate nanoparticles...



366

Due to the strong interaction with the 
defects, the polar domains can be “drawn” into 
the nonpolar phase from the ferroelectric phase 
during the heating of the sample [18]. This is 
probably the reason why the e(T) dependence 
when heating the RS-46 composite, goes above 
the e temperature dependence obtained during 
its cooling.

Let us now consider the dielectric properties 
of the RS-5 composite (Fig. 2c). Near the value of 
Ti, there is a small peak of dielectric permittivity. 
On the cooling curve, its position corresponds 
to ª 268 K, and on the heating curve it is ª 307 
K. The observed temperature hysteresis of Ti 
confirms that, in rubidium tetrachlorozincate 
crystallites embedded in porous silicon dioxide 
with an average pore diameter of about 5 nm, the 
transition from the regular paraelectric phase to 
the incommensurate phase exhibits the features 
of the first-order phase transition. The hysteresis 
of Ti is due to the fixation of the incommensurate 
wave of atomic displacements by the lattice 
defects, including the defects on the particle 
surface. Subsequently, the wave detaches from 
the stops upon “overheating” or “overcooling” of 
the sample compared to the phase equilibrium 
temperature. 

No features of a dielectric response indicating 
a ferroelectric phase transition or a transition in 
the domain structure were observed in the e(T) 
dependences under the experimental conditions. 
Therefore, we can conclude that the ferroelectric 
phase does not occur in Rb2ZnCl4 particles in the 
RS-5 composite. 

Moreover, the temperature hysteresis of 
e for the RS-5 composite covers the entire 
temperature range used in the experiment, 
indicating the presence of metastable states in 
the material and their relaxation over a wide 
temperature range. Apparently, the existence 
of such a wide temperature hysteresis of e 
is a common feature of ferroelectrics with 
incommensurate phases incorporated into 
porous matrices [19]. 

In contrast to the RS-46 composite, the 
e(T) dependence for heating goes below the 
e, temperature dependence for cooling of 
the sample. This indirectly indicates that the 
ferroelectric phase domains, which usually 
make a significant contribution to the dielectric 

response, were not formed in the case of the RS-5 
composite.

4. Conclusions
Based on the results of the research, we made 

the following conclusions.
1. The Lifshitz temperature Ti  ª 307 K in 

Rb2ZnCl4 rubidium tetrachlorozincate crystallites 
localised in silicon dioxide pores with an 
average diameter of 46 and 5 nm changed little 
as compared to the temperature Ti in the bulk 
sample. At the same time, the phase transition 
exhibited the features of the first-order phase 
transition, which were most pronounced in 
the case of Rb2ZnCl4 particles in the RS-5 
composite. For this material, the temperature 
of the transition from the incommensurate to 
the paraelectric phase remained approximately 
the same as that of the bulk sample. However, 
when the temperature change was reversed, 
the value of Ti decreased to ª 268 K. Thus, the 
interaction of rubidium tetrachlorozincate 
particles with the matrix stabilised the nonpolar 
commensurate phase. This interaction seems to 
be predominantly chemical, as the transition to 
the incommensurate phase was not accompanied 
by either polarisation or a noticeable deformation 
of the Rb2ZnCl4 lattice.

2. Under the experimental conditions, we 
observed no transition from the incommensurate 
to the commensurate ferroelectric phase in 
Rb2ZnCl4 nanocrystallites in the RS-5 composite.

3. In rubidium tetrachlorozincate particles 
in a porous silicon dioxide matrix with an 
average pore size of ª 46 nm, the transition to a 
ferroelectric phase was registered. According to 
the combined data of dielectric and calorimetric 
measurements, the temperature of the transition 
was around 240 K. This is approximately 50 K 
higher than in the monocrystalline material. 

4. The dielectric permittivity maximum 
observed around 160 K for the RS-46 composite 
corresponds to the dielectric anomaly occurring 
due to rearrangement in the domain structure 
of monocrystalline Rb2ZnCl4 with a high defect 
concentration [15]. Thus, we can state that, at low 
temperatures, ferroelectric domains are formed 
in rubidium tetrachlorozincate crystallites 
embedded into silicon dioxide with through-
pores averaging 46 nm in diameter. The domain 
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mobility decelerates significantly at ª 160 K, as 
in bulk Rb2ZnCl4 monocrystal.
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Abstract 
The article presents a comparative study of the surface properties of silica and alumina nanoparticles synthesized by various 
methods.
Using the IR spectroscopy we demonstrated that the synthesis method affect the surface properties of nanoparticles while 
maintaining the phase composition of the material. The article demonstrates the relationship between the types of surface 
sites, their strength, and the interaction of nanoparticles with the dispersed medium. In particular, a significant difference 
was observed in the strength of the active sites for all samples, which was reflected in the rheology of nanofluids based on 
epoxy resin. This demonstrates the importance of accurate descriptions of the surface properties of nanoparticles, as they 
determine their interaction with other materials.
The article also considers the possibility to evaluate the intensity of the particle-medium interaction based on the fractal 
dimension. Our study showed that it varies significantly depending on the synthesis method. The article discussed the 
possibility to determine the intensity of the particle-medium interaction using the values of the nanoparticle’s zeta potential 
and the interfacial layer.
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1. Introduction
Nanoparticles are a common class of materials, 

whose properties have been studied in much 
detail. However, few researchers pay attention 
to the fact that, having the same chemical and 
phase compositions, some of the properties 
of nanoparticles depend on the conditions of 
their synthesis and may vary significantly [1]. 
At the moment, there are dozens, and for some 
substances even hundreds, of approaches to 
the synthesis of nanoparticles. The synthesis 
is always performed under certain conditions 
resulting in the formation of particles with 
specific crystal and surface structures. Therefore, 
powders synthesised using different methods 
are effective for different applications, and it is 
only possible to determine a suitable option for 
a particular application by trial and error. This 
appears to be the only reliable method, since there 
is no uniform approach to the characterisation of 
nanoparticles.

The significant difference between the 
characteristics of nanoparticles and bulk materials 
is quite often explained by the growing influence 
of the surface area, whose fraction in relation to 
the volume increases with the decrease in the size 
of the particles [2]. However, the changes in the 
properties of the surface itself, although crucial, 
are never taken into account. These changes 
may include surface defects (variations in the 
local coordination number, twinning, changes 
in the crystallographic planes, and porosity), the 
presence and composition of functional groups, 
and their inhomogeneity. These factors, except for 
lyophobic behaviour, are widely underestimated, 
even though they play an important role in the 
process of interaction of particles with a dispersed 
medium.

It is known that surface energy is proportional 
to the number of broken bonds in the surface 
atoms multiplied by the energy of these bonds. 
For particles with a metallic crystal structure this 
parameter helps to determine the melting point 
[3–5], as well as other thermodynamic parameters 
[6, 7] and the surface energy [8].

For oxides and more complex particles, the 
situation is more complicated.

Firstly, the existing descriptions of such 
nanoparticles, similar to bulk materials, mostly 
focus on their composition (purity) and size.
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Secondly, such particles may be a combination 
of crystalline phases or be X-ray amorphous 
only in the order of short ranges [9, 10]. Since 
the surface energy can be different for different 
crystallographic planes on the surface of the 
particle [11], the identity of such particles can 
be questionable.

Thirdly, the surface of nanoparticles can have 
unique features which must be taken into account 
as opposed to the features of the surface of bulk 
materials. These features might include: porosity 
of the surface, the strength and concentration 
of Brønsted acid sites (BAS) and Lewis acid sites 
(LAS) [12], and ductility and elasticity of the 
neighbouring clusters comprising the particle.

For the gas-phase synthesis the key factors are 
the cooling rate and the mechanical and thermal 
properties of the cooling gas and the evaporated 
materials [13–16]. Additionally, the fast cooling 
rate of the vapour may result in a fixed metastable 
state of some of the clusters thus creating a 
ratio between the surface and the bulk energy 
characteristic for nanoparticles of a different 
size. In the case of a liquid-phase synthesis the 
result depends on the type of the process, the 
type of the reagent, the pH, the concentration 
of the precursor, the temperature, and the 
duration of the process [17]. The multicomponent 
sensitivity to the conditions of the synthesis 
results in significant variations of the size of the 
nanopaticles, their size distribution, and surface 
characteristics. Thus, during cryochemical 
condensation of silver vapour [18] different 
fractal dimensions of the particles were observed 
depending on the solvent: 1.9 (isopropanol), 1.7 
(acetonitrile), 1.5 (toluene). The average sizes of 
the primary particles in the fractal cluster were 
16.0, 21.0, and 9.4 nm respectively.

One of the most obvious methods to determine 
the difference in the interaction of nanoparticles 
of various origin with the medium they are 
dispersed in, is to measure its viscosity. The 
experimental studies [19, 20] demonstrated 
that higher concentrations and smaller size of 
the particles result in an increase in viscosity. 
However, the results obtained by different 
researchers vary greatly and are significantly 
higher than the values calculated using the the 
Batchelor–Green formula [21] commonly used 
for suspensions with microparticles. This can 



371

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2022;24(3): 369–378

V. V. Syzrantsev Analysis of the variations in the surface properties of SiO2 and Al2O3 nanoparticles...

be accounted for only by the variations in the 
interaction intensity between the liquid and 
nanoparticles [22] which differ in their surface 
structure, namely the thickness of the interfacial 
layer.

The variability of the surface properties 
occurring during the synthesis can be identified 
using IR and UV spectroscopy, which determine 
characteristic vibrations of bridging, terminal, 
and other bonds between the surface atoms. Thus, 
[1, 23] demonstrated that when different methods 
of synthesis of SiO2 nanoparticles are used, their 
structure changes from close-packed (aerosils) to 
ribbon (silica gels). When the composition of the 
surface group is the same, the key factor is their 
inhomogeneity, i.e. their reactivity distribution. 
In particular, the ratio between the terminal and 
bridging OH groups may vary for nanoparticles 
[24]. A change in the number of Lewis acid sites 
can result from a number of factors including 
the changes in the local coordination number of 
oxygen, aluminium, silicon, or other elements 
of the oxide [25], thus reflecting the value of the 
surface energy of a particular sample.

Another way to determine the concentration 
of the active sites is by means of adsorption 
of acid-base indicators [[26]. Analysis of the 
adsorption spectra distribution makes it possible 
to predict the sorption capacity of the surface 
and other properties of nanoscale materials. In 
particular, it helps to determine the variations in 
the strength and concentration of BAS and LAS 
during the treatment of the surface and show 
their relation to the properties of the material, 
such as dielectric permittivity [27] and the 
coefficient of friction of the surface [ 28].

However, it is difficult to use the results of the 
IR spectroscopy and the indicator method directly 
due to their complexity and lack of transparency. 
Besides, the theoretical and practical aspects 
of the process need to be further elaborated by 
both researchers and manufacturers. Therefore, 
in our study, we analysed the results of the 
spectroscopy, particle-particle interaction based 
on the fractal dimension, and particle-medium 
interaction based on the viscosity measurements 
[29]. A fractal dimension is assumed to be a 
common factor which demonstrates the specifics 
of the interaction between particles and their 
environment or a material.

2. Materials and methods
To compare SiO2 and Al2O3 nanoparticles 

we used samples obtained by several synthesis 
methods: SiO2 and Al2O3 obtained by means 
of electron beam evaporation (Тs and Ta 
samples); commercially available SiO2 and 
Al2O3 powders synthesised by pyrogenic process 
(Аs and Aa samples), (Evonik Industries, 
Germany); commercially available SiO2 and 
Al2O3 powders obtained by liquid phase method 
(Ls and La samples), (Nanjing XFNANO Materials 
Tech Co., China); commercially available 
SiO2 powders obtained using the plasma arc 
method (Psp sample), (Plasmotherm, Russia); 
commercially available Al2O3 AKP50 powders 
synthesised by means of chemical deposition 
(Sa sample) (Sumitomo Chemical, Japan); and 
commercially available Al2O3 powders obtained 
using the exploding wire method (Еa sample), 
(Perspektivnye Materialy, Russia). Their TEM 
photographs and particle size distribution 
are presented in Fig.  1–3. All silica particles 
were X-ray amorphous. Analysis performed by 
the Rietveld method demonstrated that their 
structural parameters and binding energies were 
similar. Aa and Ta samples were a gamma phase 
of aluminium oxide, and La, Ea, and Sa samples 
were an alpha phase of aluminium oxide. All 
particles were of spherical shape and had a similar 
average diameter. However, the range of particle 
size distribution varies greatly, which means that 
the particles will behave differently when applied 
for practical purposes.

For the IR spectroscopy, tablets were formed 
with the ratio of the mass to the geometric area 
being 15–49 mg/cm2. The tablets were put into 
a vacuum IR cuvette and were vacuumized for 
1 hour at 10–3 Pa. Then, without contact with 
the atmosphere, the samples were put into a 
measuring chamber, which measured the spectra 
at temperatures of up to 77 K. The spectra 
were then recorded at room temperature and 
at 77–110  K. The spectra were recorded using 
a Shimadzu IRTraсer-100 spectrometer in the 
range of 600–6000 cm–1 with a resolution of 
4  cm–1. The number of accumulated scans was 
100 which ensured the signal-to-noise ratio of 
at least 75000. The adsorption was performed at 
77 K in doses which ensured the pressures of 0.1, 
0.4, 0.9, 1.4, and 10 Torr in the cuvette.
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To measure the IR spectra of the adsorbed 
pyridine, the initial powders were mixed with 
barium fluoride at a ratio of 1:2. Barium fluoride 
was transparent in the region of 1000 cm–1 and 
thus did not distort the spectra in the region of 
ОН groups. Prior to the adsorption of pyridine, the 
samples were vacuumized at 450 °С for 2 hours. 
The final pressure was below 10–3 Torr. Pyridine 
was adsorbed at a temperature of 150–160 °С for 
15–20 minutes and then the air was evacuated 

for 60 minutes at the same temperature until the 
vacuum level was at least 10–2 Torr. The spectra 
were recorded with a resolution of 4 cm–1 in the 
region 1000–4000 cm–1 using a Shimadzu-8300 
IR-Fourier spectrometer until 200 spectra were 
accumulated. The strength of the acid sites was 
qualitatively evaluated based on the position 
of two bands showing the vibrations of the 
pyridine ring in the regions 1440–1460 and 1590–
1630 cm–1.

                        a                                                   b                                             c                                               d
Fig. 2. TEM photographs of Al2O3 nanoparticles: a) – sample La, b) – sample Ea, c) – sample Ta, d) – sample Aa

Fig. 3. Probability density function (PDF) of nanoparticle size distributions: (a) SiO₂; (b) Al₂O₃.

                        a                                                   b                                                c                                            d
Fig. 1. TEM photographs of SiO2 nanoparticles: a) – sample Ls, b) – sample Ps, c) – sample Ts, d) – sample As
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The calculation methodology of the fractal 
dimension [30] is based on the linear dependence 
of the area of the agglomerate on its perimeter 
on double logarithmic scale. The calculation 
was performed based on the analysis of TEM 
photographs. Using photographs of various 
scales, for instance 50, 100, 200, and 500 nm, 
we obtained data on the similarity of particle 
agglomerations depending on the scale. Then 
from log S = C +2/D   ·  log P we obtained the 
fractal dimension D2 as the slope of the linear 
dependence of logS on logP. To obtain 3D 
fractal dimension D3 we recalculated the 2D 
values of D2 using the formula D3 = 1.5  · D2. 
The measurement error was 0.005–0.01, which 
allowed us to use this parameter to assess the 
intensity of interaction between the particles 
and the medium.

3. Results
3.1. Variations in the fractal dimension

The fractal dimensions calculated for SiO2 
and Al2O3, nanoparticles are given in Fig. 4. As 
we can see, for all groups of SiO2 nanoparticles 
fractal dimensions grow almost linearly with 
the growth of the specific surface in the range 
of 0.1–0.15. At the same time, the effect of the 
synthesis method can be stronger, reaching 
up to 0.4–0.5. The fractal dimension of Al2O3 
nanoparticles (Fig. 4b) generally demonstrates 
a similar dependence. When the specific surface 
varies, the fractal dimensions of the particles of 
the same type are very close. When a different 
synthesis method is used, the difference is 0.3–

0.5. The difference can also be accounted for by 
a different phase, since samples of Aa and Ta are 
gamma phase, and samples of La, Ea, and Sa are 
alpha phase. Nevertheless, the difference in the 
fractal dimension caused by the use of different 
synthesis methods is significant even for the 
same phase.

Summing up the data on all the types of 
particles, we can see that the particles synthesised 
using electron beam evaporation have smaller 
fractal dimension (2.3–2.6) than the particles 
synthesised by any other method. The largest 
fractal dimension, often close to the limit value 
(D3max = 3), was observed in particles synthesised 
by liquid phase methods (Ls, La, Sa). Nanoparticles 
obtained by means of the pyrogenic process have 
intermediate values of fractal dimension whose 
range (2.3–2.7) varies significantly depending 
on the type of the synthesised material. Based 
on this data, we can assume that the fractal 
dimension reflects the difference in the force 
field of the surface of nanoparticles which forms 
agglomerates of various complex forms: sphere-
like, ribbon, chain, jellyfish-like, etc. Under certain 
conditions it can be used as a basic identification 
parameter for the application of nanoparticles.

3.2. Variations in the surface properties 
The most common surface defects are porosity 

and plane distortions (steps, depressions, twinning 
of the crystal lattice, and other distortions). In any 
case, the coordination numbers of the first and 
the last atoms change, affecting their ability to 
interact with the medium. This is how LAS appear, 

Fig. 4. The fractal dimension D3 of nanoparticles: a) – SiO2 and b) – Al2O3
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which result from coordinatively saturated metal 
cations in various coordination environment of, 
for instance, oxygen atoms (Fig. 5).

Another peculiar feature of the surface is the 
formation of ОН groups, for instance terminal or 
bridge groups, which are easily identified in IR 
spectra based on the occurrence of absorption 
bands at 3400–3800 cm–1. They are considered to 
be BAS. There can also be basic sites, i.e. bridge 
oxygen atoms or OH group oxygen atoms. Such 
surface properties are determined by means 
of IR spectroscopy, which can ensure the quite 
accurate identification of characteristic bands 
in the spectrum.

For SiO2, the strength of the sites is determined 
based on the frequency shift of the ОН stretching 
vibrations towards the region of low frequencies 
during the adsorption of СО. For Al2O3, the LAS 
strength is determined based on the shift of the 
bands of adsorbed pyridine at 1440–1460 cm–1 and 
1590–1630 cm–1 to the region of high frequencies. 
The larger the shift, the stronger the asidic site. A 
number of studies of the said nanoparticles were 
carried out, and the difference in their structures 
was determined [10, 31, 32]. The results of the 
measurements are given in Table 1.

From the point of view of interactions with 
the medium, the strongest are the LAS which 
interact through the valence bonds of metals in 
the oxide. The next are basic sites interacting 
through oxygen atoms. The terminal OH groups, 

i.e. BAS are the weakest. Based on the analysis 
of the data on the SiO2 samples, we can assume 
that the As sample demonstrates the highest 
intensity of the interaction with the medium due 
to the observed LAS (2200 cm–1) and a significant 
shift of the frequency of stretching vibrations. 
The next is the Ps sample due to a significant 
shift in the frequency of stretching vibrations 
of the OH group (87 cm–1) during the adsorption 
of СО. The third should be the Ts sample with a 
significant shift of the frequency of СО stretching 
vibrations (83 cm–1). The Ls sample, with a shift of 
the frequency of stretching vibrations (79 cm–1) 
and a strong BAS (2170 cm–1), demonstrates the 
weakest interaction with the medium.

Similar conclusions can be made for the 
nanoparticles As and Ts obtained using the 
indicator method in [33]. The indicator method 
demonstrated that the surface of the As 
nanoparticles was mostly covered in LAS, while 
for the Ts sample, Lewis basic sites and BAS were 
observed.

As for the aluminium oxide, we can assume 
that the Aа sample (1454 and 1622 cm–1) has the 
strongest interaction with the environment. The 
second is the Ta sample (1447 and 1604 cm–1). 
At the same time, the La sample demonstrated 
medium LAS in the range of 2180–2197 cm–1. 
The same for the Ea sample at 2189 cm-1. They 
are thus compatible with regard to the intensity 
of their interaction with the medium.

Fig. 5. Possible types of surface structures and sites
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3.3. Variations in the interaction intensity 
Experimental  measurements  of  the 

z-potential and the thickness of the interfacial 
layer [29] according to the model presented in [22] 
demonstrated that there is a strong correlation 
between these values, which indicates their 
affinity. From the point of view of colloidal 
chemistry, the z-potential is determined by the 
intensity of the interaction between the particle 
and the medium and corresponds to the thickness 
of the layer where the medium connected with 
the particle and divided from it is dispersed 
(Stern layer [34]). The result of the comparison 
(Table 2) demonstrates the presence of a linear 
dependence of the thickness of the interfacial 
layer d, obtained based on the measurements of 
the viscosity of the nanofluid on the value of the 
z-potential. This means that the surface structure 
and the value of the z-potential connected with it, 
which determine the intensity of the interaction 
of the particles with the medium, depend more 
on the synthesis method rather than on the size 
of the particles.

Comparing the data from Table 2 and the 
assumptions regarding the interaction intensity 
based on the IR spectroscopy, we can see that 

they are almost identical. The thickness of the 
interfacial layer corresponding to the interaction 
intensity is the largest for the the As sample, and 
then deteriorates in the same order as determined 
by the IR spectroscopy. A slight difference can 
be accounted for by the possible affinity of the 
resin to the specific surface groups, or by some 
additional factors. Aluminium oxide samples 
demonstrated the same correlation. The only 
difference is the use of electroexplosive particles 
(Ea) in the epoxy resin, where their effect on 
the viscosity is significantly stronger than the 
expected value. 

The fractal dimension is not so obviously 
connected with the interaction intensity. We 
assume that the most effective is the value of 2.3–
2.5, while the almost ideal values (D3max = 3) make 
the interaction with the medium less intensive. 
This is analogous to the process of cluster 
formation up to the point when a metastable 
isomer state is reached. It is known that at this 
point diffusion-limited aggregation of molecules 
is no longer a priority, because the system is ideal, 
and therefore it is more profitable to grow new 
clusters. In this case, the effective interaction 
between the particles and the environment 

Table 1. Interpretation of the IR spectra (cm–1)

Sample SiO2 Ls Ps Ts As
Shift in the frequency of OH stretching 

vibrations of the SiOH groups 79 87 83 83

Medium LAS* 2170 none none none
Strong BAS* none none none 2200

Hydrogen-bonded OH groups none weak 3650 3690, 3580 3690, 3580
Stressed Si-O-Si bridges 927 930 810 810

Stressed bridges none none 886, 946 886, 946
Sample Al2O3 La Ea Ta Aa

Terminal OH groups (over 3750) very weak
3795, 3780

very weak
3783 3785 strong 3785

Bridge OH groups (3650–3745) weak 3680, 
3695, 3732

3721, 3680 
weaker than 
those of La

medium 
3685, 3745, 
weak 3660

strong 3685, 
medium 3745, 

weak 3660
Medium LAS* 2180-2197 2189 none none

Medium BAS** 2164 none none none
LAS** in the ranges of:

1440–1460 none none 1447 1454
1590–1630 none none 1604 1622

* according to the stretching vibrations of the adsorbed СО
** according to the spectra of the adsorbed pyridine
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requires available LAS bonds, which form on the 
defects of the surface. At the same time, low D3 
prevents the formation of stable bonds between 
the atoms of the nanoparticles and the medium, 
also resulting in an insignificant increase in 
viscosity.

Therefore, the conducted study of the 
connection between the properties of the 
nanoparticles and their interaction with the 
medium demonstrated that it is possible to 
identify the particles by certain available 
parameters. The study thus provides researchers 
with a tool for forecasting the technological 
processes in this very complicated segment of 
nanotechnologies.

4. Conclusions
The article discussed the necessity to take into 

account the synthesis method when designing the 
technological processes with nanoparticles, since 
it determines the effectiveness of interaction of 
the particles with the medium. We suggest that 
the composition of the surface particle sites, 
which determine the intensity of their interaction 
with the environment, should be taken into 
account, namely LAS, basic sites, and BAS. The 
article demonstrated examples of the effect of 
such sites for the silica and alumina nanoparticles 
synthesised by means of several methods. The 
correspondence with the surface properties is not 
uniform and it is necessary to take into account 
surface forces. Therefore, the quality control of 
the full-scale production requires the control over 
the stability of size distribution of the particles 
and the fractal dimensions.
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Abstract 
The aim of the study was to establish the influence of the method of formation of the CoFe2O4/nontronite nanocomposite 
on its structure and properties. 
Impurity-free nanoparticles of cobalt ferrite CoFe2O4 (XRD), close to spherical in shape, with a predominant particle fraction 
in the range of 8-20 nm (TEM), were synthesized using the citrate combustion method. The formation of the CoFe2O4/
nontronite nanocomposite was carried out by two methods: mechanical mixing of available precursors followed by annealing 
and combustion of iron-cobalt citrate with the formation of spinel in the presence of nontronite in the reactor. 
The CoFe2O4/nontronite nanocomposite formed by the first method is characterized by the decomposition of natural 
aluminosilicate aggregates and a higher sorption activity with respect to formaldehyde than the original clay mineral and 
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1. Introduction 
Demand for nanosized ferrites as magnetic 

materials [1, 2], catalysts [3], and recently also 
as sorbents [4], is determined, first of all, by 
the possibility of controlling their magnetic, 
structural, catalytic, and sorption characteristics 
by changing the methods for synthesizing 
nanocrystals and doping them with various 
cations [5–9]. Catalysts based on nanosized 
ferrites are significantly cheaper than those based 
on platinum and rare earth metals, precursors 
for their manufacture are readily available, and 
synthesis methods are reproducible and scalable 
[1, 2]. The prospects of using MeFe2O4 (Me = Co, 
Ni, Zn, Cu) as catalysts and sorbents is also 
determined by their chemical stability in acidic 
environments, thermal and temporal stability, 
highly developed surface, high saturation 
magnetization and residual magnetization, which 
opens up the possibility of their extraction by 
magnetic separation methods [10, 11]. In the areas 
of catalysis and sorption, composite materials 
based on a less expensive dispersed matrix and 
nanosized ferrite as a magnetic component 
are often used. The clay mineral nontronite, 
which is a highly dispersed natural sorbent, 
was chosen as the basis for the composite. The 
structure of nontronite is represented by a three-
layer package, including two layers of silicon-
oxygen tetrahedra separated by one octahedral 
FeO6 package, between which water molecules 
with exchangeable cations are located [12]. The 
chemical composition of nontronite is variable, 
the most probable formula is Fe2

3+[AlxSi4–xO10]
(OH)2·Na0.33(H2O) [13]. The mineral from the 
Voronezh deposit (Russia), which, according to 
[14], contains 80% of nontronite and 10% of illite 
and kaolinite was used in the study. 

The aim of the study was to establish the 
influence of the method of formation of the 
CoFe2O4/nontronite nanocomposite on its 
structure and properties. 

2. Experimental 
The synthesis of ferrite-spinel CoFe2O4 

using the citrate combustion method was 
carried out according to [15]. The first approach 
to the formation of the CoFe2O4/nontronite 
nanocomposite consisted of mechanical mixing 
the available precursors followed by annealing 
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(method 1). To obtain a composite material, 
20 wt. % cobalt ferrite and 80 wt. % nontronite, a 
small amount of ethanol was added to the mixture 
and mixed thoroughly. The resulting paste was 
air dried for 2 h and annealed in a muffle furnace 
(SNOL 8.2/1100) to remove alcohol at 500°C for 
1 h. The second method for the formation of a 
composite (method 2) consisted in preparing a 
solution of iron citrate and cobalt citrate according 
to [15]. Then nontronite with the weight required 
to form a composite with the composition 20% 
CoFe2O4/80% nontronite was added to the 
solution. The reaction mixture was heated until 
the water had completely evaporated. In this case, 
a grey-red paste, a mixture of nontronite and 
iron-cobalt citrate was formed. During further 
heating, the decomposition of iron-cobalt citrate 
occurred with the formation of cobalt ferrite: 

Fe Co C H O �CoFe O CO H O
O t

2 6 6 7 4 2 4 2 224 12( )
[ ],�

Æ + ≠ + ≠

The resulting dark grey insoluble powder was 
annealed in a muffle furnace (SNOL 8.2/1100) to 
remove water at 300°C for 1 h.

Phase composition of the cobalt ferrite and 
the CoFe2O4/nontronite composite were studied 
by X-ray diffractometry (XRD, 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 [16] was used to identify 
the phases. The size of the coherent scattering 
regions of the CoFe2O4 particles based on the 
broadening of X-ray diffraction lines calculated 
using the Debye-Scherrer formula (1) [17]:

D
kx

hkl
hkl cos �

,=
¥

l
b q

  (1)

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

The size and morphology of the composite 
particles synthesized by different methods was 
determined based on the data of transmission 
electron microscopy (TEM, transmission electron 
microscope CarlZeiss Libra-120). The particle 
size distribution histogram was plotted using the 
ImageJ program version 1.53k.
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The sorption capacity of natural nontronite, 
pure CoFe2O4 and CoFe2O4/nontronite nanocom-
posite was tested in relation to formaldehyde, 
a toxicant of the 2nd hazard class [18]. For the 
determination of the sorption capacity 0.025 dm3 
formaldehyde solution were added to 0.5 g of the 
composite, the static sorption time was 2 h. After 
the end of sorption, the solution was filtered. 
The content of formaldehyde in the filtrate was 
determined using the sulphite method. The 
relative error of determination was 1–3%.

3. Results and discussion 
According to XRD data (Fig. 1), the cobalt 

ferrite sample synthesized by the citrate method 
is completely single-phase. All reflections in the 
diffraction pattern corresponded to that of cobalt 
ferrite with a CoFe2O4 spinel structure [16]. 

According to TEM data (Fig. 2), the cobalt 
ferrite particles had a shape close to spherical, 
and agglomeration was clearly expressed. The 
particle size was in the range from 6 to 34 nm. 
The predominant particle size fraction was in the 
range of 8–24 nm.

Nontronite belongs to layered silicates of 
the group of clay-like smectite minerals [19]. 
Nontronite is usually found in the form of finely 
dispersed scaly, vermiform, radial-spherical 
mineral aggregates, which was confirmed by the 
TEM data (Fig. 3). 

Nontronite aggregates were characterized by 
layered formations up to 100 nm wide, elongated 

in one direction (Fig. 3a). The dark-field image 
confirmed the ultrafine nature of nontronite 
mineral aggregates. At the same time, rounded 
particles with a size of about 10–20 nm could 
be seen in the images, which was probably a 
consequence of the insignificant decomposition 
of nontronite microaggregates into individual 
flakes as the result of the dispersion during 
sample preparation. 

The CoFe2O4/nontronite nanocomposite, 
synthesized as a mechanical mixture of 
available precursors, was presented by separate 
round-shaped particles up to 20 nm in size, 
probably predominantly crystalline. As can 
be seen from the TEM image, there were no 
clay particles of the natural layered shape 
characteristic of nontronite, which probably was 
associated with the decomposition of natural 
aluminosilicate aggregates into individual flakes 
during nanocomposite annealing. Insignificant 
agglomeration of particles was expressed. The 
particle size of the composite did not exceed 20 
nm. The predominant particle size fraction was 
in the size range of 6–12 nm.

The general scheme of dehydration of smectites 
during heating according to [20] is as follows: 
interlayer water is almost completely released at 
250–300 °C, then a slow release of constitutional 
water (OH-groups) starts, which ends completely 
at T ~ 750 °C. The process of dehydration is 
partially reversible, until it is fully completed. 
Complete destruction of the structure usually 

Fig. 1. X-ray diffraction pattern of a CoFe2O4 sample synthesized by the citrate method
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occurs in the range of 800–900°C. Later studies [21] 
showed that the process of smectite dehydration 
is more complex. The transition boundaries are 
vaguer and do not have clear and stable values 
on the temperature scale, the transition stages 
are determined by temperature intervals. For 
nontronite, dehydroxylation starts already in the 
range of 400–500°C. At the same time the layered 
structure is preserved, however, the interlayer 
spaces are destroyed, the surface area and porosity 
are reduced. The layered silicate completely 
loses water and contracts with the formation of 
micaceous structure with heat treatment at 550 
°C. X-ray diffraction patterns of dehydroxylates 
were quite blurred, XRD study demonstrated the 
gradual degradation of minerals.

On the diffraction pattern of the CoFe2O4/
nontronite nanocomposite formed by method 1 
(Fig. 5, diffraction pattern 3), all the main 

reflections of the cobalt spinel were identified 
(Fig. 5, diffraction pattern 2). Despite the fact 
that the conditions for recording the diffraction 
patterns of the composite did not allow to identify 
one of the main reflections of nontronite in the 
region of 5°, the remaining reflections can be 
identified according to the JCPDC database (Fig. 5, 
diffraction pattern 1), but their relative intensity 
was significantly reduced. This finding indicates 
a general increase in the defectiveness of the 
structure and dispersion of particles and may be 
associated with the destruction of aggregates of 
natural aluminosilicate, the loss of water due to the 
dehydration processes and partial dehydroxylation. 

A completely different diffraction pattern 
was characteristic of the nanocomposite formed 
by method 2 (Fig. 5, diffraction pattern 4). The 
absence of cobalt ferrite reflections indicated 
that the spinel formed during the combustion of 

                                     а                                                                                                       b
Fig. 2. TEM image (a) and particle size distribution histogram (b) of CoFe2O4 

                                                   а                                                                                               b
Fig. 3. TEM image of nontronite (a) and dark-field image (b)
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c
Fig 4. TEM image of a CoFe2O4/nontronite nanocomposite synthesized by method 1, (a), (b) and particle size 
distribution histogram (c)

                                                а                                                                                                     b

Fig. 5. X-ray diffraction pattern of samples of nontronite (1), spinel CoFe2O4 (2), nanocomposite CoFe2O4/
nontronite, method 1 (3), nanocomposite CoFe2O4/nontronite, method 2 (4)
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the polymer gel was predominantly in the X-ray 
amorphous state. At the same time, reflections 
of SiO2 in the form of quartz, which were also 
present in the diffraction pattern of natural 
nontronite, were identified. However, in the 
region of the diffraction angle of 22°, according 
to ICDD PDF, the most intense reflection of 
cristobalite was identified. This reflection was 
absent in the diffraction patterns of both the 
natural aluminosilicate and CoFe2O4/nontronite 
composite synthesized by method 1. Probably, the 
transition of quartz to cristobalite occurs during 
the combustion of gel-like iron-cobalt citrate 
under strongly non equilibrium conditions. The 
possibility of forming a metastable cristobalite at 
relatively low temperatures outside the classical 
equilibrium transition scheme quartz - tridymite 
- cristobalite was also emphasized in [22]. During 
further heating, metacristobalite transformed 
into tridymite and then into stable cristobalite. 

On the TEM image (Fig. 6) of the CoFe2O4/
nontronite nanocomposite synthesized by method 
2, the overlapping of fairly large flat-crystalline 
objects up to 400 nm in size can be seen. This 
was a consequence of the dehydroxylation of 
nontronite and the formation of a micaceous 
structure. High iron content, according to [23], is 
the reason for the relatively low thermal stability 
of nontronite. A peculiar net structure from 
chequered holes can be seen at the bottom of Fig. 
6b. Such formation is characteristic of the skeletal 
remains of some species of diatoms. On the 

image for Fig. 6a, which was reordered at a lower 
magnification, parallel dark stripes are visible 
in its upper right corner. These strips represent 
a fragment of the skeleton of another diatom 
species. Colloidal solutions (sols) of silica serve as 
food for diatoms and it contributes to the perfect 
preservation of skeletons of these organisms in 
a fossil state even in the most ancient deposits. 

Pure nontronite, cobalt spinel CoFe2O4 and 
composites formed by methods 1 and 2 were 
tested as formaldehyde sorbents (Table 1). 
Cobalt ferrite had the weakest sorption activity 
towards formaldehyde, determined based on the 
value of specific adsorption (a = 13 mg/g). For 
natural nontronite, the adsorption capacity is 
higher - 27 mg/g. Formaldehyde adsorption on 
CoFe CoFe2O4/nontronite composite synthesized 
by method 1 exceeded that on cobalt ferrite 
and pure nontronite (a = 30 mg/g). For the 
CoFe2O4/nontronite formed by method 2, the 
value of specific sorption at all formaldehyde 
concentrations was lower than that of nontronite 
and composite synthesized by method 1. This 
was caused, first of all, by the dehydroxylation of 
nontronite during the synthesis of the composite, 
which led to the destruction of the octahedral 
layer and a strong decrease in porosity. 

Thus, the first method of forming a composite 
based on nontronite with the addition of 
cobalt ferrite opens up prospects for obtaining 
economically efficient sorbents sensitive to an 
external magnetic field. 

                                                   а                                                                                               b
Fig. 6. TEM image of the CoFe2O4/nontronite nanocomposite synthesized by method 2 
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4. Conclusions
The impurity-free cobalt ferrite nanopowder 

with a predominant particle fraction in the 
range of 8–24 nm was synthesized using the 
citrate combustion method. Two methods for 
the formation of 20 % CoFe2O4/80 % nontronite 
nanocomposite were proposed for the production 
of inexpensive magnetically active sorbent. The 
effect of synthesis methods on the composition, 
structure of the composite, and sorption activity 
with respect to formaldehyde solutions of 
various concentrations has been established. 
The CoFe2O4/nontronite nanocomposite formed 
by mechanical mixing of available precursors 
followed by annealing, despite the destruction 
of submicroaggregates of natural nontronite 
and partial dehydroxylation, is a more effective 
sorbent compared to the original clay mineral. 
The formation of a composite by combustion of 
iron-cobalt citrate in the presence of nontronite 
led to the formation of coarse-grained silica 
structures with worse sorption activity compared 
to natural aluminosilicate.
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Abstract 
Increasing the efficiency of upconversion luminophores is an important problem in materials science. Here we report on 
approach of use of disordered crystals namely solid solutions BaY1.8Lu0.2F8 doped with Er3+ ions to improve spectral 
characteristics and efficiency of upconversion from near IR spectral region. It is shown that investigated compound provide 
up to 9.4% of external energy yield of the up-conversion luminescence at an excitation power density of 6 W/cm2 at 1532 nm 
for the 10 at.% of Er3+ doping. Also the investigated crystals of BaY1.8Lu0.2F8:Er3+ allow the control of the CCT parameter in 
the range of 2384–5149 K by changing the concentration and power density of the excitation. Advantages revealed in this 
work for crystalline compounds BaY1.8Lu0.2F8:Er3+ such as wide absorption bands in the infrared spectral range, a high external 
energy yield, and a controllable distribution of intensity of luminescence bands makes them prospective to improve the 
efficiency of double-sided solar cells.
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1. Introduction
Up-conversion materials doped with rare 

earth ions are widely used for various practical 
applications. These materials are used as markers 
to detect counterfeit products, laser radiation 
visualizers, solid-state lasers, biological sensors, 
and in solar panels to increase their efficiency. 
Fluoride matrices are characterized by large 
band gap and low energy spectrum of phonons 
which provides low level of nonradiative losses 
of excited population of levels and make them 
efficient in luminescent and upconversion 
applications [1–4].

One of the approaches to increase the 
efficiency of luminophores is to investigate 
disordered crystal lattices. First, such lattices 
may provide broadening of spectral lines which 
leads to increase of energy transfer efficiency 
between impurity ions and upconversion 
luminescence efficiency. Second, distortions of 
crystal lattice may lead to increase of electronic 
transitions probabilities which are relatively 
low for forbidden intraconfigurational f-f 
transitions of rare-earth ions. Despite low 
probabilities the f-f transitions of rare earth 
ions are widely used since they possess spectral 
lines in a variety of spectral ranges. One of the 
most popular luminescent ions for upconversion 
investigation is Er3+ ion [5,6]. Due to relatively 
large lifetime of excited states and significant 
manifestation of cross-relaxation processes it 
provide efficient upconversion with emitting 
photons of energy of two and higher photons 
of excitation radiation [7]. High efficiency of 
upconversion process in Er3+-doped fluorides 
make it possible to achieve the laser oscillation 
at wavelengths of about 0.55 μm (the 4S3/2–

4I15/2 
transition) when pumping at 980 nm [8]. Also 
the record value for internal photoluminescence 
quantum yield for upconversion luminescence 
was measured for Er3+–Yb3+ ion pair [9, 10]. 
More interesting that Er3+ ions allow excitation 
of anti-stokes luminescence under pumping at 
1530 nm where intensity of the sun light is still 
significant and photo effect from crystalline 
silicon is already absent. As it is known from 
literature the efficiency of Er3+ upconversion 
luminescence excited at 1530  nm can be even 
higher than that for 980 nm excitation most 

probably due to longer lifetime of 4I13/2 state [11] 
and it can provide efficient energy harvesting 
due to stronger absorption cross-section at 
1.5  micrometers spectral range [11,12]. For 
example, the microcrystalline powder of b-phase 
NaYF4 with 20% of Er3+ have shown 0.34% of 
external quantum efficiency at an irradiance 
of 1090 W·m−2 (0.03 cm2·W–1) at 1522  nm, 
polycrystalline samples of the same NaYF4: Er3+ 
(20%) have provided 2.5% being incorporated 
into an optically transparent (refractive index 
similar to that of the phosphors) acrylic adhesive 
medium (weight ratio 0.4:0.6) [13] and 6.5% being 
incorporated into perfluorocyclobutane (PFCB) 
host matrix [14] external quantum efficiency 
when irradiated at 1523 nm.

The material under investigation is from 
family of BaY2F8 fluoride matrices which are 
characterized by monoclinic structure and 
significant vibrational broadening. It is already 
known that it provides significant efficiency of 
conversion from IR spectral range, for example, 
the external quantum efficiency (EQE) at 
1557 nm measured values of 6.5% and 4.1% 
have been reached under 8.5 W cm–2 power 
density illumination for the 30% Er3+ and 20% 
Er3+ samples, respectively [15]. We studied the 
upconversion luminescence of mixed crystals 
BaY1.8Lu0.2F8 doped with Er3+ ions upon excitation 
by infrared laser radiation at a wavelength of 
1532 nm to the 4I13/2 energy level of Er3+ ions.

Aim of this work is to study the efficiency 
of light conversion in BaY1.8Lu0.2F8:Er crystals 
from the spectral range of photon energies lower 
than perovskite and silicon photoeffect maxima 
to near IR and visible spectral ranges. Namely, 
the spectral characteristics of up-conversion 
luminescence and its efficiency under laser 
excitation to the 4I13/2 energy level of Er3+ ions 
have been investigated.

2. Research methods and characterization 
of materials

Single crystals of BaY1.8Lu0.2F8:Er (1 at.%, 
5 at.%, 10 at.%, 20 at.%, 30 at.%) were grown 
in Kazan Federal University by the Bridgman 
method, which consists in moving the crucible 
with the melt from the high-temperature zone 
to the lower-temperature. Crystal growth was 
implemented in graphite crucibles.
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The absorption spectra of Er3+ ions in the 
studied fluoride crystals were registered in 
a Perkin Elmer Lambda 950 double-beam 
spectrophotometer with a double monochromator. 
The upconversion luminescence spectra of Er3+ 
ions were registered using spectroradiometer 
OL-770 VIS/NIR (slit spectral width 100 μm). To 
excite the upconversion luminescence of Er3+ ions 
to the 4I13/2 level, we used a CW fiber laser with 
lrad~1532 nm. The diameter of the laser beam 
incident on the sample was measured using a 
BEAMAGE-3.0 beam analyzer (GenTec-EO) and 
appeared to be 420±10 μm.

To calculate the chromaticity coordinates and 
correlated color temperatures (CCT), the CIE 1931 
(X, Y) standard colorimetric system was used.

To determine the internal energy yield 
(B in) of up-conversion luminescence, an 
experimental setup was elaborated based on 
OL IS-670-LED integrating sphere and OL-770 
VIS/NIR spectroradiometer. Continuous laser 
radiation after a quartz achromatic depolarizer 
was focused onto a sample located at the 
center of the sphere. The spectral power of the 
upconversion luminescence was measured using 
a spectroradiometer. The integrating sphere 
and the spectroradiometer were connected by 

an optical fiber. The experimental setup was 
corrected for spectral sensitivity using a Gooch & 
Housego reference halogen lamp with a known 
spectral output power. The power of the laser 
radiation incident on the sample was measured 
using a power meter based on an integrating 
sphere with high sensitivity.

The external energy yield (Bex) of up-
conversion luminescence was determined as the 
ratio of the power of upconversion luminescence 
in a certain spectral range to the power of laser 
radiation incident on the sample.

All measurements were performed at room 
temperature.

3. Experimental results
3.1. Up-conversion luminescence 
of BaY1.8Lu0.2F8:Er crystals

In accordance with X-ray powder diffraction 
patterns (Fig. 1), for the synthesized BaY1.8Lu0.2F8 
crystals, the samples represented the same phase 
as their homologue BaY2F8, belonging to the 
monoclinic system, space group C12/m1 [16]. The 
differences in the position of the reflections are 
very small, although for the BaY1.8Lu0.2F8 mixed 
crystal they are slightly shifted to the region of 
small angles.

Fig. 1. X-ray pattern of the crystalline compound BaY1.8Lu0.2F8:Er3+
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The absorption spectrum of the BaY1.8Lu0.2F8:Er3+ 
crystal for the 4I15/2→

4I13/2 electronic transition of 
Er3+ ions in the spectral range 1400–1700 nm is 
shown at the Fig. 2 together with the spectrum 
of solar radiation above the atmosphere (the 
spectrum of the Sun AM0) and at the surface 
(the spectrum of the Sun AM1.5) of Earth. It 
can be seen that the absorption band of the 
BaY1.8Lu0.2F8:Er3+ crystal overlaps well with the 
solar radiation spectrum. The dotted arrow in the 
spectrum also shows the wavelength of excitation 
of upconversion luminescence to the 4I13/2 level of 
Er3+ ions in our investigation (lex~1532 nm).

The up-conversion luminescence spectra of 
the BaY1.8Lu0.2F8:Er (20 at.%) crystal is shown at 
the Fig. 3, it consist of the electronic transitions 
2H9/2→

4I15/2, 
2H11/2→

4I15/2, 
4S3/2→

4I15/2, 
4F9/2→

4I15/2, 
4I9/2→

4I15/2, 
4I11/2→

4I15/2 of Er3+ ions. The highest 
luminescence intensity is observed for the band 
in the region of 1000 nm corresponding to the 
4I11/2→

4I15/2 of Er3+ ions.
The evolution of luminescence spectra with 

power density of the 1532 nm laser excitation is 
shown at the Fig. 4. The intensity of anti-stokes 
luminescence rises with the excitation power and 
changes in the form of the spectra are observed in 

Fig. 2. Absorption spectrum of the BaY1.8Lu0.2F8:Er3+ (10 at%) crystal for the 4I15/2→
4I13/2 transition of Er3+ ions 

and the spectrum of solar radiation above the atmosphere (AM0) and on the earth’s surface (AM1.5)

Fig. 3. Upconversion luminescence spectra of BaY1.8Lu0.2F8:Er (20 at.%) crystals and spectral sensitivity of 
crystalline silicon

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2022;24(3): 387–396

A. S. Nizamutdinov et al. Up-conversion luminescence in mixed crystals BaY1.8Lu0.2F8 doped with Er3+ ions...



391

Fig. 4. Dependence of the intensity of the up-conversion luminescence of BaY1.8Lu0.2F8:Er3+ crystals on the 
laser excitation power density: a) 6 W/cm2, b) 12.7 W/cm2, c) 19 W/cm2, d) 25.5 W/cm2, e) 32 W/cm2
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the investigated range from 6 W/cm2 to 32 W/cm2 
which are discussed further. 

The highest luminescence intensity for all elec-
tronic transitions of Er3+ ions in the range of 300–
1100 nm is observed for the sample with a concen-
tration of 10 at.% of Er3+ ions. The intensity of the 
up-conversion luminescence of Er3+ ions increases 

with increasing concentration up to 10 at.%, then 
concentration quenching is observed for samples 
with a concentration of 20 at.% and 30 at.%. This 
concentration dependence was observed for all 
values of the excitation power density.

The CCT and chromaticity coordinates 
of the radiation of up-conversion phosphors 

Fig. 5. Chromatic diagram of upconversion luminescence for BaY1.8Lu0.2F8:Er crystals when excited by laser 
radiation with a wavelength of 1532 nm and a power density of 6 W/cm2 (a), 12.7 W /cm2 (b), 19 W/cm2 (c), 25.5 
W/cm2 (d), and 32 W/cm2 (e)
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BaY1.8Lu0.2F8:Er3+ were studied. Fig. 5 shows 
location at the chromatic diagram for the up-
conversion luminescence of the studied crystals 
upon excitation by laser radiation with a power 
density of 6 W/cm2, 12.7 W/cm2, 19 W/cm2, 25.5 
W/cm2, and 32 W/cm2. The values of CCT and 
chromaticity temperatures are presented in 
Table 1.

The CCT and the chromaticity coordinates of 
the emission of fluoride phosphors depend on the 
excitation power density and the concentration of 
rare earth ions. For the BaY1.8Lu0.2F8:Er3+ (20 at.%) 
sample, green-yellow emission is observed with a 
CCT of 4767-5002 K at an excitation power density 
of 6–32 W/cm2. As the excitation power density 
increases, the CCT also increases.

Table 1. CCT values, chromaticity coordinates, internal and external energy yield of up-conversion 
luminescence in BaY1.8Lu0.2F8: Er crystals

BaY1.8Lu0.2F8: Er 
(1 %)

BaY1.8Lu0.2F8: Er 
(5 %)

BaY1.8Lu0.2F8: Er 
(10 %)

BaY1.8Lu0.2F8: Er 
(20 %)

BaY1.8Lu0.2F8: Er 
(30 %)

Internal Ben 
(6 W/cm2), %

2.3 17.8 20.4 10.7 6.9 

Internal Ben  
(12.7 W/cm2), %

3.2 19.4 19.0 9.9 6.2

Internal Ben 
(19 W/cm2), %

4.5 20.5 19.5 9.3 5.7

Internal Ben  
(25.5 W/cm2), %

5.1 20.2 19,0 8.9 5.4

Internal Ben  
(32 W/cm2), %

5.6 18.7 18.3 8.6 5.1

External Ben  
(6 W/cm2), %

0.4 6.4 9.4 9.0 6.5

External Ben  
(12.7 W/cm2), %

0.6 6.9 9.3 8.3 5.8

External Ben  
(19 W/cm2), %

0.7 7.1 9.3 7.8 5.4

External Ben 
(25.5 W/cm2), %

0.8 7.1 9.1 7.4 5.1

External Ben  
(32 W/cm2), %

0.9 7.0 8.9 7.1 4.8

CCT (6 W/cm2), K 2384 4469 4767 4704 4304
CCT (12.7 W/cm2), K 3339 4827 4943 4912 4453
CCT (19 W/cm2), K 3922 4992 5073 4959 4511

CCT (25.5 W/cm2), K 4249 5087 5141 4985 4553
CCT (32 W/cm2), K 4441 5149 5181 5002 4575

Chromaticity 
coordinates  
(6 W/cm2)

Х= 0.5107
Y=0.4507

Х=0.4010
Y=0.5786

Х= 0.3866
Y=0.5918

Х=0.3824
Y=0.5928

Х=0.4096
Y=0.5644

Chromaticity 
coordinates  

(12.7 W/cm2)

Х= 0.4630
Y=0.5136

Х= 0.3792
Y=0.6006

Х= 0.3718
Y=0.6070

Х=0.3734
Y=0. 6003

Х=0.4009
Y=0.5719

Chromaticity 
coordinates (19 W/

cm2)

Х= 0.4316
Y=0.5454

Х= 0.3689
Y=0.6110

Х= 0.3635
Y=0.6151

Х=0.3704
Y=0.6030

Х=0.3974
Y=0.5751

Chromaticity 
coordinates  

(25.5 W/cm2)

Х= 0.4137
Y=0.5660

Х= 0.3627
Y=0.6167

Х= 0.3590
Y=0.6191

Х=0.3686
Y=0.6033

Х=0.3947
Y=0.5762

Chromaticity 
coordinates  
(32 W/cm2)

Х= 0.4025
Y=0.5760

Х= 0.3586
Y=0.6208

Х= 0.3564
Y=0.6215

Х=0.3676
Y=0.6042

Х=0.3934
Y=0.5774
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With an increase in the concentration of 
Er3+ ions from 1 at.% to 30 at.%, the CCT to a 
concentration of 10 at.% increases in the range 
of 2384–4767 K, and then decreases again 
to 4304 K at an excitation power density of 
6 W/cm2. The observed character of the increase 
in CCT with an increase in the concentration 
of Er3+ ions manifests itself for all studied 
excitation power densities. The dependence 
of CCT on the concentration of rare earth ions 
and the excitation power density is presented 
in Table 1.

3.2. Energy yield of upconversion luminescence 
of BaY1.8Lu0.2F8:Er3+

Internal and external energy yield are 
important characteristics when evaluating 
the application of BaY1.8Lu0.2F8:Er crystalline 
compounds in photovoltaics to increase the 
efficiency of solar cells and protect securities. 
The internal energy yield of up-conversion 
luminescence in the range of 400–1100 nm was 
determined as the ratio of the radiation power to 
the absorbed excitation power for crystals with an 
Er3+ ion concentration of 1 at.%, 5 at.%, 10 at.%, 
20 at.% and 30 at.% respectively. It can be seen 
that the maximum yield value corresponds to the 
sample with a concentration of 10 at.% Er3+ ions. 
The value of the internal energy output when 
excited by other power densities is presented in 
Table 1.

The maximum value of the external energy 
yield of the up-conversion luminescence was 9.4% 
at an excitation power density of 6 W/cm2 for the 
BaY1.8Lu0.2F8:Er3+ (10 at%) crystal which appears 
to be higher than that for BaY2F8:Er result from 
literature [15] and at the level of Yb3+ codoped 
luminophore BaF2:Er,Yb [10].

4. Conclusions
In this work, we studied the upconversion 

luminescence characteristics of the concentration 
series of BaY1.8Lu0.2F8:Er3+ crystals grown by the 
Bridgman method. The studied crystals showed 
intense up-conversion luminescence upon 
excitation of Er3+ ions to the 4I13/2 level by laser 
radiation with a wavelength of 1532 nm. The 
luminescence spectra consisted of electronic 
transitions 2H9/2→

4I15/2, 
2H11/2→

4I15/2, 
4S3/2→

4I15/2, 
4F9/2→

4I15/2, 
4I9/2→

4I15/2, 
4I11/2→

4I15/2 Er3+ ions.

The maximum value of the external energy 
yield of the up-conversion luminescence was 
9.4% at an excitation power density of 6 W/cm2 
for the BaY1.8Lu0.2F8:Er3+ (10 at.%) crystal which 
appeared to be of optimal chemical composition. 
The maximum value of the internal energy yield 
of the up-conversion luminescence was 20.4% at 
an excitation power density of 6 W/cm2 for the 
BaY1.8Lu0.2F8:Er3+(10 at.%) crystal.

A l s o  t h e  i n ve s t i g a t e d  c r y s t a l s  o f 
BaY1.8Lu0.2F8:Er3+ allow the control of the up-
conversion luminescence spectra shape. By 
changing the concentration and power density 
of the excitation, it was possible to obtain up-
conversion radiation with CCT in the range of 
2384–5149 K.

Advantages revealed in this work for crystalline 
compounds BaY1.8Lu0.2F8:Er3+ such as wide 
absorption bands in the infrared spectral range, 
a high external energy yield, and a controllable 
distribution of intensity of luminescence bands 
makes them prospective to improve the efficiency 
of double-sided solar cells.

Contribution of the authors
The authors contributed equally to this article

Conflict of interests 
The authors declare that they have no 

known competing financial interests or personal 
relationships that could have influenced the work 
reported in this paper.

References
1. Lüthi S. R., Pollnau M., Güdel H. U., Hehlen M. P. 

Near-infrared to visible upconversion in Er3+-doped 
Cs3Lu2Cl9, Cs3Lu2Br9, and Cs3Y2I9 excited at 1.54 μm. 
Physical Review B. 1999;60(1): 162–178. https://doi.
org/10.1103/PhysRevB.60.162

2. Wang Y., Ohwaki J. New transparent vitroceramics 
codoped with Er3+ and Yb3+ for efficient frequency 
upconversion. Applied Physics Letters. 1993;63(24): 
3268–3270. https://doi.org/10.1063/1.110170

3. Alexandrov A. A., Mayakova M. N., Voronov V. V., 
Pominova D. V., Kuznetsov S. V., Baranchikov A. E., 
Ivanov V. K., Fedorov P. P. Synthesis of upconversion 
luminophores based on calcium fluoride. Condensed 
Matter and Interphases. 2020;22(1): 3–10. https://doi.
org/10.17308/kcmf.2020.22/2524 

4. Singh R., Madirov E., Busko D., Hossain I. M., 
Konyushkin V. A., Nakladov A. N., Kuznetsov S. V., 
Farooq A. , Gharibzadeh S. , Paetzold U. W. , 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2022;24(3): 387–396

A. S. Nizamutdinov et al. Up-conversion luminescence in mixed crystals BaY1.8Lu0.2F8 doped with Er3+ ions...



395

Richards B. S., Turshatov A. Harvesting sub-bandgap 
photons via upconversion for perovskite solar cells. 
ACS Applied Materials and Interfaces. 2021;13(46): 
54874–54883. https://doi.org/10.1021/acsami.1c13477

5. Van Den Hoven G. N., Snoeks E., Polman A. 
Upconversion in Er-implanted Al2O3 waveguides. 
Journal of Applied Physics. 1996;79(3): 1258–1266. 
https://doi.org/10.1063/1.361020

6. Lyapin A. A., Gushchin, S. V., Kuznetsov S. V., 
Ryabochkina P. A., Ermakov A. S., Proydakova V. Yu., 
Voronov V. V. , Fedorov P. P. , Artemov S. A. , 
Yapryntsev  A.  D., Ivanov V. K. Infrared-to-visible 
upconversion luminescence in SrF2:Er powders upon 
excitation of the 4I13/2 level. Optical Materials Express. 
2018;8(7): 1863–1869. https://doi.org/10.1364/
OME.8.001863

7. Rubin J., Brenier A., Moncorge R., Pedrini C. 
Excited-state absorbtion and energy transfer in Er3+-
doped LiYF4. Journal of Luminescence. 1986;36(1): 
39—47. https://doi.org/10.1016/0022-2313(86)90029-
3

8. Brede R., Heumann E., Koetke J, Danger T., Huber 
G., Chai B. Green up-conversion laser emission in 
Er-doped crystals at room temperature. Applied Physics 
Letters. 1993;63(15): 2030–2031. https://doi.
org/10.1063/1.110581

9. Kaiser M., Würth C., Kraft M., Hyppänen I., 
Soukka T., Resch-Genger U. Power-dependent 
upconversion quantum yield of NaYF4:Yb3+,Er3+ nano- 
and micrometer-sized particles-measurements and 
simulations. Nanoscale. 2017;9(28): 10051–10058. 
https://doi.org/10.1039/c7nr02449e

10. Madirov E. I., Konyushkin V. A., Nakladov A. N., 
Fedorov P. P., Bergfeldt T., Busko D., Howard I. A., 
Richards B. S., Kuznetsov S. V., Turshatov A. An up-
conversion luminophore with high quantum yield and 
brightness based on BaF2:Yb3+,Er3+ single crystals. 
Journal of Materials Chemistry C. 2021;9(10): 3493–
3503. https://doi.org/10.1039/d1tc00104c

11.  Liu Y., Zhou Z., Zhang S., Zhao E., Ren J., Liu L., 
Zhang J. Mechanisms of upconversion luminescence 
of Er3+-doped NaYF4 via 980 and 1530 nm excitation. 
Nanomaterials. 2021;11(10): 2767. https://doi.
org/10.3390/nano11102767

12. Ivanova S., Pellé F. Strong 1.53 um to NIR–VIS–
UV upconversion in Er-doped fluoride glass for high-
efficiency solar cells. Journal of the Optical Society of 
America B. 2009;26(10): 1930–1937. https://doi.
org/10.1364/JOSAB.26.001930

13.  Shalav A., Richards B. S., Trupke T. Application 
of NaYF4:Er3+ up-converting phosphors for enhanced 
near-infrared silicon solar cell response. Applied 
Physics Letters. 2005;86(1): 013505-1–013505-3. 
https://doi.org/10.1063/1.1844592

14. Ivaturi A., MacDougall, Sean K. W., Martín-
Rodríguez R., Quintanilla M., Marques-Hueso J., 
Krämer, Karl W., Meijerink A., Richards, Bryce S. 
Optimizing infrared to near infrared upconversion 
quantum yield of b-NaYF4:Er3+ in fluoropolymer matrix 
for photovoltaic devices. Journal of Applied Physics. 
2 0 1 3 ; 1 1 4 ( 1 ) :  0 1 3 5 0 5 .  h t t p s : / / d o i .
org/10.1063/1.4812578

15. Boccolini A., Faoro R., Favilla E., Veronesi S., 
Tonelli M. BaY2F8 doped with Er3+: An upconverter 
material for photovoltaic application. Journal of 
Applied Physics. 2013;114(6): 064904. https://doi.
org/10.1063/1.4817171

16. Kaminskii A. A., Sobolev B. P., Sarkisov S. E., 
Denisenko G. A., Ryabchenkov V. V., Fedorov V. A., 
Uvarova T. V. Physicochemical aspects of the synthesis 
of BaLn2F8-Ln3+ single crystals. Spectroscopy and 
stimulated emission of these crystals. Izv. Akad. Nauk 
SSSR, Neorg. Mater. 1982;18(3): 482–497. (In Russ.)

Information about the authors
Alexey S. Nizamutdinov, Cand. Sci. (Phys.–Math.), 

Senior Researcher, Associate Professor, Kazan Federal 
University (Kazan, Russian Federation).

https://orcid.org/0000-0003-1559-6671
anizamutdinov@mail.ru
Sergey V. Gushchin, postgraduate student, National 

Research Mordovia State University (Saransk, Russian 
Federation).

https://orcid.org/0000-0003-1680-337X
serg.guschin1703@gmail.com
Sergey A. Bukarev, postgraduate student, National 

Research Mordovia State University (Saransk, Russian 
Federation).

https://orcid.org/0000-0003-2781-5974
bukarevsa@yandex.ru
Alexey A. Shavelev, Junior Researcher, Kazan 

Federal University (Kazan, Russian Federation).
https://orcid.org/0000-0001-5700-6989
alexey.shavelev@gmail.com
Mikhail A. Marisov, Cand. Sci. (Phys.–Math.), Senior 

Researcher, Kazan Physical-Technical Institute, Kazan 
Federal University (Kazan, Russian Federation).

https://orcid.org/0000-0001-8425-7046
m.a.marisov@gmail.com
Ainur A. Shakirov, Junior Researcher, Kazan Federal 

University (Kazan, Russian Federation).
https://orcid.org/0000-0002-6140-3714
shakirov_1995@mail.ru
Airat G. Kiiamov, Cand. Sci. (Phys.–Math.), Senior 

Researcher, Kazan Federal University (Kazan, Russian 
Federation).

https://orcid.org/0000-0001-5376-7000
airatphd@gmail.com

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2022;24(3): 387–396

A. S. Nizamutdinov et al. Up-conversion luminescence in mixed crystals BaY1.8Lu0.2F8 doped with Er3+ ions...



396

Anna V. Astrakhantseva, Laboratory Assistant, 
Kazan Federal University (Kazan, Russian Federation)/

https://orcid.org/0000-0002-1670-3064
anya4324@gmail.com

Andrey A. Lyapin, Cand. Sci. (Phys.–Math.), 
Associate Professor, National Research Mordovia State 
University (Saransk, Russian Federation).

https://orcid.org/0000-0002-6963-9801
andrei_lyapin@mail.ru
Received 27.04.2022; approved after reviewing 

01.07.2022; accepted for publication 15.07.2022; 
published online 25.09.2022.

Translated by author of the article.

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2022;24(3): 387–396

A. S. Nizamutdinov et al. Up-conversion luminescence in mixed crystals BaY1.8Lu0.2F8 doped with Er3+ ions...


