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ABSTRACT

In this paper, we consider the preparation of some double oxides of transition metals, namely
(Zn0),,, (CdO), ., NiOCuO, NiOCo,0, CoFe O,, NiFe O,, ZnFe O,. The synthesis of bimetallic
oxide compounds occurred in two stages. First, plasma-solution synthesis of ultrafine particles from
solutions of a mixture of nitrates under the action of a DC glow discharge. The second was the high-
temperature treatment of the resulting hydroxonitrates and hydroxides. The kinetics of the formation
of the solid phase in the solution had an induction period associated with the accumulation of active
particles in the solution under the action of the plasma and the change in the intensity of the light
transmitted through the solution during the plasma treatment has an exponential decreasing character.
The characteristic times of solid phase formation obtained from these dependences decrease with
increasing discharge current. As a result of hydrolysis-like processes, hydroxides and hydroxonitrates
of the corresponding metals were formed in the solution. This was confirmed by the XRD and EDS
data. According to the data of a SEM and DLS, the particles obtained were characterized by two sizes:
one was about 100 nm and the other was about 1.5 um.
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OKCUIHBIX COEIMHEHUI NMPOUCXOAMUT B JIBE CTaIuH. Bo-mepBBIX, MIIa3MEHHO-PACTBOPHBIN CHHTE3
YABTPATUCIIEPCHBIX YACTULl U3 PACTBOPOB CMECH HUTPATOB MOJ JEHCTBUEM TIEIOLIETO pa3psijia Mo-
CTOSIHHOTO TOKa. BTOpO#i — BbICOKOTeMIIepaTypHas 00paboTKa MOIYYEHHBIX TMIPOKCOHUTPATOB U
rupokcuioB. IlomydeHHble 3aBUCMMOCTHM HMHTEHCHBHOCTHM IPOLIEALIETO 4Yepe3 pacTBOp CBETa
BO BpeMs IJIA3MEHHON 00pabOTKH HOCAT YOBIBAIOIIMN XapaKTep U OMHUCHIBAIOTCS HKCIIOHEHTOM. Xa-
pakTepHble BpeMeHa 00pa30BaHus TBEpAOH (a3bl, IOTYyUYEHHbBIE U3 ITHX 3aBUCUMOCTEHN, YMEHBILAIOT-
Csl C yBENIMUEHUEM TOKa pa3psana. B pesynbrare rupoin3onogo0HbIX MPOLECCOB B pacTBOpe 00pa-
3yIOTCSl TUAPOKCUABI M TUAPOKCUHUTPATHI COOTBETCTBYIOIIMX METAUIOB. DTO MOATBEPANIN JaHHBIE
PCA u J/IC. Ilo nanabpim COM u JIPC nosmydeHHbIe YaCTHUIIbI XapaKTEPU30BAJINCH IBYMs pa3Mepa-

mu: oguH — 100 M, npyroit — 1,5 MKMm.

KIJIFOYEBBIE CJIOBA

JIBOITHBIE OKCH/IbI; HAHOYACTHUIIBI; ra30BbIi pa3psaa; COM; kuHeTHKa.

Introduction

Transition metal oxides with different
morphology and composition are applicable
in many spheres of human activity. Inorganic
materials of this category meet all the
requirements of modern industry and science
standards and have a high priority for the
study and development of advanced methods
for their synthesis. Such particles include:
(Zn0), ,,(CdO), s NiOCuO, NiOCo,0,
CoFe,O,, NiFe,O,, ZnFe O, The presented
compounds, and others from this group, have
a variety of characteristics. It should be noted
that individual metal oxides usually have poor
conductive properties and low chemical stability,
which limits their use. At the same time, binary
oxide systems are free from this disadvantage.
These materials are also unique in that their
special physical and chemical properties, which
depend directly on their size, can open up new
areas of their application [1].

Bimetallic oxide compounds are used in
biomedical engineering applications, where it
is easy to use them to implement the so-called
drug delivery [2] and multimodal imaging [3].
There are works on the detection of glucose
using nanocrystals of oxides [4], as well as the
identification of antibacterial activity [5].
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The magnetic properties of such compounds
are actively used in magnetic resonance
imaging (MRI) [6]. Most of the nanocrystals
are semiconductors with a high charge carrier
density and different band structure, which allows
the creation of band gaps for new applications.
For example, ZnO nanorods are used as active
components in lasers, and materials based on
copper oxide play an important role in studies
of high-temperature superconductivity [7].
In addition, in recent years there has been a
tendency to use various carbon materials as
anodes for lithium-ion batteries [8].

Of particular note are carbon fibers and
fabrics, which have excellent flexibility
and electrical conductivity. However, their
significant disadvantage is their low specific
capacitance. Therefore, in this case, it is
impossible to do without applying layers of
transition metal oxides to the surface of the
carbon fabric, which are characterized by a high
theoretical capacity, availability, and low cost.
Therefore, the synthesis, study ofthe morphology
and structural features of hybrids of transition
metal oxides/carbon fabrics, as well as the study
of the fundamental possibility of their use as
anode materials for lithium-ion batteries, are
among the urgent goals and objectives of many
studies [8].



At present, the following synthesis
methods are known for obtaining nanocrystals
of transition metal oxides. Among them [1]:
chemical vapor deposition [9], electrodeposition

[10], sol-gel methods [11], hydrothermal
methods [12], solvothermal methods [13],
thermal  decomposition  methods  [14],

sonochemical methods [ 15], microwave methods
[16], spray pyrolysis [17], and flame synthesis
of aerosols [18]. Recently, oxide nanoparticles
are mainly synthesized using environmentally
friendly methods that are reproducible, simple,
and economical. One of such methods for
obtaining metal nanoparticles is a method based
on the interaction of low-temperature gas-
discharge plasma with solutions. The method
is carried out using environmentally friendly
solvents such as water, ionic liquids and
supercritical fluids, using a minimum amount of
substances.

Despite the fact that many different types
of discharges and reactor designs have been
proposed, all of them are united by the fact that
the gas discharge plasma realized in them is
nonequilibrium. The main role in initiating all
chemical processes belongs to electrons. Their
inelastic collisions with atoms and molecules of
the plasma-forming gas lead to the formation of
chemically active particles: atoms and molecules
in excited states, radicals, positive and negative
ions [19]. Their subsequent reactions with
each other, as well as with substances that
form the boundaries of the discharge, form the
composition of the plasma.

Another specific feature is the fact that, in
contrast to discharges limited by chemically inert
walls (glass, ceramics, etc.), the evaporation of
a solution into the gas phase strongly affects
the properties of the plasma. The discharge
always burns not in a pure gas, but in a gas with
impurities of solution components. In fact, the
chemical reactions that occur during the synthesis
of nanoparticles in plasma-solution systems
and are described by stoichiometric reaction

MATED

equations are quite simple. They are based on
the reduction of metal ions or semiconductors
or the formation of insoluble compounds under
the action of particles formed in solution under
the action of plasma. The exception is when the
formation occurs as a result of direct physical
processes, such as cathode sputtering or reactive
cathode sputtering.

The physical and chemical processes in the
gas phase are being intensively studied by many
researchers and technicians. However, active
studies of physicochemical processes in plasma-
solution systems began in recent decades due
to the applications of these systems in water
treatment [20-22], plasma medicine [23-26],
synthesis of nanomaterials [27-33], etc.

Primary active particles in solution can
appear in two ways. The first way is the
diffusion of particles formed in the plasma into
the solution. The second way is the formation of
particles from water molecules under the action
of bombardment of its surface by active agents
of the discharge. There is no consensus in the
literature and no direct experimental evidence
as to which of the above paths is the main one.
Thus, in a review paper [34] devoted to the
synthesis of nanodispersed metal particles, it is
believed that water molecules are ionized due
to ion bombardment of the solution surface.
The resulting electrons are the main reducing
agents of metal cations (Me"+tne—M).
Experimentally, the fact of the formation of
solvated electrons was discovered in [35].
A number of experimental facts also indicate
that the second way is more probable. Thus, the
formation of hydrogen peroxide is observed for
discharges in all studied plasma-forming gases,
including noble ones [36].

Over the past twenty years, studies on
the interaction of plasma with solutions have
described the nature of the formation of
colloidal particles consisting of noble metals.
However, the mechanisms of formation of
particles in solutions under the action of gas
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discharges containing one or more transition
metal cations are still not completely clear. In
this work, we have described some regularities
in the formation of a solid phase in solutions
containing two transition metal nitrates under
the action of a glow discharge at atmospheric
pressure in air. An additional motivation for
studying these processes is the regulation of the
composition and size of the obtained particles,
as well as the fact that the final product of such
synthesis are oxides containing two transition
metal cations, which are promising in various
fields of application.

1. Research Methods

The solutions were prepared by dissolving
M¥(NO,) (M = Zn*; Cd*; Cu*; Ni*'; Co™;
Fe’") (JSC ““Himreactiv”’, Russia) in distilled
water. The concentration of the working
solution is shown in Table 1. The concentration
was selected empirically so that the final ratio
of metal cations corresponded to the compounds
with the formula (ZnO),,,(CdO), . NiOCuO,
NiOCo,0, CoFe,O,, NiFe O,, ZnFe O,.

The discharge cell had an H-shape, divided
into two identical parts by a cellophane
membrane. The volume of each part was
100 ml. A high voltage was applied to titanium
electrodes located at a distance of 5 mm from
the surface of the solution, sufficient to ignite
the plasma. After ignition of the gas discharge,
the solution in the cell located under the metal
anode became the liquid cathode, and the
solution under the metal cathode became the
liquid anode. The discharge current was 40 mA
and the total input power was about 40 W. The
setup scheme is described in more detail in [37].
By the action of a discharge a colloidal solution
was formed in the near-surface layer of anode
part of cell (A-cell) and precipitate was formed
at the bottom of the cell. The obtained sol-like
fraction from top of the A-cell was collected
by pipette, centrifuged and rinsed with distilled
water. Washed sol was dried in ambient air
at 60 °C for 24 h.
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The synthesis of bimetallic oxide
compounds occurred in two stages. First,
plasma-solution synthesis of ultrafine particles
from solutions of a mixture of nitrates under
the action of a DC glow discharge. The second
was the high-temperature treatment of the
resulting hydroxonitrates and hydroxides. The
temperature was selected individually based
on the data of thermogravimetric analysis and
varied from 300 to 1000 °C depending on the
metal cations used for the synthesis.

The kinetics of the colloidal particle
formation process was investigated using the
method of turbidimetry. The intensity of the
light passing through the layer (1 mm below
the surface) of the solution was measured
with an AvaSpec-2048 FT-2 spectrometer
(Avantes, Netherlands). The optical length was
45 mm. The light source was a He-Ne laser
(A =632.8 nm).

The pH of the solution were measured before
and after solution treatment using a PHT-028
multivariable water quality monitor (Kelilong,
China).

Characterization of precipitates

For qualitative and quantitative analysis
of the phase composition of the powders,
x-ray diffraction analysis was used (x-ray
diffractometer DRON 3 M, Burevestnik, Russia,
CuKa radiation). The diffraction patterns were
processed using QualX2 software [38] and the
open crystallographic COD database [39].

Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) of the
obtained precipitates were performed on a STA
449 F1 Jupiter thermal analysis instrument
(Netzsch, Germany). The temperature range
was 20-900 °C at a heating rate of 5 °C min™!
in an argon flow using a platinum crucible.

The shape of the particles, their sizes and
elemental composition of the powder were
obtained using scanning electron microscopy
(SEM, Tescan Vega 3SBH, Czech Republic)
with an EDX analysis system (Aztec EDS,
Oxford Instruments Ltd., England).



The average hydrodynamic diameter of
the colloidal particles and their z potential was
determined by dynamic light scattering (DLS)
using a Photocor Compact-Z size analyzer
(Photocor, Russia).

2. Results and Discussion

Under the action of the discharge, no visible
changes in the solution were observed during
the first tens of seconds. After the induction
period, the formation of colloidal particles in
the solution began in the region of the plasma-
solution contact in the anode part of the cell.
In this case, the formation of particles in the
cathode part of the cell was not observed.
Turbidimetric curves are well described by two
exponents (Fig. 1). Such processing makes it
possible to determine the effective rate constants
or characteristic times. The dependences of the
change in the rate constants of the formation of
the solid phase on the discharge current for the
second section are shown in Fig. 2. As it can be
seen from the graph, the rate of formation of the
solid phase in the solution under the action of
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the discharge increases with increasing current.
This is directly related to the accumulation of
active particles in the solution under the action
of the discharge.

The results of XRD and EDS analysis
of the composition of substances obtained
from colloidal particles showed that these
are mixtures of crystalline hydroxonitrates
and hydroxides of the corresponding metals
(Table 1). The formation of these compounds
requires a certain concentration of hydroxide
OH- ions, that is, it depends on the pH of the
solution. The initial solutions of the studied salts
had an acidic environment due to the hydrolysis
of salts (Table 1). For a solution containing
only one type of metal ion, there is an increase
in pH in the liquid anode (an increase in the
concentration of OH- ions) with the treatment
time and a decrease in the liquid cathode
(a decrease in the concentration of OH- ions).
In the case of solutions of mixtures of salts, a
strong change in the pH of the solution is not
observed even after 10 minutes of treatment

(Fig. 3).

~e-0-0.99-0*

1 1 L 1 1
0 100 200 300

400 500 600

Processing time, s

Fig. 1. The dependence of the normalized transmission of the solution on the processing time
for a mixture of zinc and cadmium nitrates [40].
Discharge current is 70 mA

Puc. 1. 3aBUCUMOCTb MHTCHCUBHOCTH TPOMIEAIIETO YEPE3 PacTBOP CBETA
OT BpeMeHH 00pabOoTKH JJIsi CMECH HUTPATOB IWHKA U Kaamus [40].
Toxk paspsina 70 MA
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Fig. 2. The dependence of the effective rate constants on the discharge current. Initial concentration of nitrates 5 mmol/l

Puc. 2. 3aBucumMocTtb S(IJ(l)eKTI/IBHI)IX KOHCTAHT CKOPOCTH OT TOKa paspsia. Wcxomgnas KOHIICHTpAalusA HUTPATOB 5 MMOJIB/IT
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Fig. 3. Kinetics of change in the pH of the solution vs the time of plasma treatment:
a — mixture of iron nitrate and cobalt nitrate (initial concentrations of iron nitrate 3 mmol/l and cobalt nitrate
50 mmol/l); b — iron nitrate (initial concentration of iron nitrate 5 mmol/l). Discharge current is 40 mA

Puc. 3. Kunernka n3menenus pH pactBopa B 3aBHCUMOCTH OT BPEMEHH IJIa3MEHHOI 00paboTKu:
a — cmMech HUmMpama dcenesd i HUumpama Kooaiema (HauanbHvle KOHYeHmpayuu Humpama sxcene3a 3 MmMonv/1
u Humpama kobaiema 50 Mmonw/n); 6 — Humpam gncene3a (UCXOOHAs KOHYEHMPayus HUmMpama sHceiesa 5 Mmonw/i).
Tox paspsaoa 40 mA

The calculation wusing the solubility
products (Table 1) shows that the formation
of insoluble hydroxides and hydroxonitrates
at the measured pH values in the cathode cell
is thermodynamically impossible. It should be
noted that the results of pH measurements are
averaged over the cell volume, and the main
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changes in pH occur in a thin near-surface
layer. In both cases, the thickness of these
layers is several nanometers. For this reason,
the environment directly in the reaction zone in
the cathode part should be more acidic, and in
the anode part — more alkaline compared to the
experimentally measured ones.
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Table 1. Oxide metal particles synthesis in plasma solution system. Discharge current 40 mA

Tadoauua 1. OKCcHabI METAIOB CHHTE3UPOBAHHBIC B ITa3MEHHO-PAaCcTBOPHOI cucteme. Tok paspsma 40 MA

... pH
Type of particles Raw materials conclélrllftlrzltion Solubility deposition XRD and EDS
after calcination of solutions mmol/l ’ product of metal of precursor
hydroxides
Zn(NO,), 50 1.2-10°"7 6.4 Zn(NO,)OH-H,0,
(Zn0), ,, (CdO), " Zn(OH),, y-Cd(OH),,
Cd(NO,), 50 2-10 8.2 B-Cd(NO,)OH-H,0
Co(NO,), 50 1.6:10°" 7.6 Co(NO,)OH-H,0,
CoFe,0, - Co(OH),, Fe(OH),,
Fe(NO,), 3 6.3-10 2.3 Fe(NO,),0H-H,0
Ni(NO,), 50 2.0-10°% 7.7 Ni(NO,)OH"H,0,
NiFe O, . N1(OH) Fe(OH)
Fe(NO,), 2.5 6.3-10- 2.3 Fe(NO, ) OH'H, O
Zn(NO,), 50 1.2-10°"7 6.4 Zn(NO,)OH"H,0,
ZnFe 0, = Zn(OH),, Fe(OH),,
Fe(NO,), 4 6.3-10 2.3 Fe(NO,),0H-H,0
Ni(NO,), 50 2.0-10°15 7.7 Ni(NO,)OH"H,0,
NiOCuO Ni(OH),, Cu(OH),,
Cu(NO,), 2 2.2-1020 53 Cu(NO,)OH-H,0
Ni(NO,), 25 2.0-10°15 7.7 Ni(NO,)OH"H,0,
NiOCoO Ni(OH),, Co(OH),,
Co(NO,), 50 6.3:10% 2.3 Co(NO,)OH'H,0

The reasons for the different pH values
for the liquid cathode and anode are that the
surface of the liquid anode, unlike the cathode,
is bombarded by plasma electrons [41, 42].
As a result, the electron concentration in a
surface layer several nanometers thick reaches
a value of about 1 mmol/L. These electrons
react very quickly with water molecules to
form hydroxide ions (Fig. 4). This leads to

Processes in the liquid anode

higher pH values in the anode cell compared
to the cathode. An increase in the discharge
current leads to an increase in the electron
flux from the plasma, the rate of formation of
hydroxide ions OH- and, as a consequence,
the rate of formation of colloidal particles.
This is reflected in an increase in the effective
rate constant with an increase in the discharge
current (Fig. 2).

Formation of a solid phase

Me(NO,), -xIH,0 — Me* +2NO; +xHOH

H+OH
+H,0

solv

+e
e —> e, —— H,+20H

TH0: ™ o +omr

Me(OH)(NO,) &

Plasma — OH~ H H

Me(OH )"

NO / \CZH

Me(OH), ¥

Fig. 4. Mechanisms of formation of a solid phase under the action of a low-temperature, nonequilibrium plasma
initiated by the action of a DC glow discharge on an aqueous solution

Puc. 4. Mexanusmsl 00pa3oBaHus TBEPAOH (Pa3sl B BOAHOM PACTBOPE MO ACHCTBHEM HU3KOTEMIepaTypHOH
HEpPaBHOBECHOM IJ1a3Mbl, MTHULIMMPYEMOU BO3/IEHCTBHEM TIICIOIIETO pa3psiga MOCTOSHHOIO TOKa
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The results of quantitative determination
of the composition of the solid phase obtained
from mixtures of salts showed that the ratio
of the components did not correspond to their
ratio in solution. Even with an equal molar
ratio in solution, the concentration of the metal
in the solid phase is the greater, the smaller
the solubility product for the corresponding
insoluble compound. That is, the substance with
the lowest value of the solubility product begins
to form first. This fact must be taken into account
in order to obtain a compound of the desired
composition. High-temperature treatment of the
resulting powders leads to the formation of the
corresponding oxides.

All obtained powders had a well-developed
surface and their images obtained on a
scanning electron microscope are shown in
Fig. 5. All samples are characterized by the
presence of agglomerates approximately
1.5 wm in size. Their presence is explained
by van der Waals forces, and in the case
of iron-containing particles, by the magnetic
properties of these materials. The resulting
colloidal particles were also studied using
the method of dynamic light scattering.
All samples are characterized by a clear
distribution into two characteristic fractions.
The first 40% is 100+10 nm, and the second
60% is 1.5 pm.

Fig. 5. SEM image of calcined synthesized powder:
a— (ZnO)O.gz (CdO)o.Og; b — NiOCuO; ¢ — NiOCoZO; d— CoFe204; e— NiFezO4,'f— ZnFezO

4

Puc. 5. Uzob6paxkenus, nomydeHHsle Ha COM CHHTE3MPOBAHHOTO MOPOIITKA
ITOCIIe BBICOKOTEMIIEpaTypHO 00paboTKH:
a— (ZnO)o‘gz(CdO) - b — NiOCuO; ¢ — NiOCoZO,' d— CoFezO4; e— NiFezO4;f— ZnFezO4

0,08
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Conclusions

The work shows the possibility of
synthesizing ultrafine oxide materials from
solutions of nitrate mixtures under the action
of a nonequilibrium gas-discharge plasma.
A gas discharge is a source of a large number
of active particles, but the main contribution
to the formation of a solid phase in a solution
under the action of a discharge is made by
electrons, in the reactions of which hydroxide
ions are formed with water molecules. The
reactions of these ions lead to the formation
of insoluble hydroxonitrates and hydroxides
of the corresponding metals. High temperature
treatment of these compounds transforms them
into mixed oxides (ZnO),,(CdO), ., NiIOCuO,
NiOCo,0, CoFe,O,, NiFe O,, ZnFe O,.
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