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В данной работе исследован процесс образования нерастворимых соединений 
цинка и кадмия, инициированный действием разряда постоянного тока атмосферного 

давления в воздухе на водный раствор нитратов цинка и кадмия. Установлено, что, когда 
раствор является анодом, действие разряда приводит к образованию коллоидного рас-
твора гидроксинитратов и гидроксидов цинка и кадмия белого цвета. Коллоидные ча-
стицы первоначально образуются на границе раздела раствор-разряд. И далее область об-

разования распространяется в глубину раствора. С ростом времени действия разряда кол-
лоидный раствор теряет свою агрегативную устойчивость и на дне реакционного сосуда 
начинает образовываться осадок. Кинетику образования коллоидных частиц исследовали 
турбидиметрическим методом. Оказалось, что скорость образования коллоидных ча-

стиц возрастает с увеличением разрядного тока от 30 до 70 мА. При концентрациях нит-
ратов цинка и кадмия 50 ммоль/л константа скорости процесса увеличивается с 1,3∙10

-3
 

до 12∙10
-3
 с

-1
. При разрушении этого раствора образуется осадок соответствующих соеди-

нений. Рентгеноструктурный анализ показал, что частицы осадка имеют кристалличе-

скую структуру. Частицы осадка, как показывает сканирующая электронная спектро-
скопия, имеют сфероидальную форму с характерным размером около 1 мкм. Термическое 
разложение образовавшегося осадка протекает в несколько стадий и заканчивается при 
температуре ~300 °С. В результате прокаливания образуется смесь кристаллических ок-

сидов цинка и кадмия. По данным электронной рентгеновской спектроскопии, при моль-
ном соотношении цинка и кадмия в исходном растворе 1:1 полученные твердые частицы 
содержат 8 мол. % кадмия и 92 % цинка. 

Ключевые слова: газовый разряд, оксиды цинка и кадмия, коллоидный раствор, СЭМ, рентгено- 
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In this work, the process of formation of insoluble zinc and cadmium compounds, initiated 
by the action of a direct current discharge of atmospheric pressure in air on an aqueous solution 
of zinc and cadmium nitrates, has been investigated. It was found that when the solution is the 
anode, the action of the discharge leads to the formation of a colloidal solution of zinc and cadmium 

hydroxynitrates and hydroxides of white color. The kinetics of the formation of colloidal particles 
was investigated by the turbidimetric method. It turned out that the rate of formation increases with 
an increase in the discharge current from 30 to 70 mA. At concentrations of zinc and cadmium 
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nitrates 50 mmol/l the rate constant of the process increases from 1.3∙10
-3

 to 12∙10
-3

 s
-1

. When this 
solution is destroyed, a precipitate of the corresponding compounds is formed. X-ray analysis 

showed that the precipitate particles have a crystalline structure. The sediment particles, as shown 
by SEM, have a spheroidal shape with a characteristic size of about 1 μm. Thermal decomposition 
of the resulting precipitate proceeds in several stages and ends at a temperature of ~300 °C. As a 
result of calcination, a mixture of crystalline zinc and cadmium oxides is formed. According to 

EDX data, at a molar ratio of 1:1 of zinc and cadmium in the initial solution, the obtained solid 
particles contain 8 mol.% cadmium and 92% zinc. 
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INTRODUCTION 

In recent years, semiconductor nanostructured 
materials have begun to be widely used due to their op-
tical, electrical, and catalytic properties [1-3]. N-type 
semiconductors AIIBVI hexagonal ZnO and cubic cad-
mium oxide (CdO) were initially noted for their poten-
tial applications as transparent conducting oxides. ZnO 
is a promising candidate for light-emitting/detecting 
devices with high quantum efficiency, operating in the 
blue and ultraviolet (UV) regions, due to the straight 
wide band gap (3.37 eV) and high excitation binding 
energy (60 meV). CdO has a 2.5 eV direct band gap 
and an indirect band gap of 1.98 eV. Therefore, its use 
has promising prospects for the manufacture of solar 
cells, phototransistors, catalysts, and gas sensors. Tak-
ing into account the proximity of the radii of Zn and 
Cd and other basic properties, the inclusion of CdO in 
ZnO makes it possible to obtain ZnO / Zn1 - xCdxO het-
erojunctions or superlattices, which are key elements 
in light emitting diodes based on ZnO. Doping with 
cadmium reduces the band gap and thereby changes the 
optical characteristics of the material, shifting the 
emission and absorption spectra into the visible region 
of the spectrum.  

In the works known to us, the preparation of 
Cd-Zn-O by the sol-gel method [4], from solutions un-
der high pressure [5], by the pyrolysis method [6], by 
chemical precipitation of hydroxides from solution [7], 
by filtered cathode arc deposition [8] has been investi-
gated. A relatively new method for producing oxide 
materials is a method based on the action of a gas dis-
charge on aqueous solutions of metal salts. This 
method, which is simpler from the above, was success-
fully applied for the synthesis of oxides of zinc, cad-
mium and iron (III) in works [9-11], respectively. The 

formation of insoluble zinc and cadmium compounds 
from aqueous solutions of their salts is also of interest 
from the point of view of water purification from heavy 
metal ions.  

The aim of this work was to study the possibil-
ities and features of the synthesis of mixed oxygen-
containing compounds of zinc and cadmium under the 
action of a direct current discharge of atmospheric 
pressure in air on aqueous solutions of nitrates of these 
substances. 

EXPERIMENTAL 

In this work, we used aqueous solutions of zinc 
and cadmium nitrates (analytical grade) with a concen-
tration of 50 mmol/l for each component. The experi-
mental setup used in the study is described in detail by 
us in [10, 12]. Briefly, the discharge cell was H-shaped, 
consisting of two identical parts, 100 ml in volume, 
connected through a cellophane membrane. A direct 
current discharge was ignited above the solution sur-
face in both cells in air at atmospheric pressure. There-
fore, the solution in one part of the cell served as the 
anode (A-cell), and in the other, the cathode (C-cell). 
External electrodes were made of titanium. The elec-
trode-solution distance was 5 mm. The discharge cur-
rent could vary within 30-70 mA. 

By the action of a discharge a colloidal solu-
tion was formed in the near-surface layer of 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 dis-

tilled water. Washed sol was dried in ambient air at 60 C 
for 24 h. 

The kinetics of the colloidal particle formation 
process was investigated using the method of turbidim-
etry. The intensity of the light passing through the layer 
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(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 (λ = 632.8 nm). 

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, CuKα radiation). The diffraction 

patterns were processed using QualX2 software [13] 

and the open crystallographic COD database [14]. 

Thermogravimetric analysis (TGA) and differ-

ential scanning calorimetry (DSC) of the obtained pre-

cipitates were performed on a STA 449 F1 Jupiter ther-

mal analysis instrument (Netzsch, Germany). The 

temperature range was 20 C-900 C at a heating rate 

of 5 C min−1 in an argon flow using a platinum crucible.  

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

RESULTS AND DISCUSSION 

The action of the discharge leads to the for-
mation of a colloidal solution in the liquid anode. Three 
minutes after ignition of the discharge, a white colloi-
dal suspension was observed at the plasma-solution in-
terface. As the plasma treatment proceeds, the particles 
grow larger and precipitate at the bottom of the cell. 
The formation of particles and sediment was not ob-

served in the liquid cathode. 
A typical form of the kinetic curve obtained by 

the turbidimetry is shown in Fig. 1. In the semi-loga-
rithmic coordinates on the kinetic curve, two linear de-
pendences are clearly observed. These data show that 
the process of formation of insoluble particles and their 
subsequent coagulation includes at least two stages. 

The presence of the first slow stage (induction period) 
indicates the threshold nature of the process. To start 
the coagulation process, a certain critical parameters of 
solution particles must be achieved. 

The indicated sections of the kinetic curves are 
well described by an exponential function (determina-
tion coefficient R2 > 0.9). Such processing allows one 
to determine effective rate constants or characteristic 

times. The results of such processing for the second 
(fast) section of the kinetic curve are shown in Fig. 2. 
Each point was obtained from five measurements. 

An increase in the discharge current (Fig. 2) 
leads to an increase in the rate of formation of both col-
loidal particles and the rate of their coagulation. It is 
likely that an increase in the discharge current leads to 

an increase in the concentration of particles directly or 
indirectly involved in the formation of colloidal particles.  

Unfortunately, data on the composition of ac-
tive solution particles for both the liquid cathode and 

the liquid anode are very limited. Quantitative experi-
mental data were obtained only for hydrogen peroxide. 
Thus, in studies [15, 16] for discharge current up to 40 
mA, the concentration of hydrogen peroxide was sev-
eral mmol/l in the liquid cathode. In a discharge with a 
liquid anode, the concentration of Н2О2 at the same 
currents was an order of magnitude lower [17, 18]. An 

increase in the peroxide concentration was observed 
with an increase in the discharge current. 
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Fig. 1. The dependence of the normalized transmission of the so-

lution on the processing time. Discharge current is 70 mA 

Рис. 1. Нормированная зависимость пропускания раствора от 

времени обработки. Ток разряда 70 мА 
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Fig. 2. The dependence of the effective rate constant on the dis-

charge current 

Рис. 2. Зависимость эффективной константы скорости от раз-

рядного тока 

 
We are not aware of the experimental results 

on measuring the concentrations of other active parti-
cles (OH, HO2, H, etc.). The available data, which can 
apparently be used for estimates, are obtained as a re-
sult of numerical simulations. Simulation of the pro-
cesses occurring during the action of the discharge on 
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water, which was the cathode of discharge, was carried 
out in [19]. A simulation of the processes initiated by 
the afterglow (absence of the action of charged parti-
cles) of a discharge in air was carried out in [20]. A 

similar simulation, but for a discharge with a liquid an-
ode, was performed in [21]. In all cases, the qualitative 
composition of the formed particles was similar. An in-
crease in concentrations was observed with an increase 
in the discharge current. 

The possible reducing agents of the Cd2+ and 
Zn2+in the solution are esolv (solvated electrons), H and 

OH radicals and H2O2. The rate constants of reduction 
reactions, for example, Cd2++ H, Cd2++ OH, Cd2++ 
H2O2 are less than 5∙105 l/(mol∙s) [22]. The rate con-
stant of reaction Cd2++ esolv is equal to 5.4∙1010 l/(mol∙s) 
[22]. The maximum concentrations of OH, H, H2O2 do 
not exceed 10-3 mol/l [15]. The concentration of solv-
ated electrons reaches ̴ 1 mmol/l [23]. Consequently, 
solvated electrons should play a dominant role in the 

possible reduction of zinc and cadmium ions, since the 
corresponding reaction rate is five orders of magnitude 
higher than for other components. 

Another important parameter of water is its 

pH. The impact of the discharge on the water cathode 

and the water anode leads to different results [24, 25]. 

The water in the cathode becomes acidic, and in the 

anode it becomes alkaline. For example, at a discharge 

current of 40 mA in an air atmosphere, the pH in the 

anode increases from 7 to 11, and in a liquid cathode, 

the pH decreases from 7 to 3 when the discharge oper-

ates for 300 s [24]. In the presence of an aqueous solu-

tion of a salt that is capable of hydrolysis, the quantita-

tive picture of pH changes becomes different, but the 

qualitatively noted regularities remain [11]. In a liquid 

anode, the pH value is always higher than in a cathode. 

Apparently, the formation of an alkaline solution is as-

sociated with the following [23, 26]. The surface of the 

anode, unlike the cathode, is bombarded by a flux of 

electrons, which are rapidly solvated. As a result, their 

concentration in a surface layer with a thickness of the 

order of several nanometers reaches a value of about 1 

mmol/l. The main reaction of the decay of solvated 

electrons is their reaction with water molecules, lead-

ing to the formation of hydroxide ions, that is, the for-

mation of an alkaline medium. 

H2O + esolv → O + OH-  (2K = 1.1∙1010 l/(mol∙s))   (1) 
The rate of this reaction should increase with 

increasing discharge current. Since the concentration 
of water molecules is higher than the concentration of 
metal ions by three orders of magnitude, the solvated 
electrons are consumed by reaction (1), and not for the 

reduction of ions. At a high concentration of metal 

ions, they can probably be reduced to the metals them-
selves. For example, in [27], at a high concentration 
(the authors do not write how high) of silver nitrate, the 
formation of a colloidal solution of silver on the sur-

face was observed. For this reason, it can be assumed 
that the resulting insoluble compounds are zinc and 
cadmium hyrodroxo compounds. Indeed, the products 
of solubility for equilibrium 

Zn2+ + 2OH- ↔ Zn(OH)2↓  (2) 
Cd2+ + 2OH- ↔ Cd(OH)2↓  (3) 

are 2.2∙10-14 and 1.2∙10-17 for Cd and Zn, respectively. 

For a concentration of 50 mmol/l, the calculation gives 
the pH values at which precipitates of Zn and Cd hy-
droxides will be formed equal to 6.2 and 7.8, respec-
tively. The deposition of zinc hydroxide is possible al-
ready in a weakly acidic environment, and cadmium 
hydroxide – in a weakly alkaline one. In addition, zinc 
hydroxo compounds are the first to precipitate, fol-
lowed by cadmium. X-ray data support this conclusion. 

The X-ray spectrum of the resulting powders 
is shown in Fig. 3. 
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Fig. 3. XRD patterns for uncalcined synthesized powder. 1 - Cd(NO3)2 
solution [10], 2 - Zn(NO3)2 solution [9]. 3 –ZnCd(NO3)2 solution 

Рис. 3. Рентгенограммы непрокаленного синтезированного 

порошка. 1 – раствор Cd(NO3)2 [10], 2 – раствор Zn(NO3)2 [9], 

3 – раствор ZnCd(NO3)2 

 
The same figure shows the spectra of powders 

obtained under the same conditions from individual so-
lutions of zinc nitrate and cadmium nitrate [9, 10]. Pro-
cessing of spectra 1 and 2 showed that for cadmium 
they consist of crystalline phases Cd(NO3)OH∙H2O, β 
and γ Cd(OH)2, and for zinc – from Zn(NO3)OH∙H2O 
and Zn(OH)2. It can be seen that the phase composition 
of powders obtained from solutions of a mixture of 

zinc and cadmium nitrates includes the same phases 
with a predominant content of phases including zinc 
compounds. Elemental analysis also showed that the 
powder contains zinc, cadmium, oxygen and nitrogen 
(Zn:Cd:N:O = 1:0.08:0.4:4.2).  
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The X-ray spectrum of the calcined powder is 

shown in Fig. 4. Spectra of calcined powders obtained 

separately from solutions of zinc nitrate (2) and cad-

mium nitrate (1) are also shown here. Spectra (2) and 

(1) correspond to zinc oxide (hexagonal structure) and 

cadmium oxide (cubic structure). It is seen that the 

spectrum of the powder obtained from solutions of a 

mixture of nitrates practically coincides with the spec-

trum of zinc oxide. At the same time, EDX analysis 

shows that the powder contains cadmium. The ele-

mental composition of the powder corresponds to the 

(CdO)0.08 x (ZnO)0.92 formula. This discrepancy is due 

to the following. As already noted, due to the differ-

ence in solubility products, zinc hydroxo compounds 

are the first to precipitate, followed by cadmium. 

Therefore, the core of the resulting particles is repre-

sented by zinc compounds, while the shell of the parti-

cles is mainly represented by cadmium compounds. 

Due to the high penetrating ability of X-rays, X-ray 

analysis gives the average structure of the entire parti-

cle. EDX gives information about the state of the sur-

face due to the low penetrating ability of electrons. The 

estimate of the penetration depth of electrons into the 

CdO using the Kanaya-Okayama formula gives a value 

of 0.15 μm for electron energy of 4 keV. Indeed, ele-

mental EDX mapping shows that cadmium is located 

on the surface of sediment grains. 
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Fig. 4. XRD patterns for calcined synthesized powder. 1 - Cd(NO3)2 
solution [10], 2 - Zn(NO3)2 solution [9]. 3 –ZnCd(NO3)2 solution 

Рис. 4. Рентгенограммы прокаленного синтезированного по-

рошка. 1 – раствор Cd(NO3)2 [10], 2 – раствор Zn(NO3)2 [9]. 

3 – раствор ZnCd(NO3)2 

 

SEM image of (ZnO-CdO) shows that the ob-
tained powders are not homogeneous and contain a 
large number of pores. After high-temperature treat-
ment, the particles acquire a spherical shape with a 
characteristic size of 1-2 μm (Fig. 5). 

 
а 
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Fig. 5. SEM image of calcined synthesized powder 
Рис. 5. СЭМ-изображение прокаленного синтезированного 

порошка 

 
Fig. 6 shows the results of TGA analysis in the 

form of DSC curves. The same figure shows the results 
obtained in works [9, 10] for powders obtained by the 
action of a discharge on solutions of zinc nitrate and 

cadmium nitrate separately. 
The presence of coinciding and non-coinciding 

extremes suggests that the compositions of the result-
ing powders are not just the sum of identical zinc and 
cadmium compounds. The absence of maxima in the 
range of 400-450 °C indicates the absence of cadmium 
nitrates and their formation during calcination, which 
decompose in this temperature range [10]. The extre-

mum in the region of ~135 °C, which is common for a 
mixture of nitrates and zinc nitrate, indicates the de-
composition of zinc hydroxide by the reaction 
Zn(OH)2 → ZnO + H2O. The extremes coinciding for 
a mixture of nitrates and cadmium nitrate at ~215 °C 
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correspond to the decomposition of cadmium hydrox-
ide according to the reaction Cd(OH)2 → CdO + H2O. 
Of the two extremes at ~240 and ~300 °C for powders 
obtained from a zinc nitrate solution, only one is pre-

sent in the spectrum of the mixture. These extremes 
correspond to the decomposition of zinc hyroxonitrates 
of various compositions to zinc oxide [9]. 
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Fig. 6. DSC curves of calcination of powders obtaned from: 1- Zn 

nitrate [9], 2 – Cd nitrate [10], 3 – mixure of Zn and Cd nitrates 
Рис. 6. Кривые ДСК прокаливания порошков, полученных из: 

1 – нитрата Zn [9], 2 – нитрата Cd [10], 3 – смеси нитратов Zn и Cd 

 

CONCLUSION  

The action of the glow discharge onto the wa-
ter solution of a mixture of zinc and cadmium nitrates 
lead to the formation of the powders in near-to-surface 

layer of the liquid anode. The powders formation ki-
netics in first approximation describes by the first order 
kinetics law. The synthesized powder exhibit crystal-
linity, has a complicated chemical composition and 
consists of hydroxides and hydroxynitrates of zinc and 
cadmium. When these powders are calcined, spherical 
granules with a size of 1-2 μm are formed. The gran-

ules are composed of zinc and cadmium oxides. Due to 
the different deposition rates of zinc and cadmium hy-
droxides, the granules are inhomogeneous. Cadmium 
compounds are predominantly located on the surface 
of the granules, while zinc compounds are located in 
the core. For the same reason, despite equal concentra-
tions of zinc and cadmium ions in solution, the concen-
trations in the solid phase differ. The zinc content is 

greater than the cadmium content.   
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