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ABSTRACT Thermodynamic and experimental studies of Zn(OH)2/ZnO particle formation conditions in the
model of closed system Zn2+–NH3,aq–NH3,gas–H+–OH−–H2O–N2,gas (1), which often occurs in the process of
synthesis of zinc oxide nanoparticles and films by chemical bath deposition (CBD) methods, were carried out.
It was shown that the driving force for the formation and growth of Zn(OH)2/ZnO particles in the initially homo-
geneous system (1) at 25 ◦C is the difference in the chemical potential of particles at the initial temperature
(unsaturated system) and the synthesis temperature (supersaturated system). Using vibrational spectroscopy,
X-ray phase and chemical analysis, diffuse light scattering and electrophoresis methods, it was found that the
phase transformation of Zn(OH)2 into ZnO takes place in the region of 85 – 90 ◦C. The colloid-chemical trans-
formation of Zn(NH3)2+4 ionic particles into colloidal polycrystals of Zn(OH)2/ZnO composition was established
for the first time to be a staged process. The first stage of the process in the solution volume is localized at the
gas nanobubble-solution interface as a result of rapid formation, growth and removal of gas nanobubbles from
the solution. The interaction of positively charged Zn(OH)2 nanoparticles with the surface of larger negatively
charged gas nanobubbles creates colloidal aggregates “bubble||surface film of hydroxide nanoparticles”. Their
adhesion forms an openwork foam-like structure of the colloid in the solution and in the film on the interfaces at
the first stage of synthesis. After degassing of the electrolyte solution, the second stage develops, consisting
of the nucleation and ionic-molecular growth of Zn(OH)2/ZnO particles from the supersaturated solution, their
distribution between the solution and the electrolyte – reactor wall – air interfaces. The film growth at this stage
is regulated by the difference in surface charges of the double electric layer of the interface and polycrystalline
colloidal particles. In the solution and on the interface, columnar Zn(OH)2/ZnO structures grow as volumetric
stars with conical hexagonal spikes.
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1. Introduction

Colloidal-chemical synthesis of laminar systems (films, layers, coatings) from liquid phase, the systematic study of
which began in the last century [1], has been developed in the last decade under the name of “chemical bath deposition”
(CBD) methods [2–5]. Compared to physical methods, this is one of simple and relatively economical methods of cre-
ating films, layers, coatings on substrates, because it does not require expensive and special equipment, the use of high
temperatures and high pressures, and is convenient for deposition on large-area substrates. This method can be used for
producing thin films with controlled structure and morphology, such as nanocrystalline layers, nanowires and nanorib-
bons. CBD is used to make a variety of flat, spherical, porous films. The disadvantage of colloidal-chemical synthesis
of films is its relatively low reproducibility compared to physical deposition methods. This limitation is eliminated by
optimizing the growth parameters [6]. Among various chemical objects of film synthesis by CBD methods, the first place
belongs to chalcogenide films [5, 7]. Along with them, of particular interest over the past decades was the production of
1D coatings, metallic nano-sized compounds, and semiconductors such as ZnO. Their synthesis makes it possible to cre-
ate ultradisperse wires, wires and rods on inorganic and polymeric substrates for elements of solar converters, electronic
circuits, radiation shields, and light concentrators [8–12].

In the general scheme of application of this method [2, 3] for obtaining Zn(II) oxide films, two groups can be distin-
guished. One of them is based on the spontaneous decomposition reactions of homogeneous alkaline solutions of zinc
hydroxo-complexes [13,14]. The other group assumes the use of alkaline ammonia solutions and additionally introduced
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precursors based on organic ammonia derivatives (urea, hexamethylantetramine, mono-, di-, triethanolamine, dimethy-
lamine, tetramethylammonium, etc.), the thermal decomposition of which at elevated temperatures and pressures leads to
the release of ammonia into the solution and the formation of ammonia zinc complexes [15–17]. The use of organic am-
monia derivatives and other organic components for the synthesis of oxide films associated with the release of ammonia
gas into the air creates an additional load on the environment in the production of such functional materials [18].

The canonical method for the estimation of film synthesis parameters from an initially homogeneous solution at el-
evated temperatures is the thermodynamic analysis of the considered chemical system [4, 5]. The distribution diagrams
of complex ions and calculation of solubility curves at different temperatures for predicting the region of ZnO film pro-
duction in the system “ZnCl2–NH3–OH–H2O – temperature” showed [19] that ZnO films can be obtained at solution pH
above 7. The morphology of such films depends on the pH of the solution, the polycrystals of nanoparticles in the form of
flowers or columnar structures growing in the area where Zn(NH3)2+4 complexes predominate. In the region of pH>12,
where Zn(OH)2−n

n ions dominate, nano-sized oxide flakes are formed. Solution temperature plays an important role in
the morphology and equilibrium composition of oxide films. ZnO films deposited at high temperature (90 ◦C) have an
oriented hexagonal structure (zincite) and [Zn]/[O] ≈ 1 stoichiometry, while at lower temperatures (70 ◦C) flaky amor-
phous films are formed. The main reaction that accompanies film growth is heterogeneous decomposition of ammonia or
zinc hydroxo-complex in alkaline medium [19–21]. The cited papers note the thermodynamic probability of formation of
ammonia molecules during decomposition of ammonia zinc complexes in an initially homogeneous solution, but the role
of the gas phase in the growth mechanism of colloidal particles in solution and in the film is not considered. The presence
of sulfide ions in the reaction bath does not exclude the formation of zinc oxide nanoparticles of a more complex compo-
sition [22]. According to X-ray photoelectron spectroscopy data, the oxide films grown in the region dominated by the
ammonia complex are enriched with Zn(II) ions. The oxide growing in the region dominated by hydroxocomplexes con-
tains Zn(II) vacancies in the metal sublattice [19]. The synthesis temperature also affects the ratio of the Zn(OH)2/ZnO
phases in the films and the optical bandgap of the solid phase. Luminescence intensity decreases when passing from
Zn(OH)2 to ZnO [23].

The application of thermodynamic modeling methods allows one to reveal the equilibrium characteristics and prob-
able conditions of zinc oxide phase formation, but they do not establish the reasons for predominant phase release in the
solution volume or in the interface region, the stages and mechanisms of colloidal-chemical transformations accompany-
ing the processes of zinc complexes thermochemical decay in solution and the influence of system temperature on these
processes.

Since numerous descriptions of conditions for producing chalcogenide and oxide films by the CBD method contain
ammonia and ammonia zinc complexes as obligatory components, it was of interest to determine the general elements
of the colloidal-chemical mechanism of formation and growth of nano-, microparticles of Zn(OH)2/ZnO phases in the
solution volume and on the “solution/reactor wall” interface during thermal action on the simplest in chemical respect
model system

Zn2+ −NH3,aq −NH3,gas −H+ −OH− −H2O−N2,gas (1)

as well as to find out the role of dissolved gas nano/micro-bubbles liberated in the solution volume in the mechanism of
zinc oxide and zinc hydroxide formation depending on the temperature during the thermal action on (1).

2. Experimental

In order to establish the effect of chemical composition and temperature on the phase composition of products in a
closed multiphase system (1), we used in this work the technique of thermodynamic analysis to quantify the chemical com-
position taking into account the following basic chemical components: NH3(g), NH3(a), O2(g), N2(g), H2O(g), H2O(a),
H2O(g), Zn(0), Zn(+2a), OH(–a), H(+a), Zn(OH)2(ia), ZnNH3(+2a), Zn(NH3)2(+2a), Zn(NH3)3(+2a), Zn(NH3)4(+2a),
ZnOH(+a), Zn(OH)2(0a), Zn(OH)3(–a), Zn(OH)4(–2a), ZnO, Zn(OH)2. The dependences of the phase composition
of system (1) were analyzed in pH–Eh, composition-temperature and composition-pressure coordinates using the HSC
Chemistry 8 program. The “g” sign in the formulas refers to the gas phase, “a” – to the hydrated ions in solution, and the
rest – to the liquid and solid phases.

Elemental analysis by inductively coupled plasma mass spectrometry (Elan 9000, [24]) was used to experimentally
determine the kinetics of Zn(II) mass transfer during the transformation of a homogeneous zinc ammine solution into a
colloidal Zn(OH)2/ZnO solution in the aqueous phase and on the solution-glass substrate interface. The zinc salt solution
for the kinetic experiment was prepared by dissolving 4.39 g of chemically pure zinc acetate Zn(CH3COO)2 · 2H2O in
60 – 70 ml of deionized water (Millipore Simplicity system, solution resistance 18 MΩ·cm). Then 10 ml of concentrated
ammonia was added to the solution and the pH of this solution was adjusted up to pH = 10.2 – 10.3 using a NaOH
solution with a concentration of 0.05 M. After that the volume of the solution was brought up to 100 ml. In the kinetics
experiments, 5 ml aliquots of the prepared solution were transferred sequentially with a glass pipette into glass test tubes.
The test tubes were preliminarily chemically cleaned of traces of impurities by washing with concentrated hydrochloric
acid and deionized water and then they were dried.
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The experiments on the kinetics of spontaneous decomposition of a homogeneous ammonium solution of zinc am-
mine with isolation of Zn(OH)2/ZnO established the regularities of changing of the concentration of Zn(II) in the form
of colloid, filtrate and oxide/hydroxide film on a substrate depending on the isothermal heating time of the examined
system (1) at a given temperature.

The colloidal part was separated by ultrafiltration through a double cellulose filter with a pore size of less than
100 nm under vacuum. The precipitate on the filter was dried at room temperature and dissolved in 2 mol/l hydrochloric
acid (chemically pure grade) of a specified volume. Then we determined the mass of Zn in the volume and recalculated
it in the mass (mol) of the metal in the form of colloid in (1) at a given time of synthesis. We also determined the mass
of Zn in the filtrate after it was acidified to a concentration of 1.8 – 2.0 mol/l with hydrochloric acid directly in the test
tube. The content of zinc, which formed a film on the walls of the quartz glass reactor, was determined after dissolving
a layer with 2 mol/l hydrochloric acid with a volume equal to the volume of the studied solution, 5 ml. Along with
chemical elemental analysis of Zn(OH)2/ZnO formation in (1), layer formation was studied by Dynamic Light Scattering
(DLS) and Laser Doppler Electrophoresis measurements carried out on a Zetasizer Nano ZS particle analyzer (Malvern
Panalytical Ltd.) [24, 25].

The Raman spectral analysis of the samples was performed at room temperature using a Via Reflex Renishaw spec-
trometer (λ = 532 nm, P = 25 mW). The phase analysis of the products was fulfilled on a STADI-P X-ray powder
automatic diffractometer (STOE) with CuKα1 radiation using the library of X-ray diffraction data PDF-2 (ICDD Release
2009). The morphology of the layers on the substrate was studied using the scanning electron microscopy (SEM) and
EDX elemental analysis on a JSM JEOL 6390LA facility. The UV-visible absorption spectroscopy was performed using
a Shimadzu UV-3101PC UV/Vis/Near-IR Spectrophotometer. The diffuse reflectance spectra of the layers were recorded
in the interval of 220 – 800 nm by means of a Shimadzu UV-3600 UV-vis-NIR spectrophotometer using BaSO4 crystals
as a reference.

The measurement of the size and electrophoretic mobility of colloidal particles in dynamic light scattering and laser
Doppler electrophoresis experiments had some special features. Since the transfer of the studied solution from the ther-
mostat to the device cell did not make it possible to perform measurements in real time and temperature, the particle
size was determined by heating and holding the examined system (1) directly in the Zetasizer Nano ZS cuvette. The
result of the analysis of fluctuations of the Brownian motion velocity of particles was presented as the size of solvated
particles (D, nm) by the Stokes–Einstein formula. The radiation source was a helium-neon laser with a wavelength of
633 nm. Measurements were taken in a glass cuvette at temperatures in the range of 25 – 60 ◦C at a scattering angle of
173 ◦ (backscattering), Fig. 1. In addition to the diffusion parameters, the device measured the electrical conductivity
of the solution (Q) and the intensity of the backscattered photon flux. This made it possible to obtain D values taking
into account the attenuation of the light flux as it passes through the cuvette wall and the constantly changing colloidal
solution. The changes in the relative concentration of Zn(II) in the form of colloid (precipitate), filtrate (solute) and film
of oxide/hydroxide on the substrate, as well as in the average hydrodynamic diameter of colloid particles D, their zeta
potential and solution conductivity Q with the time of synthesis are shown as an example in Fig. 2.

FIG. 1. Signal intensity (violet points) and mean hydrodynamic diameter (D, black points) of
Zn(OH)2/ZnO particles formed at 45 ◦C according to direct measurements. Confidence intervals char-
acterize the scattering in the size distribution of the hydrodynamic diameter of growing particles at each
time point



234 E.V. Polyakov, M.A. Maksimova, Yu.V. Kuznetsova, L.Yu. Buldakova

FIG. 2. Example of changes in the relative concentration of Zn(II), C/C(0) in the form of colloid,
film and ions, in NH3–Zn(II) solution; changes in colloid particle size, D/Dmax, according to light
scattering data (Dmax = 400 nm); changes in the relative conductivity Q/Qmax and the particle zeta
potential ξ/ξmax with the synthesis time t. C, C(0) are the current and initial concentration of Zn(II)
in the phase. The maximal zeta potential, ξmax = +21.6 mV; Q is the electrical conductivity; Qmax =
27.1 mS/sm; temperature 55 ◦C, pH = 10.3

3. Experiment results

The thermodynamic study of the elements of the growth mechanism of Zn(OH)2 – ZnO layers on the glass surface was
performed in the model system Zn2+ – NH3,aq – NH3(g) – OH− – H2O – N(g) (1). Here, hydrated ammonia molecules
NH3,aq in the selected pH range simultaneously acted as a ligand and a film-forming agent. The fields of predominance
of ionic particles and Zn(OH)2 – ZnO – Zn(0) phases in Eh–pH coordinates, where Eh(B) is the electrochemical potential
(1) relative to the hydrogen electrode for temperatures 25 and 85 ◦C, are shown in Fig. 3. From the data of thermodynamic
calculation it is evident that the appearance of the solid phase in (1) when the temperature changes from 25 to 85 ◦C in
the pH range 8.6 – 10.8 is caused by the formation of oversaturated solution relative to zinc hydroxide (< 35 ◦C) or oxide
(> 40 ◦C) due to the system exit from the Zn(NH3)+2

4 complex stability field in this pH region. The simultaneous effect of
pH and temperature of system (1) on the chemical and phase composition of zinc compounds according to the calculation
data is illustrated in Fig. 4. It is seen that at 25 – 35 ◦C and pH < 10.3 the ammonia solution of Zn(II) is not saturated
relative to the oxide or hydroxide. The main chemical form of ions in the solution is the Zn(NH3)+2

4 complex. Note that
Zn(NH3)+2

4 is a cationic component of the complex whose stability is determined in the HSC Chemistry 8 database. It is
obvious that in the examined pH region, ammonia complexes can exist in the form of ionic pairs with hydroxyl ions or
mixed ligand hydroxo-complexes. There is no information in the thermodynamic literature on the existence and stability
of mixed hydroxo-ammonium zinc complexes. It is known that for mixed ligand metal complexes MX, MY, the logarithm

of the stability constant is log(βMXY ) ≈ 1

2
(log(βMX) + log(βMY )) [26]. For Zn(NH3)4(OH)+, this estimation gives

one log(βMXY ) ≈ 6.9, which is 2 log units less than log(βMY ) of Zn(NH3)2+4 complex [27]. This estimate shows
that ammonia complexes are most likely to exist in alkaline solution mainly in the form of ionic pairs with OH-ions.
From Figs. 4 and 5, it follows that the temperature increase in the equilibrium model system (1) at the zinc concentration
0.06 mol/l keeps it homogeneous in the pH interval 10.0 – 10.5 up to a temperature of 35 ◦C. With a further increase in pH
in this temperature range, system (1) transits to a supersaturated solution state with a release of a mixture of ε-Zn(OH)2 –
ZnO phases. Simultaneously, the partial pressure of ammonia in the gas phase NH3(g) increases, but the concentration of
dissolved ammonia changes little if at all, Fig. 3. The transfer of NH3(g) into the gas phase takes place from the electrolyte
surface, as well as by the formation, growth in the electrolyte volume, and removal to the electrolyte surface of nano- and
micro-bubbles of dissolved gases, primarily H2O(g) and NH3(g) [28].

According to the X-ray phase analysis of precipitates and films on the reactor surface, the observed picture of phase
transformations in system (1) is different from the data of thermodynamic calculations in that the phase transition takes
place in the region of higher temperatures, Figs. 6, 7(a).

The appearance of the ZnO phase (wurtzite) is observed at 95 – 99 ◦C. Independent results of Raman spectroscopy
of films in the region of deformation vibration bands of hydroxide OH-groups (3190 and 3266 1/cm [29]) obtained at
different temperatures of system (1) illustrate the gradual disappearance of the zinc hydroxide phase, Fig. 7(a). The



Colloidal-chemical mechanism of Zn(OH)2–ZnO layer formation... 235

FIG. 3. Pourbaix diagram calculated for system (1) using the HSC Chemistry 8 program. The concen-
tration of Zn(II) is 0.06 mol/l, the concentration of ammonia in solution is 1 mol/l, the total pressure of
N2–O2–H2O(g) gas mixture in the system is 1 atm, 22 ◦C. Eh is the electrochemical potential in the
system relative to the hydrogen electrode, B. The dark blue area shows the field of predominance of the
Zn(NH3)+2

4 complex. The inset in the blue frame shows the field of predominance (orange color) of the
Zn(NH3)+2

4 complex at 85 ◦C in the same pH range.

(a) (b)

FIG. 4. Changes in the chemical and phase composition in system (1) as a function of pH and temper-
ature; the concentration of Zn(II) is 0.06 mol/l, the concentration of ammonia in solution is 1 mol/l, the
total pressure of N2–O2–H2O(g) gas mixture in the system is 1 atm.
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FIG. 5. The calculation results of the changes in the chemical and phase composition of the solution
during synthesis as a function of temperature. The concentration of Zn = 0.06 mol/kg, NH3 = 1 mol/kg,
pH = 10.0 – 10.3. HSC Chemistry 8 program. (s) denotes the belonging to solid phase.

(a) (b)

FIG. 6. X-ray diffraction pattern of ε-Zn(OH)2 (a) and ZnO (b) films deposited from the zinc ammonia
solution on the glass surface. The film composition at (a) 80 ◦C – ε-Zn(OH)2, (wulfingite) space group
P 2 1 2 1 2 1, CSR (coherent scattering region) – 64 nm, at (b) 99 ◦C – ZnO, (wurtzite) space group P
6 3 m c, CSR – 71 nm. Dark blue line is the experimental data (1); yellow line is the result of description
by the Rietveld method (2); red line is the tabulated values of phase intensities (3); light blue line is the
difference between (1) and (2). Solution composition – Zn(II) = 0.12 mol/l, NH3 = 1 mol/l, pH = 10.3.

change in the phase composition of the films, Figs. 6, 7, agrees with the literature data on the variation of the optical
bandgap of the films obtained under the same conditions at different temperatures [20].

Measurements of the average hydrodynamic diameter of colloidal particles during synthesis at different temperatures
showed that the precipitation of the solid phase in the form of a film on the electrolyte/reactor wall interface prevents
the application of the dynamic light scattering method at temperatures above 55 ◦C. Typical dependence of the flux of
detector-recorded photons backscattered on colloidal particles (Fig. 1) shows that the signal intensity passes through a
maximum as the colloid forms, whereupon it decreases to background values due to their absorption by the Zn(OH)2 film
growing on the cuvette walls. At a temperature of 60 ◦C or higher, the film on the cuvette wall completely absorbs the
photon flux already in the first minutes of the measurement. Therefore, we limited the temperature range of the study of
colloidal properties of system (1) to 25 – 55 ◦C.
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(a) (b)

FIG. 7. (a) Changes in the phase composition of the ZnO/Zn(OH)2 film depending on the synthesis
temperature. Dots – experiment, lines – thermodynamic calculation of the equilibrium composition. (b)
Variation of the intensity (S) of deformation vibration bands of -OH groups in ε-Zn(OH)2 (wulfingite)
films on the glass surface with the synthesis temperature according to Raman spectroscopy data. S is
the integrated intensity of signal in the absorption band (ν) region of the Raman spectrum. The line is
the correlation curve “log(S)–temperature”.

According to the diffusion scattering measurements as a function of synthesis time, colloidal particles with an average
size of 200 – 1000 nm, Fig. 8, and a positive value of ζ-potential, Fig. 9, are observed in system (1) at 25 ◦C and
at elevated temperatures immediately after the preparation of the initial solution. At the same time, the solution looks
optically transparent. The size of fixed particles (D) changes with synthesis time, regression line (D/Dmax), Fig. 2. Their
ζ-potential first increases to the maximum value, then it decreases and further increases following the trend in the relative
concentration C/C(0) of zinc in the form of a film, Fig. 2.

FIG. 8. Variation in the relative size D/D(0) of ZnO/Zn(OH)2 microcrystals in the film at synthesis
temperatures 45, 50 and 55 ◦C with contact time. D(0) is the value of the coherent scattering region
of crystals calculated from phase analysis data (Debye–Scherrer equation). D(0) = 29 ± 5 nm. The
concentration of Zn(II) = 0.12 mol/l, NH3 = 1 mol/l, pH = 10.3.

Two stages can be distinguished in the character of changes in the particle size D, Fig. 8, and ζ-potential, Fig. 9,
with time at different synthesis temperatures. At the first stage, the main factor of the change (1) is the growth of
conductivity (Q) of electrolyte solution, which is determined by thermal decay of Zn(NH3)2+4 complex and hydrolysis of
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FIG. 9. Changes of ζ-potential of Zn(OH)2/ZnO microcrystals with synthesis time during their growth
from ammonia solution at different temperatures. The graph of behavior of ζ-potential of gas nanobub-
bles in ammonia solution without Zn(II) at 25 and 50 ◦C is given for comparison. Solution composition:
Zn(II) = 0.12 mol/l, NH3 = 1 mol/l, pH = 10.3.

ammonia molecules in solution according to the following reactions

Zn(NH3)4(OH)2 → Zn2+
aq + 4NH3,aq + 2OH−,

Zn2+
aq + 2OH− → Zn(OH)2,colloid,

NH3,aq + OH− → NH4OH→ NH+
4 + OH−.

(2)

Destruction of Zn(NH3)4(OH)2 ion pair leads to supersaturation with isolation of Zn(II) in the form of Zn(OH)2
colloid and increases the concentration of ammonium ions in solution by reaction (2) and conductivity Q(t), Fig. 10(a).
The empirical relationshipQ(t) – t is described by the first order irreversible reaction equation throughout the temperature
range 45 – 55 ◦C, Fig. 10(a):

Q(t) = a+ b(1− exp(−ct)), P (t) = (1− (Q(t)− a)/b), (3)

where a, b, c are equation parameters and P (t) is an auxiliary function. Comparison of the conductivity in (1) with that
of the ammonia solution at pH 10.3, Fig. 10(a), shows that ionic reactions (2) are completed by the accumulation of
ammonium ions in solution during the first 10 to 15 minutes of synthesis. At the first stage, colloidal particles Zn(OH)2
have a ζ-potential of approximately +(20 – 25) mV, which is typical of aqueous colloidal solutions of Zn(OH)2, ZnO in the
pH range 10 – 11 [6, 30]. The relatively large positive ζ-potential prevents the aggregation (increase in size) of particles
and their attachment to interfaces, which explains the appearance of the induction period of film growth in C/C(0) − t
coordinates, Fig. 2. Even before the process of colloid formation in (1) begins, the appearance of nanoparticles identical
to gas nanobubbles is noted in the homogeneous solution at 25 ◦C, Fig. 9 [28, 31, 32]. Their ζ-potential at pH 10.3 and
25 ◦C is negative, −40 mV, and increases to −(15 – 20) mV when the temperature rises to 50 ◦C. This sign of the charge
is characteristic of the gas nanobubbles in alkaline environment and is opposite to the sign of the ζ-potential of hydroxide
colloid, Fig. 9. The presence of nano- (< 200 nm) and microbubbles (10 – 50 µm) of gas with negative zeta potential is
typical for aqueous solutions of urea, ethanol, ammonia solutions, etc. Gas bubbles evolve over time, increasing in size
and collapsing to form high-pressure microzones near the electrolyte-gas interface [32, 33].

The joint formation of colloidal particles and nanobubbles of gas in system (1) leads to their electrostatic attraction
with a change in charge, size and morphology [34]. The interaction of gas nanobubbles and colloidal particles explains
the stabilization and relatively large size of the observed colloidal particles due to adsorption of smaller positively charged
Zn(OH)2 nanoparticles on the surface of larger negatively charged gas nanobubbles and formation of colloidal aggregates
“bubble||surface film of hydroxide nanoparticles” [34, 35]. Their further cohesion forms an openwork foamy colloid
structure of solution and film on the solution/wall interface at the first stage of synthesis, Figs. 8, 11(a). The interaction of
nanobubbles of gas and colloidal particles explains the large size of the observed colloidal particles, which is reflected in
the morphology of films obtained under similar conditions, but annealed at 400 ◦C [36], Fig. 11(a).

At higher temperatures, the growth rate of the number and size of gas bubbles in (1) increases leading to their
mass-transfer to the solute/gas interface and final removal from the solution [32, 33]. This allows us to suggest the
following explanation for the change in the position of the maximum of the peak of the observed colloidal particle size
distribution with temperature, Fig. 8. As the temperature increases, the time necessary to reach a maximum in the size
distribution of the observed colloidal particles decreases, and at 55 ◦C the formation and then disappearance of large
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(a) (b)

FIG. 10. (a) Variation of the conductivity (Q) of colloidal solution Zn(OH)2 (triangles) in system (1)
and ammonia solution without addition of Zn(II) ions (circles) with time, 50 ◦C, pH 10.3. (b) Variation
of the conductivity of solutions as a function of Zn(OH)2 synthesis temperature, coordinates of eq. (3).

(a) (b)

FIG. 11. Microphotographs of films (a) – Zn(OH)2, (b) – ZnO obtained after 5 minutes of synthesis at
temperatures 50 ◦C (a), 90 ◦C (b)

colloidal particles and degassing of the solution occur in the first 1 – 2 minutes, Fig. 8. At the final stage of degassing
of the solution, the colloidal aggregates of hydroxide nanoparticles on the surface of growing gas bubbles disintegrate,
hydroxide nanoparticles that were formerly on their surface again pass to a state of bulk colloid, and the observed size of
colloidal particles and their charge decrease, Fig. 9. Due to the removal of gas nanobubbles, the formation of openwork
colloidal structures in the degassed solution (at elevated temperatures) becomes impossible. The same result should
be achieved when the total pressure in the system increases, preventing the formation of gas bubbles in the electrolyte
solution.

As the temperature rises, the second stage of the colloid formation process, which is a sequence of nucleation and
ion-molecular growth reactions of Zn(OH)2/ZnO nanoparticles in a degassed supersaturated solution volume and their
heterogeneous distribution on the interfaces, becomes the main one, Fig. 2. The morphology of growing Zn(OH)2 – ZnO
crystallites at the second stage is determined by the conditions of their spontaneous crystallization and therefore differs
greatly from the morphology of particles growing at the first stage on the surface of nanobubbles, Fig. 11(a,b). The driving
force of the Zn(OH)2/ZnO film growth on the reactor wall surfaces and the solution/air boundary is the difference in the
electrochemical potentials of the double electric layer surface of the interfaces and nano-microcrystals. The morphology
of crystallites at the second stage represents columnar structures and volumetric stars with spikes of hexagonal section
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and conical shape, which is connected with their growth on lateral hexagonal faces of primary particles in conditions of
gradual diminution of supersaturation [13–21].

4. Conclusion

The performed study of the equilibrium and dynamic conditions of Zn(OH)2/ZnO nanoparticle formation in the
model closed system Zn2+ – NH3,aq – NH3(g) – OH− – H2O – N2(g) (1) revealed that the driving force for the for-
mation and growth of nanoparticles in the initially homogeneous system (1) at 25 ◦C is the difference in the chemical
potential of particles at 25 ◦C (unsaturated system relative to Zn(OH)2/ZnO formation) and a given synthesis temperature
(supersaturated system). Using vibrational spectroscopy, X-ray phase and chemical analysis, diffuse light scattering and
electrophoresis methods, it was found that the phase transformation of Zn(OH)2 into ZnO occurs in the region of 85 –
90 ◦C, in contrast to the temperature of 35 – 40 ◦C according to thermodynamic simulation data. Changes in the relative
concentration of Zn(II) in the form of colloid, the film and the ions in electrolyte solution and the electrical conductivity
of the electrolyte solution with the time of synthesis corresponds to the first order reaction for ions Zn(II).

It has been shown for the first time that the colloidal-chemical transformation of Zn(NH3)2+4 ionic particles into
colloidal microcrystals of Zn(OH)2 /ZnO composition is a staged process. The first stage of the process takes place in the
solution volume mainly on the gas nanobubble-solution interfaces as a result of rapid formation, growth, and removal of
gas nanobubbles from the solution. The driving force of the process at the first stage is the difference in the sign of the
surface charges of nanobubbles and Zn(II) colloidal particles in the electrolyte volume. The interaction of small positively
charged Zn(OH)2 nanoparticles with the surface of larger negatively charged gas nanobubbles creates colloidal aggregates
“surface film of hydroxide nanoparticles ||gas bubble”. Their further cohesion leads to the formation of an openwork
foamy structure of the colloid in solution and films on the interfaces at the first stage of synthesis. After degassing of the
electrolyte solution, the second stage develops, which consists in nucleation and ionic-molecular growth of Zn(OH)2/ZnO
particles in the volume of the degassed supersaturated solution and in their distribution between the colloidal solution and
“electrolyte – reactor wall – air” interfaces. In the absence of gas nanobubbles, columnar structures grow in the solution
and at the interface in the form of volumetric stars with spikes of conical shape and hexagonal cross-section.
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