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ABSTRACT For the closed system (Σ): Zn2+–NH3,aq–NH3,gas, H+–OH−–N2,gas, experimental data on the
change in the concentration of in the composition of the ammonia complex Zn(NH3)2+4 in solution, colloidal par-
ticles Zn(OH)2/ZnO in solution and growing film on the reactor walls are presented depending on the synthesis
time, zinc concentration and synthesis temperature Ts in the range of 50 –99 ◦C. It has been established that
up to 95 ◦C the ion-molecular growth of Zn(OH)2/ZnO clusters in solution (Σ) proceeds in a diffusion-controlled
mode of homogeneous growth until reaching of their critical size. Further growth of ther critical clusters is
followed by aggregation and coalescence of critical sized clusters into microcrystals with the formation of a
film on a glass substrate of various morphologies. The solubility of such a film is determined by the size of
critical clusters, which preserves in the growing polycrystal in the form of coherent scattering region (CSR).
With an increase in the synthesis temperature to 99 ◦C, the aggregation mechanism is replaced by a faster
diffusion-controlled attachment of Zn (II) ammonia complex to the end surface of the growing microcrystals
simultaneously in colloid solution and in the film.
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1. Introduction

The colloidal-chemical nature of laminar systems formation in the liquid phase (thin films, layers, coatings) was first
studied systematically at the beginning of the last century [1]. That work was further developed under the general motto
of “chemical bath deposition” (CBD) methods [2–5]. The interest of technologists in CBD methods is due to the relative
simplicity of their implementation, cost-effectiveness, the ability to scale up the technique of applying thin films, layers,
coatings on substrates without the use of expensive and special equipment, high temperatures and pressures. This method
can also be used to produce thin films with controlled structure and morphology, such as nanocrystalline flowers, oriented
nanowires, and nanoribbons. They are recommended for the manufacture of films formed by particles of any shape, such
as flat, spherical, porous and tubular structures [2].

The disadvantage of the methods is their relatively low reproducibility compared to physical deposition methods.
This limitation is eliminated by optimizing the growth parameters [6]. Among the diverse objects of film synthesis by
CBD methods, chalcogenide films are in the first place [4,7]. In recent decades, the production of 1-D films of metal-oxide
nanoscale compounds and semiconductors, such as ZnO, was of particular interest. Their synthesis makes it possible to
create ultrafine wires and rods on inorganic and polymer substrates for use as elements of solar converters, electronic
circuits, radiation shields, light concentrators, and radiation coolers [8–13]. The kinetics of growth of thin films of oxides
and chalcogenides from aqueous and mixed water-organic solutions differs depending on whether the mechanism of
homogeneous or heterogeneous growth (heteronucleation) prevails during their formation [2, 3, 5]. Hydroxides, oxides,
chalcogenides of Zn(II) belong to the group of compounds prone to the formation of colloidal solutions at relatively low
values of supersaturation for metal ions. Heteronucleation is thought to be the main mechanism of film growth for them
[5, 14]. After the first experimental studies of the initial stage of the colloidal-chemical mechanism of semiconducting
film growth, it became clear that chalcogenide film formation on untreated surfaces proceeds only if a metal hydroxide
film has been preliminarily formed [15,16]. For example, the initial stage of sulfide film growth includes the formation of
nanoclusters of the future hydroxide phase in a supersaturated ammonia solution. Then the nanoclusters cover the surface
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of the substrate. This stage is responsible for the observed induction period of growth of many sulfide films from ammonia
solutions [16]. The hydroxide phase acts as a natural surface activator. Its subsequent ion-exchange interaction [15–17]
with the sulfide ions of the solution ensures the chemical modification of hydroxide into sulfide and the heterogeneous
growth of the latter. At the same time, colloidal particles are formed in the volume of the solution (clusters, [18]), and
their distribution at the film – solution phases interface is governed by the mechanism of heteronucleation [1, 3, 5, 16].

According to the cluster theory of crystal growth in solution, the size of primary colloidal particles (r) determines the
relative solubility of the growing crystals as Gibbs-Thomson relation [18, 19]

RTs ln
a

a0
=
σV

r
, (1)

where R, Ts, V , σ, a, a0 are respectively the universal gas constant (J/mol, K), the synthesis temperature (K), the molar
volume of crystals (m3/mol), the surface tension (J/m2), the activity (concentration) of crystals in the supersaturated and
equilibrium solution (mol/kg). If there are factors that impede the growth of nanocrystals in the volume of solution (large
surface charge, phase transformations in the surface layer of the nanocrystals with the formation of a non-autonomous
phase [20] etc.), their size may fluctuate near the critical cluster [18]. Further accumulation of critical clusters leads to a
transition from a homogeneous to a heterogeneous growth mechanism.

The lack of experimental data on the initial stages of the colloidal-chemical process in aqueous-ammonia solutions
with the participation of hydroxides determines the importance of studying the kinetics of thermal hydrolysis of ammonia
complexes of d-metals as a significant element of the general mechanisms of oxide and chalcogenides film growth [21,22].
Regardless of the type of organic ligand (urea, hexamethylenetetramine, mono-, di-, triethanolamine, dimethylamine,
tetramethylammonium, etc.), the destruction of ammonia zinc complexes with increasing temperature leads to alkaline
hydrolysis with the subsequent formation of a hydroxide/oxide phase [23–30].

The results of the thermodynamic analysis of the concentration and temperature regions of predominance of Zn(OH)2–
ZnO in the system (Σ): “Zn2+–NH3,aq–NH3, gas, H+–OH−–N2,gas, show [29, 30] that the formation of the solid phase
begins at pH > 6 – 7 and depends on the temperature. The reactions in aqueous-ammonia solution with the participation
of Zn(OH)2–ZnO particles are characterized by the presence of some volatile components of (Σ) in both the gaseous and
liquid phases (NH3(a,g), H2O(a,g)) (Fig. 1) and the in the state of nano- and microbubbles in solution. The topics of gas
bubbles origin and methods of their detecting in electrolyte solution are under discussion up to now [31]. Among ade-
quate methods used for gas nanoparticles size and surface charge monitoring in water solution are instrumental methods
of dynamic light scattering (DLS) coupled with laser Doppler electrophoresis (LDE) [32]. In our previous research we
used both DLS and LDE method with the help of a Zetasizer Nano ZS particle analyzer (Malvern Panalytical Ltd.).

FIG. 1. Example of predominance diagram of chemical species in the system (Σ) at 50 ◦C calculated
with the help of HSC Chemistry 8 software
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The growth of a hydroxide film on the surface of the substrate with the participation of gas bubbles at a relatively low
temperature (less than 65 ◦C) gives a film with a Zn(OH)2 (Wulfingit) structure and a foam-like morphology [29]. Above
80 ◦C, the films on the glass substrate acquire an orientation in the direction normal to the substrate surface, the hexagonal
habit of ZnO (Wurtzite) and the morphology of drusen (nanoflowers) growing from a common center of crystallization,
Fig. 2 and [22, 30, 33, 34]. The synthesis temperature also affects the ratio of Zn(OH)2/ZnO phases in films, the optical
width of the solid phase slit, and the luminescence intensity during the transition from Zn(OH)2 to ZnO [35, 36].

FIG. 2. (A) An example of the morphology of a ZnO film on a fragment of the glass wall of a test tube
according to SEM data (enlarged fragment is shown in the inset). (B) X-ray fluorescence spectrum of
ZnO particles at point (001). Synthesis duration 35 min, Ts= 85 ◦C

We have previously shown that the driving force behind the formation of Zn(OH)2–ZnO nanoparticles in a closed
initially homogeneous system (Σ) is the difference in the chemical potentials of ionic particles at 25 ◦C and at elevated
synthesis temperature Ts (supersaturated system). By using the methods of vibrational spectroscopy, X-ray phase and
chemical analysis, diffuse light scattering and electrophoresis we have established that the phase transition of Zn(OH)2 to
ZnO in the studied system occurs in the region of Ts= 85 – 90 ◦C, but at lower temperatures ZnO is also present in the
solid as an impurity. The increase in the concentration of colloid and film, as well as in the electrical conductivity of the
solution with the time of synthesis, obeys the equation of the 1st order irreversible reaction for zinc ions.

The transformation of ionic particles of Zn(NH3)2+4 into colloidal microcrystals of the composition Zn(OH)2–ZnO is
a multistage process. The first stage takes place predominantly in the volume of the solution with the participation of the
surfaces of the “gas bubbles-solution” interface as a result of rapid formation, growth and removal of gas bubbles from
the solution during heating.

By comparing the variation in the size of colloid particles, their ζ-potential and ζ-potential of gas babbles in the solu-
tion as a function of reaction time we have concluded [29] that the interaction of positively charged Zn(OH)2 nanoparticles
with the negatively charged surface of gas bubbles may lead to the growth of colloidal aggregates “bubble||surface film”
of hydroxide nanoparticles in the form of solid foam-like surface. Such morphology is seen on SEM pictures of films,
synthesized at the induction stage of film growth.

After degassing of the electrolyte solution at the second stage of film formation, the morphology of the film changes
drastically. On the SEM pictures we can see nucleation and growth of columnar microcrystals Zn(OH)2–ZnO, which look
like three-dimensional stars with conical spikes of hexagonal cross-section, Fig. 2. It is of interest to trace the relationship
between the conditions of formation of nanocrystals as a result of thermal decomposition of the most stable complex
Zn(NH3)2+4 (or, more precisely, the ion pair Zn(NH3)4(OH)2) and the parameters of colloidal aggregates in the volume of
the solution and at the interface surfaces.

The aim of this work was to determine the kinetic regularities of the growth of Zn(OH)2 films on the glass surface
in thermally nonequilibrium alkaline ammonia solutions with the participation of the Zn(NH3)4(OH)2 complex. We
aimed also on establishing a relationship between the value of solubility of growing colloidal particles Zn(OH)2–ZnO,
the clusters of critical size in solution (hereinafter referred to as “critical clusters”, r) according to equation (1), and the
value of the coherent scattering region (CSR) in polycrystalline growth products according to X-ray phase analysis of
Zn(OH)2–ZnO films.



Kinetic of colloidal-chemical transformations during the decomposition of ammonia... 501

TABLE 1. The estimates of CSR sizes of the Wulfingit film by Williams–Hall method [37]. Tempera-
ture of the synthesis 50 ◦C, duration of the synthesis 80 min

Plane Size, nm Strain, 104 No. of reflections

All reflection 64.21 1.78 211

100 66.68 3.07 2

010 66.04 2.62 2

001 62.98 1.51 4

111 64.49 1.98 3

2. Experimental

To prepare a work solution, 4.39 g of Zn(CH3COO)2×2H2O was dissolved in a small amount of water, 10 ml of
concentrated ammonia was added and brought to a volume of 100 ml with deionized water (Millipore water treatment
system). To adjust the pH to 10.2 – 10.3, 67 ml of NaOH solution with a concentration of 0.05 M was added drop by
drop. The final volume of the obtained starting solution (167 ml) contained (mol/l) Zn(II)=0.12, NH3=1.0, NaOH=0.02.
The kinetics of the synthesis of the Zn(OH)2–ZnO colloid and the film was studied in a series of test tubes made of
heat-resistant glass filled with a 5.0 ml work Zn(II) solution. The test tubes were closed with a rubber stopper. A Termex
thermostat with water heat-carrier provided temperature stability and uniformity of the temperature field in the working
area of the thermostat coolant, ±1 ◦C. At specified time intervals, the corresponding test tube with the work solution was
removed from the heat-carrier and the concentration of zinc was analyzed in the filtrate after acidifying the filtrate to a
concentration of 1.8 – 2.0 mol/l with hydrochloric acid. The colloid part was separated from the solution by ultrafiltration
through a double cellulose filter with a pore size of less than 100 nm under vacuum. The precipitate on the filter was
sequentially dried and dissolved in 2 mol/l of hydrochloric acid (qualification “chemically pure”) of a given volume. The
mass of Zn(II) was determined in this volume by mass spectrometry with inductively coupled plasma and then the mass
(mol) of metal in the form of a colloid in the system (Σ) under study was calculated at a given time. The zinc content in
the film on the walls of the glass reactor was determined after dissolving the layer with hydrochloric acid of 2 mol/l in a
volume equal to the volume of the solution under study (5.0 ml). The method of elemental analysis of solution, colloid,
and film is described in more detail elsewhere [22, 24].

FIG. 3. Example of diffractogram of Zn(OH)2 film (Wulfingit) on the glass substrate, which was per-
formed on a STADI-P X-ray powder automatic diffractometer (STOE) with CuKα1 radiation
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FIG. 4. Change of concentration of Zn(OH)2, C/C(0) in the solution NH3–ZnAc2 versus the reaction
time at different temperatures of the synthesis. C, C(0) are the current and initial concentration of zinc in
the volume of the solution respectively. Synthesis temperature: (A) 50 ◦C, (B) 85 ◦C, (C) 99 ◦C. (D) the
dependences of the rate constant (kD) on Ts of the 1st order irreversible reaction of the disappearance
of the sol (D) and the formation (F ) of the film Zn(OH)2–ZnO in the coordinates of the Arrhenius
equation: the activation energies Ea of film growth (19±9) kJ/mol and of disappearance of the sol
(23±10) kJ/mol. pH=10.3. The arrow shows the velocity constants at 99 ◦C

Thermodynamic analysis using the HSC Chemistry 8 program showed that the homogeneous state of the system
(Σ) remains at a zinc concentration of 0.06 mol/l and a pH of 10.0 – 10.5 up to a temperature of 35 ◦C [35]. Further
increase in the temperature creates supersaturation in the solution relative to the mixture of phases Zn(OH)2 (Wulfingit)–
ZnO (Zincite). As the temperature rises, the partial pressure of ammonia and water in the gas phase increases also. The
concentration of ammonia dissolved in water changes little if at all. However, the partial pressure of the gases (primarily
H2O(g), NH3(g)) increases [38], and the colloidal phase of zinc hydroxide is formed. From the experimental data, it
follows that the appearance of a colloidal solution is accompanied by the formation of zinc hydroxide particles of foamy
morphology in the volume of the solution and on the surface of the walls of the glass reactor. The phase analysis of the
films on the glass substrate and of the colloid particles, which was performed on a STADI-P X-ray powder automatic
diffractometer (STOE) with CuKα radiation, Fig. 3, has shown that due to the broadening of diffraction lines, they may
be attributed to the presence of polycrystalline phases of Wulfingit and/or Zincite. These broadenings, Table 1, may be
attributed to the presence of CSRs with a structure of Zn(OH)2 and ZnO, as well as to distortions in their lattice [37].

We found the CSR sizes of the obtained films by using the Williams–Hall method for reflexes from the planes 〈001〉,
〈010〉, 〈001〉, 〈111〉 of the lattice of nanocrystals [37]. The width of the 90 % confidence interval of CSRs for this
estimate varied within 2.7 nm for Zn(OH)2 and 3.1 nm for ZnO, Table). It did not exceed 3 – 5 % of the CSR values
of polycrystals in various diffraction planes. Since CSRs characterize the size of a single crystal region in the directions
orthogonal to diffraction planes, the mean CSR value characterizes these single crystals as spherical particles at the 90 %
confidence level regardless of their phase composition [39].

The Raman spectroscopy study of the samples of the Zn(OH)2–ZnO films on the surface of the walls of a glass reactor
was carried out at room temperature using a Via Reflex spectrometer, Renishaw (λ= 532 nm, P= 10 mW, exposure time
10 s). The samples were prepared in the following way: a test tube with a reaction solution was placed in a thermostat
at a given synthesis temperature and was kept there for a sufficient time to complete the reaction of film formation on
the walls of the tube and the formation of the Zn(OH)2–ZnO precipitate at its bottom. The tube was then removed from
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FIG. 5. (A) Examples of Raman spectra of Zn(OH)2–ZnO film samples on the glass substrate, synthe-
sized at temperatures Ts = 50 and 99 ◦C. I/I0 – integral intensity (I) of the Raman band normalized
to the highest bands intensity (Io) in the spectrum. Identification of Raman shifts of Zn(OH)2–ZnO
is taken from [17]. (B) Changes in the relative intensity I/Isum of vibration bonds of (OH)-groups
belonging to Zn(OH)2 films with temperature Ts in the Raman shift range from 3190 and to 3266 cm−1

according to Raman spectroscopy data. Isum is the sum of all band’s intensities in the spectrum range
0 – 4000 cm−1. Regr – line of quadratic regression

the thermostat, the suspension was removed from the tube, the tube with the precipitated film was rinsed with water and
dried at 23 ◦C until it became air-dry. After that, the test tube was fragmented. Fragments convenient for imaging the
Raman spectrum were selected, and spectra were taken. The mass concentration of Zn(OH)2–ZnO in the films (thickness)
with the same composition of the solution changed little if at all, which made it possible to consider the geometry of the
survey unchanged. The morphology of the ZnO layers on the substrate was studied on fragments prepared for Raman
spectroscopy study by applying scanning electron microscopy (SEM) and EDX elemental analysis using a JSM JEOL
6390LA facility.

3. Experimental results

The results of analysis of the layers at the final stage of precipitation by SEM and EDX methods are presented in
Fig. 2. One can see that the zinc hydroxide layer on the glass substrate is represented in the form of flower-like bunches
of crystals with hexagonal section. The X-ray fluorescent spectrum of the layer reveals Kα and Lα lines of the principal
elements Zn, O and minor lines of C, Si, Al which reflect the composition of the glass substrate. In the framework of
thermodynamic analysis of the initially homogeneous system (Σ) we have refined our previous calculations using the HSC
Chemistry 8 program. We included acetic acid (0.06 mol/l) and acetic complexes of Zn(II) in (Σ). The results showed
that the homogeneous state of the system (Σ) remains at a zinc concentration of 0.06 mol/l and a pH of 10.0 – 10.5 up to a
temperature of 35 ◦C and the concentration of Zn(CH3COO)2, Zn(Ac)2 species in it two orders of magnitude lower than
that of Zn(NH3)4(OH)2, Fig. 1. The increase in the number and size of nanoparticles with temperature in the system (Σ)
results in an increase in the ionic conductivity of the electrolyte solution due to the thermal decomposition of the ammonia
complex Zn(NH3)4(OH)2 followed by hydrolysis of ammonia molecules according to the scheme

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

Zn2+
aq + 2OH− → Zn(OH)2,colloid, (2)

NH3,aq + OH− � NH4OH � NH+
4 + OH−.

This leads to supersaturation relative to Zn(OH)2, the formation of hydroxide particles in the form of colloidal clus-
ters, and an increase in the concentration of ammonium ions in solution (2). The change in the concentration of Zn(II)
ions in the reaction solution over the time of synthesis follows the equation of the irreversible reaction of the 1st order,
(3), Fig. 4. The same relationship describes the change in the conductivity of the solution. As can be seen from Fig. 4,
at Ts = 50 ◦C, the change in the concentration of particles in the film is characterized by an induction period. With an
increase in temperature Ts > 50 ◦C, the duration of the induction period is reduced to zero, and the kinetics of film growth
is determined by the loss rate of the number of colloidal nanocrystals in the solution due to the transfer of Zn(II) to the
surface of the solution-reactor wall interface governed by an irreversible reaction of the 1st order.

The mean activation energy of the rate of colloid vanishing in solution and of the hydroxide film growth on the
interface in this temperature range is Ea= (21±9) kJ/mol, Fig. 4D, [38]. At a temperature close to the boiling point of the
electrolyte solution, the growth rate of the solid phase in the colloid system changes dramatically, Fig. 4C. Both processes
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FIG. 6. Linear correlation between the mass growth (disappearance for the precipitate) rate constant
ln(kD) and CSR ≈ r for film and precipitate. The parameters of regression equation (4) estimated by
the Least Square method are as follows: b[0] = ln(4πD) = −(5.00± 0.75), b[1] = x = (0.35± 0.20)

FIG. 7. Change in the mean value of the coherent scattering region (CSR) of Zn(OH)2–ZnO nanocrys-
tals in a film with synthesis temperature (Ts). The regression lines (Regr) characterize the change in the
compared our experimental data. In square brackets next to the dot symbols, the numbers of available
data sources [42–44] are shown, which are related to theCSR of ZnO according to the list of references.
In the inset: the effect of the synthesis temperature on the mean relative deformation of nanocrystals in
(001, 010, 001, 111) planes according to X-ray phase analysis data
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of colloid and film growth begin to proceed in parallel at the same rate in accord with the first-order reaction relative to
the concentration of Zn(II) ions.

Figure 5 shows typical Raman spectra of the Zn(OH)2 film, which is formed on the glass substrate at Ts= 55 –
95 ◦C due to the thermal decomposition of the ammonia complex Zn(NH3)4(OH)2 and hydrolysis of ammonia molecules
according to scheme (2). We can see that the pure zinc oxide phase is formed at a temperature near the boiling point of
the solution.

According to the classical theory of crystallization from a homogeneous solution, the initial stage of formation and
growth of hydroxide/ oxide clusters is determined by the diffusion flow of ammonia complex Zn(NH3)4(OH)2 to the
surface of the growing cluster, the chemical reaction (2) of decomposition of the complex on the surfaces of the growing
cluster, or by the mixed regime [18, 40, 41]. Under the conditions of Zn(OH)2–ZnO clusters film growth at the surface of
the reactor wall, a mixed growth mode is most likely. In that case, the monomer flux (JD) to the growing cluster is related
to the size of the growing cluster (r) by equation [40]:

JD =
dC

dt
= −kD(C − Ci), kD = 4πDrx, x = 1. (3)

In (3), C and Ci are the concentrations of zinc ammonia complex in the volume of the solution and at the surface
of the “cluster-solution” interface; kD is the 1st order irreversible reaction rate coefficient for zinc ions measured in the
experiment; and D is the diffusion coefficient. kD depends on the current size of the cluster (r), which changes during
growth and is a function of the concentration gradient (C−Ci). Therefore, the experimental dependence of kD on the size
of the cluster in the coordinates of equation (3) is of the form, in which the exponent (x) of the variable (r) characterizes
the average value from zero to a maximum value of 1 or 2, depending on which mechanism of solid formation, diffusion
growth and/or surface growth prevails. This conclusion follows from the results of comparison of the experimentally
obtained relationship between the growth rate constant (kD) and the CSR value, which we chose as an estimate of the
average size of the critical cluster (r) in the film in the form of equation (4), Fig. 6,

ln(kD) = ln(4πD) + x ln(CSR) = b[0] + b[1]) ln(CSR), b[0] = n(4πD), b[1] = x. (4)

The mean value of exponent b[1] = x = 0.35 ± 0.20 rel. units in equation (4) is close to, but less than unity,
which does not contradict the diffusion or mixed diffusion model [41]. The diffusive nature of the cluster size growth is
confirmed also by the coincidence of the determined activation energy of the film growth rate, Ea = (21± 9) kJ/mol, and
the activation energy of diffusion of Zn(II) cations in the electrolyte solution (26 kJ/mol) [45].

The external diffusion transfer of Zn(II) ions to the surface of growing clusters in the form of the ammonia complex
Zn(NH3)4(OH)2 explains the observed first order of the film growth reaction for Zn(II) ions. At the same time, clus-
ters tend to form aggregates and that proceeds to the growth of the film as a whole. The Raman spectra of the layers,
which grow on the solution-glass walls interface, show that the hydroxide phase is the main phase in the Ts range 50 –
95 ◦C, Fig. 5. According to the analysis of diffraction peak broadening, the polycrystalline film of the growing phase
of Zn(OH)2–ZnO is composed of spherical nanocrystals, the size of which is equal to the coherent scattering region,
CSR [37]. The CSR depends on Ts, Fig. 7, but the crystal lattice parameters of the nanocrystals of both zinc hydroxide
and oxide in the film composition remain constant across the entire range of Ts. Since the average value of the relative
strain of nanocrystals of hydroxide and oxide phases in 〈001〉, 〈010〉, 〈001〉, 〈111〉 planes do not depend on the synthesis
temperature Ts, Fig. 7 (inset), and does not exceed 0.04 %, the size factor can be considered to be the main reason for the
observed widening of diffraction peaks [37].

The nanocrystals that make up the zinc hydroxide/oxide film have sizes (CSR) ranging from 20 to 60 nm, depending
on the synthesis temperature, Fig. 7. From the point of view of the crystal growth theory [18], when the degree of
supersaturation of the solution of Zn(NH3)4(OH)2 changes with temperature, only those clusters are formed and remain
stable that reach the critical size relative to the zinc hydroxide/oxide phase 〈r〉 [18, 19, 40]. The emergence of stable
clusters of critical size opens a new route for colloid formation, consisting in the aggregation of these clusters. If the rate
of aggregation of critical clusters significantly exceeds the rate of generation, the growing polycrystalline phase remains
monodisperse, and the size of the nanocrystals corresponds to the size of the CSR observed in the experiment. With this
exception, the schema of microcrystals formation at the final stage of the growth agrees well with the proposed earlier
route of ZnO nanoflower growth [46, 47].

Let us analyze this hypothesis by applying the classical theory of crystallization as a model of the growing film of
the Zn(OH)2–ZnO composition. Let us represent the equilibrium solubility equation of nanocrystals (1) as (5), where the
size of the critical cluster r is taken as an estimate of the size of the crystal 〈r〉

RT ln(S/S0) =
σV

〈r〉
. (5)

To assess the solubility of crystals (S, mol/l), we use the experimental values of the equilibrium concentration of
zinc ions Zn(II) in a film synthesis solution at a given temperature Ts (equilibrium data for the “solution” curves, Fig. 4).
The total concentration of zinc ions in the solution according to (5) depends on the degree of cation complexity in the
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supernatant solution

Zn2+
aq + 4NH3,aq � Zn(NH3)2+4 , β4 = [Zn(NH3)2+4 ]/[Zn2+aq ][NH3,aq]

4. (6)

To estimate the solubility, write the expression for S using reaction equations (6, 7) [18],

ZnO + H2O � Zn(OH)2 � Zn2+
aq + 2OH−

aq, S = (SPZnO/2)1/3, S = [Zn2+
aq ][= Zn(NH3)2+4 ]β4[NH3,aq]

4, (7)

where SP is the solubility product of ZnO, and β4 is the stability constant of the ammonia complex according to (6).
The peculiarity of using equation (7) to describe the experimental data for Zn(OH)2–ZnO nanoparticles is that their

solubility is considered simultaneously as a function of the equilibrium temperature Ts and the size of the critical cluster
〈r〉 ∼ CSR:

ln(S) = ln(S0) +
(σV
R

)( 1

Ts

)( 1

〈r〉

)
= ln(S0) +

(σV
R

)( 1

Ts
× 1

CSR

)
. (8)

Reaction (6) is shifted to the right under the conditions of the experiment. Therefore, the experimentally measured
solubility at different synthesis temperatures (S) is determined by the concentration of the Zn(NH3)4(OH)2 complex.
The term (S0) in equation (6) characterizes the solubility component of single crystals Zn(OH)2–ZnO, which does not
depend on Ts in the selected temperature range. We believe that in the considered temperature range the surface tension
and molar volume of nanoparticles do not change significantly. Taking into account equation (7) and predominance of
hydroxide in the Ts range 50 – 90 ◦C, Fig. 5, we cannot distinguish between impacts of ZnO and Zn(OH)2 phases on the
solubility of the film as a whole. Thus, the experimental solubility (S) may be considered as a thermodynamic solubility
of Zn(OH)2–ZnO films in the framework of equation (8).

The purpose of using the nanocrystal solubility equation (8) was to test the assumption that the CSR of the grow-
ing polycrystalline film does not differ from the size of the critical cluster 〈r〉 in the supernatant solution. To test this
assumption, consider equation (8) in a form convenient for linear regression analysis (9):

ln(S) = ln([Zn2+aq ]) = ln[Zn(NH3)2+4 ]− ln(β4[NH3,aq]
4) = ln([Zn2+aq ]0) +

(σV
R

)( 1

Ts

)
× 1

CSR
. (9)

In (9), the independent variable (X) is the product of the inverse synthesis temperature Ts and the inverse value of
the CSR:

ln[Zn(NH3)2+4 ] = ln([Zn2+aq ]0) + ln(β4[NH3,aq]
4) +

(σV
R

)( 1

Ts
× 1

CSR

)
,

Y = A+B ×X, Y = ln[Zn(NH3)2+4 ], X =
( 1

Ts
× 1

CSR

)
, (10)

A = ln([Zn2+
aq ]0) + ln(β4[NH3,aq]

4), B =
σV

R
.

Figure 7 also shows foreign literature data, in which the conditions of deposition of ZnO films from aqueous ammonia
solution contain the information on Ts and the value of the oxide film CSR [42–44].

The experimental solubility of Zn(OH)2 and ZnO nanocrystals in the coordinates of equation (10) and the regression
line Y = A + B × X based on the results of CSR analysis are shown in Fig. 8. It can be seen that the standard error
in estimating the regression line, Fit Std Err = 1.10, is close to the error in estimating the concentration of Zn(II) ions in
solution, (1.2 – 1.6) log. units. Therefore, equation (10) adequately describes the simultaneous effect of Ts and CSR on
the solubility of Zn(OH)2–ZnO nanocrystals in the film composition. The value of CSR can be identified with the size
of critically sized clusters 〈r〉, the aggregation of which ensures the growth of polycrystalline film by the mechanism of
heteronucleation, facilitated by their low zeta potential.

From the data of Fig. 7 it can be seen that the size of CSR forming the film of hydroxide and zinc oxide depends
differently on the synthesis temperature in the region of 50 – 95 ◦C. The CSR of hydroxide changes slightly in the entire
region of its stability up to Ts < 85 – 95 ◦C. On the contrary, the CSR of oxide particles increases markedly with the
growth of Ts.

If we extrapolate the CSR(Ts) linear regression curve to the region of Ts=100 ◦C and above, we can see that with
increasing Ts the CSR(Ts) lines of hydroxide and zinc oxide intersect in the temperature zone of CSR= (50 – 100 nm).
This size of CSR is comparable with the transverse dimensions of columnar microcrystals growing on the glass substrate
(Fig. 2, inset). In this zone, we believe that the bulk growth speed of polycrystals from critical clusters in solution and the
speed of parallel chemical reaction (2) on the surface of the fastest growing end face of hexagonal microcrystals become
equal. The proposed change in the mechanism of high-temperature growth of ZnO microcrystals explain a sharp increase
in the growth rate of the ZnO film and a visible transition to a parallel increase in the size of colloidal particles in solution
and in film at 99 ◦C, Fig. 4C,D. Such interpretation is also consistent with the literature data [42–44, 47].
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FIG. 8. Dependence of the molar solubility of zinc oxide in the system (S ∼[Zn(NH3)4(OH)2]) on the
product of (1/Ts)×(1/CSR) in the coordinates of equation (10) according to the data on the equilib-
rium composition of the solution and film Zn(OH)2–ZnO in 1 mol/l NH3, pH=10.3. Parameters of the
regression equation Y = A + B × X , A = (−6.90 ± 1.10), B = (2.80 ± 2.00)104, K, nm, Fit Std
Err=1.10, F-value = 5. Regr – regression line, conf1 – 90 %-confidence intervals of regression

4. Conclusion

By using experimental methods of XRD, Raman spectroscopy, kinetic analysis along with thermodynamic modelling
we have determined that the thermal impact on the dominated ammonia complex Zn(NH3)4(OH)2 in aqueous ammonia
solutions leads to its decomposition, formation and growth of Zn(II) hydroxide/oxide clusters. According to the classical
theory of crystallization from a homogeneous solution, this is a mixed process, the speed of which includes (i) – diffusion
of ammonia complex Zn(NH3)4(OH)2 to the surface of the growing cluster and (ii) – the chemical reaction of decompo-
sition of the complex on the surface of the cluster. The growth of Zn(OH)2–ZnO clusters in solution and on the surface of
the test tube glass is governed by the first order reaction regarding Zn(II). Process (i) prevails in the Ts range 50 – 95 ◦C.
At Ts= 99 ◦C, processes (i) and (ii) proceed in parallel at an order of magnitude higher speed.

The colloid-chemical mechanism of growth of Zn(OH)2–ZnO clusters in solution and on the surface of glass substrate
leads to the formation of microcrystals consisting of hydroxide/oxide nano-size clusters. Their average dimensions are
equal to CSR of the microcrystals determined by the Williams-Hall method.

Relation (1) adequately describes the simultaneous effect of temperature Ts and CSR on the solubility of Zn(OH)2–
ZnO nanocrystals in the film composition. The value ofCSR can be identified with the size of critically sized clusters, the
aggregation of which ensures the growth of colloidal particles and their transfer to the polycrystalline film by the mech-
anism of heteronucleation. Such interpretation allows one to explain the microcrystalline morphology and monodisperse
composition of the growing film.

Establishing of the picture of high-temperature colloid-chemical growth of ZnO layers from ammonia aqueous solu-
tions in the Ts region above 100 ◦C in more details is a separate task, which requires further research.
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