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Abstract—The hydrolysis and polycondensation of tetraethoxysilane are studied at low pH values in the pres-
ence of doping additives (cations of various metals). The period of gel formation is found via viscometry, and
the activation energy is calculated. It is shown that the doping additives affect both of these parameters. A
change in particle size during the hydrolytic polycondensation of tetraethoxysilane in the presence of metal
cations is studied via dynamic light scattering. The structural characteristics of the gels—the radius of gyration
and the fractal dimension of the surface—are found through small-angle X-ray scattering. A mechanism of
particle formation—Kkinetically controllable aggregation of a cluster—cluster type—is proposed.
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INTRODUCTION

The sol—gel process is a promising way of obtaining
new materials with desired properties. It enables us to
produce different inorganic materials, e.g., glass,
ceramics, aerogels, films, and powdered hybrid mate-
rials with adjustable microstructure and properties
[1-4].

Tetraethyl ester of orthosilicic acid (tetraethoxysi-
lane or TEOS) is often used as a precursor in the sol—
gel production of silicate materials. It is possible to
obtain various materials via its hydrolysis with subse-
quent polycondensation [5—8], where the dopants are
introduced directly into the initial solution. The pH
value and the hydrolysis catalyst strongly affect the
structure of the final product. Mineral acids (e.g.,
hydrochloric and nitric acid) are often used as catalysts
for acid hydrolysis, while ammonium hydroxide is used
for basic hydrolysis. Acetic acid, potassium hydroxide,
amines, potassium fluoride, hydrofluoric acid, tita-
nium alkoxides, vanadium alkoxides and oxides are less
common catalysts for hydrolysis [9—11].

There are three ranges of pH values, where hydro-
lysis and polycondensation display their own charac-
teristic features: pH <2, pH within 2—7, and pH >7. If
hydrolysis proceeds within pH 2—7, branched struc-
tures and three-dimensional networks of gels are
formed. Large secondary particles with shapes close to
spherical are formed in the alkaline environment [12].
The range of pH <2 is metastable. It is believed that
the silica sol particles have a positive charge in this
range of pH, and the rate of polymerization is propor-

tional to the concentration of protons [12]. The gel
structure forms in several hours at low pH values,
while this takes several days at other pH values.

Electrolytes also have an appreciable effect on the
formation of gel structures. There are data on the
mechanisms behind the influence metal cations with
different charges have on the coagulation of silica sols.
Most of these are based on the assumption that cations
can act as agents that form bridge bonds between sol
particles, due to the adsorption of cations on the sur-
faces of silica sol. These results, however, were
obtained at pH 4.5—11 [13]. The range of hydrolysis of
TEOS at low pH values is therefore the one least stud-
ied, and there are no data on the effect cations have on
the synthesis of silicate materials and their structure in
this range.

The aim of this work was to study the hydrolysis of
TEOS in the metastable region in the presence of
metal cations leading to the production of new func-
tional silicate materials, and to study the structure of
these materials.

EXPERIMENTAL

Chemically pure TEOS (Si(C,H50),) was used as a
precursor for the preparation of silicate materials,
while metal cations with different charges were used as
additives. These included silver, sodium, and potas-
sium nitrates, along with crystalline hydrates of
nickel(II), cobalt(Il), iron(IIl), and cerium(III)
nitrates. The gels were prepared via the hydrolysis of a
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Fig. 1. Dependences of solution viscosity on TEOS hydro-
lysis time at 40°C in the presence of metal cations:

() Ni*", (2) without additives, (3) Ce", (4 Fe3*,
(5) Ag", (6) Co**, and (7) Na™.

water—alcohol solution of TEOS in an acidic environ-
ment using nitric acid as a catalyst. A metal salt sample
was dissolved in a given volume of distilled water. The
weight of the sample was calculated such that the
amount of metal cations was 3 x 107* mol per 1 g of
dry SiO, powder obtained after the calcination of
xerogel. The required volumes of TEOS, ethanol, and
nitric acid were added to the salt solution. As a result,
transparent colorless or faintly colored solutions with
aTEOS : ethanol : H,O: HNO;=1:4:16:0.6 molar
ratio were obtained. The resulting solutions were ther-
mostatted until a stable gel formed.

The kinematic viscosity of silica sol during the pro-
cess was recorded on a SV-10 vibration viscometer
(Japan) up to 10000 mPa s. The viscosity of the solu-
tions was measured at 40, 50, and 60°C to calculate
activation energy of gelation. The change in hydrody-
namic particle size was studied via dynamic light scat-
tering on a ZetaSizer Nano ZS analyzer (Malvern
Instruments, United Kingdom) equipped with a
He/Ne 633 nm laser. The structure of the final poly-
condensation products (gels) was studied by means of
small-angle X-ray scattering (SAXS). The measure-
ments were made at the BioMUR small-angle X-ray
scattering station of the Kurchatov synchrotron radia-
tion source using a Pilatus 3 1M detector (Dectris) in
the scattering vector range of 0.04—1.7 nm™". A single-
crystal Si(111) focusing monochromator was
employed at a wavelength of 0.1445 nm. The structure
of the gels was described in terms of radius of gyration
R, and fractal dimensions.
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RESULTS AND DISCUSSION

The hydrolysis of TEOS proceeds at a fast rate [12],
and polycondensation begins in the first minutes of
the experiment, so the moment all components are
put into the reaction mixture is considered to be the
start of gelation. Figure 1 shows the curves of viscosity
change over time at 40°C for silica sols doped with dif-
ferent cations.

The change in the viscosity of all sols is similar and
has three time intervals. At the first stage, the viscosity
of the sols increases monotonically and very slowly,
testifying to the stability of the sol—gel systems. A sta-
ble state for silica gel without the addition of doping
cations is observed for ~11 h, and the viscosity during
this period varies from 2.21 to 10.00 mPas. The second
time period then appears, during which there is a
sharp rise in viscosity, resulting in a sharp drop in the
turnover of sols and the formation of a spatial gel net-
work. The time in which there is an intense increase in
viscosity is the period of gelation; it characterizes the
transition of the sol to the gel, along with the forma-
tion and compaction of the three-dimensional gel net-
work. The time at which the viscosity of the solution
reaches 400 mPa s is conventionally considered the
end of gelation for all samples. At the third stage, the
gel structure is compacted because of the formation of
additional bonds between the structural elements of
the net, which further increases the viscosity of the
system.

Introducing doping metal cations into the initial
system normally extends the sol’s lifetime consider-
ably, which lengthens the period of stabilization. The
longest stable state is observed for silica gel doped with
sodium cations (~15.8 h). There are, however, some
exceptions for cations. Indeed, the period of sol stabil-
ity at 40°C is 9.8 h when using nickel cations, which is
110% shorter than with pure silica gel. The time
needed to reach gelation at 40°C increases in the series
Ni?* < silica gel without alloying additives < Ce3* <
Ag" < Fe*" < Co*" < Na*. The expansion of the region
of sol existence, which precedes the formation of a gel
network when metal ions are introduced into the solu-
tion, indicates that the cations participate in the
hydrolysis and polycondensation of TEOS.

The activation energies were calculated from the
data obtained during the rheological studies of gela-
tion at different temperatures. The calculations were
performed using the Arrhenius equation. The average
rate of gelation was the reverse period of gelation:

£Ee
In(ty,) = In A"+ "7,

The calculated activation energies for gelation are
given in Table 1. The results indicate that metal ions
affect not only the period of gelation, but also its acti-
vation energy. The activation energy for gelation can
be higher or lower than the one calculated for pure sil-
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ica gel. There is no correlation between the activation
energy and the charge of cations.

The data on the distribution of hydrodynamic par-
ticle sizes over the volume at different stages of the
condensation of gels obtained via dynamic light scat-
tering confirm that metal cations affect the processes
that occur during the hydrolytic polycondensation of
TEOS.

It should be noted that all of our systems were
polydisperse. They had bimodal distributions, reflect-
ing the coexistence of primary particles formed during
the polycondensation of tetraethoxysilane, and of sec-
ondary aggregates that constituted most of the struc-
tural units of the gel. When using silica gel without
dopants, polycondensation at the first stage begins
with the formation of small nucleus particles, and they
then grow. These particles are unstable, however, and
they shrink, probably because of hydrolysis. Further
interaction between the particles at low pH values
leads to the formation of larger secondary aggregates,
which grow because of parallel-forming small parti-
cles. These data are in agreement with those obtained
by the authors of [13] and are described by the particle
growth model proposed in [14].

The introduction of metal cations probably has a
stabilizing effect on the polycondensation in a sol—gel
system. As a rule, smaller particles form at the first
stage, compared to silica gel without dopants. Larger
secondary particles then form because of aggregation,
as in the case of pure silica gel. Figure 2 shows the
growth dynamics of these secondary particles during
the hydrolytic polycondensation of tetraecthoxysilane
in the presence of metal cations.

The gels doped with Na*, Ni**, Co?*, and Ce**
cations produced bimodal distributions of particles
according to volume at the 30th minute of the experi-
ment. The first maximum corresponds to particles
with an average hydrodynamic diameter of 1.4 nm; the
second, to larger particles with an average hydrody-
namic diameter of ~4 nm.

Secondary aggregates formed later for the gels
doped with Ag* and Fe3* cations: they appeared ~8 h
after the start of the reaction. Particles with an average
diameter of 15.3 nm occupied 8% of the total volume
of the system containing silver cations, while smaller
particles with a diameter of ~5.4 nm occupied the
remaining volume. Large particles with a diameter of
16.2 nm occupied 14.6% after 2 h. The system was
homogeneous 12 h after the start of the reaction, and
the probable hydrodynamic particle size was 18.1 nm,
which corresponds to the largest particles of all the
investigated samples.

Additional data on the structural parameters of the
final products of polycondensation—the gels doped
with metal cations—were obtained by means of SAXS.
Radius of gyration R, was found from the slope of a
linear extrapolation of the initial part of a SAXS curve
(the Guinier region) constructed as the relationship
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Table 1. Calculated activation energies E, (in kJ/mol) for
different gels

Doping ||\ o+ | Na* | co? | Ni2* | Fet* | cett
cation
E, |49.0] 647 | 577 | 632 | 402 | 44.4 | 548

Table 2. Structural parameters of gels, calculated from
SAXS data

Parameter| — | Ag* | Na* | Co?" | Ni*" | Fe?* | Ce3*
Ry, nm 95 180 |90 |96 | 74 | 78 7.0
D, 22 | 26 | 23 | 24 | 22 | 22| 22

between In/ and s?. The fractal dimension was calcu-
lated from the tangent of the angle of inclination to the
plot of scattering intensity as the relationship between
log/ and logs in the Porod region.

Figure 3 shows typical small-angle scattering
curves constructed in the log/—logs coordinates, while
Table 2 shows the structural parameters calculated
from them. It is clear that the introduction of additives
of different metal cations affected the structure of the
gel. Indeed, the cations (except cobalt) reduced the
radius of gyration, compared to silica gel without
alloying agents. The smallest radius of gyration was
typically seen after the introduction of cerium cations.

The introduction of metal cations limited the total
size of fractal aggregates. Our calculations showed that
all samples belonged to mass fractals. Fractal dimen-
sion D,, for all the investigated samples was 2.20 to
2.60, which corresponds to branched structures
(Table 2). When D,, grew, the gel structure became less
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Fig. 2. Change in average hydrodynamic diameter d of sec-
ondary aggregates during the hydrolytic polycondensation
of TEOS in the presence of various cations.

No.9 2019



1740

-1.0

Fig. 3. SAXS curves for silica gel samples doped with cat-
ions (7) Na*, (2) Ce*", and (3) Fe3™.

friable, and a denser cross-linked three-dimensional
structure appeared. The gel doped with silver cations
had the densest structure among the investigated sam-
ples. It is known that when D,, > 3, three-dimensional
nets emerge instead of compact particles with rough
surfaces; however, no such values were observed for
the investigated samples.

We identified a relationship between the fractal
dimension and the model of fractal aggregate forma-
tion [15]. Two models stand out from among those
proposed to describe the aggregation mechanisms in
SiO, systems: diffusion controllable aggregation
(DCA, the Witten—Sander model) and kinetically
controllable aggregation (KCA) of a cluster—cluster or
particle—cluster type. These models produce two
structurally different fractal aggregates. Aggregate
fractal dimension D,, is no more than 2 for the DCA
model. The fractal dimension for KCA is 2 < D,, < 3.
The KCA model is characteristic of systems in which
there is a high repulsive barrier between particles.
Aggregation in this case depends on the potential of
interparticle interaction [15]. In this work, the mass
fractal dimensions of the aggregates of all the investi-
gated samples corresponded to those formed during
kinetically controllable aggregation of the cluster—
cluster type.

We may therefore assume that in interacting with
silica—silica particles formed during the hydrolytic
polycondensation of tetraethoxysilane, some metal
cations (e.g., Ag*, Na*, Co*", and Ce3") raise the
interparticle potential to prevent condensation and the
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formation of gel. Other cations (e.g., Ni** and Fe’*)
probably have no such effect.

CONCLUSIONS

The addition of doping metal cations has a substan-
tial effect on the kinetics of the formation of tetrae-
thoxysilane gels during hydrolytic polycondensation
in acidic environments. We found that introducing
metal cations into a tetracthoxysilane system at 40°C
lengthens the period of gelation time in the series
Ni?* < silica gel without dopants < Ce?* < Ag® <
Fe3* < Co?" < Na™. Introducing metal cations into the
system affects the activation energy of gelation: Fe?*
and Ni?* cations reduce it relative to silica gel without
additives, while other cations (especially Co?")
increase it considerably. The gels obtained during the
hydrolytic polycondensation of tetracthoxysilane in
the presence of doping metal cations were mass fractal
aggregates. The dimensions of mass fractals show that
the mechanism of their formation was kinetically con-
trollable aggregation of the cluster—cluster type.
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