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Abstract—This study is concerned with the preparation of hydrolytically active heteroligand complex
[Ti(OC4Hg); 4;(O,CsH7) 30] from titanium butoxide and acetylacetone and with the gel formation kinetics
in a solution of this complex upon hydrolysis and polycondensation. Single-layer and double-layer thin films
of a solution of this precursor were coated on polished silicon substrates using the dip-coating method. The
crystallization of nanostructured titania films during the heat treatment of these xerogel coatings was studied
using various protocols; the anatase—rutile phase transition temperature was found to depend on the film
thickness. The effects of the precursor solution viscosity on the film thickness and crystallite size were deter-

mined.
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Titania is known to have a unique set of useful
properties (chemical stability, biocompatibility, useful
physical, optical and electrical characteristics). For
this reason, titania is in great demand and is a well-
characterized material. Titania-based materials are
primarily demanded in a search for alternative energy
sources [1, 2] and in photocatalyst design [3—9]; they
are also prospective materials for optical devices [10].
Thin-film materials are increasingly required to
improve the efficiency of products. Sol—gel technol-
ogy, where precursors are hydrolytically active heter-
oligand complexes, offers one of the most promising
and convenient approaches to preparation of diverse
types of nanomaterials. This is a universal method for
preparing metal oxides in the form of powders [11—
14], nanostructured thin films [15—18], microtubes
[19], and composite matrices [20], on one hand, and
refractory carbides [21—23], on the other. The advan-
tage of this approach consists of control over the rhe-
ology of precursor solutions and the kinetics of their
alteration upon hydrolysis, the factors that determine
the functional characteristics of products to a consid-
erable degree.

Therefore, our goals were as follows: to study the
preparation of hydrolytically active heteroligand com-
plexes [Ti(OC,Hy);4,(0,CsH;) 301, to determine how
the rheology of their solutions influences the proper-
ties of thin nanostructured titania films, to elucidate
the dependence of the anatase—rutile phase transition

temperature on the oxide coating thickness, and to
study the microstructural evolution of the oxide film
as a result of this phase transition.

EXPERIMENTAL

The reagents used were titanium butoxide
Ti(OC4Hy), (Sigma-Aldrich, reagent grade, 97%),
acetylacetone CsHzO, (pure grade), n-butanol
C,H,,O (specialty grade), and ethanol C,HO (frac-
tionally distilled).

Solutions of hydrolytically active heteroligand
complexes of composition
[Ti(OC4Hy)3 5/(0,CsHy)o 391~ were  prepared — as
described earlier [ 12]: to titanium butoxide, acetylace-
tone was added in a required amount under stirring for
chelating moieties to substitute for alkoxy groups. This
was performed to increase the shielding of tita-
nium(IV) cations and reduce the reactivity of the com-
plexes in subsequent reaction with water. Afterwards,
the reaction systems were reduced in volume to 50 mL,
the solvent (1-butanol) was added, and then a hydro-
lyzing agent (a solution of water in ethanol; ¢(H,0) =
50%) was added drop-by-drop under stirring. After all
components were stirred for 1.5 min, the spindle L2 of
a Fungilab Smart L rotary viscometer (the shear speed
was 100 rpm) was immersed into the solution to start
measurements of dynamic viscosity 1. When a certain
1M value was reached, thin solution films were applied
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Fig. 1. (a) Dynamic viscosity curve for a [Ti(OC4Hg)3 ¢;(0O,CsH7)q 39] solution during hydrolysis and polycondensation and

(b) its derivative curve.

to the surfaces of polished single-crystalline silica sub-
strates by the dip-coating method (the withdrawal
speed was 1 mm/s). Then, hydrolysis and polyconden-
sation in the film bulk proceeded to yield a three-
dimensional network. This was followed by 60-min
exposure of the samples under air at 25°C to complete
the xerogel coating formation. Some samples were
coated with a second layer by the same protocol. Sub-
sequently, the samples were heat-treated at various
temperatures for 1 h under air to crystallize titania thin
films.

X-ray diffraction patterns were recorded from sur-
faces of oxide films on a D8 Advance (Bruker) X-ray
diffractometer in a characteristic 20 range of 24°—28°
(Ni-filtered CuK, radiation, £ = 40 keV, I = 40 mA,
t= 2.0 s per point, 0.02° steps).

The microstructure of oxide films were studied
using an NVision 40 (Carl Zeiss) three-beam worksta-
tion equipped with an EDX Oxford Instruments
energy-dispersive analysis unit, and using a Solver
Pro-M (NT-MDT) scanning probe microscope.

The adhesion of films was studied by a standard
V-notch test using an Elcometer 107 adhesion meter.

RESULTS AND DISCUSSION

Synthesis of [Ti(OC,Hy) ; 5,(0,CsH ), ;0] Complexes
and Studies of Their Hydrolysis and Polycondensation

Addition of the required amount of acetylacetone
and n-butanol as solvent to titanium butoxide pro-
duced a solution of complexes
[Ti(OC4H9)3'61(02C5H7)0'39] (C =0.25 mOl/L), which
were less hydrolytically active. Previous studies
showed that this coordination sphere composition and
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this precursor concentration were optimal, in the con-
text of reactivity, for preparing thin films. So, addition
of a hydrolyzing agent (a solution of water in ethanol,
¢©(H,0) =50%) to the thus-prepared titanium alkoxo-
acetylacetonate solution (50 mL), initiated hydrolysis
and polycondensation, which were accompanied with
a rise in dynamic viscosity (Fig. 1). Figure 1 implies
that the formation of a three-dimensional network is a
multistep process. Following water addition, the
dynamic viscosity experiences an exponential rise for
45 min to reach a gelation rate of about 9.5 cP/min.
This is followed by a reduction in gel-formation rate
and its stabilization at a level of 7 cP/min. The next
step is observed in the 53th minute with an attendant
abrupt rise in gelation rate to 11 cP/min, which is then
followed by an exponential decline in gelation rate to
zero (the dynamic viscosity reaches its maximal value
of ~150 cP). Then, the viscosity of the system starts to
decrease and, accordingly, the gelation rate acquires a
negative value.

Crystallization of Titania Thin Films

After hydrolysis and polycondensation were stud-
ied, polished single-crystalline silicon substrates were
coated with thin films of a precursor solution by dip
coating at various dynamic viscosity values (7.5, 9.0,
10.5, and 12.0 cP). After the end of hydrolysis and
polycondensation in the film bulk, a three-dimen-
sional network was formed. Then, the samples were
exposed to air for 60 min at 25°C to complete gel
syneresis and xerogel film formation. Some samples
were coated with a second layer by the same protocol.

No. 12 2016
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Average crystallite sizes L;j; (anatase) and L;;, (rutile) in titania thin films prepared at various temepratures (nm)
1 layer 2 layers 1 layer 1 layer 1 layer
T,°C (7.5cP) (7.5¢cP) O cP) (10.5cP) (12cP)
anatase rutile anatase rutile anatase
400 9 18
500 9 21 19 21 24
600 25 29 28 32 29
700 22 40 30 30 39
800 20 53 56 31 38 39
900 35 43 46
1000 40 47
1100 40 41 47
1200 45 53 64

The samples were heat-treated at various tempera-
tures (400—1200°C in 100°C steps) under air for 1 h to
study the crystallization of titania thin films. The
X-ray powder diffraction was used to study the surface
crystal structure of the coatings (Fig. 2). X-ray diffrac-
tion patterns imply the following. In single-layer films
(whose thickness was ~50 nm as probed by micros-
copy), the clear-cut anatase structure was observed
starting at 600°C. A minor rutile phase became notice-
able starting at 900°C, which is 200°C higher than the
anatase—rutile phase transition temperature in pow-
ders [12]. The rutile phase fraction increased as tem-
perature rose, and the anatase phase survived in
noticeable amounts up to 1200°C, which is of special
interest. In the production of double-layer titania thin
films (whose thickness was ~100 nm as probed by
microscopy), the situation was appreciable different: a
crystalline anatase phase was formed in noticeable
amounts at 400°C, and a minor rutile phase appeared
at 600—700°C. At 1000°C, transformation to the rutile
structure was complete. Evidently, the thermal behav-
ior of double-layer xerogel films resembled very much
the behavior of powders. Thus, we showed that the
increasing film thicknesses promote titania crystalli-
zation and appreciably reduce the anatase—rutile
phase transition temperature.

The heat treatment of thin xerogel films prepared
with precursor solutions of various viscosities at tem-
peratures in the range 500—800°C in all cases yielded
to anatase titania films. Small rutile admixtures were
observed only in two samples (7.5 cP, 800°C; and 9.0 cP,
700°C), which could be due to insignificant defects
generated in the films during application. X-ray dif-
fraction patterns imply that the oxide films formed at
higher precursor solution viscosities features stronger
reflections, which is circumstantial evidence of their
increased thicknesses. The average crystallite size
increased in association (table). The average crystallite
sizes of anatase for double-layer films were apprecia-
bly greater than for single-layer films, and the ana-
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tase—rutile phase transition was observed when the
anatase crystallite size reached 40—50 nm. Thus, we
may assume that the phase transition in single-layer
films is hindered by an insufficient amount of the
material required for crystallite growth along the axis
normal to the substrate surface.

The microstructure of the prepared titania thin
films was studied using scanning electron microscopy
(SEM). The micrographs (Fig. 3) show that compact
structures with poorly pronounced texture were
formed at 400—600°C. A rise in temperature to 700—
900°C gave rise to the formation of nanostructured
films with particle sizes of ~30 nm, which agrees with
an estimate of the average crystallite size; that is, a tita-
nia particle in this case, as a rule, consisted of a single
crystallite. As temperature rose within this range,
pores with sizes of ~30 nm also appeared. At 1000°C,
the particles had an average size of ~40 nm. On the
substrate edges, where defects can appear in the form
of cracks and exfoliations due to an excessive thickness
of the precursor solution film, there was a microstruc-
ture dimension gradient: particle sizes increased sys-
tematically in the direction to the defect. Thus, we can
assume that a thicker xerogel film was formed in the
region of the defect, which gave rise to the anatase—
rutile phase transition in this region, accompanied by
a sharp change in the coating microstructure. The
contribution from these peripheral substrate regions
was likely to manifest itself in the appearance of a low-
intensity rutile reflection in the X-ray diffraction pat-
tern. A rise in temperature to 1100°C led to further
transformation of the film microstructure. The parti-
cle size distribution was bimodal: about 60% of the
particles having an average size of ~40 nm were uni-
formly distributed in between larger particles (100—
150 nm). The results of X-ray powder diffraction (the
intensity ratio of anatase and rutile reflections) imply
that the small particles had anatase structure and the
larger ones had rutile structure. A rise in temperature
to 1200°C continued the evolution of surface micro-
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Fig. 2. X-ray diffraction patterns of (a, c, d, e) single-layer and (b) double-layer titania thin films prepared at various temperatures
and precursor solution viscosities of (a, b) 7.5, (c) 9.0, (d) 10.5, and (e) 12.0 cP.

structure. Primarily, the ratio between the fractions of
fine (anatase) particles and coarser (rutile) particles
changed. In addition, the substrate surface manifested
itself, possibly due to the softening of the near-surface
silica layer and a partial incorporation of TiO, particles
into its bulk.

Thus, the SEM images clearly illustrate a consider-
able alteration of titania film microstructure upon the
anatase—rutile phase transition and show that this
process is intensified as the coating thickness
increases.

RUSSIAN JOURNAL OF

The results of scanning probe microscopy (SPM)
shown in Fig. 4 also indicate the formation of nano-
structured films that remained in a highly disperse
state until 1100°C; at higher temperatures, the fraction
of coarser (100—150 nm) edged rutile particles became
higher. The surface roughness did not exceed 40 nm in
all samples.

The adhesion of oxide films was evaluated by a
standard V-notch test. Our prepared nanostructured
titania films were found to refer to maximal adhesion
classes of the ISO (0) and ASTM (5B) international
INORGANIC CHEMISTRY  Vol. 61
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Fig. 3. SEM images of titania thin films prepared at various temperatures: (a) 400, (b) 500, (c) 600, (d) 700, (e) 800, (f) 900,
(g, h) 1000, (i) 1100, and (j) 1200°C).
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Fig. 4. SPM images of titania thin films prepared at various temperatures.

standards, and the coating technology may be recom-
mended to the manufacturers of relevant structures.

Thus, we have studied the synthesis of hydrolyti-
cally active heteroligand complexes of composition
[Ti(OC4Hy);34,(0,CsH).30] and their hydrolysis and
polycondensation, accompanied by the evolution of
solution rheology. We have prepared single-layer and
double-layer thin nanostructured titania films by dip-
coating using precursor solutions of various viscosi-
ties, and showed how the coating thickness influences
the anatase—rutile phase transition temperature. The
higher viscosities of solutions of the complexes during
their hydrolysis and polycondensation give rise to the
formation of thicker thin oxide films and coarser crys-
tallites upon heat treatment in the same protocol. We
also have studied the microstructural evolution of
TiO, films upon crystallization and the anatase—rutile
phase transition. A strong coarsening of particle sizes
occurs (by a factor of two to three), which must be
taken into account in the manufacture of more effi-
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cient thin-film devices for solar cells, photocatalysts,
and other electronic and optical components.
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