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ABSTRACT

Bismuth titanate is widely used in various fields of science and technology due to its unique physical and
chemical properties. Nanostructured metal oxide compounds of the Bi-Ti-O system, consisting of columnar TiO5
nanostructures obtained by electrochemical anodization of a two-layer Ti/Al composition, and platelet Bi;O3
nanostructures formed by sequential ion-layer deposition were synthesized. Morphological changes and phase
transformations in the microstructure of the Bi2O3/TiO2 oxide system, which occur during its thermal annealing
at temperatures of 150, 300, 500, and 700 °C, have been studied. Annealing of the oxide system in the range of
150-300 °C degrees leads to inconsequential morphological and structural changes: the mixture of oxides is
densified, in addition to anatase, a rutile phase appears in TiOs. The crystal system of the Bi»O3 phase is hex-
agonal. After annealing at 500 °C, not only morphological changes occurred in the studied composite, but also
significant transformations in the microstructure. In the film volume, oxide phases Ti;O3 and BizO3 began to
transform into three-component compound BisTisO12, and this process is completed at 700 degrees with the
formation of single-phase Bi4Ti3O12 nanocomposite with an orthorhombic lattice with the crystal space group

Fmmm.

1. Introduction

Bismuth titanate is the best-known compound of Bi—Ti—O system,
and widely used in acoustic, opto- and microelectronics, in particular, in
capacitors, converters, non-volatile memory elements, piezoelectric
sensors [1-3] due to its high piezoelectric and electrophysical properties
[4]. Another equally important field of application of bismuth and ti-
tanium compounds is the treatment of wastewater from toxic organic
pollutants that are not biodegradable [5,6]. Technology based on pho-
tocatalysis during the decomposition of carcinogens in sunlight is the
most promising [7-9]. Bismuth titanate, due to its unique layered crystal
structure and electronic band structure, effectively separates photo-
generated electron-hole pairs [10,11] and exhibits pronounced photo-
catalytic activity in the decomposition of organic pollutants [12-16].

Bismuth titanate surfaces, in addition to their ability to generate
electrons and holes, also easily adsorb molecules of gaseous medium,
which opens up prospects for its use as a gas-sensitive material [17,18].
As a result of interaction with the surface, the adsorbed molecules give
some of their energy to surface atoms and create local energy levels in
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the band gap, which are new surface centers that capture free charge
carriers [19,20]. In the presence of a large amount of free charge carriers
in bismuth titanate, adsorbed molecules on its surface lead to a change
in electrical conductivity [21]. The mechanisms of catalytic action and
the role of free electrons and holes in chemical reactions on the surface
of metal oxide semiconductors are quite similar [22,23]. At the same
time, due to the high specific area and small particle sizes, more active
centers are created on the structured surface, which significantly affect
the formation of electron pairs and holes and their efficient separation,
which explains why nanostructured Bi4TizO12 has better photocatalytic
and gas-sensitive characteristics compared to smooth films of the same
composition [24,25]. The use of nanostructured materials makes it
possible to obtain a large area of the sensitive layer active surface [26].
Given the fact that sorption reactions occur mainly on the surface of the
sensitive layer, the size of the semiconductor particles will have a sig-
nificant effect on the sensor sensitivity. A method based on the deposi-
tion of different compositions materials on nanoporous anodic alumina
(AA) matrices has become widespread for the formation of
low-dimensional structures arrays and nanostructured films [27-29].
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Vacuum methods [30,31], electrochemical [32,33], and chemical
methods from the liquid phase [34,35] are used as deposition methods.
One of the most promising chemical methods for the formation of thin
films with various compositions is the successive ionic layer deposition
(SILD) [36,37]. The SILD method is based on cycle treatment of sub-
strates in solutions of ion-containing metal salts such as chlorides, ni-
trates, acetates. Another option for creating matrices of low-dimensional
structures is anodizing layers of valve metals (Ti, Nb, Zr) through AA
pores [38,39]; as a result, metal oxide nanostructures of a specific shape
(mounds, columns, islands, etc.) are formed under the mask. The
composition and properties of nanostructures are primarily determined
by the conditions of electrochemical and thermal treatment. It is
possible to controllably create nanostructures arrays of different sizes
and various shapes by changing the metals of the sublayer, its thickness,
the electrochemical conditions for anodizing aluminum, as well as the
sublayer reanodization voltage [38,40]. Metal oxide nanostructures of
the listed metals have their own specific properties, but titanium oxide
islands or columns stand out among them, in which the oxide in various
oxide phases from the Ti-O system predominates [41]. In this case, the
stoichiometric oxide phases of titanium are located near the top of the
island, and the stoichiometric composition of the oxide is more and more
disturbed from the top to the bottom of the column.

In this work, we propose a new technological approach for the syn-
thesis of compounds of the Bi-Ti-O system using liquid chemistry
methods—electrochemical anodizing of two-layer Al/Ti system and the
successive ionic layer deposition of bismuth oxide from aqueous solu-
tions onto the formed matrix of the titanium metaloxide columns. The
research of the microstructure and composition of the formed system
and as phase transformations in high-temperature annealing are
presented.
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2. Materials and methods

Silicon substrates were used as initial samples, on which Ti (99,95 %)
— 200 nm (bottom) and Al (99,999 %) — 1.5 um were deposited by
magnetron sputtering in vacuum. Electrochemical anodizing of experi-
mental samples was carried out in a combined mode. The upper
aluminum layer was anodized in an aqueous solution in 0.4 M H3PO4
(87 %, purissimum) in the potentiostatic mode at 150 V. As a result, the
upper aluminum layer was transformed into a matrix with hexagonally
packed oxide cells with vertical pores in the center.

The subsequent anodization of the titanium sublayer through the AA
pores was carried out in aqueous solution of 0.2 M C4HgOg (99,9 %,
purissimum speciale) at 250 V. On the second anodization stage, the
nanosized columns of titanium oxide were formed under the AA pores
and partially filled the lower part of the pores (Fig. 1a). The electrical
anodizing modes were set using a Keysight N5752A system DC power
supply, and the process parameters were recorded and monitored in situ
using a Keysight 34470 A digital multimeter connected via a USB
interface to a personal computer with the Bench Vue software installed.
After reanodization, the AA mask was removed in 50 % H3POg4 (87 %,
purissimum speciale) aqueous solution at temperature of 323 K.

The bismuth oxide layer was deposited on the formed titanium metal
oxide columnar film using SILD method from the cationic aqueous so-
lution of 0.1 M Bi(NO3)3 x 5 H20 (99,0 %, pro analysi) and the anionic
solution — distilled water heated to 70 °C. After 150 cycles, the matrices
with the formed composite films were annealed in an atmosphere of
purified air at temperatures of 150, 300, 500, and 700 °C for 1.5 h.

The surface morphology of the formed films was studied by scanning
electron microscopy (SEM) in Hitachi S-806 at accelerating voltage of
7 kV and Hitachi S4-800 at accelerating voltage of 15 kV.
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Fig. 1. The cross-section of AA matrix with titanium metal oxide columns into the pores (a); images of the titanium oxide columns after AA dissolution (b), (c); and
X-ray diffraction patterns of the titanium oxide columns annealed at 300 °C and 500 °C (d).
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The phase composition and microstructure of the formed films were
determined based on the analysis of diffraction data obtained on the
Bruker installation in CuK, radiation (40 kV; 40 mA) at a wavelength of
1.54187 A at room temperature in the range of 20.00 - 80.00 degrees
with a scanning speed of 2°/min using databases ICDD PDF-2 Release
2013 and ICDD PDF-2 Release 2003, programs “FULLPROF” and
“March! 3". During the research, the atomic structure of the films, the
space group of the unit cell, its dimensions and shape, as well as the
symmetry group of the crystal were determined.

The identification of chemical elements in the composition of the
obtained films was determined using electron probe X-ray spectral
microanalysis (EDX) using a Bruker QUANTAX 200 add-on with an
XFlash silicon drift detector (SDD) with active area of 60 mm? for

fy o

El1 AN Series unn. C norm. C Atom. C Error

[wt.%] [wt.%] [at.%] [wt.%]

.0 8 K-series 32,10 62,93 83,56 5,0

jTi 22 K-series 18,91 37,017 16,44 1,6
Total 51,01 100,00 100,00
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scanning electron microscope. Energy resolution <125 eV at Mn-K,,
detection from beryllium (Z = 4) to americium (Z = 95). The spot from
the primary beam with energy of 15.4 keV had characteristic size of
2 pm and was directed into the cross section of the cleaved samples. The
beam penetration depth ranged from 0.1 um to several microns. The
surface was excited at the site of accumulation of titanium oxide col-
umns covered with bismuth oxide plates. When interpreting the spectra,
the excitation zone was a drop-like region in micrometer-sized experi-
mental sample.

cps/eV
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El AN Series wunn. C norm. C Atom. C Error

[wt.%] [wt.%] [at.%] [wt.%]
O 8 K-series 29,88 50,52 75,34 4,3
Ti 22 K-series 29,27 49,48 24,66 1,9

Total: 59,15 100,00 100,00

Fig. 2. The surfaces of the TiO, matrixes (arrows indicate the places where microanalysis was done), (a) — on columns and (b) — on intercolumn space; EDX spectrum
of the TiO, oxide system (c) — on columns and (c) — on intercolumn space; and the tables of X-ray energy-dispersive microanalysis data (f) — on columns and (g) — on

intercolumn space.
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3. Results and discussion
3.1. Research of titanium metal oxide columns matrix

Fig. 1b—c shows the electron microscopic images of the titanium
oxide columns after AA dissolution. The surface contains the accumu-
lation of evenly spaced convex formations of various shapes with sizes
from 140 to 160 nm, separated by gaps, the width of which is much less
than the size of the columns. The number of columns corresponds to the
number of pores in the AA. In this case, the total size of columns and
spaces between them is approximately equal to the size of AA oxide cells.
The columns height is 260 nm, and under the columns, there is a
partially oxidized titanium layer [42]. Fig. 2a,b shows SEM image of
array of titanium columns, the EDX spectrum of directly columns
(Fig. 2¢) and on intercolumn space(Fig. 2d), and also a table of electron
probe X-ray energy-dispersive spectral microanalysis data (Fig. 2f,g).
The EDX spectrum is shown contains of Ti and O. The elemental
composition of the columns themselves and the space between the col-
umns is the same, it consists only of titanium oxides, but the ratio of
titanium and oxygen in the columns themselves is approximately one
and a half times lower than between them. The atomic ratio of Ti and O
for columns is 16.44 % and 83.56 %, and on intercolumns space- 24.66
% Ti and 75.34 %.

Previously discovered [41,43] that nanosized columns formed by
electrochemical anodization of thin-film Ti/Al composition consist
mainly of quasi-amorphous titanium dioxide in the form of anatase and
rutile, with the presence of inclusions of other oxide modifications of
TipO3 and TiO. Vacuum annealing, as shown using Auger electron
spectroscopy [42], leads to the migration of oxygen from the outer part
of the columns into the depths, as well as to its dissolution in the
non-anodized titanium film. This leads to a noticeable decrease in oxy-
gen at the tops of nanopillars and its increase in the volume of the film
[42].

The microstructure of titanium oxide columns was studied by X-ray
diffraction analysis. Fig. 1d shows the X-ray diffraction pattern of the
columns annealed at 300 °C and 500 °C. The spectrum at 300 °C con-
tains characteristic peaks for anatase with a trigonal crystal lattice with
linear parameters a = 5.126 A and ¢ =13.8780 A [44], while unoxi-
dized titanium is present in the film in the form of a metal nanomesh
made of non-anodized titanium, placed along the boundary between AA
oxide cells [42,43]. Metallic titanium remained in the gaps between the
islands under the dense oxide film, which is appeared in the form of
reflexes at 20 = 34.4-34.8°. After annealing at 500 °C, anatase pre-
dominantly transforms into rutile modification with tetragonal crystal

cps/eV
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system with linear parameters a = 5.4600 A and ¢ = 32.8100 A [45].
The crystal space group was determined as C, consisting of crystalline
phases (110) and (101), but the peaks from both anatase (101) and
unoxidized titanium (110) are preserved in the diffraction pattern.

3.2. Surface morphology investigation of annealed TiO2/Bi;O3 oxide
system

After the deposition of bismuth oxide on titanium oxide columns, the
film morphology acquired different form. Fig. 3a shows SEM image of
annealed at 150 °C TiO,/BiO3 sample surface and a table of electron
probe X-ray energy-dispersive spectral microanalysis data, and the EDX
spectrum itself is shown in Fig. 32b. The EDX spectrum contains all el-
ements of the system under study, with Bi predominating. The atomic
ratio of Bi, Ti and O, taking into account all the elements that make up
the films, was 31.46 % Bi: 3.78 % Ti: 51.05 % O. Silicon and carbon
identified in the composition of the obtained films belong to the silicon
substrate and atmospheric carbon absorbed on the nanostructured
surface.

Fig. 4a-h shows electron microscopic images of the surface and
transverse cleavages of annealed composite films at temperatures of
150, 300, 500, and 700 °C. Based on the results of electron microscopic
studies of the samples surface morphology, the configuration of the
BipO3 plates, their geometric dimensions, mutual arrangement, and
packing density were estimated. The Bi;O3 metal oxide located on the
TiOg island film surface has the form of chaotically and vertically ar-
ranged plates, the horizontal dimensions of which vary in length in the
range of 270-290 nm, and in width 35-40 nm. Between the plates, there
are voids of various shapes, and the size of these voids is not the same
over the entire surface of the film. At the same time, the pattern is
observed — in areas with voids between the plates of larger size, the
vertical size of the plates, and, accordingly, the thickness of the Bi;O3
film is greater, and vice versa, where the plates are denser, the height of
the plates and the film thickness are smaller. Hence, it follows that the
packing density of BinO3 plates over the substrate surface is not the
same.

When comparing samples annealed at different temperatures, the
following observations can be noted. The surface morphology of samples
annealed at temperature of 150 °C practically does not differ from
unannealed films (Fig. 4a,b). However, after annealing at 300 °C, some
weakly noticeable morphological changes are already observed -
densification of the BiyOs film and thickening of the TiO; film (Fig. 4c,
d). In this case, the geometric dimensions of the BiyO3 plates do not
change. After annealing at 500 °C, significant changes were found in the

unn. C

[wt. %]  [wt. %]
O 8 St 8.81 10.49
Bi 83 M-—series 70.91 84.40
C 6 K—series .35 1.61
Ti 22 K-—series 1.95 2.33
Si 14 K-—series 0.99 118

7777777777777777777777777777777777777 0.5
Total: 84.02 100.00 100.00

b)

15 20 25 3.0 3.5 4.0 45 5.0
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Fig. 3. The surface of the TiO, matrix with the deposited Bi»O3 film annealed at 150 °C and the table of X-ray energy-dispersive microanalysis data (a); EDX

spectrum of the BiO3/TiO, oxide system (b).
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Fig. 4. SEM images of the surfaces (a,c,e,j) and cross-sections (b,d,f,h) of TiO, matrix with Bi,O3 film deposited on it, annealed at temperatures of 150 °C - (a,b);

300 °C — (c,d); 500 °C - (e,f) and 700 °C - (g,h) for 1.5 h.

structure of Bi;O3 (Fig. 4e,f). There was an enlargement of the geometric
dimensions of the plates in length up to 390 — 420 nm, and in thickness
up to 80 — 100 nm. At the same time, the thickness of the Bi;O3 film also
increased to 650 nm and TiO; to 300 nm. A subsequent increase in the
annealing temperature to 700 °C led to even more dramatic changes in
the morphology of the BiO3/TiOy composite (Fig. 4g,h). The BisO3
plates, which previously had approximately the same dimensions, were
transformed into grains with sizes from 200 to 600 nm; the voids be-
tween them decreased, and practically disappeared in the depth of the
film. The thickness of the BioOs film decreased to 430 nm and TiO,

thickness — to 215 nm. The overall film thickness also decreased, and
the boundary between the films became barely noticeable. Such
morphological changes in the shape and size of metal oxide crystallites
are probably caused by the transformation of the composite material
microstructure as result of high-temperature annealing.

3.3. X-ray structural analysis of annealed TiO2/BizO3 oxide system

Fig. 5 shows the diffraction patterns for samples annealed at tem-
peratures of 150, 300, 500, and 700 °C. The diffraction pattern of the
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Fig. 5. X-ray diffraction pattern of TiO, matrix with Bi,Os film deposited on it
at annealing temperatures of 150, 300, 500, and 700 °C.

sample annealed at 150 °C contains peaks from Ti»O3 - (012) crystalline
phases at 20 = 23.90°; (104) - 32.77°; (110) — 35.27°; (116) — 53.43°
and (1010) — 70.70°. These experimental XRD patterns match well with
the International Centre for Diffraction Data (ICDD) reference cards
01-071-1047. The spectrum also contains peaks (201) characteristic of
BiyO3 at 20 = 30.14°; (110) — 47.05°; (401) — 56.88°; and (320) - 60.42
in accordance with ICDD cards number 00-051-1161. The spectrum of
the sample annealed at 300 °C practically remained unchanged, only the
peaks of Bi;O3 (320) at 20 = 60.42° and TizO3 (1010) at 20 = 70.70°
disappeared. At this stage, annealing leads to amorphization of titanium
oxide in the composition of nanosized islands and to decrease in the
relative content of the fraction of Ti;O3 and TiO inclusions in titanium
dioxide. The changes that occur are the consequence of the dissolution
of oxygen contained in the columnar structures in the bulk of the
unanodized titanium layer [38].

After annealing at 500 °C (Fig. 5), not only morphological changes,
but also significant transformations in the microstructure occurred in
the studied composite. Titanium oxide passed into the rutile modifica-
tion with peaks from the crystalline phases — (220) at 20 = 56.50° and
(301) - 68.75°, which has a tetragonal crystalline system with linear
parameters a = 5.4600 A and ¢ = 32.8100 A in accordance with ICDD
reference card number 00-034-0180.

In the volume of the film, the oxide phases Ti;O3 and Bi;O3 began to
transform into the three-component compound BisTi3O15. This is evi-
denced by the new peaks on the diffraction pattern — (008) at 20
= 21.76°; (117) — 30.04°and (221) — 47.29 in accordance with ICDD
cards number 00-047-0398. Bismuth titanate acquired the tetragonal
crystal lattice with linear parameters a = 5.4600 A and ¢ = 32.8100 A.

Next Nanotechnology 5 (2024) 100038

The space group of the crystal was defined as C. The calculated density
of the resulting BisTi3O12 was 7.956 g/cm3. The main crystal lattice
parameters characterizing the microstructure transformations and phase
transformations of the Ti2O3 and BizO3 system are shown in Table 1.

The Bi;O3 phase appeared on the diffraction pattern at seven peaks,
but the intensity of these peaks was not high, and they slightly shifted
compared to the similar peaks found in the previous annealing stages. As
a rule, the X-ray peak shift occurs for three reasons: the change in the
lattice parameter, the presence of residual stresses, and the change in the
concentration of defects. The shift of the Bragg peaks to higher values of
the diffraction angle means decrease in the grating parameter. Several
reasons are possible: elimination of defects, structural relaxation. The
increasing in the intensity of the peaks with the increasing in the
annealing temperature indicates the increased in the level of film crys-
tallization [51].

After annealing at 700 °C (Fig. 5), the composite became single-
phase. The diffraction pattern contains peaks from BisTi3Opo crystal-
line phases: (008) at 20 = 21.74°; (111) — 23.44°; (0010) — 27.07°; (117)
- 30.20°; (200) - 33.18°%; (208) - 39.95°%; (221) - 47.54°; (2014) -
51.63° (317) — 57.35°%; (3111) - 62.66° and (3115) - 69.65 in accor-
dance with ICDD cards number 00-012-0213. Bismuth titanate has an
orthorhombic crystal lattice with linear parameters a = 5.4100 A, b
=5.4480 A, and ¢ = 32.8400 A.

Analyzing the phase transformations of the structure that occurred
during annealing of the TiO5/Bi>O3 oxide system during annealing from
150 to 700 °C, we can conclude that at temperatures up to 500 °C, no
visible changes occur in the system under study. But already at 500 °C,
microstructure transformations begin — TiO; from anatase it passes into
the rutile phase, titanium is further oxidized, Bi»O3 begins to transform
into bismuth titanate, and this process ends at 700 °C with the formation
of the single-phase Bi4sTi30;2 nanocomposite with orthorhombic crystal
system of the Fmmm space group (see Table 1).

Thus, a combination of known methods made it possible to synthe-
size the composite important for practical use. In fact, this approach is a
model for the synthesis of not only Bi4Ti3O15, but also other compounds.
In addition, the proposed technique differs from all known methods in
its simplicity (no expensive equipment is required), low cost (we use
weakly concentrated solutions of inexpensive chemicals), reproduc-
ibility of morphology and composition, controlled thickness and envi-
ronmental friendliness.

4. Conclusions

An original technique for the formation of nanostructured bismuth
titanate films based on electrochemical anodizing of Ti/Al thin-film
system and SILD of bismuth oxide on the formed TiO; columns is pro-
posed. The composition and morphology of the surface of the obtained
oxide system after annealing in the temperature range 150-700 C were
studied. After annealing to 300 °C, nanosized columns of titanium oxide
consist mainly of quasi-amorphous dioxide in the form of anatase and
rutile, with small amount of other oxide modifications Ti;O3 and TiO.
The BizO3 metal oxide located on the TiO; columnar film surface has the
form of chaotically and vertically arranged plates, the horizontal di-
mensions of which vary in length in the range of 270-290 nm, and in
width 35-40 nm. The crystal system of the Bi,O3 phase is hexagonal
with the crystal space group P-3mI. Between the plates, there are voids
of various shapes, and the size of these voids is not the same over the
entire surface of the film. After annealing at 500 °C, not only morpho-
logical changes occurred in the studied composite, but also significant
transformations in the microstructure. Titanium oxide passed into the
rutile modification with peaks from crystalline phases — (220) at 20
= 55.59° and (301) — 68.64°, which has the tetragonal crystal system. In
the volume of the film, oxide phases Ti»O3 and Bi»O3 began to transform
into the three-component compound BisTi3Op2, and this process is
completed at 700 degrees with the formation of single-phase BizTi3O12
nanocomposite with the orthorhombic crystal system Fmmm space
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Table 1
Phase transformations upon annealing of the Ti»03/Bi»O3 oxide system.
Temperature Oxide phase Crystal Linear Space group Estimated
annealing, °C system parameters of crystal Density
150 Tiy03, anatase,[45] Trigonal a=5.126A,c=13.878 A R-3c 4536
Biy03,[46] Hexagonal a = 3.8780 ;\, ¢ =6.3030 A P-3m1 not determined
300 Ti,Os, anatase, Trigonal a=5.12514, ¢ =13.957 A R-3c 4512
rutile[46]
Biy03,[46] Hexagonal a = 3.8780 ;\, ¢ =6.3030 A P-3m1 not determined
500 Biy03[47] Monoclinic a=5.848 A, b =8.1660 A, p21/c 9373
c=75111A. =113
TiO,, rutile,[48] Trigonal a=4.5930 A c= 2.9590 A P42/mnm 4250
BiyTiz012,[49] tetragonal a=5.4600 A, c = 32.810 A. c 7956
700 BiTi3015,[50] orthorhombic a=5.4100 A, b = 5.4480 A, Fmmm 8.11
¢ =32.840 A.
group. Rhodamine B degradation, Appl. Catal. B: Environ. 180 (2016) 698-706, https://
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