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Abstract

The fabrication of nanoceramices and nanomaterials with desirable morphology, structure, and particle size is one of the
most important fields in the nanoscience. In order to achieve this goal, the sol-gel method is one of the most applicable
methods which allow us to attain desirable structures by changing some parameters. This review focuses on the synthesis
of some MTiO; (M =transition metals) by different routs owing to the technological importance of this group of materials.
It also investigates different properties of such materials including photocatalytic, dielectric, optical and electrocatalytic
behaviors. The conventional titanates of MnTiO;, FeTiO5, and CoTiO; are introduced and furthermore, their syntheses have
been clarified by proposing a related mechanism. The effects of reactants concentration, time and temperature reaction,
surfactant, M>* and Ti** sources, etc. on the particle size, morphology, and some properties of the obtained nanomaterials
have been investigated. The size and morphology of the as-synthesized samples are studied by the X-ray diffraction, scanning
electron microscopy and transmission electron microscopy images. The optical, magnetic, and photocatalytic properties of
the MTiOj; are studied as well.

1 Introduction

The ability of measurement, designing, and manipulation at
molecular and supermolecular levels on a scale of about 1
to 100 nm in order to understand, create, and use material
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structures, systems, and devices with essentially novel
properties and functions which are caused by their small
structures is named “Nanotechnology”. Investigation and
production of nanomaterials are proliferating significantly.
The small size of nanostructured devices and functionality
of nanostructured materials led to this fact that every aspect
of human life could be changed by this feature. This tech-
nology is used in various fields including semiconductors in
computers, drug delivery, photocatalyst, sensor, anticancer,
cardiac stents, etc. [1-16].

MTiOj; are not only able to combine different ferroic
properties (ferroelectricity, magnetism, and elasticity) but
also their technological applications, particularly in the elec-
tronics industry led to an extensively scientific attention.
Especially, materials with the type of ABO; are extensively
scrutinized for technological purposes, for instance gas
sensors, ferroelectric devices, as well as actuators. Scheme.
1 shows different applications for MTiO; nanostructures.
Hence, new multiferroic materials are capable to synthesize
based on the aforementioned class of compounds. Scheme 2
show structure of a perovskite with general chemical for-
mula MTiO;. A perovskite is any material with the same
type of crystal structure as MnTiO;, FeTiO; and CoTiO;,
known as the perovskite structure (ATiO3).
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Scheme 1 Schematic different
applications for the synthesis of
MnTiO;

Dielectric

Scheme 2 Schematic of a
perovskite with general chemi-
cal formula MTiOj;. The yellow
spheres are oxygens atoms, the
blak spheres are Ti atoms (a
smaller metal cation), and the
blue spheres are the M (Mn, Fe
and Co) atoms (a larger metal
cation) (Color figure online)

. (M: Mn, Fe and Co)
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The traditional methods of synthesis material are also the
base of many preparation methods for nanoscaled structures.
However, new technologies have many advantages which
can be utilized in order to fabricate nanoscaled structures.
The combination of a number of different methods is still
common to develop novel technologies. Different methods
such as zeolite encapsulation, thermal decomposition, co-
precipitation, hydrothermal, sol—gel, ultrasonic irradiation,
microwave and irradiation have been used to fabricate nano-
structures [17-30]. Scheme 3 shows different methods for
the synthesis of MTiO; nanostructures.

Sol-gel is a well-known and important preparation
process in order to fabricate the transition metal titanate
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nanostructures. This method provides a resourceful approach
to synthesize inorganic polymer and organic/inorganic
hybrid materials. It has been reported that the use of sol-gel
method has been started at the mid-1800s. The Schott Glass
Company (Jena, Germany) used this technology one century
later. Due to the fact that sol—gel process is able to perform
under extraordinary mild conditions, it can be utilized in
order to achieve products with different shapes, sizes, mor-
phology, and formats such as fibers, films, and monosized
and monoliths particles. Sol-gel method has widely appli-
cations in development of new materials which are used
in membranes, fibers, optical gain media, photochromic
and nonlinear applications, chemical sensors, solid state
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Scheme 3 Schematic different chemical methods for the synthesis of
MnTiO;

electrochemical devices, catalysis, in diverse ranges of sci-
entific and engineering fields, such as electronic industry,
nuclear field and ceramic industry. The sol-gel process can
be defined by following steps: (1) hydrolysis, (2) condensa-
tion, and (3) thermal decomposition of metal alkoxides or
metal precursors in solution. In this process, in the begin-
ning a stable solution with all necessary reagents which
is referred to the sol is formed by the metal alkoxides or
precursors. Afterwards, the hydrolysis and the condensa-
tion stages are performed on the sol in order to form a net-
worked structure (gel), which led to a significant increase in
the viscosity. In order to control the kinetics of the reactions,
alcohol, water, acid or base can be used. For obtaining the
desirable particle size, changing in precursor concentration,
temperature and pH values can be helpful. For enabling the
formation of a solid mass, an aging step is required which is
essentially after the gel formation. The aging step involves
the expulsion of solvent, Ostwald ripening, and phase trans-
formation which this step may take up to [31-36].

2 MnTiO,

Among all titanium-based oxides, MnTiO; is an attrac-
tive material due to its great properties. For instance, the
strong absorption in the visible region led to the various
applications such as photocatalysis and solar energy [37].
In other words, the magnetic and photoelctrochemical
properties of manganese titanate are suitable for related
aforementioned devices [38, 39]. Furthermore, it has been
reported that it can be utilized in the humidity sensors

[40]. Manganese titanate has been prepared by different
methods such as chelating agent assisted precipitation
approach [41], and sol-gel hydrothermal process [37].
The common reported structure of MnTiO; which adopts
after synthesizing is ilmenite structure in which Mn>* and
Ti?* layers alternate along the c-axis of the lattice in the
hexagonal setting [41]. However, other structures such
as perovskite have been reported [42]. The conventional
methods of synthesizing MnTiO; powder perform at very
high temperatures which have many disadvantages as a
consequence [43]. Hence, synthesizing MnTiO; powder
via a low temperature route has been established in many
studies [44]. The impurity of the final product and low
surface area of MnTiO; are some probable challenges
[45]. Kharkwal et al. [41] used oxine (8-hydroxyquino-
line) as a chelate agent in order to synthesis the high sur-
face area MnTiO; powders at low temperatures. In this
method, Ti metal powder was added to the solution of
MnCl,-4H,0 with an equal molar ratio under constant
stirring at 70 °C. By the aid of ammonia solution, the pH
increased up to 10 and as a result, a brown colored pre-
cipitate appeared. Afterward, the filtered precipitate was
washed with aqueous ammonia solution and water. The
efficiency of complexation by oxine was proved by EDS
analysis of the precursor which demonstrated the presence
of the both metals in equal ratio. The TG/DTA analysis
showed that the major weight loss took place in a single
step among 380 °C and 580 °C. The presence of bonded
carbonate group was revealed by FT-IR spectrum of the
brown solid. Furthermore, the mentioned carbonate group
showed bands at 1058 cm™!, 1169 cm™', 1464 cm™!, 1578
cm™!, and 1746 cm™!, respectively. It has been reported
that at 600 °C the formation of MnTiOj; is occurred in 6 h
[44]. Hence, in this investigation the decomposition of the
precursors was performed at 600 °C for 12 h which led
to a final product with black color. The X-ray diffraction
(XRD) results indicated that pure pyrophanite MnTiO; has
formed and the observed d values were in compliance with
the JCPDS File No. 29-0902. Moreover, the calculated
lattice parameters were a = 5.140 Aand ¢ = 14.30 A. The
BET method has been performed in order to measure the
surface area of MnTiO; and owing to the evolution of mas-
sive gas through the thermal decomposition, the result of
the measurement was 140 m?/g. The transmission electron
microscopy (TEM) images showed nano bars like mor-
phology of MnTiO; with an average diameter of 20 nm.
Strong absorption had been observed for black MnTiO;
in the visible region which start from 320 nm and 4,,,, is
occurred at 620 nm. The charge transfer from O*~ to Ti**
is the cuase of the wide absorption around 320 [45]. The
absorption bands in the visible region were attributed to
the 6Alg to 4A1§ and 6Alg to 6Tlg crystal field transition of
octahedral Mn“* site. As mentioned before and stated in
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many studies [37] manganese titanate is one of the best
candidates to be used in a solar energy system owing to its
strong absorption in the visible wavelength region.

Bae et al. [46] investigated the effect of MnTiO; surface
treatment on the performance of dye-sensitized solar cells
(DSSCs). DSSCs based on nanoporous electrodes (com-
monly TiO,) have widely inspired attention from scientific
as well as technological viewpoint, due to their low cost,
less toxic manufacturing process, and remarkable efficien-
cies [47]. Even though, charge recombination among other
problems is the main challenge which leads to a significant
degradation in the efficiency of DSSCs. Moreover, this prob-
lem is more to come in nanoporous TiO, electrode [48, 49].
Many surface treatments such as using metal oxides were
performed to suppress the recombination and consequently
enhance cell performance [50, 51]. It has been stated that
the surface pH and the conduction band edge of MnTiO; are
higher than those of TiO, [52]. Hence, the recombination
will be reduced and more dye molecules can be absorbed
in the basic pH at the electrode surface. In this study [46],
nanoporous TiO, films were deposited onto transparent con-
ducting glass substrates, and then calcined for 1 h at 500 °C.
The MnTiO; treatment was accomplished afterward followed
by sintering at 500 °C for 30 min in air. The XRD results
indicated that the aforementioned surface treatment led to
no significant shift in the diffraction peaks, which is attrib-
uted to the small amount of Mn. Moreover, the calculated
average grain sizes of the bare and MnTiO;-treated TiO,
electrode were 26.6 and 28.2 nm, respectively which dem-
onstrated that MnTiO; treated sample had a slightly larger
size. Although XRF analysis confirmed the presence of Mn,
no diffraction peaks of MnTiO; phases were seen in XRD
results. FESEM micrographs demonstrated that MnTiO,
-treated TiO, sample had smaller number of cracks than bare
TiO, sample. Furthermore, it has been revealed that MnTiO,
-treated TiO, particles are larger than the bare sample.
According to the measured values which were obtained by
root-mean square roughness measurement (86.2 nm for bare
sample and 67.4 nm for MnTiO,-treated sample), it can be
inferred that the applied surface treatment led to a smoother
surface through filling the cracks. TEM images showed that
an amorphous MnTiO; layer (~ 2 nm thick) was formed on
the treated TiO, sample. It has been reported that MnTiO,
facilitates the connection of TiO, particles and as a conse-
quence, it can help the photo-injected electrons to migrate
to the TiO, conduction band and finally the reduction in the
internal resistance was occurred [53]. The UV-Vis analysis
demonstrated that the MnTiOs-treated TiO, sample showed
higher absorbance across the 450—-800 nm wavelength region
than the bare TiO, sample. The pH of the metal oxides plays
a vital role in chemisorptions between sensitizer and semi-
conductor. It has been stated that if the pH of the oxide elec-
trodes were more basic than the pH of the bare electrode,
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the dye molecules attach more effectively to the oxide elec-
trodes. Furthermore, the calculated value of the point of zero
charges for the MnTiOs-treated TiO, and bare sample were
7.83 and 5.80, respectively [54]. Therefore, MnTiOj; treat-
ment led to higher pH,pc and facilitates the adhering of dye
molecules to the electrode. It has been reported that about
25% higher cell efficiency had been achieved in DSSCs with
the MnTiOs-treated sample. This result is owing to the fact
that according to the I-V characteristics of DSSCs fabricated
with and without the MnTiOj; treatment, higher short cir-
cuit current (15.7 mA/cm?) and higher open-circuit voltage
(0.67 V) had been observed.

Decontamination of wastewater containing dyes is a cru-
cial issue and also a global concern which has been the goal
of many studies in the last few years [55]. MnTiO; is one
of the most important photocatalysts which can be utilized
to overcome this environmental challenge. He et al. [56]
studied the photodegradation of aqueous methyl orange
on MnTiO; powder at different initial pHs. In this study, a
citric-sol-gel method has been performed in order to synthe-
size the MnTiO; powder as a catalyst. Manganese chlorite
tetrahydrate, acetic acid, and titanium propoxide were used
as the precursors. TG/DSC analysis showed that the only
exothermic peak appeared at 576.8 °C which corresponds
to the crystallization of MnTiO;. The peak temperature was
near the value reported recently [40] and it has been stated
that the calcinations temperature was 700 °C which was also
selected in this study. XRD patterns indicated that rhombo-
hedral pyrophanite MnTiO; was the only detected phase with
JCPDS File No. 29-0902. The calculated lattice parameters
were a = b =5.1391 A, and ¢ = 14.2988 A. Furthermore,
the calculated average particle size at 260 = 32.079° was
43.7 nm. The scanning electron microscopy (SEM) images
demonstrated a granular morphology for MnTiO; powder
with an average particle size of approximately 80 nm. The
UV-visible analysis showed that the absorption edge of the
MnTiO; powder is in the visible light region at ~ 850 nm,
which corresponds to band gap energy of 1.46 eV. However,
this value for the bulk MnTiO; is 1.5 eV which is due to the
quantum size effect of the powder. It has been revealed that
low initial solution pH led to more efficiency in photodeg-
radation of aqueous methyl orange on MnTiO;. Moreover,
H,0, enhances the decolorization kinetic of the aqueous
methyl orange solution on MnTiO;. Therefore, MnTiO,
powder is an extraordinary photocatalyst which can be uti-
lized for decontamination. Table 1 shows a summary of the
several of synthesis methods and precursors applied in the
preparation of MnTiO; nanoparticles.

Among the different synthesis methods mentioned for
MnTiOs, sol gel synthesis is one of the best methods. This
method synthesizes better quality nanoparticles with finer
size and more uniform size distribution. Also this method
allows better control of particle size and morphology by
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Table 1 Selected approaches for synthesis of MnTiO; nanopaerticles and their applications

Synthesis method Band gap Precursors Average size (nm) Property Ref
Solid state 4.28 Manganese carbonate and titanium dioxide 3-10 nm Dielectric [57]
Sol—gel 2.9 Mn(NO;),-H,0 and Titanium butoxide 12.17 nm Photocatalytic [58]
Solid state - MnO, and TiO, - Magnetization ceramics [59]
Hydrothermal - Manganese nitrate and TiCl, 100 nm Photocatalytic [60]
Sol-gel - Mn(CH;COO0),-4H,0and TilOCH(CHj;),], 300400 nm - [61]
Hydrothermal - MnCl,-4H,0 and Titanium Thickness 80 Photocatalytic [62]
Oxidation - MnCl,-4H,0 and Titanium dioxide 40-60 nm Optical [44]

selecting different precursors and modifying the synthe-
sis conditions for example pH, temperature and other
conditions.

3 FeTiO,

FeTiOj; is one of the most common minerals in the natu-
ral resources in the Earth crust. It has a Neel temperature
of 55 K with rhombohedral structure (space group of R 3)
[63]. FeTiO; has a fascinating broad band gap (2.58-2.9 eV)
antiferromagnetic semiconductor which has various applica-
tions such as optoelectronics, spintronics, chemical catalysts,
high temperature integrated circuits, and photocatalysts.
[64-67]. Many methods have been utilized for synthesis of
FeTiOj; such as ball milling, chemical reduction techniques,
sol-gel method, co-precipitation, hydrothermal reaction,
microwave-assisted preparation, solid state reaction, ionic-
liquid-assisted solution chemistry, etc. [66, 68—70]. Due to
the disadvantages of the conventional methods such as solid
state reaction owing to their high temperature, the interest in
the sol-gel process is continuously increasing. The homoge-
neity, lower crystallization temperature, and finer crystallite
size are some advantages of the sol-gel method.

Gambhire et al. studied the preparation of FeTiO; via
sol—gel process combined with a surfactant-assisted template
method [71]. For modification of the microstructure of the
gels, the cationic surfactant cetyltrimethylammonium bro-
mide (CTAB) has been used as a structure directing agent
by mixing it in an alkoxide solution. Moreover, after produc-
ing the brown fluffy porous gels, it was calcined at various
temperatures ranging 150-600 °C for 2 h in air. The XRD
results demonstrated that no structure evolution occurred at
the temperatures below 300 °C and crystallization begun at
500 °C. It is noteworthy to state that base on the XRD results
calcination at 500 °C led to the formation of an anatase
phase at 20 = 25.32°, 48.06°, 55.09°, and 62.16° and a
rutile phase at 20 = 27.44°, 36.09°, 41.25°, and 44.05°.
However, XRD patterns of calcination temperature at
600 °C revealed the formation of pure FeTiO; which has
hexagonal crystal structure with JCPDS card no. 75-1207.

The calculated lattice parameters and particle size were
a=5.141A,c=1422 A, andd = 25nm, respectively.
The TEM images showed that the particle morphology of
the sample which calcined at 600 °C was nearly spherical
with uniform size and the particle size distribution was in
the range of 23-25 nm. Furthermore, FT-IR spectra, XPS,
and TG/DSC analysis have been performed and it has been
inferred that 600 °C is the temperature which the formation
of FeTiO; was completed and this is in consistent with the
XRD and TEM results.

Srinivas et al. investigated the synthesis and magnetic
properties of nanocrystalline FeTiO; materials by a sol—gel
auto-ignition method [72]. At first, ferric nitrate and C;HgO,
were dissolved in distilled water which nominated as solu-
tion A. Afterward, C;HgO was dropped to the titanium
isopropoxide and finally, acetic acid and methanol were
added in order to obtain solution B. Solution B was added
to solution A and ammonia solution was used to adjust
the pH. The black gel was formed after increasing tem-
perature to 200 °C. Moreover, the temperature increased to
380 °C which led to the start of the auto-ignition. Finally,
the powders were annealed at 500 °C in air for 10 h. The
XRD patterns of these powders showed some undesirable
products such as TiO,, Fe,0;, and Fe;O, along with the
presence of FeTiO;. In order to solve this problem, the pre-
pared material was pressed in the form of pellets accompa-
nied by sealing in a quartz tube under a pressure of ~ 107
mtorr and annealing for 10 h at 500 °C. The XRD pattern
of the modified material showed that all impurities except
small amount of TiO, were eliminated and the reflections
are in consistent with JCPDS card no. 75-1211 (rhombo-
hedral crystal structure with the space group of R3c). By
means of alternating the concentrations of pH from 7 to
9, three different size distributions of nanoparticles were
achieved which nominated S1, S2, and S3. The calcu-
lated lattice parameters are a = 5.066 A and ¢ = 13.953 A
for S1, a=5.122Aandc=13.788A for S2, and
a=5.123 Aandc = 13.881 A for S3. The average particle
sizes for these samples are 20, 30, and 54 for S1, S2, and
S3, respectively. In order to investigate the magnetic prop-
erties, the PPMS-VSM (QD) was used. Magnetization (M)
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against temperature (7) was performed in zero-field-cooled
(Mygc) and field-cooled (Mgc-) modes in the temperature
range from 2 to 300 K with the applied fields of 50 Oe and
1 kOe for all the samples. It had been revealed for S1 that
the antiferromagnetic ordering takes place at about 55 K,
and below 10 K, there is an abrupt jump in magnetization
demonstrating the onset of the ferromagnetic order. It had
been stated for S2 that the observed peak around 52 K is
similar to the one observed for the S1 which shows anti-
ferromagnetic-like ordering, and the concave curvature at
15 K is owing to competition among ferromagnetic and anti-
ferromagnetic ordering. Furthermore, susceptibility versus
temperature plots follows the Curie—Weiss law well above
the peak temperature. According to this law and the fitting
data, the effective magnetic moment values were calculated
4.62, 4.50, and 5.39 py for S1, S2, and S3, respectively. It
has been reported that by increasing the particle size, an
increasing in the values of the effective magnetic moment
had been occurred and also the magnetic moment value for
S3 is close to that of bulk FeTiO; [73]. The plots of magneti-
zation versus temperature of the S1 and S2 systems indicate
weak ferromagnetism at the lowest temperature while S3
system indicates only antiferromagnetic order. Hence, it can
be concluded that the disappearing of weak ferromagnetism
begins by increasing in particle size. Furthermore, the obser-
vations of exchange bias in the mentioned samples suggest
the presence of both ferromagnetic and antiferromagnetic
orders which is owing to the mixed valence state of Fe due to
uncompensated spins present on the surface. Table 2 shows
a summary of the various synthesis method and precursors
applied in the preparation of FeTiO; nanoparticles.
Therefore, considering reading different papers, FeTiO;
nanoparticles, have various applications as both photocata-
lytists and electrocatalytists. Also, these nanostructures
have magnetic properties. Investigation on, varying methods
for preparation of FeTiO; nanostructures showed that the
sol-gel method is a widespread one for the fabrication of

such particles. Moreover, using this economical procedure,
one can produce homogeneous FeTiO; nanoparticles with
appropriate size distribution which is tailored for industry
production.

4 CoTiO,

One of the most well-known perovskite type titanates is
CoTi0; which has numerous applications such as magnetic
recorders, nano-pigment, gas sensors, Li-ion batteries, and
catalysts.[85-91]. It is noteworthy to state that CoTiO; has
a narrow band gap (~ 2.3 eV) which led to various appli-
cations. Considering its potential applications in different
fields, many various methods have been utilized to syn-
thesize CoTiO; such as combustion synthesis, solid state,
wet chemical methods which involves, sol-gel and reflux,
pechini method, precipitation and co-precipitation, and
hydrothermal [45, 92-96].

Due to high temperature calcination in the aforemen-
tioned methods, many disadvantages (i.e., large particle
size, impure phases, and agglomeration) may occur. Hence,
sonochemical synthesis in which operation in ambient con-
ditions is possible, is a suitable solution in order to over-
come to mentioned challenges [97, 98]. Moghtada et al.
[99] scrutinized the synthesis of cobalt titanate by using
low temperature sonochemical methods. In this work,
TiCl,, CoCl,, ethanol, anhydrous sodium hydroxide, and
EDTA were used as precursors. FT-IR analysis indicated
that synthesized nanocrystals are without any intermedi-
ate phase owing the fact that the characteristic bands of the
carbonates (867, 1067, 1440 cm_') have not observed in
this analysis spectrum. XRD results demonstrated that the
crystal structure of CoTiOj; is rhombohedral and the d-lines
pattern is in consistent with JCPDS File No. 29-0516. The
observed peaks at 20 = 26.68, 31.39, 36.82, 44.84, 59.52,
62.43 and 68.58 correspond to the lattice planes of (211),

Table 2 Selected approaches for synthesis of FeTiO; nanopaerticles and their applications

Synthesis method Band gap Precursors Average size (nm) Property Ref
Precipitate - FeCl,-4H,0 and Titanium isoproxide 500 and 300 nm Electrocatalytic [74]
Solid state 2.8eV Fe(NO3); 9H,0 and TiO, 60 nm Ferromagnetic [75]
Sol-gel 2.6eV Tetra-n-butyl ortho titanate and Fe(NO;),-9H,0 30-50 nm Photochemical [76]
Sol-gel - TiO, and Fe,0, 40 pm photocatalytic [77]
Hydrothermal 2.6 eV Ferric nitrate and Titanium-oxalate 20-100 nm Photocatalytic [78]
Precipitation - Tetrabutyl titanate and Ferriccitrate pentahydrate 100 nm Battery [79]
Hydrothermal - Titanium isopropoxide and FeSO,-7H,0 300 nm Sensor [80]
Ball milling - Iron oxide and Titanium oxide 100 and 1000 pm Corrosion [81]
Ball milling - Iron oxide and Titanium oxide 50 nm Corrosion [82]
Hydrothermal - FeCl;-6H,0 and titanium isopropoxide - Photocatalytic [83]
Hydrothermal - FeCl,-4H,0 and TiO, 500 nm Photocatalytic [84]
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(310), (311), (410), (510), (521) and (124), respectively.
Moreover, the calculated average grain size of the synthe-
sized product was 10.7 nm. Furthermore, XRD comparison
of powders synthesized with and without the presence of
EDTA was performed and it has been concluded that by
the aid of preparation with EDTA well crystallized CoTiO;
can be achieved. However, in absence of EDTA, impuri-
ties such as Co,0;, CoO, and Co,TiO, exist. The FESEM
images showed that uniform crystal size and homogene-
ous morphology in shape and dimension for cobalt titan-
ate nanocrystals obtained with EDTA. On the other hand,
the morphology of CoTiO; nanocrystals without EDTA
was erratically agglomerated and the size range was 100 to
150 nm. Furthermore, morphologies of CoTiO; nanocrys-
tals without EDTA were ellipsoid-like and spheroid-like
while morphologies of CoTiO; nanocrystals with EDTA
were spheroid-like. Due to high surface energy and large
surface area of nanoparticles, agglomeration which is a com-
mon phenomenon in wet chemical synthesis methods had
occurred in order to reduce their surface energy. Moreover,
with the aid of these micrographs, it has been stated that the
average particle size and the average agglomerate size are 50
and 80 nm, respectively. It is vivid that the grain size of the
powders is in nanometer scale and is in consistent with the
values calculated from XRD results. However, owing to this
fact that the size obtained by the SEM is the particle size and
that obtained by the XRD is grain size, the size of 50 nm is
larger than the value (10.7 nm) achieved from XRD patterns.
In order to evaluate the optical responses and determinate
the band gap of the powder samples, the UV-Vis diffuse
reflectance spectroscopy (DRS) was used. The optical char-
acteristic of nano-pigments in both the UV and visible light
ranges was indicated by the DRS spectrum of the powder
sample. Based on the recent investigation which has been
done by Agui and Mizumaki (100), three possible types of
electronic transitions can occur in CoTi0O5: between Co: 3d
to Ti: 3d, between O: 2p and Ti: 3d, and between Co: 3d and
O: 2p. Owing to the crystal field splitting, two absorption
peaks were observed in the DRS spectrum of CaTiO; around
580 and 620 nm [20]. The 3 d® band associated with Co** ion
splits up into two sub-bands named the Co*" to Ti** charge
transfer (CT) bands and a wide absorption edge at smaller
wavelength which shows the optical band gap ascribed to
the 0%~ to Ti*" charge transfer interaction. The calculated
band gap of the CaTiO; nanoparticles was calculated about
4.64 eV which was calculated from the reflection peak at
267 nm. CaTiO; nanoparticles show a high reflection peak at
~ 580 nm with an average reflection of 58%, which is higher
than the previously reported value in the similar studies [19].
It can be inferred from the presence of an absorption in the
range of 550—600 nm of the spectrum that the color of the
synthesized nano-pigments is green. All in all, nanoparticles
was formed immediately and then aggregated to form large

particles. By means of ultrasonic irradiation, narrow size
distribution was attained for the aggregated particles. The
extensive use of dyes and their presence in the effluents of
industries as a consequence led to this environmental con-
cern that these dyes must be eliminated from wastewater
which is a challenging issue due to their chemical stabil-
ity [100-104]. Hetero-structured nanocomposite transition
metal oxides are good candidates in order to degrade organic
pollutants [105]. Habibi et al. [106] worked on the synthe-
sis of CoTi05 nanocomposite by a modified sol-gel method
wherein and Co(NOs), were used as precursors and C,H,;0;
as a stabilizer. Initially, the aforementioned precursors were
dissolved in ethanol separately and stirred for 30 min. After-
ward, by adding a mixture of glacial acetic acid and ethanol
to first solution and mixture of diethylene glycol and ethanol
to other solution, yellow and red solutions obtained, respec-
tively. Then, red solution was added dropwise into the yel-
low sol and after stirring for 2 h and sol aging for 4 days, the
gel was dried at 80 °C. Finally, the dried gel was calcinated
at different temperatures for 4 h. In order to determine the
crystalline performance and estimate the best calcination
temperature, TG and DTG experiments were performed on
a sample of CoTiO5 which led to this result that weight loss
phases were completed at 750 °C with peak temperatures of
107 and 345 °C. Moreover, results showed that there is no
significant weight loss above 550 °C. Hence, 550 °C was the
temperature for starting calcination step. The XRD results
indicated that calcination at 650 °C was best temperature due
to formation of pure crystalline phase of CoTiO; nano-pow-
ders while, calcination at 550 and 750 °C led to formation of
mixtures of CoTiO; (66%)—Co0;0, (21%)—Ti0,(13%) and
CoTi0O; (89%)—Ti0O, (11%), respectively. Furthermore, the
synthesized CoTiO; was coated on glass by means of Doc-
tor Blade method in order to evaluate photocatalytic activ-
ity. The FESEM image of coated sample calcined at 650 °C
demonstrated that thin film has nanosize uniform. Moreover,
the average nanoparticle size is about 58 nm which con-
firmed by XRD results. In order to estimate band gap of
CoTiO; calcined at 650 °C, UV-Vis DRS spectra carried
out. Based on this analysis and by using the Tauk plot, the
band gap for ilmenite type ColiO; was 1.38 eV (898 nm)
and 1.54 eV (805 nm) and by using the Kubelka—Munk plot
the band gap was 1.59 eV (779 nm) and 2.10 eV (590 nm).
Hence, the lowest energy of band gap 1.59 eV (779 nm)
which is within the visible light range. Photocatalytic activ-
ity of hetero-structured CoTiO; nanocomposite photocata-
lyst was examined for degradation of Nile blue dye and the
results indicated the complete degradation in 2.5 h of light
irradiation. It has been concluded that this result is caused
by the visible light harvesting ability, efficient separation
of electron—hole pairs of the CoTiO; nanocomposite, and
narrow band gap.
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Many investigations have been done in order to show that
CoTiO; nanoparticles are suitable gas sensor material for
the reliable, rapid, and robust ethanol detection under the
dynamic conditions of flex fuel exhaust [90, 107]. One of the
most well-known methods for synthesizing nanomaterials
is sol-gel process which has numerous advantages such as
purity, high homogeneity, and high surface area due to the
ability to control the structure of materials. Lu et. al [108].
worked on synthesizing of gas sensing Col'iO; nanoparti-
cles by sol-gel methods using EDTA as the chelating agent.
Many researchers showed that the chelating agent has a vital
role in synthesizing of uncontaminated ColiO; nanoparti-
cles in the sol-gel method. In other words, sphere-shaped
and rod-shaped CoTiO; nanoparticles have been obtained
with citric acid and ethylene glycol as chelate agents, respec-
tively [94, 109]. In the aforementioned method, EDTA was
dissolved in NH; - H,O firstly and Co(NO;), - 6H,0 was
added subsequently. Afterward, Ti(OC,H,), was added to
the mixed solution. In order to adjust the pH in the range of
2.0-5.0, CH;COOH was used. The obtained solution dried
which a purple-colored gel obtained and finally, calcina-
tion was performed at the range of 400 to 800 °C for 2 h.
According to the TG-DSC analysis results, it can be stated
that the 500-700 °C was the calcination temperature range
forCoTiO;. In other words, based on this analysis, decompo-
sition of the network structured polymer into metal oxides
and synthesizing into cobalt titanate occurred at around
573 °C. Moreover, this result confirmed by XRD patterns
of samples calcined at the range of 400 to 800 °C. XRD
patterns indicated that only Co;0, existed at 400 to 500 °C.
At 600 °C, CoTiO; diffraction peaks had been seen along
with Co;0, and TiO, diffraction peaks which are impurities.
The samples with calcination temperature 800 °C indicated
a complex composition due to the synthesis of Co,TiO,.
For evaluating the effect of precursor pH, XRD analysis
performed on the powders synthesized from precursors
with various pH values. At the range of 2.0-4.0 sharp and
intense peaks were observed which demonstrate the pres-
ence of fine crystalline ColiO;. The regarding JCPDS file
number is 77-1373 which corresponds to the rhombohedral
phase. Increasing the pH from 5.0 to 6.0 led to decreasing
the intensity of CoTiO; diffraction peaks and also TiO, TiO,
diffraction peaks appeared in this range of pH. This result
can be explained by this fact that the hydrolysis speed of
butyl titanate is sluggish; however, the polycondensation can
be improved in neutral media. In other words, much more
Ti(OR),,(OH), link into each other in neutral sol, which led
to increase in amount of titanium oxides in the products.
The FESEM images of ColiO; showed that ellipse-like
grain shape particles had been achieved which had a uni-
form distribution with average grain size 30-50 nm. TEM
image illustrated that the average diameter is 40 nm which
confirmed FESEM result. By the aid of HRTEM image, it
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can be stated that CoTiO; has clear lattice fringes which are
measured as about 0.357. For more clarifying the effect of
the chelate agent, XRD comparison of powders prepared
in presence and absence of EDTA was performed. Based
on this comparison, it has been shown that impurities such
asCo0, Co;0,, and Co,TiO, were present in the final prod-
uct. On the other hand, due to this fact that EDTA provide
a proper configuration for bonding to coordinate as a biden-
tate, impurities have been eliminated in the presence of
EDTA. Furthermore, not only EDTA specifically controlled
the atomic ratio of O, Co, and Ti in the precursor, but also
declined the distance among individual atoms, so that nano
sized and pure CoTi0; could be achieved. In this study, three
possible steps have been proposed in order to clarify the for-
mation of CoTiO5 which be discussed in the following. The
first step is hydrolysis and polycondensation of tetra butyl
orthotitanate. Due to the tendency of Ti(OC,Hy), to hydro-
lyze and condensate in aqueous solution, polycondensation
process will occur which leads to the formation of branched
oligomers and polymers with a metal oxo-based skeleton
and reactive residual hydroxo and alkoxy groups. Scheme 4
(section 1-3) indicates the hydrolysis and condensation pro-
cesses of Ti(OC,Hy),.

The second step is chelation where in free Co** was
trapped by chelate agent in the condensation nets in the
[-Ti — O—], gel structure. Based on the pH value which
alters the microstructure of the polymer, two situations
could occur. The first one is that acidic condition led to
produce partially hydrolyzed monomers which condense
into a more linear, lightly cross linked network (nomi-
nated as polymer I) [46]. The second one is that a neutral
condition led to increasing the condensation rate and as
a consequence, polymer grew progressively and deeply
crosslinked network structure obtained (nominated as pol-
ymer II). Scheme 4 (sections 4-6) shows the correspond-
ing formulas. The activity of hydrolysis condensation of
the Ti-alkoxide is controlled and the sol becomes stable
and difficult to gelatinize if Ti(OR), chelated by EDTA
for a desirable condition (pH at 2.0-4.0). On the other
hand, when the condensation polymer grows progressively,
the Co element segregates from the Ti element and all
the metal atoms cannot distribute each other homogene-
ously after pyrolysis. Hence, uniform ColiO; nanocrys-
tallites formation is not out of mind. The third step is the
formation of CoTiO; by calcinations. In order to network
polymer converts to final products drying and pyrolysis of
organics, structural rearrangement, densification, and crys-
tallization must occur [110]. The calcination temperature
and the pyrolysis condition altered the producing phase.
By increasing the calcining temperature, the polymer I
firstly decomposed Co;0, from 400 to 500 and TiO, from
500 to 600 °C, then the two oxides were synthesized into
CoTiO; at 700 °C. At higher temperature Co,TiO, phase
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can be formed. As for polymer II, owing to the progres-
sively condensed structure it decomposed much more
titanium oxides. Hence, further unwanted phases were
achieved in the products. Scheme 4 (Sections 10-10)
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describes the formation of ColiO; and decomposition of
gels.

Finally, in this study [43] it has been demonstrated that
the sensor based on as-prepared CoTiO5 showed good sen-
sitivity to 104 ppm ethanol which its results come as follow:

Table 3 Selected approaches for synthesis of CoTiO; nanopaerticles and their applications

Synthesis method Band gap (eV) Precursor(s) Average size (nm) Property Ref

Sol-gel 1.7and 2.3 CoCl,-6H,0 and Ti[OCH(CHj;),], 75 nm Photocatalytic [112]
Hydrothermal 2.6 Co(CH;C00),-4H,0 and Ti(OCH(CHj;),) 15 nm Photocatalytic [113]
Solid state - Titanium dioxide and Cobalt oxide 8-10 nm Dielectric [114]
Precipitation deposition 2.4 Ti(OC,Hy), and Co(CH;COO0),-4H,0 300-700 nm Photocatalytic [115]
Sputtering - Co(NO3),-6H,0 and Ti(OC,Hy), Thickness 12.67 nm Humidity sensing [116]
Sol-gel electrospinning  — Ti (OC4H,), and Co(CH;CO0),-2H,0 220 nm - [87]

Solid state - Cobalt nitrate hexahydrate and Titaniume dioxide 50 and 100 nm Adsorption [117]
Pechini 243 Nickel acetate and Titanium n-butoxide 20-200 nm Optical [94]

Coprecipitation 2.28 Titanium tetraisopropoxide and Cobalt (IT) chlo- 54 Photocatalytic [118]

ride hexahydrate

Sol—gel 2.036 and 2.94  Titanium isopropoxide and Cobalt nitrate 100 nm Catalytic [119]
Hyydrothermal TiO, and CoCl,-6H20 400 to 500 nm Catalyst [120]
Sol—gel - CoCl,(H,0), and Ti[O(CH,);CH;], 10-50 nm Electrocatalytic [121]
Sol-gel - Co(NO;),-6H,0 and Ti(OC H,), 100 nm Sensor [122]
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response value S = 17.9, response time =13 s, and recovery
time =10 s. Table 3 shows a summary of the various of syn-
thesis method and precursors applied in the preparation of
CoTi0O; nanoparticles.

Rasalingam et al. [111] worked on the influence of
humidity on the phase composition of ColiO; perovskites
which were prepared by a modified Pechini method. It has
been demonstrated that the structural composition of the
obtained materials could be changed due to altering the
coordination and/or oxidation state of the Co** in the pre-
cursor solution. Thus, to clarify this impact of humidity,
UV-Vis spectroscopic analysis at various humidity values
had performed. It is well-known that owing to the formation
of [CO(HzO) 6] 2+, the pale pink is the color of aqueous solu-
tion of Co(NOj),. It has been revealed that at lower humidity
a bluish-pink precursor solution obtained whereas its color
changed to orange-pink at high humidity which in this condi-
tion a peak with an absorbance maximum (4,,) at 511 nm
was observed. Therefore, the following electronic transitions
can be mentioned: *T,, to Ty, T, to *Ay, and *T,(F)
to 4ng(P). Furthermore, A, shifts slightly to 519 nm at
lower humidity condition. Moreover, it has been stated in
this investigation that the amount of CoTiO; present in the
composite material has a vital role in the variation of the
amount of oxygen evolved.

Similar to MnTiO; and FeTiO; in the case of CoTiO;,
a review of various published papers shows that the best
synthesis method for achieving a high purity structure with
suitable physical properties is the sol-gel method. ColiO4
can be synthesized in different sizes using this method by
adjusting the effective parameters in the synthesis. Synthesis
in different sizes is certainly important for the use of this
compound in different applications and this adjustability has
made the sol gel method a powerful method for the synthesis
of such titanates.

5 Outcome

Different chemical methods for preparation of metal titanate
were investigated.

The sol-gel method is a common procedure for the fab-
rication of metal titanate.

The sol-gel method led to preparation of nanoparticles
with uniform size distribution.

One can control pH, time, temperature reaction, sur-
factant, M>* and Ti** sources with the help of sol-gel
method.

MnTiO;, FeTiO;, and CoTiO; nanoparticles could be
used as pigment for various applications.

Metal titanate nanoparticles have pervoskite structures.
The metal titanate has different properties such as optical,
magnetic, and photocatalytic electrochemical.
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