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Abstract Solvothermal method was used to prepare tita-
nium dioxide (TiO,) nanoparticles (NP’s) of various mor-
phologies at 180°C growth temperature. Acetic acid and
oley amine were used as surfactants. The powder of TiO,
was annealed at 550 and 950 °C for 18 and 24 h. The influ-
ence of surfactants on the morphology of titania NP’s
was investigated using transmission electron microscopy
(TEM). The structural, optical, and molecular properties of
titania NP’s are investigated by means of X-ray diffraction,
UV-visible, Photoluminescence, and Fourier Transform
Infrared. The physical properties, surface area and pore
volume, of the samples were investigated by Brunauer-
Emmett-Teller and Barrett-Joyner-Halenda measurement.
The results illustrated type IV adsorption isotherms for all
samples, implying the characteristics of mesoporous mate-
rials (2-50 nm). Furthermore, the hysteresis loops shifted
to higher relative pressure, indicating that the specific sur-
face area increases and the pore size decreases after heat
treatment. Micrograph images acquired from TEM por-
trayed different shapes such as irregular spherical, rounded
rectangular, truncated rhombic, and rod-like for titania
NP’s when various surfactants were used. Monte-Carlo
simulation carried out for pristine and rutile titania NP’s
as representative samples explained the growth mechanism
of titania NP’s and corroborated the formation of spherical
and rod-like structures due to attractive and repulsive inter-
actions among particle respectively.
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1 Introduction

Semiconductor oxides have been vastly investigated during
last decades. Titania has outstanding optical, chemical, and
physical features for different applications [1-5]. It pos-
sesses large band gap and high dielectric constant (high-k)
[2, 6-12] and can be used as a gate dielectric for field effect
transistors (FET’s). Titania has variety of applications such
as sensors, solar cells, optical and photochromic devices,
planar wave guides, and light scattering [11, 13-16]. The
change in the shape of TiO, has been affected by factors
such as chemical composite, calcination temperature, phase
transmutation, precursors, and the chemical reactions.

Titanium n-butoxide and several growth temperature
were used as a precursor for the preparation of titania NP’s
[4], but in this study, the single growth temperature, con-
stant surfactant concentrations, and titanium isopropoxide
(TIP, as a precursor) were employed for the preparation of
TiO, NP’s subjected to post-heat treatment. TiCl, is another
forerunner which has been employed for the preparation of
titania NP’s, but it has the drawback of using under inert
gas such as argon, because it has the problem of sensitivity
to humidity.

Solvothermal technique is employed for the synthesis
of titania NP’s as it is a non-toxic method for the prepa-
ration of the pure and homogeneous nanoparticles [5, 6].
Additionally, it is relatively a low cost and easy process-
ing method. The present article aims to investigate the
influence of using various surfactants on the properties
of titania NP’s, particularly morphological features and
then investigate the other characteristics such as physical,
molecular, structural, and optical properties at 180 °C reac-
tion temperature for pristine and post-annealed samples,
because the applications of titania NP’s are size and shape
dependant. The changes in morphology of TiO, NP’s were
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further corroborated by Monte-Carlo (MC) simulation. To
the authors best knowledge, the shape of titania NP’s were
experimentally investigated, but in this research work, both
experimental and theoretical studies were differently used
to investigate the various shapes of TiO, NP’s.

2 Materials and methods
2.1 Materials

Titanium isopropoxide (TIP, C,,H,sO0,Ti), Acetic Acid,
C,H,0,, Oley amine, C;gH;;N, Absolute ethanol,
C,H;OH, and Acetone, C;HO were used for the prepara-
tion of titania NP’s. These materials were purchased from
Sigma—Aldrich and used without further purification.

2.2 Synthesis

Solvothermal method was employed to prepare titanium
dioxide NP’s. Titanium isopropoxide (TIP), as a source
of titania, was incrementally added to a mixture of ace-
tic acid (AA) and absolute ethanol and the solution was
under strong stirring for 1 hour at room temperature. A
molar ratio, 0.1:9:1, of AA/ethanol/TIP was used which
was changed to 0.2:9:1 for OM/ethanol/TIP [3, 11]. The
consequent suspension was transmuted into a Teflon-lined
autoclave, sealed with a crust made of stainless steel, and
reacted at 180 °C for 24 h to get the mono-dispersed titania
powder which was cooled at ambient condition. Then, the
solution was centrifuged at 12,000 rpm and washed with
ethanol for three tomes. The resulted precipitate was dried
at ambient condition and crushed in very small quantity.
Finally, the dried powder of TiO, was calcinated at 550 and
950°C for 18 and 24 h respectively [4-6, 11].

2.3 Characterization

Phase identification and optical studies of the pristine and
annealed titania NP’s were investigated using X-Ray Dif-
fraction (XRD, D8, Advanced Brucker Diffractometer),
UV Visible (Jasco UV/Vis spectrophotometer), and Pho-
toluminescence (Fluorolog HORIBA JOBINYVON). The
molecular and morphological properties of the specimens
were studied using Fourier Transform Infrared (Jasco FTIR
spectrometer) and Transmission Electron Microscopic
(TEM, TECHNAI G? 20U-Twin (FEI, Netherlands) DST-
FIST). The physical properties of the samples were inves-
tigated using Brunauer-Emmett-Teller (BET) surface area
analysis and Barrett-Joyner-Halenda (BJH) pore size and
volume analysis (Surface Area Analyzer, Quantachrome
Instrument, autosorb iQ,, automated gas sorption analyzer).

Monte Carlo simulation was used to investigate the growth
mechanism of titania NP’s.

3 Results and discussion
3.1 Structural properties: X-ray diffraction

XRD analysis was used to study the structural properties
of titania NP’s. Figure 1A-C, depicts the representative
XRD patterns of pristine and annealed at 550 and 950°C
TiO, NP’s. The representative XRD spectra’s of pristine
titania NP’s using a mixture of AA and OM is presented
in the Fig. 1A. Figure 1B, C is related to the XRD patterns
of samples calcinated at 550 and 950 °C respectively. XRD
pattern of the as-prepared titania NP’s portrayed the peaks
at nearly 25.27°, 37.81°, 48.11°, 53.93°, 55.12°, 62.68°,
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Fig. 1 Representative XRD patterns recorded for A pristine, calci-
nated at B 550°C, and C 950°C TiO, NP’s in presence of AA+OM
as surfactants
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68.84°, 70.34°, and 75.20°, ascribed to (101), (004), (200),
(105), (211), (204), (116), (220), and (215) Miller planes
respectively, which are attributed to the crystalline struc-
ture of the pure anatase phase of TiO,. Similarly, the nano-
particulates of TiO, annealed at 550°C demonstrated the
pure anatase phase which was corroborated with all the
observed Miller planes for pristine sample along with three
additional planes (103), (112), and (301) at 26 of around
37.00°, 38.60°, and 76.10° [11, 17-29].

However, the formation of pure rutile phase of titania
NP’s is illustrated after annealing at 950°C through the
Miller indexes (110), (101), (200), (111), (210), (211),
(220), (002), (310), (301), (112), (311), and (202) associ-
ated with the peaks positioned at approximately 20 =27.36,
36.02, 39.10, 41.19, 43.96, 54.22, 56.51, 62.68, 63.97,
68.95, 69.74, 72.33, and 76.41 [17, 19, 30, 31]. As can be
clearly seen, the peaks appeared in the XRD patterns of the
pristine and annealed at 550°C titania NP’s are predomi-
nantly not totally the same, with three extra peaks and crys-
talinity enhancement for annealed sample, indicating the
pure anatase phase, while the phase has been completely
transmuted to pure rutile at 950 °C.

In contrast to our previous study in which sol-gel pro-
vided amorphous phase for pristine titania NP’s [3, 7, 11],
solvothermal method employed in this study, disclosed
a pure anatase phase for as-prepared specimen and illus-
trated a remarkable improvement in the crystalinity of
both pristine and calcinated TiO, NP’s. Previous studies,
[4] reported only anatase phase of titania for several reac-
tion temperatures, and [32] investigated anatase phase for
annealed at 800 and 900 °C titania-silica composites and a
mixture of all three phases of TiO, for the same compos-
ite at 1000°C annealing temperature while in this study,
the development of pure anatase and pure rutile phase were
observed for pristine, calcinated at 550°C [3, 7, 11], and
950°C titania NP’s respectively, at growth temperature
180°C [3, 7].

The presence of pure anatase phase for as-prepared
sample suggesting that the solvothermal method is a low
cost technique for the preparation of anatase titania NP’s,
because the anatase phase which normally appears in the
temperature range 350-700°C, is now produced without
any post heat treatment, and this is substantially important
for many useful applications such as solar cells and bat-
teries. The crystallite size of pristine and annealed titania
NP’s are evaluated using Scherrer formula [3, 7, 21, 24]:

D = KA/Cos ()

where, D is the crystallite size (nm), P is the full width at
half-maximum height (FWHM), and 0 is the Bragg dif-
fraction angle (°), A is the wavelength of the X-ray radia-
tion (Cu Ka=0.15 nm), and K is the Scherrer constant
(0.89). It is well known that the size of particle depends on
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calcinations temperature that increases when the annealing
temperature increases. Hence, calcinated samples at 950 °C
exhibited higher crystallite size than those of annealed at
550°C and the as-prepared specimens. This phenomenon is
most likely owing to the aggregation and recrystallization
of TiO, NP’s after heat treatment [3, 7, 11].

3.2 Optical properties
3.2.1 Absorption and transmittance spectra

The optical properties of pristine and annealed at 550 and
950°C titania NP’s have been investigated using UV-vis
and photoluminescence (PL) spectroscopy at room tem-
perature. The representative of absorption and transmis-
sion spectra of as-prepared and annealed at 550 and 950°C
titania NP’s are delineated in Fig. 2. The absorption edge,
extrapolating the onset line towards X-axis, was almost
393 nm for pristine titania NP’s (Fig. 2A) which was red
shifted to 396 and 423 nm, after heat treatment at 550
(Fig. 2B) and 950°C (Fig. 2C) respectively. It is therefore
expected that, the energy band gap (E,), calculated using
expression 2, reduces upon heat treatment.

E, = 1239/4 2)

where A is the wavelength of the optical absorption edge.
The transmittance spectra of pristine and calcinated titania
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Fig. 2 Representative absorption and transmittance spectra of A, D
pristine, calcinated at B, E 550°C, and C, F 950°C TiO, NP’ in exist-
ence of AA +OM as surfactants
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NP’s is depicted in the Fig. 2D-F. It is expected that the
energy band gap and transmittance reduce after calcination.
The decrease in the energy band gap is possibly owing to
the aggregation of nanoparticles or transmutation of tita-
nia phase from anatase to rutile while the reduction in the
transmittance is owing to the increase in surface scattering
which is attributed to the surface roughness. The reduction
in band gap is of interest for the application of titania in
photocatalytic devices [3, 11, 33-37].

3.2.2 Photoluminescence spectra

The study of the efficacy of charge carrier trapping, immi-
gration and transfer of the charge carriers and recombina-
tion of electron-hole pairs, either instantly (band to band)
or indirectly (via a bandgap state), was performed using
photoluminescence spectra (PL). Figure 3 portrays the
representative PL spectra of pristine and annealed at 550
and 950°C titania NP’s in presence of AA and OM as
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Fig. 3 Representative photoluminescence spectra of A pristine, calci-
nated at B 550°C, and C 950°C TiO, NP’s in existence of AA+OM
as surfactants, and at the excitation wavelength 280 nm

surfactants at ambient condition with excitation wave-
length 280 nm. As it can be conspicuously seen, the intense
luminescence peaks are located in the visible region. The
positions of peaks are approximately the same except the
luminescence peak located in the near band gap emis-
sion around 404 nm which is attributed to the band gap of
rutile crystal structure of titania NP’s (Fig. 3C). This peak
is appeared only for sample annealed at 950°C and not
emerged for as-prepared and annealed at 550 °C samples.

Moreover, the PL intensity is noticeably increased which
veritably implying to an augmentation in the higher recom-
bination rate of excited electrons and holes after heat treat-
ment. On other aspect, this is owing to the fact that calcina-
tion can cause superficial traps and defect levels between
the valance and conduction bands, which in turn can cre-
ate the sub-bands in the proximity of emanated main peaks
owing to the variation in the morphology and crystal-
lite size. As a consequence of calcination, the number of
hydroxyl group at the valance band of titania and superox-
ide radical anion (O*") reduces. Consequently, it leads to
high intensity and high rate of charge carrier recombina-
tion, which in turn considerably reduces and the photoca-
talysis activity.

Two main emission peaks located at nearly 385 and
464 nm are respectively attributed to the band gap transi-
tion of anatase phase of nanoparticulates titania and the
charge-transfer transition from Ti’* to oxygen anion in
a TiO®~ complex as well as oxygen vacancies at the sur-
face [3, 7, 33-38]. The spectra exhibited a small hump at
approximately 417 nm that matches with anatase phase of
TiO, (Fig. 3A, B). The luminescence peak at 310 nm and
two tubercles at nearly 347 and 441 nm emerged for all
samples which could be originated from the localized sur-
face states (defects) such as Ti**-OH owing to recombina-
tion of electron—hole pairs [7, 33, 34, 38].

3.3 Molecular study

The molecular studies of the pristine and thermally treated
at 550 and 950°C TiO, NP’s were acquired by means of
Fourier transform infrared (FTIR) spectroscopy. Fig-
ure 4A—C depicts the representative FTIR of the pristine
and samples calcinated at 550 and 950°C in the exist-
ence of a mixture of AA and OM as surfactants. FTIR
measurements preformed over an effective range of 700
to 4000 cm™" at 100 reaction cycles at room temperature.
IR spectrum of as-prepared TiO, showed asymmetrical
stretching vibration between 3400 and 3500 cm™' which is
attributed to the stretching vibration mode of O—H band.
The intensity of this band decreases as the calcinations
temperature increases. This could be due to the fact that
water in the specimen is physically adsorbed in air. As
it can be seen, the FTIR spectra of this unsymmetrical
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Fig. 4 Representative Fourier Transforms Infrared (FTIR’s) spec-
troscopy of TiO, NP’s (A) as-prepared, B and C samples annealed at
550 and 950 °C using a mixture of AA +OM as surfactants

broad band is transferred towards lower frequency range
after annealing which betokens the possible involvement
of the functional groups on the surface of titania NP’s
[34, 39-47]. The small band emerged at 3200 cm™! is
owing to the symmetrical vibrations of primary amides
(NH,) [25, 26, 42, 43].

The other peaks in the FTIR spectra are due to entity
of organic molecules on the surface of TiO, NP’s. The
stretching vibrations bands at 2928 (asymmetric) and
2856 (symmetric) cm™!' were assigned to the bend-
ing vibration of alkyl (methylene or -CH, and methyl
or -CH; respectively) groups. The asymmetric mode
causes a larger dipole moment to rise and has greater
intensity than the symmetric mode [42, 43, 45, 46].
The set of FTIR transmittance spectra in the interval of
700-900 cm™! are assigned to the lattice vibrations of
titanium dioxide. This matches well with the reported
value for titanium dioxide NP’s [46, 47].
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Fig. 5 Representative physical and structural properties of (A) as-
prepared, samples annealed at B 550 and C 950 °C mesoporous titania
NP’s using AA +OM as surfactants

The C=N and C=C bands normally appear in the
region of the infrared spectrum 1850 —1620 cm™'. How-
ever, the C=N band gives rise to a strong absorption while
the C=C band is a weak absorber. Hence, the respective
IR peak at 1636 cm™! can be assigned to asymmetric band
stretching C=N group whose intensity decreases at 950 °C
[26, 40, 42, 44] and the medium absorption with a minima
at 1458 cm™! can be attributed to the bending vibrations of
C=C [41, 42]. The intense narrow band at 2346 cm™! is
identified in the FTIR spectra which is absent in the pattern
of calcinated specimens, is related to the bending vibra-
tions of C=0 group or corresponds to ketone carbonyl
group. A C=C band at almost 2048 cm™! is a weak stretch
for alkynes group [42]. The above peaks disclosed the for-
mation of nanoparticulates of TiO,.

3.4 Physical properties: Brunauer-Emmett-Teller
(BET) surface area analysis
and Barrett-Joyner-Halenda (BJH) pore size
and volume analysis

Figure 5A—C is the representative nitrogen adsorption—des-
orption isotherms and pore size distribution curve of pris-
tine and annealed titania NP’s. The adsorption isotherm of
pristine sample is depicted in Fig. SA and the adsorption
isotherms of the samples annealed at 550 and 950°C are
delineated in Fig. 5B, C. Titania NP’s are thermally treated
at high temperature in vacuum to remove the possible
contaminants and BET isotherm of the samples is evalu-
ated by physical adsorption of nitrogen at a temperature of
77.350 K. In fact, the amount of adsorbate gas molecules
on the outer surface of titania NP’s and the area of cross-
section of nitrogen gas, 16.2 A2, are useful for calculating
the surface area of titania NP’s. On the other hand, van der
Waals forces between nitrogen molecules and titania sur-
face area is useful for the calculating the BET isotherm.
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The nitrogen adsorption—desorption of pristine and
annealed samples demonstrated the type-IV isotherms
(2-50 nm) and distinct hysteresis loops of type-H; accord-
ing to IUPAC classification [18, 25, 26, 29]. The shift in
the isotherms of samples towards higher relative pressure,
implying that the specific surface area and pore volume
decrease but pore diameter increases upon heat treatment
which is due to increase in the crystallite size and the col-
lapse of pore structure of TiO, NP’s at higher annealing
temperature [25, 26, 29]. The pore diameter of TiO, NP’s
was less than 11 nm whereas the surface area of the pris-
tine, and samples annealed at 550 and 950 °C were 192.08,
103.63, 35.37 m?/g respectively.

Other investigations focused on the physical proper-
ties of mesoporous titania—silica [32], TiO,— Graphine
Nanosheets (GNS), and 3D TiO,—GNS —Carbon nano-
tubes nanocomposites [18], and tungstophosphoric acid/
mesoporous titania synthesized by urea-templated sol-gel
annealed at different temperatures [26]. Similarly, nitrogen
adsorption—desorption isotherms and the corresponding
pore-size distribution of titania NP’s, nanorods and titania
spheres at different temperatures were investigated by Sha-
lan et al. [29] and Jiang et al. [25] respectively.

NP’s have been incorporated into many products and
devices. They have a high surface-to-volume ratio which
increases surface reactivity. The enhanced surface area and
pore diameters are fruitful for applications such as hetero-
geneous catalysts and strong acids with high acidity. These
properties are important for processing, blending of chemi-
cal products, stability, and toxicity of new materials [32].
The results of the physical properties of tinatia NP’s are
listed in the Table 1.

3.5 Morphology and microstructure analysis
3.5.1 High resolution transmission electron microscopy

The morphology and features of the pristine and annealed
at 950°C titania NP’s were further analyzed using transmis-
sion electron microscopy (TEM). Complementary to XRD,
representative TEM micrographs and their correspond-
ing electron diffraction patterns including selected area
electron diffraction (SAED) and energy-dispersive X-ray
spectroscopy (EDS) of TiO, NP’s grown by a solvothermal

process were used to assess the morphology, the particle
size, and phase identification of as-prepared and annealed
samples.

In order to prepare the materials for TEM analysis, the
powder samples were suspended in ethanol and sonicated
with ultrasonic agitation for a long period of time so that
the finely dispersed solution is achieved and individual
particles are properly separated. Then, an aliquot of the
suspension were dropped uniformly onto carbon mesh
coated copper grids and dried in air. The micrographs were
obtained using TEM at accelerating voltage 200 kV. The
microscope is equipped with a Schottky-type field emission
gun, an ultra high resolution configuration and in-column
omega-type energy filter. HRTEM digital images were
acquired using a CCD camera and digital micrograph soft-
ware from GATAN.

The micrographs TEM images of the pristine and
annealed at 950°C titania NP’s prepared using AA and
a mixture of AA and OM as surfactants were recorded at
room temperature. The TEM image of as-prepared sample
prepared using AA consisted of a mixture of almost irreg-
ular spherical and rounded rectangular (Fig. 6A) whereas
the formation of elongated spherical and truncated-rhombic
shape were demonstrated for the sample prepared using
OM as a surfactant and calcinated at 550°C (Fig. 6B).
Interestingly, the micrographs of rutile titania exhibited a
rod-like structure with clear grain boundaries in presence
of AA and OM as surfactants (Fig. 6C). The reason for
this is consolidation of the individual particles, because
the functional groups of carboxylic acid have been tightly
bound onto the surface of titania to form a rod-like struc-
tures. Consequently, titania NP’s, prepared using different
surfactants, remarkably demonstrated the heterogeneous
morphology [4, 19, 20, 47].

Acetic acid produces carboxyalkoxide groups that
decelerate the hydrolytic condensation procedure but OM
improves the enhancement of nonhydrolytic condensation
through the reaction between aminolysis and titanium car-
boxylalkoxide. Therefore, the morphologies of TiO, NP’s
can be controlled using AA, OM, and a mixture of AA and
OM as surfactants. Only spherical shape of titania NP’s
for a ratio 1:6:4 of titanium n-butoxide/oleic acid/OM was
addressed at reaction temperature 180°C by Cao-Thang
et al. [4], while our investigations have shown various

Table 1 Representative

. Results Phase identification Average Crystal-  Surface area  Pore volume  Pore
physma'l and structural Tempt. (°C) lite size (nm) (mz/g) (cm3/g) diameter
properties of as-prepared and (nm)
annealed at 550 and 950 °C
mesoporous titania NP’s using Pristine Pure Anatase 15 192.08 0.43 4.46
AA+OM as surfactants 550 Pure Anatase 25 103.63 033 6.30

950 Pure Rutile 35 35.37 0.18 10.02
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50 nm

Fig. 6 Transmission electron microscopy (TEM) image and high resolution transmission electron microscopy (HRTEM) of (A, D) as-prepared
in presence of AA, B, E and C, F annealed at 550 and 950 °C titania NP’s in presence of OM and AA + OM as surfactants, respectively

morphologies for the ratios, 1:9:0.1 and 1:9:0.1:0.2 of TIP/
ethanol/AA and TIP/ethanol/AA/OM respectively, at the
same growth temperature after post-annealing.

The size of particles was evaluated from the length of
shorter and longer axis in TEM micrographs which was
in the range of 5 to 35 nm. Figure 6A illustrates the TEM
image of as-prepared TiO, NP’s with an average particle
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size of about 10 nm (5-15 nm). Figure 6B demonstrates
that the particle size of sample annealed at 550°C is
almost 15 to 25 nm, while the average particle size for
sample annealed at 950 °C is roughly 20-35 nm (Fig. 6C).
Hence, the increase in the particle size is obvious upon
heat treatment which is due to the change in the crystal
structures after calcination. The titania NP’s of smaller
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size are of interest for applications such as photocatalysis
activity and transparent optical coating [19, 23, 47].

The phases of as-prepared and annealed titania NP’s
were further analyzed by high resolution transmission
electron microscopy (HRTEM). HRTEM of as-prepared
(Fig. 6D) and sample heated at 550 °C (Fig. 6E) clearly
indicate the presence of anatase phase of titania NP’s
with the interplanar spacing of 3.50 and 3.48 A respec-
tively, that are matched with the crystallographic plane
(101) [8, 29, 48]. Figure 6F shows the HRTEM of the
sample heated at 950°C with a highly ordered lattice
spacing of 3.22 A corresponded with the (110) crystal
plane [31].

3.5.2 Chemical analysis and selected area diffraction
pattern

Selected area electron diffraction pattern (SAED) of
titania NP’s with clear lattice rings are depicted in
Fig. 7A-C. There is a strong contrast between the dark
edges and bright centers which implies that the prepared
TiO, samples were highly crystalline. The lattice fringes
(101), (004), (200), (105), (204), (116), and (215) cor-
responding to the d-spacing 3.50, 2.36, 1.86, 1.68, 1.64,
1.46, 1.35, and 1.26 A respectively, show the SAED of
as-prepared TiO, NP’s (Fig. 7A) [20, 23, 48]. The crys-
talline lattice planes (101), (103), (004), (112), (200),
(105), (211), and (204) are ascribed to the lattice d-spac-
ing of 3.48, 2.40, 2.35, 2.31, 1.84, 1.67, 1.64, and 1.45 A
respectively (Fig. 7B). These results confirm the presence
of pure anatase phase of titania NP’s for as-prepared and
sample annealed at 550°C [21, 24]. Figure 7C delineates
the transformation of anatase to rutile during solvother-
mal treatment. This diffraction spots consists of the slabs
(110), (200), (111), (210), (211), (220), (301), and (112)
corresponding to d-spacing 3.22, 2.20, 2.12, 2.02, 1.66,
1.60, 1.35, and 1.32 A which are ascribed to the rutile
phase of titanium dioxide NP’s. Consequently, the SAED
patterns corroborate the results of XRD [20, 48].

Energy dispersive X-ray spectroscopy (EDS) was used
to identify the elements present in the prepared samples.
The representative EDS of as-prepared and annealed
samples are depicted in Fig. 7D-F. Titanium and oxygen
with high weight percentages are present in all speci-
mens as the main elements with the atomic ratio of Ti
and O as 1:2. Additionally, the presence of small fraction
of Copper (Cu) and Carbon (C) is due to the grids that
were used for the analysis of the samples [20, 29] which
indicates the purity of the prepared samples. The results
of micrograph analysis of pristine and annealed at 950 °C
titanium dioxide NP’s are summarized in Table 2.

3.6 Monte-Carlo simulations

Monte-Carlo simulation was carried out as a representa-
tive for samples prepared using AA and AA+OM as sur-
factants. TiO, NP’s, prepared using AA as surfactant,
includes of almost spherical particles whereas the sample,
prepared using AA+OM as surfactants, consists of rod-
like particles. The simulation has been performed in order
to understand the growth mechanism of titania in presence
of various surfactants and compare with the experimen-
tal results. Hence, the simulation was performed to obtain
steady state of the system and then consider the plausible
interactions among the particles.

3.6.1 Model description

The particles are considered as disks with diameter ¢ in this
simulation and they are called as cores. The particles are
surrounded by soft corona with an interaction range A. In
fact, in this model, the cores and coronas are considered as
titania NP’s and surfactants respectively. The representative
of a typical core and corona is depicted in Fig. 8. Square
well (SW) potential is the simplest and effective model
which could mimic the structural properties of different
systems like colloids, liquids, glass, and alloys. The struc-
tures can be compact or non-compact depends on the well
depth and the range of interactions in the system [49-51].
In the current article, pristine and sample annealed at
950°C are prepared using AA and AA + OM as surfactants,
respectively.

These two samples are selected for simulation using
Monto-Carlo model. The surfactants can modify the inter-
actions among titania NP’s. The performed simulation
demonstrated a pair-wise interaction potential for the pris-
tine sample that consists of hard-sphere repulsion and an
attraction with well depth. In this case, the particles do not
interact, if the distance between them is greater than inter-
action range (A) whereas they experience attractive inter-
action (—e€;) when they are in the range of single particle
diameter and interaction range (A). Additionally, the over-
lapping of the particles is forbidden in this system. The
potential model for pristine sample is as follow (Eq. 3);

00, ro
V(r) =14 &, ori 3)
0, ri

where ¢ is the diameter of the discs and A is the interaction
range.

As explained in the morphological section, the functional
groups of carboxylic acid have been tightly bound onto the
surface of titania that causes the consolidation of the indi-
vidual particles and form rod-like structures for rutile titania
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Fig. 7 Selected area electron diffraction (SAED) and energy dispersive X-ray spectroscopy (EDS) patterns of (A, D) pristine in presence of AA,
B, E and C, F calcinated at 550 and 950 °C TiO, NP’s in presence of OM and AA +OM as surfactants, respectively

NP’s. This might be due to repulsive interactions among tita-  demonstrated that system involving hard core with soft
nia NP’s. Therefore, a repulsive step potential is introduced  repulsive potential causes a rich phase behaviour that in turn
in simulations to explain such changes. Other development  results to solid—solid transitions [52]. The growth mechanism
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Table 2 Microscopic results obtained from TEM, SAED, and EDS
of as-prepared, annealed at 950°C titania NP’s in the existence of
AA, and AA +OM as surfactants respectively

Results Tempt. Elements Atomic (%) d-spacing Average

0 (A) &(hkl) particle size
(nm)
Pristine Titanium 29.10 3.50 10
Oxygen  70.89 (101)
950°C Titanium 37.42 3.22 25
Oxygen 62.57 (110)
A

core

corona

Fig. 8 Typical representative of core (red surface or disk) and corona
(dotted green). (Color figure online)

of rutile TiO, NP’s is described with the following repulsive
step potential (Eq. 4);

00, ro
V(r)=4 &, ori 4)
0, ri

The schematic of the potential model for pristine and rutile
titania NP’s is demonstrated in Fig. 9. In this simulation, the
interaction range is A=2.5, ¢ is the unit of length, €, and ¢,
are expressed in kT (K is Boltzman constant and T is the
temperature). Reduced density for this system is defined as
formula 5;

p" = po’ )
where p = % is the particle density, N is number of parti-
cles, and A is the area of simulation box. The simulation
was performed for moderate reduced density, p*= 0.3.
Reduced temperature is defined as follow (Eq. 6):

KT
i (6)

€0

T =

o
. Rutile
V(r)
V!
—&1 Pristine r

Fig. 9 Potential well defined in the interaction model; €,_(5 €,_5
are for pristine and rutile titania Np’s respectively

where T is the temperature, k; is the Boltzman constant,
and € is the potential well depth. The number of particles
was N=512 in square box with periodic boundary condi-
tions. Monte-Carlo (MC) simulations were carried out
using the canonical ensemble. The number of MC steps
used for pristine and rutile titania NP’s was 107 and each
step consists of approximately N particle moves.

Figure 10A depicts the simulation result for pristine
TiO, NP’s with attractive square interactions. As can be
seen, irregular spherical particles are randomly distrib-
uted in the system. In fact, addition of AA to the solution
as a surfactant might induce the weak attraction among
the particles. The estimated energy among the particles
was is order of~x kzT. Figure 10B delineates the configu-
ration of the system simulated for rutile titania NP’s with
repulsive interactions in equilibrium condition. The par-
ticles combine to form rod-like structures when the outer
layers of hard cores join together. In this alignment, the
coronas of the joined particles overlap in a particular
direction. This transfiguration is due to addition of OM to
the solution as a surfactant that occurred at the minimum
required energy.

The coronas act as spacers among rutile titania NP’s
and make the periodicity in the system. Addition of OM
might induce repulsive interactions among rutile tita-
nia NP’s and minimize the free energy of the system to
form rod like structures. The estimated repulsive energy
among rutile TiO, NP’s was about 5 kyT. The obtained
results from simulation are for the system in equilibrium
state. Similarly, Malescio reported the formation of such
stripes/lanes with the repulsive interactions on particles
with core-corona model [53].

@ Springer



7794

J Mater Sci: Mater Electron (2017) 28:7784-7796

Fig. 10 Performed simulation for A pristine titania NP’s B rutile
sample. The black filled circles represent the hard cores and the light
blue surrenders exhibit coronas. (Color figure online)

4 Conclusions and outlook

To summarize, highly crystalline and pure titania NP’s
have been successfully prepared using solvothermal
method and the Monte-Carlo simulation was used to
study the growth mechanism of TiO, NP’s. The forma-
tion of pure anatase phase in absence of annealing was
proved for the as-prepared sample. The morphological
study elucidated the enhancement in the particle size
upon annealing and phase transformation from pure
anatase to pure rutile. Interestingly, the shapes of titania
NP’s have been influenced by the type of surfactants and
a mixture of almost disordered spherical and rounded
rectangular shape were observed for the sample prepared
using AA as a surfactant, whereas the shapes of sample
prepared using OM as a surfactant were consisted of trun-
cated rhombic and elongated spherical. A rod-like struc-
ture with clear grain boundaries were detected for the
sample prepared using AA +OM as surfactants. Monte-
Carlo simulation was performed to investigate the growth
mechanism of TiO, NP’s and has suggested the predomi-
nant attractive and repulsive interactions which in turn

@ Springer

cause the formation of spherical and rod-like structures
for as-prepared and rutile titania NP’s respectively.
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