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This work provides an insight on the photoluminescent behaviour of BaTiO; (BTO)
nanoparticles synthesised via a hydrothermal process at 200°C with further heat treatment at
1000°C. The morphology of BTO nanoparticles evolved to pseudo-ellipsoid by tuning the
concentration ratio of barium precursors (Ba), oleic acid (OA) surfactant and tert-butylamine
(TA) additive. Tunable optical band gaps (3.58-4.06 eV), Urbach tails in UV-Vis absorption
spectra and the enhanced intensity of room temperature photoluminescence at violet wavelength
(433.7 nm) were observed in BTO nanoparticles. The structural evolution and phase formation
indicated that structural disorder and surface state share equal dominant factors for improving
the photoluminescence at violet wavelength, tuning optical band gaps and exhibiting Urbach

effect in the absorption spectra.
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Barium titanate, BaTiO; (BTO) is a subject of
continuing interest as a lead-free ferroelectric material
which serves as an alternative to industrial standard
ferroelectrics such as lead zirconate titanate
Pb[ZrTi1—]0s. BTO is a promising candidate used in
diverse applications ranging from multilayer ceramic
capacitors to photodetector [1, 2]. Researchers are
devoted to fulfil the demand of miniaturized electronic
devices by diminishing the size of BTO to nano-scale
[3]. However, the functionalities of BTO-based
nanostructures such as piezo-displacement, dielectric
permittivity, dissipation factor and ferroelectric
polarization are shaped-driven and size-dependent [4].
As the size of BTO decreases towards nano,
progressing reductions in its functionalities are
observed. Hence, the investigation of BTO
nanoparticles is still plagued by trade-off problems
between functionality and size effects, inhibiting their
viability and flexibility as oxide-based electronics.

Although the investigation of BTO is prevalent
on the ferroelectric-related functionality, the
photoluminescent behaviour of BTO nanostructures
has never waned. BTO is a complex
photoluminescence pervoskite amenable to band gap
tunings (2.8-3.47 eV) [5]. The consequent change in
the crystal structure is anticipated to affect the
photoluminescence response in BTO. The visible
luminescent quenching effect of pure BTO crystals
have been long mitigated beyond cryogenic
temperatures as low as 45 K [6]. Intense visible
photoluminescence at room temperature has been
detected in amorphous BTO thin films and BTO

Received: May 2019; Accepted: October 2019

ultrafine particles owing to grain size and crystallite
disorder [7-9]. The origin of the photoluminescence of
BTO is not yet completely settled although a
framework of photoluminescence mechanism of BTO
has been outlined. Crystallite disorder, rare-earth
doping, surface state and polarization influence
provide some evidence to evaluate the origins of
photoluminescence [10].

In this work, we provide an insight on the
photoluminescent behaviour of BTO nanostructures
synthesised via a hydrothermal process and heat
treatment. Combining the aids from oleic acid
surfactant and tert-butylamine  additive, the
morphology of BTO nanostructures evolved from
nanocube to pseudo-ellipsoid [7, 11]. We
demonstrated that structural disorder and surface state
share equal dominant factors on BTO nanostructures
for improving the photoluminescence at violet
wavelength.

EXPERIMENTAL SECTION

Barium hydroxide octahydrate, H,Ba0O,.8H,O was
dissolved and added to titanium (1) bis(ammonium
lactato) dihydroxide, CeH1sN2OgTi with Ba/Ti ratio of
1. The solution was maintained at pH 12 with 5 M
sodium hydroxide, NaOH before mixing with tert-
butylamine (TA) and oleic acid (OA) under
continuous stirring. The mixture molar ratios were
fixed at (1:3:3) and (1:2:2) for Ba: TA: OA, and the
resulting solutions were transferred into a Teflon lined
stainless steel autoclave. The autoclave was sealed and
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heated at 200°C for 72 hours in an oven. The as-
synthesised BTO precipitates were obtained after
several washes with ethanol. Subsequent calcinations
in air were carried out on the as-synthesized BTO
powders at 1000°C for 4 hours. These calcined BTOs
were denoted as BTO-1000. The phase and crystal
structure of the samples were characterized by X’ Pert
Pro PW3040 MDP/Panalytical X-ray diffractometer
(XRD) using Cu-K. radiation source. The XRD data
were collected from 20° to 80° with a step size of
0.033° and analyzed via the X’Pert HighScore Plus
software. The thermal behaviour of the as-synthesised
BTO was examined by thermogravimetric analyzer
(TGA/ SPTA 851, Mettler Toledo) at the heating rate
of 10°C minL. The structural morphology of the BTOs
was determined by field emission scanning electron
microscopy (FESEM). The photoluminescence
spectra of the BTOs were taken at room temperature
using photoluminescence spectrophotometer the UV-
3600/Shimadzu  UV-Vis spectrometer while the
optical absorption spectra were recorded by LS55
Perkin  Elmer fluorescence spectrometer with
excitation wavelength of 325 nm.

RESULTS AND DISCUSSION

XRD patterns of the hydrothermal as-synthesized
BTO and heat-treated BTO-1000 for different ratios of
Ba: TA: OA, 1:2:2 and 1:3:3, are shown in Figure 1.
The phase of the as-synthesized BTO (1:2:2) and
(1:3:3) changed from amorphous to crystalline after
calcination at 1000°C. There was no trace of barium
carbonate, BaCOs phase in BTO-1000 (1:3:3) which
evidenced that the BTO-1000 was in single phase.
BaCO; was found in BTO-1000 (1:2:2) as the
secondary phase that matched with ICSD 98-005-
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8847. Both BTO-1000 (1:2:2) and (1:3:3) were
indexed to BaTiOs; with tetragonal crystal structure
(1CSD 98-007-8876). The interceding of BaCOj3 phase
was also reported previously [7, 12] due to the lack of
Ti¥*/* in BTO (1:2:2). This allows Ba cations to
interact with airborne CO, during the conversion of
BaTiOs. It is suggested the BaCOs; phase can be
eliminated if the conversion reaction is conducted
either in an inert atmosphere or vacuum [13].
Alternatively, the usage of CO,-free water as well as
rinsing the precipitates with acetic acid help to remove
the BaCO3 phase [14].

The crystallization process of BTO via hydrothermal
synthesis consisted of the formation of titanium
hydroxyl and followed by a reaction between titanium
hydroxyl and barium cations. By controlling the initial
molar rations of the precursors, surfactant and
additive, the shape and size of BTO can be tailored to
form nanocubes [3, 15]. Since the as-synthesised BTO
(1:2:2) and BTO (1:3:3) were amorphous, the
morphology of the particles are not discussed herein.
BTO-1000 (1:2:2) and (1:3:3) did not possess cubic
shape with ordered arrays as our previous studies [7,
12], whereas they appeared in an irregular pseudo-
ellipsoid morphology with wide size distributions (as
depicted in Figure 2). These pseudo-ellipsoids of
BTO-1000 (1:2:2) and (1:3:3) tend to agglomerate and
their average sizes were 81.9 nm and 109.3 nm,
respectively. The cubic morphology of BTO as
reported in our previous study [7] could not be
synthesised successfully in these proportions due to
low concentration of oleic acid and tert-butylamine
[15]. Tert-butylamine plays an important role in
tailoring the size of BTO while it stabilizes Ti
hydroxyl and accelerates the growth of BTO.
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Figure 1. XRD patterns of as-synthesised BTOs and BTO-1000 for different
molar ratios of Ba:OA:TA, 1:2:2 and 1:3:3
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Figure 2. FESEM images (a,b) and particle size distributions (c,d) of BTO-1000 (1:2:2) and BTO-1000 (1:3:3).

Oleic acid is crucial to act as capping agent to
regulate the shape of BTO in ordered aggregates
[11]. It does not absorb or attach well on the {100}
facets of BTO nucleic. It also fails to create a
confined cubic growth by supressing the growth of
{110} planes. Hence, the BTOs tend to grow into
pseudo-ellipsoid shape due to the comparable energy
across all the crystallographic planes. The
hydrophobic force between oleic acid and BTO
nucleic is relatively low as well and thus no self-
assembly process is stimulated, unlike BTO (1:8:8)
nanocubes reported by Hasbullah et al., (2019) [7].

Figure 3 shows TGA of the as-synthesized
BTO (1:2:2) and (1:3:3) with the heating rate of
20°C/min. There were five stages with apparent
weight loss at temperatures of 90.6 °C, 261.0 °C,
471.1 °C, 615.6 °C and 781.8 °C. The first stage of
weight loss was due to the evaporation of moisture
of the as-synthesised BTO and ethanol. Then, the
second stage of weight loss showed the
decomposition of CsH1gN2OgTi forming hydrolyzed
Ti species, Ti(OH); and ammonium lactate,

C3HyO3N [16]. Meanwhile, the third stage was the
decomposition of dehydrate oxalate originated from
tert-butylamine and oleic acid which has been
incorporated with the hydrolyzed Ti species and
airborne CO; into intermediate Ba-Ti-oxycarbonate,
Ba,Ti»OsCO3 metastable phase. The combustion of
the major Ba,Ti,0sCO3 phase and the formation of
BaCO; and BaTiOs phases occurred at 615.89 °C
and 781.8 °C. These results were consistent with the
co-presence of BaCO; phase in the as-synthesised
BTO (1:8:8) calcined at 600°C and 700°C [7]. The
as-synthesized BTO (1:3:3) exhibited a similar
weight loss curve as the as-synthesised BTO (1:2:2)
except its third and fourth weight losses happened at
lower temperatures of 366.2°C and 462.3°C. As
such, the weight losses were associated to the
dehydration and decomposition of Ba,Ti;OsCO3
metastable phase. Above 619.8 °C, no traceable
weight loss was observed in the as-synthesized BTO
(1:3:3). This result was ascribed to the formation of
BaTiO3 phase without any trace of BaCOs as all the
residual organic matters had been decomposed
completely.
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Based on the TGA plot, the overall reaction for the
formation of BaTiOs; with marginal trace of BaCOs
can be tracked from the reaction between tert-
butylamine and oleic acid, hydrolysis of CeH1gN2OgTi
during hydrothermal synthesis and combustion of
intermediate Ba,Ti,OsCO3; metastable phase. Tert-
butylamine reacts with oleic acid with the following
deprotonated process:
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The hydrolyzed Ti species can react with other
C6H18N208Ti molecules or hydrolyzed species as
expressed in Eq. 3 and Eq. 4. The barium species as
well as the airborne CO2 can incorporate into
hydrolyzed Ti molecules to form Ba2Ti205CO3
metastable  cross-liked phase. The irregular
morphology of BTO nanoparticles in this work
originated from both the incomplete hydrolysis of
C6H18N208Ti and deprotonating of oleic acid.

C17H33COOH + (CH3)sCNH, — C17H33COO" + (CH3)sCNHs* (Eq. 1)
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Figure 3. TGA curves of as-synthesised BTO (1:2:2) and (1:3:3).

This deprotonated process of oleic acid can improve
the connection with barium ion. This process is pivotal
for controlling the shape of BaTiOs nanostructures [3],
particularly to form BaTiO3; nanocubes [7]. On the
other hand, Ti precursor is formed from the hydrolysis
of CeH1gN2OsTi under hydrothermal conditions. Its
initial hydrolysis processes are as follows, where the
CsHsO3N component is represented as X:

X2(OH),Ti + H,0 — X(OH)sTi + HX (Eq. 2)

X(OH)sTi + X2(OH).Ti — X(OH),Ti-O-Ti(OH)X, +
H.0 (Eq. 3)

X2(OH),Ti + Xo(OH);Ti — X(OH),Ti-O-Ti(OH)X, +
HX (Eq. 4)

Figure 4 depicts the UV-Vis absorption spectra of the
BTO-1000s with well-defined direct band gap energy.
The optical band gap, Eq was estimated from the UV—
Vis spectra based on the Tauc and Davis-Mott models
[17] with a direct allowed electronic transition. The Egq
of BTOs was determined from the interception of the
linear portion of the Tauc plots. The band gaps of
BTO-1000 (1:2:2) and BTO-1000 (1:3:3) were 3.95
eV and 4.09 eV, respectively. These Eg values were
higher than that of the reported BTO bulks (2.9-3.4
eV) [5]. The enhancement of the Eqof BTO-1000s was
owed to their high crystallinity upon calcination.
Unlike the disordered amorphous BTO, the crystalline
BTO exhibits a higher band gap according to the first
principle calculation [18]. However, the Urbach tails
(exponential decay tail) in the lowest energy edge of
the Tauc plots for the BTO-1000s demonstrated that
the band structures of the BTO-1000s were non-
uniform with the coexistence of localized state [18].
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Figure 4. Tauc plots of as-synthesised BTOs and BTO-1000 for different
molar ratios of Ba:OA:TA, 1:2:2 and 1:3:3

The UV-Vis results are interrelated to photo-
luminescence spectra. Luminescence is observed
when BTO is excited by photo-radiation above the
band gap energy. A direct transition from the near
conduction band edge to the valance band is permitted
if the excitation energy is higher than the band gap.
Improving the structural disorder of BTOs by thermal
treatment also uplifts the band gap but vanishes their
photoluminescence intensities [6, 18]. The photo-
luminescent emission spectra of BTO-1000s,
irradiated and excited at 325 nm (3.81 eV) are shown
in Figure 5. Strong violet photoluminescence
emissions centred at approximately 434 nm (2.85 eV)
were obtained in BTO-1000 (1:2:2) and BTO-1000
(1:3:3). The photoluminescence intensity of the BTO-
1000s contrarily reached their highest values as
compared to their as-synthesised counter parts. As a
result of the excitation used in this work, which was

lower than the obtained band gaps of the BTO-1000s,
it was difficult for an electron in the valence band to
be effortlessly excited to the conduction band. In turn,
it was likely to be excited to the localized levels within
the forbidden gap of BTO. Such a photoluminescence
increment in the BTO-1000s is imputed to the
coexistence of localized state. Consequently, it was
evident that both the violet photoluminescence and
UV-Vis Urbach effect just below the free exciton
energy of the BTO-1000s were in accord with the
presence of localized state. Therefore, the
recombination of an excited electron in Ti-3d band
and hole in the O-2p valence band instigated
photoluminescence easily. The localized state could
be formed due to structural disorder such as low
crystallinity, amorphous state, oxygen vacancies,
lattice defects, impurities and local bond dangling
[19].
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Figure 5. Photoluminescence spectra of as-synthesised BTOs and BTO-1000 for different
molar ratios of Ba:OA:TA, 1:2:2 and 1:3:3
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Based on Souza et al. (2012) [20], the strong violet
emission in the BTO-1000s stemmed from shallow
defects such as oxygen vacancies. The deep defects
due to charge carriers trapping, in contrast, emit
photoluminescence beyond green, yellow and red
emissions. Since the calcination of BTO-1000s was
carried in ambient air, the insufficient flow of oxygen
during calcination caused oxygen deficiency in the
structure of the BTO-1000s [7]. Hence, the density of
non-bridging oxygen was higher in the BTO-1000s.
These oxygen vacancies not only distorted the BTO-
1000 structures but introduced localized electronic
states. The oxygen vacancies can act as radiative
centres in luminescence process whereas the
formation of Ti* can trap the excitons and behave as
recombination centres. They trapped electrons from
the valance band by creating self-trapping excitions.
Thus, oxygen vacancies promote high photo-
luminescence intensity in BTO-1000s with sufficient
excitation (excitation energy < band gap energy) [7].

Apart from the oxygen vacancy, the marginal
amount of BaCOs; phase may influence the
photoluminescent behaviour in the BTO-1000s. The
photoluminescence intensity of BTO-1000 (1:3:3)
was much lower than BTO-1000 (1:2:2) though both
of the BTO-1000s underwent the similar calcination
condition. This means that surface state also played a
pivotal role in the photoluminescence features in the
BTO-1000s. The different proportions of Ba: TA: OA
was initially to control the growth of BTO-1000
nanostructures with uniform size and morphology. It
is worth to note that the ordered aggregates of
nanostructures vanish when the proportion is less than
1:8:8 [21]. However, these proportions affect the
phase formation of BTO with and without the BaCOs3
secondary phase. Although BaCOsz; does not
demonstrate photoluminescent behaviour as explained
by Moreira et al. (2008) [22] and Orhan et al. (2005)
[6], the BaCOs phase distorted the crystal structure of
BTO-1000 (1:2:2). This distortion perturbed the
charge transfer from a Ti®* ion to a neighbouring 0>~
ion and enhanced the photoluminescence intensity.
Surface state excitons are closely related to a high
density of unsaturated atoms and dangling bond
existing in the periphery of the BTO and BaCOs
phases found in BTO-1000 (1:2:2). Hence, this
indicates that surface state and structural disorder
share equal dominant factors for improving the
photoluminescence at violet wavelength.

CONCLUSION

In summary, we demonstrated the synthesis of BTO
nanostructures via a hydrothermal method with the
assistance of additive, surfactant and heat treatment.
BTO-1000 (1:2:2) showed stronger emission than
BTO-1000 (1:3:3) in a similar violet wavelength
region. The enhanced photoluminescence intensities
of the BTO-1000s stemmed from localized state which
was evidenced from the tunable optical band gaps and
the Urbach effect just below the free exciton energy.
These localized states are closely related to oxygen
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vacancies. Structural disorder and surface state both
were the key factors for improving the photo-
luminescence of BTO-1000 (1:2:2), which was not
completely freed from the BaCO3 phase.
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