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Abstract Ti,Mg;_,O heteronanostructures (x = 0.02
to 0.50) have been synthesized by a novel thermal
decomposition route, and the effect of concentration of
titanium and calcination temperature on optical prop-
erties of the heteronanostructures has been investigated.
Phase analysis using powder X-ray diffraction demon-
strates the formation of mixture of MgO and MgTiO;
when x =0.02 to 020 and pure MgTiO; when
x = 0.33t0 0.50. Scanning electron microscopy studies
show that the TiMg;_,O samples with x = 0.02 to
0.20 consist of particles with a mixture of flower- and
rod-like morphology, whereas the Ti,Mg;_,O samples
with x = 0.33 to 0.50 possess rod-like morphology.
Transmission electron microscopy studies show that the
flowers are in turn formed by assembly of nanoparticles
and the hollow rods are formed by aggregation of
dumbbell-shaped nanoparticles. Diffuse reflectance
spectroscopic studies show that band gap of the
Ti,Mg;_,O heteronanostructures can be tuned from
3.2 to 4.2 eV by varying the concentration of titanium
and the calcination temperature. Photoluminescence
spectra show emission bands in visible and near-
infrared regions due to defects present in the Ti,Mg; O
heteronanostructures.
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Introduction

Magnesium oxide is widely used for various applica-
tions as it is chemically stable (Gao et al. 2012). The
electrical resistance of MgO is high and it is a
promising material for high-temperature insulation
(Ceylantekin and Aksel 2012). MgO has been used as
an adsorbent (Bian et al. 2010; Dadvar et al. 2013;
Tian et al. 2013), bactericide (Rao et al. 2013), and a
catalyst (Bain et al. 2008). TiO, is an n-type
semiconductor and it is used in a variety of applica-
tions such as photocatalysis (Wang et al. 2004),
lithium-ion batteries (Jiang et al. 2012; Li et al. 2012),
water splitting (Liu et al. 2011), and dye-sensitized
solar cells (Cheng et al. 2013; Qu et al. 2010; Zhang
et al. 2014). When MgO and TiO, co-exist, the mixed
phase collectively exhibits unique properties and
binary MgO-TiO, systems have been widely investi-
gated due to their applications in photocatalysis
(Bandara et al. 2004, 2006), dielectrics (Tang et al.
2014; Xue et al. 2013), and dye-sensitized solar cells
(Jung et al. 2005; Li et al. 2011).

In general, when trace amount of a cation is added
to a pure metal oxide, doping of the cation in the host
metal oxide takes place. Up to about 4 % titanium ions

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-016-3396-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-016-3396-z&amp;domain=pdf

83 Page 2 of 20

J Nanopart Res (2016) 18:83

can be incorporated into MgO lattice as it is the
maximum solubility of titanium in MgO (Wang et al.
2008). Doping of Ti*" ions in MgO generates defects
that affect nature of the grain boundaries and causes
n-type conductivity (Lee and Ko 2014). Different
synthetic routes have been reported for the synthesis of
Ti**-doped MgO and MgO-TiO, mixed metal oxides
such as sol-gel method (Rao et al. 2013; Bokhimi et al.
1999), co-precipitation (Wang et al. 2008, 2009), and
solid-state reaction (Yang and Shen 2005). The most
stable phases in which Mg?* and Ti** ions co-exist are
Mg,TiO4, MgTiOs3, and MgTi,05 and their bulk band
gap values are 3.6 eV, 3.7 eV, and 3.4 eV, respec-
tively (Ho et al. 2014; Qu et al. 2013; Pfaff 1994).
Among these three phases, MgTiO3 has been widely
investigated for various applications such as dilute
magnetic semiconductors (Fujioka et al. 2011, 2012),
photocatalysis (Qu et al. 2013; Shrestha et al. 2013),
and dielectric materials (Tang et al. 2014; Gao et al.
2008; Huang et al. 2011). A number of synthetic
methods have been reported for the synthesis of
MgTiO; such as solid-state reaction (Fujioka et al.
2011; Tang et al. 2014; Huang et al. 2011), thermal
decomposition of precursors (Qu et al. 2013),
hydrothermal synthesis (Dong et al. 2011), and sol—
gel method (Mohammadi and Fray 2012).

Ethylene glycol is a reducing solvent with high
boiling point (~ 197 °C) and the synthesis of mate-
rials based on ethylene glycol is called polyol
synthesis. Metal ions form alkoxides on reaction with
ethylene glycol, and the alkoxide species assemble to
form metal glycolates with different morphologies
(Chakroune et al. 2005) and different metal ions show
different behavior. For example, on reaction with
ethylene glycol, metals such as magnesium and nickel
form layered glycolates, whereas titanium forms linear
chains (Chakroune et al. 2005; Pol et al. 2007). The
morphologies reported for the metal oxides synthe-
sized using glycolate precursors include nanoflowers,
nanorods, spheres, multi-faceted structures, nanonee-
dles, nanowires, nanopillars, and nanodisks (Bain et al.
2008; Wang et al. 2004; Jiang et al. 2012; Li et al.
2012; Liu et al. 2011; Qu et al. 2010; Zhang et al.
2014; Cheng et al. 2013; Qu et al. 2013; Chakroune
et al. 2005; Cao et al. 2006; Wang et al. 2015; Qu et al.
2012).

Bain et al. have reported the synthesis of coralline
MgO via glycolate precursor (Bain et al. 2008). Qu

@ Springer

et al. and Wang et al. have reported the synthesis of
MgTiO3-MgTi,0O5 heterogeneous and mesoporous
nanorods by an ethylene glycol-mediated route at
room temperature, respectively (Qu et al. 2013; Wang
et al. 2015). Chakroune et al. have reported the
formation of disk-shaped cobalt oxide nanostructures
via cobalt glycolate (Chakroune et al. 2005) and Cao
et al. have reported the synthesis of hierarchically
structured cobalt oxide nanoparticles using glycolate
precursors (Cao et al. 2006). Yadav et al. have studied
the synthesis of bi- and tri-metallic titanium-based
oxides with rod-like morphology via glycolate pre-
cursors (Yadav et al. 2011). Qu et al. have reported the
synthesis of NiTiO3 nanorods via metal glycolate
precursors (Qu et al. 2012) and Subramania et al. have
reported the synthesis of MgO nanowires via polyol
process (Subramania et al. 2007). The present study
reports the synthesis and band gap tuning of morpho-
logically interesting MgO-MgTiO; and MgTiO;
heteronanostructures in a wide range (3.2-4.2 eV).
Although ethylene glycol-mediated route has been
reported for the synthesis of various metal glycolates,
the synthesis of band gap (3.2-4.2 eV)-tunable Ti**-
doped MgO heteronanostructures from Ti-Mg glyco-
lates with a wide range of titanium concentration
(0.02-0.50 mmol) and with a mixture of flower- and
hexagonal rod-like morphology has been reported for
the first time.

In the present study, Ti,Mg, ,O samples with
x = 0.02-0.50 have been synthesized by the thermal
decomposition of Ti-Mg glycolate precursors (Bain
et al. 2008). Titanium isopropoxide and magnesium
acetate with different molar ratios were thermally
decomposed in ethylene glycol in the presence of
poly(vinylpyrrolidone) (PVP) to obtain metal glyco-
late precursors. The precursors were calcined at 500
and 700 °C to obtain a mixture of MgO and MgTiO;
when x = 0.02-0.20 and pure MgTiO; is formed
when x = 0.33-0.50. Thermal stability of the Ti-Mg
glycolate precursors was investigated by thermo-
gravimetric analysis and functional group analysis
was carried out using IR spectroscopy. Phase analysis
of the Ti,Mg;_,O samples was carried out using
powder X-ray diffraction, morphological properties
were studied by FE-SEM and TEM analysis, and
optical properties of the Ti,Mg;_,O samples were
investigated by diffuse reflectance spectroscopy and
photoluminescence spectroscopy.
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Experimental procedure
Materials

The chemicals used for the synthesis of Ti-Mg
glycolates were magnesium acetate tetrahydrate (Hi-
media, 98 %), titanium isopropoxide (Aldrich, 97 %),
ethylene glycol (Rankem®, 98 %), poly(vinylpyrroli-
done)-10 (Aldrich), and ethanol (Changshu Yangyuan
Chemical, China, AR, 99.9 %). All the chemicals
were used as received.

Synthesis

Thermal decomposition method was used to prepare
the Ti-Mg glycolates (Bain et al. 2008). Titanium
isopropoxide and magnesium acetate were taken in
different molar ratios (titanium isopropoxide: magne-
sium acetate = 0:1.0, 0.02:0.98, 0.04:0.96, 0.10:0.90,
0.20:0.80, 0.33:0.66, 0.50:0.50, and 1.0:0) and the
total concentration of the reagents was kept constant
(1 mmol). The contents were thermally decomposed
in ethylene glycol (20 mL) at 180 °C for about
150 min in the presence of 1.5 mmol (166 mg) of
poly(vinylpyrrolidone). A white product was formed
in each reaction which was washed three times with
ethanol and dried overnight in an oven at about 80 °C.
The obtained Ti-Mg glycolates were calcined at 500
and 700 °C for 2 h with a heating rate of 2 °C per
minute in a muffle furnace (Nabertherm®). The
designation of Ti,Mg; O samples along with the
concentration of the reagents used is given in Table 1
and the calcination temperature is mentioned along

with the sample ID. For example, the Ti*"-doped
MgO sample, prepared using 0.02 mmol of titanium
isopropoxide and 0.98 mmol of magnesium acetate
and calcined at 500 °C, 1is designated as
[Ti:Mg = 0.02:0.98]-500.

Characterization

Phase analysis was carried out using a Bruker AXS D8
Advance powder X-ray diffractometer with Cu-Ka
radiation (4 = 1.5406 10\) and scan speed, 1 * /min.
Thermo-gravimetric analysis was carried out using a
Perkin Elmer Pyris Diamond instrument and the Ti—
Mg glycolates were heated from 30 to 1000 °C with a
heating rate of 10 °C min~" in air. Infrared spectra of
the Ti-Mg glycolates were recorded using a Thermo
Nicolet Nexus (FT-IR) spectrometer using KBr pel-
lets. About 1-2 mg sample powder was mixed with
about 200-300 mg of KBr to prepare the pellets and
IR spectra were recorded at room temperature in the
range 4000-400 cm™'. The morphological and ele-
mental analyses of the samples were performed using
a field emission scanning electron microscope (FEI
Quanta 200F) operating at 20 kV coupled with an
energy-dispersive X-ray analysis (EDXA) unit. Trans-
mission electron microscopic images were recorded
using an FEI TECNAI G? electron microscope
operating at an accelerating voltage of 200 kV. For
the TEM analysis, the powder samples (~ 1-2 mg)
were dispersed in about 5 mL ethanol by sonication
and a drop of the dispersion was allowed to dry in air
on carbon-coated copper grids. The optical properties
of TiMg;_,O samples were studied by diffuse

Table 1 Designation of Ti,Mg;_,O samples synthesized by thermal decomposition method and morphologies of Ti-Mg glycolates

as observed by FE-SEM

SI. No. Sample ID Mg(ac), (mmol) Titanium isopropoxide Morphology
(mmol) (from FE-SEM)

1. [Ti:Mg = 0.0:1.0] 1.00 0.00 Nanoflowers

2. [Ti:Mg = 0.02:0.98] 0.98 0.02 Nanoflowers

3. [Ti:Mg = 0.04:0.96] 0.96 0.04 Nanoflowers, rods
4. [Ti:Mg = 0.10:0.90] 0.90 0.10 Nanoflowers, rods
5. [Ti:Mg = 0.20:0.80] 0.80 0.20 Nanoflowers, rods
6. [Ti:Mg = 0.33:0.66] 0.66 0.33 Rods

7. [Ti:Mg = 0.50:0.50] 0.50 0.50 Rods

8. [Ti:Mg = 1.0:0.0] 0.00 1.00 Rods
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reflectance spectroscopy (DRS) and photolumines-
cence spectroscopy (PL). The diffuse reflectance
spectra were recorded in the range from 200 to
800 nm using a Shimadzu UV-2450 UV-Vis spec-
trophotometer and BaSO, was used as the reference.
About 40 mg sample powder was grounded with about
4 g BaSO, to record the diffuse reflectance spectra.
A Shimadzu RF-5301 spectrofluorometer was used to
obtain the PL spectra with three excitation wave-
lengths (250, 500, and 550 nm). About 5 mg of each
powder samples were dispersed in 5 mL of water by
sonication and the emission spectra were recorded at
room temperature for the suspensions.

Results and discussion

The results pertinent to the Ti—-Mg glycolates and the
Ti*"-doped MgO heteronanostructures have been
discussed separately.

Ti—Mg glycolates

Figure 1 shows XRD patterns of the as-prepared Ti—
Mg glycolates (i.e., before calcination). In the metal
glycolates, the metal—ethylene glycol (EG) chains are
formed by a linear growth of MOg octahedra. Each
chain is surrounded by six other chains and the chains
are held together by van der Waals interactions
forming an extended array (Wang et al. 2004). In the

* Mg glycolate
@ Ti-Mg glycolate
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w
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Fig. 1 XRD patterns of Ti-Mg glycolates synthesized using
0.0, 0.02, 0.04, 0.10, 0.20, 0.33, 0.50, and 1.0 mmol of titanium
isopropoxide before calcination
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XRD pattern of the sample synthesized by the thermal
decomposition of pure magnesium acetate in EG,
weak diffraction peaks due to magnesium glycolate
are observed (Bain et al. 2008; Chakroune et al. 2005).
Magnesium glycolate is a magnesium alkoxide in
which (C,H,0,)*>~ dianions chelate Mngr to form
distorted [MgOg] octahedra similar to brucite-like
hydroxides (Cao et al. 2006). In the XRD pattern of the
sample synthesized using pure titanium isopropoxide,
XRD peaks due to titanium glycolate are observed. In
pure titanium glycolate, edge-sharing [TiOg] octahe-
dra are arranged in a linear manner to form one-
dimensional chain-like structure (Pol et al. 2007). The
XRD pattern of Ti-Mg glycolate synthesized using
0.02 mmol of titanium isopropoxide and 0.98 mmol
of magnesium acetate resembles that of pure magne-
sium glycolate. After the addition of 0.04-0.50 mmol
of titanium isopropoxide, peaks due to titanium
magnesium glycolate (Ti—-Mg glycolate) are observed
in the XRD patterns. The high intensity of observed
XRD peaks in these patterns suggests that the Ti-Mg
glycolates possess good crystallinity. In Ti-Mg gly-
colate, the [TiO¢] octahedra are bridged together via
[Mg(OC,H,),] moieties and these moieties condense
in a linear fashion to form Ti-Mg—EG polymer chains
(Qu et al. 2012; Yadav et al. 2011). On increasing the
concentration of titanium isopropoxide used during
the synthesis of Ti—-Mg glycolates, the intensity of the
peaks due to magnesium glycolate decreases and that
of the peaks due to titanium glycolate increases. In the
XRD patterns of Ti-Mg glycolates prepared using
0.04 and 0.10 mmol of titanium isopropoxide, an
additional broad peak is observed at low angle
(20 ~10.1°) attributed to the presence of a small
amount of magnesium glycolate. This peak is not
observed in the XRD patterns of other Ti-Mg
glycolate precursors (Ti:Mg = 0.20:0.80, 0.33:0.66,
and 0.50:0.50). The Ti-Mg glycolates synthesized
using 0.20, 0.33, and 0.50 mmol of titanium iso-
propoxide show similar XRD patterns which indicate
that the glycolates possess the same phase irrespective
of the concentration of titanium isopropoxide used
during their synthesis. Similar XRD results have been
reported by Qu et al. for Ti-Mg glycolates (Qu et al.
2013).

The TGA patterns for Ti-Mg glycolates are shown
in Fig. 2a and the TGA results are summarized in
Table 2. Pure magnesium glycolate shows a two-step
weight loss. The first weight loss (18 %) in the
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Fig. 2 a TGA patterns and b IR spectra of Ti-Mg glycolate

precursors synthesized using 0.0, 0.02, 0.04, 0.10, 0.20, 0.33,
0.50, and 1.0 mmol of titanium isopropoxide

Table 2 Summary of the TGA results of Ti-Mg glycolates

temperature range 30-320 °C is due to the desorption
of physisorbed water and ethylene glycol molecules.
The second weight loss (40 %) in the temperature
range 320-400 °C is due to the decomposition of
magnesium glycolate (Bain et al. 2008; Subramania
et al. 2007). In a similar manner, a two-step weight
loss pattern is observed for pure titanium glycolate.
The first weight loss (23 %) at around 30-265 °C is
attributed to the removal of adsorbed water and
ethylene glycol, and the second weight loss (36 %)
at around 265-330 °C is attributed to the decompo-
sition of titanium glycolate (Jiang et al. 2004). TGA
patterns with three to four major weight loss steps are
observed in the case of Ti-Mg glycolates. The first
weight loss step (1-15 %) in the temperature range
30-210 °Cis due to the removal of adsorbed water and
ethylene glycol. The second weight loss step
(~15-25 %) in the temperature range around
200-250 °C is attributed to the decomposition of Ti—
Mg-EG polymer moieties, and the third weight loss
(~30-40 %) in the temperature range 250-350 °C is
due to the formation of Ti—-EG complex from the
decomposition of Ti-Mg glycolate (Qu et al. 2012).
The small weight loss (about 3 %) at around
350-650 °C is attributed to the formation of MgTiO3
from the decomposition of titanium-EG complex. In
the Ti-Mg glycolate, prepared using 0.02 mmol of
titanium isopropoxide, a two-step weight loss pattern
similar to that of pure magnesium glycolate is
observed. For the Ti-Mg glycolates prepared using
0.04 and 0.10 mmol of titanium isopropoxide, weight
loss patterns with four steps are observed. For the Ti—

SI. No. Sample ID Removal of physisorbed H,O and Decomposition of organic Overall weight
ethylene glycol moieties loss (%)
Temp. (°C) % wt. loss Temp. (°C) % wt. loss

L. [Ti:Mg = 0.0:1.0] 30-320 18 320-400 40 58

2. [Ti:Mg = 0.02:0.98] 30-200 10 200-360 43 53

3. [Ti:Mg = 0.04:0.96] 30-190 15 190-420 47 62

4. [Ti:Mg = 0.10:0.90] 30-190 7 190-400 54 61

5. [Ti:Mg = 0.20:0.80] 30-200 210-650 68 72

6. [Ti:Mg = 0.33:0.66] 30-210 2 210-650 70 72

7. [Ti:Mg = 0.50:0.50] 30-210 210-650 69 70

8. [Ti:Mg = 1.0:0.0] 30-265 23 265-330 36 59
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Fig. 3 FE-SEM images of Ti-Mg glycolates: a pure magnesium glycolate, Ti-Mg glycolates prepared using b 0.02, ¢ 0.04, d 0.10,
e 0.20, £ 0.33, and g 0.50 mmol of titanium isopropoxide, and h pure titanium glycolate

Mg glycolates prepared using 0.20, 0.33, and
0.50 mmol of titanium isopropoxide, three-step
weight loss patterns attributed to desorption of
physisorbed solvent and decomposition of organic
component with the formation of Ti—-EG complex by
the decomposition of Ti—-Mg glycolate are observed.
The temperature required for the complete decompo-
sition of the Ti-Mg glycolates decreases from 400 to
300 °C, and the overall weight loss increases from
about 53 to 70 % on increasing the concentration of
titanium isopropoxide. In the Ti-Mg glycolates, the
presence of more and more amount of glycolate units
with weaker bonding between the Ti-Mg—-EG moi-
eties leads to easy removal of the organic component
with increasing weight loss.

The IR spectra of Ti-Mg glycolates are shown in
Fig. 2b. In the IR spectra of titanium glycolate,
magnesium glycolate, and Ti-Mg glycolates, bands
due to O-H stretching and bending vibrations are
observed at around 3423 and 1636 cm ™!, respectively
(Jiang et al. 2003). The IR bands at around 2916 and
2852 cm ™' are due to C—H stretching and the band at

@ Springer

about 2797 cm™ ' is due to C-H stretching of methoxy
group (Bain et al. 2008). The IR band due to
asymmetric stretching of CO5>~ is observed at about
1450 cm™'. The IR bands at around 1090 and
1020 cm ™" are attributed to C—C and C—O vibrations
of organic moieties and the bands at around 1234 and
1220 cm ™" are attributed to C—O—Ti bond (Bain et al.
2008). The IR band observed at around 660 cm ™' is
attributed to Ti—O bond and the bands at around 574,
521, and 467 cm ™! are attributed to Mg—O and Ti-O-
Ti bonds (Li et al. 2010).

Figure 3 shows the FE-SEM images of Ti-Mg
glycolates and Tables 4 and 5 show the summary of
EDX analysis results. Uniform flowers with a diameter
of 250 £+ 50 nm, formed by the aggregation of flakes,
are observed in pure magnesium glycolate which is in
agreement with the literature (Bain et al. 2008). In
pure titanium glycolate, rods with length
3.1 £ 0.5 um and width 220 £ 60 nm are observed.
In the samples prepared using 0.02, 0.04, 0.10, and
0.20 mmol of titanium isopropoxide, particles with a
mixture of rod-like and flower-like morphologies are



J Nanopart Res (2016) 18:83

Page 7 of 20 83

(b) Flowers

(a) Rods
Element Weight % Atomic %
OK 51.69 69.05
MgK 21.68 19.06
TiK 26.64 11.89
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Fig. 4 FE-SEM image of Ti-Mg glycolate [Ti:Mg = 0.20:0.80] and the corresponding EDXA plots at two different areas: a rods and

b flowers

formed. On increasing the concentration of titanium
isopropoxide, the number of rods increases and that of
flowers decreases. Hexagonal rods with length
4.2 + 0.7 pm and width 380 £ 75 nm are formed at
higher concentrations of titanium isopropoxide (0.33
to 0.50 mmol). Qu et al. have reported the synthesis of
Ti—Mg glycolate nanorods with Ti:Mg = 2:1, 1:1, and
1:2 (Qu et al. 2013). In the Ti—-Mg glycolates prepared
using 0.33 and 0.50 mmol of titanium isopropoxide,
only hexagonal rods are observed. On increasing the
concentration of titanium isopropoxide from 0.33 to

0.50 mmol, the length of rods increases from
42 + 0.7 to 5.3 &+ 1.2 um and the width increases
from 380 + 75 to 480 £ 100 nm.

The Ti-Mg glycolates, prepared using 0.02, 0.33,
and 0.50 mmol of titanium isopropoxide, show uni-
form elemental composition (Tables 4, 5). The ele-
mental compositions of Ti-Mg glycolates prepared
using 0.04, 0.10, and 0.20 mmol of titanium iso-
propoxide indicate that they are nonuniform. It was
found from EDX analysis that the rods are titanium
rich and the flowers are magnesium rich (Fig. 4). This
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is because of the presence of magnesium glycolate in
the flowers and Ti-Mg glycolate in the rods. The
presence of both magnesium glycolate and Ti-Mg
glycolate is noticed in the XRD patterns of precursors
prepared using 0.04 and 0.10 mmol of titanium
isopropoxide, but for the precursor prepared using
0.20 mmol of titanium isopropoxide, the presence of
magnesium glycolate was not detected in the XRD
pattern.

Ti*"-doped MgO heteronanostructures

The XRD patterns of Ti,Mg;_,O samples, obtained
after calcination of the corresponding Ti-Mg glyco-
lates at 500 °C, are shown in Fig. 5a and an overall
summary of the XRD results is provided in Table 3.
Pure magnesium glycolate forms MgO (JCPDS file no.
74-1225) after calcination at 500 °C. The crystallite
size of pure MgO, as calculated using the Debye—
Scherrer equation, is 12.3 nm. In the sample synthe-
sized using only pure titanium isopropoxide and
calcined at 500 °C, XRD peaks due to anatase TiO,
(JCPDS file no. 86-1157) are observed. The Ti,.
Mg, _,O samples prepared using 0.02, 0.04, and
0.10 mmol of titanium isopropoxide show XRD peaks
due to pure MgO, but at higher concentrations of
titanium isopropoxide (0.20-0.50 mmol), amorphous
nature of the samples is observed. During the addition
of titanium isopropoxide (0.02-0.10 mmol), the crys-
tallite size of MgO decreases from 12.3 nm to 5.3 nm.
The presence of titanium inhibits the crystallization of
Ti,Mg;_,O (Wang et al. 2009), and hence the intensity
of XRD peaks as well as the crystallite size of
Ti,Mg;_,O decreases on increasing the concentration
of titanium isopropoxide. The inhibition of crystal-
lization of Ti,Mg;_,O samples is due to difference in
jonic radius of Mg>* (0.72 A) and Ti** (0.64 A)
(Wang et al. 2009; Yang and Shen 2005), and the
crystallinity of the samples decreases on increasing the
concentration of titanium isopropoxide used during
the synthesis. In the sample [Ti:Mg = 0.10:0.90]
calcined at 500 °C, the presence of titanium has been
proved from the EDX results (Tables 4, 5). DRS
results (Fig. 11) also show an absorption band at
around 330 nm due to the presence of MgTiOs.
However, only MgO phase is detected in the XRD
pattern due to the inhibition of crystallization of
M¢gTiOj; at 500 °C due to the presence of titanium.
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Fig. 5 XRD patterns of a Ti,Mg;_,O samples prepared using
0.0, 0.02, 0.04, 0.10, 0.20, 0.33, 0.50, and 1.0 mmol of titanium
isopropoxide and calcined at 500 °C (black line is for MgO from
the JCPDS database and blue line is for anatase TiO,) and
b Ti,Mg; O samples calcined at 700 °C (black line is for MgO
from the JCPDS database, red line is for MgTiO3, blue line is for
anatase TiO,, and green line is for rutile TiO,)

The XRD patterns of Ti,Mg;_,O samples calcined
at 700 °C are shown in Fig. 5b. After calcination at
700 °C, pure magnesium glycolate forms MgO with a
crystallite size of 11.0 nm. After calcination of pure
titanium glycolate at 700 °C, XRD peaks due to
anatase TiO, along with peaks due to rutile (JCPDS
file no. 89-4920) are observed. The Ti,Mg;_,O sam-
ples synthesized using 0.02, 0.04, and 0.10 mmol of
titanium isopropoxide and calcined at 700 °C form a
mixture of MgTiO; (JCPDS file no. 79-0831) and
MgO. The percentage of MgTiO5; was calculated from
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Table 3 Summary of the XRD results and the DRS results for the Ti,Mg;_,O samples obtained by the calcination of Ti-Mg

glycolates at 500 and 700 °C

Sl Sample ID 500 °C 700 °C
no- Phase Crystallite  Band Phase Crystallite  Band
size (nm)  gap size (nm)  gap
(eV) V)
1. [Ti:Mg = 0.0:1.0] MgO 123 - MgO 11.0 -
2. [Ti:Mg = 0.02:0.98] MgO 5.8 4.0 MgO (82 %), MgTiO; (18 %) 114,228 42
3. [Ti:Mg = 0.04:0.96] MgO 6.1 3.7 MgO (80 %), MgTiO; (20 %) 134,274 4.0
4. [Ti:Mg = 0.10:0.90] MgO 53 3.6 MgO (45 %), MgTiO; (55 %) 9.5, 28.5 4.1
5. [Ti:Mg = 0.20:0.80] Amorphous — 3.6 MgTiO3 29.1 3.7
6. [Ti:Mg = 0.33:0.66] Amorphous — 3.6 MgTiO3 25.0 3.6
7. [Ti:Mg = 0.50:0.50] Amorphous - 32 MgTiO; 29.8 3.6
8. [Ti:Mg = 1.0:0.0] Anatase 15.0 3.0 Anatase TiO, (45 %), 36.0,45.7 3.3
TiO, rutile TiO, (55 %)

Table 4 EDXA results and overall elemental composition of Ti-Mg glycolates and Ti,Mg;_,O samples calcined at 500 and 700 °C

SI. Sample ID Theoretical [Ti:Mg] molar [Ti:Mg] molar ratio in [Ti:Mg] molar ratio in  Elemental
no. Ti/Mg molar  ratio in Ti-Mg samples calcined at samples calcined at distribution
ratio glycolates 500 °C 700 °C

1. [Ti:Mg = 0.0:1.0] - - - - -

2. [Ti:Mg = 0.02:0.98] 0.02:1 0.02:1 0.02:1 0.02:1 Uniform

3. [Ti:Mg = 0.04:0.96] 0.04:1 0.10:1 0.09:1 0.11:1 Nonuniform
4. [Ti:Mg = 0.10:0.90] 0.11:1 0.14:1 0.15:1 0.13:1 Nonuniform
5. [Ti:Mg = 0.20:0.80] 0.25:1 0.32:1 0.29:1 0.33:1 Nonuniform
6. [Ti:Mg = 0.33:0.66] 0.50:1 0.80:1 0.90:1 0.80:1 Uniform

7. [Ti:Mg = 0.50:0.50] 1:1 0.90:1 1:1 1.1:1 Uniform

8. [Ti:Mg = 1.0:0.0] - - - - -

The analysis was carried out on large areas of samples

the most intense XRD peak [(104) reflection] for
MgTiO; (JCPDS file no. 79-0831). The sum of the
intensities of most intense reflections due to MgO
(I200y) and MgTiO3 (I(j04)) was assumed to be 100.
From the ratio of I(jo4/lora), the percentage of
MgTiO5; was estimated and I, refers to the sum
of Ingoy and Ipverios). The percentage of MgTiO;
increases from 18 to 55 % and that of MgO decreases
from 82 to 45 % on increasing the concentration of
titanium isopropoxide used during the synthesis of Ti—
Mg glycolates. The Ti,Mg; O samples prepared
using 0.20, 0.33, and 0.50 mmol of titanium iso-
propoxide form pure MgTiOs. As discussed above, the
presence of titanium during the synthesis inhibits the
crystallization of Ti,Mg;_,O samples. At 500 °C, the
energy required for the crystallization of Ti,Mg;_,O

sample is not sufficient, and hence only the XRD
pattern of MgO is observed for the samples prepared
using lower concentration of titanium isopropoxide
(0.02-0.10 mmol) and amorphous pattern is observed
in the XRD patterns for samples prepared using higher
concentrations of titanium isopropoxide (0.20-
0.50 mmol). At a higher calcination temperature
(700 °C), crystallization of TiyMg; O takes place
and the mixture of MgO and MgTiOs is observed for
the Ti,Mg;_,O samples prepared using 0.02—
0.10 mmol of titanium isopropoxide and MgTiOj is
formed in the samples prepared using 0.20-0.50 mmol
of titanium isopropoxide.

The FE-SEM images of Ti,Mg; O samples cal-
cined at 500 °C are shown in Fig. 6, and an overall
summary of EDX analysis results on large areas of

@ Springer



83 Page 10 of 20 J Nanopart Res (2016) 18:83

Table S EDXA results for Ti-Mg glycolate precursors and Ti,Mg; ,O samples calcined at 500 and 700 °C

SL Sample ID Theoretical Ti/Mg [Ti:Mg] molar [Ti:Mg] molar [Ti:Mg] molar Elemental
no. molar ratio ratio in Ti-Mg  ratio in samples ratio in samples distribution
glycolates calcined at calcined at
500 °C 700 °C

Flowers Rods Flowers Rods Flowers Rods

1. [Ti:Mg = 0.0:1.0] - - - - - - - -

2. [Ti:Mg = 0.02:0.98] 0.02:1 0.02:1 - 0.02:1 - 0.02:1 - Uniform

3. [Ti:Mg = 0.04:0.96] 0.04:1 0.02:1 0.16:1 0.03:1 0.14:1 0.02:1 0.15:1 Nonuniform
4. [Ti:Mg = 0.10:0.90] 0.11:1 0.09:1  0.14:1 0.09:1  0.30:1 0.11:1  0.22:1 Nonuniform
5. [Ti:Mg = 0.20:0.80] 0.25:1 0.22:1  040:1 0.16:1  0.50:1 0.19:1  0.50:1 Nonuniform
6. [Ti:Mg = 0.33:0.66] 0.50:1 - 0.80:1 — 0.90:1 - 0.80:1 Uniform

7. [Ti:Mg = 0.50:0.50] 1:1 - 0.90:1 - 1:1 - 1.1:1  Uniform

8. [Ti:Mg = 1.0:0.0] - - - - - - - -

The analysis was carried out on different selected areas of samples

120 pm

\ \/

}

//“7 \ ’\'2.0 pm

Fig. 6 FE-SEM images of Ti,Mg;_ O samples after calcination at 500 °C: a pure MgO, Ti,Mg;_,O samples prepared using b 0.02,
¢ 0.04,d 0.10, e 0.20, £ 0.33, and g 0.50 mmol of titanium isopropoxide, and h pure TiO,

samples and on different selected areas of samples is observed in pure MgO calcined at 500 °C. In the
provided in Tables 4 and 5, respectively. Particles Ti,Mg,_,O samples, synthesized using 0.02-0.20
with flower-like morphology (diameter around mmol of titanium isopropoxide and calcined at
250 &£ 50 nm) consisting of small nanoparticles are 500 °C, particles with hexagonal rod-like morphology
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(a)

Fig. 7 FE-SEM images of Ti,Mg; _,O samples after calcination at 700 °C: a pure MgO, Ti,Mg;_,O samples prepared using b 0.02,
¢ 0.04,d 0.10, e 0.20, £ 0.33, and g 0.50 mmol of titanium isopropoxide, and h pure TiO,

with length 4.2 + 0.7 pum and width 380 & 75 nm
along with flowers are observed. In the Ti,Mg;_,O
samples, synthesized using 0.33 and 0.50 mmol of
titanium isopropoxide and pure titanium isopropoxide,
particles with rod-like morphology are observed. The
length of the rods is 4.2 £ 0.7, 53 £ 1.2, and
31 £05um and the width is 380 % 75,
480 + 100, and 220 4 60 nm, respectively. The
EDX analysis results (Tables 4 and 5) indicate that
the Ti,Mg,_,O samples prepared using 0.02, 0.33, and
0.50 mmol of titanium isopropoxide exhibit uniform
elemental distribution, whereas the Ti,Mg;_,O sam-
ples prepared using 0.04, 0.10, and 0.20 mmol of
titanium isopropoxide show nonuniform elemental
distribution (Table 4). The flowers were found to be
magnesium rich, whereas the rods were titanium rich.
The FE-SEM images of Ti,Mg;_,O samples calcined
at 700 °C are shown in Fig. 7. The samples calcined at
700 °C show particles with similar dimensions as
those of the samples calcined at 500 °C, but the
small nanoparticles are more clearly visible in the

Ti,Mg;_,O samples calcined at 700 °C as compared
to the samples calcined at 500 °C. This is due to better
crystallization and growth at higher calcination tem-
perature. In the Ti,Mg;_,O samples calcined at
500 °C, the surface of the rods is smooth, whereas in
the samples calcined at 700 °C, the nanoparticles are
clearly visible on the surface. The morphology of the
Ti-Mg glycolate precursors is maintained in the
TixMg; O samples after calcination at 500 and
700 °C.

The TEM images of pure MgO calcined at 700 °C,
pure TiO, calcined at 700 °C, TiMg,_,O [Ti:Mg =
0.04:0.96] calcined at 500 and 700 °C, and Ti,Mg, _,O
[Ti:Mg = 0.33:0.66] calcined at 500 and 700 °C are
shown in Fig. 8. The HRTEM images of pure TiO,
calcined at 700 °C, TiMg;_,O [Ti:Mg = 0.04:0.96]
calcined at 500 and 700 °C, and TiMg,_,O
[Ti:Mg = 0.33:0.66] calcined at 700 °C are shown in
Fig. 9. Selected area electron diffraction (SAED) pat-
terns of pure MgO calcined at 700 °C, pure TiO,
calcined at 700 °C, Ti,Mg;_,O [Ti:Mg = 0.04:0.96]
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Fig. 8 TEM images of a pure MgO-700 °C, b [Ti:Mg = 0.04:0.96]-500, ¢ [Ti:Mg = 0.04:0.96]-700, d [Ti:Mg = 0.33:0.66]-500,

e [Ti:Mg = 0.33:0.66]-700, and f pure TiO,-700 °C

calcined at 500 and 700 °C, and TiMg;_,O
[Ti:Mg = 0.33:0.66] calcined at 700 °C are shown in
Fig. 10. In the TEM image of pure MgO calcined at
700 °C, agglomerated nanoparticles with irregular shape

@ Springer

and size 204 £ 6.4 nm and nanorods with length
36.5 = 7.4 nm and width 10.4 & 3.5 nm are observed.
In pure TiO, calcined at 700 °C, hollow rods with length
3.1 £ 0.5 pm and width 220 £ 60 nm formed by the
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{ i 0.24 nm (I WO())

10 nm a

Fig. 9 HRTEM images of a [Ti:Mg = 0.04:0.96]-500, b [Ti:Mg = 0.04:0.96]-700, ¢ [Ti:-Mg = 0.33:0.66]-700, and d pure TiO,

calcined at 700 °C

assembly of particles with irregular shape are observed.
In the TEM image of Ti,Mg;_,O [Ti:Mg = 0.04:0.96]
calcined at 500 °C, flakes along with rods (length
3.5 £ 0.7 pm and width 320 &£ 50 nm) formed by the
assembly of nanoparticles (size 5.5 £ 1.6 nm) are
observed. In the TEM image of Ti,Mg; ,O [Ti:Mg =
0.04:0.96] calcined at 700 °C, small nanoparticles
(17.7 £ 2.5 nm) are observed with rods (length 3.7 £
1.0 pm and width 420 + 70 nm) and the rods consist of
nanoparticles (size = 86.5 £ 9.6 nm). In the TEM
image of Ti,Mg;_,O [Ti:Mg = 0.33:0.66] calcined at
500 °C, hollow rods with length 4.5 £ 1.0 ym and
width 480 £ 100 nm are observed and these rods are
formed by the assembly of small nanoparticles (size
5.2 &£ 0.7 nm). In the same sample calcined at 700 °C,
dumbbell-shaped nanoparticles (length 137.6 £ 12.3
nm and width 45.3 + 5.3 nm) assemble to form hollow
rods (length 4.2 4+ 0.8 um and width 380 & 75 nm).

HRTEM image of Ti,Mg,_,O [Ti:Mg = 0.04:0.96]-
500 (Fig. 9a) shows lattice fringes with d-spacing
0.24 nm, which corresponds to (220) reflection of
MgO, and in the same sample after calcination at
700 °C (Fig. 9b), lattice fringes with d-spacing 0.46 nm
are observed, which are attributed to (110) reflection in
MgTiOs. In the TiMg; ,O sample [Ti:Mg = 0.33:
0.66]-700 (Fig. 9c), the observed lattice fringes with
d-spacing 0.38 nm are attributed to (012) reflection in
MgTiO;. In pure TiO; calcined at 700 °C (Fig. 9d), the
observed lattice fringes with d-spacing 0.35 nm are
attributed to (101) reflection in anatase TiO,.

In the SAED pattern of pure MgO calcined at
700 °C (Fig. 10a), rings and spots are observed which
are indexed to (111), (200), and (220) planes of MgO.
In the SAED pattern of pure TiO, calcined at 700 °C
(Fig. 10f), the observed spots are attributed to (101),
(200), and (211) planes of anatase TiO, and (111),
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Fig. 10 SAED patterns of a pure MgO calcined at 700 °C, b [Ti:Mg = 0.04:0.96]-500, ¢, d [Ti:Mg = 0.04:0.96]-700,
e [Ti:Mg = 0.33:0.66]-700, and f pure TiO, calcined at 700 °C

(301), and (202) planes of rutile TiO,. In the SAED sample calcined at 700 °C, two distinct SAED patterns
pattern of Ti,Mg,_,O [Ti:Mg = 0.04:0.96] calcined due to MgO and MgTiOj are observed (Fig. 10c, d). In
at 500 °C (Fig. 10b), rings due to (200) and (220) the TiMg;_ O [Ti:Mg = 0.33:0.66] calcined at
planes of MgO are observed, whereas in the same 500 °C, diffused SAED pattern was observed which

@ Springer



J Nanopart Res (2016) 18:83

Page 15 of 20 83

[Ti:Mg=1.0:0.0]-500
[Ti:Mg=0.50:0.50]-500
[Ti:Mg=0.33:0.66]-500
[Ti:Mg=0.20:0.80]-500
[Ti:Mg=0.10:0.90]-500
[Ti:Mg=0.04:0.96]-500
[ Ti:Mg=0.02:0.98]-500
[Ti:Mg=0.0:1.0]-500

% Reflectance (a.u.)

T . T L T L T L T L4 T ¥ T ¥
250 300 350 400 450 500 550 600
Wavelength (nm)

[Ti:Mg=1.0:0.0]-700
[Ti:Mg=0.50:0.50]-700
[Ti:Mg=0.33:0.66]-700
[Ti:Mg=0.20:0.80]-700
[Ti:Mg=0.10:0.90]-700
[Ti:Mg=0.04:0.96]-700
[Ti:Mg=0.02:0.98]-700
[Ti:Mg=0.0:1.0]-700

% Reflectance (a.u.)

T 1 LA T T T LA | )
250 300 350 400 450 500 550 600

‘Wavelength (nm)

Fig. 11 DRS plots of pure MgO and Ti,Mg; O samples
prepared using 0.02, 0.04, 0.10, 0.20, 0.33, 0.50, and 1.0 mmol
of titanium isopropoxide and calcined at a 500 °C and b 700 °C

suggests that this sample is amorphous, whereas in the
same sample calcined at 700 °C, spots due to MgTiO3
are observed (Fig. 10e) which proves single-crys-
talline nature of the rods.

Diffuse reflectance spectra of Ti,Mg;_,O samples
calcined at 500 and 700 °C are shown in Fig. 11a, b,
respectively, and a summary of the DRS results is
provided in Table 3. Pure MgO is optically transparent
in the 200-800 nm range, whereas Ti,Mg;_,O sam-
ples show absorption between 300 and 400 nm. The
calculation of band gap for pure MgO was not possible
because MgO does not absorb in the measured
wavelength range. The reported band gap for pure
MgOis 7.8 eV [Devaraja et al. 2014]. The band gap of

(a)
- [Ti:Mg=0.10:0.90]-700 (Chemical mixture),
8 [Ti:Mg=0.10:0.90]-700 (Physical mixture)
3
=
]
3
&
D
X
X
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Fig. 12 a DRS spectra of a physical mixture of MgTiO5; and
MgO calcined at 700 °C along with that of a sample synthesized
with same elemental composition ([Ti:Mg = 0.10:0.90]) and
calcined at 700 °C and (b) the corresponding Tauc plots

Ti,Mg;_,O samples calcined at 500 °C decreases
from 4.0 to 3.2 eV on increasing the concentration of
titanium isopropoxide used during the synthesis. For
the samples calcined at 700 °C, a decrease in the band
gap from 4.2 to 3.6 eV is observed on increasing the
concentration of titanium isopropoxide. The decrease
in the band gap on increasing the concentration of
titanium is attributed to an increase in the crystallite
size of MgTiO; (Table 3). At higher concentration,
Mg*" suppresses the growth of MgTiOs crystals with
the formation of smaller crystallites of MgTiO;,
whereas higher Ti*" content facilitates the formation
of MgTiO; and the band gap is red shifted (Bayal and
Jeevanandam 2014). The optical properties of a
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control sample which is a physical mixture of pure
MgO and MgTiOj; (both calcined at 700 °C) corre-
sponding to a composition Ti:Mg = 0.10:0.90 were
also measured. The observed spectrum was compared
with a TiMg;_,O sample synthesized using
Ti:Mg = 0.10:0.90 followed by calcination at
700 °C (i.e., chemical mixture). The DRS spectra of
these samples and the corresponding Tauc plots are
shown in Fig. 12. The observed band gap for the
chemical mixture (4.2 eV) is greater than that of the
physical mixture (4.0 eV). This is attributed to the
synergic effect of both the phases (MgO and MgTiO3)
present in the chemical mixture.

In the present study, an increase in band gap for
Ti,Mg;_,O samples is observed on increasing the
calcination temperature from 500 to 700 °C. On
calcining the Ti,Mg; _,O samples at 500 °C, structural
disorder is generated due to the formation of oxygen-
deficient [TiOs] clusters which cause an intrinsic
distortion in the metal-oxygen bonds which give rise
to intermediate energy levels within the band gap. On
increasing the calcination temperature to 700 °C,
[TiOg] clusters are formed, the number of [TiOs]
clusters is reduced, and the structural organization is
now better in short as well as long range (Ferri et al.
2009). The increase in the band gap is attributed to
depletion of the intermediate energy levels within the
optical band gap of MgTiOs. Ferri et al. have reported
an increase in the band gap (3.07-4.05eV) of
magnesium titanate due to reduction of intermediate
energy levels on increasing the annealing temperature
from 450 to 700 °C (Ferri et al. 2009).

The luminescence properties of Ti,Mg;_,O sam-
ples were studied at three excitation wavelengths, 250,
500, and 550 nm (Devaraja et al. 2014; Ho and Huang
2013). The PL spectra of Ti,Mg; _,O samples calcined
at 500 and 700 °C with the excitation wavelengths of
250, 500, and 550 nm are shown in Figs. 13 and 14,
respectively, and an overall summary of the PL results
is provided in Table 6. Figures 13a and 14a show the
PL spectra of Ti,Mg; _,O samples calcined at 500 and
700 °C, respectively, with an excitation wavelength of
250 nm. Emission bands at about 367 and 470 nm are
observed in pure MgO and in the Ti,Mg;_,O samples,
calcined at 500 and 700 °C. The emission band at
about 367 nm is attributed to surface oxygen vacan-
cies occupied by single electrons, while the emission
band at about 470 nm is due to unoccupied oxygen

@ Springer
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Fig. 13 PL spectra of Ti\Mg; O samples synthesized using
0.0, 0.02, 0.04, 0.10, 0.20, 0.33, 0.50, and 1.0 mmol of titanium
isopropoxide and calcined at 500 °C with different excitation
wavelengths: a 250 nm, b 500 nm, and ¢ 550 nm
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Fig. 14 PL spectra of Ti,Mg;_,O samples synthesized using
0.0, 0.02, 0.04, 0.10, 0.20, 0.33, 0.50, and 1.0 mmol of titanium
isopropoxide and calcined at 700 °C with different excitation
wavelengths: a 250 nm, b 500 nm, and ¢ 550 nm

vacancies on the surface (Devaraja et al. 2014). Band
edge emission for Ti,Mg;_,O samples is not observed
because the emission bands associated with surface
defects dominate the PL spectra. The intensity of
emission at 367 nm increases on increasing the
concentration of titanium isopropoxide which indi-
cates that the number of oxygen vacancies increases
with an increase in the concentration of titanium. The
intensity of emission bands at 367 and 470 nm is lower
for the samples calcined at 500 °C, compared to those
calcined at 700 °C. This is because the number of
oxygen vacancies on the surface increases on increas-
ing the calcination temperature.

Figures 13b and 14b show the PL spectra of
Ti,Mg;_,O samples, calcined at 500 and 700 °C,
respectively, with an excitation wavelength of
500 nm, and Figs. 13c and 14c show the PL spectra
of the same samples with an excitation wavelength of
550 nm. On excitation at 500 nm, pure MgO shows an
emission band at about 753 nm and TiMg,_,O
samples, calcined at 500 and 700 °C, show emission
bands at around 684 and 753 nm. Pure MgO as well as
Ti,Mg;_,O samples calcined at 500 and 700 °C show
an emission band at about 828 nm. The emission
bands in the NIR region are attributed to capture and
combination of charge carriers at the defect sites
located within the band gap. These defects are
associated with grains, orientation of crystallites, and
thermal stress in the crystal (Ho and Huang 2013). The
intensity of the NIR emission decreases in the
Ti,Mg;_,O samples on increasing the concentration
of titanium which is attributed to a decrease in the
number of grain defects on increasing the concentra-
tion of titanium isopropoxide used during synthesis.
On increasing the calcination temperature, the inten-
sity of emission bands in NIR region increases because
calcination at high temperature induces more thermal
stress and increases defects associated with the grain
boundaries (Ho and Huang 2013).

Materials with one-dimensional nanostructure
exhibit good electron transport and photochemical
activity (Yann et al. 2013). Although there are several
methods reported for the synthesis of 1D structures
(Wang et al. 2004; Jiang et al. 2012; Liu et al. 2011;
Qu et al. 2010), in the case of magnesium titanate it is
difficult to obtain 1D structure due to isotropic crystal
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Table 6 Summary of PL emission bands for TiyMg, yO samples calcined at 500 and 700 °C

Sl. no.  Sample ID Aexcitation = 250 nm Aexcitation = 500 nm A excitation = 350 nm
500 °C (nm) 700 °C (nm) 500 °C (nm) 700 °C (nm) 500 °C (nm) 700 °C (nm)
1. [Ti:Mg = 0.0:1.0] 367 369 753 753 828 828
2. [Ti:Mg = 0.02:0.98] 367, 470 368, 470 683, 754 685, 753 828 828
3. [Ti:Mg = 0.04:0.96] 367, 470 368, 470 684, 753 685, 753 828 828
4. [Ti:Mg = 0.10:0.90] 368, 470 368, 470 684, 753 685, 753 828 828
5. [Ti:Mg = 0.20:0.80] 368, 470 368, 470 684, 753 685, 753 828 828
6. [Ti:Mg = 0.33:0.66] 368, 470 368, 470 684, 753 685, 753 828 828
7. [Ti:Mg = 0.50:0.50] 368, 470 368, 470 684, 753 685, 753 828 828
8. [Ti:Mg = 1.0:0.0] 373, 470 373, 470 753 753 828 828

structure of precursors for titanium (Yu et al. 2007).
Semiconductors with band gap in the range 3.2-4.5 eV
play an important role in various applications such as
photocatalysis (Wang et al. 2004; Bandara et al. 2006,
2004), lithium-ion batteries (Jiang et al. 2012; Li et al.
2012), water splitting (Liu et al. 2011), dye-sensitized
solar cells (Qu et al. 2010; Zhang et al. 2014; Cheng
et al. 2013; Li et al. 2011; Jung et al. 2005), and
dielectric materials (Tang et al. 2014; Xue et al. 2013).
There are some reports on tuning the band gap of
magnesium titanates from about 3.2 to 3.6 eV on
varying the concentration of titanium and changing the
calcination temperature (Bayal and Jeevanandam
2014; Ferri et al. 2009). The present study reports the
synthesis of band gap-tunable Ti**-doped MgO
heteronanostructures with a wide band gap range
(Eg = 3.2 eV to 4.2 eV) with flower- and hexagonal
rod-like morphology with a larger range of titanium
concentration (0.02-0.50 mmol) for the first time by a
facile thermal decomposition approach.

Conclusions

In the present study, Ti,Mg;_,O heteronanostructures
(x = 0.0-0.50) have been synthesized by a novel
thermal decomposition approach. Phase analysis of
the precursors demonstrates the formation of Ti-Mg
glycolates and Ti,Mg,;_,O samples are formed by the
solid-state decomposition of Ti-Mg glycolates at 500
and 700 °C. Phase analysis of the Ti,Mg;_,O samples
calcined at 500 °C confirms the formation of MgO in
the samples prepared using 0.02—0.10 mmol of tita-
nium isopropoxide and amorphous phase in the

@ Springer

samples prepared using 0.20-0.50 mmol of titanium
isopropoxide. After calcination at 700 °C, formation
of MgO-MgTiOs is observed in the samples prepared
using 0.02-0.10 mmol of titanium isopropoxide and
pure MgTiOj; is formed in the samples prepared using
0.20-0.50 mmol of titanium isopropoxide. Morpho-
logical studies by FE-SEM and TEM analysis confirm
the formation of particles with rod- and flower-like
morphology in the Ti,Mg;_,O samples. The optical
band gap of Ti,Mg; _,O samples varies in a wide range
(3.2-4.2 eV) as a function of titanium concentration
and calcination temperature. In the photolumines-
cence spectra, emission bands at around 367 and
470 nm are observed due to surface oxygen vacancies
and NIR emission bands observed at around 684,
753, and 828 nm are attributed to the defects located
within the band gap. These heteronanostructures are
expected to be useful in photocatalysis, dye-sensitized
solar cells, and dielectric materials.
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