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Abstract

The electrical conductivity of low concentrations of lanthanum-doped
SrTiO; nanocube ceramics synthesized using the facile solvothermal
method in mixed organic and inorganic solvents with cetyltrime-
thylammonium bromide (CTAB) as a capping agent and tert-butyl amine
(TBA) as a mineralizer was investigated. X-ray diffraction patterns con-
firmed the formation of a high-purity perovskite phase, corresponding to
the standard data and the pattern refinement results. The particles of the
sample were nanocubes, whereas the La-doped SrTiO; sample particles
were more uniform in size and shape, as shown in TEM images. The FT-IR
spectrum confirmed the vibration of the CH;-N* groups from CTAB and
TBA, indicating an electrostatic interaction between their functional
groups and the particle surface. Substitution of La3* ions at low concen-
trations increased electrical conductivity compared to the undoped SrTiO;
sample. Lanthanum donates excess electrons, thereby increasing the num-
ber of electron carriers, which causes a reduction in the band gap energy
according to the UV-DRS spectrum analysis using the Tauc equation.
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o Synergistic effect of CTAB and TBA results in high crystallinity of La-doped SrTiO3 nanocubes with uniform morphology.

e The narrowing of the band gap energy is associated with higher valence dopant substitution.

e Higher valence substitution is useful for increasing the electrical conductivity of the La-doped SrTiO; nanocubes.

© 2023, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Nanomaterials have become means to overcoming the prob-
lem of realizing tunable electronic properties in bulk mate-
rials [1]. Controlling nanomaterials' shape, size, crystallin-
ity, and surface is the main focus of creating their unique
electronic, optical, mechanical, magnetic, and chemical
properties regarding quantum confinement effects and
large surface-to-volume ratios [2, 3]. Dresselhaus et al. re-
ported a practical approach to improving material proper-
ties, i.e., forming nanoscale components that cause quan-
tum confinement and scattering effects due to multiple

internal interfaces [4]. This approach has proven effective
in improving material properties in various advanced ma-
terial applications. Utilizing nanoparticles with lower di-
mensions (2D/quantum wells, 1D/quantum wires, as well
as oD/quantum dots) with specific physical characteristics
increases the electrical properties in 3D crystalline solids.
The electrical properties of these materials depend on the
number and arrangement of interacting atoms, ions, and
molecules inside their crystal structure.

Nanoscience is a collection of methods, techniques,
skills, and procedures for producing nano-size materials
with their unique characteristics. One of the indispensable
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nanomaterials is the oxide semiconductor. Nanostructured
metal oxide semiconductors have found many practical ap-
plications [5]. Nanomaterials' physical, chemical, mechan-
ical, optical, and electronic properties are applicable in var-
ious fields such as sensor [6], catalytic [7], optical ceramics
[8], food processing [9], and energy conversion materials,
namely dye-sensitized solar cells [10] and thermoelectric
materials [11].

Among the vast multitude of oxide semiconductors that
have been reported on strontium titanate (SrTiO3) nano-
material is one of the classic oxide types that have attracted
technological interest as electronic materials. The extensive
utilization of SrTiO; as electronic material is mainly due to
its flexible crystal structure and a wide range of tunable mor-
phological geometries [12]. Strontium titanate has an ideal
perovskite structure (ABOs) represented by a cubic unit cell
[13]. Its ideal cubic unit cell structure can be modified by in-
troducing foreign ions in the crystal, affecting the electronic
band structure and producing a new electronic behaviour
[14]. On the other hand, the cubic shape of the SrTiOs; pro-
vides a larger interface for the self-assembly of nanoparti-
cles, resulting in a well-defined morphology.

SrTiO; is a semiconductor with a broad band gap,
namely an indirect band gap of 3.25 eV and a direct band
gap of 3.75 eV, which can be tailored by substitution at the
Sr- or Ti-site to increase the number of carriers. Substitu-
tional doping can control the carrier concentration of
SrTiO3 to improve the electronic properties [15]. Improving
the carrier concentration through a higher valence dopant
for A- and B-sites in the perovskite structure can be accom-
plished by substituting transition elements in the SrTiO;
lattice. The substitution of lanthanum ions (La3*) and nio-
bium ions (Nb5*) in SrTiO; was reported as a potential
strategy to introduce electron donors, leading to an in-
crease in the concentration of electron carriers and, conse-
quently, an increase in electrical conductivity [16, 17]. Fur-
thermore, the electrical conductivity is affected by carrier
concentration and mobility due to changes in the electronic
structure [18].

It is widely reported that metal oxides produced by the
solvothermal process exhibit a high crystallinity and
smaller particle sizes with narrower particle distribution.
The synthesis parameters, such as molar ratios, solvents,
additives, and synthesis temperature and time, signifi-
cantly affect the purity and morphology of resulting par-
ticles [19]. In our previous work, we successfully synthe-
sized highly polycrystalline samples of SrTiO3; nanocubes
via the solvothermal method, utilizing CTAB and TBA's
synergistic effect as a capping agent and mineralizer [20].
SrTiO; nanocubes demonstrated distinguishing character-
istics related to their shape, namely the phenomenon of
surface scattering to introduce new functionalities. The
formation of nanocubes can significantly reduce the heat
conduction of SrTiO; through the phonon scattering mech-
anism so that the electrical conductivity does not change.
In addition, the electrical conductivity of SrTiO; can still

20f 8

ARTICLE

be improved while maintaining its cubic shape so that
SrTiO3 nanocubes retain their superior properties of high
electrical conductivity but low thermal conductivity. This
unique property of SrTiO3 allows its potential application
as a thermoelectric material [21].

In this work, the substitution of lanthanum ions (La3")
as electron donors to strontium-sites in perovskite SrTiO3
nanocubes was carried out using the solvothermal method
in mixed inorganic-organic solvents of water and ethanol-
isopropanol. A series of La-doped SrTiO; samples were pre-
pared. Their crystal structure, morphology, and molecular
interaction were characterized using X-ray diffraction,
transmission electron microscopy (TEM), and Fourier
transform infrared spectroscopy (FT-IR). The effect of lan-
thanum substitution on the electrical conductivity was also
investigated by measuring the electrical resistivity using an
LCR meter and the optical response using UV-vis Diffuse
Reflectance Spectroscopy (UV-DRS).

2. Experimental procedures

2.1. Materials

Titanium tetraisopropoxide (TTIP), lanthanum nitrate hex-
ahydrate (La(NOs3)3-6H20), cetyltrimethylammonium bro-
mide (CTAB), tert-butylamine (TBA) were bought from
Sigma-Aldrich Chemical Reagent Co., with high purity
299.9%. Strontium nitrate (Sr(NOs)2), sodium hydroxide
(NaOH), ethanol p.a, and isopropanol p.a were bought from
Merck & Co., Inc. (purity = 99%). All of the chemicals were
applied without any further purification.

2.2. Synthesis of La-doped SrTiO; nanocubes

Synthesis was conducted by preparing a TTIP solution in
a mixture of solvents (ethanol: isopropanol) while stirring
for 10 min at a speed of 300 rpm. After the dissolution,
1.0 M NaOH was added, and the mixture was stirred for
10 min until the formation of a suspension with a pH of
14. Then Sr(NO3)2 was added to the suspension, which was
placed in an ice bath while stirring for 20 min to form a
homogeneous white solution. CTAB was added to the solu-
tion with a mole ratio of STO:CTAB of 1:0.5 upon stirring
for 1 h. Then, 1 mole of TBA was added followed by stir-
ringfor 10 min. After that, the white solution was put into
a teflon vessel and placed in a Parr bomb model. The sol-
vothermal process was carried out in an oven at 220 °C
for 72 h. Next, the suspension was cooled at room temper-
ature and washed using distilled water and ethanol
through decantation. The precipitate was dried in an oven
at 105 °C for 5 h, forming SrTiO; powder, and the sample
was labeled STO. Likewise, samples prepared by adding
lanthanum in different amounts to form Sri-xLaxTiOs
(x = 0.025, 0.05, 0.075, 0.1) were also prepared using the
same synthesis procedure. La(NOs3); was added to the so-
lution after Sr(NOs3).. The La-doped SrTiO; samples were
labeled as SLTO-0.025, SLTO-0.05, SLTO-0.075,
SLTO-0.1, respectively.
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2.3. Characterization

The phases and crystal structures were characterized using
X-Ray Diffraction (XRD; PANalytical X-pert PRO) with Cu
Ko radiation at room temperature. XRD measurements of
the synthesized powder were carried out in the range of 20-
65° with a scanning rate of 0.5°/second. The XRD data was
subsequently refined using the Le Bail technique to deter-
mine the crystal system and unit cell parameters using the
Rietica software. The interaction of functional groups in the
samples can be determined by Fourier transform infrared
spectroscopy (PerkinElmer type FT-IR Spectrometer Fron-
tier). The morphology of the samples was observed using a
High Magnification Transmission Electron Microscope
(HM-TEM; Tecnai G2 20S-Twin Function). The bandgap en-
ergy was calculated by the sample's absorption in the UV
and visible light regions using ultraviolet-visible diffuse re-
flectance spectroscopy (UV-vis DRS; Analytic Jena
SPECORD 210 PLUS). Meanwhile, the electrical conductivity
value was calculated using the resistivity value measured
from the LCR meter (Motech MT 4099).

3. Results and Discussions

The crystallinity and crystal structure identification for all
synthesized samples was carried out by analyzing the XRD
patterns of the samples and comparing them with the
standard data (ICSD-94573), as shown in Figure 1. The XRD
patterns of SrTiO; and La-doped SrTiO; samples were sim-
ilar to the standard data. However, the crystallinity of the
samples decreased as the lanthanum concentration in-
creased, as indicated by the decrease and broadening of the
main diffraction peak (110) height and width, respectively.
The enlarged XRD patterns at the (110) peak slightly shifted
towards the higher 26 for all polycrystalline samples when
the La3* ion was substituted into the Sr?* site, correspond-
ing to the decrease in the lattice parameters and unit cell
volume. The lattice distortion within the crystal structure
caused the changes in the crystal structure as lanthanum
ions have smaller ionic radii (1.36 A) compared to the stron-
tium ions (1.44 A) [22]. As a result, the higher concentra-
tion of lanthanum dopant induced lower crystallinity and
resulted in the formation of a SrCO3; impurity.

The crystallinity of the SrTiO3; samples is related to the
dissolution of the TTIP molecules in the mixed solvent of
ethanol and isopropanol for stabilizing [Ti(OH)e]*  ions. In
turn, the stabilized [Ti(OH)s]? ions facilitate the diffusion
of Sr?* cations and initiate nucleation, thus leading to the
SrTiO5 crystal growth stage [23]. Utilizing mixed inorganic
and organic solvents (water-ethanol-isopropanol) with low
viscosity will enhance the ion diffusion rate in the reaction,
making it easier to initiate the nucleation stage to form
larger SrTiO3 nuclei. Carbon dioxide in atmospheric air pro-
motes the formation of SrCO3; as a secondary phase during
synthesis, which interferes with the formation of the per-
ovskite phase. The solubility of lanthanum in strontium ti-
tanate is low, limiting higher La3* ions concentrations in the
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host perovskite lattice. Moreover, lanthanum can form a sec-
ondary phase with oxygen at higher doping concentrations.
Therefore, lanthanum causes significant alterations in the
structural properties of SrTiO; perovskite [24].

Refinement analysis using the Le Bail method deter-
mines the structural properties of the final products. This
analysis was carried out in this work to investigate the ef-
fect of lanthanum doping on the SrTiOj3 structure using the
cubic phase parameters with the space group Pm3m as the
initial model. The refinement profiles of the polycrystalline
SrTiO; samples are shown in Figure 2, along with the dif-
ference curves between the Le Bail refinement pattern and
the diffraction pattern of the prepared samples. The exist-
ence of low peaks, which were not fitted for all samples,
was identified as an impurity phase of SrCOs. The La3* ions
substitution for Sr2* ions in the SrTiO; lattice resulted in
the lattice parameters and volume cell variation for all sam-
ples as displayed in Table 1. The lanthanum substitution
caused the shortening of the lattice parameters, thereby de-
creasing the unit cell volume, which signified the successful
lanthanum substitution at the strontium sites. The La-
doped SrTiO; diffraction peaks had a low discrepancy factor
(Rp, Rwp < 5%), indicating that the Le Bail refinement anal-
ysis showed a good fit for all the samples. Moreover, all dif-
fraction peaks were indexed with the Bragg reflection, in-
dicating that low concentrations of lanthanum-doped
SrTiO3 samples were single-phase products that adopted
the cubic Pm3m structure [17].

The refinement results prove that substituting low con-
centration of lanthanum in SrTiO; does not change the crys-
tal structure of SrTiOs. As a result, the STO and SLTO-0.025
samples were selected for further characterization, obser-
vation, and measurements.

The morphology of the STO and SLTO-0.025 samples, as
shown in Figures 3a and 3b, portray a nano-sized, uniform
cubic particle shape. The well-defined nanocube morphol-
ogy can be controlled by adjusting the parameters of the
solvothermal synthesis.
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Figure 1 XRD patterns of La-doped SrTiO; samples, STO (a), SLTO-

0.025 (b), SLTO-0.05 (c), SLTO-0.075 (d), SLTO-0.1 (e) and mag-
nified (110) main diffraction peak.
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Figure 2 Le Bail refinement of the structural model for all SrTiO,
samples; experimental XRD data (black open circles), calculated
data (red line), and the difference patterns between obtained XRD
data and the Le Bail refined (green line). The blue tick marks indi-
cate the positions of allowed Bragg reflections in the space group
Pm3m.

Table 1 Refined structural parameters of SrTiO; samples with dif-
ferent lanthanum content.

Parameter  STO St oon  oops o1
Space group Pm3m Pm3m Pm3m Pm3m Pm3m
Crystal Class Cubic Cubic Cubic Cubic Cubic
a=b=c (A) 3.9077 3.9063 3.9030 3.9063 3.9155
V (A3) 59.673 59.606 59.454 59.606 60.027
Z 1 1 1 1 1
R, (%) 2.40 2.62 2.77 3.07 3.85
Rup (%) 3.09 3.35 3.53 3.94 4.90
X 0.840 0.820 0.802 0.872 0.734

TEM images at high magnification (Figures 3c and 3d)
show the more detailed shape of the single STO and SLTO-
0.025 particles. The images showed that the surface of cu-
bic particles had sharp edges and flat surfaces. Figures 3e
and 3f display the particle size distribution analysis, demon-
strating that the particle sizes of the STO sample were in the
range of 20-140 nm, with an average particle size of 72 nm.

On the other hand, the SLTO-0.025 sample had a particle
size in the range of 20-80 nm, with an average particle size
of 45 nm. This indicates that the La-doped SrTiO; has a
smaller particle size than the undoped SrTiO3; sample. The
reduction in particle size of the SLTO-0.025 sample is at-
tributed to the inhibitory effect of lanthanum on SrTiO;
crystal growth. The inset images of Figures 3 (a) and (b)
are SAED patterns that displayed bright spots for both sam-
ples, showing that the STO and SLTO-0.025 samples were
polynanocrystalline.
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The formation of SrTiO; nanocubes in a ethanol-isopro-
panol-water solution during synthesis consists of two main
stages: nucleation and growth. Nucleation in aqueous reac-
tion systems is driven by the amount of strontium cation
(Sr?*) and titanium hydroxyl anion ([Ti(OH)s]?") in the al-
kaline solution. The amount of the [Ti(OH)s]?> anion com-
plex is maintained in the solution by stabilizing the hydroxyl
groups of the Ti octahedra through an excess of OH™ ions. The
excess OH™ ions are provided by adding NaOH and hydrolyz-
ing the TBA in the solution. The alkaline environment facili-
tates the formation of a network of negatively charged tita-
nium hydroxyl chains, thereby trapping the positively
charged strontium cations through electrostatic attraction.
This mechanism creates a reaction to form SrTiOs nuclei in
solution [25]. The reaction mechanism is as follows:

Ti[OCH(CH3)z]4 + 2C2HsOH + 3C3H,0H + 2NaOH — @

[Ti(OH)s]* + 2Na* + 5CsH.:OH

[Ti(OH)s]*> + 2Na* +(1-x)Sr(NO3)2 + xLa(NO3)3 —
Sri-xLaxTiOsz + 2Na* + xNO3™ + 3H.0

The growth stage was selectively controlled using CTAB
as the capping surfactant. The positive charge of the (tri-
methylamine) head group allows adsorption through its co-
ordination with oxygen anions during the crystal growth
process. At the same time, the positive ions of the hydro-
lyzed TBA attach to the surface of the negatively-charged
crystal faces through electrostatic interaction so that CTAB
and TBA entirely cover the surface of the SrTiO; particles
during the crystal growth and ripening process simultane-
ously [26]. The flawless confinement of the SrTiO3 particles
results in the oriented crystal growth and creates precipi-
tates with a high ratio of the cubic-shaped particles. It was
observed that the substitution of lanthanum affects the par-
ticle size of SrTiOs, where the particle size became smaller in
La-doped SrTiO3 compared to undoped SrTiO; samples. The
decrease in the particle size is associated with a reduction in
the cell volume in the crystal structure, reducing the crystal-
lite size of La-doped SrTiOs. Nanocube particles with regular
edges, flat surfaces, and sharp vertices generate intense in-
teraction between the cubic particles through the large grain
contact area, resulting in fewer pores in the compacted body
of the samples.

The FT-IR spectrum of all samples (Figure 4) displayed
the interaction of functional groups in the nanocube for-
mation using CTAB and TBA by the appearance of absorption
peaks at specific wavenumbers.

The presence of CTAB can explain these interactions, as
the surfactant has a positive charge on the headgroups along
with TBA, which contain positively charged amine groups di-
rected towards the SrTiO; negatively charged crystal planes.

The presence of two peaks with weak intensities in the
wavenumber range of 2920-2855 cm™ indicates the asym-
metric and symmetric C-H stretching vibrations in the meth-
ylene chains of the CTAB and TBA molecules [27].

DOI: 10.15826/chimtech.2023.10.4.07
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Figure 3 TEM images of SrTiO; particles STO (a) and SLTO-0.025 (b), larger magnification using HM-TEM (c, d), and particle size dis-

tribution of STO and SLTO-0.025 (e, f).

The surface interaction of SrTiO; particles with CTAB al-
lows the scissoring vibrations of the CH3-N* headgroup of the
capping agent to cap the SrTiO; particles. These vibrations
appear at the wavenumber 1463 cm™. The CTAB and TBA
function was associated with controlling the shape and size
of nanoparticles by capping the surface of SrTiO; particles.
Nanoparticles have a large surface area with high surface
energy leading to faster crystal growth and larger particle
size. The presence of CTAB as a capping agent and TBA as a
mineralizer reduces surface energy; thus, the particle
growth process becomes slower and more directed [28].

Furthermore, the 500-850 cm™ wavenumber range cor-
responds to the asymmetric stretching vibrations mode of
Ti-O in the TiOs octahedra of perovskite structure [29]. The
stretching that occurs towards a higher wavenumber as dis-
played in Figure 4 is caused by a decrease in the Ti-O vibra-
tional frequency on the TiOs octahedra. This is related to the
reduced unit cell volume, which results in shorter Ti-O bond
lengths, weakening the vibrational frequency.

UV-vis diffuse reflection spectrum (UV-DRS) was meas-
ured to observe changes in the band gap energy (Eg) of
SrTiO3 samples due to lanthanum substitution. The UV-DRS
of the SrTiO3 samples is displayed in Figure 5.

The SrTiO; samples have a steep absorption edge in the
UV absorption region with different absorption wave-
lengths. Significant absorption at shorter wavelengths is
related to the smaller particle size distribution in the La-
doped SrTiO3 samples [30].

The Eg value was determined using UV-vis DRS data ac-
cording to the Tauc-plot function from the plot of (F(R*)
hv)" versus hv with n = ¥4 by considering the indirect opti-
cal transition for SrTiO3 samples.

50f 8

\"‘/
1
]
\
? [l
\ 7 ~ .,
< [sLTO-0.025 B0 60 o,
< . :
= \
£ |sTo 5
*: TN 5
= |1BA
CTAB
| -y
é'-}f CH3-N™
T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm”)

Figure 4 FTIR spectra of the STO and SLTO-0.025 samples.

The Eg value was estimated by a classical extrapolation
approach according to: (a h v)= B (hv-Eg)¥?, where a is the
absorption coefficient (cm™), h is the Planck's constant
(J.s), v is the frequency of the photon energy, B is a con-
stant, and Eg is the band gap energy (eV), respectively [31].
The band gap energy of STO samples was estimated to be
3.17 eV and decreased after SrTiO; substitution by lantha-
num to 3.13 eV. The decrease in the band gap energy value
in the SLTO-0.025 sample is associated with adding elec-
trons from lanthanum as an electron donor dopant.

The substitution of SrTiO; with electron-rich dopants
generates the number of carriers and introduces delocalized
electrons in the conduction band [32]. The large number of
electron carriers creates a new energy level in the band gap.
As a result, the energy band gap becomes narrower [33].
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Figure 5 UV-vis reflectance spectra (DRS) and band gap energies
of STO and SLTO-0.025 samples.

The electrical conductivity of SrTiO3; samples was deter-
mined using LCR measurement with the frequency of
100 Hz at room temperature, and the value is displayed in
Figure 5. The electrical conductivity of the STO sample is
1.25-107% S/cm, and this value increases to 1.78-10°¢ S/cm
after doping with 0.025 mole of lanthanum. The increase in
electrical conductivity is related to the increase in the elec-
tron concentration, based on the following equation:

(3

o = eny,

where e is the electron charge (C), n is the electron concen-
tration (1/m3), and u is the electron mobility (m?/V-s). This
equation explains that the electrical conductivity is directly
proportional to the number of electrons as carriers and
electron mobility. In addition, an increase in the number of
electrons in SrTiO; ceramics results in a narrowing of the
band gap energy, making it easier for electrons to move
from the valence band to the conduction band [34]. These
excited electrons move freely along the conduction band to
increase electrical conductivity. Introducing dopants into
the SrTiO; lattice has shown its effect on modifying the
electronic structure of SrTiO3 and consequently improving
the electrical properties. Higher valence doping can be used
as a practical approach to improve the electrical perfor-
mance of a material without significantly changing its phys-
ical properties.

4. Limitations

In this study, it was observed that SrTiO; doped with lan-
thanum was only effective at low concentrations, and SrCO;
impurities were still present in the samples, resulting in
low sample crystallinity. Therefore, future research will
prioritize the refinement of synthesis parameters, includ-
ing investigating variations in temperature, synthesis dura-
tion, and the concentration of starting materials, with the
aim of producing samples with high crystallinity and the
optimum lanthanum concentration.
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5. Conclusions

La-doped SrTiOs nanocubes were successfully synthesized by
the solvothermal method in a mixed solvent system of etha-
nol and isopropanol. XRD patterns and Le Bail refinement
analysis of all samples indicate the successful substitution of
lanthanum for strontium. The FT-IR spectrum revealed the
interaction between CTAB and TBA molecules on the La-
doped SrTiO3 nanocube surfaces. TEM images show the effect
of lanthanum on reducing the average particle size in SLTO-
0.025 samples to 20-80 nm. The morphology of STO and
SLTO-0.025 particles displayed flat surfaces and sharp
edges. Furthermore, the band gap (Eg) in the SLTO-0.025
sample decreased slightly from the STO sample because of
the presence of electrons derived from lanthanum as a do-
pant donor to the Sr?*-sites in the SLTO-0.025 sample. The
concentration of charge carriers (electrons) increased, so the
reduced band gap energy (Eg) directly affects the electrical
conductivity. The higher electrical conductivity, caused by the
lower band gap energy value, is found in the SLTO-0.025 sam-
ple, caused by the lower band gap energy value. The effect of
lanthanum doping on the crystal structure and morphology of
SrTiO3 nanocubes is associated with increased electrical con-
ductivity, making it a potential thermoelectric material.
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