Journal of Engineering Science and Technology
Special Issue on ISSTEC, November (2021) 122 - 130
© School of Engineering, Taylor’s University

SYNTHESIS AND PHOTOELECTROCHEMICAL
PROPERTY OF CUBIC-SHAPE La:Ti1xVxO7 NANOCRYSTAL

GANI PURWIANDONO?**, PUJI LESTARI?, TAKASHI SUGIURA?®

!Department of Chemistry, Universitas Islam Indonesia, 55584, Indonesia
2Department of Environmental Engineering, Universitas Islam Indonesia, 55584, Indonesia
3The Graduate School of Natural Science and Technology, Gifu University, Japan
*Corresponding Author: gani_purwiandono@uii.ac.id

Abstract

The vanadium doping in layered LazTi2O7 could effectively increase the
photocatalytical properties of La,TiO7. The purpose of this research is to
synthesise and characterize the photoelectrochemical property of cubic-shape
La:TiixVxO7 nanocrystal. Cubic-shape La:TiixVxO7r nanocrystal was
synthesized for the first time by a molten salt-based reaction using La203, TiO2
and NasVOa. LiCl as a molten salt could increase the homogeneous phase of
La2Ti1xVxO7 nanocrystals. Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) measurements revealed that LazTis-
xVxO7 nanocrystals’ cubic shape was formed with the average dimensions of 300
nm. The bandgap of cubic-shape La2Ti1xVxO7 was estimated to be 2.62 eV. The
photoelectrochemical cell fabricated using the LaxTi1xVxO7 particles electrode
exhibited a higher photocurrent than LazTi2O7 under UV light irradiation. The
synthetic method of cubic-shape La:Ti1xVxO7 nanocrystals might provide new
avenues for producing photoenergy conversion materials.

Keywords: Cubic-shape La2Til-xVVxO7, Molten salt reaction, Photoelectrochemical
property.
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1.Introduction

Lanthanum titanate (La,Ti»O7) has been broadly investigated because of its unique
properties, including the ferroelectric [1, 2], photocatalytic [3-5] and dielectric
properties [6, 7]. La;TioO; has been widely reported to demonstrate good
photocatalytic achievement for organic pollutant degradation [3, 4], CO;
conversion [2] and water splitting reaction [5, 6]. Recently, the performance of
La,Ti»O7 has been promoted due to its wide band gap [8]. However, the application
of La,Ti,O7was mainly limited to the bare La,Ti>O7 [9, 10] La,Ti.O; material with
the addition of dopants or impurities to increase the activity of La,Ti,O7 are still
under-studied [11-13].

Scarrozza et al. using density functional theory, predicted that vanadium doping
in layered La,Ti,O7 could effectively increase the ferroelectric properties even at
high temperatures. This is due to vanadium clustering in diffuse and homogeneous
chains retaining the polarization and generating substantial ferromagnetic order
simultaneously. High concentration doping is feasible with donor ions with varying
lengths in different directions for La®* in La,TiO; [14]. Li et al. reported the
synthesis of LazTi196V0.0407-based ceramic by using the solid-state reaction
method. The piezoelectric property of La,Ti106V0.0407-based ceramic increased
compare to the La,Ti,O; ceramics. However, none of the above reports has
investigated the morphology control of La,Ti1«VxO7 and its photoelectrochemical
properties [15].

We have successfully synthesized the homogeneous structure of GaN and InN
using the molten salt reaction [16, 17]. The use of molten salt could accelerate the
homogeneous structure formation at the nanoscale. In this work, the synthesis of
cubic-shape La,Ti1xVxO7 has been demonstrated for the first time using a molten
salt reaction. Our procedure for controlling the growth of La,Ti1-«VxO7 provides a
new approach to create homogeneous nanocrystals. In La;Ti1«VxO7, the dopant V>*
cations with smaller ionic radii have substituted the Ti** and enhanced the
distortions of TiOg 0xygen octahedron from the basic structure La,Ti>O7 [15]. We
predicted that the formation of cubic-shape La;Tii.xVxO7; could enhance the
photoelectrochemical cells’ donor density compared to LasTiOy.

2. Experimental Method
2.1.Synthesis of La;Tii-xVxO7 nanocrystals

The LazTii-xVxO7 was synthesized using La,O3 (Yamanaka Hutech, 99.99 %) as
lantallum, TiO; (Sigma Aldrich, 99 %) as titanium and NasVO. (Sigma Aldrich,
99.98 %) as vanadium sources. LiCl (Kanto, 99.95 %) was used as the molten salt.
To synthesize the desired materials, 2 mol of La,O3z and 2 mol of TiO, were reacted
with 1 mol of NazgVVO4 in 2 mol of LiCl at 1000°C for 12 h. Using a muffle furnace,
the ramping rate was set to 10°C min* and the cooling rate was set to 2°C min™.
After cooling down, the products were washed with distilled water to obtain La,Tis-
xVxO7 powder. To compare with the La,Ti1«xVxOy7 crystals structure, the La,Ti>O7
was synthesized with the reaction of 1 mol of La,O3 and 2 mol of TiO- in 2 mol of
LiCl at 800°C for 1 h. The ramping rate was set to 10°C min-* and the cooling rate
was set to 2°C min‘L. After cooling down, the products were washed with distilled
water to obtain La,Ti,O7 powder.
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2.2.Structure characterization of La,Tii.«VxO7 nanocrystals

La;Ti1-xVxO7 and LazTiO7 powders were characterized using X-ray diffraction
(XRD, Rigaku RINT Ultima with monochromated Cu-Ko radiation).
Nanostructure analysis was carried out by scanning electron microscopy-energy
dispersive X-ray (SEM-EDX, Hitachi, S-4800) and transmission electron
microscopy (TEM, JEM-2100). The elemental analysis of samples was examined
by X-ray photoelectron spectroscopy (XPS, ULVAC, Quantera SXM).
Photoabsorption spectra of La,Ti1xVxO7 and La,Ti,O7 films were measured using
a Hitachi U-4000 spectrophotometer.

2.3. Photoelectrochemical measurement of La,TiixVxO7 nanocrystals
electrode

La,Ti1xVxO7 and La,Ti.O7 paste electrodes were prepared using FTO films with a
thickness of 0.5 um. The electrodes were synthesized by a solution process using spin-
coating of La;Ti1xVxO7 and La,Ti,O precursor prepared at room temperature [18]. It
was followed by thermal annealing in air at 100°C for 30 mins. The
photoelectrochemical measurements were performed with a three-electrode cell
combining the La,Ti1xVxO7 and La,Ti,Oy electrodes with a saturated calomel reference
electrode and a platinum counter electrode in the aqueous Na,SO. electrolyte [16, 17].
The current-voltage characteristics were obtained using a potentiostat under intermittent
UV light irradiation (Xe lamp with a light intensity of 100 mW/cm?).

3. Results and Discussions

The XRD patterns of LaTii«VxO7 powder synthesized using La;Os, TiO; and
NasVO4 with LiCl as molten salt at 1000°C were shown in Fig. 1(a). The XRD
patterns of La,Ti1«VxO7 powder indicated that the crystal structure was monoclinic,
comparable to La,Ti,O7 powder according to the ICSD PDF number 1950. Since the
primary crystal of La,Ti1xVxOris La;Ti,O7, the XRD pattern of La,Ti1VxO7 was
compared with that of La,Ti»O7. In a La,Ti»O7 unit cell, titanium and oxygen atom
are octahedrons. Moreover, each corner shares La®* cations and no evident
displacement happens for Ti** cations in TiOs 0xygen octahedrons. The substitution
of Ti** cations caused the V°* cations to go inside the TiOg 0xygen octahedron. The
ionic radii of V" and Ti** were 0.54 A and 0.605 A, respectively. The substitution of
Ti* cations by V5* cations may distort TiOg 0xygen octahedrons unit cell.

To observe the nanostructures of La,Ti1.xVxO7and La;Ti»O7 samples, SEM and
TEM measurements were performed, as shown in Fig. 2. A plate-like structure of
La,Ti>O7 nanocrystals with a diameter of 500-600 nm was observed. By adding the
vanadium ions, a cubic-shaped La,Tii1xVxO7was formed in a molten salt reaction.
At a temperature higher than the melting point of LiCl (550 °C), the nucleation and
crystal growth of LayTiixVxO7 occurred in the molten salt reaction. The
substituting of Ti** cations with V** cations inside the TiOs oxygen octahedron
probably led to the expansion of crystal growth in this direction, producing the
cubic shape morphology. As a molten salt, LiCl has successfully added vanadium
ions in a unit cell structure of TiOs octahedron of La,Ti,O7. The LiCl has likely
assisted the synthesis by facilitating a homogeneous reaction from plate-like
La,Ti»O7 to cubic-shaped La,Ti1«VxO7. The measurements of a single particle of
La,Ti1-xVxO7 and La,TiO7 samples nanocrystals were performed in Fig. 2. The
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aggregated particles of La,Tii-«VxO7 consisting of tiny nanocrystals were formed
with a diameter of 300 nm.
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Fig. 1. XRD patterns of the (a) LazTii«VxO7and
(b) La2Ti207 samples synthesized using LiCl as molten salt.
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Fig. 2. The SEM and TEM images of the (a) and
(b) LazTi1xVxO7 () and (d) La2Ti.O7 samples.
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The atomic compositions of the samples were analyzed by EDX, as shown in
Table 1 and Fig. 3. In Table 1, the atomic concentration of La, Ti and O of
La,TioO7 sample was 19.42, 18.13 and 62.45%, respectively. The EDX analysis
showed only La, Ti and O elements with the ratio La : Ti was 1.07, which is in
the acceptable nominal composition of La,Ti,O7 [13]. In contrast, the ratio of La
: Tiin the La,Ti1-xVxO7sample was 1.62. The increase of La : Ti ratio was caused
by substituting of Ti** cations with V>* cations inside the TiOs oxygen
octahedron. At the same time, no impurities were observed, indicating that the
dopant V®* cation has been contained within the TiOs 0xygen octahedrons and a
solid La,Tii1xVxO7 was formed.

Table 1. The compositions of La>Ti1.xVxO7and LazTi2O7 samples.

La,Ti2O7 sample LazTiixVxO7sample

Compounds La Ti \Y (@) La Ti \ ®)

Percentage 1942  18.13 0 6245 | 2143 13.23 9.97 55.37

The XPS spectra of La,Ti»O7 and La;Ti1.xVxO7 were presented in Fig. 3. In the
La,Ti,O7 sample, a photoelectron spectrum was attributed to the constituent element
core level of La, Ti and O. C1s associated to hydrocarbons adsorbed on the surface
were ascribed to the peak at 284.6 eV [19, 20]. The chemical bonding of La,Ti,O7
should be characterized by the La3ds», La3dsz, Ti2pse and Ols lines. When
lanthanum and titanium interact with oxygen, valence electrons are transferred from
metals to oxygens with variations in the inner shells' electrical screening.

The binding energy of La3ds, was 851.8 eV and 855.8 eV, and the binding
energy of 3ds» was 834.9 eV and 838.6 eV. The binding energies of Ti3ps, and
O1s were 458.1 eV and 529.8 eV, respectively. The binding energies of La3dsy,
La3ds2, Ti2psz and O1s were consistent with the reported values for La,Ti.O7 [19,
20]. In contrast, for the La TiixVxO7 sample spectrum, the shifting of binding
energies of La3dsy,, La3dsp, Ti2ps, and O1s was observed indicating the binding
composition change compared to La,Ti,O7. The binding energy of La3ds» and
La3da, were 850.2 eV and 854.5 eV; 833.5 eV and 837.7 eV. The binding energies
of Ti2ps, and O1s were 457.1 eV and 528.7 eV, respectively. The V2p peak with
the binding energy of 515 eV was observed in the La,Ti1.xVxO7 sample, indicating
the presence of a chemical bond.

In order to determine the band gap energy of the materials, the absorption spectra
of La;Ti1xVxO7and La,Ti»O7 films were measured from 350 nm to 600 nm. The band
gaps of La,TiixVxO7and La;Ti:O7 samples were estimated to be 2.62 eV and 3.43
eV, respectively, as shown in Fig. 4. The value of band gap of La,Ti-O7 synthesized
using molten salt was consistent with the reported value for La,Ti,O7 [21]. With the
addition of the vanadium atoms, there are more atomic orbitals overlap.
Consequently, the number of molecular orbitals increases and the band gap decreases
from 3.43 eV t0 2.62 eV.

As shown in Fig. 5, the photoresponse observed for all samples electrodes
contained n-type semiconductors. Ordinarily, the onset potentials of anodic
photocurrent of La,TiixVxO7 electrode was -0.65 V vs. SCE. The highest anodic
photocurrent was 18.41 pAcm? for La;TiixVxO7 and 9.20 pAcm™ for La,Ti,O7
electrode at 1.0 V. To understand the carrier transport of sample electrodes, we
have compared the donor density of the sample electrodes using Mott-Schottky
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plots, as shown in Table 2. The donor density of the La,Ti1xVxO7sample electrode
was 3.5 x 10 cm. This was higher than that of the La,Ti>O; sample electrode (7.2
x 10%* cm3). Vanadium dopant could effectively increase the carrier transport [22],
leading to the higher photocurrent in the La,Ti1-xVxO7 electrode.
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Fig. 3. The comparable photoelectron spectra of La>Ti1-xVxO7and
La,Ti2O7 samples (a) whole region, (b) La3d, (c) Ti2p and (d) O1s and V2p.
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Fig. 4. The band gap estimations of (a) La:TiixVxO7and (b) La-Ti>O7 films.

Table 2. The photoelectrochemical properties
of La:Ti1xVxO7and LazTiO7 electrodes.

Sample Onset potential Von  Photocurrent density at Donor density

electrode (V vs. SCE) 1.0 V (uAcm™) (Nb) (10**cm™®)
La:TiixVxO7 -0.65 18.41 35
LaxTi2O7 -0.43 9.20 7.2
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Fig. 5. Current-potential curves of the sample electrodes
under intermittent UV irradiation. Sample were prepared
using (a) LazTiixVxOrand (b) La:Ti2O7 electrodes.

4. Conclusions

In summary, a cubic-shaped La;Ti1xVxO7 has been successfully synthesized for the
first time through the reaction of La;Os, TiO2 and NasVOs using LiCl as the molten
salt. The cubic-shape La,Ti1.xVxO7nanocrystals were obtained by molten salt reaction
at the temperature of 1000°C for 12 h. The XPS spectrum revealed that the
substitution of Ti** cations by V°* cations in La;Ti1xVxO; was not followed by the
disruption of the unit cell. Notably, the photoelectrochemical cell fabricated using
La,Ti1xVxO7 nanocrystals showed a higher anodic photocurrent than the La,Ti,O7
sample electrode. The photoelectrochemical property of the LaxTiixVxO7
nanocrystals electrode suggested the potential application for photocatalytic reaction.
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