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Nanoparticles (NPs) of a perovskite-slab-type oxide, La2Ti2O7, were synthesized 

using LF-FSP coupled with subsequent heat-treatments, and their photocatalytic activity 

was evaluated using decolorization of methyl orange solution under Uv irradiation. The 

LF-FSP process uses metalloorganic precursors to produce NPs with very low 

agglomeration with average particle sizes (APSs) of 26 nm (LF-FSP NP). Optimized 

heat-treatment of these NPs at 1000 ˚C/3h/air gave small, plate-like NPs with high 

crystallinity, and BET specific surface areas (SSAs) of 14 m2/g, that exhibited the best 

observed photocatalytic activity. High-angle annular dark-field scanning TEM shows 

that heat-treating eliminates microstructural defects in these NPs, improving 

photocatalytic activity by ≈30 %. The current approach to perovskite-slab-type NPs 

using LF-FSP provides a simple route to materials with superior photocatalytic activity 

and offers the advantage of good productivity, 30 g/h.

Key words: Liquid-feed flame spray pyrolysis, nanoparticle, photocatalyst, 

perovskite-slab-type compound, La2Ti2O7

1. Introduction

Liquid-feed flame spray pyrolysis (LF-FSP) is a unique approach to obtaining 

ceramic nanopowders (NPs) via aerosolization of alcohol solutions containing 

controlled concentrations of mixtures of metalloorganic compounds into a flame in 

flowing oxygen carrier gas that is ignited using methane/oxygen torches generating a 

cloud of ions at ≈ 1200 °C. This cloud is quickly quenched to produce unaggregated 

NPs typically with the same composition as in the original solution1,2 without using hot 
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surfaces as the heat source.3 LF-FSP gives ≈ 30 g/h NPs. LF-FSP processed NPs 

typically offer APSs of 25-70 nm and narrow size distributions not easily obtained using 

precipitation methods with conventional metal salts such as nitrates and chlorides.4 

Moreover, owing to rapid quenching, the largely unaggregated NPs are readily 

dispersable providing access to a wide variety of thin, dense, flexible and functional, 

thin ceramic films, 5-60 µm.5-8

The work reported here concerns the LF-FSP synthesis of perovskite-related layered 

compounds that have attracted considerable attention because of their multiple 

interesting properties, such as high temperature superconductivity,9,10 

ferroelectricity,11,12 ferromagnetism13,14 and photocatalytic activity.15,16 They can be 

classified into three main groups17,18; Ruddlesden-Popper- (Am+1BmO3m+1), Aurevilleus- 

(Am-1Bi2BmO3m+3) and perovskite-slab-type (AmBmO3m+2). In all types, A is a large 12 

co-ordinate cation, B is a small 6 co-ordinate cation and the layers are m BO6 octahedra 

thick. 

La2Ti2O7, the focus here, belongs to the perovskite-slab group. La2Ti2O7 is a 

well-known ferroelectrics having a Curie temperature of 1773 K.19-21 Several different 

values for its band gap (3.29-4.05 eV) have been reported.22-25 Kim et al.26 first reported 

that La2Ti2O7 could be used to photocatalytically split water under UV light. 

Periodically arranged corner-shared TiO6 octahedra boost charge mobility providing 

quantum yields as high as 27% especially for Uv promoted photocatalytic water 

splitting.24,27 

Several approaches to properties improvement have been studied including 

solid-state reactions,28 polymerizable complex methods,27,29,30 spray pyrolysis,31 

metalloorganic decomposition,32 hydrothermal33-35 and flux synthesis methods36-38. 
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Furthermore, N-doping has been explored targeting visible-light photocatalytic 

behavior.38,39 

In this study, we first synthesized the perovskite-slab-type La2Ti2O7 NPs using 

LF-FSP from simple metalloorganic precursors coupled with a post heat-treatment 

providing access to suitable materials whose photocatalytic activity for degradation of 

methyl orange solutions was subsequently examined. In particular, we are able to 

process La2Ti2O7 NPs with high crystallinity and large surface areas from the flame 

made NPs and compare their characteristics with materials prepared by other methods 

reported previously.

2. Experimental

2.1 NPs syntheses through LF-FSP

NPs were prepared via LF-FSP using the metalloorganic precursors; lanthanum 

isobutyrate {La[O2CCH(CH3)2]3} and triethanolamine titanate (C6H17NO6Ti). 

Triethanolamine titanate was purchased (MP Biomedicals, LLC, technical grade). 

Lanthanum isobutyrate was synthesized by reaction of lanthanum oxide with isobutyric 

acid. The detailed conditions are described in our previous paper.5

La2O3 + 6 C3H7CO2H → La[O2CCH(CH3)2]3 + 3H2O

The ceramic yields of each precursor were measured by TGA.5 The precursors were 

dissolved in ethanol at stoichiometric molar ratios (La:Ti = 1:1) to give a 3 wt. % 

ceramic yield solution. The precursor solution was aerosolized with oxygen with flow 

speed of 50 mL/min into a stainless steel chamber where it was combusted with 

methane/oxygen pilot torches in an oxygen rich environment. Combustion of solvent 

and organic ligands creates a plume of ions that are quenched and quickly condense to 
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unaggregated NPs were collected down-stream in rod-in-tube electrostatic precipitators 

operated at 10 kV. Figure 1 presents a schematic of the apparatus. The LF-FSP process 

was detailed in a previous paper.1 

The NPs were then heat-treated at 900-1200˚C/0-6h/air using an electric furnace 

(MTI Corporation, GSL1600X) to optimize photocatalytic properties.

2.2 Characterization

Powder X-ray diffraction (XRDs) analyses were run on a Rigaku Rotating Anode 

Goniometer for simple phase determination of the NPs. Scans were from 10 to 70˚ 2 
using graphite-monochromator-filtered CuK radiation operating at 40 kV and 100 mA.

Fourier transform infrared (FTIR) spectra were recorded using Nicolet 6700 Series 

FTIR spectrometer (Thermo Fisher Scientific, Inc.) in KBr dispersions in the range of 

400 - 4000 cm-1.

Brunauer-Emmett-Teller (BET) surface areas were determined using ASAP 2020 

sorption analyzer (Micrometrities Inst.) from nitrogen adsorption isotherms and using 

AS1-MP and AS-iQ sorption analyzer (Quantachrome Inst.) from krypton adsorption 

isotherms. Scanning electron microscopy (SEMs) were run on a JEOL JSM-IT500 to 

observe the NPs. All samples were sputter coated with Au/Pd using a SPI sputter coater. 

Average particle sizes (APSs) of LF-FSP NPs were determined from size measurement 

of more than 100 particles in the SEM images.

Transmission electron microscope (TEM) and a high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) were run at 200 kV on 

JEOL JEM-ARM200F for observation of microstructure of the NPs. Selected area 

electron diffraction (SAED) was also run to estimate crystallinity.
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X-ray photoelectron spectroscopy (XPS) analysis was run on ULVAC-PHI Versa 

Prove II for investigation of surface defects of the NPs.

UV-vis diffused reflectance spectra analysis was run on a Hitachi UH4150 

spectrophotometer equipped with an integrating sphere to estimate a bandgap energy of 

the NPs.

2.3 Photocatalytic evaluation

Photocatalytic activity was evaluated quantitatively by decolorization of methyl 

orange (MO) solutions with NP dispersions under UV irradiation. 15 mg of NPs were 

put into 15 g of 0.001 w/v % methyl orange solution, followed by ultrasonic dispersion 

for 5 min to obtain a suspension. Afterwards, the suspension was placed in a dark place 

for 1 h to adjust the powder surface to the solution. Then it was irradiated under UV by 

using a light source of 400W metal halide lamp for 0 - 60 min. The distance between 

the light source and the sample was 230 mm, and the suspension was not stirred but 

cooled during the irradiation. The suspended state could be kept up after the irradiation 

owing to the small size of the NPs.

The suspension was then transferred to a vial and centrifuged for 30 min. Then, the 

wavelength dependent absorbance of the supernatant was measured using a UV-vis 

spectrophotometer (Agilent Cary 60). Absorbance of the MO solution at 464 nm was 

measured and calibrated by a plot of the absorbance at 464 nm as a function of the MO 

solution to obtain the MO concentration (C). Decolorization degree was estimated from 

calculating ((C0-C)/C0) × 100 (%), where C0 is initial MO concentration (0.001 w/v 

(%)). We confirmed almost no decolorization obtains without any photocatalyst, as a 

reference.
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3. Results and discussion

3.1 LF-FSP NPs

Figure 2a provides SEMs of as synthesized NPs; consisting of small primary particles 

with APSs of ≈ 26 nm, low agglomerate contents and no apparent necking. Note that the 

small primary particles do not form agglomerated large (> 1m) secondary particles, as 

often observed in conventional spray pyrolysis products.3,40 The BET surface area was 

measured as 27 m2/g.

A TEM image of the NPs is provided in Figure 2b, showing spherical facetted 

particles. Figures 2c and d provide HAADF-STEM images of areas 1 and 2 in Figure 2b 

respectively. It can be seen that the NPs exhibit twin deformation (yellow arrow in 

Figure 2c) and irregular lattice disorder (red arrows in Figure 2d). Such microstructural 

defects are likely ascribed to NP formation through quenching from a cloud of gaseous 

ions at high temperatures in very short times.

The Figure 3 XRD pattern exhibits diffraction peaks identified as La2Ti2O7 

(PDF#01-081-1066: P21-type, monoclinic). Fluctuations in the lattice spacing due to the 

microstructural defects (Figure 2c, d.) and the low crystallinity broaden the diffraction 

peaks. Some multiple neighboring peaks seem to be connected to show single strong 

peaks. Ishizawa et al.41 reported that the high temperature phase of La2Ti2O7 

(PDF#04-008-8491: Cmc21-type, orthorhombic) is formed above approximately 780 ˚C. 

This phase was not evident in our samples even though the NPs were formed by 

quenching from high temperature.

3.2 Heat-treatment of NPs
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It is known that high crystallinity (low defect densities), high dispersion and large 

surface areas favor superior photocatalytic activity as they minimize non-radiative 

decay processes.42 Thus, we explore heat-treating the NPs. To suppress the significant 

decrease in high dispersion and large SSAs, we explored heating at modest temperatures. 

Figure 4 provides XRDs for NPs heat-treated at 900-1000˚C/0h/air at 10˚C/min. 

Although diffraction peak shapes remain unchanged at heat-treatments below 950 ˚C, 

they began to change at 1000 ˚C, implying that diffusion leading to crystal growth 

commences. Therefore, we heat-treated the NPs at 1000˚C at 0.5, 1.5, 3.0, 4.5 and 6.0 h. 

All diffraction peaks could be clearly indexed to monoclinic La2Ti2O7 with P21-type 

space group (PDF#01-081-1066) for all heat-treated samples. A typical XRD for NPs 

heat-treated at 1000˚C/3h/air is shown in Figure 5.

The FT-IR spectrum of NPs heat-treated at 1000˚C/3h/air in KBr is provided in 

Figure 6. The spectra show two strong, broad absorption bands around 561 and 653 

cm-1, attributed to Ti-O in TiO6 octahedra and La-O, respectively.43,44 Absorption 

bands around 466 cm-1 are also found for La-O. Furthermore, small bands around 766 

and 808 cm-1 can be due to one short Ti-O bond in TiO5 and TiO4 units, respectively.45 

Figure 7a-c provide SEM images of NPs heat-treated at 1000˚C/1.5h/air, 

1000˚C/3h/air and 1000˚C/6h/air, showing that the size is increased with increase in the 

heat-treatment time. The NPs heat-treated at 1000˚C/3h/air (Figure 7b) have plate-like 

morphologies approximately 100 nm in diameter and 20-30 nm thick. Weak 

aggregation seems to be maintained even after heat-treatment. Figure 7d shows a TEM 

of the NPs, showing that the plate-like NPs are necked at the edges of each NP. 

HAADF-STEM image of area 1 in d and SAED of area 2 in d are shown in Figure 7e 

and f, respectively. It can be seen that the high crystallinity with a regular array of 
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lattice planes and no defects results following heat-treatment.

The surface oxygen defect of the LF-FSP NPs and the NPs heat-treated at 

1000˚C/3h/air was investigated by XPS analysis. Figure 8 provides the results around 

O1s region, showing the spectra at the binding energy of 529.5, 531.4 and 532.9 eV in 

the both samples. The binding energy at 529.5 eV is ascribed from O-Ti4+ in the crystal 

lattice and those at 531.4 and 532.9 eV are attributed to surface adsorbed hydroxyl 

groups.46-47 Considering that physically absorbed hydroxyl groups on the samples must 

be eliminated in the ultrahigh vacuum condition of XPS apparatus, these signals can be 

said to be attributed to Ti-OH and H2O, which are strongly bounded to surface 

defects.47-49 Figure 8 clearly reveals that the spectra at 531.4 and 532.9 eV in the 

LF-FSP NPs are higher than those in the NPs heat-treated at 1000˚C/3h/air, indicating 

the higher surface defect in the LF-FSP NPs.

The BET SSA for NPs heat-treated at 1000˚C/3h/air was 14 m2/g. Kim et al.27 

reported synthesizing La2Ti2O7 by a polymerizable complex (PC) and solid-state 

reaction (SSR) methods finding much lower SSAS of 5-8 m2/g from the PC method 

with heat-treatment at 950-1050 ˚C/2h and after heat-treating at 1150˚C/24h to generate 

single phase materials with SSAs of 1 m2/g. We believe that the limited aggregation 

(low bulk density) of LF-FSP NPs (Figure 2a) likely suppresses necking, grain growth 

and thus loss of surface area.

In addition to conventional spray pyrolysis, SSR and PC methods, several other 

approaches to synthesize La2Ti2O7 have been reported. Metalloorganic deposition32 

yields highly aggregated powder. The flux method36-38 provides photocatalytically 

active, plate-like crystals but with large particle sizes (~ m). Hydrothermal synthesis 

produces thin nanosheets.33,34,39 The hydrothermal method is not suitable for 
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mass-production because of the times involved. Compared with the other methods, it 

can be said that LF-FSP offers characteristics of small plate-like La2Ti2O7 NPs with 

high crystallinity and high SSAs.

3.3 Photocatalytic properties

Figure 9 provides the UV-vis diffuse reflectance spectra for LF-FSP NP (blue dotted 

line) and for NPs heat-treated at 1000 ˚C/3h/air (red solid line). The reflectance 

coefficient was converted to adsorption using the Kubelka-Munk function. The bandgap 

energy was estimated to be 3.87 eV for the LF-FSP NPs and 4.00 eV for the 

heat-treated ones from the absorption edges. These values are in good agreement with 

those reported previously.22-25 Therefore, we confirm that the samples readily absorb 

UV light.

Dai et al.50 reported that mesoporous titania NPs causes photocatalytic decomposition 

of the MO in water under UV irradiation leading to decolorization of the MO solutions. 

Thus, quantitative evaluation of the photocatalytic activity can be carried out by 

measuring decolorization of MO solutions with the photocatalyst under UV irradiation. 

Since MO has good resisting property toward the UV light, use of it has an advantage to 

evaluate photocatalytic activity of catalysts under the UV irradiation precisely.

Figure 10a shows the absorbance spectra of an MO solution with NPs heat-treated at 

1000˚C/3h/air after UV irradiation for different times (0-60 min). The MO 

concentration (C) after irradiation was estimated from the absorbance at 464 nm and the 

decolorization degree ((C0-C)/C0) × 100 (%), C0: initial MO concentration) was 

calculated. Figure 10b provides a dependence of the decolorization degree on UV 

irradiation time for NPs heat-treated at 1000˚C/3h/air. It can be seen that the 
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decolorization degree increases monotonically with increases in irradiation time. Next, 

we examined the catalytic activity of the NPs heat-treated at 1000˚C for different times 

(0-6h) in air by using the decolorization of the MO solution. Figure 10c provides 

absorbance spectra of the MO solution after UV irradiation with LF-FSP NP and NPs 

heat-treated at 1000˚C/0.5-6h/air. The UV irradiation time was 1h. Similarly, the 

decolorization degree of MO, which imply the photocatalytic activity in this case, was 

evaluated from the spectra, and their dependences on the heat treatment time was 

derived, which is shown in Figure 10d. This figure also provides a dependence of BET 

SSAS of NPs and heat-treating time. In the figure, the data at 0 h are for the LF-FSP 

NPs. Although the BET surface area decreased monotonically with the heat-treating 

time, the highest photocatalytic activity was obtained at 3 h. For heat-treating times 

shorter than 3 h, the BET surface area decreased while the photocatalytic activity 

increased. Yan et. al.49 described that the surface defects of TiO2, that is, oxygen 

vacancy clusters, could promote the separation of electron-hole pairs under irradiation, 

which leads to enhancement of the photocatalytic activity. As described above, the 

surface defect evaluated from XPS of O1s in the LF-FSP NPs decreased by the 

heat-treating at 1000˚C/3h/air. Therefore, it can be said that the surface defect is not 

dominant for the photocatalytic activity as for our samples. The reason might be due to 

improvements in the crystallinity and interior defect density reductions.42 Improvement 

in the crystallinity enhances the mobility of electrons and holes and reduction in the 

defect suppresses recombination of electrons and holes.

In contrast, in the range of the heat-treating times longer than 3 h, photocatalytic 

activity decreased monotonically with time. This might arise from decreases in surface 
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area. Therefore, best photocatalytic activity could be obtained from NPs heat-treated at 

1000˚C/3h/air, which still offer large surface area of 14 m2/g.

4. Conclusions

In this study, perovskite-slab-type La2Ti2O7 NPs were synthesized using LF-FSP of 

metalloorganic precursors of lanthanum isobutyrate and triethanolamine titanate 

coupled with a subsequent heat-treatment at 1000 ˚C/air. The LF-FSP NPs had 

characteristically low agglomeration of primary particles with APSs of 26 nm and large 

SSAs of 27 m2/g. Heat-treatment at 1000 ˚C/3h/air resulted in formation of plate-like 

single crystal NPs while still retaining SSAs of 14 m2/g while eliminating 

microstructural defects thereby optimizing photocatalytic activity. Finally, this work 

introduces LF-FSP processing of perovskite-slab-type NPs with high crystallinity and 

high surface area for photocatalytic applications.
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Figure captions

Figure 1. Schematic diagram of apparatus of liquid-feed flame spray pyrolysis.

Figure 2a. SEM image and b. STEM image of LF-FSP NP. HAADF-STEM image of c. 

area 1 and d. area 2 in image b.  

Figure 3. XRD pattern of LF-FSP NPs. Lattice planes corresponds to monoclinic 

P21-type type La2Ti2O7.
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Figure 4. XRDs of heat-treated LF-FSP NP.

Heat-treat conditions; a. 1000˚C/0h/air, b. 950˚C/0h/air, c. 900˚C/0h/air.

Temperature raising speed: 10˚C/min.

Figure 5. XRD pattern of NPs heat-treated at 1000˚C/3h/air. 

Figure 6. FTIR spectrum of NPs heat-treated at 1000˚C/3h/air. 

Figure 7a SEM image and b STEM image of LF-FSP NP heat-treated at 1000 ˚C/3h/air.

c HAADF-STEM image of area 1 in image b and d SAED of area 2 in image b.

Figure 8 XPS of O1s region for (a) LF-FSP NPs and (b) NPs heat-treated at 

1000˚C/3h/air.

Figure 9. UV-vis diffused reflectance spectra of LF-FSP NP (blue dotted line) and that 

heat-treated at 1000˚C/3h/air (red solid line). Inset: plots of (h)2 vs. h to estimate 

bandgap energy.

Figure 10a. Absorbance spectra of MO solution with NPs heat-treated at 1000˚C/3h/air 

after UV irradiation for different times.

b. Dependence of degree of decolorization on UV irradiation time for NPs heat-treated 

at 1000˚C/3h/air.

c. Absorbance spectra of MO solution without NPs and with NPs heat-treated at 
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1000˚C/0-6h/air after UV irradiation for 1h.

d. Dependence of degree of decolorization and BET surface area on heat-treatment time. 

Heat-treatment was carried out at 1000 ˚C/air. Uv irradiation time was 60 min. 
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