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Efficient utilization of renewable solar energy can be a key solution for 

environmental and energy issues. Semiconductor photocatalysts are the attractive 

material for harvesting the light energy source. Titanium dioxide became the first 

semiconductor photocatalyst that respond to UV light demonstrated by Fujishima 

around early 1970s. To date, many semiconductor photocatalysts have been created 

by conventional method. It necessary to find new synthesis route in synthesis 

semiconductor photocatalysts. 

This thesis, which composed of five chapters, focuses on synthesized  

(Ga1-xZnx)(N1-xOx), LaTiO2N, and LaFeO3 as visible light-absorbing materials 

using new synthetic methods. Chapter 1 is the introduction, which describe     

the background and objectives of this study. Chapter 2 and 3, discussed about    

the creation of binary oxynitrides, (Ga1-xZnx)(N1-xOx) and LaTiO2N, using lithium 

nitride as a solid nitrogen source at relatively lower temperature and shorter reaction 

time compared to the conventional method. ZnGa2O4 and amorphous lanthanum 

titanium oxide which used as the precursors derived from salen metal complex and 



metal salt mixture. UV-visible diffuse reflectance for all variation samples       

of (Ga1-xZnx)(N1-xOx) and LaTiO2N were measured to examined the absorption 

spectra and estimated the band gap of each oxynitride samples. Photoresponse    

to visible light was also examined for both (Ga1-xZnx)(N1-xOx) and LaTiO2N.  

Chapter 4, examined the sintered LaFeO3 from molecular La-Fe precursors. 

In this thesis, comparison the properties of photoanodes which derived from      

a conventional method and new approach using an alkyl salicylate-ligating metal 

complex in synthesis of LaFeO3 was reported. 

Chapter 5 summarizes the major conclusions of this study. In this thesis, 

proposed a new approach in synthesis of both binary oxide and oxynitride 

photocatalysts was reported. These approach are expected to contribute         

to the creation of oxide and oxynitride photocatalysts. Further research of this new 

approaches will be able to create many semiconductor photocatalysts which applied 

in harvesting visible light for solar water splitting.  
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CHAPTER I 

General introduction 

 

 

1.1. Background 

Clean and renewable energy is an important and a great challenge in recent 

years due to energy and environmental issues. Gratzel et.al. (2012) reported that  

the global population and the power consumption are estimated to increase around 

2 billion people and 15 TW by 2050 from 2011. Fossil fuels, of which provide most 

energy supply, will unable to keep up with this increase in demand. [1] 

Another concern related to the fossil fuels is the impact to the environmental 

and human being. It can produce harmful effect such as pollution and greenhouse 

gases. The presence of greenhouse gases, especially CO2, in the atmosphere for 

long lifetime can absorb thermal radiation emitted by the earth’s surface and, 

therefore, act as a blanket over the surface. It will increase the earth’s temperature 

and named global warming. According to the International Panel on Climate 

Change (IPCC), CO2 level in may 2011 which about 450 ppm carries a high risk of 

causing global warming by more than 2oC. [1,2] 

The strategies to solve those issues are to drastically reduce consumption of 

fossil fuels and to develop renewable energy. Since hydrogen is the clean energy 

and it can be used as a fuel, the conversion of solar energy as a renewable energy 

source into hydrogen appears to be much more attractive route. [3,4] 

 

 

 



1.2. The general history of photocatalysis for water splitting 

Photocatalysis can be applied to two different categories. First category is 

for improving the living environment such as anti-stain, self-cleaning, and 

superhydrophilicity properties. The second category is light energy conversion as 

represented by water splitting. [5,6] 

Photocatalysis for water splitting phenomenon was inspired by natural 

photosynthesis. Figure 1 shows the photosynthesis of green plant. In plants, 

chlorophylls absorb the solar energy to produce oxygen by oxidizing water and 

reducing carbon dioxide. In other words, those are achieved with solar energy [6]  

 

 

 

 

 

 

 

 

 

 

Figure 1. Photosynthesis of green plants 

 

Based on this phenomenon, in the early of 1970s, Fujishima and Honda 

demonstrated photoelectrochemical water splitting using n-type TiO2 single crystal 

irradiated with UV light. [7, 8] 
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Fig. 2 schematic representation of an electrochemical cell with TiO2 electrode under 
UV irradiation.  

 

Based on figure 2, when the surface of TiO2 was irradiated, current flows 

from the platinum electrode to the TiO2 electrode through the external circuit.   

The direction of the current reveals that the oxidation reaction (oxygen evolution) 

occurs at the TiO2 electrode and reduction (hydrogen evolution) at the platinum 

black electrode. [7,8] During this pathway, the harvesting of UV light and the redox 

reaction occur through the agency of the TiO2 semiconductor . It plays a key role  

in the conversion of the irradiation energy into the chemical energy which stored  

in hydrogen. This kind of functional semiconductor is thus commonly referred to 

as photocatalyst in this research field.  

1.3. Semiconductor as photocatalyst. 

Photocatalyst is a material that transforms light into chemical energy, 

promoting the conversion of a chemical compound into another, without producing 

a net change in the photocatalyst. [9] 

As a solid material, semiconductor is the attractive material for harvesting 

light because of the band structure in which the conduction band is separated from 

the valence band by a band gap with a suitable width. Semiconductor has       

hν 
3 

1 2 
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2. TiO2 n-type 

semiconductor  
3. electrolyte 
4. load resistance 
5. voltmeter 

V 

4 

5 



the electronic properties between conductor and insulator. Figure 3 shows      

the difference of insulator, semiconductor and conductor. 

 

 

 

 

 

 

 

 

 
Fig. 3 Relationship between the electrical specifications of materials and       
the position of energy band relative to the Fermi level (EF) 

 

When the electrons fill half of one band, they can move readily         

in the material. This material is conductor. When fermi level is located in the band 

gap, the lower band is completely occupied electrons but the upper band is not 

occupied by electrons at all. In this situation, electrons can not move easily and then 

the material become an insulator. For semiconductors, since the band gap is not 

large, two kinds of electric currents can be generated, i.e., electrons (negative- 

charge) flow through the conduction band above the fermi level (n-type- 

semiconductor), or positive charge (positive holes) flow through the valence band 

under the fermi level (p-type semiconductor). [10] 

 Light absorption and band gap in semiconductor are related each other.   

In photocatalysis application, the most important absorption is the inter-band 

absorption, arising from an excitation of electrons in the valence band          
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to the conduction band and generate the electron and holes. [10] As an example in 

the water splitting on semiconductor photocatalyst which shown in Figure 4. 

 

 

 

 

 

 
Figure 4. Principle of water splitting using semiconductor photocatalysts. 

 

When light (of which the energy is larger than the band gap) is irradiated, 

electrons and holes are generated in the CBs and VBs, respectively.           

The photogenerated electrons and holes cause redox reactions similarly         

to electrolysis. Water molecules are reduced by the electrons to form hydrogen and 

are oxidized by the holes to form oxygen for overall water splitting. Important 

points in the semiconductor photocatalyst materials are the width of the band gap 

and energy levels of the CBs and VBs. The bottom level of the CB has to be more 

negative than the redox potential of H+/H2 (0 V vs. NHE), while the top level of  

the VB has to be more positive than the redox potential of O2/H2O (1.23 V). 

Therefore, the band gap should be wider than 1.23 eV. [4,5,11,12] 

Semiconductors are mostly used as heterogenous catalysts. A. Kudo et. al. 

reported the elements constructing heterogeneous photocatalyst materials.     

The elements are classified into four groups : [4] 

a) to construct crystal structure and energy structure, 

It consists of d0 ion ( e.g. Ti4+, Zr4+, Nb5+, Ta5+, and W6+) , d10 ion (e.g. Zn2+, 

In3+, Cu+, Ag+, Pb2+, Bi3+, and Sn2+) and non metal (e.g. N, O, S). The CBs for d0 
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and d10 metal oxide photocatalysts are usually composed of d and sp orbitals, 

respectively, while their VBs consist of O 2p orbitals. VBs of metal sulfide and 

nitride photocatalysts are usually composed of S 3p and N 2p orbital, respectively.  

b) to construct crystal structure but not energy structure,  

It consists of alkali, alkaline earth and some lanthanide ions. They don’t 

directly contribute to the band formation and simply construct the crystal structure 

as A side cations in perovskite compounds. Example : SrTiO3, La2Ti2O7, NaTaO3. 

c) to form impurity levels as dopants. 

Example : Cr3+, Ni2+, and Rh3+ (metal cations with partially filled d orbitals). 

d) to be used as cocatalysts. 

Example : Pt, Rh, Au, NiO, RuO2. 

1.4. UV-active photocatalyst materials 

Many researchers started to investigated materials for water splitting since 

A. Fujishima and Honda firstly reported about n-type rutile TiO2 as an photocatalyst 

for water splitting under UV irradiation. TiO2 was chosen because it’s close to being 

an ideal photocatalyst in several respects such as relatively inexpensive and highly 

stable chemically.  

Powders of TiO2 look white, because they scatter all the photons of visible 

wavelength region. TiO2 has a band gap 3.1 eV (rutile) and 3.2 eV (anatase), 

therefore when TiO2 surface was irradiated with light consisting of wavelengths 

shorter than 415 nm, photocurrent flowed from the platinum counter electrode to 

the TiO2 electrode through the external circuit. The direction of the current reveals 

that the oxidation reaction (oxygen evolution) occurs at the TiO2 electrode and   

the reduction reaction (hydrogen evolution) at the Pt electrode. [6,8,10,13,14] 



In general, the VBs of stable oxide semiconductor photocatalysts based on 

metal cations with d0 and d10 configurations are composed of O 2p orbitals.     

The energy levels are considerably more positive (ca. +3 eV) than the oxidation 

potential of H2O. Therefore, the band gaps of oxide semiconductor photocatalysts 

for water splitting inevitably become wider than 3 eV. Thus, these oxide 

photocatalysts respond to only UV light. [5] 

Many varieties of oxide photocatalyst were developed. Chen, et.al. reported 

four groups of UV-active photocatalyst on the basis of the electronic configuration 

properties. They are : (1) d0 metal (Ti4+, Zr4+, Nb5+, Ta5+, W6+, and Mo6+) oxide 

photocatalysts, (2) d10 metal (In3+, Ga3+, Ge4+, Sn4+, and Sb5+) oxide photocatalysts, 

(3) f0 metal (Ce4+) oxide photocatalysts, and (4) a small group of non oxide 

photocatalysts. [11] 

1.4.1 d0 metal oxide photocatalysts 

These group consist of metal cations such as Ti4+, Zr4+, Nb5+, Ta5+ and W6+.  

Table 1. shows several oxide photocatalyst materials consisting of d0 metal cations 
for water splitting under UV irradiation. 

Photocatalyst Crystal 
structure 

Bg/eV Cocatalyst Ref. (year) 

TiO2 
TiO2 

Anatase 
Anatase 

3.2 
3.2 

NiOx 
Pt 

[15] (1987) 
[16] (1997) 

ZrO2  5.0 None [17] (1993) 

Ca2Nb2O7 Layered 
perovskite 

4.3 Ni [18] (1999) 

LiTaO3 

NaTaO3 
 

KTaO3 

Ilumenite 
Perovskite 

 
Perovskite 

4.7 
4.0 

 
3.6 

None 
NiO 

 
Ni 

[4] 2009 
[19] (2001) 
[20] (1998) 

 

PbWO4 Scheelite 3.9 RuO2 [4] 2009 
[21] 2004 



The TiO2 photocatalyst was modified with cocatalyst in order to be active 

to split water under UV irradiation. As an example in table 1, NiOx and Pt was 

loaded as cocatalysts. The suitable aqueous solution, e.g. 3 N aqueous NaOH 

solution [15] and carbonate salt solution [16], was also needed to carried out     

the reaction. It also reported that The NiO-TiO2 catalyst can not decompose H2O 

into H2 and O2 in distilled water. [15]  

K. Sayama and H. Arakawa reported that ZrO2 could be an active 

photocatalyst without using cocatalyst and could reduce CO2 associated with its 

highly negative flat-band potential (Efb -1.0 eV NHE, pH = 0) and the wide bandgap 

(Eg 5.0 eV). [17] 

One of the layered perovskite series consists of d0 metal cation, Ca2Nb2O7, 

loaded with Ni found to be efficient photocatalyst for overall water splitting under 

UV irradiation. [18] 

Alkali tantalate photocatalysts, ATaO3 (A = Li, Na, and K), was reported by 

Kato et.al. LiTaO3 photocatalyst showed the highest activity among the naked alkali 

tantalate photocatalysts prepared in the presence of excess alkali. On the other hand, 

the activity of a NaTaO3 photocatalyst was increased by 1 order of magnitude when 

a NiO cocatalyst was loaded. [19,20] The high activity of NiO/NaTaO3 is due to  

the suitable conduction band level consisting of Ta 5d and energy delocalization 

caused by the small distortion of TaO6 connections. In the case of KTaO3,       

the photocatalytic activity was hardly enhanced after NiO loaded and it’s associated 

with the low conduction band level. Therefore, the photogenerated electron      

in KTaO3 could not be able to transfer to NiO. [4,19,20] PbWO4 with the scheelite 

structure was the first example of tungsten oxide that is photocatalitically active 

when combined with RuO2 as reported by N. Saito, et.al. [4,21] 



1.4.2 d10 metal oxide photocatalysts 

Inoue’s group reported several d10 metal oxide photocatalyst, e.g. ZnGeO4 [22], 

CaIn2O4 [23], MIn2O4 (M = Ca, Sr) [24], and ZnGa2O4 [25]. Those materials were 

using RuO2 as co-catalyst. No band gap explanation on that papers, but A. Kudo 

et.al. reported the band gap of those materials determined by diffuse reflectance 

spectrum. Band gap of those d10 metal oxides are wide (Eg > 3 eV) and it responds 

to only UV light. [4] 

1.5. Visible light-Active Photocatalyst. 

Solar spectrum consist of three main solar radiation spectrum : UV rays   

(λ < 400 nm), visible light (400 nm < λ < 800 nm), and infrared rays (λ > 800 nm), 

accounting for 4, 53, and 43% of the total solar energy, respectively. Even if all UV 

light up to 400 nm were utilized, the solar conversion efficiency would be only 2%. 

Regarding to this, harvesting the visible light which is majority in a solar spectrum 

can be effective way to split water to hydrogen. [4,12]  

These are several common approaches that are taken in search of 

photocatalysts respond visible light irradiation:  

(i) Tune the band gap energy of UV-active photocatalysts with substitutional 

doping. 

TiO2 and SrTiO3 as an UV-active photocatalyst has been modified with 

several ways in order to be active under visible light by band engineering. They 

include doping with cation or anion. A. Kudo et. al. reported codoped of TiO2 with 

antimony and transition metals (chromium, nickel and copper) and SrTiO3 codoped 

with antimony and chromium. SrTiO3 and TiO2 have band gap 3.2 eV and 3 eV 

respectively before doping. The energy gaps of TiO2 codoped with Sb/Cr, Sb/Ni, 



and Sb/Cu were estimated to be 2.2, 2.6, and 2.6 eV from the absorption edges, 

respectively. It indicated that Cr3+ ions made a donor level at more negative position          

in the forbidden band than Ni2+ and Cu2+ ions. SrTiO3 codoped with Sb/Cr has     

a band gap 2.4 eV and it also showed intense absorption bands in the visible light 

region. The absorption band in the visible light region due to the Cr3+  Ti4+ charge-

transfer transition. It showed that the doped transition metal ions play an important 

role to the visible light absorption for both SrTiO3 and TiO2 codoped with antimony 

and transition metals. [22] 

Another report of cationic doping is TiO2 (band gap = 3.0 eV) and SrTiO3 

(band gap = 3.2 eV) codoped with nickel and either tantalum or niobium.       

The visible-light responses were due to the charge-transfer transition from      

the electron donor levels formed by the 3d orbitals of doped Ni2+ to the conduction 

bands of the host materials. Codoping of a tantalum or niobium ion made       

the absorption intensity in the visible light region strong for TiO2 doped with nickel 

ions, resulting in the enhancement of the photocatalytic activity for O2 evolution 

under visible light irradiation. SrTiO3 codoped with nickel and tantalum showed 

higher activity for H2 evolution than SrTiO3 doped with only nickel. This is due to 

the fact that codoped Ta5+ ions played a role in charge compensation, resulting    

in the suppression of the formation of Ni3+ ions, which are expected to trap 

photogenerated electrons. [23] 

Anionic doping such as N-doped TiO2 was reported by R. Asahi et.al for 

organic decomposition. They reported that the substitutional doping of N was    

the most effective because its p states contribute to the band-gap narrowing      

by mixing with O 2p states. [24] 

 



In the doped photocatalysts, the formation of recombination sites by     

the dopant is more or less inevitable. Moreover, the level formed by the dopant is 

usually discrete and thus inconvenient for the migration of holes formed there. 

Therefore, the formation of a VB by orbitals not associated with O 2p but with other 

elements is indispensable for oxide photocatalysts in order to design visible-light-

driven photocatalysts. [5]  

(ii) New single-phase photocatalytic materials 

Another approach to obtain visible light photocatalysts is to find new 

materials independent of UV-active materials. Undoped, single-phase oxide 

materials are of particular interest because of their intrinsic stability. The solid 

solution between a wide band gap semiconductor and a small band gap 

semiconductor could also belong to this group of new single phase materials. [25] 

Band gaps and the energy levels can be controlled by changing the ratio of wide 

and narrow band gap semiconductors. [5]  

Domen, et. al. for the first time introduced on a new type of oxynitride with 

a unique composition and structure: a solid solution of GaN and ZnO. GaN has    

a band gap of about 3.4 eV and ZnO is also a well-known material with a band gap 

of 3.2 eV. They have wurtzite structures with similar lattice parameter, therefore  

the solid solution can be form between the two. This solid solution was synthesized 

by nitridation several ratio of a mixture of gallium oxide and zinc oxide powders 

under ammonia at 1123 K for 5 – 20 h. GaN:ZnO solid solution were obtained with 

the band gap smaller than those of the GaN and ZnO only and it’s estimated roughly 

about 2.58 eV. [26]  

 

 



It was hypothesized that the narrowing band gap of GaN:ZnO solid solution 

occur when the a zinc(II) compound is incorporated into the GaN lattice. It causes 

the top of the valence band formed by N2p atomic orbitals to rise to a higher 

potential energy (i.e., N2p - Zn3d repulsion) and narrowing the band gap for GaN. 

This p - d repulsion has been reported by S. H. Wei and Alex Zunger for II – VI 

semiconductors containing Zn2+ ions as a principal component (e.g., ZnAl2O4).   

It shifts the valence band maximum upward without affecting the conduction band 

minimum. [27] 

1.6. The aim of study 

The purpose of this thesis is to synthesize gallium zinc oxynitride and 

LaTiO2N as binary oxynitride photocatalysts, and LaFeO3 as a binary oxide 

photocatalyst as visible light absorbing materials. These photocatalysts were 

synthesized by using heterometal complex precursors by new approach of synthesis 

method. Band gap and photoelectrochemical properties of those three compounds 

were also reported in this thesis. 

 

 

 

 

 

 

 

 

 



References : 

1. R. Van de Krol and M. Gratzel, Electronic Material : Science and Technology, 

2012, 3-10. 

2. Houghton, J., Reports on Progress in Physics, 2005, 68, 1343-1403. 

3. N. Armaroli, V. Balzani, Angew. Chem.Int. Ed., 2007, 46, 52-66. 

4. A. Kudo and Y. Miseki, Chem. Soc. Rev., 2009, 38, 253 – 278. 

5. A. Kudo, Pure Appl. Chem., 2007, 79, 1917–1927. 

6. A. Fujishima, T. N. Rao, D. A. Tryk. J. Photochem. Photobiol. C, 2000, 1, 1-21. 

7. Fujishima, A. and Honda, K., Bulletin of The Chemical Society of Japan, 1971, 

44, 1148-1150. 

8. A. Fujishima and K. Honda, Nature, 1972, 238, 37-38. 

9. A. Primo and H. Garcia, Elsevier, 2013, 145. 

10. Y. Nosaka and A. Nosaka, Royal Society of Chemistry, 2016, 51-52. 

11. X. Chen, S. Shen, L. Guo, and S. S. Mao, Chem. Rev. 2010, 110, 6503–6570. 

12. R. Abe, J. Photochem. Photobiol. C, 2010, 11, 179 – 209. 

13. A. Fujishima, X. Zhang, C. R. Chimie 8, 2005. 750-760. 

14. A. Fujishima, X. Zhang, and D. A. Tryk, Surface Science Report, 2008, 63,  

515-582. 

15. A. Kudo, K. Domen, K. Maruya and T. Onishi, Chem. Phys.Lett., 1987, 133, 

517-519. 

16. K. Sayama and H. Arakawa, J. Chem. Soc., Faraday Trans., 1997, 93,    

1647-1654. 

17. K. Sayama and H. Arakawa, J. Phys. Chem., 1993, 97, 531-533. 

18. H. G. Kim, D. W. Hwang, J. Kim, J. G. Kim, and J. S. Lee, Chem. Commun., 

1999, 0, 1077-1078. 



19. H. Kato and A. Kudo, Chem. Phys. Lett., 1998, 295, 487-492. 

20. H. Kato and A. Kudo, J. Phys. Chem. B, 2001, 105, 4285-4292. 

21. N. Saito, H. Kadowaki, H. Kobayashi, K. Ikarashi, H. Nishiyama, and Y. Inoue, 

Chem. Lett., 2004, 33, 1452-1453. 

22. H. Kato and A. Kudo, J. Phys. Chem. B., 2002, 106, 5029-5034. 

23. R. Niishiro, H. Kato and A. Kudo, Phys. Chem. Chem. Phys., 2005, 7,     

2241-2245. 

24. R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki and Y. Taga, Science, 2001, 293, 

269-271.  

25. J.S Lee, Cat. Surv. Asia, 2005, 217-227. 

26. K. Maeda, T. Takata, M. Hara, N. Saito, Y. Inoue, H. Kobayashi, and K. Domen, 

J. Am. Chem. Soc., 2005, 127 , 8286-8287. 

27. S. H. Wei and A. Zunger, Phys. Rev. B., 1988, 37, 8958-8981. 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER II 

Nitridation of metal salen-derived ZnGa2O4 particles using  

a solid nitrogen source 

 
 
2.1 Introduction 

Photocatalytic water splitting has attracted much attention as a renewable 

solar H2 generation technology. Oxynitride semiconductor is one of the intriguing 

materials for energy conversion [1-3]. Domen et al. for the first time reported on 

the development of GaN:ZnO solid solution for visible-light driven water splitting 

[4]. A similar lattice parameter of GaN and ZnO and the same wurtzite structures 

allows us to synthesize a solid solution of GaN:ZnO. The conduction band of 

GaN:ZnO is composed of 4s and 4p orbitals of Ga and the valence band is populated 

by N2p (or O2p) and Zn3d orbitals. This electronic structure results in p-d repulsion 

on the valence band, thus narrowing the band gap [3]. 

There has been extensive studies on the creation of GaN:ZnO materials. One 

of the synthesis routes includes the reaction of Ga2O3 and ZnO with NH3 gas [1,4,5]. 

Figueiredo et al. investigated the nitridation reaction with a mixed metal oxide 

(ZnGa2O4). They evaluated oxide precursors which synthesized by a conventional 

solid state reaction (SSR) from a ZnO and Ga2O3 mixture and by a polymeric 

precursor method. Different morphologies of oxide precursors were observed and 

they concluded that the shape directly affects to a diffusion of NH3 and nitridation 

process [6]. The formation of oxynitride compounds often requires a NH3 gas     

at T >1073 K [4,6,7,8,9,10,11]. Recently, we have demonstrated a synthesis of GaN 

by the reaction of Ga2O3 with Li3N as a solid nitrogen source that can complete  



the reaction at a relatively low temperature of 823 K. Moreover, the solid nitrogen 

source can be easily handled without using the gaseous nitrogen source [12]. 

In order to investigate further application of our synthetic methods, we focus 

here on a nitridation process with Li3N using ZnGa2O4 precursors. The ZnGa2O4 

precursor was synthesized by a thermolysis of the mixture of gallium salen and zinc 

acetate. We anticipated that the salen structure has advantages to form           

a multinuclear Zn-Ga center with the coordination of two phenolic oxygens of N2O2 

donor sites. The phenolic oxygen atoms can further bind to other metal ions to 

produce a stable metal complex (see Scheme 1) [13,14]. 

 

 

 

 

Scheme 1. Reaction scheme of the synthesis of ZnGa2O4 formed by a thermolysis  
of the mixture of Ga(salen)Cl and Zn(CH3COO)2. 
 

In this work, metal oxide precursors derived from metal salen complex was 

for the first time used as nitridation precursors and reacted with Li3N as a solid 

nitrogen source to examine a low-temperature nitridation. Most importantly,    

the ratio of zinc acetate and gallium salen is systematically changed in order to 

understand suitable metal oxide precursors to create (Ga1-xZnx) (N1-xOx). 
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2.2 Experimental Section 

2.2.1 Preparation of gallium salen 

The gallium complex with salen ligand was synthesized according to the- 

procedure described in ref. 15. Practically, gallium chloride (528 mg, 3.00 mmol) 

and salen (805 mg, 3.00 mmol) were reacted in 20 mL of dichloromethane at 

ambient temperature inside the glove box filled with N2. After stirring the reaction 

mixture for 3 h, a pale yellow powder was collected by filtration and dried in air. 

2.2.2 Preparation of ZnGa2O4
 as an oxide precursor 

The powder mixture of gallium salen and anhydrous Zn(CH3COO)2, were 

ground for 15 min. in an agate mortar at room temperature in a way to mix them at 

the Ga/Zn ratio of 1 : 2, 1 : 3, 2 : 1, and 3 : 1 ( represented as GZ1-2, GZ1-3,    

GZ2-1, and GZ3-1 ). After grinding, the powders were heated at 973 K for 2 hours. 

2.2.3 Nitridation of as-prepared oxide precursors by using Li3N as a solid nitrogen 

source 

A mixture of oxide precursor (700 mg, 2.60 mmol) and Li3N (300 mg, 8.61 

mmol) were mixed for 15 min. and put into a graphite crucible (20 mm inner 

diameter, 20 mm depth, Nilaco) inside the glove box (under N2 atmosphere with 

humidity of 15% or less). The crucible was placed in a sealed stainless steel reaction 

container (inner diameter: 55 mm, length: 309 mm, SUS 316) and it was set 

vertically at the center in an electric furnace. The mixtures were preheated at 473 K 

for 1 h. in vacuum and then reacted with Li3N at 823 K for 2 h. in nitrogen 

atmosphere. After cooling down, the powder obtained was washed with nitric acid 

(0.01 M) and distilled water.  



2.2.4 Preparation of the obtained oxynitride electrodes and electrochemical 

measurement. 

The obtained oxynitride powder (0.05 g) and 400 μl 2-butanol was stirred 

for ±24 h after being sonic for 1 h. Sample slurry was applied onto Ti-plate     

(Ti-plate with size 1 cm x 2 cm was etched using mixture of 2 ml HF, 10 ml HNO3 

and 13 ml distilled water before using) with 1 cm2 in area size. Then it was heated 

in nitrogen at 623 K for an hour. TiCl4 treatment was carried out by dipping       

the electrode in a 10 mM TiCl4 ethanol solution and drying on a hotplate at       

ca. 473 K. It was repeated 5 times and then calcined in nitrogen at 623 K for      

an hour. After the cooling down, put the wire on the edge of the electrode outside   

the sample area and fixed it with semiconductor paste. Finally, other than sample 

area was covered using isolator material. Photoelectrochemical measurement was 

carried out with a potensiostat (HOKUTO DENKO HZ-5000) and electrochemical 

cell. The three-electrode cell consisting of the obtained oxynitrides electrode (1cm2), 

saturated calomel electrode (SCE), and platinum electrode was adapted in 

combination with 0.5 M the aqueous Na2SO4 electrolyte solution (pH ca. 13, 

adjusted by adding NaOH solution). The light source was the Xe lamp fitted with  

a cutoff filter to irradiate visible light (λ > 420 nm). Photocurrent was recorded 

while scanning the voltage from negative to positive with a rate of 10 mV s-1.   

The light was chopped manually. 

2.2.5 Structure characterization 

Oxide and oxynitrides powders were characterized by means of X-ray 

powder diffraction (XRD, Rigaku Ultima II/PC) with CuKα radiation.        

The morphologies of samples were observed using scanning electron microscope 

(SEM, HITACHI S-4800). Elemental analysis were performed on EDX S-4300 



(HITACHI). The diffuse reflectance were measured using UV/VIS 

spectrophotometer (U-4000, HITACHI). 

2.3 Results and discussions 

2.3.1 Formation of ZnGa2O4 Precursors 

Fig. 1 shows powder XRD pattern of four oxide samples. These ZnGa2O4 

were succesfully synthesized by a thermolysis of gallium salen and anhydrous 

Zn(CH3COO)2. Spinel phase ZnGa2O4 was formed for all samples. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 Powder XRD pattern of ZnGa2O4 by a thermolysis of the mixture of gallium 
salen and zinc acetate with a different Ga/Zn ratio 
 

It is likely from XRD pattern that the larger amount of zinc in the starting 

mixture leads to the increased ZnO formation and the larger amount of gallium 

salen in the starting mixture leads to the formation of beta gallium oxide. Also, it 

was found that ZnGa2O4 was produced more efficiently for GZ2-1 (equimolar ratio 

of Ga/Zn in starting mixture) compared to GZ3-1, GZ1-2, and GZ1-3. The most 

0 20 40 60

ZnO Beta-Ga2O3

In
te

ns
ity

 (a
.u

)

2-theta (degree)

ZnGa2O4

GZ1-3O

GZ1-2O

GZ2-1O

GZ3-1O

2θ (degree) 



intense peak at 2Ɵ = 35.7o was assigned to spinel ZnGa2O4, which was     

indexed to (311). 

Morphologies of four ZnGa2O4 samples were examined by SEM (Fig. 2). 

For all samples, two different shapes, i.e. micrometer scale plate-like compound 

and smaller submicron-scale particles were observed. Ga-salen complex has      

a planar structure and it is likely that there is a tendency to form π-stacked 

aggregates. This precursor may lead to the formation of 2D plate-like ZnGa2O4 via 

thermolysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. SEM images of an oxide powders GZ3-1, GZ2-1, GZ1-2, dan GZ1-3  
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Since each sample has different morphologies, EDX measurement was 

performed to analyze the spatial distribution of compositional elements, Zn, Ga, 

and O. As shown in Fig. 3, EDX elemental maps revealed that sample composed of 

Ga, Zn, and O. Together with the SEM image in Fig. 2, the distribution of each 

element shown in Fig. 3 suggested that ZnGa2O4 had a micrometer-scale plate-like 

compound. To our knowledge, this is the first example of ZnGa2O4 having a 2D 

structure. 

 

 
 
 
 
 
 

 
Fig. 3 Typical EDX elemental maps of GZ1-2 and EDX spectrum of the same  
sample.  

 

2.3.2 Formation of gallium zinc oxynitride (Ga1-xNx)(Zn1-xOx) 

The reaction of ZnGa2O4 with Li3N was examined at 823 K. It should be 

noted that the reaction temperature can be significantly reduced by using Li3N 

compared to those of other literature methods ( > 1100 K ) with NH3 gas.       

Fig. 4 shows powder XRD pattern of all oxide samples after the reaction with Li3N. 

From all obtained oxynitrides, solid solution was observed in the ZnO rich 

of oxide precursor for GZ1-2 sample. It is showed from the position of the peak 

both enlarge view on the left side and peak fitting on the right side. The peak 

position of the diffraction peak is located between those of GaN and ZnO, indicating 

keV 

ZnO 
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that the obtained sample is a solid solution of (Ga1-xZnx) (N1-xOx). Moreover,    

the enlarged view also shows a peak shift away from GaN and toward ZnO with 

increasing the ZnO content in the oxide precursor. It means the obtained oxynitride 

have higher content of ZnO. In the case of GZ1-3 sample which have the highest 

content of ZnO among the obtained oxynitrides, we called ZnO-rich oxynitrides. 

This result suggested that the appropriate amount of ZnO is required during     

the reaction with Li3N to produce solid solution of GaN and ZnO efficiently. 

Furthermore, the excessive amount of ZnO leads to the higher formation ZnO 

residue in the obtained oxynitrides.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Powder XRD pattern of (Ga1-xZnx) (N1-xOx) samples after nitridation with 
Li3N at 823 K for 2 h using different ratio of Ga/Zn of oxides and enlarge view from   
2θ = 30o – 34o. The database in the bottom shows orthorombic LiGaO2 (vertical 
black line : No. 00-023-0359), hexagonal GaN (vertical blue line : No. 00-050-
0792), and hexagonal ZnO (vertical red line : No. 01-075-0576). The insets on the- 
right present peak fittings show ZnO, GaN, and GaN : ZnO as solid solution   
(Ga1-xZnx) (N1-xOx). 
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A mixture of the orthorhombic LiGaO2 and wurtzite GaN was determined 

for GZ2-1 and GZ3-1 (Fig. 4). This result suggested that the nitridation of a single 

phase ZnGa2O4 does not produce solid solution (Ga1-xZnx) (N1-xOx). The loss of 

zinc may cause a reduction of zinc oxide to metallic zinc during the nitridation [16], 

suggesting that the presence of zinc oxide is required to efficiently synthesize  

(Ga1-xZnx) (N1-xOx). As reported by G. Dukovic et.al. that they synthesized    

(Ga1-xZnx) (N1-xOx) using different ratio of nanocrystalline ZnGa2O4 and ZnO 

precursors to prevent the evaporation of Zn during the reaction at high temperature. 

[2] From the results (Fig. 4), GZ1-2 sample is the suitable oxide precursor       

to produce solid solution (Ga1-xZnx) (N1-xOx) among others. 

In order to investigate microstructure and chemical composition of 

nitridation products, SEM and EDX measurements were performed. Taking into 

consideration that the ZnGa2O4 precursor had a 2D structure, SEM images for all 

samples in Fig. 5 and elemental mapping in Fig. 6 suggested that the obtained 

oxynitrides had a cauliflower-like morphology after the reshape of oxide samples 

via nitridation. Figueredo et al. reported on the significant change of morphology 

after the nitridation process of ZnGa2O4 precursor using NH3 gas [11]. For our 2D 

ZnGa2O4 precursor, it is postulated that the micrometer scale plate-like oxides 

coarsened to generate such a 3D cauliflower like morphology as a result of      

the conversion of crytal structures from spinel phase of ZnGa2O4 to wurtzite phase 

of (Ga1-xNx)(Zn1-xOx). [1] The insets with the scale bar 5 micrometer shows     

the coarsening occured since the larger particle still consist of submicron scale 

particle.  

 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5 SEM images of (Ga1-xNx)(Zn1-xOx) synthesized using GZ1-2, GZ1-3,   
GZ2-1, and GZ3-1 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 SEM-EDX images of GZ1-2 sample after the reaction with Li3N at 823 K. 
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The spectra were obtained by conversion of diffuse reflectance to 

absorbance using the Kubelka−Munk function. The UV-vis absorption spectra of 

(Ga1-xNx)(Zn1-xOx) after each of four oxides reacted with Li3N. 

 

 

 

 

 

 

 

 

 

 

 

 

It can be seen that the absorption edge of (Ga1-xNx)(Zn1-xOx) shifted towards 

the red region or longer wavelength as increasing the amount of ZnO in the oxide 

precursor. The band gap energy of the sample were estimated by the absorption 

onset. The absorption onset values, determined by linear extrapolation of the 

absorption edge to zero absorbance. It shifts to the red almost linearly from 460 nm 

(2.7 eV) for ZnO poor oxynitrides to 550 nm (2.25 eV) for ZnO rich-oxynitrides. 

In this case, Zn content in oxynitrides products play important role in the narrowing 

the band gap. Furthermore, it will have important practical implication in solar 

harvesting capacity of material.  

 

Fig. 7 UV-visible diffuse reflectance spectra for (Ga1-xNx)(Zn1-xOx) 
synthesized using GZ3-1(a), GZ2-1 (b), GZ1-2 (c), and GZ1-3 (d) 
(the inset is the different colour of each obtained oxynitrides) 
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The results showed that zinc-rich oxide precursors led to a bandgap narrowing, 

which is consistent with literature data [16,17]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Current-potential curves of electrode using powder (Ga1-xNx)(Zn1-xOx) 
synthesized from different ratio of Ga/Zn under intermittent light irradiation.  
Light source : Xe Lamp. Electrolyte solution : 0.5 M Na2SO4 (aq) pH = 13 (Adjusted 
by adding NaOH solution). 
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The current-potential curves for TiCl4-treated electrode using powder  

(Ga1-xNx)(Zn1-xOx) are given in Fig. 8. The photocurrent result can not directly 

compared with each other, because the experimental condition, such as light 

intensity, are different from each other. All electrode samples in Fig. 8 response 

both UV and visible light with different current density. The anodic photocurrent 

were observed for all electrode samples, indicating those powders show n-type 

semiconductor. More work is needed to understand the photoelectrochemical 

properties of those electrodes using same light intensity. 

2.4 Conclusion 

We have reported the synthesis and characterization of (Ga1-xNx)(Zn1-xOx) 

using ZnGa2O4 precursor and Li3N as a solid nitrogen source. We have also shown 

for the first time the 2D morphology of ZnGa2O4 precursor which derived from 

pyrolysis of mixture gallium salen and zinc acetate. Most importantly, the solid 

solution of (Ga1-xNx)(Zn1-xOx) with a cauliflower-like morphology was succesfully 

formed at a relatively low temperature of 823 K and at a short reaction time of 3 h. 

for GZ1-2 sample with the estimated band gap 2.25 eV. GZ1-2 electrode showed    

the anodic photocurrent under both UV and visible light illumination (λ>420 nm). 
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CHAPTER III 

Formation of LaTiO2N through pyrolysis-Li3N nitridation process based on a 

metal salen precursor. 

 

3.1 Introduction 

Oxynitride semiconductors became the most promising material for water 

splitting. A number of oxynitrides which applicable to the visible light have been  

reported such as SrNbO2N [1], TaON [2,3], LaTaON2
 [4], LaTiO2N [5-8], BaTaO2N 

[9-10] and GaN:ZnO [11-14]. These oxynitride materials generally synthesized by 

nitridation of oxide precursor under NH3 at T > 973 K. Our group have introduced 

lithium nitride as a solid nitrogen source for nitridation of gallium oxide to produced 

GaN at relatively lower temperature compared to NH3 as nitrogen source. [15] 

By using the similar nitridation method, we also have reported the synthesis 

of zinc gallium oxynitride from ZnGa2O4 as a precursor which derived from gallium 

salen and zinc acetate. Solid solution (Ga1-xZnx)(N1-xOx) with cauli-flower like 

morphology was produced by nitridation of zinc-rich oxide precursor with Li3N at 

823 K. [16] 

LaTiO2N has perovskite structure and n-type semiconductor with the band 

gap of 2.1 eV. [17] Most synthetic routes to produce LaTiO2N reported using 

crystalline La2Ti2O7 reacted at higher temperature ( > 1100 K) under NH3 flow. 

[6,8]  

In this research, we still focused using salen as a complexing metal because 

salen are suitable for the multimetal complexation system in the represent of the 

N2O2 site. Furthermore, in this work, we used amorphous La2Ti2O7 as an oxide 

precursor to prepared LaTiO2N. This amorphous La2Ti2O7 was derived from 



pyrolysis of mixture titanium salen and lanthanum nitrate. Herein, the nitridation 

temperature ranged from 773 – 873 K, while the nitridation time was fixed at 2 h. 

3.2 Experimental section 

3.2.1. Preparation of an amorphous La2Ti2O7 

Amorphous La2Ti2O7 oxide was prepared by the solid state route. Titanium 

salen was prepared by the similar method with gallium salen preparation as reported 

by our group [16]. The powder mixture of titanium salen and lanthanum nitrate 

heksahydrate were ground in an agate mortar at room temperature until the colour 

of the mixture changed to orange. The ratio of La and Ti on that mixture is 1 : 1. 

After grinding, the powders were heated at 973 K for 2 hours.  

3.2.2. Nitridation of an amorphous La2Ti2O7 by using Li3N as a solid nitrogen 

source 

LaTiO2N was prepared by the similar method with our previous work [16]. 

0.2 g of amorphous La2Ti2O7 and 0.06 g Li3N were ground well using agate mortar 

inside the glove box which humidity under 20%. The mixture was moved to carbon 

crucible. Then it was pre heated at 473 K for 1 h under vacuum condition to remove 

moisture. The heating was continued at 773, 823, and 873 K in nitrogen atmosphere 

for 2h. After cooling down, the powder obtained was washed with nitric acid 0.1 M 

and continued with distilled water. 

3.2.3. Preparation of electrodes for each obtained oxynitrides, TiCl4 treatment and 

photoelectrochemical measurement. 

Each obtained oxynitride powders (0.05 g) and 400 μl 2-butanol was stirred 

for ±24 h after being sonic for 1 h. Sample slurry was applied to Ti-plate in area   

1 cm x 1 cm while placing scotch tapes at the edge of the Ti-plate. Ti-plate was 



etched using mixture of 2 ml HF, 10 ml HNO3 and 13 ml distilled water before 

applying the sample slurry. Let the sample layer dried and then it was heated     

in nitrogen at 623 K for an hour.  

TiCl4 treatment was carried out using the similar method with reported 

somewhere else [17]. Briefly, by dipping as-prepared electrode in a 10 mM TiCl4 

ethanol solution and dried on a hotplate at ca. 473 K. It was repeated 5 times and 

then calcined in nitrogen atmosphere at 673 K for an hour. After cooling down,  

put the wire on the edge of the electrode outside the sample area and fixed it    

with semiconductor paste. Finally, other than sample area was covered using 

isolator material.  

Photoelectrochemical measurement was carried out with a potensiostat 

(HOKUTO DENKO HZ-5000) and electrochemical cell. The three-electrode cell 

consisting of the obtained oxynitrides electrode (1cm2), saturated calomel electrode 

(SCE), and platinum electrode was adapted in combination with 0.5 M the aqueous 

Na2SO4 electrolyte solution (pH ca. 13, adjusted by adding NaOH solution).    

The light source was the Xe lamp fitted with a cutoff filter to irradiate visible light 

(λ > 420 nm). The light was chopped manually. 

3.2.4. Structure characterization 

Oxide and oxynitrides powders were characterized by means of X-ray 

powder diffraction (XRD, Rigaku Ultima II/PC) with CuKα radiation.        

The morphologies of samples were observed using scanning electron microscope  

(SEM, HITACHI S-4800). Elemental analysis were performed on EDX S-4300 

(HITACHI). The diffuse reflectance were measured using UV/VIS 

spectrophotometer (U-4000, HITACHI). 

 



3.3 Result and Discussion 

Amorphous La2Ti2O7 succesfully synthesized from heat treatment of 

mixture titanium salen and lanthanum nitrate at 973 K (Fig. 1). As a Ti(IV) source, 

Ti(IV) salen was obtained as an oxo-bridged binuclear Ti(IV) salen complex, which 

were previously characterized with single crystal X-ray analysis. It was expected 

that the heterometal oxo-bridged La(III)-Ti(IV) complex facilitates homogenous 

formation of binary oxides during pyrolysis in air. This amorphous La2Ti2O7 was 

continued to reacted with Li3N with the ratio 1 : 4 at 773 K, 823 K, and 873 K.  

Fig. 1 shows XRD patterns of amorphous La2Ti2O7 and LaTiO2N with variation  

of nitridation temperature. 

 

 

 

 

 

 

 

 

 
Fig. 1 XRD pattern of amorphous lanthanum titanium oxide and LaTiO2N with 
nitridation temperature 773 K, 823 K, and 873 K 
 

After the reaction of Li3N and amorphous La2Ti2O7, it can be seen from 

XRD pattern that the LaTiO2N orthorombic peaks started appear at 773 K and had 

well-defined single orthorombic peaks at 823 K. It indicated that amorphous 

La2Ti2O7 were efficiently changed to LaTiO2N after reacted with Li3N at 823 K. 
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This nitridation temperature is relatively lower than previous report 1173 K [7]. 

Interestingly, no obvious peak observed by increasing the temperature reaction up 

to 873 K. This could correspond to the formation of an amorphous material.  

 

 

 

 

 
 

 
Fig. 2 SEM images of amorphous La2Ti2O7  

 
 

 

 

 

 

 

 

 

 

 

 
Fig. 3 SEM images of an amorphous La2Ti2O7 after reacted with Li3N at 773 K (a), 
823 K (b), and 873 K (c) 
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Furthermore, in the case of no obvious peak observed at 873 K (Fig.1),    

it may be attributed to the structural instability of LaTiO2N which leading to     

the formation of amorphous phase during the reaction with highly reactive Li3N.  

As reported by J.P. Attfield and S. Ninova et.al. that the perovskite oxynitrides 

commonly exhibit structural inabilities. Moreover, either O or N ions can occupy 

the anion sites in the perovskites structure. Furthermore, it affects the crystal 

structure. [19,20] 

SEM images of amorphous La2Ti2O7 and LaTiO2N powders are given    

in Fig. 2 and 3. It can be seen that the morphology did not change significantly after 

amorphous La2Ti2O7 reacted with Li3N at temperature range 773 – 873 K.      

For LaTiO2N powders, the shape of particles still rather irregular with pores on the 

surface of the particles. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 EDX spectrum of of an amorphous lanthanum titanium oxide after reacted 
with Li3N at 773 K, 823 K, and 873 K  
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EDX analysis (Fig. 4) was carried out to understand the spectra of each element  

in the obtained oxynitrides. EDX spectrum shows that all samples composed of La, 

Ti, O, and N.  

 

 

 

 

 

 

 
 

 

 

 

 

The UV-vis absorption spectra of the oxynitrides are shown in fig. 5.    

The absorption edge of the oxynitride shifted towards the red region as increasing 

the nitridation temperature, consistent with the previously reported [7].        

The band gap energy of the samples were estimated to be 2.8 eV for 873 K, 2.7 eV 

for 823 K and 2.5 eV for 773 K. In these results, band gap narrowing occur as- 

increasing the nitridation temperature. Perovskite LaTiO2N is one of an example of 

such a nitride-substituted semiconductor. Accordingly, when N atoms are partially 

substituted for O atoms, the top of the VB of LaTiO2N (which mainly consist of  

N 2p orbital and a small contribution of O 2p orbital) is expected to be shifted to  

a higher potential energy compared to La2Ti2O7 without affecting the level of    
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Fig. 5 UV-Vis diffuse reflectance of LaTiO2N produced by the reaction of 

amorphous La2Ti2O7 with Li3N at 773, 823, and 873 K. 



the bottom of the conduction band (which is made up entirely of empty         

Ti 3d orbital). (Scheme 1) 
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Fig. 6 Tauc plot of LaTiO2N produced by the reaction of amorphous La2Ti2O7 

with Li3N at 773, 823, and 873 K.  



 

 

 

 

 

 

 

 

Scheme 1. Proposed schematic band structures of amorphous La2Ti2O7 and after 
reacted with Li3N. 
 

Electrode for the oxynitrides powders was prepared and continued to treated 

using TiCl4 ethanol solution (section 3.2.3). The lack of sufficient contact between 

the LaTiO2N particle and to Ti-plate as a substrate lead to the releasing of       

the sample layer from the substrate during photoelectrochemical measurement  

( no data shown in this thesis ). J. Feng et.al. reported that inter-particle connection 

between the FTO substrate and the LaTiO2N particles are important for efficient 

charge carrier collection and these connection are ensured by the use of TiCl4 

necking agent [21]. Similarly, in order to improved the binding particle each other 

and to the substrate, all LaTiO2N electrodes was treated using TiCl4 and 

subsequently heated under nitrogen to make it compact ( as explained in     

section 3.2.3.).  
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Fig. 7 Current-potential curves of LaTiO2N electrodes under intermittent light 
irradiation. Light source : Xe Lamp. Light Intensity = 119 mWatt/cm2 (UV light) 
and 93 mWatt/cm2 (>420 nm). Electrolyte solution : 0.5 M Na2SO4 (aq) pH = 13 
(Adjusted by adding NaOH solution). 
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Fig. 7 shows the current-potential curves of each LaTiO2N electrodes 

measured in the range -0.8 to +1.2 V vs. SCE at scan rate 10 mV s-1. Based on   

the current-potential curves, the anodic photocurrent were observed. It means those 

powder show n-type semiconductor. The highest photocurrent density for both UV 

and visible light intermittent are LaTiO2N 873 K. The current density of LaTiO2N 

873 K electrode for visible light was about 0.3 mikroAmpere/cm2 at 0.2 V vs. SCE. 

and 0.03 mikroA/cm2 at 0.2 for LaTiO2N 823 K electrode (i.e. the current density 

of LaTiO2N 873 K electrode is 10 times higher than LaTiO2N 823 K electrode).  

3.4. Conclusions 

LaTiO2N were successfully synthesized by the reaction of amorphous 

La2Ti2O7 as a precursor, which derived from titanium salen and lanthanum nitrate, 

reacted with Li3N with variation of temperature (773, 823, and 873 K). Well-defined 

diffraction peak of orthorhombic LaTiO2N was observed at 823 K. The absorption 

edge of the oxynitride shifted towards the red region as the increasing the nitridation 

temperature attributed to narrowing the band gap after nitride substitution. 

Electrode of LaTiO2N powder with nitridation temperature at 873 K have an anodic 

photocurrent which give the highest response for both UV and visible light among 

other nitridation temperature. 
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CHAPTER IV 

Creation of a perovskite LaFeO3 network as photoelectrode material using  

a salicylate-ligating lanthanum–iron complex precursor 

 

4.1 Introduction 

Recent progress in nanoscience and materials chemistry has provided new 

avenues for inorganic semiconductors and devices. Their photo-functionality, e.g., 

sunlight-driven energy conversion has contributed significantly to research in the- 

fields of photovoltaics and photocatalysis. [1–3] For example, porous films 

comprising TiO2 or several other metal oxides have often been adapted as 

photoanodes in dye-sensitized electrochemical cells. [4,5] One of the challenges of 

these energy applications is to understand the relationship between the structures of 

semiconductors and fundamental photoelectrochemical properties.  

Perovskite oxides, which have a general formula of ABO3 (A and B: 

transition metal ions), have been used to investigate gas sensing, superconductors, 

and solid oxide fuel cells. [6] Among them, LaFeO3, which consists of 

environmentally benign elements, is one of the attractive photofunctional 

semiconductors with a band gap of 2.1–2.5 eV. [7–10] In addition, LaFeO3 can 

exhibit visible light-induced water-splitting. [11,12] In this context, thermal 

decomposition synthesis of LaFeO3 crystals has been explored using variable 

precursors, such as co-precipitation of metal ions, [13] polymerizable complexes 

with citric acid, [14] heteronuclear coordination polymers, [15] and microemulsions. 

[16] Although many synthetic methodologies of LaFeO3 have been reported to date, 

criteria for improving the nanostructured photoelectrode properties affected by 

chemical synthesis have rarely been investigated.  



The purpose of this study is to examine the sintered LaFeO3 from molecular 

La–Fe precursors. We compare the LaFeO3 photoanode properties in 

electrochemical cells derived from a conventional sol–gel method and our approach 

and examine a similar network morphology of sintered LaFeO3. We provide       

a beneficial molecular precursor approach for creating energy materials.  

Manseki et.al. and Nakanishi et.al. previously reported the synthesis and 

isolation of oxo-bridged lanthanide(III) clusters stabilized by alkyl-salicylates near 

room temperature.[17,18] Partial hydrolysis of lanthanide(III) ions allowed     

the formation of the oxo-lanthanide cluster core surrounded by 16 salicylates.      

The reaction provided a bidentate metal coordination through phenolic oxygen and 

carbonyl oxygen, determined by single crystal X-ray crystallography.    

According to the HSAB (hard and soft acids and bases) theory, both La(III) and 

Fe(III) ions have a strong affinity toward the oxygen atoms of salicylate ligands. 

4.2 Experimental section 

4.2.1 Chemicals  

Methanol (99.9 %), 2-butanol, and triethylamine were used as purchased 

from Wako. La(NO3)3·6H2O and Fe(NO3)3·9H2O were purchased from Wako. 

Hexylsalicylate was used as purchased from Fluka. H2O (resistivity: 18.2 MΩcm) 

obtained from the Milli-Q® integral water purification system was used for      

the sol-gel synthesis.  

4.2.2 Synthesis of LaFe complex precursor using hexyl salicylate (H-Hesa)  

Trimethylamine (0.74 g, 7.31 mmol) was added to a methanol solution   

(20 mL) of hexyl salicylate (1.00 g, 4.50 mmol) at ambient temperature.       

The mixture of La(NO3)3·6H2O (0.55 g, 1.27 mmol) and Fe(NO3)3·9H2O      



(0.51 g, 1.27 mmol) dissolved in methanol (~10 mL) was then added to this solution 

with stirring at 40 °C for 10–20 min. The solvent was evaporated at ambient 

temperature to produce a dark reddish–brown slurry, which was used for 

subsequent sintering at 600, 700 and 800 °C for 2 h. in ambient air to obtain a brown 

powder.  

4.2.3 Preparation of LaFeO3 crystals using sol-gel method 

LaFeO3 crystals were also synthesized for comparison using a reported  

sol-gel method. [1] La(NO3)3·6H2O (5.41 g, 12.5 mmol), Fe(NO3)3·9H2O     

(5.05 g, 12.5 mmol), and citric acid (4.80 g, 2.50 mmol) were dissolved in water 

(12.5 mL). After adjusting the pH of the reaction mixture to 6–7, the obtained 

sample was dried at 80 °C for 30 min. and 130 °C for 60 min. The powder sample 

was then sintered at 600, 700 and 800 °C for 2 h. in ambient air to obtain         

a brown powder.  

4.2.4 Characterization of LaFe precursor and LaFeO3 crystals 

MALDI-TOF mass spectra of the Hesa-derived LaFe complex precursor 

were obtained using SHIMAZU AXIMA-Resonance mass spectrometer. 

Thermogravimetry/differential thermal analysis (TG/DTA) measurements were 

performed using SHIMAZU TG-50 and DTA-50. The sintered LaFeO3 samples 

were characterized using XRD, scanning electron microscopy (SEM), EDX, and 

transmission electron microscopy (TEM). These measurements were carried out  

on Rigaku RINT-Ultima/PC with monochromated Cu Kα radiation, HITACHI   

S-4800, S-4300, and JEM-2100, respectively. The BET surface areas were 

evaluated by N2 physisorption at 77 K using Micrometrics Tristar 3020.  

 

 



4.2.5 Preparation of LaFeO3 photoanodes and electrochemical measurement 

The LaFeO3 powder (0.05 g) was stirred in 2-butanol (0.4 mL) for 24 h. and 

the obtained mixture was spread on titanium foil (Nilaco) with a glass bar while 

placing scotch tapes at the edge of the titanium foil. The substrate was then sintered 

at 500 °C for 2 h. in ambient air. The three-electrode cell consisting of the 

LaFeO3/Ti photoanode (1cm2), saturated calomel electrode (SCE), and platinum 

electrode was adapted in combination with the aqueous Na2SO4 electrolyte solution 

(pH 7). Current-voltage curves were obtained using a potentiostat (HOKUTO 

DENKO  HZ-5000). A 500 W super high-pressure mercury lamp (Ushio) designed 

for maximum output in the wavelength area of 436, 405, and 365 nm was irradiated  

to the photoanode. The measurements were performed under intermittent light 

irradiation (λ > 420 nm) using a sharp cut filter (SIGMAKOKI SCF-50S-42L). 

The donor density (Nd) of LaFeO3 electrodes was determined by      

Mott-Schottky analysis using equation (1). E, EFB, and c indicate the applied 

potential, flat band potential and space charge capacitance in the electrode, 

respectively. T, k, e, ε0, and ε are the temperature, Boltzmann constant, elemental 

charge, vacuum permittivity, and relative permittivity, respectively. With equation 

(2), the relative permittivity of 220 was used for obtaining the Nd.2            

The Mott-Schottky plots were obtained using a Versa STAT3 potentiostat.      

The measurements were performed using 0.1 M Na2SO4 solution at a given bias 

potential under the dark condition. The measured frequency was 1 kHz.  

1/c2 = (E-EFB –kT/e)/Ndeε0ε   Eq. (1)  

Nd = 2(dE/d(1/c2)/eε0ε        Eq. (2)  

 



4.3 Results and discussion 

Here, we present a wet-chemical approach using the LaFe complex of     

a single source precursor with hexylsalicylate (H-Hesa) denoted as Hesa-LaFeO3. 

We isolated a reddish-brown slurry produced by the chelation of the 1:1 molar 

mixture of metal nitrate hydrates of La and Fe with H-Hesa in methanol.       

The negative mode of the matrix-assisted laser desorption ionization-time of flight 

(MALDI-TOF) mass spectra of the slurry revealed a major molecular mass peak at 

an m/z of 705.5 with concomitant fragment peaks of the sample at a lower 

molecular weight (Fig. 1).  

 

 

 

 

 
 
 
 
 
 
Fig. 1 A MALDI-TOF mass spectrum of the LaFe complex precursor formed by the 
hydrolysis of La(III) and Fe(III) in the presence of hexyl salicylate. The inset shows 
the isotopic pattern of the LaFe complex. 

 

Since some oxo-bridged lanthanide cluster cores were determined as partial 

hydrolysis products and oxo-Fe cluster species are a well known motif         

for dinuclear Fe complexes, [19] the observed isotopic pattern can be interpreted 

by the composition assuming that the most intense ionized species is 

[LaFe(O)2)2[Hesa)2[H2O)2] (with a calculated average m/z of 705.3) (Fig. 2).  



 

 

 

 

 

 

 
 
 

 
 
Fig. 2 Theoretical isotopic pattern of the ionized species, [LaFe(O)2(Hesa)2(H2O)2] 

(with a calculated average m/z of 705.3). 

 

The LaFe complex was examined for thermolysis experiments.        

The obtained product was sintered in ambient air at 600 °C, 700 °C, and 800 °C for 

2 h. Conventional sol–gel derived synthesis was performed in a similar way.     

As can be seen from weight loss in the TG profile of the Hesa-derived sample   

(Fig. 3), sintering at >600 °C was chosen to completely decompose the organic 

salicylate ligands of the precursor.  

 

 

 

 

 

 

Fig. 3 TG-DTA profiles of the LaFe complex precursor 



The powder XRD pattern (Fig. 4) indicated the formation of single-phase 

orthorhombic LaFeO3 (PDF: 01-0742203), which was basically assigned to     

the same crystal unit used in the sol–gel derived synthesis (Fig. 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Powder XRD pattern of sol-gel-LaFeO3 samples after sintering at      
600–800 °C. The Miller indices corresponding to LaFeO3 (PDF: 01-074-2203)  
are also shown on the top. 

 

 

 

 

Fig. 4 Powder XRD pattern of LaFeO3 samples after sintering at 600-800°C,  
for which all the data were obtained using the LaFe complex precursor.  
The Miller indices that were assigned as LaFeO3 (PDF: 01-074-2203) are also 
shown on the top. 



EDX analysis indicated the formation of LaFeO3 with a La:Fe stoichiometric ratio 

of 1:1 for all Hesa-derived and sol–gel samples (see Fig. 6).  

 

 
Fig. 6 : EDX spectra of the obtained LaFeO3 samples. The ratio of atom numbers 
of La and Fe determined by the EDX are also shown. 

 

The crystallite sizes of Hesa-LaFeO3 estimated from the XRD pattern 

became significantly larger with the increase in sintering temperature, whereas    

a smaller increase was observed for the sol–gel samples (Table 1).  

 

 

 



Table 1. Summary of the BET surface area, crystallite size, and band gap of 
LaFeO3 samples.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 SEM images of Hesa-derived and sol-gel samples after sintering at 600 °C 
and 800 °C. 
 
 
 
 



Accordingly, these specific surface areas became smaller at higher 

temperatures for Hesa-LaFeO3. To understand the sample morphology and      

the crystal growth mechanism, SEM and TEM measurements including HR-TEM 

were carried out (Fig. 7, 8, and 9). 

For SEM measurements, a similar network morphology was observed for 

both Hesa- and sol-gel samples, while TEM measurements revealed that there was     

a significant difference in the crystal growth. 

Typically, the heat treatment at 600 °C for Hesa-LaFeO3 (Fig. 8b and c) 

produced single crystal domains formed over individual particles. The observed 

dimensions of single crystals ranged from 20 to 40 nm, corresponding to the length 

of the particles in the network, identified in HRTEM analysis (Fig. 8e). 

The crystal lattice fringe of (002) assigned to orthorhombic LaFeO3 was 

determined along with the SAD pattern showing the diffraction spots. Since the 

SAD pattern in Fig. 8d corresponds to the image of more than ten particles (Fig. 

8c), the observed diffraction spots clearly indicated a single crystal nature. The 

crystal domain size was very close to the crystallite size at 600 °C (Table 1). In 

contrast, the sol–gel method for all the samples (600–800 °C) produced an 

individual particle with a single crystal domain because the individual particle core 

has a size of 50–150 nm (Fig. 7) and the crystallite size is much smaller (25–40 nm) 

(Table 1, Scheme 1). 

 

 



 
 
Fig. 8 TEM images of (a) the LaFeO3 network obtained by sintering a salicylate-
ligating LaFe complex precursor at 600 °C; (b) schematics of the LaFeO3 sample 
consisting of single crystal domains; (c and d) the bright field image and the selected 
area diffraction pattern of LaFeO3 crystals; and (e) the HR-TEM image 
corresponding to the blue part in (c). 
 
 



 

 

 

 

 

 

 

 

 

Scheme 1 Conceptual drawings of the synthetic route of LaFeO3 crystals using    
a hydrolyzed salicylate-ligating La(III)Fe(III) complex and a conventional sol–gel 
route 

 

The crystallite size (28 nm) at 800 °C estimated from the XRD pattern was 

significantly smaller than the individual particle size observed in the TEM images 

(Fig. 9), indicating that the particle had a polycrystalline nature.  

 

 

 

 

 

 

Fig. 9 TEM images of (a) the LaFeO3 samples after sintering at 800 °C, for which 
a sol–gel method was applied (the yellow parts highlight the examples of grain 
boundary); (b) the HR-TEM image of the same sample. 
 
 
 



Unlike the Hesa sample, the observed network structure in the sol– gel 

sample consisted of more isolated individual particles despite the high sintering 

temperature of 800 °C, as can be seen in the TEM images (Fig. 9). In other words, 

the grain boundary was clearly observed. Therefore, the formation of the chain-like 

LaFeO3 morphology for Hesa-LaFeO3 can be attributed to the interplay of 

salicylate-ligating La(III)Fe(III) hetero metal cores that enable the atomic-level 

homogenous sintering of metal ions. The LaFe units contributed to the interparticle 

joints that undergo crystal growth during sintering; as a result of relatively long-

range single crystal formation, and the grain boundary was effectively reduced. 

Related to the crystal growth of monocrystalline Hesa derived LaFeO3 with 

reduced grain boundaries, there have been reports on synthetic methods to create 

monocrystalline mesoporous metal oxides. [20–22] A soft-templating method using 

structure directing agents, such as surfactant cetyltrimethylammonium bromide 

(CTAB) and block copolymer Pluronic P123, is a common approach. They were 

adapted in combination with suitable metal ion sources. A single crystal 

mesoporous metal oxide can be obtained by removing the organic template via 

thermal pyrolysis. One example includes the conversion of coordination polymers 

(titanium-containing iron Prussian blue analogues) into heterometal Ti–Fe oxides 

using a Pluronic F127 copolymer.  

The organic template can help the aggregation of metal ion sources in    

the coordination polymer to obtain the single crystal metal oxides. In the case of 

our synthesis, Hesa had a dual role in the crystal growth process of LaFeO3: (i) Hesa 

can stabilize the molecular structure of the LaFe complex precursor via its 

coordination to these metal ions and (ii) similarly to the action of surfactants     

(as structure directing agents), a long alkyl chain of Hesa in the LaFe complex 



allowed to form non-covalent intermolecular assemblies of the complex precursor  

(Scheme 1) and contributed to the effective single crystal-like aggregation of 

LaFeO3 during the pyrolysis. It was likely that individual grains of LaFeO3 crystals 

fused with their crystal orientation aligned over the grain boundaries          

(Fig. 8b and c). 

To further understand the crystal growth mechanism of LaFeO3, we have 

carried out time dependent TEM characterization by changing the heating process 

time of the LaFe precursor. As shown in Fig. 10 at 530 °C, crystallization of LaFeO3 

was not observed at all. At 580 °C (Fig. 10), it turned out that the lattice fringes 

corresponding to LaFeO3 were clearly seen and the observed crystal grain sizes 

were much smaller than those at 600 °C (Fig. b).  

TG analysis in Fig. 3 revealed that the weight loss of the Hesa-sample was 

completed at around 560 °C. These results suggested the action of Hesa during 

pyrolysis and LaFeO3 network structures started to form at around 580 °C. 

It was likely that the crystallite sizes in the sol gel-derived samples without 

using organic template compounds did not increase much as the process 

temperature increases because the fusions between the crystals were not significant 

at higher temperatures. To our knowledge, this is the first report on LaFeO3 crystals 

that clearly demonstrates the three dimensional (3D) network morphology 

stabilized by single crystal domains.  

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 TEM images of LaFeO3 samples obtained by pyrolysis of a salicylate-
ligating LaFe complex precursor at (a) 530°C and (b) 580°C. The temperature was 
raising from room temperature to 530°C for 1.8 hours and 580°C for 2 hours, 
respectively, followed by cooling to room temperature. 

 



The band gap of the LaFeO3 samples after sintering was estimated to be 2.2–

2.5 eV from the reflectance spectra (Table 1 and Fig. 11), consistent with the- 

previously reported values.[7–10]  

 

 
Fig. 11 Reflectance spectra of Hesa-derived and sol-gel samples after sintering at 
600–800 °C. 

 

The sintered LaFeO3 at 800 °C (for Hesa-LaFeO3) generated a narrower band gap 

of 2.2 eV among a series of samples, whereas no changes were observed for     

the sol–gel samples (2.5 eV). The band gap difference between the Hesa and    

sol–gel LaFeO3 at a higher temperature can be attributed to the different crystal 

growth mechanisms (Scheme 1). The SEM images revealed that the interparticle 

crystal growth of Hesa-LaFeO3 sintered at 800 °C was more significant than that at 

600 °C (Fig. 7). The larger crystal size of Hesa LaFeO3 at 800 °C probably led to  

a decrease in the band gap because of more efficient crystal growth via sintering at 

a high temperature. Such a size-dependent band gap due to crystallization was 

recently reported for perovskite LaFeO3/montmorillonite nanocomposites. [23]  



LaFeO3/titanium foil electrodes were prepared to examine the- 

photoelectrochemical properties of LaFeO3 crystals. A three-electrode cell 

combining the LaFeO3 photoanode with a saturated calomel electrode and        

a platinum electrode was applied using an aqueous Na2SO4 electrolyte (pH 7). 

Current– voltage characteristics (Fig. 12) were obtained using a potentiostat under 

intermittent light irradiation (λ > 420 nm).  

The photoresponse of the n-type semiconductor was observed for both 

Hesa-LaFeO3 and sol–gel-LaFeO3. The Hesa LaFeO3 samples produced a larger 

photocurrent than the sol–gel samples. As shown in Table 1, the surface areas for 

Hesa- and sol–gel were thought to be almost comparable at higher temperatures.  

To understand the carrier transport, we compared the donor density of Hesa- and 

sol–gel derived electrodes that were determined by Mott–Schottky plots and the- 

results (800 °C samples) were summarized in Fig. 13. The donor density for     

the Hesa sample, 4.1 × 1018 cm−3, was higher than that for the sol–gel sample   

(1.7 × 1018 cm−3). This clearly means that the carrier transport was more effective 

for the Hesa-sample, leading to the observed higher photocurrent. 



 

 

Fig. 12 Current-potential curves for (a) the Hesa-LaFeO3 electrode and (b) sol–gel 
LaFeO3 electrode in Na2SO4 aqueous solution under intermittent light irradiation  
(λ > 420 nm). 

 

 



 

Fig. 13: Mott-Schottky plots of Hesa- and sol gel-derived LaFeO3 electrodes for 
800 °C samples. Donor densities (Nd) are also presented in the figures. 

 

One of the reasons for the improved photocurrent was attributed to the more 

efficient charge transfer at the single crystal/single crystal interface in the electrodes 

with reduced grain boundaries. At the same time, the single-crystalline network 

structures contributed to the improved photocurrent. In addition, the photoresponse 

became more pronounced especially for the Hesa-LaFeO3 sample at 800 °C.    

The broader light absorption and/or the efficient charge transport may contribute to 

the increased photocurrent. 

 It cannot, however, be neglected that the off-stoichiometric composition at 

a microscopic level influences the difference of semiconducting properties between 

the Hesa- and sol–gel samples. Nevertheless, as long as an exact 1:1 ratio of La and 

Fe was mixed in the synthesis, the obtained electrodes can produce larger 

photocurrents for the Hesa-route.  

 

 



4.4 Conclusion 

We have successfully synthesized a 3D LaFeO3 network comprising single-

crystalline domains using a salicylate-ligating heterometal LaFe complex precursor. 

Thermolysis of the organic–inorganic La(III)Fe(III) precursor stabilized with Hesa 

produced a 3D LaFeO3 morphology with reduced grain boundaries.           

The semiconductor LaFeO3 electrode can function as a light absorber with higher 

carrier density than the conventional sol–gel sample and more importantly, the 

Hesa-derived electrode is an efficient electron transporter in the photochemical cell. 

Our synthetic analogy of using an alkyl salicylate-ligating metal complex provides 

a new generalized approach to create versatile 3D semiconductor metal oxides.   

In addition, our results recommend further platforms of molecular precursors in  

the development of high-performance materials for photocatalytic water splitting 

and other energy applications. 
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CHAPTER V 

General Conclusions 

 

Efficient utilization of renewable solar energy can be a key solution for 

environmental and energy issues. Semiconductor photocatalysts are the attractive 

materials for harvesting the light energy source. In this thesis, synthesized gallium 

zinc oxynitrides, LaTiO2N, and LaFeO3 as visible light-absorbing materials using 

new synthetic methods were reported. 

In chapter 2 and chapter 3, the further investigation of Li3N as a solid 

nitrogen source to synthesized binary oxynitride from binary oxide which derived 

from metal salen complex were reported. In conventional synthesis, the oxynitride 

semiconductors often required nitridation of the oxide precursors at temperature of 

at least 1073 K under NH3 flow. One of the challenging issues in the oxynitride 

synthesis is to explore reaction methodologies using another media of nitrogen 

source, which would open up new avenues to create functional oxynitride materials. 

Sugiura et al. have demonstrated a synthesis of GaN by the reaction of Ga2O3 with 

Li3N as a solid nitrogen source that can complete the reaction at a relatively low 

temperature of 823 K. Moreover, the solid nitrogen source can be easily handled 

without using the gaseous nitrogen source. In order to investigate further 

application of the synthetic method, this work focused on a nitridation process with 

Li3N using some binary oxides. 

Domen et. al. for the first time reported on the development of gallium zinc 

oxynitrides, (Ga1-xZnx) (N1-xOx) and LaTiO2N for visible-light driven water 

splitting. In this thesis, ZnGa2O4 as an oxide precursor was reacted with Li3N at  

823 K. By thermolysis of the mixture of gallium salen complex and anhydrous zinc 



acetate, the plate-like ZnGa2O4 was obtained at 973 K for 2 h. The ratio of gallium 

salen and zinc acetate were 1 : 2 (GZ1-2), 1 : 3 (GZ1-3), 2 : 1 (GZ2-1), and 3 : 1 

(GZ3-1). Most importantly, the ratio of zinc acetate and gallium salen was 

systematically changed in order to understand suitable metal oxide precursors to 

create (Ga1-xZnx) (N1-xOx). It was found that ZnO-rich GZ1-2, with a cauliflower-

like morphology after the reshape of plate-like oxide samples, efficiently produced 

solid solution of GaN:ZnO compound after the reaction with Li3N at 823 K.      

In the case of GZ2-1 and GZ3-1, a mixture of the orthorombic LiGaO2 and wurtzite 

GaN was observed. The excess amount of ZnO in the oxide precursor (e.g. GZ1-3) 

leads to the formation of ZnO residue in oxynitride product. Band gap of obtained 

products after reacted with Li3N was narrowing as increasing the ZnO in the oxide 

precursor. (Ga1-xZnx)(N1-xOx)’s powder which obtained from GZ1-2 oxide 

precursors has the band gap 2.25 eV and its electrode showed the anodic 

photocurrent under both UV and visible light illumination (λ>420 nm). From these 

result, GZ1-2 is the suitable oxide precursor to produce solid solution        

(Ga1-xZnx)(N1-xOx) by the reaction of oxide precursor with Li3N at 823 K. 

LaTiO2N was synthesized by the reaction of amorphous LaTi2O7 with Li3N 

as a solid nitrogen source at 873 K. Amorphous LaTi2O7 was also synthesized from 

the mixture of titanium salen and lanthanum nitrate which were heated at 973 K,  

for 2h. As a Ti(IV) source, Ti(IV) salen was obtained as an oxo-bridged binuclear 

Ti(IV) salen complex, which were previously characterized with single crystal   

X-ray analysis. Since growth control of binary oxynitride using a solid nitrogen 

source of Li3N has rarely been investigated, it is crucial to find suitable precursors 

for the highly reactive Li3N capable of crystallizing oxynitrides. It was expected 

that the heterometal oxo-bridged La(III)-Ti(IV) complex facilitates homogenous 



formation of binary oxides during pyrolysis in air. The focus of this work was on 

the preparation of Ti(salen) and La(III) salt powder mixture with the heterometal 

core bridged by phenolic oxygen atoms of Ti(salen). This thesis demonstrated for 

the first time that amorphous La(III)-Ti(IV) oxide derived from Ti(IV) salen-based 

‘complex ligand’ leads to efficient Li3N-based nitridation of LaTiO2N under low 

temperature as well as to obtain phase-pure LaTiO2N nanocrystals, whose 

microscale size control was not achieved to date.  

Perovskite oxides, which have a general formula of ABO3 (A and B: 

transition metal ions), have been used to investigate gas sensing, superconductors, 

and solid oxide fuel cells. Among them, LaFeO3, which consists of environmentally 

benign elements, is one of the attractive photofunctional semiconductors that cover 

the visible light absorption to around 600 nm. In addition, LaFeO3 can exhibit 

visible light-induced water-splitting. In this context, thermal decomposition 

synthesis of LaFeO3 crystals has been explored using variable precursors, such as 

co-precipitation of metal ions, polymerizable complexes with citric acid, 

heteronuclear coordination polymers, and microemulsions. Although many 

synthetic methodologies of LaFeO3 have been reported to date, criteria for 

improving the nanostructured photoelectrode properties affected by chemical 

synthesis have rarely been investigated. The purpose was to examine the sintered 

LaFeO3 from molecular La–Fe precursors. The author has compared the LaFeO3 

photoanode properties in electrochemical cells derived from a conventional sol–gel 

method and the new approach and examine a similar network morphology       

of sintered LaFeO3. In this work, a 3D LaFeO3 network have successfully 

synthesized comprising single-crystalline domains using a salicylate-ligating 

heterometal LaFe complex precursor. Thermolysis of the organic–inorganic 



La(III)Fe(III) precursor stabilized with Hesa produced a 3D LaFeO3 morphology 

with reduced grain boundaries. It was found that the semiconductor LaFeO3 

electrode can function as a light absorber with higher carrier density than       

the conventional sol–gel sample and more importantly, the Hesa-derived electrode 

was an efficient electron transporter in the photoelectrochemical cell. The synthetic 

analogy of using an alkyl salicylate-ligating metal complex provides a new 

generalized approach to create versatile 3D semiconductor metal oxides. In addition, 

the results recommend further platforms of molecular precursors in the- 

development of high-performance materials for photocatalytic water splitting and 

other energy application. 

In conclusions, we succesfully synthesized of (Ga1-xZnx) (N1-xOx) and 

LaTiO2N as binary oxynitrides and LaFeO3 as a binary oxide photocatalysts using 

heterometal complex precursors by new approach of synthetic method and those 

materials showed photoresponse on visible light. The results of this research 

recommend new approach in synthesis of binary oxide and oxynitrides using 

heterometal complex precursor. It is also can be one of a choice to tune the band 

gap of materials semiconductors. 
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