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Abstract 

 

A brief review of our recent research on preparation and characterization of oxide 

nanoparticles and their derivatives by hydrothermal growth is presented. A series of Ga2O3, ZnO, 

and TiO2 nanoparticles, as well derivative nanomaterials including GaN nanowires and ZnO/TiO2 

nanocompostes have been prepared. Ga2O3 and ZnO nanopowders have been produced using 

metal nitrate hydrates as precursors, while Titanium isopropoxide was used for preparation of 

TiO2 nanopowders. GaN nanowires have been produced by nitridation of Ga2O3 nanomaterials. 

The produced nanomaterials have been characterized scanning electron microscopy (SEM), X-

ray diffraction (XRD) analysis and Fourier transform infrared (FTIR) spectroscopy. Ga2O3 

nanoparticles doped with Eu
3+

 ions have been characterized by photoluminescence spectroscopy 

in order to assess their prospects in developing nanophosphors materials. 

Keywords: hydrothermal synthesis; precursors; nanopowders; nanowires; crystal 

structure; vibration modes; photoluminescence; nanophosphors. 

 

Rezumat 

 

A brief review of our recent research on preparation and characterization of oxide 

nanoparticles and their derivatives by hydrothermal growth is presented. A series of Ga2O3, ZnO, 

and TiO2 nanoparticles, as well derivative nanomaterials including GaN nanowires and ZnO/TiO2 

nanocompostes have been prepared. Ga2O3 and ZnO nanopowders have been produced using 

metal nitrate hydrates as precursors, while Titanium isopropoxide was used for preparation of 

TiO2 nanopowders. GaN nanowires have been produced by nitridation of Ga2O3 nanomaterials. 

The produced nanomaterials have been characterized scanning electron microscopy (SEM), X-

ray diffraction (XRD) analysis and Fourier transform infrared (FTIR) spectroscopy. Ga2O3 

nanoparticles doped with Eu
3+

 ions have been characterized by photoluminescence spectroscopy 

in order to assess their prospects in developing nanophosphors materials. 

Cuvinte cheie: sinteză hidrotermală; precursori; nanopulbere; nanofire; structură 

cristalină; moduri de vibratie; photoluminescență; nanofosfori. 
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1. Introduction 

 

Hydrothermal method is one of the most suitable techniques in the growth of a wide range 

on nanomaterials and nanocomposites, because it requires moderate synthesis temperature, it is 

low-cost, simple and environmental friendly [1]. At the same time, the hydrothermal process 

ensures obtaining of particles with reduced agglomeration, narrow particle size distribution, good 

phase homogeneity and controlled particle morphology and structure with high reproducibility 

[2,3]. These nanostructures parameters can be tuned by a variation of the temperature, pressure, 

reaction time, nature, and concentration of precursors in solutions [4]. 

Among nanomaterials prepared by hydrothermal method, metal oxide materials are 

widely present, and nitrate hydrates are among the preferred precursors used in their synthesis 

[5].  

Metal nitrate hydrates with Zn, Mn, Fe, Ce, Y. Co, Al, Eu, Cu, etc have been employed in 

hydrothermal synthesis of nanomaterials [5]. Metal oxides form different compounds and 

crystalline structures, which properties could vary widely from insulators to superconductors, 

resulting in a wide variety of potential applications [6]. Particularly, Ga(NO3)3·nH2O and 

Zn(NO3)3·nH2O were used for the production of gallium oxide (Ga2O3) and zinc oxide (ZnO) 

nanostructures. The combination of these two metal nitrate hydrates proved to be very efficient in 

doping ZnO nanostructures with Ga over a broad range of concentrations [7]. 

Many oxide-based electrocatalysts, including Ga2O3 nanostructures have been used for 

water splitting and removal of volatile organic compounds [8-10]. Apart from that, Ga2O3 

nanostructures have been demonstrated in applications such as gas sensors, solar cells, 

photodetectors and other optoelectronic applications due to their wide bandgap energy and good 

luminescence properties [11-13]. 

ZnO is another materials widely employed in nanostructures prepared by hydrothermal 

synthesis, which are used in photocatalysis, energy harvesting and electronics, due to unique 

properties including high surface to volume ratio, nontoxicity, biocompatibility, chemical and 

photochemical stability, optical transparency, and electrochemical activity [3,14]. Apart from 

that, ZnO nanoparticles are used in textiles due to their UV blocking properties, in sterilizing 

surroundings due to their antibacterial and antifungal activities, in cosmetics, food packaging, and 

biomedical applications [4,15]. 

ZnO material is also considered a preferred alternative to TiO2 in some applications, 

including those of electron transport layer in perovskite solar cell, because it possesses energy 

levels and physical properties similar to those of TiO2, but requires lower temperatures for 

processing from solutions to achieve structures of different morphologies [16]. TiO2 requires 

high processing temperature to achieve highly crystalline layers. In spite of that, TiO2 is an 

important material for applications in solar cells, ultra-thin capacitors, optical devices, gas and 

chemical sensors, biomedical and self-cleaning coatings, and photocatalysis [2-19]. Apart from 

that, TiO2 is widely used as pigment in paints, printing inks, cosmetics, papers, plastics, rubber 

etc. [20,21]. 

Various precursors were proposed for producing TiO2 nanostructures by hydrothermal 

synthesis [21], including titanium butoxide (Ti(OBu)4) [2,18,22,23,24], titanium tetrachloride 

(TiCl4) [20], titanium tetraisopropoxide (TTIP) [17], and TiO2 powders including Degussa P25 

[19,25]. 

Apart from monophasic nanomaterials, composite nanostructures have been recognized as 
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important materials for a series of applications. TiO2 nanorods decorated with CeO2 nanoparticles 

have been produced by hydrothermal synthesis with titanium butoxide precursor, and their UV 

filtering applications have been demonstrated [23]. A Ga2O3/TiO2 nanocomposite has been 

prepared with Ga (NO3)3·H2O and TiCl3 precursors as efficient photocatalyst with excelent bio-

compatibility, demonstrated particularly with respect to the Human embryonic kidney. The anti-

bacterial activity against bacillus subtilis and staphylococcus aureus of this composite was 

demonstrated [26]. 

In this paper, we present a brief review of our research on preparation and 

characterization of oxide nanoparticles and their derivatives by hydrothermal growth. 

 

2. Experimental 

 

Since, according to literature data, metal nitrate hydrates are the most preferred precursors 

in hydrothermal synthesis of nanomaterials, the research in this paper was focused on using 

Ga(NO3)3·9H2O and Zn(NO3)3·6H2O in the hydrothermal preparation of Ga2O3 and ZnO 

nanoparticles, respectively. 2.5M high purity gallium nitrate or zinc nitrate from Sigma-Aldrich 

was dissolved in 50 ml of distilled water, and the pH of the solution was adjusted to the value of 

9 by means of the 1M NaOH solution under vigorous magnetic stirring. The solutions were 

subsequently transferred in a teflon autoclave with a steel shell and treated for several hours at 

the temperature of 220 
o
C. After autoclaving the nanopporticles were separated by settling and 

filtering with a subsequent drying in an oven during 2 hours at 80
o
C. Titanium isopropoxide was 

used as precursor for the preparation of TiO2 nanoparticles. 2 mL of this precursor was added to a 

solution composed of 0.2g of polyvinyl alcohol and 50 ml of ethanol. The mixture was stirred 

during 1 hour and introduced subsequently into an autoclave, where it was treated at 220 
o
C 

during 2 hours. After autoclaving the nanopporticles were separated by settling and filtering with 

a subsequent drying in an oven during 2 hours at 80
o
C. 

The morphology and chemical composition microanalysis of the produced films were 

studied using a TESCAN TS 5130MM scanning electron microscope equipped with tools for 

energy dispersive X-ray analysis (EDX). X-ray diffraction (XRD) measurements were carried out 

using the PANalytical X'Pert Pro MPD diffractometer with CuKα radiation (λ = 1.54 Å). Fourier 

transform infrared (FTIR) spectra were measured with a spectrometer from Perkin Elmer. The PL 

spectra were excited by the 405 nm line of a mercury lamp at room temperature, and measured 

with a SDL-1 spectrometer. 

 

3. Results and Discussion 

 

The scanning electron microscope (SEM) image of powders produced with a 5 hours 

hydrothermal process is shown in Fig. 1. One can see that the morphologies of the obtained 

powders are quite different. The TiO2 powder is composed of spherical nanoparticles with sizes 

from several hundreds of nanometers to 1 µm. The morphology of the ZnO powder is more 

complex, it consisting of nanoparticles with sizes of (100 – 200) nm agglomerated in formations 

of several micrometers. The Ga2O3 powder represents elongated nanoparticles with the length up 

to 1 µm and the transversal dimensions around several hundreds of nanometers. 
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Fig. 1. SEM images of TiO2 (a), ZnO (b), and Ga2O3 (c) powder produced with 5 hours 

hydrothermal process. 

 

With increasing of the duration of the hydrothermal process from 5 hours to 24 hours, the 

elongated Ga2O3 nanoparticles are transformed into nanowires with the length of several tens of 

micrometers as illustrated in Fig. 2b. 

Apart from oxide nanoparticles, derivative structures have been prepared. GaN nanowires 

have been produced from Ga2O3 nanocrystals. The transformation of the Ga2O3 nanowires into 

GaN ones was performed in a horizontal tube furnace with a quartz boat under flowing ammonia 

with a subsequent nitridation in a mixture of NH3 and H2 with flow rates of 0.35 and 2.5 l/min, 

respectively. The quartz boat was heated at temperature of 900-950 
o
C during 90-150 minutes, 

and cooling down occurred in a natural fashion after the furnace was switched off. The initial 

morphology of Ga2O3 nanowires was preserved upon their transformation into GaN, as illustrated 

in Fig. 2c. 

 

 

Fig. 2. SEM images of Ga2O3 nanoparticles produced with 5 hours (a) and 24 hours (b) 

hydrothermal process, as well as of GaN nanowires produced from Ga2O3 ones (c). 

 

The results of XRD spectroscopy demonstrated the presence of a single β-Ga2O3 phase 

after the hydrothermal process (Fig. 3a), while the diffraction peaks observed in the XRD pattern 

of the material produced by nitridation correspond to a hexagonal wurtzite GaN structure (Fig. 

3b). The XRD pattern indicates on the high crystallinity of GaN nanoparticles with the mean 

sizes around 30 nm, as deduced from the Sherrer formula. Since the length of GaN nanowires is 

of several tens of micrometers and their diameter is of (0.5 – 2) μm (see Fig. 2c), one can 

conclude that the GaN nanowires are composed of smaller crystallites. 
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Fig. 3. XRD pattern of Ga2O3 nanoparticles obtaining by hydrothermal method (a) and GaN nanowires 

produces after nitridation (b).  

 

Apart from TiO2 and ZnO nanoparticles, a derivative composite material was produced 

according to a technological route with a 3 mM Zn(NO3)2·6H2O precursor dissolved in a solution 

of 3 mM urea. The precipitation of the composite material was performed in a solution of 1M 

NaOH with the addition of 2 ml of titanium isopropoxide and 10 ml of ethylic alcohol. The 

obtained suspension was continuously stirred during 1 hour at 65 
o
C. The obtained precipitate 

was filtered, washed several times in distilled water and ethylic alcohol, dried in an oven at 80 
o
C 

during 2 hours, and subjected to calcination at 500 
o
C during 4 hours. 
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Figure 4 presents XRD spectra of the composite material as compared to spectra of pure 

ZnO and TiO2 powders. The pattern of the TiO2 powder is referenced to the anatase structure (00-

001-0562 JCPDS card), with peaks at 2 equal to 25.5, 37.9, 48.1, 53.9, 55.3, 62.6, 68.8 and 70.5 

degrees, corresponding to (101), (004), (200), (105), (211), (204), (116) and (200) reflexes, 

respectively, while that of the ZnO powder is indexed to a wurtzite structure (01-079-0205 

JCPDS card), with peaks at 32, 35, 37, 48, 57, 63, 67, 68, and 69 degrees, correspond to the 

(100), (002), (101), (102), (110), (103), (200), (112), and (201), reflexes, respectively. All the 

observed Bragg reflections from the ZnO powder are consistent with Wurtzite’s P63mc space 

group. Diffraction peaks related to both wurtzite ZnO and anatase TiO2 nanocrystallites appear in 

the XRD pattern of ZnO/TiO2 nanocompostes. At the same time, additional peaks associated with 

the rutile phase of TiO2 are observed at 2θ = 35.6 and 62.0° (JCPDS no. 76- 0324). The sizes of 

nanoparticles composing the TiO2 powder are in the range of 10-20 nm according to the Scherrer 

formula, while those of particles constituting the ZnO powder are in the range of 30-80 nm. Since 

the sizes of TiO2 and of ZnO particles deduced from Figs. 1a and 1b are much larger, similarly to 

GaN nanowires one can conclude that these particles are composed of smaller crystallites. 

 

 

Fig. 4. XRD spectra of ZnO and TiO2 powders as well as the ZnO/TiO2 nanocomposite 

 

The formation of -Ga2O3 nanoparticles was also confirmed by the analysis of FTIR 

spectrum in Fig. 5b. It is known that the metal oxides exhibit absorption bands under 1000 cm
-1

 

related to inter-atomic Me-O or Me-O-Me vibrations [27]. The spectrum is dominated by the 

absorption bands at 455 cm
-1

 and 684 cm
-1

, previously assigned to vibration modes of the Ga-O 

bonds in the -Ga2O3 structure (Au modes) [28], while the other peaks observed at 528 cm
-1

,  

624 cm
-1

, 748 cm
-1 

have been related to Bu modes. At the same time, no absorption bands related 

to the Ga2O3 phase are observed in the FTIR spectrum of GaN nanowires (Fig. 5a), their 

spectrum being dominated by two absorption bands at 565 cm
-1

 and 634 cm
-1

. The first band has 

been previously attributed to the Ga–N stretching vibration in the hexagonal type GaN crystals 

(E1(TO) mode) [29], while the second one may be related to a local vibration mode (LVM) 

attributed to nitrogen and gallium vacancies. 
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Fig. 5. FTIR spectra of GaN nanowires (a), Ga2O3 nanoparticle (b), TiO2 nanoparticles (c), 

and TiO2/ZnO nanocomposite (d). 

 

In addition to Me-O vibrations, absorption band related to bonds involving C atoms in 

compounds adsorbed at the surface of the prepared oxide nanomaterials have been observed. The 

vibrations observed at 1067cm
-1

 and 1987 cm
-1

 in the TiO2/ZnO nanocomposite (Fig. 5d) can be 

attributed to C=O stretching vibrations in carboxylic acids and other carboxylic compounds 

present on the nanocomposite surface. The absorption band at 1252 cm
-1

 may be associated with 

C-O stretching vibrations in alcohols or ethers, while the bands at 1401 and 1460 most probably 

are related to OH group bending vibrations in alcohols or carboxylic acids. The band at 1640 cm
-1

 

can be attributed to C=O bending vibrations. The absorption bands observed at 2160 cm
-1

 and 

2304 cm
-1

 in the TiO2/ZnO nanocomposite, as well as the band observed at 2311 cm
-1

 in TiO2 

nanoparticles can be attributed to stretching vibrations of CO2 absorbed from atmosphere on the 

materials surface. The absorption bands observed at 3895 cm
-1

 and 2997 cm
-1

 in the TiO2/ZnO 

nanocomposite, as well as the bands observed 2910 cm
-1

 and 2981 cm
-1

 in TiO2 nanoparticles are 

usually associated with C-H stretching vibrations in organic compounds, and their exact position 

depends upon the hybridization state of the carbon. The higher energy bands in the range of  

3000 - 3800 cm
-1

, including the broad bands can be attributed to vibrations of the OH group in 

water on the metal oxide surface [30]. 

The prepared nanomaterials are expected to be prospective for photocatalytic, 

antibacterial and antifungal applications, as well as for biosynthesis of fungal proteases and 

production of enzyme preparations [31-34]. With the purpose of assessing their prospects in 

phosphors preparation, they were doped with Eu
3+

 ions, and their luminescence properties have 

been investigated. For doping Ga2O3 nanopowder with Eu
3+

 ions, EuCl3 with concentration from 

0.3 to 3 at% was added to the 0.05M Ga(NO3)3 solution in the hydrothermal synthesis. The pH of 

the solution was adjusted to the value of 9.5 by adding 25% of NH4OH under additional stirring 

for 30 minutes, before introducing the obtained suspension in the autoclave. 
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The PL spectrum of a Ga2O3 nanopowder doped with a 2% concentration of Eu is shown 

in Fig. 6a. Since the quantum energy of the excitation light with wavelength of 405 nm is lower 

than the β- Ga2O3 bandgap, most probably the luminescence is excited by an intra-central 

transition in the Eu
3+

 ions, while all the observed emission lines are consistent with the jFD 7

0

5   

(J = 1,2,3,4) intra-central transitions, where J = 1 is for the PL band at 585 nm, J = 2 is for the 

lines at 606-818 nm, J = 3 is for lines around 650 nm, and J = 4 is for lines in the spectral range 

of (680 – 710) nm.  

 

 

Fig. 6. (a) PL spectrum of Ga2O3 nanoparticles doped with Eu
3+

 ions obtaining by 

hydrothermal method; (b) a comparison of spectra of samples prepared by hydrothermal 

method (curve 1) and solid phase reactions (curve 2) [35]. 

 

The multiplets within these PL bands are determined by the local symmetry of sites where 

Eu3+ ions are incorporated into the β-Ga2O3 monoclinic lattice with the space group C2/m. It is 

supposed that the Eu3+ ions occupy the sites of Ga3+ ions with either tetrahedral or octahedral 

crystallographic coordination. Therefore, the local symmetry of Eu3+ ions should be Td or Oh, 

respectively. However, since the ionic radii of the Ga3+ ions are 0.047 nm and 0,062 nm for the 

tetrahedral and octahedral coordination, respectively [36,37], and the ionic radius of Eu3+ ions is 

0.095 nm, it is expected that the octahedral site is more suitable for Eu3+ ions. On the other hand, 

the large difference in the ionic radii of Eu3+ and Ga3+ ions implies that the octahedrons are 

disported, and the local symmetry of the sites where Eu3+ ions are incorporated should be 

lowered to the Cs symmetry [38]. The incorporation of Eu3+ ions in sites with such symmetry was 

previously confirmed in β-Ga2O3 doped with Eu and annealed at 1100 oC [39]. The presence of 

emission lines associated with crystal field levels of Eu
3+

 ions in the spectrum of the sample 

prepared by hydrothermal synthesis indicates on the good crystalline quality. The advantage of 

the hydrothermal synthesis over the solid phase reaction method is evidenced from the 

comparison of the PL spectra of samples prepared by these two technologies (Fig. 6b). One can 

see that the spectrum of the sample prepared by solid phase reaction is characterized by broader 

PL bands resulting from superimposing lines, which are usually observed in amorphous materials 
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and glasses. 

The incorporation of Eu
3+ 

ions was also demonstrated in the wurtzite lattice of GaN 

nanowires produced by nitridation of Ga2O3 powders prepared by hydrothermal synthesis. 

 

4. Conclusions 

The results of this study demonstrated that Ga2O3, ZnO, and TiO2 nanoparticles, as well 

derivative nanomaterials, including GaN nanowires and ZnO/TiO2 nanocompostes, with high 

crystalline quality can be produced by hydrothermal synthesis as a low cost technology. Metal 

nitrate hydrates and titanium isopropoxide are suitable and accessible precursors for this purpose. 

The morphology of the produced nanomaterial can be controlled by choosing the duration of the 

hydrothermal process. The luminescence characterization of Ga2O3 nanoparticles doped with 

Eu
3+

 ions demonstrated efficient incorporation of the Eu
3+

 ions into the β-Ga2O3 crystal lattice, 

therefore opening prospects for the development of nanophosphors on the basis of these 

nanomaterials. 
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