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Abstract: The catalytic activity of material was tested by ESR spectroscopy and investigation of the formation of the super-anion radicals 
of oxygen on surface zirconia particles in dependence on dopant amount, pressure.  UV-visible spectroscopy was used for estimation of 
optical properties of these materials. It was found the introduction of Y2O3 allows to creation of structure defects in partially stabilized 
zirconia, and its influence for tetragonal crystals is not monotonic in range 2-4 mol. %. It is connected with boundary of stable tetragonal 
phase at Y2O3 adding. The pressure is active factor of changing of surface state due to tetragonal – monoclinic transformation and may be 
used for improvements of catalytic properties of zirconia NPs. 
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1. Introduction 
 

The modern world industry the moves to side of application of 
hightechnological or another words “high-tech” products which are 
oriented on properties of finished products. For zirconia materials 
this is a wide spectrum of applications, fig. 1.  

 

 
 

Fig.1 - The world market of zirconia applications.  

 

Distribution of oxide nanopowders using in same industry on 
main industry world regions, fig. 2. 

 

 
 

Fig. 2 Distribution of oxide nanopowders using in same industry on 
main industry world regions 

In this case the questions about developing of technologies 
which are directed on creation of nanopowders and other production 
based on nanopowders are significantly in materials science [1]. 

The creation of these productions is inseparably connected with the 
developing of a new direction of modern materials science – 
nanodimensional materials [2]. It is the base for creation of 
principal new technologies which have methods and methodologies 
for controlling of properties and structures of nanomaterials.   

However, in present time the technologies of obtaining 
nanopowdwers which are oriented direct on finished productions, in 
particular, ceramic, functional nanopowders or composite, is not 
much. Perspective technologies of obtaining of oxide nanopwders 
are technologies which are based on methods of “wet chemistry”, in 
particular, hydrothermal, hydrolysis and chemical precipitations 
methods. The method of chemical precipitation is a simple method 
in hardware [3]. This method can easy adapt to syntheses of surface 
and bulk modified systems [4]. Another feature of this method in 
contrast of other methods is carried out of syntheses of oxide 
nanoparticles (NPs) as sequential separate stages: zirconia hydrogel 
obtaining - zirconia amorphous xerogel – crystalline zirconia NPs 
[5]. It is obtained as amorphous product of zirconia which is used as 
sorbent of water cleaning and as crystalline zirconia NPs as product 
for using in ceramic technologies. Also the presence of several 
stages of this process of NPs obtaining allows introducing the 
separate stage of modifications for changing of cationic and anionic 
sublattice or surface state. The modifications methods may be as 
physical and chemical nature or their complex [6].  

The knowledges about mechanisms of processes which take 
place at syntheses of zirconia nanopowders and under physical and 
chemical modifications of these systems allow creation effective 
methods of task-oriented controlling of properties and structures of 
finished product. Thus the complex technology which is based on 
chemical precipitation methods with introducing of different 
methods of physical and chemical modifications allows creating 
high-tech oxide nanopowders with properties aims on finished 
operation tasks.   

In this work the complex technology of complex oxide 
obtaining is developed and the questions of modification of oxide 
nanoparticles for photocatalytic tasks are studied.  

 

2. Preconditions and means for resolving problems  
2.1 Technology of zirconia NPs obtaining  

Fig.3 shows the schemes of technology of Y-doped zirconia 
NPs obtaining. As we can see the technology of obtaining of 
complex oxides contains several stages and can be divided on two 
technological cycles in which two independence products are made. 
These products are amorphous xerogel and crystalline zirconia.  
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Fig.3 The schemes of technology of Y-doped zirconia NPs obtaining 

 

The realization of this scheme is based on chemical 
precipitation method.  It allows obtaining a complex oxide when the 
different salts co-precipitate simultaneously, for our case yttrium 
and zirconium salts are base. The physical actions may be used on 
any stage of process. Thus for decreasing of drying time of hydrogel 
microwave irradiation is used and heat treatment of amorphous 
xerogel with variation of rate of non-isothermal and time of 
isothermal stages is used for variation of structure, size and surface 
state of NPs. The detail scheme of first stage of technology is 
shown on Fig.4. 

 
Fig. 4 –Detail scheme of first technology stage  

It is noted that amorphous xerogel is genetically inherence of 
feature of hydrogel structures which depend from many parameters 
of syntheses, in particular, salt concentrations, salt and agent-
precipitated type, dopant nature and amount et al.   

It is determined the dehydration rate, hydrate shell state, porous 
of xerogel, specific surface area, morphology and surface state. It 
may influence on distribution of dopant between phases and led to 
synthesized inhomogeneity product. The increasing of 

concentration of initial salts (considering of complex structure of 
colloid solutions of zirconium salts [7]) may significantly influence 
on amount of unwanted additions and as results led to change of 
dehydration and crystallization of sediment and aggregation of 
amorphous xerogel NPs. The last fact influences on zirconia NPs 
morphology and dispersity. Thus the residual amount of ammonium 
chlorine in amorphous xerogel may significantly influence on 
behavior of crystalline zirconia NPs at their sintering [8], because 
the properties of zirconia NPs are formed due to water and additions 
removing, dehydration, dehydroxylation, dehydrogenization, 
destruction and crystallization of amorphous xerogel. Realization of 
these processes takes place under heat treatment of amorphous NPs 
in temperature diapason of 400-1000oC, fig. 4.  

 

 
 

Amorphous xerogel         300-400оС             400-900оС      >1000oC 

     а                                    b                                 c                        d 

 

Fig 4 Scheme of oxide NPs forming a) amorphouse xerogel structure, b) 
partially dehydrated and broken solution domens, c) NPs forming, d) 
oriental sintering of NPs.  

 

2.2 NPs surface state and their activity to producing of O2
- 

 

Photocatalytic activity of materials connected with ability to 
produce of super-oxide radical O2

- and OH radicals under UV-
visible irradiations. The forming of these oxidative particles on 
zirconia surface may be investigated by ESR spectroscopy [9, 10]. 
Thus the paramagnetic sites correspond to the pseudoaxial (non-
bridging) oxygen O-. This center has isotropic line in ESR spectrum 
with g-value is 2,05 for dispersed material or anisotropic line with с 
g⊥= 2,045-2,055 or g=2,040-2,047 for bulk material. The adsorbed 
O2

- on oxide surface has anisotropic signal with three peaks with 
g1=2,033, g2=2,008 и g3=2,003 according to data [10] or g1=2,027, 
g2=2,0085 и g3=2,0042 according to data [11]. The g1 value of this 
signal is sensitive to change of environment of adsorbed oxygen 
molecule [12] and the g1 factor value may be using for estimation of 
connectivity extent of oxygen with metal ions of oxide surface [13]. 
For Y-doped zirconia with different Y2O3 amount and calcination 
temperature the possibility of generation of O2

- under UV 
irradiation was studied [14]. It was shown that the increasing of 
calcination temperature above 700oC led to decreasing of intensity 
of O2

- generation [15].   

The Y-doped zirconia is a wide band oxide. Fig. 5 shows the 
UV-visible spectrum of Y-doped zirconia NPs (Y2O3 amount of 2, 
3, 4 mol. %) with calcination temperature 700oC. It was shown 
investigated systems absorbed irradiation with photon energy above 
5 eV. The values of the fundamental absorption edge are 5.3, 5.3 
and 5.48 for systems with Y2O3 amount of 2, 3, 4 mol. %, 
accordingly. The change of values of the fundamental absorption 
edge has non-monotonic behavior which possible corresponded to 
presence a very small amount of monoclinic phase for ZrO2-2 mol. 
% Y2O3 and of cubic phases for ZrO2-4 mol. % Y2O3. Spectrum of 
each system demonstrates the presence of tail bellow the 
fundamental absorption edge. It is determined by defects of 
crystalline structure which give the additional levels in forbidden 
band. It makes the zirconia photosensitive materials, especially for 
systems with Y2O3 amount of 2 or 4 mol. % in zirconia.  
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Fig. 5 UV-visible spectrum of Y-doped zirconia NPs (Y2O3 amount of 2, 
3, 4 mol. %) with calcination temperature 700oC 

 

According [14] the anion radical superoxide is a very good 
formed on surface of investigated Y-doped zirconia with calcination 
temperature up to 600oC. At calcination of zirconia above these 
temperatures the forming of O2

- is very weakly. It may be connected 
with change of surface state of NPs at heat treatment, in particular 
with disappearance of the places of specific absorption of oxygen 
molecules.  

According [15] the pressure is active factor for controlling of 
NPs phase composition, surface state etc, but influence of pressure 
action on NPs structural characteristics can depend on dopant 
amount. Fig. 6 shows the change of NPs dispersity at pressure 
action on NPs with different amount of dopant.  

 

 
Fig. 6 Dependence of specific surface of NPs dispersity on pressure 

action on NPs with different amount of dopant (calcination temperature is 
700oC) 

 

The dispersity of NPs after pressure action and milling are 
increased, and dependence of dispersity from pressure values has 
non-monotonic characters. The position of extremum on these 
dependences is determined by amount of Y2O3 in zirconia. It may 
be connections with tetragonal-monoclinic transformation which 
takes place in Y-doped zirconia under pressure [15] 

In table 1 the structure parameters (size, phase composition) are 
given for initial systems with calcination temperature of 700oC. As 
we can see size and phase composition are changed from dopant 
amount and values of pressure. The increasing of dopant amount led 
to stabilization of NPs to tetragonal-monoclinic transformation 
which is initialized by pressure.  

Table 1. Phase composition and size of Y-doped zirconia NPs 
(Tcal=700oC) 

Y2O3, 
% 

% Monoclinic phase 

Pressure, MPa 

100 300 400 600 700 1000 

2 8 10 13 15 18 19 

3 17 28 28 31 41 50 

4 45 68 83 83 88 90 

 

As we can see the accumulation of amount of monoclinic phase 
in systems under pressure takes place at increasing of pressure and 
for Y-doped zirconia (2 and 4 mol. %) it is practically constant. 
Comparison the phase composition data and response of systems on 
UV-visible irradiation allows marking systems which will be 
perspective for investigations. Two systems (dopant amount of 2 
and 4 mol. %) which were modified by pressure at 600 MPa was 
choose for testing of O2

- forming.  

Fig. 7 shows the ESR spectra of initial and modified systems 
(dopant amount of 2 or 4 mol %, calcination temperature is 700oC).  

 

 
                                    a 

 

 
    b 

 

Fig. 7  ESR spectra of initial (without pressure action) and modified 
systems (600 MPa pressure action) for systems with calcination temperature 
is 700oC and Y2O3 amount a) 2 mol.  %, b) 4 mol %. 

According to presented data the ESR spectrum of investigated 
pressure modified powders has anisotropic signal with three peaks 
and g-tensors of which have the values close on g1=2,03, g2=2,01, 
g3=2,009. This signal corresponds to the triplet state of the adsorbed 
О2

- on oxide surface. Isotropic signal with the g-value close on 
2.003 appears in the ESR spectrum also. This signal evidences 
about generation F+-centers on zirconia surface under UV 
irradiation.  
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Conclusion 
It was shown that the technology of co-precipitation is a 

perspective technology for creation of complex oxide. The 
developing of this technology by including of physical and 
chemical actions in their process, in particular pressure or 
concentration actions, allows the variated of characteristics of NPs 
and their properties. It was found the introduction of Y2O3 allows to 
creation of structure defects in partially stabilized zirconia, and its 
influence for tetragonal crystals is not monotonic in range 2-4 mol. 
%. It is connected with boundary of stable tetragonal phase at Y2O3 
adding. The pressure is active factor of changing of surface state 
due to tetragonal – monoclinic transformation and may be used for 
improvements of catalytic properties of zirconia NPs. 

 

Acknowledgment 
The authors are thankful for the H2020-MSCA-RISE-2015 

Programme, the project N690968 NANOGUARD2AR and project 
N 47/15H of program NAS of Ukraine “Fundamental problems of 
creation of new nanomaterials and nanotechnologies” for financial 
support of their work. 

 
Reference  
 

1. Yon Ju-Nam. Manufactured nanoparticles: An overview of their 
chemistry, interactions and potential environmental implications. - 
Science of The Total Environment, 2008, 400 [1-3], 396-414 (Yon, 
Ju-Nam, R. Lead Jamie). 
2. Caruso Frank. Nanoengineering of Particle SurfacesAdv. 
Mater., 2001,13 [1], 11-22 (Frank, Caruso) 
3. Djuricic, B. The properties of zirconia powders produced by 
homogeneous precipitation. - Ceramics International, 1995, 21, 
195-206 (Djuricic, B., S. Pickering, D. McGarry, P. Glaude, P. 
Tambuyser, K. Schuster) 
4. Oliveira, A.P. The influence of precipitation variables on 
zirconia powder synthesis. - Powder Technology, 2001, 119, 181-
193 (Oliveira, A.P., M.L. Torem) 
5. Djur, W. The Properties of Zirconia Powders Produced by 
Homogeneous Precipitation, Ceramics International., 1995, 21, 195-
206 (Djur, W., S. Pickering, D. McGarry, P. Glaude, R Tambuyser, 
K. Schuster) 
6. Константинова Т.Е. Нанопорошки на основе диоксида 
циркония: получение, исследование, применение. - 
Наносистемы, наноматериалы, нанотехнологии, 2004, 2, 609-
632 (Константинова, Т.Е., И.А. Даниленко, В.В. Токий, В.А 
Глазунова) in Russian 
7. Yan, Mei Influence of pH on Morphology and Formation 
Mechanism of CeO2 Nanocrystalline. - Journal of rare earth, 2007, 
25, 53 – 57 (Yan, Mei, Rang Kei, Nie Zuoreri) 
8. Grootzevert, W.F.M. Powder Preparation and Compaction 
Behavior of Fine-grained Y-TZP. - Journal of Material Science, 
1990, 25, 3449-3455 (Grootzevert, W.F.M., A.J.A. Winnubst, G.S. 
Theunissen, A.J. Burggraaf) 
9. Frolova, V.E. The origin of defects formation in nanosized 
zirconia. - Materials Science and engineering, 2006, 26, 1106-1110 
(Frolova, V.E., M.I. Ivanovskaya) 
10. Bobricheva, I.V. ESR Study of Paramagnetic Sites in Sulfated 
Zirconia, Catal. Letters, 1998, 56, 23-27 (Bobricheva, I.V., I.A. 
Stavitsky, V.K. Yermolayev)  
11. Griscom, D.L. Defect centers in heavy-metal fluoride glasses: a 
review, J. Non-Cryst. Solids, 1993, 161, 45-51 (Griscom, D.L.)  
12. Bak, T. Interactions of oxygen with yttria-stabilized zirconia at 
room temperature, Ionics, 2001, 7, 332-338 (Bak, T., M. Rekas, J. 
Nowotny, NY Sorell, C.C. Adamski, A. Dyrek, K. Sojka) 
13. Kaenzig, W. Paramagnetic resonance of oxygen in alkali 
halides, Phys.Rev. Lett., 1959, 3, 509-510 (Kaenzig, W., M.H. 
Cohen) 
14. Gorban, O. in 4th International Conference «Nanocon 2012» – 
October 23-25 2012. – Czech Republic, Brno, 64-69 

15. Gorban O. Surface influence on the behavior of stabilized 
zirconia nanoparticles under pressure. - High Pressure Research, 
2012, 32, [1], 72-80 (Gorban O., S.Synyakina, G.Volkova, Y.Kulik, 
T.Konstantinova). 

156

SCIENTIFIC PROCEEDINGS INTERNATIONAL SCIENTIFIC CONFERENCE "HIGH TECHNOLOGIES. BUSINESS. SOCIETY 2016" ISSN 1310-3946

YEAR XXIV, VOLUME I, P.P. 153-156 (2016)




