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Abstract: The investigation of influence of modified conditions on formation of complex materials based on tetragonal zirconia doped by 
d-elements of I group (Cu or Ag) was carried out, in particular the routes of synthesis and type of dopant. The kinetic parameters of 
separated stage of NPs formation (drying of hydrogel under MW irradiation, dehydration and crystallization of amorphous zirconia NPs) 
were estimated. It was shown, the dehydration of tetragonal zirconia hydrogel in conditions of MW irradiation occurs due in two stage. In 
contrast for Cu (or Ag) –modified hydrogels only one stage dehydration is observed. The dehydration and crystallization of unmodified and 
modified xerogel is studied by DSC method. It was shown that the kinetic parameters of dehydration depend as from nature of zirconium 
salts that were using for synthesis and type of dopant. For crystallization processes the some parameters (crystallization temperature, 
enthalpy) are saved features of dependence on route of synthesis for unmodified and modified systems. However, the behaviour of 
dependence of activation energy on route of synthesis is contrast for unmodified and modified systems.  
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1. Introduction 
Complex oxide systems based on zirconia are promising 

materials in modern material science [1]. Reasons for using of 
d-elements of I group (Cu, Ag, Au) or their oxides at 
technology of creation of functional composite oxide structure 
are next:  

-the first these metals and their oxides have bactericide and 
fungicide properties, 

-the second they have some electrical and optical properties, 
-the third they can be used as catalysts and  
-the fourth they can be used at creation ceramic materials 

with higher tribological properties [2-3]. 
Some routes of creation of functional structures are used in 

material science technology. In practice, the impregnation of 
Ag or Cu salts in oxide surface is a more often used method for 
creation or enhance catalytic systems [4]. However, 
introducing of Сu or Ag-contained compounds into the oxide 
synthesis process results in a greater variation of catalytic 
system properties because, in this case, the added ions 
influence not only the surface state but also the crystal lattice 
of the oxide [5].  

However, the using of second route of synthesis for creation 
of composite structure based on tetragonal zirconia doped by 
d-elements of I group (especially, Cu and Ag) has determined 
features. The use of ammonium hydrate as agent-precipitator 
leads to form Cu (or Ag) ammonium hydroxocomplexes that 
occlude on surface of colloidal zirconia hydroxide 
nanoparticles (NPs) [6]. There are the ammonium complexes 
of copper - [Сu(NH3)m(H2O)n]2+ or hydroxocomplexes - 
[Сu(Н2О)m(OН)k]2-k, where coordination number of coper is 4 
or 6 and k<3, or mixing ammonium hydroxocomplexes - 
[Сu(NH3)m(OН)k]2-k. For case of silver complexes in which 
coordination number of silver ions is 2 the structure of 
complexes may be described as [Ag(NH3)2]X, where X is 
chloride ion or nitrate ion. Ammonium molecule in first 
coordination sphere may be exchange on water molecule in 
water solution. The structures of copper or silver complexes 
depend on synthesis conditions, in particular, pH precipitation. 
For example, at high pH the formation of ammonium 
complexes of copper or silver are observed, such as the 
decreasing of pH value of solution leads to exchange of 
ammonium ligand on hydroxyl group. Since zirconia hydrogel 
is colloid systems the absorption of copper or silver complexes 
on zirconia NPs surface may influence on formation of 

modified NPs systems and their properties.  
The nature of zirconium salts may change the optimal 

concentration and viscosity of solution. It also is very 
important moment in technology of obtaining of complex 
oxide systems because it may influence on distribution the 
dopants between phases and leads to form inhomogeneity 
product [7]. Other main moments of wet technology of 
complex oxide materials are influence of type of dopant, salt 
nature and salt concentration on emulsion stability, aggregation 
and electrophoretic movement of NPs, features of formation 
precipitates [8-10], phase stability of NPs, other. In this 
connection, in technologies of obtaining of complex oxide 
materials investigators do accent the influence of these factors 
on drying of zirconia hydrogel, dehydration and crystallization 
amorphous zirconia xerogel, growth of oxide NPs.  

The aim of present work is investigation of formation of 
complex oxide systems based on tetragonal zirconia doped d-
elements of I group.  

2. Preconditions and means for resolving problems  
2.1 Synthesis and characterization of zirconia metastable NPs 

Fig. 1 shows the scheme of syntheses of tetragonal zirconia 
doped by copper or silver dopant. Synthesis contains some 
stages there are zirconia hydrogel precipitation; formation of 
amorphous zirconium hydroxide (xerogel) under MW drying; 
formation of composite structure based on tetragonal zirconia 
under heat treatment.  

 
Fig. 1 - Scheme of syntheses of tetragonal zirconia doped by 
copper or silver dopant. 
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Dehydration kinetics of zirconia hydrogel and xerogel are 
described in Avrami-Erofeev approach:  

  
)(/ αα fkdtd ⋅=    (1) 

 
where α is the share conversion of phase fraction, t –
dehydration time (min), f(α) - function which depends on 
dehydration or crystallization mechanism and NPs geometry 
[11]. Equation (1) after integration is: 
 

ktdtkfdg =⋅== ∫ )(/)( ααα
 (2) 

 
where g(α) is function which depends on dehydration or 
crystallization mechanism such as f(α). The types of g(α) are 
shown in work [11].  

Accordingly [11], type of function which describes 
dehydration kinetic depends on partial pressure of water under 
NPs surface. The constant removing of water vapor is 
characteristic for MWconditions of drying of zirconia 
hydrogel, because g(α) corresponds to Avrami-Erofeev 
equation [-ln(1-α)]1/n, where n=0.5;1; 2; 2,5; 3;…, and 
equation (2) transform to (3): 

 
ktn=−− /1)]1ln([ α   (3) 

 
Avrami constant n shows mechanism of process 

(dehydration and crystallization), and lnK corresponds to 
velocity of evaporation or crystallization.  

Activation energies of dehydration and crystallization are 
estimated in Kissindger approach (4): 

 
RETdTd act /)/1(/)/ln( maxmax

2 −=β   (4) 
 
where Тмах – temperature of maximum of endothermic or 

exothermic peaks, K, β is heat increasing rate. 
 

3 Kinetic parameters of formation of xerogels and 
processes of their dehydration and crystallization 

3.1 Kinetic parameters of drying of hydrogel under MW 
condition  

 

Analysis TG data in logarithmic coordinates of equation 
(3) allows to estimate parameters of dehydration there are m 
which describes reaction mechanism (in particular, if m<1 the 
evaporation occurs according to homogenous mechanism, if m 
changes from 1 to 2 the evaporation occurs with line portion of 
surface, for example from pores) and lnK corresponds to rate 
of evaporation.  

It is noted, that dehydration process is sum of water 
diffusion processes on surface and inside pores of hydrogel 
NPs, water phase transformation (liquid-vapor), water 
desorption from NPs surface and other. For example,  
dehydration process of Cu doped tetragonal zirconia hydrogel 
approximately may be determined as:  

  
ZrO(OH)2⋅Y(OH)3[Cu(NH3)m(OH)k]2-knH2O→ 
ZrO(OH)2⋅Y(OH)3[Cu(NH3)m(OH)k]2-k + nH2O,                (5) 

 
For Ag doped zirconia process of dehydration is 

analogical. The amount of residual ammonium, nitrate or 
chloride ions depends on precursor type and may be variated 
by washing number. Thus, the process which occurs at 
dehydration may be complex because the dehydration 
determines by water desorption from pores surface and water 
diffusion from pores to NPs surface.  

Parameters of kinetic dehydration of unmodified and Cu 
(or Ag) modified zirconia hydrogel which syntheses from 
zirconium nitrate and chloride salts were shown in table 1.  

Table 1 – Kinetic parameters of unmodified (ZrO2-3 mol. 
% Y2O3) and Cu (or Ag) modified amorphous xerogel 
formation (ZrO2-3 mol. % Y2O3- 1 mol. % CuO(or 
Ag2O)) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It was shown that the dehydration of unmodified zirconia 
xerogel contains two stages, the kinetic parameters of that 
depend on precursor nature. The n1 values for systems is near 2 
for both routes of synthesis of zirconia hydrogel. It is evidence 
that the evaporation occurs with line portion of surface and the 
nature of used zirconia salt does not practically influence on 
intensity of water evaporation. The n2 values m is less than 1 
for both routes of synthesis of zirconia hydrogel. The change 
of n values at transfer from first to second stage may be 
connected with activation of diffusion processes on second 
stage. Kinetic of second stage may be described by 
homogenous mechanism of evaporation and intensity of this 
stage in two time bigger than evaporation water on first stage.  

For cause of Cu (or Ag) modified zirconia hydrogel the 
dehydration occurs on the one stage. The n is approximately 
equal 2 and the mechanism of dehydration of zirconia hydrogel 
does not change at their modification by Cu ions. For Ag- 
modified systems n is above 2. The intensity of evaporation for 
both type of dopants is bigger to compare with intensity of 
unmodified systems and does not depend from type of dopants 
that use for creation of complex system.  

Thus, mechanism evaporation for first stage is equal for 
unmodified and Cu (or Ag) modified tetragonal zirconia but 
the modification of tetragonal zirconia by d-elements of I 
group lead to disappearance the second stage of evaporation. 
The rate of dehydration process is more intensive for case 
modified systems at approximately equal time of drying. The 
estimated kinetic parameters show the independence of 
dehydration of modified zirconia hydrogel on nature of 
synthesis route and type of dopant.  

 

 

 

 ZrO(OH)2-3 mol.%Y(OH)3-x mol. % 
Me-complex 

  Me - CuO Ag2O 

 0 1 1 

 Nitrate route 

lnk1 -4.62 -2.86 -2.33 

n1 1.99 2.01 2.5 

lnk2 -2.32  - 

n2 0.81  - 

 Chloride route 

lnk1 -4.8 -2.14 -2.49 

n1 1.90 2.04 2.6 

lnk2 -2.61  - 

n2 0.82  - 
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3.2 Kinetic parameters of dehydration of xerogel  

 

Fig.2 shows the DSC curves for unmodified and Cu (or Ag) 
modified tetragonal zirconia.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 DSC curves for nitrate route: 1) unmodified 3) Cu and 5) 
Ag modified tetragonal zirconia and for chloride route: 4) 
unmodified 3) Cu and 6) Ag modified tetragonal zirconia. 

Accordingly DSC data at calcination of unmodified 
system are observed the wide endothermic peak (temperature 
diapason is 20-250oC) and the narrow exothermic peak at 
temperature above 400oC. For case of Cu(Ag)-modified 
systems DSC specters shows the wide endothermic peak 
(temperature range is 20-250oC) and two exothermic peaks. 
First exothermic peak is appearance at near 300oC and their 
intensity depends on precursor nature. This peak corresponds 
to processes that occur at destroyed or structure reorganization 
of Cu (or Ag) complexes. Second exothermic peak correspond 
to crystallization of tetragonal zirconia. Kinetic parameters of 
dehydrationof xerogel are presented in table 2.   

 

Table 2 - Kinetic parameters of dehydration of xerogel 

Systems 
Parameters 

T, oC ∆H, J/g 

Chloride route 

ZrO2-3Y2O3 383,2 -449,44 

ZrO2-3Y2O3-1CuO 378,8 -544,04 

ZrO2-3Y2O3-1Ag2O 393,1 -454.51 

Nitrate route 

ZrO2-3Y2O3 379 -565.81 

ZrO2-3Y2O3-1CuO 382.9 -779.04 

ZrO2-3Y2O3-1Ag2O 401.9 -519.7 

 

It is noted, that for unmodified systems the temperatures 
of dehydration is decreasing for material, which was 
synthesized by nitrate route. However, the enthalpy of this 
process are increasing for this route. It connects with the 
adding of energy expensive at remove residual nitrate groups 
to dehydration of xerogel.  

For Cu (or Ag) modified systems the shift of maximum of 
temperature of dehydration to higher temperature are observed 
and the increasing of enthalpy are occurred. It is noted, for Cu 
modified systems the route of synthesis influences on 
parameters of dehydration and as for unmodified systems.  

The estimated of activation energies according to equation 
(4) for dehydration process are presented in table 3.   

Table 3 Activation energy of dehydration for unmodified 
and Cu(or Ag) modified system. 

 

 

   

 

 

 

 

 

Analysis of activation energy show that adding of d-
elements of I group leads to decrease of activation energy 
values. It may be connected with change of structure of 
hydrate shell of modified NPs. 

First exothermic peak is appearance at 257oC (for Cu-
modified systems, ∆H=103 J/g) and 253oC (for Ag-modified 
systems, ∆H=105 J/g) for systems that are synthesized by 

Route of 
synthesis 

ZrO(OH)2-3 mol.%Y(OH)3-x mol. % 
M-complex 

  CuO, % Ag2O, % 

0 1 1 

Activation energy, kJ/mol 

Nitrate 22.1 29.56 40.32 

Chloride  37.2 25.06 19.71 

3 

4 

5 

6 
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nitrate route and at 263oC (for Cu-modified systems, ∆H=76 
J/g) and 263oC (for Ag-modified systems, ∆H=55 J/g) for 
systems that are synthesized by chloride route. The difference 
in enthalpy of this process for systems which are synthesized 
by different routes may be connected with features of Cu (or 
Ag) complex structures, in particular, with different ligands.   

 

3.3 Kinetic parameters of crystallization of xerogel 

Kinetic parameters of dehydration of xerogel are 

presented in table 4.   

Table 4 - Kinetic parameters of crystallization of xerogel 

Systems 
Parameters 

T, oC ∆H, J/g 

Chloride route 

ZrO2-3Y2O3 699,7 108,04 

ZrO2-3Y2O3-1CuO 713,4 131,17 

ZrO2-3Y2O3-1Ag2O 715,2 107,0 

Nitrate route 

ZrO2-3Y2O3 710,9 122,81 

ZrO2-3Y2O3-1CuO 728,1 165,05 

ZrO2-3Y2O3-1Ag2O 720,4 109,4 

 

As we can see from table 4, the crystallization temperatures are 
higher for systems that are synthesized by nitrate route 
independently from their chemical composition. It is also noted the 
enthalpies of systems that are synthesized by nitrate route are higher 
than for systems are synthesized by chloride route. Higher values of 
enthalpy evidence about most defectiveness of crystal lattice of 
tetragonal zirconia. For case of Cu-modified tetragonal zirconia the 
routes of preparation influence on parameters of crystallization and 
ordering of structures are strongly.  

The estimated of activation energies according to equation 
(4) for crystallization process are presented in table 5.   

Table 5 Activation energy of crystallization for unmodified 
and Cu(or Ag) modified system. 

  

 

 

 

 

 

 

 

Analysis of estimated activation energies show the difference 
dependence of Eakt on route of synthesis for unmodified and 
modified systems. For unmodified system that is synthesized by 
chloride route the activation energy is approximately in two time 
higher than for one that are synthesized by nitrate route. In contrast, 
the modified systems shows dependence on as route of synthesis 
and type of dopant (Cu or Ag).   

4 Conclusion 

It was shown that surface Cu (or Ag) modification of tetragonal 
zirconia which are obtained by wet technology occurs due to 
adsorption of complex of these d-elements. It was shown the 
structure of complex depends on synthesis conditions (route) and 
nature of dopants. Based on DSC method the formation oxide NPs 
is investigated. It was found the appearance of addition exothermic 
peak in DSC spectra of modified systems. This peak connects with 
presence of ammonium or hydroxocomplexes on zirconia NPs 
surface. It was noted the type of dopants and synthesis route more 
influence on kinetic parameters of dehydration. It may be 
connection with different stability of complex with different 
structures at temperature less 300oC. Other side the dependence of 
activation energy of crystallization on route of synthesis and nature 
of dopants is very strongly.  
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Route of 
synthesis 

ZrO(OH)2-3 mol.%Y(OH)3-x mol. % 
M-complex 

  CuO, % Ag2O, % 

0 1 1 

Activation energy, kJ/mol 

Nitrate 348,70 243,08 233 

Chloride  544,38 230,59 151 
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