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Abstract: Synthesis of tetraethyl orthosilicate based proton conducting gel incorporating 
hydrazinium sulfate purified (N2H6SO4) was performed in this work. The characterizations have 
been done by the XRD and Wagner’s polarization method. The partial amorphous structure of the 
gel gas been observed, as XRD shows a broad hallow at 10-50o. The ionic transference number 
was determined by the Wagner’s polarization method, and it was observed that the transference 
number for both pure N2H6SO4 and synthesized gel were close to one. The dependence of 
conductivity on a relative humidity and temperature has also been measured. The conductivity 
initially decreases above the room temperature, due to the release of the surface adsorbed water. 
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1.INTRODUCTION 
 
 Superionic solids or “solid electrolytes” have attracted the great interest of the 
research community due to their potential application in energy storage devices (solid state 
batteries, dye sensitized solar cells, supercapacitors, actuators, etc.) [1-6]. Superionic solids 
are characterized by the ionic bonds, high electrical conductivity (>10-6 Scm-1) and low 
electronic conductivity. The principal charge carriers are ions, and their mobility is 
governed by the radius/charge ratio, ionic polarizability and the structural disorder of the 
lattice that provides vacancies and positions for the ionic mobility [7-14]. Defects that 
allow exchange of the places between neighboring ions can be divided in two classes: point 
defect type (thermally generated Schottky vacancies, Frenkel interstitials) and molten 
lattice type (ions are moving as free ions from one position to another). According to their 
composition and structure, fast ion conducting materials can be: a) frame crystalline 
materials; b) ion conducting glasses; c) composites and dispersed phase materials; d) ion 
conducting polymers and e) ion conducting gels. 
 Ion conducting gels are of the special interest as they are rather promising class of 
the material in the field of the ion conducting solids. The gel is defined as the substance 
which contains the solid skeleton and the continuous liquid phase, and the sol is the 
dispersion of the solid particles in liquid phase. The condition for the transformation of sol 
to gel is that strong particles - solvent interactions must be present in order to bind the 
solvent, and therefore not every sol can be converted into gel [15]. Gels are usually 
prepared by the sol - gel techniques from the various precursors that can be classified as 
the inorganic or organic [16, 17]. The sol - gel process itself can be divided to the aqueous 
based (start from the solution of the metal salt) and alcohol based (start from the metal 
alkoxide) [18]. 
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based (start from the solution of the metal salt) and alcohol based (start from the metal 
alkoxide) [18]. 
 In the aqueous based sol - gel process, the first step is the formation of the sol, and 
hydrolysis of metal cations. If the silicates are present in the system, silicone acid is 
present in the acid environment due to the hydrolysis. Once the silicone acid is present in 
the system, polymerization starts by the condensation of the silanol groups. Polymerization 
occurs in three stages. In the first stage, primary particles are formed through the silanol 
condensation. The condensation occurs in the manner of favoring the formation of the Si-
O-Si bonds, and avoiding the placement of hydroxile groups at the terminal position in the 
chain. Three dimensional particles are formed, and are condensed to the compact state, 
leaving the most of the hydroxile groups outside the particles [14, 19]. In the further stages, 
particles are dissolved, and again precipitated on larger, less soluble nuclei. The growth of 
the particles terminates when the solubility of the larger particles approaches to the 
solubility of the smaller particles (difference in the order of magnitude of a few ppm). The 
polymerization rate is in strong dependence on the pH value of the solution. In the very 
acid environment (pH lower than 2), the polymerization rate is directly proportional to the 
concentration of hydronium ions, and at the higher pH values, is directly proportional to 
the concentration of hydrohyle groups. At low pH values, particles have small ionic charge 
they can collide, and can form the network by aggregation which leads to the formation of 
gel. Usual particle dimension when the growth stops at such a low pH value is between 2 
and 4 nm. At the higher pH values, condensed species are more likely to be ionized, and 
thus the particles growth continues. However, those values may vary, due to the nature of 
the salt [20]. 
 The alcohol based sol - gel process involves the hydrolysis and condensation of the 
metal or metalloid acoxides. Contrary to the aqueous procedure, the step of the gel 
formation is not distinct. Reactions of the condensation and hydrolysis occur 
simultaneously, leading to the formation of the gel as a final product. The gels obtained 
from the tetrasilicone derivate are of the high interest in this field of the research. The path 
of the reaction is hydrolysis (replacement of the alkoxy group by the hydroxyl group); 
condensation (formation of the siloxane bonds and alcohol as the by-product). The 
produced alcohol serves also as a mutual solvent for the siloxanes and water. The formed 
amount of the alcohol is sufficient to homogenize immiscible water and alkoxysilanes. The 
properties of the formed gel however depend on the water/alkoxide molar ratio, 
temperature, choice of the solvent and the nature of the catalyst [21, 22]. 
Alternation to the standard process can be made with the organic constituents for the 
modification of the oxide polymers. Those materials are classified as the organic modified 
ceramics or ceramic polymers. The organic network can be linked to the inorganic carrier, 
and variety of the modifications could be obtained. Those materials possess properties of 
both inorganic and organic materials [23]. 
 Ion conducting gels offer various general advantages: they can be easily molded in 
various shapes, their viscosity can be controlled which allows various deposition methods, 
anisotropic layers exhibited improved properties, gel powders have high surface and 
amorphous gels contain large number of liquid filled micropores. Proton conducting gels 
are in general materials that charge transport is primarily by the hydronium ions or 
hydroxile groups. The mechanism of the hydratation involves the dissociation of the 
adsorbed water at the surface of the oxide. Hydronium ions are bonded to the oxygen site, 
while hydroxile groups are bonded the metal site. More water molecules from the 
environment can be adsorbed through the hydrogen bonds to the surface hydroxile groups. 
Those gels can be described as composite material made of solid particles and aqueous 
medium, and hence have specific properties. The hydrhile group bonded to metal 
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undergoes both acid and basic dissociation. The path of the dissociation mainly depends on 
a pH value and the oxidation state of the metal. The higher the charge, and the smaller the 
cation is, the more acidic dissociation is promoted. The conductivity of the proton 
conducting oxides is in the order of magnitude of 10-5 s cm-1 [24-26]. 
 The conductivity of the gel strongly depends on the amount of water in the solid 
network. As the water molecules are positioned inside the solid network, and as the 
network is open, exchange of water with environment is rather easy. At the low water 
pressure, molecules of water are too far apart, and the proton cannot jump between the 
sites, and the electrical conductivity remains low. When the initial layer of water is 
adsorbed, proton conductivity occurred trough the ordered array of hydrogen bonded water 
molecules. At the very high water contest, water molecules are only weakly bonded to the 
oxide network, and conductivity is equal to the conductivity of the acid solution [27]. 
 The transference number is defined as the ratio of partial conductivity of the mobile 
species and the total conductivity. The transference number of a material is equal to 1, and 
can be subdivided further to the electron/hole transference number (teh) and ionic 
transference number (ti). If the material is purely electron/hole or ionic conductor, those 
numbers respectively are equal to 1. The total ionic transference numbers of gel systems 
examined in this paper were evaluated at the room temperature by Wagner polarization 
method. The samples of five different compositions of the gel were measured at the room 
temperature. The pellets were coated with the silver in order to block mobile ionic species, 
and the constant voltage of 0,5V was applied to the sample. The current was monitored as 
a function of a time for a sufficiently long time to allow the complete polarization of the 
sample. From the current versus time plots, the ionic and electronic transference number (ti 
and te) were calculated using the equations: 
 

( ) TeTi iiit −=           (1) 
 

Tee iit =           (2) 
 
Where iT and ie are the values of initial and final current after polarization respectively. 
 
2.EXPERIMENTAL 
 
The gel systems x SiO2+ (100-x) N2H6SO4 (x =10-90 mol %) were prepared by sol-gel 
process using tetra ethyl orthosilicate (TEOS – Si (OC2H5)4) and hydrazine sulphate 
(N2H6SO4) as precursor. The water solutions of the TEOS and hydrazine sulphate were 
prepared separately, and then mixed together in the stoichiometric ratio. The mixture was 
gelled for 160 hours at 30oC, and the resulting viscous gel was dried for 48 hours at 
100oC. The gel was milled to the fine powder, and the pellets of 10 mm in diameter were 
made by the application of the pressure of 0,785 GPa 
The properties of the super ionic solids have been determined by the X-ray diffraction - 
XRD (structural characterization) and Wagner’s polarization method (ion transport 
number). The aim of the conducted XRD measurements was to examine the possible 
formation of the new material during the gelling process. The goal was also to determine 
the relative amorphicity of the formed gels and the possible presence of the crystalline 
phase in gels. 
The measurement of conductivity is done on the single crystal of the solid electrolyte or 
pressed polycrystalline pellet. The sample is fixed between suitable electrodes, and the 
conductivity is measured. The geometry of the system strongly influences the measured 
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results, and therefore, the interpretation and the comparison of the results is rather 
complicated. The reasons include resistance of the electrode - electrolyte contact, 
interfacial electrode - electrolyte polarization and grain boundary conduction (in pressed 
pellet). Therefore, the measured conductivity can serve only as estimation, and do not 
represent the real values. 
The unidirectional flow of current results into the formation of charge cloud at the 
electrodes and concentration gradient which opposes the effect of applied field. Therefore, 
the direct current measurement of electrical conductivity is not useful for solid electrolytes. 
To circumvent these problems, alternating current is generally used. 
 
3.RESULTS AND DISCUSSION 
 
The X-ray diffraction patterns of the 40(SiO2) +40(N2H6SO4) and 90(SiO2) 
+10(N2H6SO4) gels and pure N2H6SO4 are presented on Figure 1. It could be seen that 
the presence of amorphous silica appeared as a large band cantered at 21°. There is the 
broader halo on the X-ray difractogram of the 90 (SiO2) +10 (N2H6SO4) gel. It implies 
the amorphous structure of the gel which increases with the increase of the SiO2 amount.  
The peaks in the halo region, as well as the peaks in the other regions of the pattern are 
obvious on the Figure 1a) and 1b). Comparing the position and intensity of peaks to the 
corresponding peaks on the Figure 1c) (the pure N2H6SO4), it is obvious that peaks are 
completely analogous and corresponding to each other. Therefore, it might be concluded 
that N2H6SO4 remain intact in the gel network of SiO2. 

 
Figure 1. XRD pattern of a) 60SiO2+40N2H6SO4; b) 90SiO2+10N2H6SO4 and c) pure  

                N2H6SO4 

The values of the transference number were determined by the Wagner’s method. The 
values of both ionic end electron transference numbers (ti and te, respectively) as a 
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dependence of the composition of gel is presented in Table 1. The typical plots showing 
the variation of current with time for compositions x = 90 mole% and 80 mole% of xSiO2 
+ (100-x) N2H6SO4 gel system are shown in figures 2 and 3. 
 
 

Table 1: Values of ionic and electronic transference number of xSiO2 +(100-x)N2H6SO4 

 

 

Samp. No. 

Composition  

ti 

 

te SiO2 mol% 

 

(N2H6SO4) mol% 

1. 90 10 0.97 0.028 

2. 80 20 0.97 0.03 

3. 70 30 0.96 0.031 

4. 60 40 0.96 0.035 

5. 50 50 0.97 0.0005 

 

 

 

 
Figure 2. Current versus time plot for 90SiO2 + 10N2H6SO4 (temperature 30oC; relative 

humidity 42 %) 
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Figure 3. Current versus time plot for 80SiO2+ 20N2H6SO4 (temperature 28oC; relative 

humidity 47 %) 

 
 This is to mention that above polarization experiment using Wagner’s polarization 
method does not provide information about the type of charge carriers mobile in the 
prepared gel system. However, the gel systems studied by Rai and Chandra [6,7] on 
sodium metasilicate (Na2SiO3) based gels and Rai and Chandra (2000) on TEOS based 
gels have established that in sodium meta silicate based gels, mobile charge carriers are 
Na+ and H+ ions and in TEOS based gels, mobile charge carriers are H+ ions. On the basis 
of these results, we may also consider the H+ ions to be mobile in our gel systems and the 
other transport parameters may be considered to be arising from motion of H+ ions in the 
gel network. 
 From the Figure 4. it is obvious that the conductivity of the gel decreases with the 
increase of the concentration of SiO2, and that maximal observed conductivity is 
significantly higher comparing to the pure SiO2. This proves that the addition of 
hydrazinium salt enhances the conductivity of the silica gel. 
Figure 4 
 
 The dependence of the bulk conductivity of the gel with SiO2/N2H6SO4 molar 
ratio 90/10 on the temperature as measured. The temperature range for the measurement 
was 20°C - 250°C. The change of the conductivity with a temperature is presented on 
Figure 5 (as the log δ vs. 1/T graph). Roughly speaking, the plot can be divided in the three 
zones: 25-115oC (zone I); 115-175oC (zone II) and 175-250oC (zone III). Starting from 
the room temperature, conductivity decreases from 2x10-5 s/cm (25oC) to 5.7x10-
7(130oC). The reason for this decrease in the zone I is desorption of the surface adsorbed 
water. The conductivity increase in the zone II, and decreases again in the zone III. The 
reason of such a behavior is the phase transformation in the gel. The linear plot of the 
curve in zone II indicates the dependence of the conductivity of the Arrhenius type: 
 

( )TkE Ba−= exp0δδ          (3) 
 
The values for the pre-exponential factor δo and activation energy (Ea) in the zone II are 
calculated as 5.98 x 1014 s/cm and 0.074 eV respectively.  
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Figure 5. Temperature variation of bulk conductivity for 90SiO2 +10N2H6S04 

 
 The dependence of the conductivity on relative humidity was determined at the 
room temperature, by using the standard complex impedance / admittance method. The 
measurements were carried out at the constant humidity levels. The dependences of the 
conductivity on a relative humidity for two different gels are presented on Figure 6. ( molar 
ratios SiO2/N2H6SO4 90/10 and 70/30 respectively). Both of curves indicate strong 
dependence of the conductivity on the humidity. With the increase of the humidity, 
conductivity increase as a consequence of the increased amount of surface adsorbed water. 
This water enhances formation of the Si-OH bond formation in the gel and increases the 
amount of hydronium ions. However, the measurements were done at the dynamic 
humidity level rather than the constant humidity. Therefore, the results are only indicative. 
 

  
a) b) 

 

Figure 6. Conductivity as a function of relative humidity for SiO2/N2H6SO4 a) molar ratio 

90/10; b) molar ratio 70/30 
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4.CONCLUSION 
 
 The gel systems with silica gel - hydrazinium sulfate with different molar ratios of 
the components were prepared, and their conductivities were measured. The synthesized 
gel contained residual hydrazinium sulfate, and belong to the class of the ionically 
conducting gels. The total transference number is close to 1. The highest conductivity was 
obtained for the gel with 90 mol % of the silicon dioxide (~10-5 s/cm) at room 
temperature. The change of the conductivity with the increased temperature is due to of 
loose of the surface adsorbed water. In the temperature range 125-175°C, the dependence 
of the conductivity of a temperature is governed by the Arrhenius type equation. The 
conductivity also increases with the temperature, due to the increased amount of the 
adsorbed water. 
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