
JOURNAL OF MATERIALS SCIENCE 30 (1995) 3457-3462 

Experimental studies and space charge mechanism 
for the conductivity/mobility enhancement due to 
SRO2 dispersion in Ag § ion conducting borate glass 

K. M. SHAJU,  S. CHANDRA*  
Department of Physics, Banaras Hindu University, Varanasi-221005, India 

The enhancement in ionic conductivity of a Ag + ion conducting borate glass of molar % 
composition 55.5 Agl-22.25 Ag20-22.25 B203 is reported with the dispersion of SnO2. X-ray 
diffraction (XRD), i.r. and optical microscopy reveals that the SnO2 addition yields 
a dispersed phase material and not a new glass. The material is essentially a Ag + ion 
conducting (Agl +Ag20 + B203) glass in which SnO2 is dispersed. The direct measurement of 
mobil i ty of the mobile ions reveals that the enhancement in conductivity is controlled by the 
enhancement in mobility. A space charge model based on the mechanism of 
adsorption-desorption of mobile ions near/at the interface in the space charge region 
creating a certain type of mobile ion concentration gradient is introduced to explain the 
results. 

1. Introduction 
Ion conducting glasses have recently acquired import- 
ance because of their possible use in solid state bat- 
teries, sensors, display devices etc. [1 5]. The most 
studied are those of Li § and Ag § ion conducting 
glasses. A large number of glass formers/modifiers/ 
intermediates have been tried in order to prepare high 
conductive compositions. High conductivity has been 
attained in Ag-borate glasses [6-9]. In this paper we 
have investigated the possible enhancement in con- 
ductivity of Agl + Ag20 + B203 glass on addition of 
SnO2. The reasons for choosing SnO2 are: (i) it may 
act as glass modifier and enhance the conductivity, 
(ii) it may not actually go into the glass structure, but 
provide a "dispersed phase" system leading to en- 
hancement of conductivity. Most of the earlier studied 
dispersed phase systems consist of some poorly con- 
ducting ionic solid (first phase)+ insulator (second 
phase) such as AgI+A1203, LiI+A1203 etc. 
[10-17]. In the present study the dispersion medium 
(first phase) is actually a good ionic conductor (glass) 
in which insulating SnO2 is dispersed. Further, it has 
been reported in the literature that SnO2 introduces 
porosity in ZnO sintered pellets [18]. The degree of 
porosity (and hence connectivity of grains) was found 
to be dependent upon sintering-temperature. There- 
fore, SnO2 seems promising to be explored for hetero- 
geneous doping or to develop a dispersed phase 
system in which the conductivity enhancement may be 
achieved as a result of space charge and/or enhanced 
intergrain connectivity. Here we are reporting our 
studies on the conductivity enhancement of a Ag § ion 
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conducting Ag-borate glass in which SnO2 is either 
being (i) added during glass preparation itself or 
(ii) dispersed physically in already formed Ag + ion 
conducting glass. It is found that SnO2 does not go 
into the glass matrix but remains as a separate phase. 
So the conductivity behaviours of samples prepared 
by either of the above two procedures are almost 
similar though the first procedure has an edge as far as 
conductivity is concerned. A suitable mechanism is 
suggested for the enhancement of conductivity which 
is principally due to the enhanced mobility (and not 
"n" as envisaged earlier in many other heterogen- 
eously doped dispersed phase systems). 

2. Experimental procedure 
Chemicals used for preparing the samples were anhyd- 
rous B203, Ag20, AgI and SnO2. A mixture of 55.5% 
AgI + 22.25% Ag20 + 22.25% B203 was prepared 
by taking the respective amounts as 2.35, 0.93 and 
0.28 g. To this mixture different amounts of SnO2, 
namely 0.1 g, 0.2 g .... 1 g were added. 

To study the effect of different preparation methods 
on the conductivity of the dispersed phase systems, we 
have undertaken three methods for sample preparation: 

(i) Pre-weighed chemicals were mixed in an agate 
mortar and transferred to a silica ampoule of ~ 5 ml 
volume and heated gradually up to ~ 950~ and 
quenched into liquid nitrogen after keeping it at 

950 ~ for ~ 5 h (hereafter referred to as prepara- 
tory method I) 
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(ii) The glass AgI + Ag20 + B203 was first prepared 
without adding SnO2. This glass was well powdered 
and mixed with SnO2 i n  an agate mortar until the 
mixture was homogenized. This physically mixed 
sample is used without any heat treatment (hereafter 
referred to as preparatory method II). 
(iii) The sample as obtained from method (II) above is 
given the same heat treatment as for the first method 
(heated at ~ 950~ for ~ 5 h and then quenched). 
This sample is hereafter referred to as preparatory 
method III. 

The well powdered samples so prepared were used 
for further characterization. For electrical measure- 
ments pellets have been prepared with a 109 Pa 
pressure. 

The X-ray diffraction (XRD) patterns on powdered 
samples were taken using an X-ray diffractometer 
(Philips Model PW 1710). The optical micrographs 
of sample surfaces were recorded using an optical 
microscope type Leitz Metallux 3. 

The ionic transference number of the conducting 
ions ti was determined by (i) Wagner's d.c. polariza- 
tion technique I19] in which potentiostatic current 
across the cell configuration ( + )  graphite/electro- 
lyte/silver ( - ) was measured as a function of time and 
the ionic transference number was estimated using the 
relation 

t i  = (iT - ie)/iT (1) 

where iT is the initial total current and i e is the final 
residual current. (ii) By the e.m.f, method [20] using 
the cell configuration Ag/electrolyte/C + I2 + electro- 
lyte. The e.m.f, developed across the cell (E0) is 
monitored and the Ag § ion transference number 
tag+ is calculated using the equation 

tAg+ = Eo/Et 

where E t is the theoretical (thermodynamic) value of 
e.m.f, across the cell. 

The transient ionic current (TIC) measurement 
technique has been used to evaluate the mobility of 
the mobile ion [21]. In this method, the sample is first 
polarized between graphite blocking electrodes using 
a fixed d.c. voltage. After stabilizing the polarization 
current, the polarity is reversed and the ionic current is 
monitored as a function of time. The mobility bt can 
then be calculated using the formula 

= d z / z v  (2) 

where d is the thickness of the sample, V is the applied 
voltage and z is the time at which the depolarization 
current peaks. The peaks are generally broad. The 
time z corresponds to the average time for ions to 
cross from one electrode to the other and hence the 
above expression gives the average mobilities. 

The d.c. electrical conductivity has been deduced 
from the complex impedance/admittance plots for dif- 
ferent compositions, using a computer-controlled 
Schlumberger Solartron 1250 Frequency Response 
Analyzer coupled with Solartron (1286) Elctrochem- 
ical Interface between the frequency range 1 Hz to 
65 kHz with a signal input of 20 inV. Vacuum coated 
silver was used as electrode. 

The i.r. spectra of the samples in KBr pellets have 
been recorded using a Perkin-Elmer IR Spectrometer 
model 883. 

3. Results and discussion 
3.1. Structure and method of preparation 
The XRD of AgI + Ag20 + B 2 0 3  glass obtained by 
quenching the homogeneous melt in liquid nitrogen is 
shown in Fig. l(a). There are no sharp peaks and the 
XRD is typical of a glass. 

The effect of adding SnO2 to AgI + Ag20 + B 2 0 3  

during preparation was interesting. No eutectic 
melting was observed even up to 950 ~ although the 
AgI + Ag20 + B203 mixture melts at ~ 600 ~ It 
was observed that at 400-500 ~ the mixture shrunk 
and it appeared as if melting was going to occur but 
soon the mixture turned into a 'paste'. As the temper- 
ature was raised, the 'paste' started to swell. If the 
temperature was raised quickly then swelling was ac- 
companied by excessive frothing and spilling of the 
material. Therefore, the temperature was raised slowly 
to 950 ~ This sample was quenched in liquid nitro- 
gen. The "as-prepared" sample seen under optical 
microscopy shows porous regions (see Fig. 2) possibly 
as a consequence of the frothing occurring during 
preparation. Such porous structures have also been 
seen in ZnO sintered SnO2 [18]. Thus it is expected 
that such samples will show more grain boundaries. 
The surface structure of pellets prepared by the mater- 
ial so obtained are shown in Fig. 3 for two different 
compositions of SnO2. It is obvious that the higher the 
SnO2 content, the higher are the grain boundary re- 
gions. XRD results are shown in Fig. 1 (b, c, d). Inter- 
estingly SnO2 peaks appear and their intensity in- 
creases as SnOz content increases. This suggests that 
SnO2 has not gone into the glass matrix and remains 
as a separate dispersed phase. To check this, a pure 
AgI + Ag20 + B203 glass was prepared first and 
then SnO2 was physically dispersed. This was given 
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Figure I Powder X-ray diffraction patterns for (a) pure glass with 
molar composition 55.5% Agi-22.25% Ag20 22.25% B203; (b), 
(c) and (d) are respectively of glass/composite obtained by the 
addition of 1.0 g, 0.35 g and 0.2 g of SnO2 to the 3.56 g of above 
mentioned glass composition during preparation (gee preparatory 
method I in text), (e) for the thermally treated pure glass 
(3.56 g) + 0.3 g SnO2 composite mixture (see preparatory method 
III in text). 
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Figure2 Optical micrograph on the surface of the as prepared 
sample of glass/composite with SnOz (See preparatory method I). 
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Figure 4 Room temperature i.r. spectra for (a) pure glass; (b), (c) and 
(d) glasses with 0.1, 0.2 and 0.4 g SnO2, respectively, added to 3.56 g 
of its original composition, (e) for pure SnO2. 

Therefore, at best this result is indicative that SnOz 
remains as a separate phase but the real check comes 
from XRD as discussed earlier. 

Figure 3 Optical micrograph of the surface of the pellets prepared 
by method I (see text); (a) and (b) are for samPle with 0.25 g and 1.5 g 
of SnO2 dispersion to the basic 3.56 g glass. 

a thermal treatment as previously described. Again the 
XRD for this sample was taken (Fig. l(e)). This also 
showed the separate SnO2 phase in the sample. 

The i.r. spectra of pure SnO2, AgI + Ag20 + B203 
glass without SnO2 and with different amounts of 
SnO2 are shown in Fig. 4. It can be seen that SnO2 
characteristic peaks in the region 500-750 cm-1 are 
present and their intensity is higher for sample with 
higher SnO2 content. The presence of many over- 
lapping peaks in this region precludes us from finding 
out whether there is a shift in peak position or not. 

3.2. Conductivity and method of 
preparation 

The three methods of preparing samples are as given 
in Section 2. The conductivity of samples obtained by 
these methods are shown in Fig. 5. The first method 
gives the highest conductivity for all the compositions. 
This is due to the uniform mixing obtained due to the 
frothing occurring during the heat treatment which 
allows the glass matrix to penetrate into the agglom- 
erated SnO2 particles leading to better mixing and the 
formation of intimate interface between dispersoid 
and the glassy matrix. Of course, it is obvious that 
formation of intimate interface by simple physical 
mixing (method II) is less possible and lower conduct- 
ivity is expected. Further, in method III, the heat 
treatment does not lead to frothing as in method I and 
hence uniform mixing of SnO2 particles in the glassy 
matrix is not as effective as in the first case and the 
conductivity of the sample prepared by the third 
method does not reach values as obtained for samples 
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Figure 5 Conductivity for samples prepared by three different pre- 
paratory methods (I (~), II (A) and III (�9 as detailed in text. 

prepared by method I. The detailed studies reported 
below are for the samples prepared by method I. 

3.3. Ionic transference number 
The total ionic transference number  was measured by 
Wagner's polarization method [19]. Typical I versus 
time plots for V = 0.6 V for different samples are 
shown in Fig. 6. Curve (a) is for pure silver borate 
glass with molar  composition 55.5% AgI + 22.25% 
Ag20 + 22.25% BzO3 (weight ratio 2.35:0.93:0.28 g). 
Curves (b) and (c) are for samples in which 0.3 g and 
1 g of SnO2 is added to the (2.35 g AgI + 0.93 g 
Ag20 + 0.28 g B203). The ionic transference number  
in all cases is ~ 1 and hence we conclude that addi- 
tion of SnOz does not change the ionic nature of the 
basic composition. 

The electrochemical e.m.f, method is used to 
measure the Ag + ion transference number  [20]. The 
cell configuration Ag/electrolyte/C + I2 + electrolyte 
gives a voltage of 686 mV( _+ 1 mV for different com- 
positions) while the theoretical Ag/I2 cell voltage is 
689 mV. This gives tag+ ~ 1. We conclude, therefore, 
that the materials studied are effectively Ag + ion 
conductors. 

3.4. Dependence  of  c o n d u c t i v i t y  and 
m o b i l i t y  on SnO2 concen t ra t i on  

The room temperature mobility and conductivity are 
plotted in Fig. 7 for different compositions. The carrier 
concentration (as calculated from the measured con- 
ductivity and mobility values from the expression: 
(y = nqg) is also shown in Fig. 7, Some interesting 
observations are: 

(i) (y (without SnO2) can be increased by about  twice 
by addition of SnO2. At a higher SnO2 concentration, 
cy decreases. 
(ii) # also shows an increase (and decrease) similar 
to o. 
(iii) n decreases slightly with SnO2 addition. This is an 
"inherent artefact" due to our method of sample prep- 
aration in which weighed amounts of AgI, Ag20 and 
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Figure 6 Typical "I versus time plots for different samples; (a) for 
pure glass (~, ifi.~a = 0.10 gA); (b) (O, iei.,1 = 0.25 MA) and (c) ([B, 
ifi,,~ = 0.35 BA) for glasses with 0.3 and 1.0 g SnOz added to 3.56 g 
of original borate glass composition (preparation method I). 
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Figure 7 Variation of electrical conductivity (cy, O), mobility (g, D) 
and carrier concentration (A, n) as a function of amount of SnO2 
dispersed in the 3.56 g of basic glass with composition 55.5 
Agi-22.25 Ag20 22.25 B203 (in mol. %), (preparation method I). 

B 2 0 3  are  kept constant and then the additional 
amount  of S n O  2 is changed. This in effect, would 
reflect as a net decrease of Ag (and hence n) per gram 
of the sample. 

Now we address ourselves to explain first the initial 
enhancement of conductivity and mobility with SnO2 
content and second a subsequent decrease in c~ and 
g with increasing SnO2 content in the high composi- 
tional range as shown in Fig. 7. The latter is easy to 
understand in terms of the blocking effect of insulating 
SnO2 due to the loss of inter-grain connectivity and 
resulting enhanced grain boundaries. The presence of 
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Figure 8 Typical complex admittance plots recorded from 1 Hz to 
65 kHz for samples having different weights of SnO2 in 3.56 g of 
silver borate glass; (a) for pure glass (l/A=O.3290m ~); 
(b) (I/A=O.5378m-~), (c) (1/A=O.3549m ~) and (d) (l/A= 
0.5726 m - ~) with 0.25, 1.0 and 1.5 g, respectively, to the basic glass 
composition. 

grain boundaries can be seen in the complex admit- 
tance plots given in Fig. 8 for different SnO2 content 
in the sample. It is obvious that for high SnO2 content, 
(more than 0.35 g in ~ 3.56g of glass) the grain 
boundary semicircle starts to appear as expected from 
the above argument. The aspect of our study which 
needs further attention is the initial increase in mobil- 
ity and its correlation with the increase in conductiv- 
ity. Increase in ionic conductivity in dispersed phase 
systems have been seen by many authors [-10-17]. 

Jow et al. argued that the dispersed phase creates 
a space charge region around the dispersoid [16]. This 
results in the formation of excess compensating defects 
around the immediate neighbourhood of the space 
charge region. Maier modified this space charge 
model by considering the possible surface interactions 
of the dispersoid E 12-14]. According to Maier's model 
the surface active oxides (added as dispersed material) 
can adsorb the cation from its regular site (sucked out 
of the volume of the ionic phase) i f  the interaction 
between them is attractive, increasing the vacancy 
concentration. The cations are driven to interstitial 
positions (or desorption takes place) if the interaction 
between the space charge region and the cation is 
repulsive, resulting an enhanced interstitial concentra- 
tion. These two processes can be represented as 

MM + V A  = MA" + V~ (adsorption) 

MA' + Vi = Mi" + VA (desorption) 

where MM, VA, Vi are cations on the regular site, 
vacancies at the interface and the interstitial sites 
respectively. The superscripts "." and ..... respectively 
represent one positive or negative effective charge, 
respectively. The consequence of both the adsorption 
and desorption processes is an increase in the carrier 
concentration which leads to a build up of concentra- 
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Figure 9 The space charge model for enhanced mobility. (a) Sche- 
matic representation for a dispersoid which is in between two 
clusters of ion conducting material (b) Representation of the mo- 
bile ion concentration near/at the interface in the space charge 
region. (c) Representation of the Ag + ion migration energy near/at 
the interface in the space charge region. 

tion gradient of carrier ions through the space charge 
region extending into the bulk. The reasons for en- 
hanced conductivity taken so far are increase in 
mobile ion concentration [12-17] or concentration 
gradient at the interface [22]. These explanations 
seemed quite satisfactory since no direct determina- 
tion of mobility (or n) was available. Our experimental 
results in "ionic glasses" as dispersion medium indi- 
cate that for such systems the enhanced mobility along 
the interface (space charge region) may have a decisive 
role in the conductivity enhancement. One of the 
possible causes for such an enhancement in the mobil- 
ity may be a "blanket" argument that SnO2 anchored 
in the glassy matrix changes the free volume of the 
glass. The measurements reported in this paper were 
carried out on "pellets" after powdering the as-pre- 
pared glass ingot. Therefore, there is a possibility of 
the existence of interfaces between SnO2 and glassy 
grains. In the following paragraphs, we propose 
a mechanism for the creation of a concentration gradi- 
ent in the space charge region near and around the 
glassy grains and dispersed SnO2 which may ulti- 
mately lead to an enhancement in the ionic mobility 
obtained experimentally for our system. 

Consider a situation in which the dispersoid (in this 
case SnO2) is in between two clusters of ion conduct- 
ing material (Ag-borate glass in this case) as shown 
schematically in Fig. 9(a). The space charge around 
the dispersoid can adsorb the free carrier ions from the 
glass towards its surface and a concentration gradient 
can establish accordingly within the glass bqt near the 
interface as shown in Fig. 9(b). This process effectively 
changes the concentration of the carrier ions from the 
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surface of the dispersoid extending towards the bulk of 
the ionic phase. It may be noted that the creation of 
interstitials/vacancies due to adsorption/desorption in 
the dispersi6n medium as suggested by Maier [12-14] 
is more relevant to normal alkali or silver halides but 
may not be applicable to the non-crystalline or dis- 
ordered glass as studied in this paper. Nonetheless, 
a large number of free ions ( ~ 1018 cm -3) are still 
available for transport in the glassy dispersion me- 
dium and hence, the amount of ions pumped/adsor- 
bed to the space charge region or to the surface of the 
dispersoid can be high. Some of the ions pumped into 
the space charge region reach the dispersoid (SnO2) 
surface and will have a tendency to accumulate since 
the penetration of Ag + ions in SnO2 bulk is zero or 
negligible. This, in turn, will give rise to a repulsive 
force to the further ions coming towards the disper- 
soid surface (like a Debye-Hfickel type shielding) and 
also drive them away from the immediate neighbour- 
hood of the surface of the dispersoid. This would result 
in a maxima within the space charge region where the 
two processes effectively balance. Having hy- 
pothesized the concentration gradient model (see 
Fig. 9(b)) we now consider what will be the energy of 
Ag + ion migration in the different regions. In SnO2, 
the Ag + migration energy would be obviously very 
large as it is not a Ag + conducting material. In bulk 
glass, it would be small and is ~ 0.2 eV as experi- 
mentally determined by many workers from their re- 
sults on pure glasses. In the space charge region to- 
wards and near the ion conductor/glass surface, the 
space charge effect would lower the mobility activa- 
tion energy of carrier ions as an effect of the concentra- 
tion gradient but inside the space charge region De- 
bye-Hfickel type of shielding may occur with increas- 
ing mobility activation energy. So, qualitatively, we 
can draw the mobility activation energy as shown in 
Fig. 9(c). 

The mobility activation energy profile of the inter- 
face shown in Fig. 9(c), would mean that silver ions 
can move in the space charge region near the glass 
surface with a lower energy. Thus we can expect an 
increase in net mobility. The migrating ions emanat- 
ing from ion conducting glass falling inside/near the 
space charge region find a relatively free migration 
pathway in the above mentioned region. The initial 
increase in the amount of the dispersoid results in an 
increased "connectivity"between neighbouring space 
charge regions and hence initially both the mobility 
and the conductivity increases with the increase in 
SnO2 dispersoid concentration. However, for large 
concentrations of SnO2 the inter-grain connectivity 
would be lost and the dispersoid will have a greater 
role in acting as blocking pathways. As a result, the 
"overall" mobility and hence conductivity would de- 
crease at higher SnO2 contents as seen earlier in Fig. 7. 

4. Conclusions 
Enhancement in ionic conductivity of AgI + AgzO + 
B203 glass has been studied on the addition of S n O  2 

powder; (i) as one of the inherent constituentS of the 

glass before starting the procedure of glass prepara- 
tion and (ii) as dispersoid medium in already formed 
glass powder. It is found that the first method gives 
higher conductivity. However, SnOz remains as a sep- 
arate dispersed phase even in this sample as revealed 
by XRD, i.r. and optical micrographs. The enhance- 
ment in conductivity is attributed to the formation of 
intimate interfaces due to the "frothing" observed 
during the first method of sample preparation. The 
conductivity enhancement is directly related to the 
experimentally measured mobility enhancement. 
A space charge model for explaining the mobility 
enhancement is proposed which introduces the con- 
cept of mobile ion concentration gradient of a 
certain type near or at the interface in the space charge 
region. 
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