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The glassy system xAgI:(1-x)Ag 2 O.2B 2 O 3 is characterized by anomalies of several quantities (glass transition temperature, density, molar volume) in the composition region 0.3 ≤ x ≤ 0.4. Here, we interpret these anomalies in the frame of a recent percolation model we proposed to explain the transport properties of AgI-based fast ion conducting glasses. The key point of the model is that the mobility of the silver cations is related to their mixed oxygen-iodine coordination. We show that all the observed anomalies are conveniently explained by considering the transition, interesting both the short the medium range, between a composition region where isolated clusters of O-Ag-I sites are present (x < 0.3), and a region were fully interconnected pathways of O-Ag-I sites are created (x > 0.4).

Introduction

Glasses with composition AgI-Ag 2 O-B 2 O 3 are interesting for their ionic conductivity, which can easily reach 10 -2 ohm -1 cm -1 at room temperature [START_REF] Magistris | Fast Ion Transport in Solids[END_REF]. Among them, the system xAgI:(1-x)Ag 2 O.2B 2 O 3 is one of the most studied because of the wide glass forming region (0 ≤ x ≤ 0.6), and of the relative ease of preparation [START_REF] Chiodelli | [END_REF]. Both its electric (e.g. the logarithm of the ionic conductivity and the related activation energy), and thermodynamic (Tg, molar volumes density, etc.) properties were reported to vary almost linearly across the glass forming region, and this fact somehow supported the model of AgI clustering inside the glass matrix [3]. However, the cluster model has been progressively disavowed because of both experimental [4,[START_REF] See Mustarelli | Solid State Nuclear Magnetic Resonance[END_REF] and modelling results [START_REF] Swenson | [END_REF].

At the same time, a more careful data analysis revealed that the behaviours of the abovementioned bulk properties are characterized by subtle anomalies in the composition region 0.3 ≤ x ≤ 0.4 [7].

We have recently proposed a new model to explain the transport properties of AgI-based fast ion conducting glasses [8]. In our model the main factor affecting the ionic conductivity is the mobility of the Ag + carriers, that is substantially controlled by the Ag local environment. The ionic conductivity, in turn, can be described in terms of a percolation, taking place along pathways with fractal structure, between a low-conducting phase (purely oxygen-coordinated sites), and a high-conducting one (iodine/oxygen, I/O, coordinated sites). The nature and dimensionality of the glass matrix, i.e. the medium range order, become relavant only for low AgI content, in agreement with Reverse Monte Carlo results [9]. We also showed that our model takes into account some composition anomalies observed in borate and phosphate glasses. In this paper we specialize our approach to the interpretation of the bulk anomalies observed in xAgI:(1-x)(Ag 2 O.2B 2 O 3 ) glasses. We show that our model is able to completely justify these anomalies only on the basis of the oxygen-to-iodine ratios, and by considering a simple model lattice for percolation.

Experimental section

Glasses of the system xAgI:(1-x)(Ag 2 O.2B 2 O 3 ) were prepared as reported in ref. [10]. The sample with x = 0.66 is at the limit of the glass forming region. Differential scanning calorimetry measurements (DSC) were run with a 2910 DSC controlled by a TA 2000 system (TA Instruments). All experiments were performed on powdered samples, in crimped silver pans, at a rate of 10 °C/min under dry N 2 purge. The temperatures of the thermal phenomena are affected by an uncertainty of ±2 °C.

Impedance Spectroscopy measurements were carried out at room temperature with a 1255HF frequency response analyser (Solartron), connected with a SI 1287 electrochemical interface by (Solartron), between 1 and 10 6 Hz, with a voltage amplitude of 100 mV. Bulky pellet samples (13 mm of diameter, and 2 mm thick) were covered with graphite on both faces to optimise electrical contact, and then put into a measurement cell with stainless steel plates.

The density measurements were performed at 25C with the Archimede's method, by employing toluene as the immersion fluid. The density values were obtained by averaging over 5 measurements. The molar volumes were obtained directly by the density values, considering the nominal compositions of the glasses. 

Results

Figure 1 shows the behaviour of the glass transition temperature, T g , as determined by DSC measurements, for glasses of the series n=2 prepared in this work and in ref. [START_REF] Chiodelli | [END_REF]. Whereas the offset of 20-30C between the two series may be explained by Figure 3 shows the behaviour of the ionic conductivity at room temperature and of activation energy for conductivity vs. the AgI content. The values of the activation energy have been taken from ref. [START_REF] Chiodelli | [END_REF]. Also in the case of these quantities, clear anomalies can be observed in the region 0.3 ≤ x ≤ 0.4.

Discussion

In our previous paper [8] we demonstrated that the behaviour of the ionic conductivity in AgI-based glasses is chiefly determined by the Ag + local environment, and namely by the iodine-to-oxygen (I/O) ratio in its first coordination sphere. In this frame, purely O-coordinated sites will constitute a sort of "low-conducting phase", whereas mixed I/O sites will belong to a "high-conducting" one. Therefore, the transport properties of AgI-based glasses may be conveniently investigated by introducing a new interpreting the cations motion within a site percolation approach (SPT). By using this new quantity, we showed that notable relationships can be obtained for the ionic conductivity and its activation energy.

In particular, by considering a number of AgI-based glassy systems, we found for the activation energy, E a , a crossover point at x* ≅ 0.2÷0.22, which corresponds to the typical value of 3.5÷4 for the overall coordination number of the silver cations [11].

Since the addition of AgI to the oxyanion matrix leads to the progressive formation of mixed I/O sites, this crossover may be interpreted as the minimum AgI content above which each Ag + will see, in the average, at least one iodine among its first neighbours. A clear change of the ions transport efficiency takes place at the crossover: the E a values of the glasses with I/(I+O) ≥ 0.2 are well fitted by a single linear regression, while the points with I/(I+O) < 0.2 are much more scattered, and the curves they lie on are dependent on the glass former (see Fig. 4 of ref. 8). On the other hand, it is accepted that the glass forming network may play an important role for low AgI content due to the non-bridging oxygens, or to intermediate range structure [9]. agreement with the value of ~0.43 reported for a three-dimensional diamond network (coordination number, Z=4) [START_REF] Sahimi | Applications of Percolation Theory[END_REF]. In fact, our borate glasses can be reasonably approximated with the diamond network, both because of the overall Ag + coordination number, that is near to 4 [11], and because of the three-dimensional structure and interconnections assured by the diborate group (see Figure 5a), which is the main structural unit of the glasses and crystals with n = 2. Following Hayashi and Hayamizu In the frame of the abovementioned considerations, we can sketch the following explanation for the observed bulk anomalies. It is well known that the addition of AgI to an oxide-based glass does cause the expansion of the glass forming network [14]. This All the glasses of the system xAgI:(1-x)Ag 2 O.2B 2 O 3 fall below the crossover point x* ≅ 0.2÷0.22, with the exception of x = 0.66 which is at the limit of the glass forming region. Following our model, this implies that only a fraction of the Ag + ions do experience a mixed I/O coordination, i.e. belong to the high-conducting phase. This is in agreement with our previous NMR results [10], that show how, at room temperature, the fraction of ions mobile (in the NMR timescale) is ~15% for the glass x = 0.33, ~25% for x = 0.5 and ~45% for x = 0.6.

Conclusions

In 

3.

Behaviour of the room temperature ionic conductivity, σ, and the activation energy, E a , vs. the AgI molar fraction. The lines are only a guide for the eyes.

The error bars fall inside the symbols dimensions.

4.

Behaviour of the room temperature ionic conductivity, σ, and the activation energy, E a , vs. the composition parameter x*=I(I+O). The lines are linear best-fits. The error bars fall inside the symbols dimensions. 

  the different raw materials employed (AgNO 3 , B 2 O 3 and AgI in ref. 2, AgI and crystalline Ag 2 B 4 O 7 in this work), as well as by the different temperature of the melts (1100 K and 1200 K, respectively), a non linear behaviour can be observed in both the cases. In particular, a slope change may be appreciated near x~0.3.
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 2 Figure2shows the behaviour of the density and the molar volume for the same

  the molar fraction of the conducting phase defined as x* = I/(I+O), where I and O are simply obtained from the glasses stoichiometry, and by

Figure 4

 4 Figure 4 redraws the conductivity and the activation energy data of Fig. 3 in terms
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 6 physical interpretation of the reported anomalies can be proposed in the frame of our SPT approach. If the crossover point x* ≅ 0.2÷0.22 corresponds to the minimum AgI content above which each Ag + sees, in the average, at least one iodine among its first neighbours, the centre of the dashed region of Figure4(x m *~0.075) can be interpreted as the minimum AgI content for which completely connected pathways of O-Ag-I mixed sites are formed. The ratio between x m * and the crossover point is therefore the percolation threshold, p c , for the cations motion, whose value may give information on the glassy network dimensionality. A simple calculation shows that the value x m * ≅ 0.075 obtained for the system xAgI:(1-x)Ag 2 O.2B 2 O 3 corresponds to p c ≅ 0.375, in good

[ 13 ]

 13 , we may suppose that the diborate network is not strongly modified by the addition of AgI, at least inside the glass forming region. We recently supported this picture by means of 17 O and 11 B MQMAS-NMR measurements, showing that the glass 0.5AgI:0.5Ag 2 O.2B 2 O 3 is characterized by a negligible content of nonbridging-oxygens (NBOs) [5].

  through the formation of nano-channels, likely characterized by a fractal structure[8], that is accompanied by the formation of sites where the Ag+ ions experience a mixed I/O coordination. For x <0.3 (x*<0.07), i.e. below p c , these sites are not fully connected (see Fig. 5b) and the transport properties, in turn, are chiefly governed by the volume ratio between the high-conducting and the low-conducting clusters, so the activation energy for conduction varies rapidly with x* as observed in Fig. 4. The variations of T g , density and molar volume are likely due to the glass matrix expansion. Of course, we cannot rule out that the observed effects are also due to the modification, both at short and medium range, of the borate network, including the formation of NBOs and/or covalent Ag-O bonds. However, we stress here that the formation of O-Ag-I mixed sites does not necessary require the availability of NBOs, but may simply involve Ag-O coordinating bonds in a similar fashion to what happens in poly(ethylene oxide)-Li + conducting electrolytes [15]. For x* > 0.075 fully connected clusters (pathways) of high-conducting sites are formed. The activation energy varies more slowly vs. x*, since now it depends only on the number of transport pathways which are progressively connected. In contrast, the T g decrease is more rapid because the nano-channels for conduction are extended all over the sample, leading to a more relevant weakening of the electrostatic bonds. Finally, the density and the molar volume behaviours reported in Fig. 2 undergo inflections not trivial to understand. A possible explanation for the levelling off of the curves slope is that in the transition region (0of density and decrease of molar volume for x* > 0.08 is therefore due to the progressive filling up of the nanochannels.
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