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Lithium thioborate glasses and crystals are interesting materials for the study of glass structure and ionic conduction. The structure of two crystalline phases existing in this system, Li 3 BS 3 and Li 6 B 10 S 18 , is described, as well as that of the (1-x)B 2 S 3 .xLi 2 S glasses. The real charge carried by sulphur atoms is determined using xray photoelectron spectroscopy and related to the unusual increase of the dc conduction activation energy with the modifier content. The question of the mobile ion sites is addressed using far infrared spectroscopy. Comparative NMR and conductivity studies on glasses and crystals give a clear cut illustration of the concept of structural disorder. Finally, doping salt aggregates are detected in the most doped glasses in the ternary B 2 S 3 ± Li 2 S± LiI system, using 7 Li NMR; their opposite effects on the dc and high frequency movements of lithium ion are discussed. Superionic conducting glasses have been widely studied during the last decades. Indeed, fast ionic conductors are required for various applications such as smart windows or solid state batteries. (1,2) However, even if electrolytes with ionic conductivity as high as 10 -3 S/cm have been discovered, these materials have not yet passed outside the doors of the academic laboratories, perhaps because most of them are highly hygroscopic lithium sulphide glasses. Nevertheless, research remains very intense in this area since in spite of recent progress, a lot of work is still necessary to obtain a global understanding of ionic conduction in glasses. Besides, the questions of glass structure and of ionic conduction are intimately related because the movement of the mobile ions is to some extent a probe of the glass structure. Among other glasses, superconducting glasses exhibit unique properties which serve as useful tests for the models of ionic conduction and glass structure.

In this contribution we review the work carried out recently in our group on lithium thioborate glasses and crystals. We try to show how it is possible to take advantage of the peculiarities of this system to gain new insights into the structure and ionic conduction in glassy materials. The existence of two compositions for which both a crystalline and an amorphous phase exist is a good opportunity to distinguish the role of amorphicity in the properties. The vitreous domain for the binary (1-x)B 2 S 3 .xLi 2 S system contains highly modified glasses, up to x=0´75, a region which cannot be explored with oxide glasses. Other particular features are the unusual increase of the dc conduction activation energy with modifier amount and the aggregation of the doping salt in the most doped glasses.

The materials we will focus on are the (1-x)B 2 S 3 . xLi 2 S binary compounds which form glasses for x=0´375 and for 0´5£x£0´75 and for which crystalline phases exist for x=0´375 (Li 6 B 10 S 18 ) and x=0´75 (Li 3 BS 3 ) and also the (1-y)[0´4B 2 S 3 .0´6Li 2 S].yLiI ternary glasses, with 0£y£0´5.

Synthesis and structure of some lithium thioborate crystals and glasses

Synthesis

Various compounds in the B 2 S 3 ± Li 2 S± LiI system have been prepared by reaction of B, S, Li 2 S and LiI, for about 10 h at 800°C. (3) The reagents were melted in a vitreous carbon crucible inserted in a silica ampoule sealed under vacuum. Because of their high hygroscopicity, the samples are handled in a dry argon atmosphere glove box. The crystalline samples are obtained by a slow cooling of the ampoule, the Bridgman method has been used for c-Li 3 BS 3 . (4) On the contrary, glasses are obtained by quenching the melt between two steel plates. This operation is performed in the glove box after the reacted material has been melted again in an open vitreous carbon crucible, using an inductive furnace attached to the glove box. Glass formation is checked by x-ray diffraction (XR D) and differential scanning calorimetry. Under these conditions, we have prepared the materials described above in the introduction.

Crystal structure

The structure of c-Li 3 BS 3 has been determined from a single crystal XRD study. (4,5) It has been solved in the After refinement and correction of the absorption resulting from the glass capillary containing the sample, the R value was 0´069. The orthorhombic unit cell contains four planar Li 3 BS 3 entities arranged according to two orientations, as shown in Figure 1.

Li atoms are located in slightly distorted sulphur tetrahedra, of which two S atoms belong to the same BS 3 3unit. Li(1) atoms, located in the mirror plane are in tetrahedra sharing only corners. On the contrary, the tetrahedra around Li(2) atoms also share edges to form pairs. This arrangement is shown in Figure 2. This structure contains rather large empty spaces. Indeed, the corresponding glass unusually exhibits an even higher density. This has prompted us to prepare a high pressure phase of this material, without fruitful results. The structure of c-Li 6 B 10 S 18 (i.e. x=0´375) has been studied by comparing with c-Li 6+2n (B 10 S 18 )S n , n»2 (x=0´5). For the latter material, a single crystal XRD structure determination has been carried out by Krebs and co-workers. (6) This material is made of edge sharing (B 10 S 18 6-) macrotetrahedra. The Li ions and the remaining two S 2-ions per formula unit could not be precisely located. They probably sit in the channels left between the two interpenetrating networks of edge sharing (B 10 S 18 6-) macrotetrahedra. The powder XRD diffractogram of Li 6 B 10 S 18 is almost indistinguishable from that of the former material. Therefore we assume that we have obtained an `Li 6+2n (B 10 S 18 )S n , n»0' material. The structure is shown in Figure 3. The exclusive presence of 4 coordinated B atoms is demonstrated by 11 B NMR. X-ray photoelectron spectroscopy (XPS) shows the expected ratio of 3 to 2 coordinated S atoms. The B 10 S 18 entity, which is also present in Ag 6 B 10 S 18 and Na 6 B 10 S 18 , is probably very stable. (7,8) Other crystalline phases exist in this system: x=5/12 (c-Li 5 B 7 S 13 ) and x=9/28 (c-Li 9 B 19 S 33 ). (9) Glass structure Various experimental techniques were used to approach the structure of the binary B 2 S 3 ± Li 2 S glasses. The usual 3 to 4 coordinated B balance has been observed using 11 B NMR. (10) In this system, with a modifier molar ratio varying from 0´5 to 0´75, a continuous decrease of the B IV /B III ratio from 40 to 0% is observed. It therefore appears that the x=0´5 glass is quite different from the crystalline material of same com position, Li 6+2n (B 10 S 18 )S n , n»2, for which all B atoms are 4 coordinated. On the contrary, the x=0´375 glass and crystal, whose composition is Li 6 B 10 S 18 , both contain exclusively 4 coordinated B. No attempt to crystallise the x=0´5 glass has yielded the Li 6+2n (B 10 S 18 )S n , n»2 crystal. It is worth noting that no homogeneous glass could be prepared around the x=0´375 composition.

Neutron diffraction has confirmed the B III /B IV ratios determined by NMR. (11) The first peak in the radial distribution function (RDF) could be decomposed in two contributions corresponding to a B III ± S bond (~1´8 Å) and to a B IV ± S bond (~1´9 Å). Since the scattering length of lithium is negative, the contributions of Li± S and Li± B pairs are quite difficult to evidence. However, the RDF is compatible with a tetrahedral environment for lithium, similar to that existing in c-Li 3 BS 3 . The depolymerisation of the glassy network upon modifier addition, observed in the RDF, confirms results obtained using Raman spectroscopy, thermal analysis and density measurements. 

Li 6 B 10 S 18

The S2p peak can be decomposed in two doublets in c-and a-Li 6 B 10 S 18 , as shown in Figure 5. They correspond to the two kinds of S found in the B 10 S 18 macrotetrahedron, those located at the corners and linked to 2 B IV (S II 109 (B IV )) and those located inside and linked to 3 B IV (S III 109 (B IV )). The former carry a more negative charge. The ratios are again in good agreement for the glass with those found in the crystal.

(1-x)B 2 S 3 .xLi 2 S glasses (0´5£x£ 0´75) For these glasses, three different kinds of S exist: nonbridging S linked to B III (S I glass (B III )), bridging S, either coordinated to B III (S II glass (B III ) or to B IV (S II glass (B IV )). For all these samples, except for x=0´75 for which only S I glass (B III ) are present, more than 1 doublet is required to fit the experimental spectra, given in Figure 6. The decomposition of the peak in two doublets is mathematically satisfactory; however, the nonbridging S over bridging S ratio found is not in agreement with the one deduced of the B IV over B III ratio determined using 11 B NMR. Therefore, a decomposition in three doublets has been performed. The initial position of the doublets has been chosen by taking into account the chemical shifts in other materials (S II glass (B III ) in the x=0 glass, (S II glass (B IV ) in the x=0´375 glass and S I glass (B III ) in the x=0´75 glass) as well as the global shift due to the variation in the Li ion amount. The latter has been taken similar to that observed for the single B peak in the same sample. The relative amplitudes of the three doublets obtained under these conditions are in very good agreement with the NMR data.

Bridging S bound to B IV are more negative than those bound to B III . This shows that the negative charge carried by B IV is partially delocalised on these S. This result may be related to the evolution of the dc con- 

Charge and polarisability on the anions: XPS

The formal charge on S in the B 2 S 3 ± Li 2 S system can be considered to be -2 in ionic Li 2 S, -1 and 0 for nonbridging S and bridging S, either coordinated to B III or to B IV , in the (1-x)B 2 S 3 .xLi 2 S glasses, 0 also in B 2 S 3 and +1 for S coordinated to 3 B as found in Li 6 B 10 S 18 . However, a more complex situation is revealed by measuring the bonding energy of the S2p electrons using XPS. The degree of covalency of the B± S bond can thus be approached. Besides, XPS gives indirect information on the anion polarisability which is related to the ionic conductivity.

The XPS analyses were made using a Surface Science Instrument spectrometer. (12) They were performed on pieces of glass fractured in the spectrometer chamber under high vacuum in order to avoid contamination problems. The samples were first introduced in a glove box attached to the introduction chamber of the spectrometer. Under these conditions, the oxygen content determined by XPS is in agreement with the chemical analysis, ~5%. It has appeared that more information could be obtained from the S2p peaks than from the B1s ones. In particular, XPS does not enable one to distinguish B III from B IV , whereas it is very sensitive to the S charge. The S2p peak for a single S species is a doublet, consisting of an S2p 1/2 and an S2p 3/2 contributions, each fitted by a combination of Gaussian (80%) and Lorentzian (20%) lines. When the sample contains several S species the more complex peak has been decomposed using fixed amplitude ratios (2p 3/2 /2p 1/2 =2), fixed spin splits (2p 3/2 -2p 1/2 =1´3 eV) and fixed full width at half maximum (FWHM) (2p 3/2 =1´1 eV, 2p 1/2 =1´2 eV). The free parameters are the doublet positions (chemical shifts) and amplitudes.

B 2 S 3

The XPS S2p spectrum of a-B 2 S 3 , shown in Figure 4, consists of 2 doublets. They have been attributed using ab initio calculations and comparison with the structure of c-B 2 S 3 obtained by Diercks from a single crystal study. (13,14) In the crystal, three different kinds of S exist, all forming two bonds with B III :S in B 2 S 2 cycles (60° angle, S II C60 B III ), S in B 3 S 3 cycles (120° angle, S II C120 (B III ) and inter-cycle S (S II inter (B III )). The ab initio calculations have been carried out on a boron sulphur cluster, shown in Figure 4, using the Gaussian 92 program. After optimisation of the geometrical configu- duction activation energy with the modifier amount. (15) Unusually, an increase of E s dc while x increases is observed in these glasses, as shown in Figure 7. The charge delocalisation in BS 4 entities makes them rather polarisable entities. Since the number of BS 4 entities decreases when x increases, the global polarisability decreases. This may account for the lower activation energy of the less modified glasses.

A global scale of the S charge

Assuming that the S2p electron binding energy, as determined by XPS, scales with the charge carried by the S atom, a global scale of the real charge on S is given in Figure 8. From the lowest S2p electron binding en-ergy (i.e. most negative charge on S), we found: 

The mobile ion site: far infrared (FIR) spectroscopy

The vibration of the mobile cation in its site (rattling) is at the origin of a broad peak in the far infrared spectrum. The position of this peak depends on the mobile ion environment, i.e. on both the nature of the polyhedron and the charge on the anions. We have recorded far infrared spectra of binary B 2 S 3 ± Li 2 S glasses between 50 and 650 cm -1 , using a Nicolet 20F spectrometer. The powdered samples were embedded in a polyethylene pellet pressed in a glove box. This enables any contamination of the samples to be avoided which is not the case if one uses a KBr pellet.

The mobile ion site and conduction and structure models

The question of the mobile ion site is one where the combination of structure and ionic conduction stud- ever, a close examination of the curves for the oxide glasses shows that they have a tendency to flatten at high modifier content in the region where the sulphide glasses exist. This suggests that there is not much modification in the mobile ion environment above a modifier amount of about 0´6, whatever the glassy system. The coordination polyhedron and the global charges of the mobile ions remain constant, i.e. a tetrahedron of nonbridging S in our case. Yet the x=0´55 glass contains only 40% nonbridging S and also exhibits a similar FIR spectrum. Two hypotheses could explain this result. First, it is clear that the modified continuous random network model is fully compatible with our FIR results. This model would then be suitable for the highly modified glasses. On the other hand, one can imagine that the lithium ions are able to polarise the S atoms around them, so that the charge experienced by the lithium ions is the same as when they are surrounded by nonbridging S. In particular, the negative charge carried by tetravalent B could be localised preferentially on the bridging S atom forming the site of a Li atom instead of being delocalised in the four bridging S.

Mobile ions dynamics in crystals and glasses: structural disorder

In an effort to understand the specificities of the mobile ion dynamics in glasses, Funke has reviewed the conduction mechanisms occurring in different materials. (21) In a crystalline ionic conductor such as PbF 2 , the number of accessible sites where a mobile F ion can hop to is very limited. The dynamics is referred to as jump On the contrary, in other materials such as glasses, the mobile ions have a large number of sites to jump to. This latter feature has been called structural disorder. The signature of the structural disorder is known as universal dynamic response. It must be looked for in the dynamical or time dependent properties such as the spin lattice relaxation time or the frequency dependent conductivity. A key parameter to distinguish a universal dynamic response is the exponent in the Jonscher power law used to describe the variation of the conductivity with frequency: s(n)=s 0 +An s . (22) For amorphous materials and more generally in the case of structural disorder, the exponent s is smaller than 1, whereas it is greater than 1 in the case of jump diffusion. All of them introduce some kind of inhomogeneous glass structure, since the whole set of ionic conduction results does not seem to be explicable within the framework of a simple homogeneous glassy structure. In the modified continuous random network model, Greaves assumes a segregation of bridging and nonbridging anions. (16) The latter form channels in which lithium ions move. In this model, every mobile ion is surrounded by nonbridging anions. A larger scale inhomogeneity was proposed by several authors: the cluster tissue model and its derivatives. (17) Here the glass clearly consists of two phases in which the mobile ion sites may be different. More recently, the unified site relaxation model was based on the existence of two kinds of sites for the mobile ions. (18) The freshly occupied sites are tuned to the mobile ion size whereas the others have relaxed to a less favourable environment. The inhomogeneity is then dynamical. In this context, Kamitsos and co-workers have deduced the presence of two sites for the mobile ion from the FIR peaks of various oxide glasses. (19) We intended to check if the same situation takes place in our more modified sulphide glasses.

Analysis of the glassy materials spectra

Figure 9 represents the spectra of (1-x)B 2 S 3 .xLi 2 S glasses for several values of x. The peak between 50 and 450 cm -1 is attributed to the vibration of lithium in its site. Its intensity increases with lithium content whereas that of the peak at higher wavenumber, attributed to the matrix vibrations, decreases. The shape of the peak is asymmetrical, very similar to that observed for lithium borate glasses. (19) It could also be decomposed in two Gaussian components. Yet the striking feature in Figure 9 is the similarity of the spectra. This is confirmed by the plot of the peak frequency n versus the amount of modifier x, given in Figure 10, for our glasses and for borate glasses. (19,20) For the B 2 S 3 ± Li 2 S glasses, there is almost no variation of n with x, whereas an increase is observed for lithium and sodium borate glasses. (19) How-Figure 10. FIR peak frequency versus modifier amount for sodium (20) and lithium borate (19) glasses and for lithium thioborate glasses

The B 2 S 3 ± Li 2 S system yields two compositions for which both a crystalline and an amorphous phase exist: Li 3 BS 3 and Li 6 B 10 S 18 . We have made frequency dependent conductivity measurements between 1 Hz and 100 kHz using a Solartron 1174 frequency response analyser and between 100 MHz and 5 GHz using a HP 8753 network analyser. Spin lattice relaxation times were measured on a Bruker 200 MHz spectrometer for 7 Li and 11 B. 

log(s25°C (S/cm)) -(3´5± 0´1) -(6´6± 0´2) E s DC (eV) 0´41± 0´1 0´70± 0´2 s 0´66± 0´03 1´15± 0´05 T1 (s) (8± 1)×10 -3 15± 1
T 1 (s) (1± 0´1)×10 -3 (1± 0´1)×10 -3
glass, with a more compact structure, displays all the features of the universal dynamic response. In c-Li 6 B 10 S 18 , the existence of many sites available for lithium to jump to is the key parameter to explain the dynamics of the lithium ion. The crystalline and amorphous materials behave similarly. What is the determinant is not the crystalline or amorphous structure of the materials but the structural disorder i.e. the availability of a number of sites that far exceeds the number of mobile ions.

The ternary system: inhomogeneous materials and the mobile ions dynamics DC conduction and the presence of LiI aggregates in the most doped glasses

Conductivity enhancement is the motivation for the addition of doping salts in solid electrolytes. In the (1-y)[0´4B 2 S 3 .0´6Li 2 S].yLiI ternary system, the evolution of the dc conduction activation energy E s dc versus the amount of doping salt y is not monotonous, as shown in Figure 12. (23) In a first regime up to y=0´4, the usual decrease of E s dc is observed. For 0´4£y£0´5, still in the glassy domain, the trend is inversed: E s dc increases with y. The trend continues for higher values of the doping salt amount, y=0´6, for which LiI crystallites have been detected by XRD.

We have used 7 Li NMR to detect the presence of aggregates, thanks to different chemical shifts occurring in LiI and in the glasses. (22) Figure 13 shows the lineshape of the y=0´5 glass. It is not symmetrical and can be decomposed in three parts. Among them, a Gaussian and a Lorentzian contribution are located at the same position. They correspond to lithium ions in an environment similar to that existing for the y=0´2 glass. The third component is purely Gaussian, its position enables one to attribute it to lithium ions in LiI. For the y=0´6 materials, the relative amplitude of the third component increases. These attributions are compatible with the temperature dependent spectra. In par- Figure 11 represents the conductivity vs frequency for c-Li 3 BS 3 and a-Li 3 BS 3 ; the data have been fitted using a power law. Different data for c-and a-Li 3 BS 3 are given in Table 1. The crystalline phase is characterised by a low room temperature dc conductivity, an s value larger than 1 and a slow spin lattice relaxation time. On the contrary, the glassy phase exhibits a high room temperature dc conductivity, an s value lower than 1 and a spin lattice relaxation time in the ms range. Unsurprisingly, the glass therefore behaves as a glass and the crystal as a crystal. Things are different, however, for the Li 6 B 10 S 18 phases. Table 2 shows that the spin relaxation times are in the same order of magnitude for both the crystal and the glass, in the ms range, a typical value for superionic glasses.

The previous results are a nice illustration of the structural disorder concept. In c-Li 3 BS 3 , the very important free volume is not the determinant parameter for a high conductivity. The behaviour of this material is in fact quite typical of a crystal. The corresponding ticular, the classical motional narrowing is observed for the lines attributed to lithium ions in the glass.

From the decomposed spectra, one can count the lithium ions in the LiI aggregates and deduce those still dissolved in the glassy matrix. Table 3 shows that above y=0´4, the more LiI the materials contains, the less LiI is actually dissolved in the glassy matrix. So the y=0´5 materials is in fact similar to a y=0´36 glass containing LiI aggregates: we define Y, the amount of dissolved LiI.

Effect of the aggregates on the lithium ion dynamics

We are now going to compare the dynamics of materials with the same amount of doping salt including or not including LiI aggregates, using ionic conduction and NMR. It is important to note that in the temperature range we have explored, NMR probes the high frequency movements of the lithium ions. Since the spin lattice relaxation time T 1 can hardly be measured for materials containing both lithium in LiI and in the glassy matrix, we have based our analysis on the FWHM of the peak, which is proportional to the inverse apparent spin-spin relaxation time T* 2 . We are interested here in the dynamics of the lithium ions dissolved in the glassy matrix: this is why we have measured the FWHM corresponding to these latter ions only. Figure 14 shows that the evolution and shape of the FWHM with temperature is similar for all the samples. The plots of FWHM(T) differs only by their position which we have quantified by the motiona l temperature T MN , defined in Figure 14. We consider T MN as a concise and reliable parameter to monitor the lithium ions dynamics as probed par NMR. The evolution of T MN with the amount of dissolved LiI is shown in Figure 15. As already observed, the motional temperature decreases upon addition of doping salt, since hops are more frequent for better ionic conductors. Therefore, it is clear that the presence of aggregates does not disturb the ionic hops detected by NMR.

Figure 16 shows the variation of the dc conduction activation energyE dc s versus Y, the amount of actually dissolved LiI. It reveals a detrimental effect of the aggregates. Two materials with the same amount of dissolved LiI not only have different conductivities but also different dc conduction activation energies, depending on the presence of LiI aggregates. It therefore seems that the aggregates do not perturb the high frequency (or local) hops detected by NMR, whereas they affect significantly the low frequency hops, i.e. the global diffusion probed by the dc conduction. 

Conclusion

In this work we have encountered inhomogeneities at various scales in the glass structure. 1. The FIR spectra of B 2 S 3 ± Li 2 S glasses may be discussed in terms of several models which have the common feature of depicting a glassy state which is far from fully random. 2. Larger scale and more drastic inhomogeneities have been observed in B 2 S 3 ± Li 2 S± LiI glasses, showing that the appearance of doping salt aggregates under its addition does not occur as a sudden phenomenon. It is in fact rather progressive, so that the frontier between a glass and a `nanocomposite' material is quite tenuous.

We have also shown that structural features at almost any scale, from the atom to the global structure of the material, can influence the dynamics of the mobile ions illustrating the complexity of the relations between structure and ionic conduction. 1. The dc conduction activation energy of B 2 S 3 ± Li 2 S glasses is closely related to the real charge carried by each S atom. 2. The anion polyhedron around the mobile ion is a determinant parameter both to describe the glass structure and to explain the mobile ions dynamics. 3. In B 2 S 3 ± Li 2 S± LiI glasses, doping salt aggregates have a different effect on the ac and dc behaviours. 4. Finally, comparison of the dynamics in crystallised and amorphous materials of identical composition clearly reveals the importance of structural disorder.
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  S 2-sulphide ion in Li 2 S; S I glass (B III ) in B 2 S 3 ± Li 2 S glasses or in c-Li 3 BS 3 ; S II glass (B IV ) in B 2 S 3 ± Li 2 S glasses and S II 109 (B IV ) in Li 6 B 10 S 18 ; S II glass (B III ) in B 2 S 3 ± Li 2 S glasses and S II inter (B III ) located between 2 cycles in B 2 S 3 ; S III 109 (B IV ) in Li 6 B 10 S 18 ; S II C60 (B III ) and S II C120 (B III ) in 4 or 6 membered rings in B 2 S 3 ; covalent S in elemental S.Various kinds of charge delocalisation are evidenced. The negative charge carried by B IV atoms is partly transferred on S II glass (B IV ) atoms, which appear more negative than S II glass (B III ) atoms. The same induced negative shift occurs for S III 109 (B IV ), whose binding energy is similar to that of S II inter (B III ). Finally, the charge delocalisation occurring in the 4 and 6 membered rings in B 2 S 3 leads to less negative S II C60 (B III ) and S II C120 (B III ) atoms compared to the S II inter (B III ) ones. Furthermore, the figure emphasises the effect of the positive charges in the material on the chemical shift of a given S: a global shift of the peak towards lower energy is induced by a larger amount of Li ions as x increases.
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 1 Various data describing the dynamics of the mobile ion in c-and a-Li 3 BS 3 : room temperature dc conductivity, dc conduction activation energy, exponent in the Jonscher power law,7 Li NMR spin lattice relaxation time

	a± Li3BS3	c± Li3BS3

Table 2 .

 2 

7 

Li NMR spin lattice relaxation time for cand a-Li 6 B 10 S 18 a-Li 6 B 10 S 18 c-Li 6 B 10 S 18

Table 3 .

 3 Amount of dissolved doping salt (Y), compared to the total amount of doping salt (y) in the (1y)[0´4B 2 S 3 .0´6Li 2 S] yLiI materials.

	y	0	0´ 2	0´ 3	0´ 4	0´ 5	0´ 6
	Y	0	0´ 2	0´ 3	0´ 4	0´ 36± 0´ 02 0´ 22± 0´ 02
	LiI totally	totally	totally	totally	aggregates crystallites
		dissolved dissolved dissolved dissolved		
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