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1. Introduction
Phosphate-based glasses and glass-ceramics are 
being currently studied as potential candidates 
for solid state electrolytes to be applied in lithium 
secondary batteries.(1,2) Among them, the so-called 
LiPON amorphous oxynitride has been the most 
widely studied electrolyte, which is used in lithium 
microbatteries.(3,4) The presence of nitrogen in the 
glass network confers the amorphous material an 
increased electrical conductivity apart from higher 
chemical and mechanical stability.(5,6) Another way 
to enhance the electrical conductivity of phosphate 
glasses is to substitute part of phosphorus by a second 
glass former (e.g. B2O3 or SiO2) or an intermediate like 
Al2O3. Meanwhile the addition of boron or aluminium 
to the phosphate glass network results in an increase 
in Tg and chemical durability, SO3 has the opposite 
effect on the properties of phosphate glasses,(7–9) apart 
from the increase in the electrical conductivity. The 
structure of borophosphate and aluminophosphate 
glasses is built up of a mixed glass network with 
P–O–B or P–O–Al bonds present, respectively. 
However, due to the difficulties in determining the 
structural environment of sulphur atoms, the interac-
tion between phosphate and sulphate networks still 
remains unclear.

Glasses in the Li2SO4–Li2O–P2O5 system have al-
ready been studied. Ganguli et al stated that SO4

2- ions 
seem to be randomly dissolved in the vitreous network 
and the formation of dithiophosphate species confirms 
the interaction between phosphate and sulphate units.
(7) Through IR spectroscopic investigations, Sokolov 
et al pointed out that a mixed sulphate–phosphate 

network is formed, where SO4
2− ions play the role of 

terminal structural units.(9) However, Raman spectra 
do not show any evidence of P–O–S or P–S bonds.(7) 
More recently, Bhide & Hariharan(10) have concluded 
that while PO4 chains are depolymerised after sulphate 
incorporation, evidence of either P–O–S or S–O–S 
bonds is not supported through FTIR data and that 
sodium sulphate was acting as a modifier without 
chemical interaction with phosphate tetrahedra in the 
NaPO3–Na2SO4 glass system.

The aim of the present work has been to pro-
vide further knowledge of the relationship of the 
microstructure and structure with the properties 
in Li2O–SO3–P2O5 glasses. Glass properties, such as 
the thermal behaviour, glass transition temperature, 
density and electrical conductivity have been charac-
terised. The structure of the glasses has been followed 
by nuclear magnetic resonance spectroscopy and the 
microstructure by means of transmission electron 
microscopy.

2. Experimental

2.1 Glass melting
Lithium sulphate–phosphate glasses with nominal 
composition 50Li2O.xSO3.(50−x)P2O5 (x=0–30), in 
mol%, have been obtained by melting procedure. 
Reagent grade raw materials Li2CO3 (Aldrich, 99%), 
(NH4)2HPO4 (Merck, 99%) and Li2SO4 (Panreac) were 
weighed and mixed in stoichiometric amounts and 
the batches were calcined in porcelain crucibles up 
to 450°C in an electric furnace, then melted at 800°C 
for 1 h. The melts were poured onto brass plates 
and annealed slightly above their glass transition 
temperature.
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2.2 Characterisation of the glasses
Chemical analysis of the glasses was performed 
through inductively coupled plasma-emission 
spectrometry (SO3 and P2O5) in a Thermo Jarrel Ash 
IRIS Advantage equipment and flame photometry 
(Li2O) in a Perkin Elmer 2100 instrument. Prior to the 
analyses, powdered glass samples were dissolved in 
diluted hydrochloric acid. The error in the determina-
tion of SO3 was ±0·5%, ±1% in the case of P2O5 and 
0·1% for Li2O, with a ±2% error for the total analysis. 
The sulphur content was also determined through 
elemental analysis in a LECO CHNS-932 analyser by 
combustion of the sample in oxygen atmosphere and 
determining sulphur as SO2 in an infrared detector.

X-ray diffraction (XRD) analysis of the glasses was 
carried out with a D-5000 Siemens diffractometer 
using monochromatic Cu Kα radiation (1·5418 Å).

Transmission electron microscopy (TEM) was per-
formed in a Hitachi H7100 using the carbon replica 
method. The samples were chemically etched with 
a 2 vol% HCl solution for 5 s.

Glass transition temperature has been determined 
by differential thermal analysis (DTA) in a SEIKO EX-
STAR6000, TG-DTA6300, analyser using powdered 
samples in a platinum crucible, under static air and 
a constant heating rate of 10 K min−1.

The density of the glasses was measured by helium 
pycnometry in a Quantachrome multipycnometer by 
using bulk samples. The molar volume of the glasses 
(Vm) was calculated from density measurements by 
using the equation

Vm (in cm−3mol−1)=M/d (1)

M being the molecular mass, and d the density of 
the glasses.

Electrical conductivity measurements were 
performed by electrochemical impedance spectros-
copy (EIS) in a Gamry REF600 impedance analyser, 
within the frequency range from 10 Hz to 1 MHz at 
temperatures between 25 and 130°C, with an applied 
voltage of 0·5 V. The samples were cut into discs of 
1–2 mm in thickness and ~10 mm in diameter and 
gold electrodes were sputtered on both faces as 
contacts for electrical measurements. The electrical 
conductivity (σ) is determined, for each temperature, 
through the resistance value (R) read at the low fre-
quency intersection of the semicircle with the x-axis 
in the Nyquist plots using the sample geometric 
factor (e/A; e=thickness, A=electrode area) following 
σ=e/(RA) formula. The error in the determination of 
the conductivity is estimated to be less than 10%. The 
electrical conductivity of the A30S glass could not be 
determined due to great difficulties in the preparation 
of the bulk sample with adequate dimensions.

31P MAS NMR spectra were recorded on a Bruker 
ASX 400 spectrometer operating at 161·96 MHz (9·4 
T) using a 4 mm probe. The pulse length was 4 µs and 
20 s delay time was used. A total number of 256 scans 

were accumulated with a spinning rate of 10 kHz. 31P 
MAS NMR of A30S glass has also been performed 
with a 2·5 mm probe at 30 kHz rotation speed. The 
31P spectra were fitted to Gaussian functions, in ac-
cordance with the chemical shift distribution of the 
amorphous state by using dmfit software.(11) Solid 
(NH4)H2PO3 was used as secondary reference with 
a chemical shift of 0·82 ppm with respect to H3PO4 
(85%). In addition, an 1H–31P CP MAS NMR experi-
ment has been performed in sample A20S.

3. Results

Table 1 shows the nominal and analysed composi-
tions, in mol%, of the sulphate–phosphate glasses. 
The content of sulphur, in wt%, is also compared in 
Table 1 as determined by ICP, calculated from the 
SO3 content in the glasses, and by LECO analyser. An 
important loss of SO3 takes place for A5S and A10S 
glasses, while being very small for higher nominal 
contents of sulphur. Li2O contents showed small 
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Table 1. Nominal and analysed composition, in mol%, 
of the A5S, A10S, A20S and A30S glasses, and wt% of 
sulphur as calculated from the wt% of SO3 by ICP and 
determined in a LECO analyser
Glass Li2O Li2O  SO3  SO3 P2O5 P2O5 wt% S wt% S
 nom. an. nom. an. nom. an. (ICP) (LECO)
A5S 50 47·6  5  1·8 45 51  0·6  0·6
A10S 50 48·7 10  6·0 40 45  2·3  2·1
A20S 50 50·0 20 18·2 30 32  7·8  6·2
A30S 50 48·3 30 29·3 20 22 13·4 11·7

Figure 1. DTA of the 50Li2O.xSO3.(1−x)P2O5glasses
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decrease with respect to the nominal composition 
in all four glasses. The sulphur content determined 
by both ICP and LECO are within the limits of error 
of the techniques and can be then comparable with 
each other.

Figure 1 presents the DTA patterns of the lithium 
sulphate–phosphate glasses for increasing SO3 
content from bottom to top. All the four DTA show 
an endothermic effect, which is due to the glass 
transition phenomenon at about 300°C, showing a 
decrease as the sulphur content increases. Several 
exothermic effects due to crystallisation of the glasses 
are observed after their respective glass transition 
that vary depending on composition. Finally, the 
endothermic effects due to melting appear bellow 
650°C in all cases. It is worth remarking that Tg 
decreases with SO3 content and that crystallisation 
temperatures are greatly modified after sulphur 
introduction. Furthermore, there is a much sharper 
peak of crystallisation in A30S sample, which is due 
to Li2SO4 (PDF file No. 01-070-0040), as proved by 
XRD diffraction on a sample treated at 310°C for 24 h.

Figure 2 depicts the XRD spectra of the lithium 
sulphate–phosphate glasses, all showing amorphous 
patterns except for the glass A30S, which presents 
a slight crystallisation which can be attributed to a 
lithium sulphate phase, either cubic (PDF No. 36-
0787) or monoclinic (PDF No. 20-0640) Li2SO4. Figure 
3 shows two transmission electron microscopy pho-
tographs of the A30S glass where long crystals can be 
observed, homogeneously distributed all along the 
glass matrix, thus verifying crystallisation of Li2SO4 
in A30S sample.

Figure 4 shows the variation of the glass transition 
temperature (Tg) and the molar volume (Vm) of the 
glasses as a function of the SO3 mol% content. Both 
properties present a continuous decreasing with the 
amount of sulphur in the glasses.

Figure 5 depicts logs as a function of the recipro-
cal temperature, where the experimental data points 
follow, within the temperature range studied, an 
Arrhenius equation of the type

σ=σ0exp(−Ea/kT) (2)

where s0 and k are the pre-exponential factor and 
the Boltzmann constant, respectively, and Ea the 
activation energy for conduction. Table 2 gathers 
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Table 2. Room temperature conductivity (logσ25°C), log 
conductivity at 25°C normalised to the analysed Li2O 
content, pre-exponential factor of the Arrhenius equation 
and the activation energy for conduction of the glasses
Glass logσ25°C logσ0 logσ25°C/[Li2O] Ea

 (σ in S cm−1) (σ0 in S cm−1) (σ in S cm-1)  (eV)
A5S -8·8 5·1 -0·19 0·83
A10S -8·0 5·1 -0·16 0·78
A20S -7·4 5·0 -0·15 0·75

Figure 2. XRD diffraction patterns 50Li2O.xSO3.(1−x)
P2O5 glasses

Figure 3. TEM microphotographs of the A30S glass

Figure 4. Glass transition temperature (Tg) and molar 
volume (Vm) of the glasses as a function of the SO3 mol% 
analysed content. The lines are shown as a guide for the eyes
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the room temperature conductivity (logσ25°C) of 
the glasses, calculated by extrapolation of the Ar-
rhenius fits, the conductivity at 25°C normalised 
to the analysed Li2O content, the pre-exponential 
factor of the Arrhenius equation and the activation 
energy for conduction. The electrical conductivity 
of the glasses increases and the activation energy 
decreases with the SO3 content, showing a similar 
tendency to the one observed in borophosphate and 
aluminophosphate glasses.(12,13)

Figure 6 depicts the 31P MAS NMR spectra of 
the studied glasses. All the four curves show two 
broad resonances centred at around −22 and −4 
ppm, which can be attributed to Q2 and Q1-type 
phosphate tetrahedra, respectively, as it corresponds 
to phosphate glasses with a P2O5 content below the 
one of a pure metaphosphate composition. Unlike 
the previous results shown in borophosphate and 
aluminophosphate glasses,(12,13) it does not seem that 
a third contribution for phosphorus atoms bonded to 
sulphur through bridging oxygens could be present 
here. However, and as seen in Table 3, which gathers 
the results obtained from the deconvolution of the 
spectra (percentage of groups and chemical shift) in 

the four glasses, a very small third contribution is 
needed to get the best fit. Due to its small amount and 
according to the chemical shift at which it appears 
(−11 ppm) this small resonance band is attributed 
to Q1-type groups with O–H bonds.(14) The results 
show a decrease in the amount of Q2-type groups 
and an increase in the pyrophosphate (Q1) ones, and 
Q1-OH amount remaining below 4% and constant 
in all four glasses. Nevertheless, it is worth noting 
that A10S and A20S glasses show the same relative 
proportions of both Q2 and Q1 groups, even though 
P2O5 content decreases from 45·32 down to 31·86 mol 
%, respectively. In order to verify the presence of –OH 
in Q1 pyrophosphate units and, at the same time, 
exclude any other contribution coming from P–O–S 
bonds which were not seen through the first spectra, 
two other experiments have been performed. Figure 
7 shows the 31P MAS NMR spectra of A30S glass at 
10 and 30 kHz rotation speeds. Both spectra present 
the same pattern that allow us to conclude that no 
other resonances but the observed at 10 kHz (Figure 
6) are present, and no dipolar coupling remains pos-
sible. The 1H–31P CP MAS measurement of A20S glass 
is shown in Figure 7, this presents two resonance 
bands centred at −10 ppm and −22·5 ppm. These 
contributions might be attributed to different Q1 or 
Q2 groups with OH bonds, due to small amounts of 
water present in the glasses, which could confirm the 
appearance of a small resonance at −11 ppm in the 
31P NMR spectra of the lithium sulphate–phosphate 
glasses, from the phosphate tetrahedra having –OH 
bonds.

Table 3. Relative proportions of the resonance bands at-
tributed to Q2 and Q1-type phosphate units, as well as the 
small contribution named as P–OH, and their isotropic 
chemical shifts (in ppm)
Glass % Q2 d Q2  % Q1 d Q1  % P–OH d P–OH 
  (ppm)  (ppm)  (ppm)
A5S 93 −22·7 5 −5·0 2 −11·2
A10S 83 −22·4 16 −4·3 1 −11·8
A20S 85 −22·6 14 −4·4 1 −11·1
A30S 65 −21·8 32 −4·1 3 −11·3
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Figure 5. Log of conductivity as a function of the reciprocal 
temperature for glasses A5S, A10S and A20S. The experi-
mental data points have been fitted, within the temperature 
range studied, to an Arrhenius-type equation Figure 6. 31P MAS NMR spectra of the lithium sulphate–

phosphate glasses
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Discussion
The lithium sulphate–phosphate glasses have been 
obtained with up to 20 mol% SO3 without crystal-
lisation, and all batches melted below 800°C. The 
glass transition temperature of the SO3 containing 
glasses decreases with sulphur addition, as well as 
the melting temperature of crystalline phases formed 
during heat treatment of the glasses, as seen through 
differential thermal analysis. These characteristics 
make the SO3-containing glasses behave in a com-
pletely different way to those belonging to the sys-
tems Li2O–B2O3–P2O5

(13) and Li2O–Al2O3–P2O5
(12) for a 

constant Li2O content of 50 mol%. On the other hand, 
the structure of the glasses has been demonstrated to 
be formed of a phosphate network independent of the 
SO4

− units, without bonds of the type P–O–S, as it is 
the case in borophosphate (P–O–B)(13) and alumino-
phosphate glasses (P–O–Al).(12) This is based on the 
assumption that the phosphate network structure is 
built up of Q2 and Q1 groups, without any evidence 
of new linkages due to phosphorus atoms bonded to 
sulphur as seen by 31P NMR. The glass microstructure 
is then represented by a phosphate glass network 
which is suitable for dissolving high amounts of 
SO3 in the form of a sub-network of glassy Li2O–SO3 
until crystallisation of Li2SO4. As a consequence, the 
amount of Li2O in the Li2O–P2O5 starting formulation 
decreases giving rise to a lithium phosphate phase 
with higher than 50 mol% P2O5. This model would 
explain, in part, why between 6 and 18 mol% SO3 
glass compositions the P2O5 content decreases from 
45 down to 32 mol% while no change is observed in 

the Q2 and Q1 proportions of both glasses. Within 
such a composition range, the addition of SO3 in the 
glasses takes an equivalent amount of Li2O from the 
Li2O–P2O5 phase to form Li2O–SO3, thus remaining 
approximately the same Li2O/P2O5 ratio in both A10S 
and A20S glasses and no new depolymerisation of 
the phosphate network is observed.

This behaviour is used to explain why the glasses 
belonging to this system do not develop crystal-
lisation in the same way that it occurs in boro- and 
aluminophosphate glasses. Unlike B2O3 and Al2O3-
containing lithium phosphate glasses, Tg decreases 
when P2O5 is substituted for SO3. Whereas new P–O–
B and P–O–Al bonds are formed which strengthen 
the glass network giving rise to an increase in Tg,(12,13) 
even though some depolymerisation of the phosphate 
network also takes place, while SO3-containing phos-
phate glasses must result in a different rearrangement 
of the thiophosphate glass network which produces 
a decrease in Tg, such non-interacting sulphate and 
phosphate regions. Furthermore, smaller structural 
units and the appearance of isolated pyrophosphate 
groups will significantly reduce the molar volume of 
the glass, as is shown in Figure 4.

When B2O3 or Al2O3 are added to lithium phos-
phate formulations, the phosphate glasses transform 
their structure into mixed glass networks through 
P–O –B or P–O–Al bonds, both giving rise to a higher 
reticulated structure, thus producing an increase in 
Tg. Further introduction above 20 mol% of B2O3 to 50 
mol% in lithium phosphate glasses resulted in phase 
separation and crystallisation of lithium phosphate,(13) 
while [Al2O3]>5 mol% produces precipitation of 
lithium aluminates.(12) However, the particular 
structure observed in lithium sulphate–phosphate 
glasses allows a high dissolution of Li2O–SO3. It is 
proposed that lithium ions are separated between 
both the phosphate glass network and the sul-
phate dissolved salt, without interfering with each 
other. Below 30 mol% SO3 in the glass composition, 
lithium does not accumulate itself into one of the 
two structural arrangements and will not induce 
saturation followed by subsequent crystallisation. 
As discussed above, between 6 and 18 mol% SO3, 
the Li2O–P2O5 sub-network remains structurally 
equivalent while Li2O–SO3 dissolution takes place. 
Continuous dissolution of lithium sulphate into the 
phosphate network produces the observed decrease 
in the glass transition temperature and increase in the 
electrical conductivity, i.e. before any crystallisation 
of Li2SO4 occurs, all Li+ ions would be available for 
the conduction process involved as modifier cations 
either in phosphate or in sulphate groups. Finally, 
crystallisation of Li2SO4 is enhanced for the highest 
amount of SO3, as it can be seen in the DTA pattern 
of A30S glass and confirmed by XRD.

Meanwhile the structural modifications account-
ing from the substitution of B2O3 or Al2O3 for P2O5 are 
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Figure 7. 31P MAS NMR spectra of the A30S glass, at 
both 10 kHz and 30 kHz rotation speeds, and CP MAS 
spectrum of the A20S glass
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quite different than those produced when sulphur 
is introduced into the glass network, the room tem-
perature conductivity of the glasses follows a similar 
tendency, within the composition range studied, 
reaching similar values to those found in glasses of 
other lithium phosphate glass systems.(5,8,12,13) The 
highest conductivity value found in Li2O–SO3–P2O5 
glasses of this work is logs=−7·4 at 25°C, which is near-
ly the same as the best found in lithium borophos-
phate glasses with composition 50Li2O.15B2O3.35P2O5 
of −7·1,(13) and higher than the conductivity of 
Li2O.5Al2O3.45P2O5 glasses, −7·9.(12) However, it is 
worth pointing out that important differences ap-
pear when comparing Tg of the same glasses. Glass 
transition temperature of 50Li2O.18B2O3.32P2O5 glass 
is 275°C, while that of 50Li2O.15B2O3.35P2O5 glass 
is more than 100°C higher, 382°C. This comparison 
indicates that lithium conducting phosphate glasses 
can be prepared covering a wide range of processing 
temperatures, which, apart from chemical durability 
and compatibility with electrode materials issues, 
allows one wider options when developing new 
glass applications.

Conclusions

The structure–properties relationship in glasses 
with composition 50Li2O.xSO3.(50−x)P2O5 has been 
studied. The addition of SO3 into Li2O–P2O5 glasses 
produces the dissolution of Li2SO4 up to at least 20 
mol% SO3. It is proposed that this dissolution takes 
place through the formation of two separate glassy 
networks of the Li2O–P2O5 and Li2O–SO3 systems 
before crystallisation of Li2SO4. From the 31P NMR 
experiments it is concluded that no bonds of the type 
P–O–S are present within the glass structure, which 
is used to explain the decrease in the glass transition 
temperature of the SO3-containing lithium phosphate 
glasses. On the other hand, the electrical conductivity 
at room temperature increases with the SO3 content 
as seen in mixed-former glasses of the B2O3–P2O5 and 
Al2O3–P2O5 systems.
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