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bstract

he present study reports on the characterisation of the structure and properties of 50Li2O·xAl2O3·(50 − x)P2O5 glasses. The objective of the work
as been to study the influence of the alumina content on the properties of lithium phosphate glasses, and the room temperature ionic conductivity
n particular, with potential application as solid electrolytes in lithium secondary batteries. The glass formation domain has been also determined,

roving that Al2O3 can be introduced only up to 5 mol%. The addition of alumina results in the increase of the glass transition temperature and
ecrease of the molar volume of the glasses. Furthermore, both chemical durability and room temperature conductivity increase as a function of
he alumina content. The structure of the glasses has been followed by means of Fourier-transformed infrared spectroscopy (FTIR) and NMR
pectroscopy, which has been used to establish the structure–properties relationship.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Lithium-ion conducting glasses have been widely studied
ue to their potential application as solid-state amorphous elec-
rolytes in secondary batteries.1–3 The use of glassy electrolytes
n all-solid-state devices may provide numerous advantages,
ike increased safety, facility of fabrication and miniaturization.
t the same time, the amorphous nature of lithium contain-

ng glasses allows reaching higher conductivities than those in
he crystalline counterpart materials. In particular, phosphate
nd borophosphate systems were studied by previous authors
s candidates for solid electrolytes in lithium-ion secondary
atteries.4,5 Nowadays, glasses and glass-ceramics of the system
i2S–P2S5–P2O5 have shown the highest conductivities, which
re in the order of 10−3 to 10−5 S cm−1 at room temperature, and
est performances as electrolytes in all-solid-state devices.6,7

The generally poor chemical durability of phosphate glasses
as limited their practical application in real systems. Among
he ways to improve the durability of phosphate glasses, the
ntroduction of glass stabilisers represents the most adequate
ean. Alkaline-earth, or transition metal ions, as well as inter-
ediate oxides like Al2O3 are those which can provide a much

igher chemical durability to the phosphate glass. Alumina is

∗ Corresponding author.
E-mail address: fmunoz@icv.csic.es (F. Muñoz).
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articularly known because of its ability to improve the chemical
urability of the glasses and reduce their tendency to crystallisa-
ion. Previous works proved that alumina can be introduced up
o 20 mol% in low alkali containing phosphate glasses.8 How-
ver, only few works are known so far on the properties and
tructure of high Li2O-containing aluminophosphate glasses9–12

nd to our knowledge, glasses of the Li2O–Al2O3–P2O5 system
ave not yet been studied for their application as solid elec-
rolytes in rechargeable batteries. The aim of this work has been
o study the effect of the addition of Al2O3 on the properties of
ithium phosphate glasses for a high Li2O content, i.e. glass tran-
ition temperature, molar volume, chemical durability and ionic
onductivity. The glass forming ability of the glasses with com-
osition 50Li2O·xAl2O3·(50 − x)P2O5 has been determined and
he structure studied by means of nuclear magnetic resonance
nd Fourier-transformed infrared spectroscopy (FTIR).

. Experimental

.1. Glass melting

Lithium aluminophosphate glasses with composition
0Li2O·xAl2O3·(50 − x)P2O5 (x = 0–10), in mol%, have been

btained by conventional melt-quenching procedure. Reagent
rade raw materials Li2CO3 (Aldrich, 99%) (NH4)2HPO4
Merck, 99%) and Al(PO3)3 (Aldrich) were weighed and
ixed in stoichiometric amounts. The batches were calcined

mailto:fmunoz@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2008.12.016
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n porcelain crucibles up to 450 ◦C in an electric furnace, then
elted for 1 h at temperatures ranging from 800 ◦C to 1000 ◦C

epending on composition. The melts were poured onto
rass plates and annealed slightly above their glass transition
emperature. The amorphous nature of all prepared glasses was
onfirmed by X-ray diffraction (XRD).

.2. Characterisation of the glasses

Chemical analysis of the glasses was performed through
nductively coupled plasma-emission spectrometry (Al2O3 and
2O5) in a Thermo Jarrel Ash IRIS Advantage equipment and
lame Photometry (Li2O) in a PerkinElmer 2100 instrument.
rior to the analyses, powdered glass samples were dissolved in
iluted hydrochloric acid.

X-ray diffraction analysis of the glasses was carried out with
D-5000 Siemens diffractometer using monochromatic Cu K�

adiation (1.5418 Å).
The thermal expansion coefficient (CTE), the glass transition

emperature (Tg) and the dilatometric softening temperature (Td)
ere determined from the thermal expansion curve of the glasses
btained in air with a Netzsch Gerätebau dilatometer, model
02 EP, at a heating rate of 5 K min−1. Prismatic samples of
round 10 mm in length were used for the measurements and the
stimated error on CTE and Tg are ±2% and ±1 K, respectively.

The density of the glasses was measured by helium pyc-
ometry in a Quantachrome Corp. multipycnometer by using
ulk samples. The molar volume of the glasses (Vm) has been
alculated from density measurements by using the equation:

m(in cm−3 mol−1) = M

d
(1)

eing M the molecular mass, and d the density of the glasses.
The hydrolytic resistance of the glasses was measured in a

oxhlet device at 95 ◦C, using 100 ml of deionised water of pH
.5. Prismatic samples of around 8 mm × 5 mm × 3 mm were
repared from annealed glass bars, after polishing with 600 grit
iC paper and cleaned in acetone. The samples were dried at
0 ◦C until constant weight (±10−4 g) and the dissolution rate
Dr) was calculated from the weight loss normalized to the glass
urface area and corrosion time.

Electrical conductivity measurements were performed by
lectrochemical impedance spectroscopy (EIS) in a Gamry
EF600 impedance analyser, within the frequency range from
0 Hz to 1 MHz at temperatures between 25 ◦C and 130 ◦C, with
n applied voltage of 0.5 V. The samples were cut into discs of
–2 mm in thickness and ∼10 mm in diameter and gold elec-
rodes were sputtered on both faces as contacts for electrical

easurements. The electrical conductivity (σ) is determined,
or each temperature, through the resistance value (R) read at
he low frequency intersection of the semicircle with the x-axis
n the Nyquist plots using the sample geometric factor (e/A;
= thickness, A = electrode area) following σ = e/(R·A) formula.
he error in the determination of the conductivity is estimated
o be less than 10%.
Fourier transformed infrared spectroscopy of the glasses was

erformed by using KBr pellets in a PerkinElmer Spectrum 100
pectrometer in the wave number range of 400–4000 cm−1.

(
D
a
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31P MAS NMR spectra were recorded on a Bruker ASX 400
pectrometer operating at 161.96 MHz (9.4 T). The pulse length
as 2.5 �s and 60 s delay time was used. A total number of 128

cans were accumulated with a spinning rate of 10 kHz. The 31P
pectra were fitted to Gaussian functions, in accordance with
he chemical shift distribution of the amorphous state. The pre-
ision of the relative component determination was ± 5%. Solid
NH4)H2PO4 was used as secondary reference with a chemical
hift of 0.82 ppm with respect to H3PO4 (85%).

27Al MAS NMR spectra were recorded on a Bruker ASX 400
pectrometer operating at 104.26 MHz (9.4 T). The pulse length
as 4 �s and 2 s delay time was used. A total number of 2048

cans were accumulated under a spinning rate of 10 kHz. Solid
l(SO4)2(NH4)·12H2O was used as secondary reference with a

hemical shift of −0.4 ppm with respect to Al(NO3)3 0.1 M.
7Li MAS NMR was performed on Bruker ASX 400 spec-

rometer operating at 155.51 MHz (9.4 T). The pulse length was
�s and 2 s delay time was used. A total number of 256 scans
ere accumulated under a spinning rate of 10 kHz. Solid LiCl
as used as secondary reference with chemical shift of −1.06
ith respect to LiCl 1 M solution.

. Results

.1. Glass properties

Glass forming interval covered glasses containing up to
mol% Al2O3. For further additions of alumina, the samples

urned opaque during cooling due to crystallisation of undeter-
ined phases. Table 1 gathers the nominal (nom.) and analysed

an.) compositions, in mol%, of the studied aluminophosphate
lasses, the glass transition temperature, Tg, the coefficient of
hermal expansion (α) measured between 323 K and 573 K, the
ensity and the dissolution rate (Dr) for a corrosion time of 1 h
n Soxhlet extractor. The variation of the glass transition temper-
ture and the molar volume (Vm) of the glasses, calculated from
ensity measurements, are plotted in Fig. 1 as a function of the
nalysed alumina content. Tg increases for increasing alumina
ontent, from 341 ◦C to 366 ◦C for 2% and 5% Al2O3, respec-
ively, while the molar volume decreases with raise alumina
ercentage.

Depending on composition, aluminium atoms may be present
s different species, i.e. AlO4, AlO5 and AlO6 polyhedra. These
ew structural units, AlOn, link phosphate chains giving rise
o an increase in the reticulation of the glass network. These
tronger O–Al–O bonds compared to the O–Li–O ones, and the
ossibility of aluminium to behave as network former, are the
esponsible factors for the observed increase in Tg as well as for
he decrease in molar volume of the glasses.

As seen in Table 1, the coefficient of thermal expansion shows
nly slight changes for the different alumina contents, which can
e considered near constant within the limits of error.
Fig. 2 depicts the variation of the Log of dissolution rate
Log Dr) as a function of the analysed alumina content, where

r is expressed as the weight loss of the glasses by surface area
nd corrosion time, in g cm−2 min−1. Dissolution rate of the
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Table 1
Nominal (nom.) and analysed (an.) compositions (in mol%), glass transition temperature, Tg, the coefficient of thermal expansion (α) measured between 323 K and
573 K, density and dissolution rate (Dr) for 1 h corrosion time in Soxhlet extractor of the lithium aluminophosphate glasses.

Glass Li2O Al2O3 P2O5 Tg (±1 ◦C) α323–573 K (×106 K−1) Density (±0.01 g cm−3) Dr (×104 g cm2 min−1)

nom. an. nom. an. nom. an.

50Li2Al 50 49.02 2 2.07 48 48.91 341 17.4 2.38 14.1
50Li3Al 50 49.44 3 3.02 47 47.53 348 16.8 2.40 5.7
50Li4Al 50 49.91 4 3.96 46 46.13 360
50Li5Al 50 49.23 5 5.15 45 45.62 366
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taken into account in order to follow conductivity behaviour of
the glasses. The variation of both Log σ at 25 ◦C, extrapolated
from the Arrhenius plots, and the calculated activation energy as
a function of the product of analysed contents [Li2O][Al2O3] are
ig. 1. Variation of the glass transition temperature and the molar volume of
he glasses 50Li2O·xAl2O3·(50 − x)P2O5 as a function of the alumina content.
ines are drawn as a guide for the eyes.

iPO3 glass has been also determined, whose value is included
n Fig. 2, though the lithium metaphosphate glass completely

issolved within 15 min corrosion experiment. Log Dr presents
n approximately linear decreasing with the alumina content in
he studied experimental conditions.

ig. 2. Log of dissolution rate (Dr), determined from the weight loss in Soxhlet
t 95 ◦C and normalised to the sample surface area and time (in g cm−2 min−1),
s a function of the alumina content. Line is drawn as a guide for the eyes.

F
(

18.5 2.41 4.0
17.1 2.42 0.9

Fig. 3 depicts the Logarithm of the electrical conductivity,
og σ, as a function of the reciprocal absolute temperature for

he 50Li2O·xAl2O3·(50 − x)P2O5 glasses. The experimental
ata follow, within the temperature range studied, the Arrhenius
aw of the type:

= σ0 exp

(−Ea

kT

)
(2)

here σ0 and k are the pre-exponential factor and the Boltz-
ann constant, respectively, and Ea is the activation energy

or conduction. It can be noted from the Arrhenius plots that
onductivity increases for increasing alumina contents. In
his case, small changes in lithium concentration might also
nfluence ionic conductivity due to the proportionality of the
onductivity with the concentration of the charge carriers. Thus,
oth analysed lithium and aluminium concentrations have been
ig. 3. Arrhenius plots for conductivity of the 50Li2O·xAl2O3·(50 − x)P2O5

2 < x < 5) glasses.
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Table 2
Main vibrations and typical wave numbers of structural groups in phosphate
glasses.

Vibrations Wave number (cm−1)

ν(P = O) 1240–1270
ν(P–O–H) 1380
ν(P–O–P)sym 670–800
ν(P–O–P)asym 840–950
δ(P–O–P) 420–620
ν(PO4)3−

sym 980–1020
ν(PO4)3−

asym 690–800
ν(PO3)2−

sym 980–1050
ν 2−
ν

ν
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ig. 4. Logarithm of conductivity, extrapolated at 298 K, and activation energy
or conduction as a function of the product of concentrations [Li2O][Al2O3].
ines are drawn as a guide for the eyes.

epicted in Fig. 4. Room temperature conductivity increases for
ncreasing [Li2O][Al2O3], though showing a smaller increasing
ate for the highest alumina contents. At the same time, the
ctivation energy for conduction decreases, also in a smaller
ate between 3 mol% and 5 mol% Al2O3-containing glasses.
.2. Structural characterisation of the glasses

Fig. 5 shows the FTIR spectra of the LiPO3 and lithium
luminophosphate glasses. All the spectra show characteristic

Fig. 5. FTIR spectra of the 50Li2O·xAl2O3·(50 − x)P2O5 glasses.
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(PO3) asym 1110–1190
(PO2)sym 1100–1170
(PO2)asym 1200–1300

eaks corresponding to the different vibration modes of the PO4
etrahedra as well as those of the P–O–P bonds. Table 2 gathers
he main vibrations and their typical wave numbers in phos-
hate glasses.13,14 The intensity of the bands corresponding to
he P–O–P and PO4 groups vibrations and, in particular, the one
ssigned to the PO2

−, decrease as Al2O3 substitutes for P2O5 in
he glasses. Furthermore, within the range of 400–500 cm−1 and
00–800 cm−1 new vibrations appear due to the contribution of
he sixfold (AlO6) and fourfold (AlO4) coordinated aluminium
toms,13 respectively, though their discrimination with respect
o the vibrations assigned to the phosphate groups is not simple
o distinguish.

Fig. 6 shows the 31P MAS NMR spectra of the
0Li2O·xAl2O3·(50 − x)P2O5 glasses. All spectra show 3 peaks
hich are assigned to different resonance bands of the PO4 tetra-
edra as well as PO4 linked to AlOn groups. For the 50Li2Al
lass, the resonance bands appear at −23 ppm, −11 ppm and
5 ppm. The one at a higher field corresponds to the PO4 groups

f the Q2-type,15 with two bringing oxygen atoms bonded to
eighbouring phosphorous atoms, typical of the metaphosphate
ompositions. The band at −5 ppm is attributed to Q1 groups,
ither end-chain or pyrophosphate groups, which result from the
epolymerisation of the phosphate chains when reducing P2O5
ontent as alumina enters in the glasses. Finally, the resonance
and at −11 ppm is attributed to new structural units formed
hrough P–O–Al linkages.16

The spectra have been fitted to Gaussian functions with

mfit software 17 and the results of the proportions of phos-
hate groups and their chemical shifts are given in Table 3. The
roportion of the Q2-type phosphate groups increases with the
lumina content. In addition, the amount of the new P–O–Al

able 3
elative proportions of the resonance bands attributed to Q1 and Q2-type phos-
hate units and P–O–Al linkages and their respective isotropic chemical shifts
in ppm) in the aluminophosphate glasses for Al2O3 contents between 2 mol%
nd 5 mol%.

lass % Q1 δ Q1 (ppm) % POAl δ POAl (ppm) % Q2 δ Q2 (ppm)

0Li2Al 7.33 −4.78 4.52 −11.45 88.15 −22.63
0Li3Al 8.39 −4.44 5.81 −11.10 85.80 −22.46
0Li4Al 9.21 −4.18 10.14 −10.86 80.65 −22.11
0Li5Al 9.88 −4.06 17.22 −10.74 72.90 −21.42
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Fig. 7. 27Al MAS NMR spectra of the 50Li2O·xAl2O3·(50 − x)P2O5 glasses.

ig. 6. 31P MAS NMR spectra of the 50Li2O·xAl2O3·(50 − x)P2O5 glasses.

tructural units increases with Al2O3, as well as the amount of
1 groups though in a lower rate than P–O–Al ones. A small

ncrease in the chemical shift of the three resonance bands can
lso be observed, which indicates a shortening of the phosphate
hains.

Fig. 7 shows the 27Al MAS NMR spectra of the aluminophos-
hate glasses. Three resonance bands are observed in all the
pectra with similar relative proportions independently of the
omposition. A main resonance band is observed at −13 ppm
nd attributed to sixfold coordinated aluminium AlO6. The
wo smaller ones are assigned to five and fourfold coordinated
luminium at 10 ppm and 37 ppm, respectively.16 The relative
roportions have been estimated by using dmfit17 with an aver-
ge error of ±5%, being around 12% for AlO4 and AlO5 and
6% for AlO6, remaining approximately constant within the
rror limits for all glass compositions.

Fig. 8 depicts the 7Li MAS NMR spectra of the aluminophos-
hate glasses with 2 mol% and 5 mol% Al2O3. They present a
ingle resonance centred at −0.67 ppm, which is characteris-
ic to Li+ ions with coordination number between 4 and 5, as
bserved in glasses of the binary system Li2O–P2O5.18 There is

ot a significant modification of the position so that no change
f the lithium environment can be observed for both alumina
ontents.

Fig. 8. 7Li MAS NMR spectra of the 50Li2O·2Al2O3·48P2O5 and
50Li2O·5Al2O3·45P2O5 glasses.



1 ean C

4

4
r

p
t
t

u
a
c
a
b
s
i
fi
s
t
A
t
c
m
o
b
i
a
a
o
g

m
s
u
g
fi
L
t
o
w
t
o
a
t
i
m
g
i
T
m
b
s
b
t
l
c

a
n
p
t
l
i
p
t
s
p
t
P
p
c
t
m
t
t
f
g

4

i
g
m
a
m
e
c
i
s
g
L

a
f
i
p
L
A
t
a
t
r
p
h
g
s
2
p

900 F. Moreau et al. / Journal of the Europ

. Discussion

.1. Glass forming ability and structure–properties
elationship

According to the results obtained in the present work, it can be
ointed out that the higher the Li2O content, i.e. Li2O/P2O5 ratio,
he lower the Al2O3 content which is possible to incorporate into
he glasses without concurrent crystallisation.

For a metaphosphate glass composition the main structural
nit is represented by PO4 tetrahedron, having two non-bridging
nd two bridging oxygen atoms, the last joining together adja-
ent PO4 groups into a chain-like structure. The addition of
lumina in the glass composition is known to form new linkages
etween the phosphate chains through P–O–Al–O–P bonds. As
een by 27Al NMR (Fig. 7), most of aluminium atoms appear
n a sixfold coordination environment and the rest as four- and
ve-fold coordinated. Previous studies of 27Al NMR in potas-
ium aluminophosphate glasses by Wegner et al.16 have shown
he same behaviour of aluminium polyhedra for low contents of
l2O3 as in the lithium aluminophosphate glasses. The propor-

ion of AlO4 tetrahedra progressively increases with the alumina
ontent in the glasses until being practically the major alu-
inium species present. An important difference to be pointed

ut is that in the case of K2O–Al2O3–P2O5 glasses, alumina can
e incorporated as high as 20 mol%.16 Therefore, the increase
n the alumina content leads to an increase in the “former” char-
cter of aluminium atoms. For high Li2O containing glasses,
luminium behaves mainly like a glass modifier within the range
f composition in which it has been possible to obtain totally
lassy samples.

The difference between both lithium and potassium alu-
inophosphate glasses arises from the higher ionic field

trength (IFS) of Li+ ions compared to that of K+. This is
sed to explain the lowest tendency of lithium phosphate
lasses to incorporate Al2O3 as a secondary glass modi-
er/former. It is known that in glasses of the binary system
i2O–P2O5, the glass forming region accounts for Li2O con-

ents lower than 60 mol%, otherwise leading to crystallisation
f Li4P2O7 or Li3PO4 phases. On the other hand, in glasses
ith composition 50Li2O·xB2O3·(50 − x)P2O5, it was observed

hat B2O3 > 20 mol% gives rise to crystallisation of lithium
rthophosphate.19 In this work, both lithium and aluminium
re assumed to force the development of spontaneous crys-
allisation for higher Al2O3 contents than 5 mol%, when Li2O
s as high as 50 mol%. Moreover, the incorporation of alu-

ina produces not only new P–O–Al–O–P linkages but also
ives rise to an increase in the amount of Q1 groups, indicat-
ng a parallel depolymerisation of the phosphate glass network.
he behaviour of aluminium atoms as glass modifier will
ainly require a higher coordination degree of aluminium than

oron atoms, thus leading to a relatively higher depolymeri-
ation degree of the phosphate chains. This difference in the

ehaviour of boron and aluminium coordination is assumed
o be another reason for explaining the lowest tendency of
ithium phosphate systems to incorporate alumina avoiding
rystallisation.

c
c

c

eramic Society 29 (2009) 1895–1902

The modification of the glass structure by the addition of
lumina produces a more reticulated and stiff network. The
ew aluminium polyhedra will form stronger bonds between the
hosphate chains through P–O–Al–O–P linkages, giving rise at
he same time to a decrease in the free volume of the chain-
ike phosphate structure of the glass, as well as an increase
n the glass transition temperature. The dissolution of phos-
hate glasses in aqueous medium usually takes place through
he hydration and releasing of the phosphate chains into the
olution.20 The increase in the chemical durability of phos-
hate glasses by addition of alumina is well known.21 Again,
he increased reticulation of the glass network through new
–O–Al–O–P bonds results in a significant improvement of the
roperties of the glasses and the dissolution of the phosphate
hains is now hindered due to the new connections established
hroughout neighbouring phosphate chains. A change in the

echanism of dissolution of the phosphate glasses is assumed
o occur after introduction of Al2O3: the increased reticula-
ion, and strength of the P–O–Al–O–P interconnecting linkages,
orces the breaking of bonds prior to the dissolution of phosphate
roupings after hydration.

.2. Room temperature conductivity

Different factors might be pointed out as responsible for the
ncrease in the electrical conductivity of the lithium phosphate
lasses with alumina additions. As introduced above, aluminium
ay appear forming three kinds of polyhedra, i.e. AlO4, AlO5

nd AlO6, depending on its behaviour as a glass former or glass
odifier. The aluminium coordination polyhedra will posses an

xcess of negative charge, so that lithium ions will be forming
harge compensation pairs, with weaker bond strengths than
n a typical configuration of modifier cations P–O· · ·Li. The
ame effect has also been observed in lithium borophosphate
lasses when B2O3 content increases for a constant 50 mol%
i2O.19

The decrease in the molar volume of the glasses with the
lumina content might contribute to the conductivity in two dif-
erent ways. On the one hand, it would result into an increase
n Log σ by reducing the average distance between hopping
ositions for Li+ ions. On the other hand, it could act hindering
i+ migration due to the reduced interstitial volume available.
mong these two effects, it is assumed that the one contributing

o the increase in conductivity after alumina addition will play
major role, not only because the hopping positions can reduce

he distance between each other but also because the incorpo-
ation of alumina creates an important number of new hopping
ositions for Li+ ions through negatively charged [AlO6] poly-
edra. As observed in Table 3, the amount of Q1-type phosphate
roups increases slightly but, at the same time, P–O–Al new
tructural units increase from 4 to 17% for Al2O3 contents of
and 5 mol%, respectively. Then, it is thought that the [AlO6]

olyhedra may act as new conduction paths which will reinforce

onduction in Al2O3-containing glasses instead of inhibiting
harge movement.

The study of the glasses prepared in this study will allow
ontinuing with the development of novel solid electrolytes to
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e used in lithium secondary batteries. Another way which has
emonstrated to be suitable for increasing the ionic conductivity
s the introduction of nitrogen into the phosphate glasses. Thus,
iPON amorphous electrolyte, with a conductivity of around
× 10−6 S cm−1 at 25 ◦C, has already been successfully used

n microbatteries4 and an interpretation of the nitrogen influence
n the conductivity of oxynitride glasses belonging to the sys-
em Li2O–P2O5 was recently published by the authors.22 In the
resent case, it has been proved that very low alumina additions
mprove significantly the transport properties of the glasses, i.e.
onic conductivity and chemical durability, without producing a
ig change in the glass transition temperature or the coefficient
f thermal expansion. The change in conductivity between the
ithium metaphosphate glass and the 5 mol% Al2O3-containing
ne is approximately one order of magnitude.

Previous works on the influence of B2O3 additions in lithium
hosphate glasses with application as solid electrolytes for bat-
ery systems, have shown an important improvement of the
oom temperature conductivity after boron addition.19 How-
ver, for small additions of either B2O3 or Al2O3, up to
mol%, a higher increase in the conductivity of the lithium
hosphate glasses is obtained by means of alumina additions
nstead of B2O3. The Log σ25 ◦C of the glass with composition
0Li2O·5B2O3·45P2O5 is −8.3 S cm−1 while the one found in
0Li2O·5Al2O3·45P2O5 glass is of −7.9 S cm−1. These results
emonstrate that the proper modification of both composition
nd structure of the lithium phosphate glasses should thus allow
he preparation of high Li2O containing phosphate glasses with
igh enough ionic conductivity for their application as solid
lectrolytes. Further research works are currently being per-
ormed in the search for new electrolyte materials through
he combination of different glass formers or network sta-
ilisers, e.g. alumina, and the processing of their oxynitride
ounterparts.

. Conclusions

The properties and structure of high lithium-
ontaining aluminophosphate glasses with composition
0Li2O·xAl2O3·(50 − x)P2O5 were studied to determine the
tructure–properties relationship. The maximum amount of
l2O3 introduced was 5 mol% since further additions gave rise

o spontaneous crystallisation. The high Li2O content, which is
ecessary for obtaining glasses with a high ionic conductivity,
oes not allow the introduction of a big amount of alumina when
ompared with other modifier oxides in aluminophosphate
lasses. The addition of alumina to the glass composition
roduces an increase in the glass transition temperature, the
hemical durability of the glasses and in the room temperature
onductivity as well. Three kinds of aluminium polyhedra
ppear, i.e. AlO4, AlO5 and AlO6, being the sixfold coordinated
luminium the most important one, ca. 75%. This groups
orm also P–O–Al–O–P bonds, thus introducing new linkages

etween the phosphate chains and increasing the reticulation
f the glass network. The increased reticulation of the glass
etwork, together with the formation of negatively charged
luminium polyhedra which act as charge compensating pairs

1
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f Li+ ions, gives rise to a notable increase of the transport
roperties of the glasses, i.e. chemical durability and ionic
onductivity.
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