ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of the European Ceramic Society 29 (2009) 1895-1902

ELRRS

www.elsevier.com/locate/jeurceramsoc

Structure and properties of high Li,O-containing aluminophosphate glasses

Florian Moreau, Alicia Durédn, Francisco Munoz *

Instituto de Cerdmica y Vidrio (CSIC), Kelsen 5, 28049 Madrid, Spain

Received 10 September 2008; received in revised form 9 December 2008; accepted 18 December 2008
Available online 6 February 2009

Abstract

The present study reports on the characterisation of the structure and properties of S0Li,O-xAl,O3-(50 — x)P,Os glasses. The objective of the work
has been to study the influence of the alumina content on the properties of lithium phosphate glasses, and the room temperature ionic conductivity
in particular, with potential application as solid electrolytes in lithium secondary batteries. The glass formation domain has been also determined,
proving that Al,O3 can be introduced only up to 5 mol%. The addition of alumina results in the increase of the glass transition temperature and
decrease of the molar volume of the glasses. Furthermore, both chemical durability and room temperature conductivity increase as a function of
the alumina content. The structure of the glasses has been followed by means of Fourier-transformed infrared spectroscopy (FTIR) and NMR
spectroscopy, which has been used to establish the structure—properties relationship.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Lithium-ion conducting glasses have been widely studied
due to their potential application as solid-state amorphous elec-
trolytes in secondary batteries.!> The use of glassy electrolytes
in all-solid-state devices may provide numerous advantages,
like increased safety, facility of fabrication and miniaturization.
At the same time, the amorphous nature of lithium contain-
ing glasses allows reaching higher conductivities than those in
the crystalline counterpart materials. In particular, phosphate
and borophosphate systems were studied by previous authors
as candidates for solid electrolytes in lithium-ion secondary
batteries.*> Nowadays, glasses and glass-ceramics of the system
LiS—P,S5-P>0s have shown the highest conductivities, which
areinthe orderof 10~3t0 10™> S cm™! at room temperature, and
best performances as electrolytes in all-solid-state devices.%”

The generally poor chemical durability of phosphate glasses
has limited their practical application in real systems. Among
the ways to improve the durability of phosphate glasses, the
introduction of glass stabilisers represents the most adequate
mean. Alkaline-earth, or transition metal ions, as well as inter-
mediate oxides like Al,O3 are those which can provide a much
higher chemical durability to the phosphate glass. Alumina is
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particularly known because of its ability to improve the chemical
durability of the glasses and reduce their tendency to crystallisa-
tion. Previous works proved that alumina can be introduced up
to 20mol% in low alkali containing phosphate glasses.® How-
ever, only few works are known so far on the properties and
structure of high Li> O-containing aluminophosphate glasses®~!2
and to our knowledge, glasses of the LioO—-Al,03—P,0s5 system
have not yet been studied for their application as solid elec-
trolytes in rechargeable batteries. The aim of this work has been
to study the effect of the addition of Al,O3 on the properties of
lithium phosphate glasses for a high Li> O content, i.e. glass tran-
sition temperature, molar volume, chemical durability and ionic
conductivity. The glass forming ability of the glasses with com-
position S0Li; O-xAl>,03-(50 — x)P,Os has been determined and
the structure studied by means of nuclear magnetic resonance
and Fourier-transformed infrared spectroscopy (FTIR).

2. Experimental
2.1. Glass melting

Lithium aluminophosphate glasses with composition
50Li0-xAl,03-(50 — x)P,05 (x=0-10), in mol%, have been
obtained by conventional melt-quenching procedure. Reagent
grade raw materials Li,CO3 (Aldrich, 99%) (NH4),HPO4
(Merck, 99%) and Al(POs)3 (Aldrich) were weighed and
mixed in stoichiometric amounts. The batches were calcined
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in porcelain crucibles up to 450 °C in an electric furnace, then
melted for 1 h at temperatures ranging from 800 °C to 1000 °C
depending on composition. The melts were poured onto
brass plates and annealed slightly above their glass transition
temperature. The amorphous nature of all prepared glasses was
confirmed by X-ray diffraction (XRD).

2.2. Characterisation of the glasses

Chemical analysis of the glasses was performed through
inductively coupled plasma-emission spectrometry (Al,O3 and
P>0s) in a Thermo Jarrel Ash IRIS Advantage equipment and
Flame Photometry (LipO) in a PerkinElmer 2100 instrument.
Prior to the analyses, powdered glass samples were dissolved in
diluted hydrochloric acid.

X-ray diffraction analysis of the glasses was carried out with
a D-5000 Siemens diffractometer using monochromatic Cu Ko
radiation (1.5418 A).

The thermal expansion coefficient (CTE), the glass transition
temperature (T ) and the dilatometric softening temperature (7g)
were determined from the thermal expansion curve of the glasses
obtained in air with a Netzsch Geritebau dilatometer, model
402 EP, at a heating rate of 5K min~!. Prismatic samples of
around 10 mm in length were used for the measurements and the
estimated error on CTE and T are 2% and %1 K, respectively.

The density of the glasses was measured by helium pyc-
nometry in a Quantachrome Corp. multipycnometer by using
bulk samples. The molar volume of the glasses (Vy,) has been
calculated from density measurements by using the equation:

: -3 -1 M
Vm(@inecm™ " mol™ ") = 7 (1)
being M the molecular mass, and d the density of the glasses.

The hydrolytic resistance of the glasses was measured in a
Soxhlet device at 95 °C, using 100 ml of deionised water of pH
5.5. Prismatic samples of around 8 mm x 5 mm x 3 mm were
prepared from annealed glass bars, after polishing with 600 grit
SiC paper and cleaned in acetone. The samples were dried at
60°C until constant weight (10"* g) and the dissolution rate
(Dy) was calculated from the weight loss normalized to the glass
surface area and corrosion time.

Electrical conductivity measurements were performed by
electrochemical impedance spectroscopy (EIS) in a Gamry
REF600 impedance analyser, within the frequency range from
10 Hz to 1 MHz at temperatures between 25 °C and 130 °C, with
an applied voltage of 0.5 V. The samples were cut into discs of
1-2mm in thickness and ~10 mm in diameter and gold elec-
trodes were sputtered on both faces as contacts for electrical
measurements. The electrical conductivity (o) is determined,
for each temperature, through the resistance value (R) read at
the low frequency 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 o = e/(R-A) formula.
The error in the determination of the conductivity is estimated
to be less than 10%.

Fourier transformed infrared spectroscopy of the glasses was
performed by using KBr pellets in a PerkinElmer Spectrum 100
spectrometer in the wave number range of 400-4000 cm ™.

3P MAS NMR spectra were recorded on a Bruker ASX 400
spectrometer operating at 161.96 MHz (9.4 T). The pulse length
was 2.5 ws and 60 s delay time was used. A total number of 128
scans were accumulated with a spinning rate of 10 kHz. The 3'P
spectra were fitted to Gaussian functions, in accordance with
the chemical shift distribution of the amorphous state. The pre-
cision of the relative component determination was = 5%. Solid
(NH4)H,>PO4 was used as secondary reference with a chemical
shift of 0.82 ppm with respect to H3PO4 (85%).

27 AIMAS NMR spectra were recorded on a Bruker ASX 400
spectrometer operating at 104.26 MHz (9.4 T). The pulse length
was 4 us and 2 s delay time was used. A total number of 2048
scans were accumulated under a spinning rate of 10 kHz. Solid
Al(SO4)2(NH4)-12H,0 was used as secondary reference with a
chemical shift of —0.4 ppm with respect to AI(NO3)3 0.1 M.

"Li MAS NMR was performed on Bruker ASX 400 spec-
trometer operating at 155.51 MHz (9.4 T). The pulse length was
2 ws and 2 s delay time was used. A total number of 256 scans
were accumulated under a spinning rate of 10 kHz. Solid LiCl
was used as secondary reference with chemical shift of —1.06
with respect to LiCl 1 M solution.

3. Results
3.1. Glass properties

Glass forming interval covered glasses containing up to
5Smol% Al,Os3. For further additions of alumina, the samples
turned opaque during cooling due to crystallisation of undeter-
mined phases. Table 1 gathers the nominal (nom.) and analysed
(an.) compositions, in mol%, of the studied aluminophosphate
glasses, the glass transition temperature, T, the coefficient of
thermal expansion () measured between 323 K and 573 K, the
density and the dissolution rate (D;) for a corrosion time of 1h
in Soxhlet extractor. The variation of the glass transition temper-
ature and the molar volume (Vy,) of the glasses, calculated from
density measurements, are plotted in Fig. 1 as a function of the
analysed alumina content. 7, increases for increasing alumina
content, from 341 °C to 366 °C for 2% and 5% Al,O3, respec-
tively, while the molar volume decreases with raise alumina
percentage.

Depending on composition, aluminium atoms may be present
as different species, i.e. AlO4, AlO5 and AlOg polyhedra. These
new structural units, AlO,,, link phosphate chains giving rise
to an increase in the reticulation of the glass network. These
stronger O—Al-O bonds compared to the O-Li—O ones, and the
possibility of aluminium to behave as network former, are the
responsible factors for the observed increase in T as well as for
the decrease in molar volume of the glasses.

Asseenin Table 1, the coefficient of thermal expansion shows
only slight changes for the different alumina contents, which can
be considered near constant within the limits of error.

Fig. 2 depicts the variation of the Log of dissolution rate
(Log Dy) as a function of the analysed alumina content, where
Dy is expressed as the weight loss of the glasses by surface area
and corrosion time, in gcrn_2 min~!. Dissolution rate of the
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Table 1
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Nominal (nom.) and analysed (an.) compositions (in mol%), glass transition temperature, T, the coefficient of thermal expansion () measured between 323 K and
573 K, density and dissolution rate (D) for 1h corrosion time in Soxhlet extractor of the lithium aluminophosphate glasses.

Glass Li,O ALO3 P,0s Ty (£1°C)  a33-5713k (x10°K™!)  Density (£0.01gem™) D, (x10* gem? min™})
nom. an. nom. an. nom. an.
50Li2Al 50 49.02 2 207 48 4891 341 17.4 2.38 14.1
50Li3Al 50 4944 3 3.02 47 47.53 348 16.8 2.40 5.7
50Li4Al 50 4991 4 3.96 46 46.13 360 185 2.41 4.0
S50Li5A1 50 4923 5 515 45 45.62 366 17.1 2.42 0.9
370 36.0 Fig. 3 depicts the Logarithm of the electrical conductivity,
- " T - Log o, as a function of the reciprocal absolute temperature for
365 — a Vm L 35.8 the 50Li;O-xAl,03-(50 — x)P,O5 glasses. The experimental
- - data follow, within the temperature range studied, the Arrhenius
O 360— 355 law of the type:
S 3
4 - = P
[ 8 —E
L 355— —353 3 0 = 0p exp a 2)
5 . L 3 kT
E =}
] o] | = .
5 %0 bl 2 where og and k are the pre-exponential factor and the Boltz-
© 7] B mann constant, respectively, and E, is the activation energy
Ao e for conduction. It can be noted from the Arrhenius plots that
7] B conductivity increases for increasing alumina contents. In
340 L L I L I B e this case, small changes in lithium concentration might also
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Fig. 1. Variation of the glass transition temperature and the molar volume of
the glasses 50Li;O-xAl,03-(50 — x)P,Os as a function of the alumina content.
Lines are drawn as a guide for the eyes.

LiPOs glass has been also determined, whose value is included
in Fig. 2, though the lithium metaphosphate glass completely
dissolved within 15 min corrosion experiment. Log D; presents
an approximately linear decreasing with the alumina content in
the studied experimental conditions.
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Fig. 2. Log of dissolution rate (D;), determined from the weight loss in Soxhlet
at 95 °C and normalised to the sample surface area and time (in g cm 2 min~ "),
as a function of the alumina content. Line is drawn as a guide for the eyes.

influence ionic conductivity due to the proportionality of the
conductivity with the concentration of the charge carriers. Thus,
both analysed lithium and aluminium concentrations have been
taken into account in order to follow conductivity behaviour of
the glasses. The variation of both Log o at 25 °C, extrapolated
from the Arrhenius plots, and the calculated activation energy as
afunction of the product of analysed contents [Li» O][Al,O3] are
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Fig. 3. Arrhenius plots for conductivity of the 50Li;O-xAl,03-(50 —x)P20s5
(2<x<5) glasses.
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Fig. 4. Logarithm of conductivity, extrapolated at 298 K, and activation energy
for conduction as a function of the product of concentrations [Li;O][Al,O3].
Lines are drawn as a guide for the eyes.

depicted in Fig. 4. Room temperature conductivity increases for
increasing [Li> O][Al,O3], though showing a smaller increasing
rate for the highest alumina contents. At the same time, the
activation energy for conduction decreases, also in a smaller
rate between 3 mol% and 5 mol% Al,O3-containing glasses.

3.2. Structural characterisation of the glasses

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

AlO, AIO,
P=0 (PO,)? ‘ S(P'O'F:/
(PO, s (POY* 50Li5Al
WPl | V(P‘O'P)s,as
M Uk l 50Li4Al
v \4/ 50Li3Al
dfivay
3
E \/
3 50Li2Al
2 /V\/ |

T 1T 7 [
1600 1400 1200 1000 800 600 400
Wave number (cm™)

Fig. 5. FTIR spectra of the 50Li;O-xAl,03-(50 — x)P, 05 glasses.

Table 2
Main vibrations and typical wave numbers of structural groups in phosphate
glasses.

Vibrations Wave number (cm™!)
v(P=0) 1240-1270
v(P-O-H) 1380
V(P-O-P)gym 670-800
V(P-O-P)ysym 840-950
8(P-O-P) 420-620
V(PO4)*~ sym 980-1020
V(PO4)*~ asym 690-800
V(PO3)* 4ym 980-1050
V(PO3)* asym 1110-1190
V(PO2)sym 1100-1170
V(PO )asym 1200-1300

peaks corresponding to the different vibration modes of the PO4
tetrahedra as well as those of the P-O-P bonds. Table 2 gathers
the main vibrations and their typical wave numbers in phos-
phate glasses.'>!* The intensity of the bands corresponding to
the P-O—P and PO4 groups vibrations and, in particular, the one
assigned to the PO, ~, decrease as Al O3 substitutes for P,Os5 in
the glasses. Furthermore, within the range of 400-500 cm~! and
700-800 cm ™! new vibrations appear due to the contribution of
the sixfold (AlOg) and fourfold (AlO4) coordinated aluminium
atoms, '3 respectively, though their discrimination with respect
to the vibrations assigned to the phosphate groups is not simple
to distinguish.

Fig. 6 shows the 3'P MAS NMR spectra of the
50Li20-xAl;03-(50 — x)P,O5 glasses. All spectra show 3 peaks
which are assigned to different resonance bands of the POy tetra-
hedra as well as POy4 linked to AlO,, groups. For the 50Li2Al
glass, the resonance bands appear at —23 ppm, —11 ppm and
—5 ppm. The one at a higher field corresponds to the PO4 groups
of the Q*-type,'> with two bringing oxygen atoms bonded to
neighbouring phosphorous atoms, typical of the metaphosphate
compositions. The band at —5 ppm is attributed to Q' groups,
either end-chain or pyrophosphate groups, which result from the
depolymerisation of the phosphate chains when reducing P>Os5
content as alumina enters in the glasses. Finally, the resonance
band at —11 ppm is attributed to new structural units formed
through P-O-Al linkages.'®

The spectra have been fitted to Gaussian functions with
dmfit software '7 and the results of the proportions of phos-
phate groups and their chemical shifts are given in Table 3. The
proportion of the Q>-type phosphate groups increases with the
alumina content. In addition, the amount of the new P—O-Al

Table 3

Relative proportions of the resonance bands attributed to Q' and Q?-type phos-
phate units and P-O-Al linkages and their respective isotropic chemical shifts
(in ppm) in the aluminophosphate glasses for Al;O3 contents between 2 mol%
and 5 mol%.

Glass % Q' 5Q' (ppm) % POAl §POAI (ppm) % Q> & Q? (ppm)
50Li2Al 7.33 —4.78 452  —1145 88.15 —22.63
50Li3Al 8.39 —4.44 581  —11.10 85.80 —22.46
50Li4Al 921 —4.18 10.14  —10.86 80.65 —22.11
50Li5Al 9.88 —4.06 1722 —10.74 72.90 —21.42
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Fig. 6. 3'P MAS NMR spectra of the 50Li;0-xAl,03-(50 — x)P2Os glasses.

structural units increases with Al,O3, as well as the amount of
Q! groups though in a lower rate than P-O—Al ones. A small
increase in the chemical shift of the three resonance bands can
also be observed, which indicates a shortening of the phosphate
chains.

Fig. 7 shows the 27 Al MAS NMR spectra of the aluminophos-
phate glasses. Three resonance bands are observed in all the
spectra with similar relative proportions independently of the
composition. A main resonance band is observed at —13 ppm
and attributed to sixfold coordinated aluminium AlOg. The
two smaller ones are assigned to five and fourfold coordinated
aluminium at 10 ppm and 37 ppm, respectively.'® The relative
proportions have been estimated by using dmfit!” with an aver-
age error of 5%, being around 12% for AlO4 and AlOs and
76% for AlOg, remaining approximately constant within the
error limits for all glass compositions.

Fig. 8 depicts the 'Li MAS NMR spectra of the aluminophos-
phate glasses with 2mol% and 5 mol% Al,O3. They present a
single resonance centred at —0.67 ppm, which is characteris-
tic to Li* ions with coordination number between 4 and 53, as
observed in glasses of the binary system Li;O—P,0s.!® There is
not a significant modification of the position so that no change
of the lithium environment can be observed for both alumina
contents.

50Li5Al

50Li4Al

Intensity (a. u.)

50Li3Al

50Li2Al

100 75 50 25 0 -25 -50 75 -100
chemical shift 27Al (ppm)

Fig. 7. 27 Al MAS NMR spectra of the 50Li;0-xAl,03-(50 — x)P,Os5 glasses.

50Li5Al

Intensity (a. u.)

50Li2Al

(R L L L L L L
20 15 10 5 0 -5 -10 -15 -20
chemical shift 7Li (ppm)

Fig. 8. Li MAS NMR spectra of the S50Li;O-2A1,03-48P,05 and
50Li20-5A1,03-45P, 05 glasses.
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4. Discussion

4.1. Glass forming ability and structure—properties
relationship

According to the results obtained in the present work, it can be
pointed out that the higher the Li> O content, i.e. Lio O/P,Os ratio,
the lower the Al,O3 content which is possible to incorporate into
the glasses without concurrent crystallisation.

For a metaphosphate glass composition the main structural
unit is represented by POy tetrahedron, having two non-bridging
and two bridging oxygen atoms, the last joining together adja-
cent PO4 groups into a chain-like structure. The addition of
alumina in the glass composition is known to form new linkages
between the phosphate chains through P-O-Al-O-P bonds. As
seen by 2’ Al NMR (Fig. 7), most of aluminium atoms appear
in a sixfold coordination environment and the rest as four- and
five-fold coordinated. Previous studies of >’ Al NMR in potas-
sium aluminophosphate glasses by Wegner et al.'® have shown
the same behaviour of aluminium polyhedra for low contents of
Al>Os3 as in the lithium aluminophosphate glasses. The propor-
tion of AlOy4 tetrahedra progressively increases with the alumina
content in the glasses until being practically the major alu-
minium species present. An important difference to be pointed
out is that in the case of K;O-Al,03-P, 05 glasses, alumina can
be incorporated as high as 20 mol%.'¢ Therefore, the increase
in the alumina content leads to an increase in the “former” char-
acter of aluminium atoms. For high Li,O containing glasses,
aluminium behaves mainly like a glass modifier within the range
of composition in which it has been possible to obtain totally
glassy samples.

The difference between both lithium and potassium alu-
minophosphate glasses arises from the higher ionic field
strength (IFS) of Li* ions compared to that of K*. This is
used to explain the lowest tendency of lithium phosphate
glasses to incorporate Al,O3 as a secondary glass modi-
fier/former. It is known that in glasses of the binary system
Li;O-P;0s, the glass forming region accounts for Li,O con-
tents lower than 60 mol%, otherwise leading to crystallisation
of Li4P>,0O7 or Li3PO4 phases. On the other hand, in glasses
with composition 50Li»O-xB>03-(50 — x)P,Os, it was observed
that BoO3>20mol% gives rise to crystallisation of lithium
orthophosphate.'® In this work, both lithium and aluminium
are assumed to force the development of spontaneous crys-
tallisation for higher Al,O3 contents than 5 mol%, when Li,O
is as high as 50 mol%. Moreover, the incorporation of alu-
mina produces not only new P-O-Al-O-P linkages but also
gives rise to an increase in the amount of Q! groups, indicat-
ing a parallel depolymerisation of the phosphate glass network.
The behaviour of aluminium atoms as glass modifier will
mainly require a higher coordination degree of aluminium than
boron atoms, thus leading to a relatively higher depolymeri-
sation degree of the phosphate chains. This difference in the
behaviour of boron and aluminium coordination is assumed
to be another reason for explaining the lowest tendency of
lithium phosphate systems to incorporate alumina avoiding
crystallisation.

The modification of the glass structure by the addition of
alumina produces a more reticulated and stiff network. The
new aluminium polyhedra will form stronger bonds between the
phosphate chains through P-O-Al-O-P linkages, giving rise at
the same time to a decrease in the free volume of the chain-
like phosphate structure of the glass, as well as an increase
in the glass transition temperature. The dissolution of phos-
phate glasses in aqueous medium usually takes place through
the hydration and releasing of the phosphate chains into the
solution.?? The increase in the chemical durability of phos-
phate glasses by addition of alumina is well known.?! Again,
the increased reticulation of the glass network through new
P-O-AIl-O-P bonds results in a significant improvement of the
properties of the glasses and the dissolution of the phosphate
chains is now hindered due to the new connections established
throughout neighbouring phosphate chains. A change in the
mechanism of dissolution of the phosphate glasses is assumed
to occur after introduction of Al,Os: the increased reticula-
tion, and strength of the P-O—Al-O-P interconnecting linkages,
forces the breaking of bonds prior to the dissolution of phosphate
groupings after hydration.

4.2. Room temperature conductivity

Different factors might be pointed out as responsible for the
increase in the electrical conductivity of the lithium phosphate
glasses with alumina additions. As introduced above, aluminium
may appear forming three kinds of polyhedra, i.e. AlO4, AlO5
and AlOg, depending on its behaviour as a glass former or glass
modifier. The aluminium coordination polyhedra will posses an
excess of negative charge, so that lithium ions will be forming
charge compensation pairs, with weaker bond strengths than
in a typical configuration of modifier cations P-O- - -Li. The
same effect has also been observed in lithium borophosphate
glasses when B>O3 content increases for a constant 50 mol%
Li,0.1

The decrease in the molar volume of the glasses with the
alumina content might contribute to the conductivity in two dif-
ferent ways. On the one hand, it would result into an increase
in Log o by reducing the average distance between hopping
positions for Li* ions. On the other hand, it could act hindering
Li* migration due to the reduced interstitial volume available.
Among these two effects, it is assumed that the one contributing
to the increase in conductivity after alumina addition will play
a major role, not only because the hopping positions can reduce
the distance between each other but also because the incorpo-
ration of alumina creates an important number of new hopping
positions for Li* ions through negatively charged [AlOg] poly-
hedra. As observed in Table 3, the amount of Q!-type phosphate
groups increases slightly but, at the same time, P-O—Al new
structural units increase from 4 to 17% for Al,Os contents of
2 and 5 mol%, respectively. Then, it is thought that the [AlOg¢]
polyhedra may act as new conduction paths which will reinforce
conduction in Al,Os-containing glasses instead of inhibiting
charge movement.

The study of the glasses prepared in this study will allow
continuing with the development of novel solid electrolytes to
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be used in lithium secondary batteries. Another way which has
demonstrated to be suitable for increasing the ionic conductivity
is the introduction of nitrogen into the phosphate glasses. Thus,
LiPON amorphous electrolyte, with a conductivity of around
2x107%Scem™! at 25°C, has already been successfully used
in microbatteries* and an interpretation of the nitrogen influence
on the conductivity of oxynitride glasses belonging to the sys-
tem Li;O—P,0s was recently published by the authors.?” In the
present case, it has been proved that very low alumina additions
improve significantly the transport properties of the glasses, i.e.
ionic conductivity and chemical durability, without producing a
big change in the glass transition temperature or the coefficient
of thermal expansion. The change in conductivity between the
lithium metaphosphate glass and the 5 mol% Al,O3-containing
one is approximately one order of magnitude.

Previous works on the influence of B»,O3 additions in lithium
phosphate glasses with application as solid electrolytes for bat-
tery systems, have shown an important improvement of the
room temperature conductivity after boron addition.'® How-
ever, for small additions of either BoO3 or Al;O3, up to
5mol%, a higher increase in the conductivity of the lithium
phosphate glasses is obtained by means of alumina additions
instead of B2O3. The Log o25-c of the glass with composition
50Li»0-5B,03-45P,05 is —8.3 S cm~! while the one found in
50Li»0-5A1,03-45P,05 glass is of —7.9S cm~ L. These results
demonstrate that the proper modification of both composition
and structure of the lithium phosphate glasses should thus allow
the preparation of high Li»O containing phosphate glasses with
high enough ionic conductivity for their application as solid
electrolytes. Further research works are currently being per-
formed in the search for new electrolyte materials through
the combination of different glass formers or network sta-
bilisers, e.g. alumina, and the processing of their oxynitride
counterparts.

5. Conclusions

The properties and structure of high lithium-
containing aluminophosphate glasses with composition
50LirO-xAl,03-(50 — x)P,O5 were studied to determine the
structure—properties relationship. The maximum amount of
Al,O3 introduced was 5 mol% since further additions gave rise
to spontaneous crystallisation. The high Li»O content, which is
necessary for obtaining glasses with a high ionic conductivity,
does not allow the introduction of a big amount of alumina when
compared with other modifier oxides in aluminophosphate
glasses. The addition of alumina to the glass composition
produces an increase in the glass transition temperature, the
chemical durability of the glasses and in the room temperature
conductivity as well. Three kinds of aluminium polyhedra
appear, i.e. AlO4, AlO5 and AlOg, being the sixfold coordinated
aluminium the most important one, ca. 75%. This groups
form also P-O-Al-O-P bonds, thus introducing new linkages
between the phosphate chains and increasing the reticulation
of the glass network. The increased reticulation of the glass
network, together with the formation of negatively charged
aluminium polyhedra which act as charge compensating pairs

of Li* ions, gives rise to a notable increase of the transport
properties of the glasses, i.e. chemical durability and ionic
conductivity.
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