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Dense ceramics (Lig, Si;_;Al,O; with 0 < x = 0.3) are obtained by sintering at 700-900°C, without
prior calcination, of sol-gel powders prepared by an alkoxide—hydroxide route. In comparison with the
pure lithium orthosilicate (3 X 107 S - cm™! at 350°C), only a slight enhancement of the ionic conductiv-
ity is noted for monophase ceramics with Li,SiO,-type structure (5 x 1074 S-cm~! at 350°C for x =
0.3). Higher conductivity (2 X 10728 - cm~! at 350°C) is observed for an heterogeneous material formed
of a lithium silicoaluminate phase (x = 0.2) with the Li,SiO,-type structure coexisting with lithium
hydroxide. In this two-phase material, ac conductivity and "Li spin-lattice relaxation data are consistent
with the formation of a new kinetic path, via a thin layer along the interface, which enhances the lithium

mobility. © 1991 Academic Press, Inc.

Introduction

Interest has been shown in systems based
on lithium orthosilicate (Li,SiO,) which
have potential applications both as solid
electrolytes in solid state devices (I) and
as breeder materials for fusion reactors (2).
High Li* ion conductivities have been ob-
served in systems having the Li,SiO,-type
structure. This structure is formed of iso-
lated (SiO,)*~ anionic clusters with ordered
distribution of Li* ions over available cat-
ionic sites in a monoclinic unit cell (P2,/m
space group) (3). The introduction of mo-
bile ion vacancies in the lithium sites by
doping sharply enhances the ionic conduc-
tivity as noted in the Li,SiO,~Li;PO, solid
solution (4-6). The highest conductivity
has been found at 40 mol% Li;PO, (1072
S-cm™! at 300°C) with a low activation
energy (0.55 eV) (4). Moreover, it seems
that a very slightly lower conductivity can
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be obtained with silicoaluminates com-
pounds (5, 7).

In fact, in the system Li,0-Al,0,;-Si0,,
Jackowska et al. (7) have shown that
Li,SiO, forms two limited ranges of solid
solutions:

—Li,, . Si;_,ALO, with 0 = x = 0.4 on
the interface of Li,SiO,~Li;AlO,. The re-
placement mechanism is Si** — AP* +
Li*. Hence, the AI** ions occupy Si** sites
and the extralithium ions must occupy inter-
stitial sites.

—Li,_;,AlL,SiO, with 0 <y =< 0.06 on the
interface of Li,SiO,~LiAlSiO, . The replace-
ment mechanism is 3Li* — AI*. Hence,
the AI** ions occupy Li* sites and addi-
tional Li* vacancies are created.

In comparison with the pure Li,SiO, (3 X
107* S-cm™! at 350°C), in both solid solu-
tions, and especially in the first, a large
increase in conductivity seems to occur.
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TABLE I

PREPARATION AND CONDUCTIVITY DATA FOR CONVENTIONAL CERAMICS IN THE Li,SiO,~Li;AlO, SoLID
SoLurtIoN (Liy, ,Si;_ Al O,).

Ceramic Conductivity Results
Compound processing measurements o (S-cm™) E, (eV)
x = 0.2-04 LiOH-H,0 + SiO, Li electrodes 1073 (200°C) 0.5
(Ref. (5)) + Al(OH), monofrequency
16 hr 850°C 10 Hz
12% porosity up to 250°C
x = 0.3-0.4 ¢ LipCO; + SiO, Gold electrodes 10~* (200°C) 0.5
(Ref. (7)) + ALO; 5 x 10*-5 x 10* Hz 5 x 1073 (400°C)
900°C up to 500°C

20-30% porosity

2 The samples are crushed and refired several times.

Table 1 summarizes previous conductivity
data for Li,, Si,_,Al,O, compositions pre-
pared by a conventional ceramic technique.

This paper first reports the preparation
of sol-gel powders in the Li,SiO,~LisAlO,
solid solution (Li,, ,Si; _, AL O, with0 =x =<
0.3) by an alkoxide-hydroxide route. Dense
ceramics have been prepared by sintering
at 700-900°C without prior calcination. We
mainly show that the presence of molecular
associations in the aluminum precursor di-
rectly influence the chemical homogeneity
of the sol—gel ceramics:

—An aluminum alkoxide with a low poly-
merization degree leads to monophase ce-
ramics with a lithium orthosilicate-type
structure.

—An aluminum alkoxide highly polymer-
ized leads to diphased materials formed of
a mixture of lithium silicoaluminate and lith-
ium hydroxide phases.

Second, the lithium dynamics have been
investigated by a complex impedance tech-
nique and ’Li nuclear magnetic resonance
for these two types of ceramics.

In comparison with the pure lithium or-
thosilicate, the ionic conductivity is not
drastically enhanced in monophase ceram-

ics. Diphasic ceramics, with lithium hydrox-
ide located within grain boundaries, are re-
quired to observe the previously reported
higher conductivity data of conventional ce-
ramics.

Concerning ’Li longitudinal relaxation
measurements, the difference observed be-
tween two types of materials is interpreted
in terms of variations of the apparent polar-
izability of the tetrahedra skeleton. How-
ever, the difference of the lithium mobility
is relatively weak between the two materials
and cannot explain the drastic change of
conductivity. This shows that the enhance-
ment of the conductivity in diphasic ceram-
ics is due to a new kinetic path along the
interface between the two phases.

Preparation of Samples

Powders of Li,, ,Si, ., ALO, (0 = x = 0.3)
have been prepared from the sol-gel
method. In a first step, an ethanolic solution
of tetraethoxysilane (TEOS) is hydrolyzed
by slow addition of a pH 2.5 HNO; + water
mixture. The water/TEOS (H) and EtOH/
TEOS (A) molar ratios are respectively
fixed to 1 and 4. After 1 hr, a second solution
containing aluminum sec-butoxide in buta-
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Fi1G. 1. Al NMR spectra recorded at 93.8 MHz for
two commercial aluminum sec-butoxides (Al(H,0)}*
used as the Al chemical shift reference): A, from Alfa-
Products (95 wt%) and B, from Aldrich (97 wt%).

nol (0.6 mol/liter) is mixed into the prehy-
drolyzed TEOS solution. Then, after 15
min, an aqueous suspension of LiOH,H,0O
(30 mol - liter 1), heated at 60°C, is added,
with vigorous stirring, into the previous op-
tically clear mixture. For each composition,
the solution rapidly leads to the formation
of a white sol which is oven dried for 3 hr
at 150°C in a CO,-free atmosphere. Con-
cerning the aluminum alkoxide, two differ-
ent commercial sec-butoxides are used. The
two solutions, in butanol, are characterized
by Al NMR spectra recorded at 93.8 MHz
(AI(H,0);* used as the Al chemical shift
reference):

—The first, from Alfa-Products (95 wt%),
is viscous and its NMR spectrum presents a
very broad line (Fig. 1). This indicates a high
degree of polymerization for this alkoxide
and probably a low chemical reactivity. Sili-
coaluminate powders (x = 0.1,0.2, and 0.3),
prepared from this precursor, are hereafter
called A.
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—The second, from Aldrich (97 wt%), is
more liquid and its NMR spectrum exhibits
intense sharp peak at 3 ppm and a weakly
intense peak at 60 ppm (Fig. 1). This shows
a lower degree of polymerization for this
alkoxide and obviously higher chemical re-
activity. Silicoaluminate powders (x = 0.2
and 0.3), prepared from this precursor, are
hereafter called B.

X-ray diffraction patterns from dried sili-
coaluminate powders (CuKea radiation) ex-
hibit small peaks corresponding to the LiOH
phase for the B-type and to the LiOH,H,O
phase for the A-type. The lithium orthosili-
cate-type phase is well crystallized at 700°C
for the two types of powders, with a small
amount of lithium carbonate which disap-
pears at 800°C. Figure 2 shows thermal anal-
ysis curves (TGA and DTA heating rate,
300°C/hr) for a B dried powder (x = 0.3).
After heating at 800°C, a weight loss of 20%
is deduced from the TGA curve. On the
DTA curve, three endothermic peaks corre-
sponding to the removal of water (100°C),
the decomposition of the lithium hydroxide
(422°C) and of the lithium carbonate (710°C),
are observed. This latter phase is formed
during the combustion of the organic groups
(broader exothermic peak at 320-360°C).

The specific surface areas, measured by
the BET method, are of 100 and 150 m%/g
for the A and B dried powders, respectively,

EXO f

Am/m:10%
100

F1G. 2. Differential thermal analysis (DTA) and ther-
mogravimetric (TGA) curves (heating rate 300°C/hr)
for a B-type silicoaluminate powder (x = 0.3).
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and decrease down to 2-3 m?/g after heating
at 600°C. Dried powders are isostatically
cold-pressed into peilets under 200 MPa.
The pellets are then heated at 400°C (5 hr)
and sintered (7 hr) at different temperatures
(700-900°C) in alumina crucibles (heating
rate 100°C/hr). The samples are buried in
powder of the same composition to reduce
some stoichiometry variations. The sin-
tering takes place between 600 and 750°C
for B samples and in a larger temperature
range for A samples (400-800°C). The densi-
fication factor, measured by the Archi-
medes’ method, did not significantly vary
(0.90-0.92) with the type of powder and with
the sintering temperature in the 700-900°C
range.

Structural Characterization

1. X-Ray Diffraction

In the composition range 0 < x < 0.3, the
two types of samples exhibited the same
X-ray diffraction pattern, corresponding to
the monoclinic lithium orthosilicate-type
structure. As previously observed in the
Li,SiO,~LisAlO, solid solution (5), upon
substitution of Al for Si and introduction of
extra lithium ions, the cell volume continu-
ously increases (from 166 A3 to 170 A? by
increasing from 0 to 0.3).

2. 2Si and YAl Nuclear
Magnetic Resonance

Crystal structure information is obtained
from 71.5-MHz (®Si) and 93.8-MHz (¥’Al)
NMR spectra recorded on a Brucker
MSL360 spectrometer. Figure 3a shows the
BSi spectrum recorded by using the magic
angle spinning method (MAS) from the x
= 0.2 compound fired at 800°C. The same
spectra are observed for the two types of
samples. The chemical shift position of —70
ppm (TMS used as a ?Si chemical shift ref-
erence) is assigned to silicon in Q° tetrahe-
dral environment, i.e., with four nonbridg-
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Fi1G. 3. NMR spectra at room temperature from sili-
coaluminate samples (x = 0.2) fired at 800°C: (a) ¥Si
MAS-NMR spectra recorded at 71.5 MHz for A-type
sample. (b) Al static NMR spectra at 93.8 MHz for
A- and B-type samples.

ing oxygens per silicate tetrahedron. The
low negative value of this 0° chemical shift
agrees with ionic interactions between tetra-
hedra and neighboring ions (8).

However, in comparison with the pure
lithium orthosilicate, the 2°Si spectrum ex-
hibits some differences:

—As expected for a disordered solid solu-
tion, the 2°Si spectrum, for x = 0.2, is the
envelope of the three NMR peaks (—62,
—64, and —65 ppm) previously observed
for x = 0 (9).

—The line is shifted towards high-field
(—70 ppm). In fact, it is well-known that in
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tetracoordinated silicon compounds, there
is a linear correlation of the net charge q at
the silicon and of the chemical shift in the
—40, — 120 ppm range (10). The lithium ox-
ygen average length decreases when in-
creasing x in the composition. Therefore,
the effective oxygen electronegativity and
the net charge q at the silicon increase, in-
ducing a high-field shift.

Moreover, for all the compounds, no peak
is observed at —75 ppm corresponding to
silicium in a Q' (Al) tetrahedral environ-
ment, i.e., with three nonbridging oxygens
and one Si—O-Al bridge per silicate tetrahe-
dron. This confirms that all the aluminum
atoms are localized on the silicon sites, as
expected for the Li,SiO,-Li;AlQ, solid solu-
tion. No compound belongs to the Li,
Si0,-LiAlSiO, solid sotution.

Figure 3b shows the static ¥’Al NMR
spectra recorded at 93.8 MHZ for the two
types of samples (x = 0.2) fired at 800°C.
The spectra only exhibit a simple broaden
symmetric line with a width at half intensity
of about 6 kHz. Another Al NMR investi-
gation realized at 130.3 MHz leads to the
same width, indicating that this latter is con-
trolled by dipolar interactions. Frequency-
dependent contributions, such as aniso-
tropic chemical shift or second-order quad-
rupolar interactions are negligible and there-
fore Al atoms are localized on symmetric
sites, as expected for a structure formed
with isolated tetrahedra.

3. Thermal Analysis

X-ray diffraction and NMR data seem to
indicate that A and B samples are made by
a pure lithium orthosilicate-type phase.
However, differential scanning calorimetry
curves (DSC) (Fig. 4) clearly displayed
some discrepancies in the chemical compo-
sition for the two types of samples. For the
B sample, only one weakly intense peak is
observed at 425°C (in fact, another peak is
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F1G. 4. Differential scanning calorimetry curves re-
corded from A- and B-type silicoaluminate samples, x
= 0.2, fired at 800°C.

detected by differential thermal analysis at
718°C). In contrast, the curve recorded from
the A sample exhibits three intense peaks
at 420, 440, and 460°C. These data can be
interpreted by using the LiOH-Li,CO;
phase diagram (11). The peak at 420°C is
related to a polymorphic transition in the
7LiOH-2Li,CO, phase, the peak at 440°C
corresponds to the melting of the eutectic
composition, and the peak at 460°C results
from the melting of the residual lithium hy-
droxide (Fig. 5).

For the B sample, the thermal analysis
only shows the presence of traces of a
Li,CO;-rich phase which resides at the sur-
face. The B materials can be considered as
pure aluminosilicates with Li,SiO,-type
structure. Concerning the A sample, this
technique clearly displays the presence of
a LiOH-rich phase (a few wt%) which is
protected against the carbonation and prob-
ably resides within grain boundary regions.
The A materials appear as composite sili-
coaluminate and LiOH phases.

The presence of LiOH in the A materials
directly derives from inhomogeneities in the
sol-gel powder due to the use of a weakly
reactive aluminum precursor. There is ei-
ther an incomplete reaction of the initial
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FiG. 5. Phase diagram in the LiOH-Li,CO; system
(from Ref. (11)).

LiOH or the formation of lithium-rich
phases, such as Li;AlO,, which interacts
with the air moisture. It has been previously
shown (12) that LiOH easily appears in Lis
AlO, materials, via the reaction

Li;AlO, + 2H,0 — LiAlO, + 4LiOH.

Lithium Dynamics
1. Ionic Conductivity

Measurements of ac conductivity have
been achieved according to the temperature
(RT-400°C) on sintered disks (10 mm in di-
ameter and 2 mm thick) by means of an HP
4192A impedance analyzer (input imped-
ance of 10 MQ) with frequencies ranging
from 10 Hz to 13 MHz. Electrodes are pro-
vided by layers of gold evaporated onto both
sides of the pellets. Measurements have
been made in flowing dry nitrogen gas to
avoid reaction of the lithium ceramic with
the air moisture. Arrhenius plots of log oT
vs 1/T(°K), deduced from complex imped-
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ance plots for sol-gel lithium aluminosili-
cate ceramics are presented in Fig. 6.

For B-type materials, i.e., for pure lithium
aluminosilicate compounds, the highest
conductivity is obtained for the x = 0.3 com-
pound, S x 1074 S-cm~! at 350°C, with an
activation energy of 0.75 eV. Therefore, the
ionic conductivity is only slightly increased,
in comparison with the pure lithium orthosil-
icate (x = 0): 3 x 1074 S-cm~! at 350°C
with an activation energy of about 1 eV.
From these data (Table II), it is clear, in
contrast with some previous studies (5-7),
that upon substitution of the larger Al for Si
and associated formation of charge compen-
sating interstitial lithium ions, the ionic con-
ductivity is not drastically modified. This
suggests that a large part of the extra lithium
ions is frozen around AlOj}~ tetrahedra in
the orthosilicate-type structure.

For A-type materials, i.e., for diphased
materials, the ionic conductivity is largely
increased compared to the pure lithium or-
thosilicate with small variations when
changing the composition range (Table II).
The highest value is 2 x 1072 S-cm™! at
350°C with an activation energy of about
0.55 eV. The magnitude of a such enhance-
ment is greater at low temperature and
amounts to some three orders of magnitude
at 200°C. Owing to previous conductivity
data (5-7) measured from conventional ce-
ramics, that show results close to the values
obtained for A compounds, it is clear that
all these samples are two-phase systems
formed of lithium hydroxide and lithium or-
thosilicate-type phases. In fact, the LiOH
phase has not been observed in previous
studies because its detection by X-ray dif-
fraction implies concentration higher than 5
wt%.

Moreover, compared to B compounds,
the enhancement of the ionic conductivity
in A materials is directly related to the pres-
ence of LiOH, which presents poor ionic
conductivity (5 x 1077 S-cm~! at 350°C)



266 SMAIHI ET AL.
2
10
E + ( sampleA )
w0k M, <— x=0.3(0.54 eV)
3 i g
v 1o0 - +*“++“l
E : +++.-l‘
Q af %, +++.: -
g wf T °o°° +++.:“
— - ) + == A
Y w2 x=0 (0.960V) %, ti,tha<— x=02(054¢V)
g ' °°° i +:— : : A
7] 10-3:- °o° 'P + + - A
E x=0.1 (0.58eV) + =
10° 4 1 N ¥
4
1000/T
10° "
x=0 (0.96 eV) sample B
') / C P )
X F \
b 3 °$
E - 1: %:‘A“
© 1w § %q 4, X=0.3(0.76 eV)
‘C..ﬁ _25 °°o° “‘
= 10 F , 0, A4
< 3 ++""“+ °°°o A,
g 10°F /T\++++ %o “A
— 3 *y A
2 ot x=0.2 (0.72 eV) *+, ‘a,
10-5 1 .
1 2 3
1000/T

FIG. 6. Arrhenius plots of Log o T vs 1/T(°K) for silicoaluminate samples in the Li,SiO,~Li;AlO, solid
solution, Li,,,Si;_,ALO, with 0 < x = 0.3: (a) A-type samples, (b) B-type samples.

(12, 13). The same effect has been pre-
viously observed in Li;AlO, materials con-
taining the LiOH phase (/3). In fact, it is
well known that mixtures of solid ionic con-
ductor such as BAgl, AgClI, or Lil with fine
particles of an insulating material, such as
Al,0,, can show a large increase in the ionic
conductivity (I/4, 15). It is generally ac-
cepted that the enhancement is due to an
increased conductivity along the interfacial

region between inert particles and the con-
ducting matrix. These kinds of materials
have been called ‘‘composite or heteroge-
neous electrolytes.”” In the case of the
A-type samples, the low value of the activa-
tion energy is consistent with the formation
of a new kinetic path via a thin interphase
layer along the interface itself or with an
enhanced mobility along higher dimensional
defects which have been formed as a result
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TABLE II
ToNic CONDUCTIVITY AND ACTIVATION ENERGY FOR Lig,,Si;_ AL O, (0.1 = x < 0.3)

Firing Activation Conductivity (S-cm™!)
Composition temperature energy

Sample (x) ((®)] (V) 200°C 350°C
A 0.1 900 0.58 58 x 1074 1.1 x 1072
A 0.2 900 0.54 1.3 x 1073 2.0 x 1072
A 0.2 800 0.58 1.2 x 1073 2.0 x 1072
A 0.3 900 0.57 2.3 x 1073 1.5 x 1072
B 0.2 900 0.74 9.5 x 1077 6.3 x 103
B 0.2 700 0.72 3.0 x 10-7 1.6 x 1077
B 0.3 700 0.75 5.8 x 107° 53 x 10~*

Note. B-type samples are monophase ceramics and A-type are diphased ceramics in which LiOH is expected

to reside within grain boundary regions.

of the two-phase interaction (e.g., strain ef-
fect) (16, 17).

2. 'Li Nuclear Magnetic Resonance

Li NMR spectra at room temperature.
Figure 7a shows "Li signals observed at 24.8
MHz and at room temperature for the two
types of samples A and B with the initial
stoichiometry Li, ,Siy 3Al; ,0,. A very com-
plex structure is observed with:

1. A central part composed of:
—A sharp line with a width at half
intensity of respectively 9 and 10.4
kHz for the A and B samples.
—A broad line with a width of about
50 kHz for the two samples.

2. Satellite lines at +370 kHz, in refer-

ence to the central line, for the two samples.

Figure 7b presents ’Li spectra at 140 MHz
and at room temperature for the two types
of samples A and B. In a spectral range of
80 kHz, only one single line appears, with a
width at half intensity of 13.3 and 13.8 kHz
for the A and B samples, respectively.
Therefore, the increase of the Larmor fre-
quency (w,) leads to the disappearance of
the broaden line (50 kHz width) observed at
24.8 MHz.

In the following, we suppose the exis-
tence of two populations of Li* ions. Taking
as population I the lithium associated with
the quadrupole satellite lines at oy = 370
kHz, the second order of quadrupole inter-
actions o), which contributes to the central
linewidth for this population, can be approx-
imately calculated according to the formula
(18):

_ 25

(2)
“0 48w, ()
This leads to o = 11.5 kHz at w, = 24.8
MHz and only 0@ = 2.0 kHz at w, = 140
MHz.

At 24.8 MHz, the central line of popula-
tion I is therefore included in the broad line
localized in the central part of the spectra.
This disappearance of the broad line at 140
MHz indicates:

—First, that the linewidth of population I
is controlled by quadrupole interactions.

—Second, that at o, = 24.8 MHz, the
broad linewidth of 50 kHz is a mixture of
the central line of population I and of the
quadrupole satellites for an other population
(denoted II).

If we calculate »@’ for this population II,
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FiG. 7.'Li NMR spectra at room temperature for the A- and B-type silicoaluminate samples (x = 0.2):
(a) at 24.8 MHz with detailed spectra showing quadrupolar satellite lines, (b) at 140 MHz.

by using Formula (1), we obtain 52 and 9 Hz
at 24.8 and 140 MHz, respectively. There-
fore, the central line of this population,
which is the sharp line observed at 24.8
MHz, is mainly controlled by static dipolar
interactions.

These dipolar interactions (10 kHz) are
independent of w,. Consequently, the line-
widths of 13.3 and 13.8 kHz for A and B
samples at w, = 140 MHz are due to a mix-
ture of two interactions: static dipolar inter-
actions of 9 or 10.4 kHz for population II
and second-order quadrupolar interactions
of approximately 2.0 kHz for population I.
The complementary contribution (about 2
kHz) can be assigned to the transverse re-
laxation.

A surprising fact is the disappearance, at
140 MHz, of the quadrupole satellite lines
of population II (+25 kHz). However, for
a § spin, the frequency dependence of the
transverse quadrupolar relaxation is differ-
ent for the central line and for satellites (19).
A similar effect, concerning the temperature
dependence, is reported below.

To summarize, for the two types of sam-
ples at room temperature, NMR data can be
interpreted by the presence of two station-

ary lithium populations. The first localized
into distorded sites (population I) and the
second into undistorted sites (population
ID).

'Li NMR spectra at 440°C. Figure 8
shows "Li spectra at 24.8 MHz and 440°C
for both samples. In comparison with the
spectrarecorded at RT, the quadrupolar sat-
ellite lines (+370 kHz) of population I are
not significantly modified. In contrast, a dis-
symmetric central line with a width at half
intensity of 2.5 kHz and satellite lines at =5
kHz are observed in the central part of the

L1 1
400 0 -400
kHz

10 0 -10
kHz

F16. 8. 'Li NMR spectra at 24,8 MHz and at 440°C,
with detailed quadrupole satellite lines, for the A- and
B-type silicoaluminate samples (x = 0.2).
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spectra. Moreover, the position of the satel-
lite lines (£S5 kHz) is the same for another
Larmor frequency (14.2 MHz).

These data confirm again the presence of
two lithium populations:

—The satellite lines at +5 kHz are due to
the first-order quadrupole interactions for
population II. The corresponding value of
w@ is only 2 Hz for w, = 24.8 MHz. There-
fore, the reduction of the central line of the
population II, from 10 kHz at room tempera-
ture to 2.5 kHz at 440°C, is related to the
motional averaging of dipolar interactions,
this population being mobile at such temper-
ature.

—The quadrupolar satellite lines at =370
kHz are always characteristic of population
I, which remains fixed at 440°C. The width
of the corresponding central line, controlled
by the second-order quadrupole interac-
tions, has been previously evaluated to 11.5
kHz for w, = 24.8 MHz. This value is higher
than the experimental one (less than 2.5
kHz), due to the motion of the lithium II,
which modifies differently the first- and the
second-order quadrupolar interactions for
population I. This comes from the effective
Hamiltonian, which is different, in the rotat-
ing frame, for first- and second-order quad-
rupolar interactions (20).

At 440°C, the analysis of the 'Li NMR
spectra displays the existence of two lithium
populations for both types of samples: the
first one is fixed and localized into distorted
sites (population I) and the second is mobile
and localized into undistorted sites (popula-
tion II).

Temperature dependence of the 'Li NMR
spectra. Figure 9 presents the temperature
dependence of the central part of the Li
spectrum observed at 24.8 MHz for the A
sample. The width of the central line of pop-
ulation II, controlled by static dipolar inter-
actions at room temperature (9 kHz), is
reduced to 7 kHz by increasing the tempera-
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FiG. 9. Temperature dependence of the 'Li NMR
spectra at 24.8 MHz, for the A-type sample (x = 0.2):
(a) from 50 to 300°C, (b) from 250 to 400°C.

ture up to 100°C. The narrowing of this line,
corresponding to the motional averaging of
dipolar interactions, is due to the onset of
the lithium motion which takes place be-
tween 50 and 100°C.

Another interesting fact corresponds to
the temperature dependence of the quadru-
polar satellite lines of this population II. Be-
low 50°C, the satellite lines at +25 kHz are
hardly visible and disappear at 100°C (Fig.
9a). Above 250°C (Fig. 9b), two satellite
lines appear at =5 kHz, due to the residual
time averaging of quadrupole interactions
by anisotropic ionic motion. Between 100
and 200°C, the inverse of the characteristic
motional time (r.) becomes of the same or-
der of magnitude as the quadrupole interac-
tions (A, = 50 kHz) seen by lithium II, i.e.,
7. = 1/Q2mAy) = 6.4 x 107° sec. In this
temperature range, quadrupolar interac-
tions evolve from a static state to a fluctuat-
ing one with an amplitude of 40 kHz. The
relaxation process is controlled by these
quadrupolar interactions. At 200°C, the
transverse relaxation time, i.e., the homoge-
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neous part of the satellite linewidth (A) can
be calculated from A (Hz) = 27 (wg)*r, , With
wg (in kHz) = 40 kHz, leading to A = 64
kHz.

This value is very high, in comparison
with the residual quadrupole interactions (5
kHz). Consequently, the quadrupolar "Li
NMR spectra are only well resolved at
higher temperature, where the characteris-
tic time and therefore the homogeneous
width are sufficiently reduced. Concerning
the central line of population II, the homoge-
neous width is controlled, at high tempera-
ture, by the inverse of the longitudinal relax-
ation time. This confirms that, for a $ spin,
the temperature dependence of the trans-
verse relaxation time is different for satel-
lites and central line (/9).

In conclusion, we have shown that 'Li
NMR spectra are very similar for the two
types of samples. Upon substitution of Al
for Si and introduction of extra lithium, a
dissymmetry of charge is induced in the
skeleton. Al10;~ anionic clusters are equiva-
lent to negative charges in the tetrahedral
sublattice. Therefore, the attractive electro-
static interaction leads to the freezing of a
part of the lithium ions. This gives two dif-
ferent lithium populations:

—The first population weakly interacts
with AlO;~ and becomes mobile above
50°C.

—The second population highly interacts
with AlO;~ and remains fixed at high tem-
perature.

The difference of mobility is sufficiently im-
portant to explain the temperature variation
of the NMR spectra of both samples.

3. 'Li Longitudinal Relaxation Times

The spin-lattice relaxation times, 7,, of
Li nuclei, are measured between room tem-
perature and 600°C, at 24.8 MHz, by using
the inversion recovery method. Figure 10
shows the temperature dependence of the
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longitudinal relaxation rate 1/7; for the two
types of samples. The observation of a maxi-
mum of 1/T, is characteristic of a thermally
activated motion. Close to the maximum,
curves exhibit an ‘*‘M’’ shape which is en-
hanced for the A sample. Moreover, for this
sample, at low temperature, precise and re-
producible measurements of the T, are dif-
ficult. In fact, for a  spin system, the nuclear
magnetization does not return to equilib-
rium with a single characteristic time, in the
temperature range in which the correlation
time, characteristic of the motion, is greater
than 1/wy.

On the low temperature side of the relax-
ation data, i.e., in the temperature ranges of
25-253°C and 25-352°C for A and B sam-
ples, respectively, the apparent slopes lead
to the same activation energy of 0.23 eV. A
similar value has been previously reported
for the pure lithium orthosilicate and for
compositions in the Li,SiO,~Li;PO, solid
solution (21). The local motion relaxation is
therefore identical for all these compounds
and lithium ions are constrained to jump
over this potential barrier to contribute to
the motion. This activation energy can be
attributed to the formation of Frenkel de-
fects in the Li,SiO,-type structure.

On the high temperature side of the relax-
ation data, i.e., in the temperature ranges
of 352-560°C and 416-560°C for A and B
samples, respectively, the apparent slopes
are relatively close to the ones observed in
the low temperature ranges. The activation
energies are respectively 0.28 and 0.24 eV
for A and B samples (note that the points at
596°C are excluded of the fit for the two
samples). Therefore, the behavior of these
materials can be approximately described
by using the well known BPP model (22). In
this model, a simple form of the correlation
function G(7) is used: G(r) « exp(—t/7),
where 7 is the correlation time of the fluctu-
ations. Quite often 7 is described by an Arr-
henius law, 7 = 7exp(E/kT), and is identi-
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FiG. 10. Longitudinal 'Li relaxation rate versus the inverse of the temperature (semilogarithmic curve
in the insert) at 24.8 MHz for silicoaluminate ceramics (x = 0.2): (a) A-type samples, (b) B-type

samples.

fied with a characteristic time of the motion.
This could be the residence time of an ion
in a given site before the jump. Then, E is
the activation energy of this process and 1/7,
is the “‘attempt frequency’’ at large temper-
ature. The simple BPP expression predicts
the same activation energy on either side of
the 7, minimum, as observed for the two
silicoaluminate samples. In the high temper-
ature regime, the behavior of these samples
is then consistent with the existence of un-
correlated jumps between equivalent sites.
Nevertheless, this analysis implies that a
long range motion takes place for lithium
ions and, at 560°C, the characteristic time
of the motion is only three times lower than
the inverse of the Larmor frequency (1/wg).
This small variation of the characteristic
time, due to the low activation energy of
the process, prevents direct connection of
relaxation with conductivity data. More-
over, it is possible that the high values of
T,, measured for the two samples at 596°C
and which did not follow the previous acti-
vated laws, indicate a change in the micro-
scopic Li* dynamics.

In the intermediary temperature ranges,
the two maxima, at 253 and 352°C for the A
sample and at 352 and 416°C for the B sam-

ple, as well as the ‘““M”’ shape of the "Li
relaxation curves, can be interpreted in
terms of two lithium populations (mobile
and stationary ions).

Taking 7, and 7, for the characteristic
times of the mobile ions in A and B samples,
and 7, and 7, for the characteristic times of
the fixed ions in A and B samples, the at-
tempt frequencies can be deduced from the
relation wyr = 1 valid around the maxima.
This gives:

1/7%, = 2.5 x 10'° Hz and
1/7 = 1.1 x 10'° Hz for the A compound,

/7%, = 10" Hz and 1/7%, =

5.8 x 10° Hz for the B compound.

For the two samples, the ratio 7§/7% is close
to two, corresponding to the effects of
change of reference in the theoretical study
of the ionic dynamics. In fact, for species
with the same mass, the diffusion coefficient
is twofold in a mobile reference system (23).
In addition, the existence of a single 'Li
relaxation rate, above 200°C, shows that the
nuclear magnetization of the two species
is always in thermal equilibrium, and that
the 7Li longitudinal relaxation measure-
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ments reach it the fastest. The ““M’’ shape
of the curves is therefore directly related
to the existence of two lithium populations,
one with fixed ions and one with mobile
ions, and to the change of the reference
system.

A first significant difference between A
and B samples is that the relaxation rate
maximum is higher for the A sample than
for the B sample (190 sec~! instead of 60
sec!). As previously noted in the 7Li spec-
tral analysis, the ’Li relaxation is controlled
by quadrupole interaction fluctuations with
intensity about 40 kHz. Assuming an expo-
nential correlation function, the value of the
maximum of the relaxation rate can be de-
duced from the following formula: (1/7})y.x
= g?/w,, where ¢ is the fluctuating interac-
tion. This leads to 65 sec™!, a value very
close to the experimental value for the B
material. In contrast, a higher value is ob-
served for A (190 sec™1), associated with
quadrupole interactions of 69 kHz. Conse-
quently, the "Li motion generates quadrupo-
lar fluctuations with a lower intensity in the
B sample. This suggests that the fluctuations
of the electric field gradient, caused by lith-
ium diffusion, are more screened in the B
compound, corresponding to higher appar-
ent polarizability of the tetrahedra sub-
lattice.

Other important differences between the
relaxation curves are that the splaying is
more important and that the 1/7, peak
moves to higher temperatures for the B
curve. In fact, we have seen that the values
of 7%, and 7, are respectively two times
lower that 7%, and 7% . This indicates that
the motion is slower in the B compound,
which can also be interpreted as a differ-
ence in the apparent polarizability of the
tetrahedra in the two materials. The skele-
ton is formed of negative tetrahedra cages
which are opposed to the positive charge
motion and the screening of the mobile
charge appears more efficient in the B
sample.
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Conclusion

Lithium aluminate-doped lithium ortho-
silicate powders have been prepared from
the alkoxide-hydroxide sol-gel route. By
using reactive aluminum alkoxide, the sin-
tering of the powders has led to dense
B-type monophase ceramics at low temper-
ature (700-800°C). In contrast, by using less
reactive polymerized aluminum alkoxide,
A-type diphase ceramics have been pre-
pared. X-ray diffraction and »Si MAS-
NMR techniques showed that the lithium
silicoaluminate phases belong to the Li,
Si0,-LisAlO, solid solution and exhibit the
Li,SiO,-type structure: Li,_ Si,_ Al O, (0
= x = 0.3). In the A-type materials, the
thermal analysis displays a few LiOH in
weight%, coexisting with the silicoalumi-
nate phase, which results from chemical in-
homogeneities in the initial sol-gel powder.

'Li NMR has shown very similar spectra
for the two types of samples (A and B),
suggesting that the LiOH phase is mainly
localized within grain boundary regions in
the A-type materials. The "Li spectra have
been interpreted in terms of two lithium pop-
ulations. The first one, localized into dis-
torted sites, is considered fixed in the
25-600°C temperature range and the sec-
ond, localized into undistorted sites, is con-
sidered mobile above 50°C. The presence of
two lithium populations has been directly
related to the charge dissymmetry in the
tetrahedra sublattice, which led to the freez-
ing of a part of the lithium ions by attractive
interactions with AlO]~ tetrahedra.

Compared to the pure Li,SiO,, the ionic
conductivity is slightly increased in silico-
aluminate monophase ceramics (B-type). In
disagreement with the results of Shannon et
al. (5) and Jackowska et al. (7), we have
shown that the introduction of extra lithium
in the Li,SiO,-type structure did not drasti-
cally enhance the lithium transport proper-
ties. However, the conductivity has in-
creased by two orders of magnitude at 350°C
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in A-type materials (x = 0.2 and x = 0.3)
and the highest value (4 x 1072 S-cm™! at
350°C) is close to the one previously re-
ported by Shannon et al. (5) for conven-
tional ceramics. This clearly shows that:

—High conductivity in lithium silicoa-
luminate materials requires the presence of
an inert phase, such as LiOH, coexisting
with the Li,SiO,-type phase. The enhance-
ment of the ionic conductivity can then be
interpreted as the formation of a new kinetic
path, via a thin interphase layer along the
interface.

—High conductivity values, previously
reported for silicoaluminate compositions,
are due to chemical inhomogeneities (pres-
ence of LiOH) in samples prepared by the
conventjonal ceramic processing.

Concerning 'Li longitudinal relaxation
measurements, the differences observed be-
tween A- and B-type materials, i.e., time
and temperature shifts of the curves, can be
interpreted from the variation of the appar-
ent polarizability of the tetrahedra skeleton.
The lower polarizability of the A sample can
be directly related to the presence of lithium
hydroxide in this material. The localization
of a small part of this second phase inside
the grains of the aluminosilicate ceramic
generates structural disorder and prevents
the tetrahedra deformation, decreasing the
screening of the mobile charge. However,
the difference of the lithium mobility is rela-
tively weak for these compounds and cannot
explain the drastic variations of conductiv-
ity. Therefore this is a further confirmation
that the enhancement of the conductivity in
the A sample is due to a new kinetic path
along the interface between the two phases.
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