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ye'" (LiC1)2-A1203-Si0, xerogels were prepared by a sol-gel process. The structure of the heat-treated xe 
was studied by powder X-ray diffraction, Fourier transform infrared spectroscopy, and 'Li, %Si, and Al 
nuclear magnetic resonance techniques. 'Li NMR studies indicate two kinds of lithium ions in the xerogels: 
(a) polycrystalline LiCl dispersed in the pores of the xerogel and (b) lithium ions associated with nonbridging 
oxygens on the silica tetrahedra or associated with A104- units. For the samples having the same lithium 
content (20 mol % (LiCl),) the ionic conductivity increases with increasing A1203/Si02 ratio. This is 
attributed to the increasing concentration of lithium ions associated with tetrahedral AIOl or nonbridging 
oxygens in the xerogel. A constant activation energy is observed when the (LiCl), content increases from 
10 to 20 mol % for samples having the sample A1203/Si02 ratio of 1/2. This constant activation energy 
is analyzed in terms of the competition between the decreasing jump distance tending to decrease activation 
energy and increasing Coulombic interaction tending to increase activation energy. 

Introduction 
Lithium aluminosilicate glasses with high ionic con- 

ductivity recently have attracted a great deal of intere~t.l-~ 
In particular, high Li+ ion conductivity was reported in 
a lithium aluminosilicate glass with the 6-eucryptite com- 
position (Liz0.A1203.2Si02 or LiAlSi04).z3 Pechenik et al.3 
studied the mechanism of ionic motion in LiA1Si04 glass 
using a combination of structural and transport methods. 
These glasses were prepared by a conventional melt- 
quench method. Alternatively, similar compositions can 
be prepared by the sol-gel process, which is a low tem- 
perature approach to glass formation. The sol-gel process 
can be used when the melting temperature is high as in 
the case of lithium aluminosilicate glasses (-1600 "C). For 
lithium aluminosilicate gels the role of alcohol, the crys- 
tallization behavior, shrinkage, and precursor residue have 
been studied previ~usly.'~ 
Since glasses prepared by a sol-gel technique are initially 

less dense than those prepared by conventional melt- 
quench techniques, samples prepared by a sol-gel tech- 
nique may provide a greater free volume through which 
conducting ions can move. Recently, ionic conductivities 
in binary and ternary lithium silicate gels have been in- 
vestigated for possible application as electrolytes in sol- 
id-tate batteries and related electrochemical devices.+" 
Ionic conductivities of (LiCl)2-B203-Si0, xerogels have 
been reported previously by the authors.1° In this study, 
the effect of a second glass former (B,O& was studied. The 
ionic conductivity and structure of the corresponding 
(LiC1),-A1203-Si02 xerogels were investigated by ac im- 
pedance, powder X-ray diffraction, Fourier transform in- 
frared (FTIR) spectroscopy, and 7Li, 29Si, and 27Al solid- 
state NMR. While both A Z O 3  and B203 introduce triva- 
lent cations, the role of A 1 2 0 3  in a glass is considered to 
be an intermediate rather than a glass former (B203). The 
resulta of this study can be compared to the previous study 
to determine the role of the intermediate. 

* Author to whom correspondence should be addressed. 
Also affiliated with the Department of Ceramics. 

Experimental Section 
The lithium aluminosilicate gels have been prepared by using 

experimental procedures similar to those used to prepare the 
lithium borosilicate gels.I0 The starting materials are tetra- 
ethylorthosilicate (TEOS, Si(OCH,CH,),) (Fisher, reagent), 
aluminum nitrate (Alfa, 99.999%), and lithium chloride (Alfa, 
99.6%). After the gels were dried in a 65 "C oven for 2 weeks, 
they were heat treated at 525 O C  for 10 h in an electric tube furnace 
under a flowing oxygen atmosphere. 

Powder X-ray diffraction (PXRD) patterns were obtained with 
a SCINTAG PAD V diffractometer with monochromatized Cu 
Ka radiation. Elemental analysis for Li, Al, and Si were performed 
on a Beckman-Spectrametrics Spectraspan IIIB DCT Basic Multi 
dc-argon plasma emission spectrometer. 

Fourier transform infrared (FTIR) spectra were recorded at 
room temperature on a Mattson Cygnus 100 FTIR spectropho- 
tometer on xerogel powder dispersed in KBr pellets at room 
temperature in the range 520-4000 cm-l with 2-cm-' resolution. 

7Li, 2BSi, and ,"Al nuclear magnetic resonance (NMR) spectra 
were recorded on a Varian VXR-200 spectrometer equipped with 
a Doty magic angle spinning (MAS) probe. The resonance fre- 
quencies were 77.7 MHz for "Li, 39.8 MHZ for %i, and 52.1 MHZ 
for 27Al. The 27Al and 'Wi MAS spectra were obtained using a 
simple one-pulse sequence with a 4.3-kH7, spinning rate. The pulse 
flip angle used on the nAl spectra is No. The recycle time between 
pulses was 1 and 60 s, respectively, for "Al and %Si. Tetra- 
methyhilane (TMS) and 0.1 M AlCl, aqueous solutions were used 
as NMR references for %i and nAl. The static "Li spectra were 
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Table I. Xerogel Starting Compositions (in Mole Percent) 
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Figure 1. Gel-forming region in the (LiC1)2-A1203-SiOz system: 
0 ,  no monolithic gel formation or excess crystalline LiCl on the 
gel surface after drying for 2 weeks at 65 "C; 0, monolithic dried 
gels form after drying at  65 OC for 2 weeks, but gels partially 
crystallized after heat treatment at 525 "C for 10 h; 0, amorphous 
xerogels form after heat treatment at 525 OC for 10 h. 

obtained with a solid-echo pulse sequence (9O0-7-9O0 data ac- 
quisition). The delay time (7) between two 90° (10 119) pulses was 
20 pa and the recycle time was 60 8. The spin-lattice relaxation 
time (Tl) was measured using the inversion recovery method 
(180°-~-900 data acquisition). All the heat-treated xerogels used 
for the NMR measurements were, unless stated otherwise, dried 
at  180 OC under vacuum (50 mTorr) for 12 h in a quartz tube. 
Samples were sealed in a quartz tube and then transferred to a 
drybox where they were packed in alumina (for '%i and 7Li) or 
zirconia rotors (for 27Al). 

The ionic conductivities were measured by an ac complex 
impedance technique with a Solartron Model 1250 frequency 
analyzer and 1186 electrochemical interface that were programmed 
by a Hewlett-Packard 9816 desktop computer for data collection 
and analysis. The contact to the samples was made by coating 
the faces of sample plates with platinum paste. The frequency 
range 10 Hz to 65 lcHz was employed at a heating rate 2 OC/min 
over the temperature range of 100-525 OC. 

Results and Discussion 
Figure 1 shows the gel-forming range in the (LiCU2- 

A1203-SiO, system. In region I, which corresponds to the 
samples containing more than 30 mol % (LiC1I2 and/or 
the A1203/Si02 ratio higher than 1, either no monolithic 
gels formed or excess LiCl was found on the surface of the 
gels. In region 11, with (LiCl), content ranging from 25 to 
30 mol 7% and the A1203/Si02 ratio less than 1, monolithic 
gels formed, but the gels partially crystallized after heat 
treatment at  525 "C for 10 h. In region 111, with (LiCl), 
less than about 25 mol 90 and A1203/Si02 ratio less than 
1, amorphous xerogels were formed after heat treatment 
of the monolithic gels at  525 "C for 10 h. Eight heat- 
treated xerogela in region I11 were selected for ionic con- 
ductivities and structural studies. Five samples have the 
same lithium content (20 mol % (LiCl),) but different 
A1203/Si02 ratios (1/2 to 1/61, and the other three samples 
have a fixed A1203/Si02 ratio of 1/2 but different lithium 
content (5, 10, and 15 mol % (LiCl),) (Table I). These 
samples are labeled subsequently as x ( y ) ,  where x is the 
mole percent of (LiCI), and y is the molar ratio of 
A1203/Si02. Elemental analyses of the xerogels for Li, Al, 
and Si show good agreement with their starting compo- 
sitions (Table I). 

Powder X-ray diffraction (PXRD) measurements for the 
selected gels show similar crystallization behavior. Figure 
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Figure 2. Powder X-ray diffraction patterns of sample 20(1/2) 
after heat treatment at various temperatures under flowing oxygen 
atmosphere. Diffraction peaks above 575 O C  corresponds to 
LiA1Si30s. 

2 displays a typical PXRD of sample 20 (1/2) as a function 
of heat-treatment temperature. The 65 OC gel and 525 OC 
heat-treated xerogel were amorphous for X-rays. After 
heat treatment at  575 "C, the gel partially crystallized to 
LiAlSi30B. The intensities of these diffraction peaks in- 
creased with the temperature of heat treatment. 

Figure 3 shows the FTIR spectra of xerogels with the 
same lithium content (20 mol % (LiC1)d but with different 
A1203/Si02 ratios (1/2 to 1/6). All the xerogels exhibit 
a strong peak at  =1640 cm-l, an absorption peak at -1070 
cm-l, a weak peak between 800 and 700 cm-', and another 
peak at  4 6 0  cm-'. The assignments of FTIR absorption 
bands are based on those given in refs 12-15: H-O-H 
vibrations a t  =la0 cm-', asymmetric Si-0 stretching at  
-1070 cm-', T-0 vibrations of the TO4 (T = Si, Al) tet- 
rahedra around 700-800 cm-', Si-0-Si bending at  -460 
cm-'. 

The observed IR bands may be analyzed in terms of the 
composition. It is observed that as the A1203/Si02 ratio 
increases, the absorption peak at  -1070 cm-' gradually 
becomes broader due to the increasing aluminum pertur- 
bation of the Si-0 stretching vibration.', 

The band due to T-O vibrations of the TO4 (T = Si, Al) 
tetrahedra shifta from 799 to 702 cm-I and broadens con- 
siderably with increasing A1203/Si02 ratio. At low A 1 2 0 3  
content the T-O bond vibration is more like the Si-O bond 
vibration in Si04. As the A1203/Si02 ratio increases, the 
T-O bond vibration becomes more like the Al-O vibration. 
Since the Al-O bond is longer than the Si-O bond and the 
force constant of the Al-O bond is smaller than that of the 

(12) Roy, B. N. J. Am. Ceram. SOC. 1987, 70, 183. 
(13) Brinker, C. J.; Scherer, G. W. Sol-gel Science; Academic Press: 
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(16) Day, D. E.; Rindone, G. E. J.  Am. Ceram. Soc. 1962, 45, 489. 
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Figure 3. FTIR spectra of xerogels having 20 mol % (LiC1)2 with 
different A1203/Si02 ratios. 

Si-0 bond, the T-0 bond vibration shifts to lower fre- 
quency.', A similar trend is observed in the Li20-A12- 
O,-SiO, glass system.12J3 This trend suggests that more 
and more Al isomorphously replaces Si in the tetrahedral 
position as the A1203/Si02 ratio increases. The shift of 
the A 1 4  vibration peak at =700 cm-' and the broadening 
of the Si-0 stretching peak at =lo70 cm-' are consistent 
with A104 tetrahedra substitutionally replacing Si04 tet- 
rahedra in the xerogel structure. 

The 460-cm-' band remained virtually insensitive to the 
compositional changes. This suggesta that probably there 
is no significant change in the bending force constant of 
the Si-0-Si bond as the A1203/Si02 ratio changes. 

Figure 4 displays the 7Li NMR spectra of dried, heat- 
treated xerogels with a fixed lithium content (20 mol % 
(LiCl),) but with different A1203/Si02 ratios. All the 
spectra show an intense broad symmetric central peak with 
a narrower peak superimposed on top of the broader peak. 
In addition, under the central peak, there is another broad 
response. As the A1203/Si02 ratio decreases, the relative 
intensities of both the broad response and the superim- 
posed narrow peak decrease. 

Figure 5 shows the 7Li NMR spectra of xerogels having 
different lithium contents with a fixed A1203/Si02 ratio 
of 1/2. The spectrum for sample 5(1/2) (bottom) displays 
a typical powder pattern of a first-order quadrupole in- 
teraction for a nucleus with spin I = 3/2.16 The broad 

(16) Bray, P. J.; Gravina, S. J.; Hintenlang, D. H.; Mulkern, R. V. 
Magn. R e m .  Rev. 1988, 13, 263. 
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Figure 4. Static 'Li NMR spectra for xerogels with the same 
lithium content (20 mol 7'0 (LiC1)d with different A1203/Si02 ratios 
(1/2 to 1/6). The inset shows the vertical expanded plot for 
sample with A1203/Si02 ratio of 1/6. 
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Figure 5. Static ?Li NMR spectra for xerogels with the same 
A1203/Si02 ratios of 1/2 but with different lithium content. 

response arises from the satellite transitions (-1/2 - -3/2 
and '/z - ,/2, and the central peak arises from the central 
transition (-1/2 - '/,). The shoulders and the divergences 
are smoothed out due to a distribution of the lithium en- 
vironments. However, as the lithium content increases, 
the spectra become more similar to those shown in Figure 
4, and the intensities of both the broad response (satellite 
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Figure 6. TI measurements for sample 20(1/2) (a) dried and (b) 
air exposed. T is the delay time between the 180° and 90' pulses. 
The dashed curves are just for guiding the eyes. 

transitions) and the top narrow peak (central transition) 
decrease. The 7Li spectra shown in Figures 4 and 5 are 
attributed to the combined responses of two kinds of 
lithium ions. 

The presence of two kinds of lithium species in the 
samples was confirmed by the T1 measurements. The T1 
measurement for sample 20(1/2) clearly shows two relax- 
ation processes. Figure 6a shows one of the spectra in the 
T, measurement for a delay time 7 = 1.25 s. The up- 
pointed peak represents a faster relaxation process with 
T1 estimated to be 0.8 s; the down-pointed peak corre- 
sponds to a slower relaxation process with TI estimated 
to be 3.6 s. 

To further identify these two lithium species, both static 
7Li NMR and T1 measurements were performed on an 
air-exposed sample 20(1/2). The static 7Li spectrum for 
the air-exposed sample showed a dramatic decrease of the 
line width of the central peak ( - 250 Hz) compared to that 
of the sample under dry conditions (-7.7 kHz). However, 
the broad response was not affected by exposure to air. 
Similar results were found in the lithium borosilicate 
xerogels.1° Analogous to the assignments made in the 
lithium borosilicate gels, one of the lithium species is as- 
signed to lithium ions associated either with tetrahedral 
NO4 units or with nonbridging oxygens (NBO) in the silica 
network, where the lithium ions act as charge compensa- 
tors (network-associated lithium). Similar to that observed 
in Li-containing glasses,l6 this kind of lithium ion gives the 
powder pattern of the first-order quadrupole interaction 
(i.e. the broad peak). The other kind of lithium species 
(i.e. the narrow peak) is assigned to polycrystalline LiCl 
since the line width of the narrow peak is comparable to 
that of the 7Li spectrum of dried pure LiCl polycrystalline 
sample,1° presumably dispersed in the pores of the gel. 
Because of its highly hygroscopic nature, the polycrys- 
talline LiCl is hydrated once the sample is exposed to air 
and the hydrated [Li(H,O),]+ species are the source of the 
narrow NMR peak. The NMR line width of LiCl dissolved 
in water is identical to that of sample 20(1/2). 

The T, measurement of the &-exposed sample supports 
these assignments for the lithium species. One of the 
spectra in the T, measurement for the air-exposed sample 
20(1/2) is shown in Figure 6b. Again, two kinds of re- 
laxation processes are evident. The narrow peak corre- 
sponds to hydrated lithium ions with a faster relaxation 
time (T, - 0.28 s) than the network-associated lithium 
species (T, - 0.58 8). The relaxation time, T,, of the dried 
polycrystalline LiCl species is slower by about 1 order of 

-95 

A i  
1 3 6 9  

200 100 0 -100 -200 ppm 

Figure 7. (a) %Si MAS NMR spectrum of dried xerogel20(1/2). 
(b) 27Al NMR spectrum of dried xerogels 20(1/2) and 20(1/6). 

magnitude than that of the hydrated polycrystalline LiC1. 
This is due to the rapid rotation of water molecules around 
the lithium ions. In the xerogel, T1 for the network-as- 
sociated lithium ions decreases by about a factor of 2 when 
the sample is exposed to air. The change of the T, values 
between the dried and air-exposed samples is consistent 
with the above assignments for the two kinds of lithium 
species in the xerogel. 

Although the 7Li NMR indicates the presence of poly- 
crystalline LiCl in the gels, X-ray diffraction failed to 
confirm the existence of LiC1. This is because X-ray 
diffraction experiments were carried out in the air, where 
water molecules can easily diffuse into the pores of the gel 
and associate with the highly hygroscopic polycrystalline 
LiCl grains to form hydrated LiC1. 

On the basis of the assignment of the two lithium 
species, the change of the spectra in Figure 4 indicates that 
the number of lithium ions associated with silica (NBO) 
or alumina [AlOJ increases with an increasing Alz03/Si02 
ratio for samples with the same lithium content. The 
change in the spectra in Figure 5 indicates that the relative 
amounts of network-associated lithiums decrease with in- 
creasing lithium content for samples having a constant 
A1203/Si02 ratio. 

The %Si NMR spectrum of sample 20(1/2) in Figure 7a 
shows an asymmetric peak around -95 ppm. The peak 
positions and the fwhh (full width a t  the half height in- 
tensity) of % NMR spectra for selected samples are listed 
in the Table 11. As the lithium content or the A1203/Si02 
ratio increases, the peak position shifts to less negative 
values (downfield) and the fwhh of %Si NMR spectra 
becomes wider (Table 11). This is due to the increasing 
concentration of NBO on Si04- with increasing lithium 
content. With increasing Al,03/Si02 ratio, of course, more 
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Table 11. Peak Positions and Fwhh of "Si Spectra 
peak position, fwhh, 

sample ppm ppm 
5(1/2) -102 f 1 22 f 1 
15(1/2) -96 f 1 25 f 1 
20(1/2) -95 f 1 25 f 1 
20(1/4) -103 f 1 23 f 1 
200 / 6) -104 f 1 20 f 1 

Table 111. Conductivity Data of Xerogels 
sample U ~ T ,  Wcm E., eV 

2.9 x 10-5 
3.3 x 10-4 
3.4 x 10-3 
1.0 x 10-2 
7.5 x 10-3 
6.0 x 10-3 
5.4 x 10-3 
4.5 x 10-3 

0.82 f 0.05 
0.68 f 0.05 
0.67 f 0.05 
0.67 f 0.05 
0.69 f 0.05 
0.81 f 0.05 
0.83 f 0.05 
0.86 f 0.05 

of the Si04 is replaced by A104 tetrahedra. Both of these 
environmental changes around Si04 can move the chemical 
shift of *Si do~nfield. '~-'~ At the same time, with in- 
creasing lithium and aluminum content, the distribution 
of the possible environments around a silicon tetrahedron 
is increased; hence, the fwhh of the 29Si NMR peak in- 
creases with increasing lithium and aluminum content.20 
This is consistent with the result observed in FTIR where 
the peak around 1070 cm-' broadens with increasing 
A1203/Si02 ratio due to the distribution of Si04 environ- 
ment. 

The 27Al NMR spectra provide complementary infor- 
mation on the structure of lithium aluminosilicate xerogels. 
The 27Al NMR spectra for samples 20(1/2) and 20(1/6) 
(Figure 7b) indicate two central peaks for both samples. 
The peaks at  2 and 0 ppm are assigned to octahedrally 
coordinated aluminum.17J8 However, the environment of 
the peaks at 43 or 36 ppm is not certain. The position of 
the peaks is intermediate between four-coordinated alu- 
minum where the shift is usually larger than 50 ppm17Ja 
and five-coordinated aluminum where the shift is usually 
between 20 and 35 ppm.21i22 The observed shift (&,) is 
the combination of the real chemical shift (6J and the shift 
caused by the second-order quadrupole interaction (6,) (Le. 
6, = dexp + 6g);23 the shift caused by the latter is propor- 
tional to the inverse square of the magnetic field. Hence, 
the correction of 6, should be considered when the 27Al 
spectrum is measured at intermediate magnetic fields (4.7 
T). The correction for 6, cannot be calculated in this study 
because the quadrupole coupling constant and the asym- 
metric parameter are not known. But, an approximation 
of this correction can be made, which gives a positive value 
of 6, so that the real chemical shift moves closer to the 
range expected for a four-coordinated aluminum. Previous 
reports of 27Al NMR chemical shifts a t  43 ppm assigned 
to tetrahedral A10424,25 support the assignment to A104 
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Figure 9. Arrhenius plots of the ionic conductivity for xerogels 
having different lithium content (5-20 mol % (LiCl),) at a fixed 
A1203/Si02 ratios of 1/2. 

tetrahedra in our xerogels, as well. The FTIR spectra are 
consistent with the presence of four-coordinated alumi- 
num. Since each A104 requires one lithium ion for charge 
compensation, the assignment of peaks at 43 and 36 ppm 
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to four-coordinated aluminum is consistent with the 7Li 
NMR result which indicates the presence of network-as- 
sociated lithium ions. 

Ionic conductivity data for xerogels with the same lith- 
ium content but with different A1203/Si02 ratios (1/2 to 
1/6) and samples having the same A1203/Si02 ratio of 1 /2  
but with different (LiCI), content (5-20 mol %) are rep- 
resented by Arrhenius plots in Figures 8 and 9, respec- 
tively. For all compositions, Arrhenius behavior is ob- 
served in the temperature range measured (200-525 "C). 
The activation energies and conductivities a t  500 "C for 
these samples are collected in Table 111. 

Although the 'Li NMR spectra indicate the presence of 
polycrystalline LiCl in these samples, the conducting 
mechanism appears to be different from that in pure 
polycrystalline LiCl.'O Ionic compounds like LiCl contain 
a limited number of charge carriers, and their activation 
energy for conduction is the sum of both the energy for 
defect formation and the energy for defect migration. In 
contrast, most solid electrolytes have a large number of 
mobile ions with an activation energy, usually, representing 
only the energy needed for migration of defects.26 The 
conducting behavior of lithium aluminosilicate xerogels is 
more similar to that seen in fast ionically conducting 
glasses. 

For xerogels with increasing A1203/Si02 ratio and the 
same lithium content, the conductivity increases and the 
activation energy decreases, as shown in Figure 8 and 
Table 111. As indicated by the 7Li NMR spectra, for 
samples with high A1203/Si02 ratio, there are more lithium 
ions associated with NBO or the [AlOJ units. These 
lithium species are likely to be mobile and lead to high 
ionic conductivity and low activation energy. Similar re- 
sults have also been observed in the lithium borosilicate 
xerogels . lo 

For xerogels with a fixed A1203/Si02 ratio of 1/2, the 
conductivity increases dramatically with increasing lithium 
content (Figure 9 and Table 111). Parts a and c of Figure 
10 show the conductivity and activation energy as a 
function of (LiCl), content for xerogels a t  a fixed A1203/ 
Si02 ratio of 1/2 at  500 "C. The conductivity is expo- 
nential in mole fraction of (LiCl), as in most alkali oxide 
glasses.,' The activation energy decreases rapidly when 
the (LiCl), content increases from 5 to 10 mol %, then it 
remains nearly constant up to 20 mol % (LiCl)> 

To understand this behavior, the variations of conduc- 
tivity and activation energy with the lithium content were 
analyzed according to the Arrhenius equation 

Wang et al. 

u = uo exp (2) 
where u is conductivity, uo is the preexponential term, and 
E, is activation energy. The increasing conductivity from 
5 to 10 mol % (LiCl), is the combined effect of increasing 
preexponential factor and decreasing activation energy. 
While the increasing conductivity at high lithium content 
(10-20 mol % (LiCl),) is mainly due to the increasing 
preexponential factor (Figure lob) since the activation 
energy is virtually constant. 

the activa- 
tion energy for conduction E, consists of two terms 

According to the Anderson-Stuart 

E, = ~ E B  Es (2) 

(26) Collongues, R.; Kahn, A; Michel, D. Annu. Reu. Mater. Sci. 1979, 

(27) Tuller, H. L.; Button, D. P.; Uhlmann, D. R. J. Non-Cryst. Solids 

(28) Anderson, 0. L.; Stuart, D. A. J. Am. Ceram. SOC. 1954,37,573. 

9, 127. 

1980, 40, 93. 
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Figure 10. (a) Isotherms of conductivity as a function of mole 
fraction (LiC1)2 for samples with a fixed A1203/Si02 ratio of 1/2. 
(b) log uo as a function of mole fraction (LiC1)2 for samples with 
a fmed A1203/Si02 ratio of 1/2. (c) Activation energy as a function 
of mole fraction (LiC1)2 for samples with a fixed A1203/Si02 ratio 
of 112. 

where AEB representa the electrostatic interaction between 
the mobile ion and the host network and Es is the elastic 
strain component. The electrostatic term hEB has the 
form 

zzoe2 zzoe2 MB=--- 
(r + ro) X/2 (3) 

where ze and zoe are the cation and oxygen charges; the 
radii of the mobile cations and oxygen are denoted by r 
and ro, respectively; X is the jump distance. The strain 
energy component is given explicitly by 

(4) 

where G is the modulus of the glass and rD denotes the 
"doorway radius" (i.e. "bottle neckw or minimum window 
needed for motion of ion). 

Since rD does not change significantly with addition of 
modifier ions:8a the change of Es with increasing lithium 
content is negligible. Thus, the major contribution to the 
change of E, is from AE,. With increasing lithium content 

Es  = 47&r~(r  - rD), 

(29) Martin, S. W. Solid State Zonics 1986, 18/19, 412. 
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with increasing A1203/Si02 ratio due to increasing numbers 
of mobile lithium ions associated with A104 units or non- 
bridging oxygens. In contrast, the conductivity in (Li- 
C1)2-B203-Si0, increases with decreasing Bz03/Si02 ratio 
due to increasing numbers of mobile lithium ions associ- 
ated with BO4 units or nonbridging oxygens. 

For xerogek at  a fixed A1203/Si02 ratio, the conductivity 
a t  500 "C increases exponentially with the mole fraction 
of (LiC1I2 and the activation energy decreases rapidly with 
the increasing (LiCl), content from 5 to 10 mol '% (LiCl)* 
However, E, remains nearly constant as the (LiCl), content 
increases from 10 to 20 mol '%. This constant activation 
energy is analyzed in terms of the competition between the 
decreasing jump distance, which tends to decrease the 
activation energy, and the increasing Coulombic interac- 
tion, which tends to increase the activation energy. 
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the fraction of lithium sites increases and the jump dis- 
tance, h, between lithium sites decreases. The decrease 
in jump distance, A, decreases aEB and E, (eq 3). The 
decrease of activation energy with increasing lithium 
concentration from 5 to 10 mol % (LiC1I2 is due to the 
decreasing jump distance with increasing lithium content. 

At high lithium content (10-20 mol % (LiCU2), the term 
zzoe2/(r  + r,) in A&, which describes the Coulombic in- 
teraction, increases with increasing lithium content and 
tends to increase E,,29 while the term zzoe2/(A/2) also 
increases with increasing lithium content (i.e. due to the 
decrease of A) and tends to decrease E,. The net result 
of this competition gives rise to the constant activation 
energy observed. 

Conclusion 
The gel-forming region of (LiCl)z-A1203-Si02 xerogels 

is larger than the corresponding gel-forming region of 
(LiC1),-B203-Si02 xerogels. The ionic conductivity of 
lithium aluminosilicate xerogels is higher with an appar- 
ently different mechanism than the corresponding lithium 
borosilicate xerogels. For samples with constant lithium 
content (20 mol % (LiC1)J the ionic conductivity increases 
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The objective of this study was to determine the reaction conditions that facilitate optimal formation 
of Ba,Y2OrCO2, a compound useful for the preparation of the high-temperature superconductor YB~Cu307,. 
B4Y20rCOz powders were prepared by conventional, colloid, and coprecipitation powder proceasing methods 
to assess the impact of the preparation technique and consequent particle mixing on the Ba4Y207*C02 
formation mechanism and kinetics. The phase assemblage and phase purity were assessed as a function 
of solid-state reaction temperature (950-1150 "C) and soak time (2.5-20 h). Phase-pure B4Y2O7CO2 was 
prepared with a 20-h soak at 1050 OC. However, the powder synthesis method played no significant role 
in phase development. This surprising observation indicates that diffusion of the reactant species probably 
is not a factor in promoting formation of B4Y2O7-CO2 as is observed in most solid-state reactions. Instead, 
Ba2Y2O5*2CO2 intermediate phase formation segregates the system to the extent that the degree of ho- 
mogeneity imparted by all three synthesis methods is equivalent. Formation of the Ba2Y,O5.2CO2 in- 
termediate may be related to nucleation and growth kinetics, which can be independent of the powder 
characteristics or mixedness of the system. 

Introduction 
Since the discovery of high-temperature superconduc- 

tivity in the La-Ba-Cu4 system by Bednorz and Miiller,l 
a number of oxide superconductors have been discov- 
ered.24 The most widely studied oxide has been 
YBa2C~307-z, although it does not have the highest tran- 
sition temperature. 

While myriad chemical synthesis routes (e.g., sol-gel, 
coprecipitation, liquid mix) to prepare YBa2Cu307, have 
been examined in the bulk state,'* conventional powder 
processing appears able to prepare a material with similar 
superconducting properties. Thus, for economic reasons, 
conventional powder processing is the preferred route. 
However, conventional powder processing is not without 
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drawbacks. A three-component mixture of powders (e.g., 
BaC03, CuO, and Y,08) must be reacted at  high temper- 
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