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New vitreous fast ionic conductors in the system B,O3;-Li,O~LiCl are described. The conductivity of
these glasses increases with the Li,O and particularly with the LiCl contents. A Raman and infrared study
undertaken to elucidate the “‘structure” of the glasses and the conduction mechanism indicates that the
structure consists of a “covalent” boron-oxygen network, in which LiCl is “‘diluted” without producing

detectable interactions with the latter.

Introduction

Storage batteries using superionic
conductors as solid electrolytes provide one
of the best solutions to the problem of energy
storage. A large number of such conductors
containing O*~ or F~ as the mobile anion, or
Li*, Na*, or Ag® as the mobile cation, have
been extensively studied (1-15). This paper
reports on new materials which have recently
been developed at the C.N.R.S. Solid State
Chemistry Laboratory at the University of
Bordeaux, and in which the ionic conduc-
tivity is due to Li" ions.” The lithium is lighter
and gives a larger voltage than the other
alkalines. It is the ion best suited for charge
transport. Solid solutions Lis+B7012+ /22X
(X=Cl, Br; O0=<x=1) have a high ionic
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conductivity o: LisB,0,2Cl, for instance, has
a o of 10707 ecm™ at 300°C (16).
Furthermore, it has been possible to obtain,
from B,03-Li,O-LiCl melts, glasses which
have a large existence region and ionic
conductivities comparable to that of
LisB70,,Cl (17). These glasses are of
considerable interest for practical applica-
tions (18), and they are much easier to work
with than crystalline materials.

It was thought for a long time (19, 20) that
vitreous B2O; consisted of interconnected
BO; triangles. However, it was recently
shown (21) by X-ray fluorescence excitation
that the structural units, irregularly bonded
to one another, are more probably boroxol
rings B3Os (Fig. 1). Mozzi and Warren (21)
also assume that the progressive addition of
an alkali oxide to B,Os (up to 20 nole%)
causes the appearance of BO, tetrahedra,
which would partially explain the so-called
“boron anomaly.”
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F1G. 1. Schematic representation of a boroxol ring
B30

To elucidate the conduction mechanism in
vitreous borates, one has to know their
“structures.” Since X-ray diffraction is not
the most advantageous for the study of
amorphous materials, we have used infrared
and Raman spectroscopy in an attempt to
determine the short-range structures of
borate glasses containing varying amounts of
Li,O and LiCl, with the goal of establishing
correlations between the structural and
conductivity properties.

Previous Results on Borate Glasses
Vitreous Region of the B,Os-Li,O-LiCl
System

The hatched area in Fig. 2 corresponds
approximately to the existence region of the

(icu,

8,05 c Liy0
A . LiyB;0p,Cl
B LigB,; 0,

FI1G. 2. Vitreous domain of the B,0;-~Li,O-LiCl
system (17) (the cross-hatched area corresponds to
high-performance ionic conductors).

C. B,05- 085 Liy0
D: B,0y-085 LiCl
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glasses (17). Outside this region the samples
are mixtures of crystalline phases. Point A
corresponds to the composition of the crys-

talline lithium Dboracite of formula
Li4B7012C1 (=B203043L120029LIC1),
and point B to Li5B7012.5C1

(=B,0,.0.57Li,0-0.29LiCl). According to
Levasseur et al. (22), the structure of Li
boracite is built up from a B,O3-Li;O and a
LiCl sublattice (Fig. 3). The three-dimen-
sional boron—oxygen framework consists of
tetrahedral BO, and triangular BO; units.
Three of the Li atoms form with chlorine a
Cl(Lij)s sublattice of the anti-ReOs type and
the fourth, Liy, occupies a tetrahedral site
with a 0.25 probability. It is this defect struc-
ture that is responsible for the ionic mobility
of the Li* ions (16).

Ionic Conductivity

The ionic conductivity of
B,05-xLi,O-yLiCl vitreous phases has been
determined by the complex-impedance
method (17). This method allows the role of
the solid electrolyte to be separated from
polarization effects at the electrodes
and permits determination of the ohmic
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© average positions M

(b} for Li1

FIG. 3. Boracite structure (} of the unit cell).
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resistance of a material. Figure 4 shows the
temperature dependence of the conductivity
of various glasses of definite compositions.
These glasses are good ionic conductors,
comparable with LisB;01,Cl1 and
NaAl;;0;47; their performance increases
with increasing Li;O and LiCl contents,
particularly with the latter (23).

To obtain information on short-range
order in these glasses, we undertook a
Raman and infrared study; the results are
presented below. A complete study of ionic
conductivity, as a function of Li,O and LiCl
contents, and a concomitant NMR and ESR
study are in progress.

Vibrational Spectra

As already mentioned, ir and Raman
spectra can be expected to provide informa-
tion about short-range structure in glasses.
Though some similarities with the spectra of
the crystal of the same substance often occur
(24), broad and continuous bands dominate
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Fic. 4. Temperature dependence of electrical
conductivity for some glasses of definite composition in
the B,0;-Li,O-LiCl system and for LizB;0,,Cl and
B-N8A111017 (9)
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the spectra of glasses. On the other hand,
Raman scattering of glasses is very strong
compared with the usual second-order
Raman scattering in crystals and, for a given
substance, is comparable in integrated
intensity to the narrow discrete bands which
characterize first-order scattering in crystals
(25). Disorder in a glass has been shown to
produce a breakdown in the K=0 Raman
selection rule and all modes of vibration are
allowed to participate in the scattering. This
led Shuker and Gamon to conclude (25) that
Raman scattering in disordered materials is
first order and is closely related to the vibra-
tional density of states. The total observed
scattering intensity, Ios(w), of the Stokes
component is given by (25):

Lobs,, = (/20)[n(w) +1] % Cigp(w),
(1

where g,(w) is the density of states for a
vibrational band b ; C, represents the derived
polarizability tensor elements, which are
assumed to be frequency independent for a
given band b but to depend on the band
considered; and n(w)=[exp(hw/KT)—1]"
is the Bose Einstein population factor.

No systematic study of the vibrational
spectra of lithium borate glasses (systems
B203—Li20 and B203—L120—L1C]) has been
reported so far. However, the amorphous
systems B,03-xNa,O and B,03-xK,0 have
been recently investigated by Konijnendijk
(26) and by Bril (27); the vibrational spectra
of these glasses have been compared with
those of numerous appropriate crystalline
compounds (26-28). The results have
confirmed that vitreous B,Oj; is built up from
a random network of boroxol rings, B3Os
(Fig. 1). On adding up to about x =0.25
Na,O or K,O to B,0O3 glass, the appearance
of new features was observed and assigned to
the presence of triborate groups (27) (Fig. 5).
However, from a comparison of melting-
point depression (29) and NMR (30)
measurements, Konijnendijk concluded that
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F1G. 5. Some structural units of crystalline and
amorphous alkali borates.

the triborate groups were in fact
incorporated in the more complex tetra-
borate units (28).

In the composition range between x =
0.25 and x = 0.54, the tetraborate groups are
progressively replaced by diborate groups as
the alkali content increases. At x =0.50 a
small number of isolated metaborate rings,
B1;0¢”", is probably also present (28).

Experimental

The glass samples were cut with diamond
tools into parallelepipeds of about 10 x 10 x
5mm® and the surfaces carefully polished.
All samples of compositions B,Oj5 xLi,O
and B,05-xLi>O-yLiCl were colorless and,
after polishing, completely transparent.
Because of the hygroscopicity of powdered
compounds containing B,0;, the infrared
reflection was measured on freshly polished
surfaces of bulk material.

IRION ET AL.

Raman scattering experiments were per-
formed with a Coderg T-800 triple mono-
chromator instrument coupled with a Spec-
tra Physics Model 171 argon ion laser. We
used the emission lines at either 488.0 or
514.5 mm with an incident power of less than
1.5 W. Typical slit widths were about 3 cm .
The detection was made withan EMI 9558 A
cooled photomultiplier, coupled with a dc
amplifier.

In the far-infrared region, between 10 and
300 cm ™, several spectra were studied using
a Model FIR 30 Polytec Fourier-transform
interferometer. Spectra in the middle-
infrared region, 250-4000 em™', were
recorded with a Model 180 Perkin—-Elmer
double-beam spectrophotometer equipped
with a reflection unit which allowed
measurements at an incidence angle of about
11°.

Results and Discussion
Pure B 2 O 3

Pure boron oxide glass is characterized by
a strong, rather narrow (Av;;,;=10 cm™ )
Raman peak at 806 cm™' and by infrared
reflection maxima at 656, 1276 (very strong),
and 1492cm™'. The strongly polarized
Raman peak at 806 cm ™' has been assigned
by Kristiansen and Krogh-Moe (31) to the
trigonal deformation of the boroxol ring (Fig.
6). However, Bril (27) has recently advanced
arguments (based on a comparison with
crystalline sodium metaborate Na;B3Os) in
favor of assigning the 806-cm ™" peak to the
symmetric ring breathing vibration of the
boroxol ring (Fig. 6). On the other hand,
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FI1G. 6. The two possible symmetric vibrations of the
boroxol ring responsible for the 806-cm ™ Raman peak.
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(32 33) to B—O stretching vibrations,
whereas the weak band at 656cm ' may

correspond to the bending motion of the
B-O-B centers within the network (32)

Binary System B,Os—xLi,O

Raman spectra. The addition of Li,O to
B,0O; produced significant changes in the
Raman spectrum. In particular, the progres-
sive disappearance of the 806-cm ™' peak was
acccmpameu U_y a 1ap1u increase in the
intensity of a new strong, polarized peak at
780 cm™'. At 0.05 < x <0.25 both peaks are
present in the spectra of the B,0Os-xLi,O
glasses, while at x = 0.33 the 806-cm ™" peak
had compietely vanished. Further addition of
Li,O, up to the boundary of the glass region,
resulted in a continuous broadening of the
780-cm™' peak and a slow shift of its
frequency to 772cm™ at x =0.56 (Fig. 7).
Similar trends in the spectra of amorphous
B.03-Na,0 and B,03-K,O have previously
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Asshown by NMR (34), onintroducing an
alkali oxide at concentrations of up to x =
0.25 into vitreous B,03 (B,03-xLi,0), the
coordination number of some of the boron
atoms in the boroxol rings changes from
three to four. A BO,; unit can be
incorporated in a boroxol ring in various
ways (27). The simplest hypothesis is to
imagine that the boroxol rings are progres-
sively replaced by triborate groups (Fig. 5). If
this is so, at ¥ = 0.33 all boroxol rings must be
transformed, for reasons of stoichiometry,
into triborate groups. Indeed, the 806-cm ™’
peak, characteristic of boroxol rings,
vanishes at this composition. Following Bril

. -1
(27}, we assign the new 780-cm

Raman
band to the symmetric breathing vibration of
a six-membered borate ring with one BO,
group, i.e., of triborate groups (Fig. 5). Bril,
however, in the case of sodium borate glas-
ses, argued that structural groups with a
higher content of BO, units are also present
in this concentration range, e.g., diborate,
ditriborate, or dipentaborate groups (Fig. 5).
In contrast, in the case of potassium-borate
glasses, Konijnendijk (28) concluded that
tetraborate groups are predominant at these

concentrations (i €.,
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structural groups with

fewer BO, units than the triborate). Note,
however, that at x =0.25 (the tetraborate
concentration) boroxol rings are still present
in the lithium-borate glasses (Fig. 7),
whereas lncy shouid have been Complelely
transformed if only tetraborate groups are
formed. Thus, the assignment of the 780-
cm™' line to the presence of predominant
triborate groups seems to us a reasonable
hypothesis, even though more compiicated
structural units containing BO,, such as
tetraborate groups, may turn out to be also
responsible for this peak.

On further addition of LiO (0.33<x<
0.56), the number of BO, units relative to

BO; units increases. Again, several
combinations are nneuhl e.g. formati
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diborate or ditriborate groups (Fig. 5), as
suggested by comparing the Raman spectra
of glasses in this composition range with
those of crystalline Li,O -B;0; and K,O-
B,0O; (28) which contain such structural
units. Then the small frequency shift of the
main peak in the spectra of B,O;—xLi,O
(0.33<x<0.56) glasses from 780 to
772 cm™" might be due to the formation of
diborate and/or ditriborate groups. Konij-
nendijk (28) argued that essentially diborate
groups are present in the corresponding
concentration range of B;03;—xK;0 glasses.
There is, however, a serious difficulty in the
assignment of the 772-cm ™" line to diborate
groups: crystalline Li,O-2B,03 and ZnO-
2B,0; both contain diborate groups only
(35, 36), but their Raman spectra are dras-
tically different (28). In particular,
Zn0-2B,0; does not present strong features
around 770cm™', whereas Li,O-2B,0;
does, and it is not at all obvious that solely the
influence of the Zn®* on the spectrum of the
diborate group can account for such strong
differences in this range of frequency. Thus
in the absence of further structural and spec-
troscopic investigations, we assign the 772-
cm™ ' peak in the glasses B,Os-xLi,O to the
presence of ditriborate and possibly of
diborate groups.

We also found in our spectra (Fig. 7) weak
and, compared with the peaks at 806, 780,
and 772 cm™’, very broad bands at about
500, 650-700, 950, and 1400-1500 cm™’,
similar to those observed in the Raman
spectra of the corresponding sodium and
potassium glasses (28). No attempt has been
made to analyze their origin because of the
lack of additional information. However,
following the theoretical considerations of
vitreous networks developed by Brawer
(24), the strong and relatively narrow peaks
at 806 and 780~772 cm ™" should correspond
to localized Raman modes. This agrees with
the assignment of these peaks to ring breath-
ing vibrations (27). The broad and poorly
defined features reported above more likely
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correspond to extended vibrations resulting
from vibrational coupling among a large
number of atoms in the glass (24) rather than
to a single mode.

Finally, in the 26- to 88-cm ™' region, near
the exciting line, a large, broad peak is
observed; in contrast to all the other Raman
features, it is only weakly polarized. This
peak, which in pure B,O5 occurs at 26 cm ™',
shifts in the B,O;-xLi,O glasses progres-
sively with increasing Li,O contents to
88 cm ' at x =0.56. The corresponding low-
frequency feature in the spectra of B,O;—
Na,O glasses has been assigned by Bril (27)
to a band of modes due to translational and
librational motions of network fragments.
Bril has also related the frequency of the
observed maximum to the size of these
fragments. This line of argument has to be
viewed with some caution because of the
population effect at low frequency (25).

Indeed, a similar peak appears in most
glasses and is caused by the competition
between the decreasing density of vibra-
tional states and the increasing thermal
population that occurs as the vibrational
frequencies decrease toward zero. Thus, it is
necessary to consider the “reduced” Raman
intensity (25), which is defined as

Lea(@) = 0|n(w)+ 1| Tops(w)
=(h/2) % Cogr(w), (2)

where n(w), Cp, and g,(w) are the same as in
Eq. (1). I;eq is now more closely related to the
frequency distribution, and its frequency
dependence is shown in Fig. 8. The strong
peak at 26-88cm™' of the I, spectra of
B;O;5-xLi;O (0.33<x<0.56) glasses
almost disappeared: in the reduced I,, spec-
tra, only a broad, weak shoulder persists at
low frequency (Fig. 8). Exceptionally, the I,
spectrum of pure B,O; exhibits a maximum
at about 140cm™ and a shoulder near
90 cm ™. However, a maximum is always
present in the reduced I, spectra for all
compositions, and it shifts from about
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130cm ' at x =0 to about 180cm™" at x =
0.47. This maximum now appears more
likely to correspond to a maximum in the
frequency distribution and to the trans-
lational and librational motions of network
fragments. Also, no localized vibrational
mode involving the alkaline ions can be
identified in the spectra of B,O3-xLi;O. Itis
possible that such vibrations involving the
Li* ions are included in this low-frequency
distribution and are partially responsible for
the frequency, shift of the maximum observed
on the addition of Li,O.

Infrared reflection spectra. Infrared
reflection spectra of B,O5-xLi,O glasses in
general show three mean maxima which, for
0 < x <0.33, shift slowly in frequency and
relative intensity with x (Fig. 9). The three
peaks at 1492, 1276, and 656 cm ™' in the
spectrum of pure B,O; are progressively
replaced by peaks at 1376, 920, and
676 cm ', respectively. In particular, the
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FiG. 9. Infrared reflection spectra of B,O; and
B,03-xLi,0 glasses of definite compositions.

strong B,O; band at 1276 cm™! has nearly
disappeared at x =0.33, which is consistent
with the assignment of this frequency to a
B-O stretching vibration of the boroxol ring.

The spectral evolution is again similar to
that reported for B,O5-xNa,O glasses (28)
and may be compared with the above evolu-
tion in the Raman spectra, where the B,0;
features also disappear at x=0.33. A
detailed assignment of the infrared reflection
maxima is not at all obvious, since the
observed broad bands are certainly due to
the overlap of absorptions arising from
several vibrational modes. However,
comparison with the infrared spectra of
appropriate crystalline borates suggests, in a
qualitative fashion, that up to x =0.33 the
observed spectral changes are due to the
formation of primarily triborate and tetra-
borate groups and to the gradual disap-
pearance of boroxol rings. In the composi-
tion range 0.33 <x <0.56, ditriborate and
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possibly diborate groups are assumed to be
present. This conclusion is again slightly
different from that given by Konijnendijk
from an infrared study of sodium-borate
glasses (26, 28), in which diborate groups
have been determined to be predominant.

Ternary System B>O3-xLi,O-yLiCl

The Raman scattering and infrared
reflection spectra of B;05-xLi,O-yLiCl
glasses of various compositions are shown in
Figs. 10-12. No new features are detected
compared with the spectra of the
B203-xLi,O glasses (Figs. 7 and 9); for a
given x, the spectra of the binary and ternary
compounds are nearly identical. Only a slight
difference is found in the low-frequency
range of the Raman spectra: The relative
intensity of the 0- to 400-cm™' band
increases with the LiCl concentration, but no
striking modification of its shape or of the
position of its maximum is observed. The
far-infrared reflectivity also increases with
increasing LiCl content, but no maximum in
the reflection spectra can be detected
between 15 and 500 cm™*. Thus, as for the
binary B,Os;-xLi,O glasses, no localized
vibrations involving the Li* ions can be
detected in the ternary compositions. The
relative increase in the intensity of the low-
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frequency distribution on the addition of
LiCl again suggests that such vibrations
contribute to the broad scattering observed
at 0-400 cm ™. It may thus be concluded that
the addition of LiCl does not produce any
major modification in the vitreous boron-
oxygen network, and the interpretation of
the vibrational spectra of simple borate glas-
ses may be extended to the spectra of the
conducting ternary compositions.

No similarity could be found between the
Raman spectrum of the crystalline boracite
Li4B7012C1 (=B203'043L120'030L1C1)
(Fig. 13) and that of a glass nearest to the
boracite composition (Fig. 10). This result,
which is not very surprising, is compatible
with the overall interpretation of our
findings. The tri- and tetraborate groups, and
the diborate groups, present in vitreous
material of corresponding compositions,
have not been found in the crystalline
boracite.

Conclusions

Comparisons of the Raman scattering and
infrared reflection spectra of B,Os-
xLi,0-yLiCl and B,O3;-xLi,O glasses give a
clear indication of the existence of a
“covalent” boron-oxygen network whose
structure depends on the relative concen-
trations of B,0O3 and Li,O. In this boron-
oxygen “lattice’ LiClis apparently ‘“‘diluted”

. 184
Li,B; 0y, CL 610

INTENSITY —

308

—~

1500 1000 500 0
cm

FI1G.13. Raman spectrum of a single crystal of
boracite, Li4B70,,Cl (=B;05-0.43Li,0-0.30LiCl).
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without producing strong interactions, as
they have not been detected by vibrational
spectroscopy even for the relatively high
LiCl concentration of y = 0.55.
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