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Final Report on AFOS.. .... ...-.

During the period 1975-1961 we endeavored to characterize two classes of
silver-ion solid-state electr6lytes for pot,ntial u~e- in bMt.erie, of
structure Ag/X/Agl and other similar anode/cathode chemistry; here X is the
electrolyte. Ko3t of our attention was focused upon the stoichiometric I
compounds arising from. mixtures of Agl and Ag W . The, phase diagram for,
this system was initially studied by Takahashi ad his colleagues in the

Applied Chemistry Department at Nagoya University, Japan; furthe:c detailed
analyses of some of the phases resulting from AgI + A-21-M mixtures was also
carried out by Geller and his co-workers at The Universit of Colorado. In
our work specimens were received from Geller and from Takahashi and were
found to be Lquivalent for the purposes of our measurements.

In 1980 the principal investigator of this grant, Prof. J. F. Scott, traveled
to Japan as guest of the Physical Society of. Japan to present lectures on
the work supported by this grant. At this time several days were spent in
Na oya to permit detailed exchanges of scientific information,.part.icularly

with Prof. Takahashi, who had become a collaborator in the work on Ag261W4016.

The initial work by Takahashi et al, on the AgI + Ag2WO family revealed at
least four stable stoichiometric phases of general formua, Ag i (VIO)
X-ray crystal) ographic measurements by Chan and Geller permitd 4 z
unambiguous determination of percentages x,y, and z for the compound which had fi
dIisplayed the best ionic conductivity. This material, originally labeled
Ag 6 I4 WO4 by Takahashi et al., was found to be Ag!3I9 W 21 0 and i usually written

as Ai 1J 3O1 in order to display exolicitly the unusual id 0 ion. It is
'Q2b 81 16

notewort~y that this ion is octahedrally coordinated, in contrast to the more
usual tetrahedral coordination of WO in tungstates (such as the scheelite
family, etc.). 4

Ag I dO0 had its potential use as a solid state battery electrolyte recognized
immdit ly during the work by Takahashi et al., and in f.ct it was used to
produce a "super-ionic" cell shortly after its discovery. For that reason it was
emphasized in all our spectroscopic and electrical measurements.

As a first step in our understanding of the microscopic dynamics characterizing
lattice properties and ionic conduction in this class of materials, we began
with an analysis of the starting material, Ag2 WO, since it has none of the

complications associated explicitly with silver Ion Tobility and general
behavior. In addition, the original electrical work had revealed a break in

slope in its electrical conductivity at about 300 C, suggestive of ionic
conduction. It was therefore essential to understand whether some ion,4c
conduction was prerent in this family of crystal even in the absence of silver
ions; such conductivity could in principle arise from defects or vacancies, .

particularly oxygen vacancies. Our combined spectroscopic and e ectrical
results on Ag2 .WO were published in Materials Research Bulletin. They showed
spectroscopic ana electrical anomalies near the temperature at which Takahashi's
group originally found a change in slope in conductivity versus temperature;
however, our results showed that this phenomenon was not a simple phase
transition: The kinetics were irreversible and interpreted as simple chemical
de:-radation. The laser iaman spectroscopy was especially revealing' .n this
respect; the spectral changes noted were not in the low-frequency si ver-ion
vibrations, but in the tungsten-oxygen stretching modes near S00 cm , This leads
us to hypothesize that oxygen was being lost from the crystal at slightly A
elevated temperatures. Appoved toi 0ub1±o zeeoaa81 12 29 0 0 dlatw~butlon unhin~red.
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Such a hypothesis of oxygen loss at elevated- temperatures was in total
dikee;rnent with the weight measurement on Ag WO reported- earlier in the
Ph.D. thesis of Bottelberghs at Utrecht, but wis onfirmed in siubsequent
measurements by our group. Eost important, this conclusion permitted the
growth of very large single crystals of Ag 6 I W,0 subsequently at our
university, for we concluded that if oxygen were 16st from Ag 2 WO at such
modest temperatures (3000c), that a similar process must be goini on in the
growth of Ag I1 W 0 , resulting in a deviation from stoichiometry and
difficulty in proddclng large single crystals. Workin$ under this hypothesis,
Prof. Ge)ler and his assistants attempted to grow Ag2I W 0.6 under much
higher overpressures of oxygen (7 atm) than had ever been used before. The
results were inmediateli successful, with single crystals of order 1 cc
resulting.

Thus armed with both an understanding of Ag 2 O and large specimens of
Ag I ', O t we proceeed to obtain and anlyie the laser Raman spectra of26 1g'ia '16 eAg 2 we we proceededec tor obtinanthe latr material. In the initial study we fAmd~evidence for two
structural phase transitions: a superionic one near 2800K. was continuous;
and a ferroelectric one at 199 0 K was nearly continuous (slightly first order).
In addition a small anomaly was also observable at 247 K but was too ambiguous
in the early mgasurements to be identified clearly as a third phase transition.
A second study of these phase transitions characterized the ferroelectric
properties near 1990 K in more detail, yielding the Curie constants, demonstrating
the exoected nean-field behavior, and measuring the hysteresis. It al-o=¢'produced the frequency dependence of thq g.c. conductivity, which was found not-

to agree with the predictions of Lines."" but with a more general theory of
1abbal, from our own 4"qo F, as well as with experimental results on related
superionic materials. . The important qualitative point is that the a.c.
conductivity in the superionic phase varies linearly with frequency at low

frequencies, and not quadratically (the quadratic prediction is that of Lines

Our fial study of the three phase transitions in Ags empoyi was made via
specific heat techniques employin- scannin-7 calorime ry. ese studies confirmed
our earlier hypotheses: that the transition near 280 k was second-order and to
a superionic state; and that the transition at 199 K was slightly first-order. In

0
addition, the third tentatively observed transition at 247 K was also found to be
first order. Thermal hysteris widths for both first-order transitions were
measured. Characteristics for all three transitions were found to be in accord
with predictions of the phenomenological theories generally in use for ferro-

electrics; parameters characterizing the free energy of Ag I W 016 were evaluated
or at least estimated. The shape of theC (T) curve near the secon -order

transition at about 2 80K was fitted and found to be in accord with theoretical
nredictions. 2i4ly, the electrical conductivity temocrature dependence reported
by Geller et a!. above 2000]1 was reconciled: Because of Geller's failure to
reconize the gecond-order transition at 20°K, he had fitted his conductivity
data above 247 :. to a bizarre, nonlinear temperature dependencu; this was simply
wrong, and inciaentally resulted in the equally erronge S n
is an ionic con1uctor, fully disordered, above 247 ,"41
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Two other systoms were analyzed during the course of work sponsored by
'this grant. The first of these was strontium tetraiododiargentate
octahydrate (SrAg I 4*8H O). The primary motivation for the study of this
material is that ±had baen observed previously that anhydrous compounds
of silver halides with strontium or barium halide 4 were unobtainable under
normal growth conditions. It had been speculated- that this is due to

Off the particular coordination requireamnts of the alkaline earth ions, and
that the addition of waters of hydration would allow that coordination ..
to be satisfied. Thus, SrAg I .8H 0 was selected for study, even though it

t is not itself an ionic conductar, Because its understanding should lead to
the ability to comprehend subtleties involving anhydrous double salts of
silver which are of more practical utility.

Two results of interest were obtained for SrAg2I .8H 0. Firstly, it was
determined that the energies of the silver ion v ra ions were higher than
in silverelectrolytes, in general, with the two loweft lying modes at 65
and 251cm (compared, for example, with 23 and 32 cm in RbAg4 I5 or 20 and
35 cm in Ag 6I W 0 6 )1 this is compatible with tighter silver ion bonding -l
in the nonconiuciXng c6mpounds. Second, the very low frequency mode at 25 cm
remains underdamped in saturated aquaeous solution, confirming the hypothesis

Sof Geller and Dudley that "it isrbable thatthe saturated solution itselfbe e
contains..AgI4 chain entities." The spectral verification of intact AgI44 ,4

chains in an aqueous solution of ionic compound is itslf 2 ighly unusual,!ialthough similar evidence has been reported for NiC1 2

The second system we studied during the last jear of AFOSR grant NP77-3105A
wac pyridinium silver iodide, (C H NH)Ag5 I . This material has a sufficiently
hi.h ionic electrical conductiviy to Qal+y as a practicalmaterlql for silver
ion batteries (30 inverse ohm-cm at 1000C).- Its crystal structure-" in the
ordered phase below 50°C is P6/mcc with two formula groups in the primitive
hexagonal unit cell. The phase transition at 50°C is thought to be order-
disorder, involving sil Fr ion hopping with an activation enthalpy of 0.21 eV.
Our spectroscopic study confirmed the order-disorder character of this phase
transition, and further showed that the silver ion vibration whi changes from
vibrational (and underdamped) to diffusive at 50°C lies at 32 cm at ambient
temperatures (295K). -his mode is considerably broader in width (full width at
half maximum is 24 cm at 295K) than all other vibrations in the crystal, but
it remains a propagating excitation up until 50°C. Its temperature dependence of
linewidth and cross-section contains the dynamic information of interest
regarding the kinetics of silver ,ion behavior in the region of interest above
room temperature.

In summary, the studies performed under AFOSR grant NP77-3105/A have permitted an
understanding of the microscopic dynamics of three families of silver salts of
importance for Rolid state batteries: the Ag I (WO) family, which already has
seen device application in Japa,.j' the pyrilixium shiver iodide family, which
has ionic conductivity near that of RbAg I ; and the hydrates of silver-barium
and silver-strontium, which cannot yey be grown at ambient pressure in the
amorphous (and presumably conducting) forms. i



Referencess .
1~T. Takahashi? S. Ikeda# and 0. Yamamoto, J. Electrachem. Soc. 119, 477 (1972).
2Lilian Y, Y, Chan and S, Geller, J. Solid State Chem, 21, 331 (1977).

3) A, TUrkovic, D. L. FOX, J. F. Scott, so Geller, a~nd G. F. R118e, Mat.. ReO. Bull.
12, 189 (1977).

4) P. H. Bcttelberghs, Thesis, Utrecht (1976) t "Phase Diagrams and Solid State

Electrochemnical Properties of Some M X0 CompoundmD" p,29,
5) F. Habbal, J, A. Zvirgods, and j. F, Scht, J.* Chem. Phys. 69, 4984 (1978).
6) 3. F. Scotto F. Habbal, and J. A, Zvirgadso ., Chem,. Phys. 72, 2760 (1980).
8) M. E. Lines, Phys. Rev. B19. 1189 (1979).

9) F. Habbal, J. Phys. C12, L789 (1979).
1~0) 1. M, Hodge, M. 0, Ingram, and A. R. West, J. Am. Chem, Soc. 59, 360 (1976).
11) R. D. Armstrong and K. Taylor, 3. Electroanal. Chem. 63p 9 (1975).
12) A. L. Greer, F. Habbal, j. F. Scott, and T. Takahashi, 3. Chem. Phys. 73, 5833 (1980).
13) S. Geller, S. A. Wilber, G. F. Ruse,"3. R. Akridge, and A. Turkovic, Phys. Rev.

B21, 2506 (1980) .
14) S. Geller and T. 0. Diudleyr Jr., J. Solid State Chem.
15) R. A. Howe, W. S. Howells, and J. E. Enderby, 3. Phys. C7, Lill (1974).
1G3) M. P. Fontana, Sol. St. Coimmun. 18, 765 (1976).
17) G. Maisano, P. Migliardo, F. Wanderlingh, and M. P. Fontana# J. Chem* Phys. 68,

5594 (1978)) 69, 676 (1978).
18) A. K. Soper, G. W. Neilson, J. E. Enderby, and R. A. Howe, J. Phys. CIO, 1793

(1977)1 N. Quirke and A. K, Soper, J. Phys. ClO, 1803 (1977).
19) C. M. Sorensen and J, F. Scott, J. Phys. SjO, 1,115 (1977).
20) R. Mills, N. H. March, P. V. Giaquinta, M. Parrinello, and M. P. Toso, Chemt.

Phys. 26, 237 (1977).
21) D, 3. Toms and J. F. Scott, j. Chem. Phys. 74, 3723 (1981).
22) S. Geller and B. B. Owens, J. Phys. Chem, Solids 33, 1241 (1972).423) S. Geller, Science 176, 1016 (1972).
24) S. Geller, Past Ion Transport in Solids: Solid State Batteries and Devices,

edited by W. van Gaol (North Holland, Amsterdam, 1973), p.607.
25) T. Takahashi, Superionic Conductors, edited by G, D. Mahan and W. L. Roth

(Plenum, New York, 1976), p.3791 H. Ikeda, "Solid State Electrochemical cellF (Memoriode)" in Rechargeable Batteries in Japan, edited by Y. Miyake and
A. Kozawa, (JEC Press, Cleveland, 1977), p.441.[1

I 4

A~



Ii.. ... MM I S-Wff -, -

'ublications resulting from AFOSR grant NP77-310S/As 24
1) "High Temperature Raman Spectroscopy of Silver Tetratungstate, Ag8W4 01 6 ,"

Materials Research Bulletin 12, pp.189-196 (1977), by A. Turkovic,
D. L. Fox, J. F. Scott, S. Geller, and G. F. Ruse.

2) "Raman Spectroscopy of Ag I, WAO1 " Bulletin of the American Physical
Society 23, 303 (1978), b JAiM A Zvirgzds, Fawwa - Habbal, and J. F. Scott.

3) "Raman Spectroscopy of Structural Phase Transitions in Ag 6IW 0 ," a
Journal of Chemical Physics 69, 4984-4989, by F, Habbal, 3. A? P gzds, and
J. F. Scott (1978).

4) "Ferroelectric Phase Transition in the Superionic Conductor Ag I1 WO 16.'"
journal of chemical Physics 72, 2760-2762 (1980),by 3 .F". SO4,8
F. Habbal, and J. A. Zvirgzds.

5) "Raman Spectroscopr, of Strontium Tetraiododiargentate Octahydrate, SrAg I .8H20 ,
and its Aqueous Solutions," Journal of Chemical Physics 70, 1236-1239 (f919),
by F. Habbal, J. A. Zvirg~ds, A. J. Hurd, and J. F. Scott.

6) "Raman Spectroscopy of the Superionic Conductor Pyridiniim Silver Iodide,
(C H NH)Ag I , in the Ordered Phase," Journal of chemical Physics 74,
371-3725 J1081), by D. j. Toms and j. F. Scott.

7) "Specific Heat Anomalies and Phase Transitions in the Solid Electrolyte
Ag2 6 I W4 0 ," Journal of Chemical Physics 73, 5833-5837 (1980), by A. L.
Greer, F. Jbba1, J. F. Scott, and T. Tkahhasi.

All of the above publications explicitly acknowledge AFOSR support.

Ph.D. students and postdoctoral research associates supported wholly or in partby AFOSR gzant NP77-3105/A and their subsequent employment:

D, L. Fox, Bell Telephce Laboratories, Murray Hill, NJ (Ph.D. 1979).
Go E. Feldkamp, Bell Telephone Laboratories, Holmdel, NJ (Ph.D. 1981).
A, J. Hurd, Brandeis Uni-ersity (Ph.D. 1981).

Postdoctoralst
F. Habbal (now on the faculty at Harvard university)
D. J. Toms (Univ. Colorado)

L


