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Tetragonal silver(I,III) oxide, AgO, was prepared as a black powder by ozonation of Ag or Ag,O in 
aqueous suspension, and investigated by neutron diffraction and magnetic susceptibility measure- 
ments. It crystallizes with a body-centered tetragonal structure (a = 6.833(3), c = 9.122(4) A, space 
group 14,/a, Z = 16) and contains two nonequivalent Ag atom sites of which one shows a linear 0 atom 
coordination ([Ag(I)-0] = 2.18 A) and the other a slightly deformed square-planar 0 atom coordina- 
tion ([Ag(III)-0] = 2.02 and 2.04 A). The magnetic susceptibility data suggest diamagnetic behavior 
and the presence of an oxygen-rich impurity phase which orders antiferromagnetically at TN = 50 
K. 8 1986 Academic Press, Inc. 

1. Introduction square-planar coordinated Ag(II1) atoms (2, 
3). As expected the compound was found 

Silver oxide, AgO, is used in galvanic to be diamagnetic (4). 
cells of high-energy density (I). It usually Until recently the existence of a second 
crystallizes with a monoclinic structure (a AgO modification was a matter of contro- 
= 5.85, b = 3.47, c = 5.49 A, /3 = 107.5”, versy. Early X-ray powder diffraction data 
space group P21/c, Z = 4) which consists of on samples which were synthesized by oxi- 
a deformed face-centered cubic metal atom dation of Ag by ozone (5) were interpreted 
arrangement with equal proportions of lin- in terms of a tetragonal structure (a = 
ear coordinated Ag(1) and approximately 4.816, c = 4.548 A, Z = 4) built up by an 

unusual combination of Ag(I), Ag(II), Oz-, 

* To whom correspondence should be addressed. and 02- atoms (6). Magnetic measurements 
t Also at DCpartement de Physique de la Mat&e suggested that this modification was para- 

Condensee. magnetic (7). Later its existence was ques- 
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tioned by some workers (8) but confirmed 
by others on samples obtained by electro- 
chemical oxidation of silver with asymmet- 
rical current (9, IO). Its structure and prop- 
erties, however, were never investigated in 
detail, presumably because of difficulties to 
obtain samples of sufficient size and qual- 
ity. 

Recently, tetragonal silver oxide, AgO, 
was synthesized by a method (II) which 
yielded samples of sufficient size and purity 
to perform both neutron diffraction and 
magnetic measurements. In this communi- 
cation we report on the results of these 
measurements. 

2. Experimental and Results 

2.1. Synthesis. The tetragonal AgO modi- 
fication was obtained by ozonation of a sus- 
pension of Ag,O or Ag in stirred water. 
With an 0, flow of 2.6 g/hr at room temper- 
ature, 100 g of silver were totally oxidized 
in 20 hr. Three samples with 0 contents of 
AgOo.~, &Q.~, and &Ol.ll were pre- 
pared, corresponding to reaction times of 
20,29, and 40 hr, respectively. For compar- 
ison a fourth sample (AgOo.& containing 
the monoclinic modification was prepared 
by a method described previously (22). The 
oxygen contents were determined by chem- 
ical analysis and thermogravimetry. In con- 
trast to previous work (6, 9, 10) no metallic 
Ag or AgzO was found in any sample. 

2.2. Diffraction experiments. All samples 
were investigated by X-ray Guinier photo- 
graphs (Cuba radiation) and those contain- 
ing the tetragonal modification also by neu- 
tron powder diffraction. For the latter 
&Oo.~, AgOl.~, AgOl.ld the strongest 
lines of the X-ray patterns could be indexed 
on a tetragonal cell with a’ = 4.82 A and c’ 
= 4.55 A similar to that reported (6, 9, 10) 
previously. The diffraction intensities were 
consistent with a face-centered metal atom 
arrangement. However, overexposed 
Guinier photographs revealed the presence 
of additional diffraction lines of which the 

majority was attributed to the monoclinic 
modification of AgO. Their intensities were 
strongest in AgOr.06, indicating that this 
sample contained the highest concentration 
(about 5%) of monoclinic AgO. The remain- 
ing lines (in particular those at d = 5.46, 
2.89, and 2.15 A) could be indexed on a 
body-centered tetragonal cell with a = 
fi. a’ and c = 2 * c’, suggesting that the 
cell volume of the tetragonal modification 
had to be increased by a factor of four. No 
significant variation of the lattice parame- 
ters as a function of overall oxygen content 
of the samples was observed, indicating 
that the tetragonal phase had only a small 
homogeneity range. Apart from monoclinic 
AgO no evidence for the presence of other 
impurity phases was found in the samples. 
In particular none was found in the most 
oxygen-rich sample AgO l, l 1. 

The neutron diffraction patterns of sam- 
ples AgOo.9, AgOr.06, and AgOr.ll were re- 
corded at room temperature (Fig. I), and 
that of sample AgOl.ll also at 8 K (not 
shown here), by using the multidetector 
powder spectrometer DMC at the reactor 
SAPHIR (Wiirenlingen). The patterns were 
corrected for absorption (cylindrical sam- 
ple geometry) by using PR values of 0.261, 
0.222, and 0.201 for AgOo.99, AgOr.06, and 
AgOl.ll respectively, as determined by 
transmission measurements. Except for mi- 
nor intensity differences between the room 
temperature patterns, and a general inten- 
sity increase in the low-temperature pat- 
tern, they were all identical. They could be 
indexed on the same lattice as that used to 
index the X-ray patterns, thus confirming 
the body-centered tetragonal cell. The re- 
flections which were weak (or absent) in the 
X-ray patterns were generally strong in the 
neutron diffraction patterns, suggesting 
that their intensities were mainly due to ox- 
ygen atoms. The reflection conditions (hkl: 
h + k + 1 = 2~2, hkO: h(k) = 2n, 001: 1 = 4n) 
indicated space group 141/a (23). A struc- 
ture model was constructed and refined by 
the Rietveld method (14) with the room 
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FIG. 1. Observed, absorption-corrected neutron diffraction patterns for three samples of tetragonal 
silver oxide. (a) AgOo.%; (b) AgOr.m; (c) AgOO.,,; (d) observed, background-corrected (dots), versus 
calculated (solid line) neutron diffraction patterns (top), and difference pattern (bottom) of AgOo.,, 
(wavelength A = 1.189 A, angular step 0. I”, diameter of cylindrical vanadium container 8 mm). 

temperature data of AgOl.ll (Figs. lc,d) to a 
consistency factor of R1 = 0.066 (7 atomic 
and 2 cell parameters, a scattering angle 
zero point, and 3 profile parameters; 401 
nonequivalent reflections, neutron scatter- 
ing amplitudes used: 5.92 fm (Ag), 5.81 fm 
(0)). The most oxygen-rich sample, Ago,.,,, 
was chosen for the refinement to test for 
the possible occurrence of defects on the 
Ag sites. The results are summarized in Ta- 
ble I. Refinements based on variable occu- 
pancy factors for the metal atom sites 
( w(&(IN = 1 .0?(l), pp(Ag(III)) = 1.04(l)) 
gave no indication for the presence of de- 
fects in the structure. 

2.3. Magnetic measurements. The mag- 
netic susceptibilities of samples AgOO,%, 
AgO1.06, AgO,.,, (tetragonal modification), 
and Ag0o.x (monoclinic modification) were 

measured by using a SQUID magnetometer 
(25). The temperature was varied between 
5 and 250 K, and the applied magnetic field 
between 0.5 and 2 T. Results for the sam- 

TABLE I 

STRUCTURE DATA OF TETRAGONAL AgO 

Space group 141/a (No. 88, origin at center) (13) 
Cell parameters’ 0 = 6.833(3) A 

c = 9.122(4) A 
Atom positions” A&I) in 8c, 0, 0, 0, etc. 

Ag(III) in Bd, 0, 0, +, etc. 
0 in 16f, x, y. z, etc., x = 0.0798(3) 

y = 0.0130(5) 
z = 0.2128(3) 

Thermal parameters (x 100)" (d)Ag(III) = 0.58(6) A* 
W)&,(I) = l&3(8) A* 
mo = O&(4) Az 

Agreement factor@ R,, = 0.127, R, = 0.066, R. = 0.077 

’ Estimated standard deviations (14) of least significant dig- 
its given in parentheses. 

* For definition see Ref. (14). 
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FIG. 2. Temperature dependence of magnetic sus- 
ceptibility for three samples of tetragonal AgO. 

ples containing the tetragonal modification 
are shown in Fig. 2. As is usual in most 
cases, magnetic measurements are very 
sensitive to the presence of a very small 
amount of ferromagnetic and paramagnetic 
impurities and need to be corrected. The 
full curves in Fig. 2 represent the mag- 
netic susceptibilities per atom-gram, XA, 
corrected for ferromagnetic impurities 
(Ag0o.w: 1 ppm Fe, Ago,.%: 2 ppm Fe, 
AgOi.ii: 18 ppm Fe). The systematic in- 
crease of XA below 30 K was attributed to 
paramagnetic impurities (less than 150 ppm 
Fe*+ for all samples) and corrected by as- 
suming that their contributions follow a 
Curie law, i.e., by plotting xmeaS * T as a 
function of T. 

For the two oxygen-rich samples, AgOi., , 
and AgOi.06, the maximum of XA at T = 50 
K was attributed to the presence of a para- 
magnetic impurity phase which orders anti- 
ferromagnetically. The contribution of this 
phase to XA was estimated by assuming that 

it contained a localized paramagnetic mo- 
ment of 1.7 ,.&g (i.e., one unpaired electron) 
and by applying the Curie law. The amount 
of paramagnetic atoms calculated under 
these assumptions was less than 2 at.% for 
both samples. Increasing the assumed 
value of the magnetic moment decreased 
this value correspondingly. Taking into ac- 
count these corrections the dotted lines in 
Fig. 2 represent the extrapolated suscepti- 
bility values at T = 0 K (x*(O) = -8.5, 
-13.4, and -16.4 X lop6 emu/atg for 
AgOl.ll, &Q.~, and &Oo.~, rewc- 
tively). For AgOl.ll and AgOi,% the extrap- 
olation was made from above the transition 
temperature TN. For sample AgOo.W the ex- 
trapolated susceptibility was identical to 
that of sample Ag00.96 (monoclinic modifi- 
cation) and close to the calculated ionic 
susceptibility: xcAa’c(Ag+Ag3+(02-)2) = - 17 
x 10m6 emu/atg (partly filled shell ionic sus- 
ceptibility (16)). 

3. Discussion 

Tetragonal silver oxide, AgO, shows 
structural features similar to those of mono- 
clinic silver oxide, AgO (2, 3). Its metal 
atom arrangement forms a distorted face- 
centered cubic substructure which contains 
two nonequivalent Ag sites in equal propor- 
tions. One, Ag(I), is linear coordinated with 
respect to oxygen and has a bond distance 
of [Ag(I)-0] = 2.183(3) A (Ago,,,,: 2.18 
A), whereas the other, Ag(III), is nearly 
square-planar coordinated with respect to 
oxygen and has bond distances of [Ag(III)- 
0] = 2.019(l) and 2.037(3) A (Ago,,,,: 2.01 
and 2.05 A), and 0-Ag(III)-0 bond angles 
of 86.00(4)” and 88.95(4)” (Ago,,,,: 88.3 
and 91.6”). Both metal sites are inversion 
centers of the structure. The shortest Ag- 
Ag and O-O separations are 3.34 and 2.82 
A, respectively (Ago,,,,: 3.25 and 2.83 A, 
respectively). A comparison between the 
structures of the tetragonal and monoclinic 
modification is represented in Fig. 3. For 
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FIG. 3. Structure segment of monoclinic AgO (a) viewed approximately down the twofold axis, 
compared to that in tetragonal AgO (b) viewed approximately perpendicular to the fourfold axis. Unit 
cells indicated by solid lines. Full lines: metal-oxygen bonds. Open arrows indicate directions of third- 
nearest metal neighbors which differ in both structures. 

clarity only the partial structure around the 
oxygen atom (marked by 0) is represented. 
In both modifications the oxygen atom is 
coordinated by three silver atoms (two 
square-planar and one linear coordinated). 
These metal atoms occupy the corners of a 
slightly distorted tetrahedron of which the 
empty corner points toward a hole in the 
structure. The configuration of the nearest 
metal and second-nearest nonmetal neigh- 
bors is approximately the same in both 
structures. The structures differ mainly 
with respect to the directions of third-near- 
est metal neighbors, and the linkage of the 
latter via oxygen atoms to a three-dimen- 
sional network (see 0-Ag bonds marked by 
arrows). No simple shear operation appears 
to exist which allows to transform one 
structure into the other. 

Altogether, the structural features and 
magnetic properties of tetragonal AgO sug- 
gest that it is a silver(I,III) oxide much as 
monoclinic AgO. A point which remains to 
be clarified is the origin of the paramagne- 
tism found in oxygen-rich samples. It 
could be due to an oxygen-rich impurity 
phase (possibly a peroxide), not seen by 
diffraction methods, which orders anti- 
ferromagnetically at TN = 50 K. The ab- 

sence of a significant magnetic scattering 
contribution to the low-temperature neu- 
tron diffraction pattern of sample AgO,.i ,, 
and the failure to detect both lattice param- 
eter variations and significant deviations 
from stoichiometry during structure analy- 
sis support this assumption. The existence 
of an oxygen-rich paramagnetic silver oxide 
was suggested previously from interpreta- 
tion of the magnetic properties of a product 
obtained by oxidation of AgC104 with 
ozone (7). This phase presumably differs 
from the recently reported silver(II1) ox- 
ide Ag,03 (17) which is expected to 
be diamagnetic. 

Acknowledgments 

We are grateful to Miss H. Lartigue and Mrs. B. 
Ktlnzler for their technical assistance. 

References 

1. “Ullmann’s Enzyklopldie der technischen Che- 
mie,” Bd. 21, Verlag Chemie, Weinheim, 1982. 

2. J. A. MCMILLAN, J. Znorg. Nucl. Chem. 13, 28 
(1960). 

3. V.SCATTURIN,P.BELLON, AND A.J. SALKIND, 
Ric. Sci. 30, 1034 (1960); see also J. Electrochem. 
Sot. 108, 819 (1961). 



230 YVON ET AL. 

4. A. B. NEIDINC AND 1. A. K. KAZARNOVSKI, Dokl. 
Akad. Nauk. SSSR 78, 713 (1951). 

5. G. M. SCHWAB AND G. HARTMANN, Z. Anorg. 
Allg. Chem. 281, 183 (1955). 

6. A. S. MCKIE AND A. D. CLARK, “Batteries,” p. 
285, Pergamon, Oxford, 1%3. 

7. J. SELBIN AND M. USATEGUI, J. Inorg. Nucl. 
Chem. 20, 91 (l%l). 

8. J. A. MCMILLAN, Chem. Rev. 62, 65 (1%2). 
9. G. Z. KAZAKEVICH, V. A. KIRKINSKII, AND I. E. 

YABLOKOVA, Sou. Electrochem. 6, 355 (1969). 
10. G. P. EREISKAYA, T. A. LOZOVSKAYA, V. I. GON- 

CHAROV, N. P. GAIVORONSKAYA, AND F. I. 
KUKOZ, Sov. Electrochem. 10, 1236 (1974). 

11. P. TISSOT, Polyhedron, to be published. 
12. R. DALLENBACH, J. PAINOT, AND P. TISSOT, Poly- 

hedron 1, 183 (1982). 
13. “International Tables for Crystallography,” Vol. 

A, Reidel, Dordrecht, 1983. 
14. H. M. RIETVELD, J. Appl. Cryst. 2,65 (1969); see 

also R. A. YOUNG, E. PRINCE, AND R. A. SPARKS, 
.Z. Appl. Cryst. 15, 357 (1982). 

15. M. PELIZZONE AND A. TREYVAUD, Appl. Phys. 
24, 375 (1981). 

16. Landolt-Bornstein, Neue Serie, Bd H/2, Konig’s 
Tables 1-16. 

17. B. STANDKE AND M. JANSEN, Angew. Chem. Znt. 
Ed. 24, I18 (1985). 


