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The hollandite family of crystal struc-
tures conforms to the general formula
[A][B,Cs-,]046, x = 2 (I). The compara-
tively large A cations may be monovalent
or divalent (Na, Ag, K, Rb, Tl, Cs, Sr, Ba,
Ra, Pb), while the smaller cations making
up the octahedral [B,C)30,¢ framework in-
clude di-, tri-, tetra-, and pentavalent spe-
cies such as Mg, Cu, Zn, Co, Ni, Al, Ga,
Fe, In, Cr, Si, Ge, Ti, Mn, Sn, and Sb. The
B cations are usually less abundant and of
lower valence than C cations. The holland-
ite structure consists of paired chains of
edge-linked (B,C)O¢ octahedra that are con-
nected at their corners to form a framework
of tunnels either (2 X 2) or (1 X 1) octahe-
dra in cross-sectional dimensions (/). The
large A cations are located within the (2 X
2) tunnels typically in eightfold coordina-
tion to oxygen (e.g., (2)) although in excep-
tional cases tunnel cation coordination may
be as low as six or as high as ten. Titanate
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hollandites with comparatively large
(B,C)O¢ octahedra are readily synthesized
at ambient pressures (3, 4). On the other
hand, silicate and germanate hollandites
with their smaller octahedra require stabili-
zation by high pressures where sixfold co-
ordination of Ge*t and Si** to oxygen is
preferred (5). Hollandites have attracted
considerable interest as supposed super-
ionic conductors (e.g., (6)), and as crystal-
line hosts for high level radioactive waste
elements (7). Accordingly it would be use-
ful to have an easy means of predicting the
stability of hollandites containing a variety
of tunnel and framework cation combina-
tions.

Two papers which make use of radius ra-
tio considerations have appeared on this
subject. In the first, Kinomura (8) obtained
a narrow range of Goldschmidt tolerance
factors (¢) (9) for a series of titanate, germa-
nate and stannate hollandites. The same ap-
proach was followed by Pentinghaus (70,
11), who concluded that cesium was too
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(R +R)N2=r41,

F1G. 1. BOg octahedral motif of cubic perovskite
projected along the x axis. The equation describes the
condition for a large A cation to fit exactly into the
cavity within the BOs motif. Oxygens occur at x = 0
(small open circles) and x = } (small filled circles). The
larger A cation is placed at x = }. For clarity, the B
cations of the BOg octahedra have not been shown.

large to be accommodated in the titanate
hollandite ‘‘Cs,AlTicO1.”” However, the
tolerance factor used by the above authors
was formulated to predict, in a general way,
the stability of ABO; perovskites and its
derivation is linked to the topology of their
BOg octahedral array. The tolerance factor
for perovskite (¢,) defines the size con-
straints for large A cations to fit exactly into
cavities in the BOg octahedral framework,
as illustrated in Fig. 1. Thus

= ra + ro 1)

V2 + 10)
Providing ¢, = 1, the perovskite structure
should be adopted, and ¢, has been found
empirically to range between 0.73 and 1.0
(12). Despite the extreme simplicity of this
approach, calculation of perovskite toler-
ance factors has proved a useful means of
predicting stability in many cases. Never-
theless it is incorrect to employ Eq. (1) to
estimate the possible stability of a holland-
ite because its crystal structure is funda-
mentally different from perovskite.
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An appropriate hollandite tolerance fac-
tor, ty, can be derived from geometrical
principles. Figure 2 shows the (B,C)O¢ oc-
tahedral motif of hollandite. The aperture
of a (2 X 2) tunnel is proportional to the
(B,0)-0 bond length and its half-width in
the appropriate projection is equal to E)
(rgc + ro). For alarge A cation to fit within
the tunnel, just touching neighboring oxy-
gen anions,

[(ra + r0)? — (/M2 = V@)(rac + ro)s

where c is the short hollandite axis parallel
to the tunnel direction. A tolerance factor
can accordingly be defined by the expres-
sion
_ [ra + ro)? — (c/2)41'
V@ (rs.c + ro)

_ [(ra + ro)* — ¥rpc + ro)*]"? )

V@®(rs.c + ro)

To illustrate the use of ty, Table I docu-

H

@)

(PP — 2, + 1)) =) (ry +1)

F1G. 2. (B,C)Os octahedral motif of hollandite pro-
jected along the z axis. The equation relates A-cation
diameter to tunnel dimensions in the appropriate pro-
jection. Oxygens lie at z = 0 (small open circles) and z
= 4 (small filled circles). The tunnel cation is at a
height of z = 4.
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TABLE
TOLERANCE FACTORS t;; FOR SOME A,B,C;_,06 PHASES?

Framework
Tunnel ra
cation (A) Aluminosilicates Iy Aluminogermanates th Aluminotitanates ty
Caz* 1.12 (CaLsAl3Si5016) (095) (Ca, '5A]3GC50|6) (089) (C31 _5A13'0Ti5016) (086)
Na* 1.18 NazAlzsi50|6 0.99 NazAlzGC60|6 0.93 (NazAlszols) (088)
Sr2+ 1.26 Srl_sAl3Si5O 16 1.02 ? 0.96 (Sr, 1A12,4Ti5.6015) (093)
Agt 1.28 ? 1.04 Ag)AlL,GegO 0.97 ? 0.94
Ba?* 1.42 Ba.,sAl;,SisOm 1.11 ? 1.04 Bal_zAlz.4Ti5_6O|6 1.01
Ra?* 1.48 ? 1.13 ? 1.07 Ra“AlzJTisAgOls 1.03
K* 1.51 K;ALSiO6 1.16 K;ALGegOy6 1.09  K;ALTigOy 1.05
TI* 1.59 ? 1.20 TLALGe¢Os6 1.12 ? 1.08
Rb* 1.61 (Rb,ALSiO6) (1.22) Rb,Al,GegOy 1.13  RbALTigO6 1.09
Cs* 174 (CsisAl;sSigsOi)  (1.28)  (Csy5ALsGegsOi)  (1.20)  CspeAlisTig TigeOs  1.15
Range of 1y 0.99-1.16 0.93-1.13 1.01-1.15
values in
hollandites

% Those known to adopt hollandite structures are unbracketed; those confirmed as unable to adopt the hol-
landite structure are bracketed. Unknown behavior is indicated by ?. Success or failure of synthesis as reported

by (3-5, 13-18).

ments some aluminosiiicates, aluminoger-
manates, and aluminotitanates known to
adopt the hollandite structure. Monovalent
cations under consideration range from
Nat(ry = 1.18 A) to Cs*(r4 = 1.74 A) while
divalent cations encompass Ca?*(1.12 A) to
Ra?* = 1.48 A). Ionic radii for eightfold co-
ordination are taken from Shannon (/9) and
mean rg ¢ values calculated according to the
stoichiometries given in the table. The ty
values for phases which either fail to adopt
the hollandite structure or whose behavior
is unknown are calculated using stoi-
chiometries which might reasonably be ex-
pected. Thus if A is monovalent (excluding
Cs*, which is prone to steric interference
(3)) a stoichiometry of A,ALC¢O;¢ is as-
sumed. On the other hand, if A is divalent
then A;;ALCsO6 is a better approxi-
mation because hollandites with divalent
tunnel cations (and Cs*) do not have all
of these sites fully occupied i.e., x < 2.
Table I shows that among all three types of

hollandites, ty values increase as tunnel
cations become larger. Moreover there is a
systematic relationship between tunnel cat-
ion size and tunnel dimensions. The narrow
tunnels of silicate hollandites accommodate
Na*, K*, Sr2*, and Ba?* but cannot accept
cations larger than K*. Failure to synthe-
size a calcium aluminosilicate hollandite
may reflect the high-pressure dispropor-
tionation of this composition to a stable
phase assemblage which is more dense than
hollandite (5). Germanate hollandites, with
tunnels of intermediate dimensions, can ac-
cept slightly larger cations, e.g., Tl* and
Rb*. (The tolerance factor for sodium
aluminogermanate hollandite seems low
compared to the range of ry values for all
other hollandites; however, the original ex-
perimental data have been reaffirmed by us
and its synthesis is unequivocal.) Titanate
hollandites with somewhat larger tunnel
cross sections are unable to accommodate
the smaller cations (Ca?* and Na'), and
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are stabilized only by bigger cations Ba?*,
Ra?*, K*, Rb*, and Cs*. Our unpublished
experimental studies have demonstrated
that strontium aluminotitanate hollandites
are unstable (rg = 0.93); thus it is notewor-
thy that a strontium chromotitanate hol-
landite Sr;3Cr,¢Tis 4016 (tH = 0.92) can be
synthesized (4).

Values for ty range from 0.93 to 1.16.
Since all phases whose behavior is un-
known have ty values within this range, it is
likely that they too will be able to adopt the
hollandite structure under favorable syn-
thesis conditions. It is evident that holland-
ite structures are permitted even when ty is
greater than unity and as high as 1.16. This
situation arises because shared octahedral
edges are shortened with respect to un-
shared edges, leading to dilation of the (2 X
2) tunnels (27). In contrast, ¢, values do not
exceed 1.00 (12) because the perovskite
structure does not contain edge-sharing oc-
tahedra.

It should be emphasized that #y4 (like #,)
does not take into account either distor-
tions of the (B,C)Os octahedral or subtle
changes in symmetry as displayed by te-
tragonal and monoclinic (pseudotetragonal)
hollandites (20, 21). Moreover, if ty is used
to predict whether A,(B,C);0¢ phases may
adopt the hollandite structure, then certain
assumptions regarding both the coordina-
tion number of tunnel cations and the most
appropriate stoichiometry for the phase be-
come necessary. Conversely, anomalously
low tolerance factors for a stable hollandite
may indicate that in reality, its tunnel cat-
ion coordination is higher than presup-
posed. Hollandite tolerance factors never-
theless constitute a useful predictive
method, and demonstrate that it is the size
compatibility between (2 X 2) tunnel dimen-
sions and large-cation diameter which de-
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termines whether the hollandite structure is
stabilized.
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