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Structural Analysis of a Potassium Hollandite K1.35Ti8016 
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Crystals of K1.35Tis016 have been investigated by single-crystal X-ray analysis, X-ray powder patterns, 
electron diffraction, and high-resolution electron microscopy. K1.35Ti8016 is obtained in the form of 
dark blue tetragonal crystals of the space group 14/m having the hollandite structure with a = 1018.8(2) 
pm and c = 2%.61(7) pm. The refinement converges to a reliability factor of 0.025. The occupation of 
the T(2,2) tunnel sites in potassium is not statistical. Incommensurate one-dimensional superstructures 
were found by powder diffraction patterns as well as by electron diffraction. The multiplicity calcu- 
lated from powder X-ray diffraction is m = 5.79 and that found by electron diffraction is m = 8.1; this 
is explained in terms of beam damage and loss of potassium within the T(2,2) sites. The final step in the 
decomposition is the formation of rutile from K1.)STi8016 when all the potassium atoms are lost in the 
tunnels. 6 1989 Academic Press. Inc. 

Introduction and Bystroem (I) can be described as 
columns of four linear strings of edge-shar- 

Hollandite minerals have been studied in ing octahedra parallel to the c-axis (see Fig. 
recent years as nuclear waste immobilizers 1). The structure can be deduced from the 
and as model systems for fast ionic conduc- t-utile structure by an alternately clockwise 
tors. The general hollandite formula is and anticlockwise cooperative rotation by 
A,(B,T&-,)OIa with A = K, Cs, and Ba. B is 45” of the above-mentioned four linear 
either a divalent or a trivalent cation such strings of corner-sharing octahedra (2). The 
as Mg2+, Mn2+, AP+, or Ti3+, occupying chains of octahedra are linked together, 
sites within the oxygen octahedra. The hol- forming a framework of continuous parallel 
landite structure first reported by Bystroem tunnels aligned along the c-axis. These tun- 

nels are either 2 x 2 or 1 x 1 octahedra in 
* To whom correspondence should be addressed. cross section. A maximum of two A cations 
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FIG. 1. STRUPLO plot along [OOl] with the unit cell 
and the structural features marked in the high-resolu- 
tion image. Circles are the potassium atoms in the 2 x 
2 tunnels of the titanium oxygen framework. 

per unit cell may be located in the larger 
tunnels. In many hollandites, crystal chem- 
ical considerations require only partial oc- 
cupancy of these tunnel sites and the va- 
cant and occupied sites are usually ordered. 
In the simplest case, systematic occupancy 
sequences along individual tunnels are cor- 
related with those in neighboring tunnels 
and constitute one-dimensional superstruc- 
tures. More commonly, however, the va- 
cant and occupied tunnel sites along several 
neighboring tunnels are similarly ordered 
and correlated, forming regular three-di- 
mensional arrays. These superstructures 
give rise to characteristic diffuse intensities 
and superlattice reflections in electron dif- 
fraction patterns (edp). The average dimen- 
sions of the superstructure measured along 
the tunnels, its multiplicity, can also be de- 
duced from edp. A supercell is said to be 
commensurate when its dimensions corre- 
spond to integral multiples of those of the 
basic unit cell (or subcell). Many holland- 
ites, however, exhibit incommensurate, 
i.e., nonintegral, superstructures. The hol- 

landite system KX(Ti~l’Ti~!V_,)O1,j has been 
discussed by Beyeler and Schuler (3). They 
prepared K,.S4(Ti:t’54Ti~~~)0,~ by direct syn- 
thesis. However, no crystallographic pa- 
rameters have been determined until now. 

Single-Crystal Structure Determination 

Experimental 

The synthesis of hollandite single-crys- 
tals was accomplished by slow O2 oxidation 
of a potassium-titanium-nitride-fluoride 
precursor, which was obtained by ammo- 
nolysis of K2TiF6 at 600°C. The reaction 
was carried out in a quartz tube in stream- 
ing argon at 1200°C. At the given tempera- 
ture there is notable oxygen diffusion 
through the quartz tube, so that nitrogen 
and fluorine will be completely replaced by 
oxygen. Slow O2 oxidation was for the ben- 
efit of single crystals. Light element analy- 
sis by analytical electron microscopy (4) 
confirmed that no nitrogen and fluorine re- 
mained in the product. 

From a single crystal mounted on quartz 
glass fiber, Buerger precession photographs 
were taken to establish the symmetry. This 
revealed a tetragonal unit cell with Laue 
symmetry 4/m and systematic absences for 
reflections h, k, 1 with h + k + 1 = 2n + 1. 
This reduces the possible spacegroups to 
14/m, 14, or 14. 

A suitable crystal (0.1 x 0.1 x 0.3 mm) 
was mounted onto an automatic Syntex 
four-circle diffractometer with the c-axis 
approximately aligned with the +-axis of 
the diffractometer. Unit cell dimensions 
and a crystal orientation matrix were ob- 
tained by least-squares refinement of 20 
centered reflections between 35 2 28 2 65. 
The intensities were collected in an w-scan 
mode using MO&X radiation and a graphite 
monochromator. The reflections (lzi)), -- 
(141), and (411) were used as standards and 
measured every 100 reflections. During the 
measurement they showed a maximum and 
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minimum intensity ratio of 1.0207 and 
0.9993, respectively, which implies no sig- 
nificant intensity variation. Between 3 2 
28 1 78 1995 reflections (excluding 78 stan- 
dards) were measured over two octants in 
reciprocal space; two of these were re- 
jected, one on the basis of an asymmetric 
profile, the other because it was a spike. 

The data were corrected for Lorentz and 
polarization effects. After sorting and 
merging, 549 reflections were used to refine 
23 parameters. The internal reliability fac- 
torRint = E[lF* - F~,,,I]ICF2 was 0.0096. A 
Patterson map and subsequent tangent ex- 
pansion refinements using SHELX-76 re- 
vealed that the structure was of the hol- 
landite type. In the full matrix least-squares 
refinement unit weights were used and no 
absorption or extinction corrections were 
applied. Using anisotropic temperature fac- 
tors for all atoms the refinement converged 
to a reliability factor of 0.025 based on 
structure factors and 0.033 based on 
squared structure factors. The results of the 
refinement are shown in Table II. The anal- 
ysis of the Fobs - Fcalc values showed that 
for 15 reflections the deviation was bigger 
than 2a. All refinements were carried out 
on a VAX 8650 using the SHELX 76 pro- 
gram (5). 

Discussion 

The general formula for hollandite-type 
structures Ax(ByTi8-JOl6 with 0.7 I x 5 1.2 
and 0.1 I y 5 0.5 (I) shows that the frame- 
work has a net negative charge due to par- 
tial substitution of di- or trivalent ions for 
Ti4+ which is compensated by the type A 
cations. In our case this leads to the stoi- 
chiometry K1.35Ti&Ti~‘&016. Applying the 
method of Brown and Altermatt (6) to ob- 
tain the bond valence parameters, the va- 
lence of Ti was found to be 3.89 using r. = 
1.815 and B = 0.37. This agrees quite well 
with the average charge calculated from the 
stoichiometry based on the refined site oc- 

Q o 

FIG. 2. ORTEP plot showing the octahedral matrix 
of the hollandite-type structure. The tunnel site is oc- 
cupied by a potassium atom, which is coordinated by 
eight O(2) and four O(1). 

cupation factor, which gives rise to an aver- 
age charge of 3.83 per titanium. 

Examination of the octahedra reveals 
that they are distorted. The shared octahe- 
dral edges are significantly shorter. The ti- 
tanium atoms are displaced from the cen- 
ters of the octahedra and moved along its 
threefold axis leading to three short and 
three longer Ti-0 bonds. The distances are 
similar to those observed in other holland- 
ite type structures and are listed in Table I 
(see Fig. 2). By comparison of the frame- 

TABLE 1 

INTERATOMIC DISTANCES IN K1.3STi8016 
GIVEN IN pm 

K-K’ 2%.61 Ti-O( 1) 193.2(2) 
8x K-0(2) 301.22 2x Ti-O(1)’ 197.6(l) 
4x K-O(l) 342.5(2) 2X Ti-O(2) 198.1(l) 
4x K-Ti 372.33 Ti-O(2)’ 200.9(2) 

Ti-Ti” ’ 303.68(l) 
2~ Ti-Ti’ 296.61 

0(1)-O(2)’ 261.1(3) 0(2)-O(2)’ 258.9(2) 
2x 0(1)-O(2) 281.5(2) 0(2)-O(2)’ 296.6 
2x 0(1)-O(2) 287.9(3) 
4x 0(1)-O(l)’ 287.3(3) Ti-0 average 197.5 
2x 0(1)-O(l)’ 2%.1 
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work structure of the Ti3+/Ti4+ hollandite 
with an A13+/Ti4+ potassium hollandite (7), 
a significant decrease in the average Ti-0 
bond length from 197.6 to 195.3 pm is ob- 
served which also causes a decrease in the 
eight K-O distances from 301.2 to 297.8 
pm. This might be due to the longer Ti3+-0 
bond compared to the A13+-0 bond. In our 
case the Ti-0 bond length is very similar to 
that of a Mg2+Ti4+ framework determined 
by Cheary (8). 

The cations in the holes of the hollandite 
framework are coordinated by eight equiva- 
lent oxygen atoms at the corners of a tetrag- 
onal prism and it is known from the litera- 
ture (9) that they are disordered over 
equivalent positions resulting in a wide 
compositional range of this class of com- 
pounds. The cations are displaced from the 
2b sites in the tunnel axis due to repulsive 
forces between themselves. Beyeler (10) 
has analyzed the diffuse X-ray scattering 
visible in reciprocal lattice planes perpen- 
dicular to the c*-axis, showing that the dif- 
fuse scattering is basically independent of 
the framework and is due only to the disor- 
dered cations which form a supercell of 
four sites, the empty site having the adja- 
cent cation moved toward the vacancy. On 
setting the sof (site occupation factor) of 
the 2b position at 0.125, implying full occu- 
pancy, the refinement converged only to R 
values of 0.0365 and 0.0565 based on struc- 
ture factors and squared structure factors, 
respectively. Upon refinement of the sof, 
an occupancy of 66.6% f 1.0% was found 
with a significant improvement in the relia- 
bility factors (0.0249, 0.0328). This led to a 
correlation of 61% between the sof and the 
U33 thermal parameter, still small enough 
to regard the results as significant. The de- 
viation from full occupancy is well known 
and it was Abriel (II) who pointed out the 
correlation between sof and U33. The less 
occupied the 2b position is, the higher the 
value of U33, the component of the thermal 
parameter parallel to the c-axis indicating 

structural disorder. In our case U33 was 
0.29 A*, which means that the root-mean- 
square amplitude was about 0.5 A along the 
c-axis. This agreed well with those ob- 
served by Abriel for K1.sVs0i6 (0.26 A*) 
having 89.6 ? 1.6% occupancy and for 
T11.75Vs016 (0.252 A*) having 87.2 ? 0.6% 
occupancy. Calculations with a split atom 
model displacing some of the K atoms from 
the 26 position at (0 0 f) to a 4e position at 
(0 0 +z), keeping only the fourfold axis, 
converged to reliability factors of 0.0226 
and 0.0316 for structure factors and 
squared structure factors, respectively. 
The z parameters of the off-site potassiums 
were allowed to vary together with the site 
occupation factors and the anisotropic De- 
bye-Waller factors. This led to enormous 
correlations and should be judged critically. 
The positional and thermal parameters of 
the framework were not affected. Table II 
shows the results for the two potassium at- 
oms. The z position of the off-centered po- 
tassium z = 0.68(3) agrees quite well with z 
= 0.700(2) for Kl.~&1i.50Ti6.50i6 (7) and 
with other off-centered positions quoted in 
the literature. It is also in agreement with 
the observation of Beyeler and Schuler (3) 

TABLE II 

FINAL POSITIONAL PARAMETERS AND COEFFI- 
CIENTSOFTHEANISOTROPICTEMPERATVREFACTORS 
OF KI.J-&OI~ 

Positional parameters for split atom model 

Ti 
01 
02 
Kl 
K2 

x Y 2. sof 

0.1501 0.6668 O.Mooo OSOMO 
-0.0396(Z) O&62(2) 0.50000 OSOOUO 
-0.2956(2) 0.6564(2) OSoooO 0.5tXilO 

O.ORMO O.OOWO 0.50000 0.03(l) 
040000 O.OOOUO 0.68(3) 0.05(l) 

Coefficients of the anisotropic temperature factors for 
split atom model 

UIl u22 u33 V23 u13 Ul2 

Ti 0.0065(l) 0.0073(i) 0.0070(l) o.oooo o.oml -0.0013(1) 
01 O.O05i(5) O.OlW6) 0.@382(6) O.OIXIO 0.0000 -O.o003(5) 
02 O.@l65(5) 0.0056(5) 0X079(6) O.CWO O.WOO O.alO5(4) 
Kl 0.026(5) omq5) 0.04(2) o.oooo o.oooo O.ORlO 

Kz 0.016(2) 0.016(2) 0.11(3) o.cmo o.cQoo O.OOCKl 
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that the displacement is inversely propor- 
tional to the size of the monovalent cation, 
where a AZ = 0.24 is quoted for K+. The 
cation is displaced along c to minimize the 
repulsive electrostatic forces by moving to- 
ward neighboring vacancies. Refining only 
off-site positions led to the following pa- 
rameters for potassium: x = 0.0, y = 0.0, 
z = 0.574(3) with site occupation factor 
0.0845(l). This final refinement converged 
to R = 0.0249 and R = 0.0328. 

Powder Diffraction 

Experimental 

A Guinier film of crushed crystals was 
indexed with a tetragonal cell with 
a = 1018.8(2) pm and c = 296.61(7) pm. 
These values were obtained by least- 
squares refinements of the cell constants 
and a linear overall zero-point shift. The 
cell dimensions were later used in the least- 
squares refinement of the single-crystal 
data. 

Discussion 

The positions of the Bragg reflections 
were determined by using Si as an internal 
standard. The film was scanned with a stan- 
dard microdensitometer. Table III shows 
the results of the indexing and gives the 
280bs2&,lc list. However there are two peaks 
in the Guinier film which could not be in- 
dexed by the simple tetragonal cell. One 
has a 28 value of 21.417”, corresponding to 
a d value of 414.0 pm; the other has values 
of 43.328” and 208.5 pm. If one indexes the 
first peak on the basis of the tetragonal cell 
under the assumption that it is a reflection 
of the (1 0 I) type, a miller index of 
(1 0 0.65) is obtained. For the second peak, 
under the assumption that it is a (2 0 I) 
type, one obtains (1 0 1.29). This corre- 
sponds to the observation of Beyeler (IO), 
who observed a diffuse sheet that was situ- 
ated 0.22 reciprocal lattice units (rlu) from 
the Bragg spots perpendicular to the c*-axis 

TABLE III 

GUINIER DIFFRACTION PA~ERN OF K1.)STi8016 

hkl 2&b, 2kk Difference 

110 12.253 12.258 -0.005 
200 17.363 13.376 -0.012 
220 24.675 24.677 -0.001 
310 27.660 27.646 0.014 
400 36.183 35.187 -0.004 
121 36.103 36.084 0.019 
330 37.3% 37.399 -0.003 
420 39.523 39.505 0.018 
301 40.343 40.320 0.024 
321 44.223 44.214 0.009 
510 45.330 45.331 -0.001 
141 47.842 47.854 -0.012 
600 53.922 53.933 -0.011 
431 54.544 54.578 -0.034 
521 57.703 57.732 -0.029 
002 62.552 62.562 -0.010 
451 66.631 66.626 0.005 
132 69.740 69.727 0.012 
370 70.312 70.289 0.023 

for K1.54Mg,.,,Ti,.230,6, which is 1 rlu = 
l/c*. This implies that the ordering is pre- 
dominantly one-dimensional in K1.54Mg0.77 
Ti7.230L6. The irrational 1 index is related to 
the multiplicity m to describe superlattices 
in hollandites. For the (1 0 I) type, this is 
simply given by the relation m = 2/(1 - 1). 
For the first reflection this leads to m = 
5.7916, which is in good accordance with 
values that Bursill and Grzinic (12) have 
found for barium hollandites. They ob- 
served that for x 2 1.2 the multiplicity in- 
creases continuously from 5 toward 6 and 
that the superlattice is commensurate only 
for x = 1.2 and m = 5.00. Cheary (8), ana- 
lyzing barium magnesium hollandites, 
found that the observed multiplicity of 5.85 
rather than 6.00 at x = 1.33 implies the for- 
mation of domains whose boundaries affect 
the 28 position of the superlattice lines. 
From the X-ray analysis we conclude that 
there is an incommensurate one-dimen- 
sional ordering of the cations along the 
[OOI] direction with a multiplicity of 5.79 
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FIG. 3. High-resolution electron microscope image of K1.35Ti8016 along the [OOl] direction. In the 
upper-right comer is the electron diffraction pattern. 

and an occupancy of 66% and the supercell 
has a c-axis three times that of the tetrago- 
nal one. The cations are arranged in se- 
quences of vacancy . . * (K+ . * * K+) * . . 
vacancy, thus creating layers of entirely 
empty tunnels in the &-plane. 

High-Resolution Electron Microscopy and 
Electron Diffraction 

Experimental 

Single crystals of KL.35Tis0i6 were 
crushed and supported on a holey carbon 
copper grid. Electron micrographs were 
taken on a Philips EM 420 high-resolution 
microscope equipped with a field emission 
gun and operated at 100 keV (13) using a 
double tilt +25” goniometer from Gatan. 
Analytical electron microscopy was per- 
formed on a JEOL 2000 FX equipped with a 
Tracer Northern ultrathin window X-ray 
detector. 

Discussion 

Structural investigations of hollandites 
using electron microscopy have been ex- 
tensively described by Kesson and White 

(14, 15) and Bursill and Grzinic (12). Figure 
3 shows the thin crystal which was oriented 
along (001) in order to obtain structural res- 
olution. The image was recorded at opti- 
mum defocus (Scherzer defocus). In the 
thin part of the crystal the contrast may be 
interpreted directly in terms of the local 
projected structure. In the STRUPLO plot 
(Fig. 1) (16) thin lines show the unit cell and 
thick lines display the same structural fea- 
ture as those marked in the HREM image. 
The black contrast corresponds to the Ti 
atoms in the centers of two edge-sharing 
oxygen octahedra. The image displays the 
hollandite structure. 

Both the selected area diffraction pat- 
terns and the high-resolution images were 
found to change within the electron beam 
during observation. Figuze 4 shows a dif- 
fraction pattern for the (111) zone of K1.35 
TisO16. The calculated multiplicity is 
m = 8.1. However, it is possible that the 
intense electron beam of the field emission 
gun, although a small condenser aperture 
was used, has altered the superlattice peri- 
odicity during the exposure of the crystal. 
Typically this would mean an increase in 
multiplicity and this is an explanation for 



STRUCTURE OF A POTASSIUM HOLLANDITE 67 

FIG. 4. Electron dilfraction pattern of the (ill) zone displaying the incommensurate superstructure 
with multiplicity m = 8.1. 

the different results for the multiplicity cal- 
culated from powder X-ray diffraction and 
from the observed [ill] zone in the elec- 
tron diffraction pattern. Of about 40 investi- 
gated crystals, superstructures have been 
observed being in most cases incommen- 
surate and one-dimensional. Intensive 
beam heating for 10 min using no condenser 
aperture caused the collapse of the struc- 
ture and the formation of i-utile. This is 
caused by the complete loss of cations in 
the tunnels. 
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