
JOURNAL OF SOLID STATE CHEMISTRY 63,216-230 (1986) 

Studies of Phases in the KNb03-Nb205 System by High-Resolution 
Electron Microscopy and X-Ray Powder Diffraction 

MONICA LUNDBERG AND MARGARETA SUNDBERG 

Department of Inorganic Chemistry, Arrhenius Laboratory, University of 
Stockholm, S-106 91 Stockholm, Sweden 

Received July 26, 1985; in revised form October 9, 1985 

High-resolution electron microscopy and X-ray powder diffraction studies of specimens in the 
KNb03-Nb20S system have shown that, besides the previously reported layer structures K4Nb601, 
and L-KNb90s, there exist three different types of tetragonal tungsten-bronze-related structures as 
well as a block structure, KNbu0r3, isostructural with the NaNbuO13 phase. The cell parameters and 
the structural relations to TTB are discussed. The first two ‘ITB-related phases, superstructures of the 
TTB-type, are characterized by the formula KtNb~..(NbO)~NbrOO~,,, where 0 < x 5 2. H-KNb,OR 
(x = 2), a high-temperature phase, exhibits a new mode of linking pentagonal columns in pairs. Various 
types of microstructures between the two TTB-related phases will be discussed. The third TTB-related 
phase can be described as KIO-SyNb~Nb10030, where 0.8 < y < 1.25. No pentagonal columns have so far 
been observed. In specimens prepared at T > 1275 K, the low-temperature modification L-KNbrOs , 
transforms in the solid state via a poorly crystallized phase to TTB-related structures. Some geometri- 
cal features of the L-KNb30s, KNbnOn structures and the TTB phase will also be presented. o 19% 
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Introduction 

Several articles concerning phases in the 
K20-Nb205 system, have been published in 
the past. 

Three phases, K4Nb6017, KNb308, and 
&Nbdhn, were observed by Reisman 
and Holtzberg (1) using differential thermal 
analysis. According to Nassau et al. (2) the 
cell parameters and the physical properties 
of the compounds K4NbsO17 and KNb308 
suggested layer structures of mica type. 
This was later confirmed through X-ray sin- 
gle-crystal structure determinations by 
Gasperin and Le Bihan (3) and by Gasperin 
(4). Whiston and Smith (5) attributed iden- 
tical stoichiometric compositions to these 
two phases. However, Weissenberg photo- 

graphs of the compounds showed diffrac- 
tion patterns of the tetragonal tungsten- 
bronze type (TTB), but one of these phases 
KNb308 gave superlattice spots. Additional 
phases were observed; among those one 
with the composition “I(SNb440113,” which 
was assumed to be a solid solution of K20 
in the high-temperature form of Nb205, i.e., 
a “block structure.” 

Since the occurrence of TTB phases in 
the K-Nb-0 system seemed doubtful, and 
in view of the results obtained from X-ray 
powder diffraction studies of TTB related 
phases in the KF-Nb205 system (6), high- 
resolution electron microscopy (HREM) 
and X-ray powder diffraction investigations 
of these systems were undertaken. 

The tetragonal tungsten bronze structure 
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FIG. 1. The framework of octahedra in the TTB 
structure type projected along [OOl]. The three-, four-, 
and five-sided tunnels are marked A, B, and C, respec- 
tively. n,, refers to the axis of the subcell. a’ and b’ 
represent the axes of the orthorhombic superstructure 
of H-KNb,,O* . 

was first determined for the compound 
K,W03 by Magneli (7). The polyhedral 
framework consists of WOb octahedra, 
linked by corners in such a way that three-, 
four-, and five-sided tunnels are created. 
The potassium atoms are located in the 
larger tunnels marked B and C in Fig. 1. 
Different types of TTB-related structures in 
the K-Nb-0 system that contain exclu- 
sively pentavalent niobium atoms can be 
formed if an excess of Nb is added to the 
basic octahedral TTB framework, giving an 
oxygen-to-niobium ratio less than 3. Vari- 
ous types of TTB-related phases as well as 
a “block structure” will be reported in this 
article. The HREM results obtained for the 
oxide fluoride system will be published 
elsewhere. 

Experimental 

All specimens were prepared from Nb20S 
(Merck, optipure, purified of oxide fluo- 

rides in air at 1375 K) and KNbOJ (obtained 
by heating appropriate amounts of KzCOj 
(BDH, Laboratory reagents) and Nb205 in a 
platinum crucible at 1175 K for 2 days). The 
purity of the starting materials was checked 
by analysis of X-ray powder patterns. 

The samples were thoroughly ground, 
pressed to pellets and kept in air at various 
temperatures between 1175 and 1395 K for 
periods of time varying between 2 and 50 
days. The specific heating temperature of 
each sample is marked in the diagram (Fig. 
2). The products were white and microcrys- 
talline. The samples obtained were exam- 
ined in a Guinier-Hagg powder diffraction 
camera and by electron-optical techniques. 
Unit cell dimensions were determined from 
the powder patterns and refined with the 
program PIRUM (8) using silicon as an in- 
ternal standard (a/h = 3.525176 (9)). 

Specimens for the electron microscopy 
study were prepared in the following way. 
A small amount of a sample was crushed in 
an agate mortar and dispersed in n-butanol. 
Drops of this slurry were deposited on a 
perforated carbon film supported on a 
Cu-grid. The grid was then examined 
in a JEOL 200CX electron microscope, 
equipped with an ultrahigh-resolution top- 
entry goniometer stage and an image inten- 
sifier, which was connected on-line to an 
image processing system (Kontron IPS). 

Electron diffraction patterns were re- 
corded and used for identification of indi- 
vidual crystal fragments. High-resolution 
images (HREM images) of thin fragments 
were recorded (10). Most flakes were 
aligned with the short crystal axis (-3.9 A) 
parallel to the electron beam. 

Simulated images of some structure 
models have been calculated for crystal 
thicknesses of -20, -40, and -60 A, by 
using a local version of the SHRLI-suite of 
programs (11). The calculations have been 
made at different defocus values in the 
range -33 to -733 A. The radius of the used 
objective aperture was 0.41 A-l. 
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FIG. 2. A schematic phase diagram of KNb03-Nb105. Specimens examined both with electron- 
optical and X-ray powder techniques are marked 0. Samples studied only by X-rays are shown by X. 
NbA and (NbO)C represent the type of Nb present at the A and C sites, respectively. as shown in Fig. I. 

Results of the X-Ray Studies 

The phases discussed in this article are 
shown in the diagram (cf. Fig. 2) which 
does not purport to be a complete phase 
diagram of the region KNb03-Nb205. All 
refined unit cell parameters are given in 
Table I. 

KNb1303s has been observed at T > 1275 
K. The compound was never obtained as a 

single phase but could be identified in speci- 
mens which also contained H-NbzOs and a 
TTB-related phase. In spite of the fact that 
many reflections from H-Nb205 and 
KNb130j3 coincided, due to structural simi- 
larities, some reflections could be used to 
determine and refine the cell parameters. 
The final values are very close to those of 
the NaNb130a compound (12). 

KNbKh (B) 
Specimens of gross composition 

TABLE 1 

UNIT-CELL PARAMETERS (DERIVED FROM X-RAY POWDER DIFFRACTION DATA) FOR COMPOUNDS 
IN THE KNb03-Nb20s SYSTEM 

A tit 
V MC201 F 

Compound P (A? (Ref. (18)) (Ref. (19)) A’ 

(A) KNb&,, 22.479(3) 3.83700) 15.347(2) 91.07(2) 
(B) “KNb,O,s”” 12.4909(4) - 3.9629(3) - 
(C) H-KNb3Os” 12.5118(5) - 3.9663(3) 
(C) L-KNbJOs 8.9186(4) 21.206(l) 3.8053(l) - 

L-KNblOs 8.903(3) 21.16(2) 3.799(2) - 
(Ref. (0 

CD) K5.7sNb,o.s& 12.5788(3) 3.9833(l) 
03 I(4NW,7 7.816(6) 33.12(3) 6.480(3) 

1<4Nb0,7 7.83(3) 33.21(10) 6.46(3) - 
(Ref. (3)) 

1323.5 12 12 83 
618.30 41 32 47 
620.90 36 22 42 
719.67 50 69 105 
715.7 - - 

630.26 45 59 73 
1677.4 7 8 31 
1679.8 - - - 

Note. Standard deviations are given in parentheses. 
a Calculated for the TTB subcell. N number of lines used in the refinement. 
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KNb70i8 mainly consisted of a TTB-related 
compound when heated at 1175 K. Small 
amounts of H-Nb205 were also present. Af- 
ter removing the reflection lines from H- 
Nb205, a tetragonal unit cell related to TTB 
was deduced and refined by indexing the 
remaining lines except three very weak 
ones. These unindexed lines belong to a su- 
perstructure of the TTB cell, which could 
not be refined, however. The HREM stud- 
ies confirmed that these weak lines arise 
from the TTB superstructure. 

Samples of this composition kept at 
temperatures above 1275 K contained 
KNb13033 as a third phase. After seven 
weeks of heating the amount of H-Nb205 
had decreased considerably. No changes of 
cell dimensions with temperature of prepa- 
ration could be detected for the TTB-type 
phase. 

KNWa (Cl 
Reisman and Holtzberg (1) found that 

KNb308 melts incongruently at 1507 K, and 
according to Nassau et al. (2) the com- 
pound does not exhibit any phase transition 
below 1478 K. In the present investigation 
powder patterns were taken of samples that 
had been heated at 1175, 1315, and 1395 K 
for 7 weeks. The specimen obtained at 1175 
K was single-phase and the powder photo- 
graph could be indexed by using the unit 
cell dimensions given by Gasperin (4). This 
phase will be designated L-KNb308 below. 
In the two samples heated at T > 1275 K 
an additional new phase, designated H- 
KNb308, appeared. After subtraction of all 
lines belonging to L-KNb308 the remaining 
lines could be indexed using a tetragonal 
cell very similar to the TTB unit cell. Care- 
ful visual study of the film revealed two 
very weak and diffuse reflections, which 
also could be indexed if an orthorhombic 
superlattice of TTB-type (a’ - 6’ - a0 Ah) 
was introduced. No reliable refinement of 
the superlattice parameters could be per- 
formed, but the same pattern of lines and 

intensity distribution have been observed 
previously for KNbbOisF (6) with the cell 
dimensions a = 17.686(3), b = 17.580(5), 
and c = 3.9629(5) A. The refined subcell of 
H-KNb308 is listed in Table I. 

Further to the KNb03 side in the diagram 
K5.75Nbio.8sO~o was prepared as a single- 
phase sample. All reflections in the powder 
photograph could be indexed with a unit 
cell of TTB-type. The refined cell parame- 
ters are larger than those obtained for H- 
KNb308 and the TTB-related phase in the 
specimen KNbTOis, which can be ex- 
plained by structural differences (see be- 
low). 

A sample of gross composition 
&Nbi0.80J0 contained mainly this TTB re- 
lated phase, but the X-ray powder pattern 
also indicated the presence of small 
amounts of &NbeOi7 . 

I<4Nbs0i7 is a compound reported by 
several authors (l-3), although no accurate 
cell dimensions have been given. The pow- 
der pattern taken from a single-phase sam- 
ple was indexed and the unit cell parame- 
ters were refined (Table I). The figures of 
merit (M(20) and F’) are quite low, probably 
due to the large unit cell and the somewhat 
broadened diffraction lines. The compound 
is very sensitive to water and transforms 
easily in humid air to KJNbeOi7 . 3H20 (3). 

Results of the Electron Microscopy Studies 

In the sample having the nominal compo- . . 
sition KNbi3033, three phases H-Nb20S, 
KNbi3033, and a TTB-related phase were 
identified by electron diffraction (ED) pat- 
terns from thin crystal fragments. These 
observations are in agreement with the 
X-ray results reported above. 

Most ED patterns recorded of the H- 
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FIG. 3. HREM image of KNb13033 projected along [OlO] (a). Structure model (b). The K atom 
positions in the large tunnels are shown. 

Nb205 fragments, showed sharp reflection 
spots, which is indicative of a well-ordered 
structure. 

The second phase was identified from the 
ED pattern, as well as from the micrograph 
shown in Fig. 3a, as isostructural with 
NaNbi30S3 (12). The corresponding struc- 
ture model projected along [OlO] is shown 
in Fig. 3b. There is good agreement be- 
tween the observed image and the model. 
The black zigzag lines in the micrograph 
correspond to the crystallographic shear 
(CS) planes in the model. In the thinnest 
region of the flake (bottom Fig. 3a), the in- 
dividual Nb atoms are resolved and can be 
identified as black spots. As can be seen 
from the model, blocks of (5 x 3 - 2) cor- 
ner-sharing Nb06-octahedra are joined in 

slabs by edge-sharing, so that large rectan- 
gular tunnels are formed. The slabs are reg- 
ularly arranged at two levels and joined by 
edge-sharing (CS-planes). As can be seen 
from the micrograph, there is a faint black 
contrast dividing the rectangular tunnel into 
halves. This contrast can be interpreted as 
due to the K atoms, in analogy with what 
has been reported for the isostructural so- 
dium compound (13). All fragments exam- 
ined, showing this type of structure, were 
found to be very well-ordered. 

The third phase was identified from the 
ED patterns as a superstructure of a TTB- 
related phase. The unit cell was three times 
the TTB cell (3 x TTB-type). The ED pat- 
terns also showed that twinning was fre- 
quent (Fig. 4). A 3 x TTB-type structure 
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FIG. 
cell of 

4. ED pattern showing a twinned, tripled unit 
TTB-type. 

has previously been reported for NblbWi8 
0% (14). In this structure 4 out of 12 five- 
sided tunnels are occupied by -Nb-0 
-Nb-O- strings, so that 4 pentagonal 
columns (PCs) (15) are formed (see Fig. 
6b). 

Figure 5 shows a low-magnification mi- 

crograph taken of a thin crystal fragment, 
aligned with the short c-axis parallel to the 
electron beam. The image illustrates a fairly 
well-ordered 3 x TTB phase coexisting 
with domains (marked A) of another TTB- 
related phase. Images of the two regions 
are shown in higher magnification in Figs. 
6a and 7a. There is fairly good agreement 
between the HREM image of the 3 x TTB- 
type phase in Fig. 6a and the structure 
model of Nb16W18094 in Fig. 6b. However, 
K atoms and some extra Nb atoms have to 
be inserted in the model (Fig. 6b) to obtain 
agreement with the supposed composition 
of the sample (see Discussion). 

An interpretation of the domain structure 
in Fig, 7a is illustrated in Fig. 7b. The unit 
cell is now orthorhombic with two axes 
close to u0V5 (a0 - 12.5 A) and the third 
axis -3.9 A. This structure is also a super- 
structure of the TTB-type. Two adjacent 
five-sided tunnels are occupied by -Nb 
-0-Nb-O- strings, so that two PCs 
are formed, which have one NbOh octahe- 
dron in common (Fig. 7b). This structural 
building unit, termed double-PC, is illus- 
trated in Fig. 8. Four out of eight five-sided 

FIG. 5. Low magnification micrograph of a thin flake projected along [OOl], illustrating the TTB- 
related phases: H-KNbj08 marked A and 3 x TTB marked B. 
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FIG. 6. HREM image of the 3 X ‘lTB pha se (a) and structure model of NblbWIXOw (b). 

tunnels are filled with metal-oxygen 
strings, which define the stoichiometry 
Nb140& of the niobium-oxygen frame- 
work. In order to obtain electroneutrality 
eight K atoms have to be inserted into the 
four- and five-sided tunnels in each unit 
cell. Below, this structure type will be de- 
noted H-KNb308. Synthetic HREM images 
were calculated. The calculations were 
made with different defocus values and dif- 
ferent crystal thicknesses. Some calculated 
images are shown in Fig. 7c. At a defocus 
value of -333 A the observed and calcu- 
lated images are in good agreement. The 
contrast is such that the K atoms do not 
appear at the tunnel sites. However, at the 
defocus -433 A the contrast of the Nb and 
K atoms is almost similar. 

The ED patterns and the HREM images 
of fragments from this sample revealed a 
wide range of ‘FIB-related microstructures 
existing together with H-Nb205 and 
KNbt& . Two examples are shown be- 
low. 

The ED pattern inserted in Fig. 9a is of 
TTB-type but shows streaking and faint dif- 
fraction spots in the [lOOlrra direction. The 
faint reflections indicate a superstructure 
with a unit cell three times that of TTB. The 
corresponding HREM image in Fig. 9a re- 
veals microtwinning. An interpretation of 
the region marked by arrows in Fig. 9a is 
shown in Fig. 9b. In the [llO]-r~a direction, 
the structure can be described as composed 
of rows of one or more double-PCs as in H- 
KNb308. As seen in Fig. 9b these rows 
mostly end with a single PC at the twin 
boundary. There, the rows are mutually 
linked by corner-sharing to form the twin 
slabs. Note that the width of a slab consist- 
ing of one pair and two single PCs is of the 
same dimension as the c-axis of the 
Nbi6Wi80&ype structure, although the ar- 
rangement of PCs is different. 

Figure 10 illustrates the second rather 
similar microstructure. Here the slabs of 
double-PCs are wider than in the previous 
case. Two larger domains built up of the H- 
KNb308-type structure can also be seen. 
This type of domain structure is more fre- 
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-283 -308 

-333 -433 

FIG. 7. HREM image illustrating the H-KNb,08 phase (a). Structure model of H-KNb,08 derived 
from the HREM image. The K atoms are not shown (b). Simulated images of the H-KNbx08 model 
with K in four- and five-sided tunnels. Accelerating voltage 200 kV, objective aperture 0.41 A-r, C, = 
1.2 mm. Crystal thickness is 40 A, defocus (-283--433 A) (c). 

quently observed in this sample than in obtained from the sample with the nominal 
samples with the nominal composition composition KNb308 heated at 13 15 K for 3 
KNbdh. weeks. Several types of ED patterns were 

KNhOs (0 
recorded. Thus, the specimen was not a 
single phase. Some very thin flakes were 

The results presented in this section are identified as ordered L-KNb308, while 
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FIG. 8. A new mode of linking PCs, in the text called 
a double-PC. 

others gave rise to polycrystalline patterns 
together with a very faint streaked pattern 
of L-KNb30s. Several small fragments 
were identified as 3 x TTB-type crystals, 
Twinning was frequently observed in these 
fragments. 

A few crystals also showed the ED pat- 
tern of H-KNb308. The electron-optical in- 
vestigation indicated that L-KNb30s trans- 
forms in the solid state to TTB-related 
phases through an amorphous or poorly 
crystalline intermediate stage. One exam- 
ple is shown in Fig. 11. 

&.7s%o.s503o (D) 

The electron-optical results showed that 
this sample was a single phase of TTB-type. 
This is also in agreement with the X-ray 
diffraction results. No superstructure re- 
flections could be observed in the ED pat- 
tern (Fig. 12). The corresponding HREM 
image is shown in Fig. 12. 

With the composition K5.7SNb10.85030, 
5.75 K, and 0.85 Nb must occupy some of 
the available tunnels. From previously 
known TTB structures of niobium oxides 
and the samples examined above, the extra 
Nb atoms and an equal amount of 0 atoms 
could be expected to enter the five-sided 
tunnels, forming pentagonal columns 

(PCs). However, in the HREM images, no 
PCs have so far been observed. It is there- 
fore probable that the extra niobium atoms 
enter the three-sided tunnels. HREM im- 
ages have been simulated for different 
models and conditions (see below). How- 
ever, so far a definite clue to the location of 
these extra Nb atoms has not been reached. 
This study is still under way. 

Two types of ED patterns were obtained 
from this sample. The first type showed 
fragments of I(4NbhOtT. Since the layer 
structure of this compound is known from 
previous X-ray diffraction work (3), it was 
not further considered here. 

The second type of ED pattern indicated 
a TTB-type structure with no superstruc- 
ture reflections. The structure is probably 
of the same type as in the previous sample 
(K5,75Nb1o.&o). 

Discussion 

A tetragonal tungsten bronze structure of 
the K,W03-type is not possible in the fully 
oxidized K-Nb-0 system. The basic 
framework in such a TTB unit cell would 
have the composition NbloO$, which de- 
mands 10 K+ ions to compensate the nega- 
tive charge. Since the arrangement of the 
Nb06 octahedra gives rise to only six inter- 
stices (marked B and C in Fig. 1) large 
enough to accommodate K+ ions, no struc- 
ture of this type with such a composition 
can be expected. However, a KNb03 phase 
exists but has adopted the perovskite struc- 
ture type, which provides all the required 
interstices for the potassium ions. 

Nevertheless a number of TTB-related 
phases have been obtained in this system. 
A common feature is that they all contain 
an excess of Nb, i.e., the oxygen-to- 
niobium ratio is less than 3. The extra Nb 
atoms can be introduced into the octahedral 
framework either as equal amounts of Nb 
and 0 in the five-sided tunnels (C in Fig. 1) 
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A A A 

FIG. 9. HREM image with inset ED pattern illustrating a disordered microtwinned structure (a). 
Interpretation of the region marked by arrows (b). 
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FIG. 10. Electron micrograph of a thin flake showing 
H-KNb,O*-type areas of different sizes. 

creating PCs or as Nb atoms in the three- 
sided tunnels (A in Fig. 1) where nine oxy- 
gen atoms coordinate to a metal atom in the 
form of a tricapped trigonal prism. 

According to the results from X-ray pow- 
der diffraction studies (Table I) both types 
of TTB-related phases coexist in the oxide 
system. Examination of the cell parameters 
of the TTB-related compounds obtained in 
the KF-NbzOs system has shown that 
when PCs are present in the structure the 
length of the c-axis is 3.96 A and the cell 
volume is relatively constant (615-617 A3) 
(6). Thus, the potassium content does not 
affect the figures noticeably. Similar obser- 

vations have been made for the two com- 
pounds H-KNbjOs and “KNb70rs”, whose 
HREM images show the occurrence of PCs 
(Figs. 9 and 10). The c-axes are 3.9663(3) 
and 3.9629(3) A, with subcell volumes of 
618 and 621 A3, respectively. 

The third TTB-related phase, 
K5.75Nb10.85030, has a longer c-axis (3.9833 
A) and a larger unit cell volume (630 A3). 
No PCs have so far been observed in the 
HREM images, and it seems reasonable to 
assume that the excess niobium atoms 
(0.8Yunit cell) are located in the three-sided 
tunnels (A). This is also in analogy with 
the single-crystal X-ray results from the 
K6Tala.s030 compound, showing the excess 
0.8 Ta/unit cell to be distributed over the 
three-sided tunnels (16). It should be noted, 
however, that if the 0.85 Nb are distributed 
over the fourfold position in a disordered 
way, the contrast will be very weak, as the 
simulated images show (Fig. 13). 

HREM studies of the phases with struc- 
tures containing PC elements revealed a 
great deal of disorder. Most crystal frag- 
ments exhibited intergrowth of two differ- 
ent types of PC links within the TTB ma- 
trix. One is the commonly occurring 
diamond-linked pair of PCs, i.e., two PCs 
sharing two octahedral corners. The other 
type consists of two PCs with one octahe- 
dron in common, forming a double-PC 
which represents a new mode of PC linking. 
These double-PCs are the dominating build- 
ing unit in H-KNb30s (Fig. 7b), where sin- 
gle octahedra link the double-PCs. All the 
four- and the remaining five-sided tunnels 
are assumed to be occupied by potassium 
atoms, giving the composition KNb308, 
with a unit cell twice as large as the TTB 
cell. 

The triple TTB unit cells derived from 
ED patterns of specimens with gross com- 
positions equal to or larger than 75 mole% 
Nb205 indicate different kinds of super- 
structures. A similar diffraction pattern has 
been observed for the compound 
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FIG. II. Electron micrograph of a thin flake showing a fairly well-ordered 3 X TTB-type structure to 
the left-hand side, coexisting with a polycrystalline phase to the right. 

Nb16W18094, where l/3 of the pentagonal 
tubes, PTs (27), have been transformed into 
PCs arranged as diamond-linked doublets 

FIG. 12. HREM image of K~.7~Nb10.85030 fragment, 
with the corresponding ED pattern inserted. 

(Fig. 6b). The polyhedral framework con- 
tains 12 three-sided, 6 four-sided, and 8 
five-sided tunnels per unit cell. Many al- 
kali-transition-metal-oxide phases exhibit 
this type of structure. 

A schematic drawing showing the differ- 

b 

- 633 -733 

FIG. 13. Simulated images of the KS.,5Nb10.s50~0 
structure, with 0.85 Nb/unit cell distributed over the 
three-sided tunnels. 
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FIG. 14. A schematic drawing of the distribution of 
PCs in the structures H-KNb,08 (a) and Nb16W18094 
@I. 

ence in distribution of PCs in the H- 
KNb3Os and Nb16W18094 type structures is 
presented in Fig. 14. 

In the present system it is not possible 
to synthesize a phase isostructural with 
Nbi6WLs094, which would have the theoret- 
ical composition KisNb34094, since there 
are only 14 interstices in four- and five- 
sided tunnels available for the potassium at- 
oms. A TTB-related compound with the 
same stoichiometry has been obtained, 
however, although not of the Nbi6W1sOg4 
structure type. The ED pattern indicates a 
unit cell of normal TTB-type, and Nb is as- 
sumed to enter the prismatic sites as dis- 
cussed above. The formula is then more 
conveniently written K5.75Nbi0.8503,+ 

In spite of this, the polyhedral framework 
of Nbi6WisOM-type has been observed in 
polyphasic samples higher in Nb205. Obvi- 
ously there must be additional niobium in- 
serted randomly in the basic atomic ar- 
rangement, very likely in the same 
nine-coordinated interstices discussed 
above (marked A in Fig. 1). 

The same type of 3 x TTB diffraction 

pattern has also been obtained from a sec- 
ond type of superstructure appearing in the 
same crystal fragment as the former. The 
image can be interpreted as a mixture of PC 
and double-PC units. In these domains the 
unit cell can be described as having 4 or 6 
out of 12 five-sided tunnels occupied by Nb 
and 0 strings (Figs. 9a and b). 

The Nb-rich TTB phases containing PCs 
seem very often to be disordered. In order 
to express the compositions of this family 
of superstructures a general formula can be 
written as K&Nb2”_,(NbO)$Nb100S0 (0 < 
x 5 2). Nb* indicates niobium at the A 
sites, and x is the amount of PCs in the 
subunit cell. However, larger domains with 
x < 1.33 have not yet been found. 

It is also interesting to note that the max- 
imal occupancy of five-sided tunnels with 
Nb-0 strings in the TTB matrix does prob- 
ably not exceed 50%, i.e., 6 PCs per unit 
cell. A denser filling may occur only locally 
in connection with twin planes and defects. 

For less Nb-rich TTB phases a general 
formula for the unit cell content can be 
given as KlO+,.Nb,ANbl,,Ojo, where y can 
vary between 0.8 and 1.25 at the most. 
However, the width of the nonstoichiome- 
tric region is likely to be narrower than 
these limits. 

In the view of the distribution of the dif- 
ferent types of TTB phases one may as- 
sume that the access to cavities large enough 
to accommodate K atoms determines 
whether PCs and/or Nb in tricapped trigo- 
nal prisms are present. 

The variety of phases obtained in the Nb- 
rich part of the system bear interesting geo- 
metrical relations to each other which may 
be worth mentioning. 

Three main types of structures can be 
discerned in the KNb03-Nb205 part of 
the diagram, namely those of K4Nbh0i7 
and L-KNbjOs which are layer structures, 
the nonstoichiometric, TTB-related K,O-Sv 
NbtNbi0030, KtiNb$-.-,(NbO)~NbloOjO and 
KNbi3033 of block structure type. &Nb601, 
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FIG. 15. Geometrical relationships between the L-KNbzOx, TTB, and KNb13011 structures. L- 

KNblOx composed of layers of NbOh octahedra intercalated by K atoms (a). A unit of 6 NbO, 

octahedra (shaded) and 2 K atoms (b) is recognized in the H-KNbzOx structure, completed with PCs in 
the right-hand part of the figure (c). The structure of KNbllOll derived from units of 12 NbOh octahedra 

chosen as in (d) with every second layer shifted $tr of the L-KNbiOK unit cell. Dotted octahedra are 

structurally equivalent and octahedra marked A are additional in order to complete the KNb,IOu 
framework (e). 

will not be further discussed here, although 
some similarities occur between the two 
layer structure phases. 

Geometrically L-KNb30s has certain re- 
lationships to both the TTB and the 
KNbi3033 structures but of different kinds. 

The structure of L-KNb308 consists of 
layers of edge- and corner-sharing Nb06 oc- 
tahedra. The layers are interleaved by po- 
tassium atoms (Fig. 15a). The structure 
may also be looked upon as strings com- 
posed of repeat units of six Nb06 octahe- 

dra, built up by corner-sharing among trip- 
lets, and two potassium atoms inserted at 
the same level as the apices of the octahe- 
dra (Fig. 15b). The so described units are 
mutually linked by edge-sharing octahedra. 
The K atoms are displaced in the direction 
of the arrows in Fig. 15b. The same unit can 
be recognized in the TTB, although addi- 
tional octahedra (not shaded in Fig. 1%) are 
required to complete the structure. In the 
TTB structure the units are joined exclu- 
sively by corner-sharing (Fig. 15~) in such a 



230 LUNDBERG AND SUNDBERG 

way that the arrangement of K atoms corre- 
sponds to the pattern of the five-sided, 
white tunnels appearing in HREM images 
of H-KNb30s (cf. Fig. 7b). It ought to be 
pointed out that only the K atoms in the 
five-sided tunnels are marked in Fig. 15c, 
although all four-sided tunnels are occupied 
by K atoms as well. 

An alternative way of describing the Nb- 
0 layers in the structure of L-KNb30s is to 
select a larger unit containing 12 octahedra 
(Fig. 15d). If every second layer is shifted 
by fa, the arrangement of Nb06 octahedra 
becomes the same as that found in the 
structure of KNbi30S3. However, one octa- 
hedron at each end of the L-KNb308 unit 
must be removed to avoid overlap, and two 
additional octahedra (marked A in Fig. 15e) 
must be introduced in order to obtain the 
three-dimensional framework of KNb13033. 
The K atoms in KNbrJO,j can be identified 
as being approximately at the same sites as 
every fourth K atom in the L-KNb308 
structure. 

Acknowledgments 

We wish to thank Professor Lam Kihlborg for valu- 
able comments on the manuscript and Mrs. Gunvor 
Winliif for excellent help with the photographic work. 
This study has been supported by the Swedish Natural 
Science Research Council. 

References 

1. A. REISMAN AND F. HOLTZBERG, J. Amer. Chem. 
sot. 77, 2115 (1955). 

2. K. NASSAU, J. W. SHIEVER, AND J. L. BERN- 
STEIN, J. Electrochem. Sot. 116, 348 (1969). 

3. M. GASPERIN AND M.T. LE BIHAN, J. Solid State 
Chem. 43, 346 (1982). 

4. M. GASPERIN, Acta Crystallogr. Sect. B 38, 2024 
(1982). 

5. C. D. WHISTON AND A. J. SMITH, Acta Crystul- 
logr. 19, 169 (1965). 

6. LI DE-Yu, M. LUNDBERG, P.-E. WERNER, AND 
M. WESTDAHL, Acta Chem. Stand. Ser. A 38,813 
(1984). 

7. A. MAGNBLI, Ark. Kemi 1, 213 (1949). 
8. P.-E. WERNER, Ark. Kemi 31, 513 (1969). 
9. C. R. HUBBARD, H. E. SWANSON, AND F. A. 

MAUER, J. Appl. Crystallogr. 8, 45 (1975). 
10. J. C. H. SPENCE, “Experimental High Resolution 

Electron Microscopy,” Clarendon Press, Oxford 
(1981). 

11. M. A. O’KEEFE AND P. R. BUSECK, Trans. Amer. 
Crystallogr. Assoc. 15, 27 (1979). 

12. S. ANDERSSON, Actu Gem. &and. 19, 557 
(1965). 

13. J.-O. BOVIN, L. DOUXING, L. STENBERG, AND H. 
ANNEHED, Z. Kristallogr. 168, 99 (1984). 

14. A. SLEIGHT, Acta Chem. Stand. 20, 1102 (1966). 
15. M. LUNDBERG, Chem. Commun. Univ. Stock- 

holm No. XII (1971). 
16. A. A. AWADELLA AND B. M. GATENOUSE. J. 

Solid State Gem. 23, 349 (1978). 
17. M. LUNDBERG, M. SUNDBERG, AND A. MAGNI?LI, 

J. Solid State Chem. 44, 32 (1982). 
18. P. M. DE WOLFF, J. Appl. Clystallogr. 1, 108 

(1968). 
19. G. S. SMITH AND R. L. SNYDER, J. Appl. Crytal- 

logr. 12, 60 (1979). 


