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Abstract Samples of nominal compositions, Cs0.25Nby

W1-yO3 and Cs0.3NbyW1-yO3 with 0.0 B y B 0.25 and

0.0 B y B 0.3 were synthesized using appropriate amounts

of Cs2WO4, WO3 and WO2 in evacuated and closed silica

glass tubes at 800 �C. The polycrystalline products contain

hexagonal shaped crystals of up to 15 lm diameter as long as

y B 0.15. X-ray powder patterns of the samples reveal the

formation of hexagonal tungsten bronze (HTB-I) type phase

with y \ 0.1. A mixture of HTB-I and an analogous less

reduced hexagonal tungsten bronze (HTB-II) type phase is

seen when y C 0.1. HTB-II content increases with increas-

ing y, revealing close similarity to bronzoid type phases

when y = x. Results of SEM/EDX analysis also support a

partial substitution of tungsten by niobium in the HTB-I type

phase. Infrared absorption and optical reflectivity data shows

the effect of increasing amount of non-metallic phase

for y [ 0.1 and the effect of counterdoping by Nb5?/W5?

substitution in the metallic HTB-I type phase for y B 0.1,

respectively. Reinvestigations in the system Rb0.3Nby

W1-yO3 (0.0 B y B 0.175) show similar results with

increasing content of HTB-II type phase related with y.

Introduction

Tungsten bronzes, MxWO3, with M generally an electro-

positive element and 0.0 \ x \ 1.0, have been a subject of

intensive study since long for their electric, magnetic and

optical properties [1–6]. Magnéli [7] first reported the

structure of the heavy alkali metal (K, Rb and Cs) hexag-

onal tungsten bronzes (HTB), which consists of hexagonal

and trigonal tunnels formed by corner sharing WO6 octa-

hedra. The alkali metal atoms occupy the hexagonal tunnel

sites and the metal content, x, is in the range 0.19 B

x B 0.33 [8].

Tungsten bronzes can also be written as (Mx(Wy
5?

W1-y
6? )O3) which indicates the presence of pentavalent

tungsten ions in it. There are reports of substitution of the

pentavalent tungsten atoms by other pentavalent atoms

such as Nb, Ta and even lower valent atoms [9–14]. The

fully substituted (i.e., when x = y) phase is known as

bronzoid [15], an oxidized analogue of HTB type phase.

This substitution of tungsten atoms modifies significantly

the properties of bronzes. For example, bronzes show

metallic conductivity and superconducting properties

depending on the amount of M in it [16–19] whereas

bronzoids are insulators, ferroelectrics [20, 21].

Though there are many reports on the study of bronzes

and bronzoids, very few of them have so far been published
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Institute of Mineralogy and Centre of Solid State Chemistry

and New Materials (ZFM) of Leibniz University Hannover,

Callinstr. 3, 30167 Hannover, Germany

e-mail: tapas.debnath@mineralogie.uni-hannover.de

M. Sundberg

Department of Materials and Environmental Chemistry,

Arrhenius Laboratory, Stockholm University,

SE-10691 Stockholm, Sweden

T. Debnath � A. Hussain

Department of Chemistry, University of Dhaka,

1000 Dhaka, Bangladesh

Present Address:
K. R. Dey

Department of Chemistry and Biochemistry,

Jackson State University, Jackson, MS 39212, USA

123

J Mater Sci (2011) 46:1388–1395

DOI 10.1007/s10853-010-4932-3



on the study of the crossover between bronzes and bron-

zoids. This has incited us to study the effect of systematic

niobium substitution in various structure types of bronze.

Some results have been published on the HTB bronzes in

the systems, MxNbyW1-yO3 with M = K and Rb [22], and

more recently on the sodium tungsten bronzes system of

perovskite type structure (PTB), Na0.8NbyW1-yO3 [23].

Here, we report for CsxNbyW1-yO3 system a separation

into bronze and ‘‘bronzoid’’ type phases (called in the

following HTB-I and HTB-II, respectively) controlled by

the Nb/W ratio in the starting composition. Few samples of

our earlier preparation [22] of the Rb-system were rein-

vestigated and its result is also given in this article to

compare with Cs-system.

Experimental

Samples with nominal compositions, Cs0.25NbyW1-yO3

and Cs0.3NbyW1-yO3 with 0.0 B y B 0.25 and 0.0 B y B

0.3, respectively, were synthesized according to the fol-

lowing reaction:

x=2 Cs2WO4 þ 1� x� y=2ð ÞWO3 þ 1=2 x� yð Þ WO2

þ y=2 Nb2O5

! CsxNbyW1�yO3

The starting materials were of high quality reagent

grade Cs2WO4, Nb2O5 (BDH Laboratory Supplies), WO3

(Ventron GmbH), and WO2 (Alfa Aesar). Appropriate

amount of the reactants was mixed thoroughly in an agate

mortar and transferred into clean, dried silica tubes. The

silica glass tubes were evacuated (10-2 Torr) at room

temperature for about 2 h, sealed and then heated in a

Muffle Furnace at 800 �C for 7 days. Samples of nominal

bronzoid composition (i.e., x = y) were also prepared in an

oxidizing atmosphere (i.e., heated in air) keeping all the

other experimental conditions the same. In all the

experiments, samples were quenched to room temperature

by taking out the reaction tubes from the furnace.

The X-ray powder patterns of the products were taken

by a Philips PW1800 diffractometer (CuKa radiation) and

the data were characterized by using Rietveld program

(Rietan 2000 and TOPAS 3). Space group, P63/mcm, was

used for the refinement of lattice parameters of HTB-I and

HTB-II type phases. For the pyrochlore type phase, space

group Fd-3m was used in the calculations. The cell

parameters of the pure HTB-I phase were also calculated

from X-ray powder photographs taken by Guinier-Hägg

focusing camera using CuKa1 radiation and Si as an

internal standard. The cell parameters of pure HTB-I phase

obtained from diffractometer and Guinier-Hägg data show

excellent agreement within standard deviation.

Samples were studied in a JEOL JSM-820 scanning

electron microscope (SEM), which was equipped with a

LINK AN 10000 EDS microanalysis system and operated

at an accelerating voltage of 20 kV. The SEM specimen

was prepared by mounting a small amount of the sample on

an aluminium stub with a conducting carbon tape. Co was

used as an internal standard. The microanalyses gave

information about the Cs:W and Cs:Nb:W ratios in at.%.

For the Rb-samples information about the Rb:Nb:W ratios

in at.% was obtained. The whole spectra were used in the

quantification. From the atomic ratios, the values of x and

y in the in MxNbyW1-yO3 (M = Cs, Rb) were calculated.

All the samples were investigated by infrared absorption

spectroscopy in the range 370–4000 cm-1 using Bruker

IFS66v FTIR spectrometer. For the transmission IR mea-

surement, the grinded samples were mixed with KBr (1 mg

sample in 200 mg KBr) and pressed into pellets. The spectra

are given in absorption units with Abs = log (Io/I), where Io

and I are transmitted intensities through the reference pellet

(KBr) and sample pellet diluted with KBr, respectively. The

optical reflectivity of the samples were measured in the range

of 6000–20000 cm-1 against MgO powder as a reference

using Bruker IFS88 FTIR spectrometer.

Results and discussion

X-ray study

The XRD patterns of the samples, CsxNbyW1-yO3, are

given in Fig. 1 (x = 0.25 series) and Fig. 2 (x = 0.3 series).

The XRD patterns and Rietveld refinement analysis of the

data show (Table 1) that Nb-substituted HTB-I type phase

could be synthesized with niobium content, y \ 0.1. Sam-

ples with nominal compositions y C 0.1 reveal a mixture of

HTB-I and HTB-II type phases. With the increase of gross

niobium content, the amount of HTB-II type phase increa-

ses in the mixture. In the system, Cs0.3NbyW1-yO3 a third

phase, pyrochlore type can also be seen along with HTB-I

and HTB-II when y C 0.15. However, this pyrochlore type

phase is absent in the system, Cs0.25NbyW1-yO3 even in the

composition x = y. Samples of gross nominal composi-

tions, CsxNbyW1-yO3, with x = y = 0.25 and 0.3 of HTB-

II type phase were prepared both in air and also in sealed

evacuated tubes. The samples prepared in air are poly-

crystalline white powder, whereas the samples prepared in

sealed evacuated tubes are light bluish in colour. This bluish

colour may be due to the fact that samples become slightly

reduced under vacuum condition. For Cs0.3Nb0.3W0.7O3 the

XRD pattern are almost identical in both cases (Fig. 2),

whereas for Cs0.25Nb0.25W0.75O3 a more complex distri-

butions in peak intensities for the sample prepared in vac-

uum sealed sample (Fig. 1) imply a more complex phase
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distributions, which could not further be refined. It may be

noted that the peaks of the HTB-II type phases for the

samples with y [ 0.2 show significantly larger in halfwidth,

which can be related to much smaller crystal sizes com-

pared to those obtained for HTB-I. This may be expected

since preparation temperatures of bronzoids are above

1000 �C [13] compared to 800 �C used here.

In a previous study [22], using the same preparation

conditions as used here, the existence of HTB-II type phase

has not been noticed in the related systems RbxNby

W1-yO3, which should be expected according to the new

results in the Cs-HTB system. Therefore, we have rein-

vestigated a few samples of Rb0.3NbyW1-yO3 series by

XRD. The new results reveal that Rb-HTB system shows a

phase separation into HTB-I and HTB-II phases as seen in

Cs-HTB system. The Rietveld refinement fit of XRD pat-

terns of four selected samples in Cs-HTB and Rb-HTB

systems are shown in Fig. 3. The results of Rb0.3Nb0.15

W0.75O3 show the presence of HTB-I and HTB-II type

phases, whereas for Rb0.3Nb0.05W0.95O3 only HTB-I is

observed similarly to the finding in Cs-HTB system.

The lattice parameters obtained for HTB-I type phase in

this investigation are in good agreement with the previ-

ously reported data [22]. With a gradual increase in Nb/W

ratio, a systematic increase in c-lattice parameter and a

decrease in a-lattice parameter values could be expected

assuming a solid solution type effect between the y = 0

and x = y end members. However, such trend was not

obviously in the lattice parameter with y, which could be

related to a distribution in the chemical composition of

crystals from the same batch and the limited amount of Nb

substitution in HTB-I phase. The XRD patterns and Riet-

veld refinement analysis of the samples with nominal

compositions x = y should have HTB-II type as expected;

however, the results are different especially for Cs0.25

Nb0.25W0.75O3, which shows a mixture of two phases. Such

results are also observed even if the sample is prepared in

air. The Rietveld analysis of the second phase in the sample

gives a different lattice parameters than HTB-II (see foot-

note indicator ‘‘a’’ marked in the Table 1).

SEM/EDX microanalysis study

Results of SEM/EDX microanalysis of series of samples

under consideration were reported in detail by Dey [24].

The SEM micrographs in Fig. 4a and b show that crystals

with hexagonal shape were formed in all the examined

samples. The EDS analyses of such crystals showed an

average Cs content of x & 0.3. A slightly larger Cs content

for nominal x = 0.3 samples compared to x = 0.25 sam-

ples is observed which could also be concluded from the

variation in lattice parameters as reported for the y = 0

samples [8]. The Nb contents were found to be in the range

0.0 B y B 0.1. The SEM results in Table 2 indicate that

substitution of niobium for tungsten can take place, thereby

forming two phases of hexagonal tungsten bronzes type

(HTB-I and HTB-II) with significantly different Nb-con-

tent and thus supporting the X-ray results above. The high

Nb-content in HTB-II indicates that this phase is formed

in the region close to the bronzoid Cs0.3Nb0.3W0.7O3.

Fig. 1 XRD patterns of the samples of the system, Cs0.25NbyW1-yO3

Fig. 2 XRD patterns of the samples of the system, Cs0.30NbyW1-yO3
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Table 1 X-ray results of the systems, CsxNbyW1-yO3 and RbxNbyW1-yO3

Nominal composition Rietveld refinement results of different phases from XRD data

HTB-I HTB-II

Amount (%) Cell parameters Amount (%) Cell parameters

a (Å) c (Å) a (Å) c (Å)

Cs0.25WO3 100 7.4216(1) 7.5840(1) – – –

Cs0.25Nb0.05W0.95O3 100 7.4247(1) 7.5885(1) – – –

Cs0.25Nb0.1W0.9O3 96 7.4125(2) 7.5875(2) 4 7.3706(8) 7.7976(9)

Cs0.25Nb0.15W0.85O3 88 7.4031(2) 7.6017(2) 12 7.3693(4) 7.8187(4)

Cs0.25Nb0.2W0.8O3 65 7.4044(2) 7.6085(2) 35 7.3689(2) 7.8460(2)

Cs0.25Nb0.25W0.8O3
a – – – 46 7.3889(5) 7.6703(5)

54 7.3686(3) 7.8453(2)

Cs0.3WO3 100 7.4178(1) 7.5982(1) – – –

Cs0.3Nb0.05W0.95O3 100 7.4175(1) 7.5982(1) – – –

Cs0.3Nb0.1W0.9O3 95 7.4113(7) 7.5979(5) 5 7.3799(4) 7.8699(5)

Cs0.3Nb0.15W0.85O3
b 86 7.4144(5) 7.5987(4) 14 7.3770(2) 7.8707(2)

Cs0.3Nb0.2W0.8O3
b 65 7.4156(2) 7.6152(2) 35 7.3822(2) 7.8128(2)

Cs0.3Nb0.25W0.75O3
a,b – – – 25 7.39643(3) 7.6983(3)

75 7.3848(3) 7.8124(2)

Cs0.3Nb0.3W0.7O3 – – – 92 7.3846(3) 7.8383(2)

8b 10.3920(7) –

Rb0.3WO3 100 7.3919(1) 7.5586(1) – – –

Rb0.3Nb0.05W0.95O3 100 7.3913(1) 7.5552(1) – – –

Rb0.3Nb0.07W0.93O3 100 7.3917(1) 7.5545(1) – – –

Rb0.3Nb0.125W0.875O3 93 7.3913(1) 7.5464(1) 7 7.3398(9) 7.8000(2)

Rb0.3Nb0.15W0.85O3 83 7.3914(1) 7.5499(2) 17 7.3375(6) 7.8000(9)

Rb0.3Nb0.175W0.825O3 81 7.3905(1) 7.5496(2) 19 7.3346(1) 7.8000(8)

a Such composition in principle should give one HTB-II type phase only
b Trace amount of Pyrochlore type phase seen in the XRD

Fig. 3 Observed (dotted)

and refined (solid line) XRD

patterns of the samples,

M0.30NbyW1-yO3 (M = Cs, Rb,

y = 0.05, 0.15). The

corresponding difference curves

and peak positions (bars) are

also shown in each case. Inset
shows an enlarge view where

the solid line represents the

contribution of HTB-II type

phase
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Fig. 4 Scanning electron

micrographs (SEM) of some

selected samples of

a Cs0.25NbyW1-yO3 and

b Cs0.30NbyW1-yO3 systems

(pictures taken from [24]
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However, it is clear from the electron microscopy study

that niobium has been incorporated in HTB-I type phase.

The EDS-study also showed that the Cs:(Nb/W) content

varied from crystal to crystal within a sample. The xmean

and ymean values given in Table 2 are based on 10–20

analyzed crystals from each sample. Though there was a

scattering in the measured values of x and y from crystal to

crystal of the same batch, however, the accuracy in each

measurement point was better than ±/-0.025. It is

expected that a much better value of standard deviation

will be observed when the study of the samples will be

completed by the combination of electron diffraction and

microanalysis in TEM. The results of this study will be

published elsewhere.

SEM studies of the Rb0.3NbyW1-yO3 with 0.125 B y

B 0.175 showed a Rb-content of approximately 0.1 thus

confirming the replacement of niobium for tungsten in the

HTB-I phase. In particular, the effect of niobium substi-

tution seems not to increase about 0.1 showing that the

phase limit of HTB-I type phase has been reached under

the present synthesis conditions. This supports earlier

results of Rietveld refinements for samples of CsxNby

W1-yO3 with x = 0.3, 0.25 and y = 0.1 [25] and also for

Rb0.3NbyW1-yO3 with y = 0.1 and 0.2 [26]. However, for

Table 2 SEM/EDX results

of CsxNbyW1-yO3 and

RbxNbyW1-yO3 (data collected

from [24])

Starting composition SEM/EDX

xmin–xmax xmean ymin–ymax ymean

Cs0.25WO3 0.24–0.29 xmean = 0.27 –

Cs0.25Nb0.05W0.95O3 0.24–0.33 xmean = 0.28 0.03–0.13 ymean = 0.06

Cs0.25Nb0.10W0.90O3 0.23–0.33 xmean = 0.28 0.03–0.14 ymean = 0.09

Cs0.25Nb0.15W0.85O3 0.25–0.32 xmean = 0.29 0.09–0.16 ymean = 0.13

Cs0.25Nb0.20W0.80O3 – –

Cs0.30WO3 0.28–0.33 xmean = 0.31 –

Cs0.30Nb0.05W0.95O3 0.28–0.33 xmean = 0.31 0.02–0.11 ymean = 0.07

Cs0.30Nb0.10W0.90O3 0.30–0.33 xmean = 0.32 0.02–0.14 ymean = 0.10

Cs0.30Nb0.15W0.85O3 0.27–0.33 xmean = 0.30 0.08–0.15 ymean = 0.12

Rb0.30Nb0.125W0.875O3 0.29–0.37 xmean = 0.33 0.07–0.11 ymean = 0.09

Rb0.30Nb0.15W0.85O3 0.32–0.38 xmean = 0.35 0.06–0.11 ymean = 0.09

Rb0.30Nb0.175W0.825O3 0.31–0.39 xmean = 0.35 0.08–0.14 ymean = 0.11

Fig. 5 The IR absorption

spectra (KBr method) of

a Cs0.25NbyW1-yO3 and

b Cs0.30NbyW1-yO3 systems.

The spectra are shifted

vertically for better comparison
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sample of nominal composition Rb0.3Nb0.2W0.8O3 the

niobium content could have been overestimated in the

Rietveld refinement.

Optical spectroscopy study

The IR absorption spectra of the system, CsxNbyW1-yO3,

are given in the Fig. 5. The spectrum of niobium free HTB-

I phase has a weak broad phonon absorption band below

1000 cm-1, which is related to surface effects of the

sample. The intensity of phonon absorption increases with

the increase of y [ 0.1, which is due to the increasing

amount of HTB-II type phase. The spectra observed for the

samples Cs0.25Nb0.25W0.75O3 and Cs0.3Nb0.3W0.7O3 are in

good agreement with powder related spectra published by

Maczka et al. [27].

The optical reflectivity of the series of powder samples,

CsxNbyW1-yO3, with x = 0.3 and 0.25 was measured in

the spectral range between 6000 and 20000 cm-1 (Fig. 6a,

b). The pure HTB-I (i.e., y = 0.0) sample shows two

pronounced minimum at about 16000 and 10000 cm-1

together with a sharp increase in reflectivity towards lower

wavenumber. It is seen that for the Cs0.25WO3 sample these

minima are shifted towards lower values by about

500 cm-1 compared to those of Cs0.3WO3 sample. The

observed shape of the spectra agrees well using the mod-

elling of single crystal data [28] by the Drude free carrier

model describing the plasma edge of doped electrons. The

minimum in reflectivity is related to the number of doped

electrons for the reflectivity component with E//c, Rc. The

structure in the reflectivity on the low wavenumber side of

the minimum is related to the E\c component, Ra. This is

shown in Fig. 6a (dashed lines) using single crystal

parameter values for Cs0.3WO3 and Cs0.2WO3 from [28]

calculating the reflectivity curve as hRi = 1/3 Rc ? 2/3 Ra.

For CsxWO3 with x = 0.2 and 0.3 there is a relative shift in

the plasma edges of about 1000 cm-1. The increase in

electron concentration can be related formally to the

number of W5? states as CsxWx
5?W1-x

6? O3. Consequently,

the effect of counter doping is given by the substitution of

Nb5? against W5? as CsxNby
5?Wx-y

5? W1-x
6? O3. Thus, with a

substitution of y = 0.1, a shift towards lower wavenunm-

ber of about 1000 cm-1 equivalent to x = 0.3 to x = 0.2

can be expected as is seen in the spectra. For y [ 0.1 no

further shift is observed indicating the limit of counter

doping in these cases. The change in spectral features for

y [ 0.1 is related to the decreasing and increasing contri-

bution of HTB-I and HTB-II, respectively. The spectral

features are similar also in the HTB system, RbxNby

W1-yO3 [22], which has been related to the effect of

counter doping, too. It has been reported by Hussain et al.

[22] that the saturation in shift at about x = 0.1 could be

due to the effect of localisation effect of free carriers. Now,

it can be concluded that such a metal to insulator transition

does not occur in HTB-I under the present synthesis con-

ditions. Instead, HTB-II is formed while reaching the phase

stability limit of HTB-I at y about 0.1 in these systems.

Moreover, it may be noted that the main spectral feature in

the metallic tungsten bronzes cannot be fitted uniquely with

the Drude-free carrier model. Instead, an oscillator function

Fig. 6 Reflectivity spectra of

samples of a Cs0.30NbyW1-yO3

and b Cs0.25NbyW1-yO3

systems. The spectra are shifted

vertically for better comparison.

The dashed curves in (a) are the

calculated reflectivity using

single crystal data [28]
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with a low lying transversal optical mode becomes more

appropriate assuming the formation of intermediate sized

polarons [29, 30]. Irrespective of these details, the relative

shift in the plasma edge is still to be used as sensitive

analytical tool as seen here.

Conclusion

The XRD data of samples prepared in the composi-

tional systems Cs0.25NbyW1-yO3 and Cs0.3NbyW1-yO3

with 0.0 B y B 0.25 and 0.0 B y B 0.3, Rb0.3NbyW1-yO3

with 0.0 B y B 0.175 show that for y [ 0.1, a second

hexagonal tungsten bronze type phase appears which could

be identified as bronzoid HTB-II type phase. Lattice

parameter refinement of XRD data of the system CsxNby

W1-yO3 show no significant change in values for single

HTB-I with y. The effect of limited substitution could be

characterized using SEM/EDX analytical work. Moreover,

the limited shift in the plasma edge effect towards lower

wavenumbers shows the effect of counter doping by

Nb5?/W5? substitution.
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