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Abstract

Attempts have been made to synthesize vanadium doped rubidium hexagonal tungsten bronzes with the nominal
composition Rb,VyWy.,,03 (x = 0.30, 0.25, and 0.0 <y <x). The samples were synthesized using the solid state synthesis
method in a silica glass tube under vacuum at (107 Torr) 700°C. The X-ray diffraction measurements reveal that a pure
hexagonal tungsten bronze (HTB) phase can be formed with a 60% replacement of W®" by V°". The systematic
incorporation of vanadium into the HTB lattice, as well as the reduction of V/W-O bond lengths in the xy plane and the
lengthening of these bonds in the crystallographic ¢ direction, are also revealed by Rietveld structure refinement of XRD
data. The XRD results are supported by FTIR absorption spectra of the oxidized phases. Furthermore, an absorption
signature develops as a function of y and exhibits a considerable increase in intensity with the eventual replacement of W>*
by V*', showing a large decrease in the metallic like contribution and revealing the compounds' nonmetallic nature.
Elemental analysis indicates good agreement with nominal values, demonstrating that vanadium was systematically

incorporated into the Rb,V,W,.,05 system.
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|. Introduction

Tungsten bronzes, AWO; are a series of non-
stoichiometric ternary metal oxides where A is an
electropositive metal atom or hydrogen and x can vary in
the range 0 < x < 1. Because of their fascinating structural,
electronic, superconducting, optical, and electrochromic
properties , they have been the subject of much
investigation for a very long time'®. Due to the high NIR
optical absorption capability and strong X-ray attenuation
ability of alkali metal tungsten bronzes, AWOs;, the
possibility of their application as dual-modal contrast agent
for photoacoustic tomography and X-ray computed
tomography imaging as well as in the cancer therapy was
discussed, recently °”.

There are four main structure types that tungsten bronzes
can take based on the size of the interstitial atom, their
amount (x), and preparation method. They are Perovskite
Tungsten Bronzes (PTB)®°, Tetragonal Tungsten Bronzes
(TTB)!, Hexagonal Tungsten Bronzes (HTB)" and
Intergrowth Tungsten Bronzes (ITB)™. These bronzes have
a three-dimensional WOj; lattice structure that is built up of
WOq octahedra that share corners to create different types
of tunnels that which are where the metal atoms are found.
Among the alkali metals HTB phases are formed only by K,
Cs, and Rb. In HTB, along the c-direction, the structure has
hexagonal and trigonal tunnels and the interstitial atoms
mainly occupy the hexagonal tunnels. The tungsten atoms
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lie on the same plane; however, they are slightly displaced
from the center of octahedra normal to the hexagonal axis.
Because the displacement in adjacent layers is in the
opposite direction, the ¢ axis is doubled and the unit cell
comprise two layers. The homogeneity range of alkali metal
in HTB A, WO; were reported for 0.19 < x < 0.33 3%,

When all of the alkali atom positions in the hexagonal
tunnels are occupied, x = 0.33 occurs. The lower stability
limit, however, has been observed to be highly dependent
on preparation conditions and can be increased up to x =
0.15". According to Hussain et al.'°, the empirical formula
tungsten bronzes, AWOs;, may be expressed as
AW WO 1,05, which shows the degree of reduction of
the bronzes depends on the value of x. W** can be partly or
entirely substituted by other pentavalent metal ions, or even
by lower valent atoms*®? with acceptable sizes to prepare
isostructural phases of partly or completely oxidized
bronzes. The completely oxidized isostructural phases are
termed as bronzoids®*.

The optical, electrical as well as magnetic properties of
tungsten bronzes systematically change with systematic
substitution of W** by other ions. Based on the content, X,
of interstitial metal atoms, A, bronzes show metallic like
electrical conductivity and superconducting properties® 2,
whereas bronzoids show electrical insulating and
ferroelectric properties®3'. Literature survey shows that

many properties like anisotropy in optical properties,
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superconductivity and  semiconductor-metallic  like
electrical transition of tungsten bronzes are still arguable.
To explain these properties the free carrier concept %23
and polaron concept®® are discussed in the literature.
Besides, attempts were taken to tailor or control the
properties by controlling reduction conditions through
replacement of W®" of tungsten bronzes by other
pentavalent ions. In our earlier works, we have reported the
replacement of W°* in Na-PTB cubic and K-TTB, Cs-HTB
phases by Nb**, and in K-HTB phase by V°* and Ta>* %%,
There is, however, no report on the replacement of W°* in
hexagonal Rb,WO; by V" so far. Therefore, in the present
study efforts were made to prepare vanadium doped
hexagonal rubidium tungsten bronze, Rb,V,W,.,05, having
nominal compositions, x = 0.30, 0.25 and 0.0 <y <x for the
first time. Moreover, vanadium based oxides exhibit diverse
physicochemical properties due to its formation of wide
range of V-O coordination polyhedral. Many applications
such as usages as cathode materials for lithium ion
batteries, thermochromic material for smart energy-saving
windows, photoelectric materials, gas sensor materials,
catalysts for the oxidation of organics, etc are discussed in
the literature ¥'.

Similarly, tungsten based oxides materials also show many
physiochemical properties analogous to vanadium based
oxides. Therefore, synthesis and characterization of
Rb,V,W,,03 will have the possibility to understand how
vanadium doping affects superconducting, electrical
conductivity, electrochromic properties, etc. which could
lead to the development of more effective functional
materials.

I1. Experimental

Starting materials were reagent grade rubidium carbonate,
tungsten (V1) oxide, (99.998 % pure; Alfa Aesar), tungsten
(IV) oxide (99.9 % pure; Alfa Aesar), vanadium (V) oxide
(99.998 % pure; Alfa Aesar). Reagent grade rubidium
carbonate and tungsten (VI) oxide were heated at 100°C
and 700°C, respectively for overnight before use. Rubidium
tungstate, Rb,WO,, was prepared by heating equimolar
mixture of Rb,CO3; and WQ3; in an open crucible at 750°C
for 24 hours. Using XRD and FTIR, the purity of the
Rb,WO, was examined.

Two series of polycrystalline samples of vanadium
substituted hexagonal rubidium tungsten bronze with
nominal compositions Rbg 50V, W;.,03 (0.00 <y < 0.30) and
Rbg5VyW1,03 (0.00 < y < 0.25) were prepared using
traditional solid state method in evacuated SiO, glass
ampoules. Appropriate amount of the reactants was taken
according to the Eqg.1 and thoroughly mixed in an agate
mortar and placed into dried silica glass tubes with an inner
diameter of 6.0 mm and a length of around 100 mm long,
preheated at 700°C for overnight). The samples tubes were
then evacuated at 10 Torr at room temperature by means of

mechanical pump for two hours before sealing. The
prepared reaction tubes were heated isothermally in a
Muffle furnace at 700°C for 4 days and finally quenched in
water within few seconds after the tubes taken out from the
Muffle furnace.

x/2 Rb,WO, + (1-x —y/2) WO3 + (X/2 — y/2) WO, + y/2
V205 g RbXVyW1_y03 Eq 1

The samples X-ray powder diffraction data were acquired
using a Bragg-Brentano geometry on a Bruker D8
diffractometer (CuKa radiation) containing a secondary Ni
filter and an X’Celerator multi-strip detector.  The
experiment was performed at room temperature in the 10°
to 120° 20 range using step size of 0.02° and a data
collection duration 25s/step. The structures were refined
with the Rietveld program ‘Diffrac Plus Topas-4.2” (Bruker
AXS, Karlsruhe, Germany). Basic parameters based on
experimental data determined from conventional LaB6
measurements were utilized to generate the reflex profile. A
polarization parameter was fixed and the sample
displacement of the center was varied as an extra general
parameter. Starting atomic coordinates were taken from
results Gesing et al. *. The occupancy of V in the 6g site
was constrained so that occ. [V] = 1- occ.[W].

In a vacuum, with a Bruker 80v FT-IR spectrometer,
infrared absorption spectra were acquired. 1.0 mg of the
finely powdered material was mixed with 199 mg of
potassium bromide (KBr) to make a pellet with a diameter
of 13 mm in order to conduct IR spectroscopic
measurements (in the range of 370-5000 cm-1). The
spectrum of a similarly manufactured, pure KBr pellet was
employed as a reference. SEM-EDX was used in this work
for studying the morphology and the elemental composition
of the samples of the series Rbg 50V, W1.,05. Measurements
were conducted using a JEOL JSM 6490 LA instrument
equipped with an EDX detector operated at an accelerating
voltage 20 kV. The powdered samples were smeared on
adhesive carbon films and coated with platinum by vacuum
sputtering method. The EDX spectra were collected in the
range of 0-20 keV. The microanalyses revealed Rb:W and
Rb:V:W ratios in at.%. In the quantification the entire
spectra were employed. About 10 to 12 measurements were
carried out in each sample and the mean values of Rb/W (=
x) and V/(V+W) (=y) are considered. To check the
homogeneity of the elemental compositions a line EDX
scan was performed in single crystal.

I11. Results and Discussion
Study of the X-ray diffraction data of powder samples

The XRD patterns of the polycrystalline samples with
nominal compositions Rbg 30VyW1.,03 (0.0 <y < 0.30) and
Rbg 25VyW1.,03 (0.0 < y < 0.25) are depicted in Figs. 1 and
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2, respectively. All the X-ray diffraction peaks of samples
with x = 0.30, 0.0 <y <0.18 and x = 0.25, 0.0 <y <0.15
could be indexed as HTB type phase.
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Fig. 1. XRD pattern of Rbg 30VyW.,03 (0.0 <y < 0.30) prepared
at 700°C.
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Fig. 2. The XRD pattern of Rbg,5V,\W;,05; (0.0 <y < 0.25)
prepared at 700°C.

It is observed that the diffraction lines are systematically
shifted with increasing nominal vanadium content. This
shift is significant up to nominal composition y = 0.18 for
R0 30VyW1,03 series and y = 0.15 for Rbg 5V Wi 04
series. These shifts are associated with the change in the

values of the cell parameters which is a function of
vanadium content, y. The XRD pattern of samples with
nominal compositions x = 0.30, 0.20 <y < 0.30 and x =
0.25, 0.18 < y < 0.25 show presence of some weak
reflection other than bronze type, which, however, unable
to be indexed as HTB. The cell parameters were refined
(selecting the peaks related HTB phase only) using space
group P6s/mcm (No. 193). Rietveld refinement fit of some
of the selected samples of the Rbg 50V, W1.,05 (0 <y < 0.30)
solid-solution series are shown in Fig. 3. Table 1 shows the
cell parameters acquired via Rietveld refinement of all
samples and cell parameter variations as a function of
vanadium content, y, for Rbg 3V, W1.,05 and Rbg 25V, W;.
,Oz are plotted in Fig.4a and Fig.4b respectively.
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Fig. 3. Rietveld refinements fit three selected samples of the
Rbo3VyWy1,03 (0.0 < y < 0.30) series. The
observed/measured spectrum are represented by dots, and
the calculated data represented by line across the dots.
The curve below the spectrum represents the difference
spectrum.

It has been observed that the lattice parameter a decrease up
to y = 0.18, and then remains constant as y increases
further, but c slightly decreases up to y = 0.05, then
increases linearly as y increases from 0.05 to 0.18 for the
series Rbo3VyW1,05 (0 < y < 0.30). However, cell
parameters a and c¢ remain nearly constant with further
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increase in y. The cell volume shows an overall decreasing
trend with increasing vanadium content. These results also
support our previous report on vanadium doped hexagonal
potassium tungsten bronze?.

Table 1. List of cell parameters obtained after Rietveld
refinement of X-ray diffraction data.
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Fig.4a. Lattice parameters (a, ¢) of Rbg3VyW1.,03 (0.0 <y <
0.30) as a function of nominal composition, y.
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Similar results are also obtained for the series Rbg 5V Wi.
yO3 (0 <y <0.25) shown in Fig.4b. In this series, however,
the cell parameters remain nearly constant for the
compositions 0.15 <y < 0.25. Thus, the significant change
in lattice parameters indicates the formation of solid
solution series Rb,V,W,,0; having HTB type structure
through the substitution of tungsten by vanadium in
Rb,WO;. Moreover, the observed overall decrease of the
cell parameter a and increase in of the cell parameter ¢
when W** are partially replaced by V°* indicates that the
distances between tungsten atoms within the xy hexagonal
plane become smaller (WOg octahedra are more ‘squeezed”)
and the distances between the tungsten atoms in the ¢
direction increase. It is also observed that extent of
squeezing of WOg octahedra depends on the vanadium
content. But certainly, there is a limiting value of squeezing
which reaches lowest for y = 0.18 composition. Similarly,
the distances between the tungsten atoms along the
crystallographic ¢ direction increases with increasing
nominal vanadium content and reaches to maximum value
for y = 0.18 composition.
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Fig.4b. Lattice parameters (a, c,) of Rbg 5V, W;.y05 (0.0 <y <
0.25) as a function of nominal composition, y.

The change in cell parameters of some pentavalent M>*
doped bronzes is compared in Table 2. This comparison
shows that when 50% (y = 0.15) of W°" are replaced the
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cell parameters are noticeably changed for VV compared to
Ta substituted bronzes. This could be due to the difference
of their ionic size. Since Ta>* (0.73A) has larger size
compared to V°* (0.68 A), the distortion (squeezing) of
WOQOg octahedra is less prominent for tantalum when
substituting larger W** (0.76 A) ions.

Table 2. Comparison of cell parameter changes with a
few structurally related systems.

Decrease of Increase of
cell cell
HTB Phases y Parameter, a Parameter, ¢
(%) (%)
Koz0TayWy.,05 % 0.06 0.15
Ko.30VyW1.,,03 2 0.15 1.87 212
RbO.3OVyW1-y03
(Present study) 169 2.45

It has been reported that for the system K,Ta,Wy.,04 cell
parameters remains almost constant up to y = 0.15 and then
a decreases and c increases as y increase further. Hussain et
al. ®, nevertheless, it was noted that in the Nb substituted
HTB type Kg30Nb,W,.,05 system cell parameters a and ¢
both decreases with increasing nominal Nb content. It has
been also reported that the lattice parameter a decreases and
c increase up to y = 0.15 in the K,V,Wy,0; system. With
this information it could be concluded that there are some
critical values for the substitution of pentavalent W by other
pentavalent ions, which depends on the on the amount of
W (= x) in the initial composition. For example, in the
case of Rbg3VyW;1yO3 (0 <y < 0.30) and Rbg 5V, W1.,O4
(0 <y <£0.25) series, the limiting value of y are 0.18 and
0.15, respectively. Considering the ratio of V= /W®', it
becomes y+x = 0.18+0.30 = 0.60 for the series
Rbo.30V0.1sWog.03 and also y+x = 0.15+0.25 = 0.60 for
Rbg25Vo1sWog505. This reveals that the vanadium doped
hexagonal Rb,WO; allow the contraction of the lattice
when about 60% of the W>" is replaced by V°* and then
with more incorporation of V** the structure remains rigid
and shows other non bronze phases along with doped HTB
phase. Previous Investigation **?>% reports on hexagonal
K,Nb,W,,03 Rb,Nb,W,,0;3 K,V,W;,0;and K,Ta,W,,0;
systems also show that about 50-60% W°* could only be
substituted by the respective pentavalent ions such as Nb®*
and Ta™, i.e., the limiting value is about 60%.

FTIR Spectroscopic Study

Infrared absorption spectra of polycrystalline samples of the
series Rbg30VyWiyOz. and RbgsWi.,V, 03 measured at
room temperature are dipicted in Fig. 5. The spectra are
measured in the 50 cm™ to 4000 cm™ range. Spectra above
1250 cm™ are featureless (not shown in figures). For
comparison, each figure includes the IR absorption spectra

of WO; (monoclinic, room temperature). The observer
bands for WO; centered at 756 and 824 cm™ are due to the
symmetric and asymmetric stretching vibration of the W-
O-W groups respectively in WOg octahedra.

The samples without vanadium, i.e., for nominal
composition y = 0.0, exhibit no significant phonon
absorption. The featureless rise in intensity with rising
wavenumber due to metallic-like behavior of samples,
which may be described as proportional to (1-R), where R
is the reflectivity. Similar results have been published for
the Ta doped HTB system . When W*" ions are gradually
replaced by VV°**, there is an absorption feature that develops
as a function of y and exhibits a significant rise in intensity.

Rbg 30VyW1.y03

y/"/\\
\ \ W03
\/ N _
'w,J i \//
[l y=0.30
P \A\
3 y=025
3 / X, o B OO e
< yv=020
< —
g 7 L% y=018
{7\ —
= | y=0.15
S E
Z y=0.12
y =0.10
y=0.08
g ~ y=0.05
PR ¥=0.00
. SR v

400 800 1200 1600 2000

Wavenunber / cm™!

Rb 55V W, 03

Absorbtion / a.u.

400 800 1200 1600 2000

Wavenumber/ cm™

Fig.5. FT-IR absorption spectra of the Rbg3V,W;.,0;. and
RDbg 25VyW,., O3 series.
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This increased phonon absorption intensity implies a
significant decrease in the metallic like contribution and
reveals nonmetallic nature of the compounds. The spectra
obtained for the sample Rb,V,W,,,0; correspond well with
the powder-related spectra published by Dey et. al®.
Additionally, some weaker bands are also observed in the
same region. These weak bands may observe as a result of
symmetry lowering of the distorted WOy octahedra in
Rb,VyW,,03, which leads to lifting of degeneracy and
relaxation of selection rules. This systematic distortion of
WOQOgq gives a clear indication to the vanadium doping to the
investigated system.

Due to the large broadening of the bands of such reduced
polycrystalline samples their actual assignment is very
difficult. Maczka et al.* suggested that this problem can be
avoided in the studies of their corresponding hexatungstates
in which relatively sharp peaks are observed. Brusetti et al*®
carried out a detail investigation of oxidation process of
rubidium bronzes Rb,WO; and found that at high rubidium
content (0.33 < x < 0.28) hexatungstate is formed in
equilibrium with impoverished HTB phase. Therefore,
some of the selected samples of RbgsVyW;.,Os. were
heated in air at 700°C to form corresponding hexatungstate.
The oxidation of bronzes involves the conversion of all W>*
to W®". The structure of the samples was checked taking
XRD and reveals the HTB type phase. The IR spectra of
some these oxidized samples of the series Rbg 3VyW;.,Os.
(y =0.10, 0.15, 0.20 and 0.25) are compared with rubidium
hexatungstate (y = 0.0) in Fig. 6. It can be seen the two
most intense band at 813 cm™ and 870 cm® are
systematically shifted in low and high wave numbers
respectively with increasing vanadium content.

Rby 30VyW14034d

Absorbtion / a.u.

400 500 600 700 800 900 1000
Wavenumber / cm'’
Fig. 6. FT-IR absorption spectra of some selected samples of the

Rbg 30V, W;.,O3. series calcined 700°C in air. For clarity
the spectra are plotted vertically.

According to Maczka et al.*® the band at 870 cm™ in
polycrystalline Rb- hexatungstate is connected with
vibrations of equatorial oxygen atoms, i.e. the atoms which
form W-O bonds within the pseudo-hexagonal xy layers.
The IR band at about 813 cm™ is related with the vibrations
of axial oxygen atoms forming W-O bonds, which are
approximately perpendicular to the pseudo-hexagonal
layers. Therefore, the shifting of these bands indicates that
the V/W-O bond distances decreases in xy plane and
increase in crystallographic ¢ direction in their
corresponding oxidized phase with increasing vanadium
content. Since they are structurally related to their reduced
phase, this result is consistent to our XRD results found for
reduced Rbg 30VyW1.,05. system. Rietveld refinement fit of
the XRD data also reveals that average V/W-O distances
within the xy plane decrease and the respective V/W-O
distance along the crystallographic c direction increases as a
result of substitution of W°* by V**. Therefore, IR band
shifting of the V/W-O stretching mode should be opposite
in two directions, which is evident in Fig. 6.

SEM / EDX analysis

The morphology of the samples was examined using
scanning electron microscopy, which shows the presence of
hexagonal shaped crystals along with irregular shaped
crystals.

Fig. 7. SEM images of Rbg 30V W,.,Oj series.
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To evaluate the elemental composition, energy dispersive
X-ray spectroscopy (EDX) was used. The spectra clearly
reveal the presence of all experimental elements (O, Rb, W
and V) in the samples, Rbg3W1.,V,0;. The quantitative
estimation was carried out counting the peak areas of the
respective elements using JEOL software. Although the
EDX study showed that the rubidium and vanadium content
vary from crystal to crystal, their mean values are expected
to be close to their nominal ones. Using 10 to 12 examined
crystals from each sample, Table 2 provides the mean value
of x and y. Table 3. shows that the composition of
vanadium, y obtained from the EDX study reveals good
agreement with their nominal values demonstrating
systematic incorporation of vanadium in RDb,V,W;,03
system. To check the homogeneity of the elemental
composition in crystals SEM/ EDX line scan were
performed. As a typical example SEM/EDX line scan of a
crystal with nominal composition x = 0.30, y = 0.18 is
relative shown in Fig. 8. The intensities of each element
remain constant throughout the length of the crystal
indicating the compositional homogeneity.

Table 3. The mean values of x and y in the samples,
Rb,V,W,.,O5 obtained from EDX analysis.

Mean value of

Nominal composition Mean value of x

y
Rbg 30WO;3 033(3) -
Rbo.30V0.0sWo.9503 0.31(2) 0.049 (6)
Rbo.30V0.10Wo.9003 0.29 (3) 0.10 (2)
RD0.30V0.15Wo.8503 0.30(2) 0.15(2)
R0 30V0.20Wo.8003 0.29 (3) 0.19 (3)
RDg 30V0.25Wo.7503 0.32(2) 0.24 (3)
RDbg 30V0.30W0.7003 0.29 (3) 0.28 (4)

Fig. 8. Line scan of SEM / EDX to check the homogeneity
of the elemental composition in a single crystal with
x=0,y=0.18.

1V. Conclusion

Two series of polycrystalline samples were synthesized
using the solid state synthesis method in an evacuated silica
glass tube at 700°C, with nominal compositions of
Rb0A30VyW1_y03 (y =0.0 - 030) and Rbo.25VyW1_y03 (y =
0.0 - 0.25) respectively. X-ray powder diffraction, FTIR
spectroscopy as well as Energy dispersive X-ray (EDX) and

Scanning Electron Microscopy (SEM) were used to
characterize the products. XRD data in Rbg3V,W1,03
series show that the pure hexagonal tungsten bronze (HTB)
type phase can be prepared with compositions y < 0.18. The
samples with y > 0.20, however, show the presence of small
amount of other phases along with HTB. The cell
parameters refined using space group P63/mcm show that a
decreases up to y = 0.18, and then remains constant as y
increase further. But c slightly decreases up to y = 0.05,
then increases linearly as y increases from 0.05 to 0.18. For
further increase in y, both cell parameters (a and ¢) remain
nearly constant. This change in cell parameters indicates
that the partial replacement of W atoms by V results in
shortening of the W-W distances within the xy plane and
elongation in the crystallographic c¢ direction. SEM-EDX
analysis also shows the systematic vanadium incorporation
in the samples. Almost similar trend was obtained for
Rbg »5VyW1.,03 system. In this series, however, the pure
HTB phase was obtained for y < 0.15. The spectroscopic
data of the samples also support the successful
incorporation of vanadium in the system.
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