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This paper demonstrates the use of two-dimensional (2D) correlation spectroscopy in the characterization
of the sodium molybdate structures that include and are intermediate between the hexagonal and
orthorhombic forms; this series of sodium molybdates is produced by varying the preparation conditions,
particularly the acid concentration and the heat-treatment temperature. In order to verify the assignments
of the vibrational modes of hexagonal sodium molybdate, 2D correlation analysis was applied to the
acid concentration-dependent Raman spectra. We can confirm from 2D Raman correlation analysis that
this series of preparation conditions results in a series of sodium molybdates including and intermediate
between the hexagonal and orthorhombic forms. Furthermore, 2D Raman correlation analysis elucidates
the sequence of the structural transformation of hexagonal sodium molybdate into the orthorhombic form.
With progression within the series from the hexagonal to the orthorhombic structures, the intensities of the
oxygen-molybdenum stretching bands in sodium molybdate change in the following sequence: 973 cm™!
(terminal OMo in the hexagonal structure, decrease in intensity) — 996 cm~! (terminal OMo in the
orthorhombic structure, increase in intensity) — (897, 881) cm~! (corner OMo; in the hexagonal structure,
decrease in intensity) — 664 cm~! (edge OMo; in the orthorhombic structure, increase in intensity) —
820 cm™! (corner OMo; in the orthorhombic structure, increase in intensity) — 692 cm~! (edge OMo; in
the hexagonal structure, decrease in intensity). This sequence implies that the changes in the corner OMo,
and edge OMo; structures along the series of sodium molybdates are strongly correlated. Copyright ©

2003 John Wiley & Sons, Ltd.
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INTRODUCTION

Molybdenum oxides with two-dimensional layered struc-
tures or three-dimensional tunnel frameworks have drawn
much attention as potential cathodic materials for use in sec-
ondary lithium batteries.!=® The oxides and oxide hydrates
of molybdenum display a variety of structures involving
linked MoOy octahedra.” There are three well-known struc-
tures of molybdenum oxide (MoOs). The orthorhombic
form of MoQO; is stable and possesses a layered structure
of edge-sharing MoOs octahedra [Fig. 1(a)].8~1° The other
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polymorphs of MoOs are monoclinic MoO; and hexagonal
MoQOj;. Monoclinic MoQOy is similar to ReO;, with its struc-
ture of corner-sharing MoOg octahedra,'! and the hexagonal
MoOj; framework is constructed of the same zigzag chains
of MoQOg octahedra as found in orthorhombic MoQO; but
they connect through the cis-position between the chains
[Fig. 1(b)].”> Moreover, by varying the MoOj; preparation
conditions such as acid type and concentration and the
heat-treatment temperature, different forms of MoO; can be
created.’®-1°

Sodium molybdates also form different structures
under different preparation conditions. The acidification
of Na,MoO; solutions with different concentrations of
strong acids (e.g. HCl and HNO;) and the variation of
the heat-treatment temperature produce different forms of
sodium molybdates.!® These structural differences influence

Copyright © 2003 John Wiley & Sons, Ltd.
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Figure 1. Structures of (a) orthorhombic and (b) hexagonal
molybdenum oxides. 215

the electrochemical behavior, such as the chemical diffusion
coefficient of lithium ions in, and the discharge capacity of,
secondary lithium batteries.'®

Of the molybdenum oxides, the vibrational spectra of
orthorhombic and monoclinic MoOj3 and of various forms of
hydrates have previously been analyzed'’~!? and the Raman-
and IR-active modes calculated.® In addition, polarized
Raman and FTIR spectra have been used by Narzri and
Julien?? to study the anisotropic nature of orthorhombic
MoO;s single crystals. Although some vibrational studies
of monoclinic MoO; have been carried out, the vibrational
spectra of hexagonal MoO; have not yet been reported. In
addition, most of the FTIR spectra of molybdenum oxides
have been obtained using the limited KBr disk method. %
Partial or complete ion exchange, particularly for inorganic
salts and for hydrochloride salts of organic amines and other
bases, may cause spectral changes that completely preclude
any useful purpose for the spectrum.?

In this study, we attempted to assign the vibrational
modes of hexagonal sodium molybdate by correlating the
structures of the sodium molybdates in the series pro-
duced by variation of the heat-treatment temperatures
and preparation conditions. Our spectral interpretations
are based on the fact that the stretching and bend-
ing vibrations of MoOs occur in the regions 1000-600
and 400-200 cm™', respectively. The vibrational modes
of the sodium molybdates are classified as those of
the terminal MoO bonds, the corner OMo, bonds or

Copyright © 2003 John Wiley & Sons, Ltd.

JRS

the three-coordinated edge OMoz oxygen—-molybdenum
bonds.

In addition, in order to analyze the vibrational modes
of oxygen—molybdenum bonds and to describe the struc-
tures of the sodium molybdates in the series, we applied
two-dimensional (2D) correlation analysis to the acid
concentration-dependent Raman spectra. Generalized (2D)
correlation spectroscopy has been applied extensively to the
analysis of spectral data sets obtained during the observation
of a system under some external perturbation.”’-* Because
of the wide range of applications of this technique, it has
become one of the standard analytical techniques for inter-
preting various types of spectroscopic data. The details of
this technique are described elsewhere,”~?’ so no further
description is given here. Through this 2D correlation analy-
sis, we also elucidated the structural correlations between the
hexagonal and orthorhombic sodium molybdenum oxides.

EXPERIMENTAL

Materials and preparation

Sodium molybdates were prepared by the acidification of
0.25 M Na,MoQOy (Aldrich, 99.99%) solutions with different
HCI solutions in the range 1.0-2.5M as described by Yu
et al.;'® 100 ml of 0.25 M Na,MoQ, solution were added to
100 ml of HCl solutions in the range 1.0-2.5 M. The resulting
acidified solutions were heated at 100°C with constant
stirring for 1 h. The resulting solutions were aged for 24 h,
then filtered, washed with distilled water, dried at room
temperature and heated at 50, 250, 300, 350, or 550 °C for 1 h.

Chemical analysis

Composition analyses of Mo and Na were performed
using a Perkin-Elmer inductively coupled plasma mass
spectrometer. The water content in the oxides was calculated
from the weight loss in the samples using a Perkin-Elmer
Pyris 1 TGA thermogravimetric analyzer. TGA analysis was
performed in the range 30-600°C and the heating rate was
10°C min~!.

Measurements

Powder x-ray diffraction (XRD) measurements were con-
ducted on a Rigaku RINT-2500 vertical diffractometer using
Cu Ke radiation. Raman spectra were collected using a
Renishaw Raman microscope consisting of an air-cooled
charge-coupled device (CCD) detector and an argon ion
laser operating at 514.5 nm. 2D correlation analysis was per-
formed using an algorithm based on the numerical method
developed by Noda et al.?® The 2D correlation analysis was
carried out after baseline correction and normalization of
the Raman spectra. A subroutine named KG2D* written
in Array Basic language (GRAMS/386; Galactic Industries,
Salem, NH, USA) was employed for the 2D correlation
analyses.
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RESULTS AND DISCUSSION

The series of sodium molybdates

Figure 2 shows the Raman spectra of the sodium molyb-
dates prepared using different dilutions of HCI, result-
ing in different Na*:H" ratios (1:2 to 1:5). The series
of sodium molybdates in the ratios of Na':H" =
1:2, 1:3, 1:4 and 1:5 had the following chemical
compositions: Nag15M00;3:0.44H,0, Nag14M00;-0.43H,0,
Na0.070M003~O.25H20 and Na0'063M003~0.24H20.

The Raman spectrum of «-MoOj (the orthorhombic form)
is also shown for comparison. The spectral differences are
largest between the materials prepared at Nat:H* = 1:2
and 1:5; the Raman spectrum of the sodium molybdate
prepared at Na*™ : H" = 1:5 [Fig. 2(d)] has the same features
as that of a-MoO; [Fig. 2(e)].

To ascertain the structural differences between these
two sodium molybdates, their XRD patterns were obtained
(Fig. 3). The XRD pattern of the sodium molybdate prepared
at Nat:H'* = 1:2 [Fig.3(a)] indicates that this sodium
molybdate has a hexagonal structure,’>~'® whereas that of
the sodium molybdate prepared atNa* : H" = 1:5 [Fig. 3(b)]
indicates that it has an orthorhombic structure,®1216.21,22.31
suggesting that as the Na™ :H* ratio used in preparation
decreases, the favored structure becomes the orthorhombic
form. The XRD pattern of the sodium molybdate prepared
atNat:H* = 1:2 agreed well with a hexagonal structure as
reported by Guo et al.!? and Kumagai et al.*

On the basis of our information about the structures
of the prepared sodium molybdates, we examined their
Raman spectra in order to classify their vibrational modes
and to follow the variation of structure with varying
preparation conditions. It is expected that the Raman
spectrum of sodium molybdate prepared at Na*:H" =1:2
will indicate a hexagonal structure and that further decrease
in the Na* : H" ratio will produce a partially orthorhombic
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Figure 2. Raman spectra of the sodium molybdates prepared
atNat:H* = (a)1:2,(b)1:3, (c) 1:4 and (d) 1:5 dried at
room temperature. (€) Raman spectrum of «-MoOQOg3.
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Figure 3. Powder x-ray diffraction patterns of sodium
molybdates prepared at Nat :H*™ = (a) 1:2 and (b) 1:5.

phase at Na*:H* = 1:4; this phase becomes dominant at
Nat:H* = 1:5, as shown in the XRD pattern and reported
by Yu et al.'®

As shown in Fig.2(e), bands due to the terminal
MoO, the corner OMo, and the three-coordinated edge
OMo; oxygen—molybdenum stretching vibrations of a-
MoOQ; appear at 998, 820, and 668 cm™!, respectively.!”-22
Bands due to the terminal MoO, the corner OMo, and
to the three-coordinated edge OMo3s oxygen—molybdenum
bending vibrations appear at 289, 219, and 339 cm™l,
respectively.’’=2? For orthorhombic sodium molybdate, the
band positions are not very different from those of o-
MoO;; the characteristic Raman bands of hexagonal and
orthorhombic sodium molybdate and intermediate forms
between them are presented in Table 1. For hexagonal
sodium molybdate, bands at 977, 899, 882, 690, 317, 252
and 225 cm™! are observed. From these Raman spectra, it
is concluded that the stable phase changes from hexagonal
to orthorhombic sodium molybdate; however, it was not
possible from these spectra alone to assign the vibrational
modes for the molybdenum-oxygen bonds, since the
information about the intermediate structures provided by
these spectra is not sufficiently detailed.

Therefore, a series of structures including and interme-
diate between the hexagonal and orthorhombic forms was
also produced by variation of the heat treatment tempera-
ture. These structural transformations by heat treatment are
very similar to that of tungsten oxide. For tungsten oxide,
orthorhombic WOs- %HZO transformed into hexagonal WO;
by heat treatment, which was expressed in terms of ori-
ented nucleation of hexagonal oxide on the (001) hydrate
plane and of oriented growth. It is therefore suggested that
the transformation between hexagonal and orthorhombic
forms proceeds through an oriented nucleation and growth
mechanism as occurs in the structural transformation of
tungsten oxide.?>3
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Table 1. Characteristic Raman wavenumbers (cm~") of «-MoO3, hexagonal sodium molybdate (Na*t : H* ratio = 1:2) and

orthorhombic sodium molybdate (Na* : H™ ratio = 1:5)3

Na*:H"
Structure 1:2 1:3 1:4 1:5 a-MoOj3 Assignment?!
Orthorhombic 996 996 996 v(OMo)
(996)
Hexagonal 977 977 978 v(OMo)
(973)
Hexagonal 899, 882 899, 881 899, 880 v(OMoy)
(897, 881)
Orthorhombic 821 821 v(OMoy)
(820)
Hexagonal 690 690 691 v(OMos)
(692)
Orthorhombic 665 666 668 v(OMos)
(664)
Hexagonal 492 493 492
Orthorhombic 472 472
Hexagonal 413,399 414, 399 414,399
Orthorhombic 379 379
Orthorhombic 337 338 339 3(OMos)
(330)
Hexagonal 317 317 317 3(OMos)
(317)
Orthorhombic 289 289 289 3(OMo)
(289)
Hexagonal 252 252 252 3(OMo)
(255)
Orthorhombic 246 246
Hexagonal 225 225 225 3(OMoy)
(222)
Orthorhombic 210, 198 219, 200 3(OMoy)
Hexagonal 183 183 181
Orthorhombic 161 160 160
Hexagonal 138 138 137
Orthorhombic 130 131

2 Numbers in parentheses are wavenumbers of oxygen—molybdenum modes obtained from the 2D Raman correlation analysis.

Figure 4 shows the Raman spectra of the sodium
molybdenum oxides produced at different heat-treatment
temperatures. As discussed in the previous section, the
structure of sodium molybdate prepared at Nat:Ht =1:2
is hexagonal and that prepared at Nat:H* = 1:4 has a
mixed hexagonal and orthorhombic structure. With variation
of the heat-treatment temperature applied to the sodium
molybdate prepared at Na* : H* = 1:4, a series of structures
from the mixed hexagonal form to the stable orthorhombic
form was produced. The band at 977 cm™! resolves into two
bands at 977 and 996 cm~! with increase in the heat-treatment
temperature from 50 to 250 °C, and of these only the band at
996 cm ™! is observed above 350°C. As the band at 821 cm™!
starts to appear with increase in heat-treatment temperature,

Copyright © 2003 John Wiley & Sons, Ltd.

the intensities of the bands at 899 and 882 cm™! decrease,
and of these only the band at 821 cm™! is observed above
350 °C. Further, the band at 690 cm~! also resolves into two
bands at 690 and 666 cm~! with increase in heat-treatment
temperature, and of these only the band at 666 cm™!
observed above 350 °C.

From these results, the vibrational modes of hexagonal
sodium molybdate can be assigned as follows because of their
correlation with the vibrational modes occurring through the
series of structures. The stretching vibrations of the terminal
Mo—O bonds appear at 977 cm~!, those of the corner OMo,
bonds at 899 and 882 cm~! and that of the edge OMo bonds
at 690 cm™!. In a similar manner, we can also assign the
bending vibrational modes of the molybdenum oxides. The

is

J. Raman Spectrosc. 2003; 34: 451-458
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Figure 4. Raman spectra of sodium molybdates prepared at
(@ Nat:H* =1:2and Nat:H* = 1:4 heat-treated at (b) 50,
(c) 250, (d) 300, (e) 350 and (f) 550 °C.

bending vibrations of edge OMo; appear at 317 cm™?, those
of terminal OMo at 252 cm~! and those of corner OMo,
at 225 cm™!. Table 2 shows the characteristic Raman bands
of hexagonal and orthorhombic sodium molybdate, and
intermediates between them for the various heat-treatment
temperatures.

Comparing the Raman spectra of the hexagonal and
orthorhombic sodium molybdates, it is found that the
terminal v(OMo) mode in the hexagonal structure is shifted
to lower wavenumber by about 20cm™', whereas the
corner ¥(OMo,) and edge v(OMos3) modes in the hexagonal
structure are shifted to higher wavenumbers by about 80

2D Raman correlation analysis of sodium molybdates

and 25 cm™!, respectively. This suggests that the change

in structure is strongly correlated with the band shifts of
vibrational modes of hexagonal sodium molybdate. This
large up-shift (80 cm™) is not understandable in terms
of the bond strength, although the wavenumber down-
shift of the terminal Mo—O bond can be explained that
the strength of the Mo=0O double bond in the hexagonal
form is weakened due to the ionic interaction between the
terminal oxygen and sodium ion with water together in the
tunnel as described by Guo et al.!> Hence other effects should
possibly be considered. The links between the zigzag chains
in hexagonal sodium molybdates occur through adjacent
(cis) oxygens rather than through opposing (trans) oxygens,
as in the orthorhombic structure.!>3 This difference may
cause both bond strength and bond angle changes, which
could influence the wavenumbers of the vibrational modes
of the Mo—O bonds, as suggested for Si—O bonds in oxide
glasses by Sharma et al.® At various pressures, the bond
angle changes of the Si—O—Si linkage in K,SiOq glass
influence the wavenumber of the vibrational mode of the
Si—O—Si bond.

2D Raman correlation analysis

To investigate further the structural differences in the series
from hexagonal to orthorhombic sodium molybdate, we
applied 2D correlation analysis to the acid concentration-
dependent Raman spectra. 2D Raman correlation spectra
were constructed from the Raman spectra of the sodium
molybdate prepared at Na*:H* = 1:2,1:3,1:4, and 1:5
as shown in Fig.2. We focused on the spectral region
1100-100 cm~!. This range provides information about the

Table 2. Characteristic Raman wavenumbers (cm~') of hexagonal sodium molybdate (Na* :H™ ratio = 1:2 and 25°C) and

orthorhombic sodium molybdate (Na™ : H™ ratio = 1:4 and 550 °C)

Nat:H*

1:2 1:4
Structure 25°C 50°C 250°C 300°C 350°C 550°C Assignment?!
Orthorhombic 996 996 996 v(OMo)
Hexagonal 977 978 978 v(OMo)
Hexagonal 899, 882 899, 880 891, 882 v(OMoy)
Orthorhombic 821 821 821 821 821 v(OMoy)
Hexagonal 690 691 692 v(OMo3)
Orthorhombic 665 666 666 666 666 v(OMos)
Hexagonal 492 492 492
Orthorhombic 472 472 472
Orthorhombic 337 338 338 338 338 3(OMos)
Hexagonal 317 317 38(OMog3)
Orthorhombic 289 289 289 289 289 8(OMo)
Hexagonal 252 252 252 3(OMo)
Orthorhombic 245 245 245
Hexagonal 225 225 227 3(OMoy)
Orthorhombic 219 219 219 3(OMoy)

Copyright © 2003 John Wiley & Sons, Ltd.
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Figure 5. (a) Synchronous and (b) asynchronous 2D Raman correlation spectra generated from the acid concentration-dependent
spectra of the sodium molybdates in the spectral region 1100-100 cm~". Solid and dotted lines represent positive and negative

cross peaks, respectively.

oxygen—molybdenum stretching and bending vibrations.
The synchronous and asynchronous 2D Raman correlation
spectra are displayed in Fig. 5(a) and (b), respectively. A
power spectrum is also shown at the top of Fig.5(a).
The power spectrum in Fig. 5(a) yields bands at 996, 973,
897, 881, 820, 692, 664, 339, 317, 289, and 255 cm™!. The
band at 820 cm™! (assigned to the stretching vibration of
corner MoO; in orthorhombic sodium molybdate) shows
much greater intensity variation in the series of spectra
than other bands; the bands at 897 and 881 cm™! (assigned
to the stretching vibrations of corner MoO, in hexagonal
sodium molybdate) also show some intensity variation,
suggesting that corner Mo—O—Mo bonds are strongly
influenced by the variation of structure produced by the
differentNa* : H" preparation ratios. Table 1 summarizes the
wavenumbers of oxygen—molybdenum modes of hexagonal
and orthorhombic sodium molybdate and intermediate
forms between them with wavenumbers obtained from the
2D Raman correlation analysis.

In the synchronous 2D correlation spectrum, the presence
of positive cross peaks at (996, 820), (996, 664), (996, 339)
and (996, 289) cm™! reveals that these vibrational modes,
which increase in intensity with increasing Na®:H™ ratio,
originate from orthorhombic sodium molybdate, while the
presence of positive cross peaks observed at (973, 897), (973,
881), (973, 692), (973, 255) and (973, 222) cm™! suggest that
these vibrational modes which decrease in intensity with
increasing Na* : H* ratio originate from hexagonal sodium
molybdate. In addition, the negative cross peaks at (222, 820),
(255, 820), (692, 820), (881, 820), (897, 820) and (973, 820) cm*
reveal that with increases in the Na* :H* ratio the intensity

Copyright © 2003 John Wiley & Sons, Ltd.

of the band at 820 cm™ (assigned to orthorhombic sodium
molybdate) increases, whereas bands at 973, 897, 881, 692,
255 and 222 cm™! (assigned to hexagonal sodium molybdate)
decrease in intensity. Other negative cross peaks at (881, 664)
and (897, 664) cm™! also reveal that with increases in the
Na* : H" ratio the intensity of the band at 664 cm ™! (assigned
to orthorhombic sodium molybdate) increases while the
bands at 881 and 897 cm™! (assigned to hexagonal sodium
molybdate) decrease in intensity. Additional information is
then provided by the asynchronous spectrum, from which it
is possible to determine the sequence of spectral changes as
the Na* : H* ratio increases.

The synchronous and asynchronous 2D Raman corre-
lation spectra for the region 1100-600 cm~! are displayed
in Fig. 6, providing more detailed information about the
progression of structural differences within the series. The
power spectrum extracted along the diagonal line of the
synchronous spectrum is shown at the top of Fig. 6(a). The
positive cross peaks at (664, 820) and (996, 820) cm™! in
the synchronous 2D correlation spectrum [Fig. 5(a)] show
that the intensities of those bands increase with increases in
acid concentration. This result confirms that the sequence
of structures of sodium molybdates prepared with increas-
ing Na* :H" ratios is from a hexagonal to an orthorhombic
structure.

According to the rule proposed by Noda,” the signs of
the cross peaks in the asynchronous 2D correlation spectrum
[Fig. 6(b)] imply the following sequence of spectral changes
in the bands assigned to hexagonal sodium molybdate as the
Na*:H* ratio increases: 973 cm™' — (897, 881) cm™! —
692 cm™!, ie. the intensity of the band due to terminal

J. Raman Spectrosc. 2003; 34: 451-458
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OMo changes first, then the intensity of the band due
to corner OMo, decreases and then the intensity of the
band due to edge OMos decreases. For the bands assigned
to orthorhombic sodium molybdate, the spectral changes
occur in the following sequence: 996 — 664 — 820 cm™},
i.e. the intensity of the band due to terminal OMo changes
first, then the intensity of the band due to edge OMo;
increases and then the intensity of the band due to corner
OMo; increases. Collectively, the spectral changes of the
bands assigned to hexagonal sodium molybdate occur in
the following sequence: 973 — 996 — (897, 881) — 664 —
820 — 692 cm™!. Asthe Na* : H* ratio increases, the intensity
of the stretching band correlated with terminal OMo in
hexagonal sodium molybdate (the intensity of the stretching
band due to hexagonal sodium molybdate decreases before
the intensity of the stretching band in orthorhombic sodium
molybdate increases) changes first, then that correlated with
corner OMo, in hexagonal sodium molybdate decrease in
intensity, that correlated with edge OMos in orthorhombic
sodium molybdate increases in intensity, those correlated
with corner OMo, in orthorhombic sodium molybdate
increases in intensity and then that due to the edge OMoj3 in
hexagonal sodium molybdate decreases in intensity. These
results imply that the changes in the corner OMo, and edge
OMo; structures along the series of sodium molybdates are
strongly correlated. In addition, the intensities of the bending
modes of oxygen—-molybdenum in sodium molybdate also

Copyright © 2003 John Wiley & Sons, Ltd.

change according to the sequence of the stretching bands of
oxygen—molybdenum.

CONCLUSION

We analyzed the correlation of the structures in a
series including and intermediate between hexagonal and
orthorhombic sodium molybdate by 2D Raman correlation
analysis. The 2D Raman correlation analysis revealed that
with increase in the Na'™:H" ratio the bands at 996, 820
and 664 cm™! (assigned to orthorhombic sodium molyb-
date) increase in intensity, while the bands at 973, 897, 881
and 692 cm™! (assigned to hexagonal sodium molybdate)
decrease in intensity. This result confirms that the series of
sodium molybdates moves from hexagonal to orthorhombic
structures with increasing Nat:H* ratio. The sequence of
spectral changes as the acid concentration increases is as
follows: 973 cm™! (terminal OMo in hexagonal)— 996 cm™
(terminal OMo in orthorhombic) — (897, 881) cm™! (corner
OMo; in hexagonal) — 664 cm~! (edge OMoj3 in orthorhom-
bic) — 820 cm™! (corner OMo, in orthorhombic MoO3) —
692 cm ™! (edge OMos in hexagonal). These results imply
that there is a strong correlation between the changes in
the corner and edge structures within the series of sodium
molybdates.
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