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AbslracL The mixed oxide (1 - z)V205 + zMo03 ( z  4 0.3) has teen synthesized by 
melting the oxides, and its smcture and vibrational propeaies are investigated by x-ray 
diffractometry (XRD), x-ray photoelectron spectroscopy, Fourier transform infrared (IR) 
spectroscopy and Raman scattering. XRD rwealed that the solid solutions of VZOS with 
MOOS are well formed except that the second phase VgMosOda appeared at x > 0.1. 

It turned out ihat the uni ta l l  dimension c of Lhe solid solutions (orihorhombic) 
initially decreases whereas D and b increase wilh increasing x, and that all the lattice 
parameten tend to lemain unchanged above x s 0.1. 

n e  IR band due to the V-O stretcliing vibration at 1028 cm-' siiifled downwards, 
diffused and decreased in intensity with increasing z ;  similar changes are observed in 
the Raman spectra of the mixed oxide. It is shown that the V valence transition from 
V5t io V4+ cccurs as V is replaced by MO. 

m e  V ~ - ~ O - V ~ ~  ratios obtained by demnvoluting the V 2p312 tine showed some 
qualitative agreement with the prediction for I < 0.1 based on no MO valence transition 
and the V5+ t V 4 t  transition as V is replaced by MO. 

It is concluded ihat the V valence transition is responsible for the vibrational property 
changes of the mixed oxide with Z .  

1. Introduction 

Vanadium pentoxide V,O, crystallizes in a layered structure (Bachmann ef a1 1961) 
and thereby is characterized by anisotropic physical properties. The vanadium in 
V,O, exhibits a five square pyramidal coordination (Nabavi et a1 1990) and alkali 
metal or hydrogen atoms can be incorporated between the layers to form bronzes, 
changing its structure as well as its physical properties (Tinet and Fripiat 1982, Tinet 
el a1 1986). V,O,-based oxides have been extensively studied with respect m their 
catalytic activity (Ono et a1 1984, mchs  and Chan 1984, Saleh et al 1986, Liu cf a1 
1988a, b, 1989, Cristiani el a1 1989, Ramirez ef a1 1990, Odriozola el al 1991) or 
electrochromism (Fujita ef a1 1985). From our vievoint of the V,05-Mo0, system, 
however, there have been only a few studies of the mixed oxide (1 -z)V,O,+zMoO, 
(Najbar and Niziol 1978, Liu ef a1 1989, Kang et 01 1989), where the maximum solid 
solubility of MOO, in V,Oj amounts to 30 mol% according to the phase diagram 
(Robert el ai 1981). 

The vanadium in V,O, is pentavalent (V5+) whereas the molybdenum in MOO, 
is hexavalent (MO'+). Therefore, we may expect the V wlence transition from V5+ 
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to V4+ to occur when solid solutions of V,O, with MOO, are formed, and it may be 
possible to determine the V4+-to-V5+ ratio experimentally. 

Meanwhile, it is expected that V-0 bond lengths and angles change as a result of 
the V valence transition when V is replaced by MO (MO and V have different cation 
radii: rMos+ = 0.62 8, and rvs+ = 0.54 A), leading to vibrational property changes 
of the mixed oxide. 

The vibrational properties of &MOO, (I = 0.1-0.5) and H,V,O, ( z  = 0-3.27) 
have been investigated by Fourier transform (FT) infrared (IR) spectroscopy (Hirata 
and Yagisawa 1990, 1992). 

Our attention is now directed towards understanding the structure and vibrational 
properties of the mixed oxide (1 - z)V,O, + zMoO, (I < 0.3). 

This paper is organized as follows. In section 3.1, the structure of the mixed oxide 
is characterized by x-ray diffractometry (XRD). In sections 3.2 and 3.3, its vibrational 
properties are studied by FT IR spectroscopy and Raman scattering. In section 3.4, 
x-ray photoelectron spectroscopy (xPs) is performed to study the V valence transition 
from v+ to V"+ in the mixed oxide. Finally, the structure and vibrational properties 
of the mixed oxide are discussed in section 4. 

T Hirara and Hai-Yan Zhu 

2. Experimental details 

The mixed oxide (1-z)V,0,+sMo03 ( z  =0.025,0.05, 0.10, 0.125, 0.15, 0.20, 0.25 
and 0.30) was prepared by fusion of the oxides; appropriate amounts of two oxidcs, 
V,O, and MOO,, to give each value of z were taken, sealed in quartz tubcs, melted 
at 700Y (the melting point of V,O, is about 69OoC), kept at that temperature for 
1 h and cooled to room temperature (RT). No significant reaction of the melt with 
the quartz tubes occurred. The resultant products were annealed at 603°C for 3 d in 
air to ensure their homogeneity and rapidly cooled to RT by taking them out of the 
furnace. The products changed colour from light green to deep green with increasing 
z whereas the colour of V,O, is yellowish. X-ray diffractometry was performed with 
Cu K a  radiation to characterize the synthesized products, using Si as an internal 
standard. IR spectra were measured at RT with an Fr IR spectrometer (JEOL loo), 
using a triglycine sulphate detector and KBr as reference between 400 and 4000 cm-l 
or below 400 cm-l with a resolution of 4 an-]. Raman scattering was performed 
on the pellets prepared from the pulverized products, by an Fr-Raman spccvometer 
(JRS 5500N) with near-IR excitation (1064 nm). xps was performed with a VG 
Scientific Escalab Mark I1 spectrome'ter using Mg K a  radiation (1233.6 eV). All 
measurements were made at a base pressure of less than 5 x Torr in the 
analyser chamber. 

3. Results 

3.1. X-ray diffraclometty 

Figure 1 shows x-ray diffractograms of the mixed oxide (1 - z)VzO, + zMoO, 
(0 < z < 0.3) in two scattering angle regions: 20 = 29-35O in figure l(i) and 28 = 
39-45'' in figure l(u); the x-ray diffractograms of V,05 and Moo, are presented 
for comparison. These diffractograms reveal that the solid solutions of V,O, with 
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(i) 2 -Theta 

(a ) 
(ii) , .AjG;-. 41 2-Theta 43 L*I--. 45 

Finre  1. X-ray diffractograms of the mixed oxide (1 - z)V*Oi i IMOOQ ktween two 
differenl scatlering angle regions (i) 28  = 29-35' and (ii) 28 = 39-W (a.u., arbitla?, 
unirc): curves (a), VzOs; curves p), z = 0.025; curves (c), z = 0.05; curves (d). 
z = 0.10; curves (e), I = 0.15; curves (0, 1: = 0.25; curves (g), Moo3. 

MOO, are well formed by our sample preparation method, with evidence of no Bragg 
reflections associated with MOO, for the mixed oxide. 

In figure 1, we can see that the (032) reflection for the mixed oxide (orthorhombic) 
clearly shifts to larger scattering angles with increasing z. Unit-cell dimensions of the 
mixed oxide are plotted as a function of z in figure 2 and are listed in table 1; 
they were determined by a least-squares refinement based on the setting of nine 
B r a g  reflections using Si as an internal standard for the 38 correction. Interplanar 
spacings or scattering angles of V,O, and MOO, are in good agreement with those 
of the Powder Difraction File (1984). 

It is seen that c for the mixed oxide initially decreases whereas a and 6 increase 
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Flgure 2. Plols of the u n i t e l l  dimensions a, b and c as functions of z for the mixed 
utide (1 -z)Va05+xMo03.  

Table 1. Unit.mIl dimensions of the mixed oxide (1 - z)V,O, t rMo08. 

O ( V 3 0 , )  11.532 3567 4.373 
0.025 11.545 3.572 4.358 
0.05 11.555 3582 4.342 
0.075 11.566 3.583 4.433 
0.10 11.585 3.585 4.326 
0.125 11.583 3585 4328 
0.15 11.583 3587 4.322 
0.20 11.584 3588 4.326 
0.25 11.596 3.587 4.327 
0.30 11.584 3.582 4.329 

with increasing I. It is interesting to note that all the unit-cell dimensions tend to 
remain unchanged above I N 0.1. 

A few lines appeared in the x-ray diffractograms of the mixed oxide with I 2 
0.10, and their intensities increased with further increase in I (see, for example, the 
peaks labelled with a star in figure l(ii)). They could he assigned to a vanadium 
molybdenum oxide V,Mo,O,, (Joint Committee on Powder Diffraction Standards 
1989) (orthorhombic) in the V,O,-MOO, system (Munch and Pierron 1964, Bielanski 
and Najibar 1978). 

The tendency for the unit-cell dimensions to remain unchanged at I B 0.1 is 
relevant to the precipitation of V,Mo,O,, in the solid solutions. Quenching from the 
solid-solution region (6M)"C) did not avoid the formation of V,Mo,O,, for the mixed 
oxide with I 2 0.10. It is considered that the solvus line is really ambiguous in the 
phase diagram proposed for the V,0,-Mo03 system (Bielanski and Najibar 1978). 
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3.2 Infared qecfroscon 

Figure 3 shows IR spectra of the mixed oxide; for comparison, IR spectra of V,05 as 
well as MOO, are shown too. The spectrum of V,O, is in good agreement with that 
in the literature. The band at 1028 an-' and the broad band at around 823 cm-' are 
assigned to the stretching vibration of the V-O group and the deformation vibration 
of V-0-V bridges (Frederickson and Hausen 1963, Dickens ef a1 1984, Cristiani et 
a1 1989, Ramirez ef a1 1990). Similarly, the bands at 999 an-' and 820 cm-' in 
the spectrum of Moos are due to the MO-0 stretching vibration and the MO+ 
MO bridging vibration, respectively (Beattie ef al 1971, Razl SeyedmonIr et a1 1982). 
We notice that the V-O stretching vibration mode decreases in intensity and becomes 
diffuse with increasing I. It is evident that this mode shifts downwards with increasing 
x as seen from the expanded representation in figure 4; the frequency change of this 
mode has been cited with regard to the activity and selectivity of 'the V,O,-MOO, 
catalyst (Hair 1967). 

.f----- r - (h' 

Figure 3 IR specwa krween 650 and 11W cm-' 
for 'he, mixed adde (1 - Z)VZOS + ZMOOJ (a&, 
arbitraiy units): curve (a), V ~ 0 5 ;  curve p), z = 
0.025; a w e  (c), 2- = 0 .05 ;  cum (d), z = 0.075; 
curve (e), 2: = 0.10; curve (9, z = 0.125; C U N ~  

(g), I = 0.15; curve @), z = 0.20;  cuwe (i), 
z = 0.25; curve cj), z = 0.30; curve (k), MoOa. 

1wO 900 BOO 700 
Wavenmkr(cni') 

The frequency of the V-0 stretching vibration mode decreases linearly with in- 
creasing I, as shown in figure 5. It was difficult to determine the exact frequency for 
the mixed oxide with x 0.15 because of broad peaks. The frequency of the Raman 
band at 997 cm-' was carefully searched for on an expanded spectrum on the CRT, 
which also showed a linear decrease with increasing x (figure 5). 

In order to obtain any information concerning the distortions of edge-sharing 
VO, polyhedra as V is replaced by MO, an attempt has been made to measure f a r m  
spectra. Figure 6 represents far-IR spectra of the mixed oxide (1 - z)V,05  + xM00, 
(I = 0.025, x = 0.075 and x = 0.15) together with those of V,O, as well as 
MOO,, for comparison. ' b o  m bands at 316 and 386 m-' in the far-IR spectrum of 
V,O, are assigned to the angular deformation mode (6 V-0-V) related to the V-0 
bonds (Nabavi ef a1 1991); the triple bands at 351, 360 and 375 an-' for MOO, are 
assigned to the B, mode (Beattie ef a1 1971). It is shown that the bands labelled A 
and B decrease in intensity and become diffuse with increasing I. In addition, band A 
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Figure 4. The expanded representation to demon- ''' strate the downward shi[t of the V-0 stretching 
vibralion mode with z (a.u., arbitrary units): C U N ~  

(a), %Ob; curve (b), 2: = 0.025; culve (c), 
950 z = 0.05; cume (d). z = 0.075; CUIVC (e), 

(9, E 0.125. 

"O0 
Wavenumber (cm-9 = 0.10; 

Figure 5. Frequency &if1 of the IR band at 
1028 cm-' ( z  = 0 )  with z for the mixed ox- 
ide (1 - r)V,O, + rMoOz; the frequenq shift 
of the Raman band at 997 cm-' (z = 0) is also 

101 So- 0.10 0.15 0.05 plolted. Thc left-hand sale  is for lhe IR data and 
the right-hand is for the Raman data X 

shifts upwards and tends to merge into band B with increasing I. It is considered that 
these spectral changes are associated with the perturbation of the linkage between 
the cdge-sharing VO, polyhedra which influences the angular deformation mode as 
V is replaced by MO (Nabavi e1 ai 1991). No direct relation to the far-la spectrum 
of MOO, could he given. 

3.3. Raman specfroscopy 

Figure 7(i) shows the Raman spectra of V,O, and MOO,. The Raman spectra of 
the mixed oxide (1 - +)V,05 + zMoO, with z = 0.025, z = 0.05 and x = 0.075 
are given in figure 7(ii). The Raman spectrum of MOO, is in good agreement with 
the prcvious data (Razl Seyedmonlr ef ai 1982, Mohan and Ravikumar 1983). The 
bands at 937 and 821 cm-' are assigncd to the MO-0 symmetric and asymmetric 
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Figure 6 Farm spectra between 3W and 5W a-' 
for the mixed oxide (1 - z)VzOs + zMo03 
(ax., arbitrary units): curve (a). VzOs; cuwe @), 
z = 0.025; curve (c). z = 0.075; curve (d), 
I = 0.15. For comparison, the far-in spectrum of 
MOOS (culve (e)) is shown as well. 

(4 Raman shift k m " )  hI Raman shift (cm-') 
Figure 7. Faman Spectra of 6 )  VzOs (cuwe (a)) and MOO3 (curve @)) and (ii) the 
mixed oxide ( 1  - r )Vz05  + zMoOs %ith z = 0.025 (curve (a)), T = 0.05 (curve (b)) 
and T = 0.075 (curve (c)) (ax. ,  arbitrary units). 

stretching vibrations, respectively; the small band at 667 cm-' is due to the second- 
order Raman scattering, i.e. the subtraction of the O-Mo-O asymmetric bending 
vibration (335 em-') from the Mc-0 symmetric stretching vibration gives rise to this 
small band. The Raman spectrum of V,O, also coincides well with those given in 
the literature (Beattie and Gilson 1968, 1969, Wachs and Chan 1984, Cristiani ef a1 
1989, Saleh el a1 1986). 

The bands at 997 cm-' and 700 cm-' are assigned to the V-0 symmetric and 
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asymmetric stretching vibrations, respectively. For the mixed oxide, the Raman band 
at 997 an-’ shifts downwards and decreases in intensity with increasing I, increasing 
the full width at half-maximum (FWHM); the frequency of this Raman band which 
was determined on an expanded spectrum on the cm is presented in figure 5. The 
two Raman bands A and B decrease in intensity and become broader with increasing 
I. We note that the frequency of band B does not exactly correspond to that of the 
band at 821 cm-I for MOO,; this band could be assigned to the Mo-O vibration in 
the mixed oxide. 

Raman spectroscopy indicates the formation of polyhedra with bond lengths and 
angles different from those in V,O,, reflecting the structural distortions as MOO, is 
intercalated into V,O,. 

3.4. ws 
Figure 8 shows the V 2p core-level spectra including the 0 1s line for the mixed 
oxid< the spectrum of V,O, is shown as well. The spectra for all the different I- 
values are not presented since some spectra are almost the same as those in figure S. 
The binding energies were corrected with reference to the 0 1s line at 529.48 eV. 
The spectrum of V,O, is in good agreement with the previous data (Fujita cf ai 1985, 
Haber ef ai 1985, Liu a ai 1988a, b, Khawaja et ai 1989, Odriozola cf ai 1991). 

T Hirafa and Hai-Yan Zhu 

- 
? 
e 
x 
VI c 
U 
C 

- .. .- 
c - 

Fgure 8. V mre-level spectra of Uie mixed oxide 
( l -x)Vz05+xMo08 (a.u., arbilrary units): curve 

(4 )  (a), VZOS; a w e  @) z = 0.025; curve (c), I = 
0 0.05; Nwe (d), z = 0.10; curve (e), z = 0.15; 

Binding e n e r g y k v )  cuwe (0, 2. = 0.25. 

It is of particular interest to note that the V 2p,,, line decreases in intensity with 
increasing I, and that a small peak tends to appear at the foot shifted by about 1 eV 
from the predominant V 2p,,, line at 516.6 eV. These spectral changes suggest the 
V valence transition from V5t to V4+ as reported for the vanadium species in the 
4+ oxidation state (Haber et ai 1985, Odriozola ef ai 1991). 

An attempt was made to estimate the W - ~ O - V ~ ~  ratio by deconvoluting the 
V 2 ~ , , ~  line with two Gaussian and/or Lorentzian curves of RKHM 1.4 eV or less, 
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separated by 1 eV p a n  and Anderson 1991) with or without a background and 
satellite subtraction; both yielded similar results for the V4t-to-V5c ratio. However, 
our deconvolution yielded a V4+-to-VSt ratio of 4% even for V,05, which is an 
order of magnitude larger than that determined by ESR spectroscopy p n a b e  et a1 
1978). Thus, this ratio for V,O, was subtracted as a correction from the V4t-to-V5t 
ratios for the mixed oxide. 

Figure 9 shows a representative dewnvolution for the V Zp,,, line of the mixed 
oxide with x = 0.25. 

Binding Energy (eV 1 

Figure 9. A representative deconvolution Cor lhe V 
2p312 tine of the mixed oxide with 2 = 0.25. 

In figure 10, the V4'-to-V5+ ratios are plotted as a function of x for the mixed 
oxide, compared with the prediction according to 

(1 -x)V,O,+xMoO,-(x/2)0 = xMo6"+5(1-x/2)0 f ( 2 - 3 r ) V 5 + z V 4 + .  

(1) 

This equation can be derived on the basis that V is partly transformed to V4+ and 
the rest of V remains pentavalent as V is replaced by MO on the condition that the 
MO valence does not change. Equation (1) meets the condition for charge neutrality 
as well as the condition that the total number of V5+ and V4+ cquals 2( 1 - z ) .  It is 
proved that no MO valence transition occurs as there is no MO 3d core-level spectral 
change with respect to the binding energies and lineshapes for the mixed oxide. 

We can see that the experimental V4+-to-V5+ ratios increase in qualitative agree- 
ment with the prediction up to x = 0.1 and then tend to decrease or level off with 
further increasing x. We also tried to obtain the V4+-to-V5+ ratios from the differ- 
ence spectrum between the V Zp,,, wre-level spectra of V,O, and the mixed oxide. 
Quite a similar trend to that shown in figure 10 was observed. 

4. Discussion 

First, we should recall that the V-0 stretching vibration mode along the c axis of 
the mixed oxide shifts downwards with increasing I. This contradicts the decrease in 
c with increasing I, in view of the generally accepted rule that shorter bond lengths 
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0.3 I 

. 0.2- 
YI > 

Figurt 10. Plot of the V't+3.V5+ ratios as a function of I lor Ule mixed oxide 
(1  - r)VaOs -t zMoO3; - - -, guide to the eye; 0, expen'ments; -, prediction 
according to quation ( I ) ,  

correspond to high force constants, leading to a hardening of vibration modes. The 
mode Griineisen parameter y is defined as -/(U) = d(ln w)/3d(ln c ) ,  where c 
represents the unit-cell dimension along the direction of vibration. Tdking account of 
the linear decrease in c with increasing s for 5 < 0.1 and d w / d r  U 77 cm-' (see 
figures 2 and 5). we find an anomalous sign (negative) for 7. This requires us to 
tackle the problem on the basis of the bond-length changes in the internal coordinates 
of the unit cell. 

We consider that the short bond distance of V-0 (1.54 A) along the c axis in V,O, 
increases whereas the long bond distance of V-0 (about 2.78 A) decreases even more 
with increasing T ,  leading to an actual decrease in the lattice constant c. The opposite 
bond-length changes along the c axis have been proposed for YBa,Cu,O,-,, where 
the Cu(1)-O(1) bond length decreases with increasing oxygen deficiency whereas the 
Cu(2)-0(1) bond length increases (Kourouklis et a/ 1987), resulting in the actual 
expansion of the c axis. 

It is considered that the fact that the ion radii of V4+ and/or MO'+ are larger 
than that of VSC could be responsible for the increase in the bond length of V-0. 
The substitution of Mo'f for VSt causes the V5+ -t V4t transition, which results in 
an increase in the bond length of V-0 (1.54 A) and a decrease in the bond length of 
V-0 (2.78 A) along the c axis. In fact, the lower the oxidation state of V, the longer 
the V-0 bond length becomes (Ramirez el a/ 1990). Thus, we can consider that the 
V-0 bond length increases when the V valence changes from VSt to V4+ as V is 
replaced by MO, and we expect a softening of the vibration mode in question. 

It is ruled out that the downward shift of the V-0 stretching vibration mode with 
increasing I is due to a masschange-induced effect. The frequency shift based on 
the mass change is equal to wvM,/wv = (mv/mV,J1/*, where mv and mvM0, 
respectively, represent the masses of V before and after V has been replaced by MO, 
and mvM. is given by (1 - z)mV + mnbt,,. This yields too large a frequency shift 
to reconcile with the experiments; for example, ( m v / m v , , ) ' / 2  N 0.98 even for the 
mixed oxide with 2' = 0.025. 

The decrease in intensity of the IR band a t  1028 cm-' with increasing s is also 
ascribed to the VSt -+ V4+ transition. The intensity of the IR hand is proportional to 
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the effective charge (Brodsky er a1 1977) and, the geater  the ionization potential, the 
larger the effective charge becomes. Since the ionization potential of V5f is greater 
than that of V4+, the V5f - V4+ transition causes a decrease in the intensity of the 
IR band. With respect to the Raman band at 997 cm-I, it should be noted that this 
Raman band is unique to V,O, and is absent in vanadium oxides in lower oxidation 
states of V (Wachs and Chan 1984). Consequently, the decrease in intensity of the 
Raman band is also associated with the V5+ -f V4+ transition. 

The V valence transition from V5+ to V4f as V is replaced by MO is confirmed by 
ws. Our experimental V4+-to-V5+ ratios are qualitatively in line with the prediction 
according to equation (1) for x < 0.1. While we can state that ws is only qualitative 
when the V4+-to-VSt ratio is much less than about 0.1, another possible reason for 
this imperfect agreement is that the fixed oxygen content may not be retained because 
of oxygen deficiency or excess in the mixed oxide. For x > 0.1 ,  the deviation from 
the prediction tends to be significant; this could be attributed to the existence of the 
second phase V,Mo,O,, where all the vanadium is not in the oxidation state of V5+ 
but in the mixed oxidation states V4+ and V5+ with a V4+-to-V5+ ratio of i. It 
is noticed that the changing trend in the V4+ component with z is quite similar to 
that determined by a chemical method (Tanabe el a1 197s). Complementary work to 
determine the V4+ component in the mixed oxide by ESR spectrsocopy is in progress. 
Fujita a al (1985) have reported that V,05 changes colour from yellow to green when 
VO, (V4+) is formed. This colour change corresponds to what we have observed for 
the mixed oxide. 

Summing up, the mixed oxide ( 1  - x)V,05 + rMoO, undergoes the V valence 
transition from v+ to V4+ as V is replaced by MO; this was confirmed by XPS. This 
valence transition is responsible for the vibrational property changes of the mixed 
oxide as observed by IR spectroscopy and Raman scattering. Finally, we would like to 
comment that the solid-solution region in the V,O,-MoO, system is much narrower 
than in the proposed phase diagram. 
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