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An investigation has been conducted of the effects of temperature on the intensities and positions of Raman
bands of bulk and supported metal oxides. The relationship of band intensity to optical absorption of the
sample at frequencies close to that of the laser used for Raman spectroscopy was also investigated. It was
observed that bulk oxides exhibit an increase in optical absorption with increasing temperature due to a loss
of oxygen and the consequent formation of nonstoichiometric oxides and stoichiometric suboxides. When
the increase in optical absorption is significant at or near the frequency of the laser used for Raman spectroscopy,
this gives rise to a loss in Raman signal intensity due to a decrease in the sampling depth. The closer the
absorption band edge of the oxide is to the laser frequency and the weaker the metal-oxygen bond in the
oxide, the more severe will be the effects of temperature on the intensity of the Raman spectrum. For dispersed
metal oxides, the influence of temperature on Raman band intensity becomes less severe as the volume fraction
of oxide lowers. Temperature also affects the position of the Raman bands for both bulk and supported metal
oxides. With increasing temperature, all Raman bands shift to lower frequencies. This effect is attributable to
thermal expansion and changes in the population of the vibrational energy levels with increasing temperature.

Introduction

In situ Raman spectroscopy is a highly effective technique
for characterizing phase transformations of bulk oxides and
structural transformations occurring in dispersed oxides.1-6 The
technique has also been used to study the structure of adsorbed
species and their transformations under reaction conditions. In
the course of such investigations, it has been observed that the
bands associated with bulk and dispersed oxides change in
intensity in different ways with differing sample temperatures.
For example, in studies of titania-supported vanadia, it has been
noted that the peaks for V2O5 crystallites decrease in intensity
and broaden with increasing sample temperature upon heating
in oxygen.7,8 The authors attribute this effect to thermal
broadening caused by a change in the density of states. By
contrast, the intensity of the band for isolated vanadate species
is not affected by temperature.9 Similar effects of temperature
on Raman band intensities have been reported recently in a study
of silica-supported vanadia, where it was also observed that the
positions of all bands shift to lower frequency with increasing
sample temperature.10 A further finding of this work is that upon
lowering of the sample temperature to room temperature, all
band positions return back to where they had been originally
observed and the intensities of the peaks for V2O5 are regained.
Changes in the relative intensity of bands upon changing laser
intensity have been reported as well.11-13 For example, in the
case of titania-supported vanadia, the intensity of the band for
isolated monovanadate species was found to increase with
increasing laser power, whereas that for crystallites of V2O5

decreased.13

No satisfactory explanation has been given for why elevated
temperatures cause the Raman bands for V2O5 in the spectrum
of dispersed vandia to undergo changes in both position and
intensity, whereas the band for monovanadate shifts only in
position. Likewise, to the best of our knowledge, the effects of
temperature on the Raman spectrum of oxides other than vanadia
have not been explored. Because it is generally known that
oxides can develop anionic vacancies at elevated temperatures
and that such vacancies can increase the optical absorbance of
the oxide, it was decided to investigate the effects of temperature
on Raman band intensities for both bulk and dispersed oxides
and to relate these observations to changes in the optical
absorbance of the sample. The bulk oxides investigated were
V2O5, WO3, MoO3, and Nb2O5. Silica-supported V2O5 was
examined as a representative dispersed oxide.

Experimental Section

Bulk oxides were obtained from the following sources: V2O5

(Alfa Aesar, 99.995%), MoO3 (Alfa Aesar, Puratronic, 99.9995%),
WO3 (Fisher, 99.9+%), and Nb2O5 (Johnson Matthey Elec-
tronic, 99.9+%). A sample of 12 wt % V2O5/SiO2 was prepared
by incipient wetness impregnation of Cabosil EH-5 SiO2 with
an aqueous solution of NH4VO3.10 Prior to use, the impregnated
sample was dried and then heated in air at 773 K for 2 h.

Raman spectra were recorded using a HoloLab series 5000
Raman spectrometer (Kaiser Optical) equipped with a Nd:YAG
laser that is frequency-doubled to 532 nm. The laser was
operated at a power level of 30 mW measured at the sample
with a power meter (Edmund Scientific). The resolution of the
spectrometer is 5 cm-1. Samples (50 mg) were pressed into 9
mm diameter wafers at 350 Mpa and placed onto a rotating
sample holder located within a quartz cell. To reduce laser
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heating, the samples were rotated at 20 Hz. All samples were
pretreated for 0.5 h at 723 K in a mixture of 20% O2 in He
(Scott Specialty Gases) flowing at 40 cm3/min through the
Raman cell. A furnace wound onto the exterior of the Raman
cell was used to heat the sample up temperatures of 773 K.

Diffuse reflectance UV-vis spectra were recorded using a
Varian-Cary 4 spectrometer equipped with a Harrick diffuse-
reflectance cell. Magnesium oxide (Fisher, light) was used as a
reference and spectra were recorded in the range of 1.5-6.0
eV at temperatures between 298 and 773 K. Reflectance
measurements were converted to absorption spectra suing the
Kubelka-Munk function F(R∞). The absorption edge energy
was defined as the intercept with the abscissa of the straight
line describing the near-edge region for spectra plotted as
[F(R∞)hν]2/3 vshν, wherehν is the energy of the incident photon.

Results

Raman spectra of bulk Nb2O5 recorded at temperatures
between 298 and 773 K are presented in Figure 1A. All of the
features seen are characteristic of crystalline H-Nb2O5.14,15As
seen in Figure 1B, there is a modest decrease in the intensity
of the band at 993 cm-1 for NbdO vibrations as the acquisition
temperature increases, and Figure 1B also shows that the
position of this line shifts to lower frequencies. Similar trends
were observed for all of the features in the spectrum. Above
423 K, H-Nb2O5 undergoes a phase transition to the T- and
TT-phases, as evidenced by the disappearance of the peaks at
663 and 627 cm-1, and the appearance of the peak at 692
cm-1.15,16

UV-vis spectra of Nb2O5 are shown in Figure 2A as a
function of temperature. At 298 K, the absorption band edge,
E, is located at 3.10 eV. As the temperature increases, the value
of F(R∞) increases, and the value ofEg decreases. The
dependence of the absorption band edge on temperature can be
described by the empirical expressionEg ) Eg0 + aT, where

Eg0 is the absorption band edge at 0 K, anda is the temperature
sensitivity of the absorption band edge. Values forEg0 and a
are listed in Table 1. The vertical lines in Figure 3A are placed
at the frequencies of the laser line used for Raman spectroscopy
(532 nm or 18 797 cm-1) and the frequency of the scattered
light corresponding to the Raman band at 993 cm-1 (19 780
cm-1). The change inF(R∞) at both of these frequencies with
temperature is identical, as can be seen from Figure 2B.

Results similar to those presented for Nb2O5 are presented
in Figures 3 and 4 for bulk MoO3, in Figures 5 and 6 for bulk
WO3, and in Figures 7 and 8 for bulk V2O5. The positions of
each band are listed in the figures. The positions of these bands
are in excellent agreement with previous studies of the bulk
phases of MoO3,17,18 WO3,19,20 and V2O5.21 For each of the
oxides investigated, the intensity of the Raman signal decreases
with increasing temperature, and the degree of optical absorption
increases. As noted in Table 1, the absorption-band edge
decreases with temperature for all of the oxides in a manner
identical to that for Nb2O5. It is significant to note that the
decreases in the intensity of the Raman band for MdO
vibrations correlates with the degree of increase in the optical
absorption with increasing temperature. This trend also correlates
with the proximity of the laser and Raman lines to the absorption
band edge, the smaller the gap the more intense is the effect of
temperature on the intensity of the Raman signal. For the oxides
studied the effects of temperature on Raman signal intensity
and optical absorbance at the frequency of the laser line increase
in the order Nb2O5 < MoO3 < WO3 < V2O5.

Figure 9 shows the effects of temperature on Raman spectra
of 12% V2O5/SiO2. This sample exhibits bands at 146, 198,
285, 306, 484, 527, 703, and 997 cm-1 for particles of V2O5,
as well as a band at 1042 cm-1 for isolated monovanadate
species.10,22 The shoulder at 1077 cm-1 is attributable to Si-
O- species in silica produced by the formation of V-O-Si
bonds.22 With increasing temperature, the bands for supported
particles of V2O5 decrease monotonically, whereas that for

Figure 1. (A) Raman spectra of Nb2O5 recorded at different temperatures: (a) 298 K; (b) 323 K; (c) 373 K; (d) 423 K; (e) 473 K; (f) 523 K; (g)
573 K; (h) 623 K; (i) 673 K; (j) 723 K; (k) 773 K; and (B) Dependence of the band intensity and frequency for NbdO stretching vibrations on
temperature:b, band intensity;9, band frequency.
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monovanadate species is not affected significantly. These trends
are clearly illustrated in Figure 10A. The effects of temperature
on band position are shown in Figure 10B. In this case, it is
seen that with increasing temperature there is a downward shift
in the frequencies for VdO vibrations in both V2O5 and isolated
monovanadate species. Effects similar to those shown in Figure
10A and 10B were obtained if the sample was maintained at
room temperature but was not rotated. On the basis of the
decrease in the intensity of the band at 993 cm-1 for V2O5, it
was estimated that the temperature of the sample illuminated
by the laser was 598 K. This result demonstrates very clearly
the importance of sample rotation in order to avoid artifacts
caused by local sample heating.

In contrast to bulk V2O5, 12% V2O5/SiO2 shows no evidence
of optical absorption in the vicinity of the laser frequency, and
the absorption band edge in the UV-vis spectrum occurs at
about 25 000 cm-1 (4.9 eV). Similar observations concerning
the position of the band edge for low weight loading V2O5/
SiO2 have been reported in ref 22.

Discussion

Increasing temperature has two effects on the Raman
spectrum for each of the bulk oxides examined. The first is a
red shift in the frequency of all lines and the second is a decrease
in the intensity of the Raman bands. The magnitude of the first
of these trends is essentially the same for all four oxidessa
decrease in the band position of about 6 cm-1 for a temperature

increase from 298 to 773 K. This trend is well documented for
solids and is usually ascribed to the effects of thermal expansion
and changes in phonon occupation numbers.23,24

The effects of temperature on band intensity have also been
reported,23-25 but the mechanism for such effects remains
unclear. In the present study, we have shown that the decrease
in the Raman intensity of bulk oxides with increasing temper-
ature correlates with an increase in the optical absorbance of
the sample at the frequencies involved in the Raman process.
A similar correlation between Raman intensity and optical
absorbance has been observed in solutions and has been ascribed
to a decrease in the penetration depth of the laser line caused
by an increase in the optical absorbance of the solution.5 If the
absorbance of visible light obeys the Beer-Lambert law, then
for a semiinfinite layer of liquid containing a fixed concentration
of Raman scatterers, the dependence of the Raman signal
intensity on the concentration of an optical absorber will have
the following form

whereI(νR) andIo(νR) are the Raman intensities at the frequency
νR for the sample and a reference solution,K and Ko are the
corresponding optical absorbances, andνR and νL are the
frequencies of the laser line and the scattered light, respectively.
If K is proportional to concentration of the optical absorber,
then eq 1 becomes

whereCo andC are the concentrations of the optical absorber
in the reference and sample solutions, respectively. From eq 2,
it is evident that the strength of the Raman signal will decrease

Figure 2. (A) UV-vis spectra of Nb2O5 recorded at different temperatures: spectra from bottom to top were recorded at 298, 323, 373, 423, 473,
523, 573, 623, 673, and 748 K; and (B) Temperature dependence of Nb2O5 absorption at energies corresponding to incident laser (532 nm) and
Raman scattering light at 993 cm-1 respectively (18 800 and 17 807 cm-1): b, absorption of incident laser;1, absorption at Raman scattering light.

TABLE 1: Values of Eg0 and a for different oxidesaaEg )
Eg0 + a*T, Eg0 is the value at 0 K

oxides Eg0 (eV) a (eV/K)

V2O5 2.42 -6.9× 10-4

WO3 2.87 -7.7× 10-4

MoO3 3.20 -7.2× 10-4

Nb2O5 3.23 -4.5× 10-4

I(νR) ) Io(νR)
Ko(νL) + Ko(νR)

K(νL) + K(νR)
(1)

I(νR) ) Io(νR)
Co

C
(2)
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as the concentration of optical absorber in the sample solution
increases relative to that in the reference solution.

For solids, interpretation of the effects of an increase in the
optical absorbance is more complex because both scattering and
absorption can occur concurrently. Although a general theory
for Raman scattering from a bed of powder is not available, it
seems reasonable to assume that, to a first approximation, the
intensity of the scattered light should be represented by the

Kubelka-Munk relationship.1,26 For normal incidence of the
laser beam on a sufficiently thick layer of powder, the ratio of
the scattered to incident light is given by26

whereI0 is the intensity of the incident radiation,I is the intensity

Figure 3. (A) Raman spectra of MoO3 recorded at different temperatures: (a) 298 K; (b) 323 K; (c) 373 K; (d) 423 K; (e) 473 K; (f) 523 K; (g)
573 K; (h) 623 K; (i) 673 K; (j) 723 K; (k) 773 K; and (B) Dependence of the band intensity and frequency for ModO stretching vibrations on
temperature:b, band intensity;9, band frequency.

Figure 4. (A) UV-vis spectra of MoO3 recorded at different temperatures: spectra from bottom to top were recorded at 298, 323, 373, 423, 473,
523, 573, 623, 673, and 748 K; and (B) Temperature dependence of MoO3 absorption at energies corresponding to incident laser and Raman
scattering light at 998 cm-1 respectively (18 800 and 17 802 cm-1): b, absorption of incident laser;1, absorption at Raman scattering light.

I/I0 ) [1 + K/S+ (K/S(K/S+ 2))1/2]-1 (4)
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of the scattered radiation at the surface of the powder layer,K
is the absorption coefficient of the powder, andSis the scattering
coefficient. In general,Swill be fairly insensitive to frequency
but K can be a strong function of frequency, particularly if the
frequency of the radiation is close to that corresponding to the
absorption band edge of the solid. If we now assume thatI
corresponds to the intensity of the Raman scattered light,IR,

then the ratio IR(T)/IR(298) can be expressed as

BecauseK/S) F(R∞), the ratioK/Sappearing in eq 5 can be

Figure 5. (A) Raman spectra of WO3 recorded at different temperatures: (a) 298 K; (b) 323 K; (c) 373 K; (d) 423 K; (e) 473 K; (f) 523 K; (g)
573 K; (h) 623 K; (i) 673 K; (j) 723 K; (k) 773 K; and (B) Dependence of the band intensity and frequency for WdO stretching vibrations on
temperature:b, band intensity;9, band frequency.

Figure 6. (A) UV-vis spectra of WO3 recorded at different temperatures: spectra from bottom to top were recorded at 298, 323, 373, 423, 473,
523, 573, 623, 673, and 748 K; and (B) Temperature dependence of WO3 absorption at energies corresponding to incident laser and Raman scattering
light at 808 cm-1 respectively (18 800 and 17 992 cm-1): b, absorption of incident laser;1, absorption at Raman scattering light.

IR(T)/IR(298))

[1 + K(298)/S+ (K(298)/S(K(298)/S+ 2))1/2]-1

[1 + K(T)/S+ (K(T)/S(K(T)/S+ 2))1/2]-1
(5)
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evaluated from a reading of the Kubelka-Munk function for
the specified temperature. Figure 11 presents plots of IR(T)/
IR(298) determined from eq 5, together with the corresponding
data taken from Figures 1B, 3B, 5B, and 7B. It is evident that
eq 5 captures the effects of temperature on the intensity of the
Raman band for MdO vibrations in a qualitative fashion. For
materials such as Nb2O5 that do not absorb radiation strongly
at the optical frequency corresponding to the Raman band, eq

5 over-predicts the effect of temperature on the decrease in
intensity of the Raman band. By contrast, for strongly absorbing
materials such as V2O5, eq 5 under-predicts the effect of
temperature on the intensity of the Raman band. Nevertheless,
it is evident that observed decrease in Raman band intensity
with increasing temperature is due to the increased optical
absorbance by the oxide.

In the case of silica-supported vanadia, Figure 10 shows that

Figure 7. (A) Raman spectra of V2O5 recorded at different temperatures: (a) 298 K; (b) 303 K; (c) 323 K; (d) 353 K; (e) 373 K; (f) 423 K; (g)
523 K; (h) 573 K; (i) 623 K; (j) 723 K; (k) 773 K; and (B) Dependence of the band intensity and frequencies for VdO stretching vibrations on
temperature:b, band intensity;9, band frequency.

Figure 8. (A) UV-vis spectra of V2O5 recorded at different temperatures: spectra from bottom to top were recorded at 298, 373, 473, 523, 573,
673, and 748 K; and (B) Temperature dependence of V2O5 absorption at energies corresponding to incident laser and Raman scattering light at 996
cm-1 respectively (18 800 and 17 804 cm-1): b, absorption of incident laser;1, absorption at Raman scattering light.
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with increasing temperature, the intensity of the band at 1042
cm-1 for monovanadate species undergoes a very small decrease
in intensity, whereas that at 997 cm-1 for crystallites of V2O5

decreases significantly. The fraction of vanadium present as
V2O5 in this sample can be estimated from the relative intensities
of the bands at 1042 and 997 cm-1 observed at 298 K and the
relative Raman scattering cross sections for these two species.
In previous work, we have estimated that the scattering cross
section for V2O5 is about 10 times that for monovanadate

species.10 Therefore, only 5% of the vanadium present in the
12% V2O5/SiO2 sample is crystalline V2O5. Because the
absorption band edge for this sample occurs at a frequency much
higher than that of the laser line and the Raman scattered
radiation, the value ofK/S is very small at these frequencies
and, consequently, the ratio of scattered to incident radiation
(eq 5) is essentially unity. This means that Raman scattering
from all parts of the sample will be observable and not just
that generated near the upper portions. Previous studies have
shown that isolated monovanadate species exhibit optical
absorbances below 350 nm (28 571 cm-1)27-29 and that the
model compound OdV[SiO(OtBu)3]3 exhibits an Of V ligand-
to-metal charge-transfer band at at 250 nm (40 000 cm-1).30

As a consequence, isolated monovanadate species do not absorb
radiation near the frequency of the laser line 532 nm, and
therefore, all of the monovanadate species should be observable.
Because the optical absorbance of the sample does not change
with increasing temperature in the frequency domain of the laser
line and the Raman scattered radiation, there should be no
change in the intensity of the Raman band at 1042 cm-1 for
monovanadate, consistent with what is observed. By contrast,
the small particles of V2O5 have an absorption band edge in
the vicinity of the laser line (see Figure 7). It is proposed that
the decrease in the intensity of the Raman band at 997 cm-1

for the crystallites of V2O5 observed as the sample temperature
increases is caused by absorption of the Raman scattered photons
within the crystallites. Thus, only a fraction of the Raman
scattered photons generated within a given crystallite leave the
crystallite, and with increasing strength of absorption, this
fraction decreases. Therefore, the interpretation of the effects
of temperature for silica-supported vanadia differs from that
given for bulk V2O5, for which it is proposed that the decrease
in Raman band intensity is due to a decrease in the fraction of
the sample from which the Raman signal is generated. Although
optical absorption near the laser frequency is responsible for
the loss in Raman signal intensity in both cases, this loss is
attributed to sampling depth effects for bulk oxides and to

Figure 9. Raman spectra of 12 wt % V2O5/SiO2 recorded at different
temperatures: (a) 298 K; (b) 323 K; (c) 373 K; (d) 423 K; (e) 473 K;
(f) 523 K; (g) 573 K; (h) 673 K; and (i) 773 K.

Figure 10. Temperature dependence of the band intensity (A) and frequency (B) for VdO stretching vibrations in monomeric (9) VOx and
crystalline V2O5 (b).
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absorption of the Raman scattered radiation within oxide
crystallites for supported oxides.

The effects of temperature on the optical absorbance of oxides
have been reported previously in the literature. Detailed studies
of the optical absorption of bulk V2O5 have shown that in the
long-wavelength tail of the absorption edge, the absorption
coefficient obeys Urbach’s rule,31,32 K ) K0 exp(-âhν/kT) (â
) 0.5), whereas in the short wavelength region the absorption
spectrum is described byKhν ∝ (hν - Eg)3/2, the relationship
for forbidden direct band-to-band transitions.31,32 The depend-
ence of the absorption band edge,Eg, on temperature obeyed
the relationEg ) Ego + aT, wherea ) - 6.1 × 10-4 eV/K,
and Eg0 ) 2.49 eV, anda ) -7.3 × 10-4 eV/K and Eg0 )
2.54 for parallel and perpendicular polarization, respectively.
These values ofEg0 and a agree well with those reported in
Table 1. The low-energy tail in the absorption curve has been
attributed to electronic defects arising from nonstoichiometry.33-36

There appears to be no definitive theoretical explanation for
the decrease in the adsorption band gap with increasing
temperature but several authors have suggested that it may be
due to the degree of nonstoichiometry of V2O5.37,38 This
conclusion is not unreasonable because independent investiga-
tions have shown that with increasing temperature, V2O5 will
loose oxygen to form a series of VnOm phases, starting with
V3O7.39

It is evident from the preceding discussion that the effects of
temperature on the intensity of Raman features will become
more severe the closer the absorption band edge is to the energy
of the laser line and the weaker the M-O bonds are in the oxide.
Consistent with this, the results presented here show that the
influence of temperature on Raman band intensities increases
in the order Nb2O5 < WO3 < MoO3 < V2O5. This is the same
as the order in which the difference between the laser line energy
and the absorption band edge decreases, and the M-O bond
strength decreases. It is also notable that for supported metal
oxides, Raman spectra recorded at elevated temperatures will
under-represent those species exhibiting moderate to strong
optical absorbance at the optical frequency corresponding to
the Raman scattered light. This effect has been reported in refs
10 and 13.

Finally, it is appropriate to comment on the relationship of
resonance Raman scattering to the phenomenon discussed in
this study. In the case of resonance Raman scattering, a very
strong enhancement in the Raman signal is observed when the
laser frequency coincides with an optical transition. The reason
that such an effect is not observed for both bulk and dispersed
oxides is that these solids do not exhibit well-defined optical
absorbances but, rather, a series of states lying within the band
gap between the valence and conduction bands. Coupling of
optically excited states to the phonon spectrum is facile in
oxides, leading to a rapid dissipation of the energy in the excited
state before the Raman process can occur. The absence of
resonance Raman effects is supported by the observation that
the intensity of the Raman bands at room temperature for oxides
exhibiting optical absorption near the laser line (e.g., V2O5) are
comparable to those that do not exhibit strong optical absorption
near the laser line (e.g., Nb2O5).

Conclusions

This study demonstrates that the intensity of Raman spectra
for bulk and dispersed oxides can depend on the temperature
when significant optical absorbance occurs in the frequency
range corresponding to the Raman line. Increases in optical
absorption with temperature reflect the loss of oxygen and the
consequent formation of nonstoichiometric oxides and stoichio-
metric suboxides. For bulk oxides exhibiting a band edge in
the vicinity of the laser frequency, an increase in optical
absorption of the oxide leads to a decrease in the sampling depth
for Raman spectroscopy decreases and concomitant loss in signal
intensity. The closer the absorption band edge of the oxide to
the laser frequency and the weaker the metal-oxygen bonds in
the oxide, the more severe will be the effects of temperature on
the intensity of the Raman spectra. For dispersed metal oxides,
the effect of temperature on the Raman spectrum also depends
on the proximity of the absorption band to the laser line. If it is
close, then the effects of temperature will be similar to those
observed for bulk oxides, namely a uniform decrease in Raman
band intensity with increasing temperature. However, when the
band edge of the sample is far removed from the position of
the laser line, then the effects of temperature on Raman band
intensity will depend on the optical absorbance of the dispersed
species. Species with absorption band edges far from the energy
of the laser line will not be strongly affected by temperature,
whereas species having band edges close to the energy of the
laser line will be affected by temperature. In this latter case, it
is proposed that the loss in signal intensity is due to absorption
of the Raman scattered photons within the particles where these
photons originate. The phenomena described in this study must
be taken into account to properly interpret the effects of

Figure 11. Comparison of the dependence of band intensity for M)
O (M ) Nb, Mo, W, V) stretching vibrations on temperature determined
experimentally and theoretically (eq 5). (A) Nb2O5; (B) MoO3; (C) WO3;
(D) V2O5. b, experiment;9, theory.
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temperature on the Raman spectra of bulk and dispersed oxides.
It is also evident that the effects of optical absorption can be
minimized by using a laser frequency that is significantly lower
than that corresponding to the absorption band edge of the oxide.
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