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Relative Raman Cross-Sections of Tungsten Oxides: 
[W03, A12(W0& and W03/A1203] 

Laser Raman spectroscopic studies of 
alumina-supported WO3 catalysts have 
shown that three different tungsten oxide 
phases are present in WOJA&OJ catalysts: 
wo3 7 &W04)3 9 and a surface tungsten 
oxide species (Z-8). The concentrations of 
these phases in W03/A1203 catalysts de- 
pend on tungsten oxide loading and temper- 
ature of calcination. Previous studies have 
shown that Raman spectroscopy is more 
sensitive to WO3 and Al~(W04)3 than the 
surface tungsten oxide complex. No at- 
tempt, however, has been made to estimate 
the relative Raman cross sections of these 
tungsten oxide phases. This information is 
essential for a model to be developed of the 
W03/A1203 system. In this note the relative 
Raman intensities of WO3, A12(WO&, and 
the surface tungsten oxide species on alu- 
mina are determined, and this information 
is used to examine previous conclusions 
about the W03/A1203 system. 

Samples of pure WO3 and pure Al~(w0~)~ 
were obtained from Cerac and their struc- 
tures were confirmed by X-ray diffraction. 
A 10 wt% W03 supported on -yG41,03 
(Harshaw, Al-4104E, 220 m2/g) was pre- 
pared by the incipient wetness or dry im- 
pregnation method using ammonium meta- 
tungstate (Sylvania, Inc.) and subsequently 
calcining at 500, 1000, and 1050°C for 16 h. 
In addition, 15 and 25 wt% W03 on r-Al,O, 
(Engelhard Industries, reforming grade) 
samples were prepared on the 180 m2/g alu- 
mina support. The surface area of the 15 
and 25% supported oxides were reduced to 
120 m2/g by steaming these W03 on A1203 
samples at 760°C as described elsewhere 
(7). An argon ion laser (Spectra Physics, 
Model 165) was tuned to the 514.5-nm line 
for excitation. A prism monochromator 

(Anaspec Model 300s) which has a typical 
band width of 0.3 nm was used to remove 
the laser plasma lines. A cylindrical lens (f 
= 250 mm) and a variable spherical lens (f 
= 90-100 mm) were used to achieve an el- 
liptically focused image on the sample. 
Each sample of about 0.2 g was pelletized 
under 10 kpsi pressure into a 13-mm-diame- 
ter wafer for mounting on a sample holder 
capable of spinning. The laser power at the 
sample location was changed by inserting 
neutral density filters. The scattered light 
was collected by a lens (F/1.2, fl55 mm) 
held at about 45” with respect to the excita- 
tion. The Raman spectrometer was a triple 
monochromator (Instruments SA, Model 
DL203) equipped with holographic gratings 
and F4 optics. The spectrometer was coup- 
led to an optical multichannel analyzer 
(Princeton Applied Research, Model 
OMA2) equipped with an intensified photo- 
diode’ array detector cooled to - 15°C. The 
total accumulation time needed for each 
spectrum reported here typically was about 
100 set or less. The digital dislay of the 
spectrum was calibrated to give 1.7 cm-V 
channel whereas the overall spectral reso- 
lution was about 6 cm-‘. 

The Raman spectra of WO3, A~z(WO~)~, 
and 10% W03/A1203 are presented in Fig. 1. 
The WO3 structure (distorted Re03 struc- 
ture) is made up of distorted comer-shared 
WO3 octahedra. The major vibrational 
modes of W03 are located at 808,714, and 
276 cm-l, and have been assigned to the 
W=O stretching mode, the W=O bending 
mode, and the W-O-W deformation 
mode, respectively (9). Other minor bands 
are at 608,327,243,218, 185, and 136 cm-l. 
The Alz(WO& is a defect scheelite struc- 
ture (distorted CaW04 structure) composed 
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FIG. 1. Raman spectra of tungsten oxides [W03, 
A&(WO,), , and 10% W03/Alz03 (5OO”C)J. 

of distorted, isolated tetrahedral tungstate. 
The major Raman peaks of A&(WO& are 
assignable by comparison with tetrahe- 
drahy coordinated tungsten oxide in WOZ- 
(aq.) and Na2W04 (IO). WOf- (aq.) and 
NazWOh exhibit major vibrational modes at 
933 and 928 cm-* (symmetric W=O 
stretch), 830 and 813 cm-* (antisymmetric 
W=O stretch), 324 and 312 cm-l (W=O 
bending vibrations), respectively. Thus, the 
AIS(WOda peak at 1052 cm-l is attributed to 
the W=O stretching mode and the doublet 
at 378-394 cm-’ is assigned to the W=O 
bending mode. The nature of the surface 
tungsten oxide species in WOJAl20, cata- 
lysts is still not resolved. One group postu- 
lated the surface species to be bridged-dis- 
torted tungstate octahedra (Z-3), while two 
other groups attributed it to a tetrahedral 
tungsten oxide complex (4-6). The major 
Raman transition for the 10% WOJAl203 
occurs around 970 cm-l, and has been as- 
signed to the W=O symmetrical stretch 
(6). The intensities of the major Raman 
band for WOs (808 cm-‘), Alz(WO4)3 (1052 

cm-*), and 10% W0JAl20~ (970 cm-t) 
were compared after normalization with re- 
spect to the laser power applied. The rela- 
tive Raman intensity ratios for these transi- 
tions are 1600 : 40 : 1 per unit power. These 
Raman intensity ratios were further scaled 
for the different tungsten oxide contents 
which yielded the ratios 160 : 5 : 1 per unit 
WOs content. 

The relative Raman intensity ratio of 
WOs crystallites supported on alumina was 
also determined as an additional cross- 
check on the relative Raman intensity ratio 
estimated from bulk WOs . Both 15 and 25% 
WO3/AlzO3 samples of 120 m*/g were inves- 
tigated. The Raman spectrum of the 15% 
W03/AlzO~ sample, which corresponds to 
approximately a complete monolayer of the 
surface tungsten oxide species for this alu- 
mina support (6, 7), is shown in Fig. 2a. 
This sample exhibits the Raman bands of 
the surface tungsten oxide species on the 
alumina support and a trace amount of 
crystalline W03. The 25% W0JAl20~ sam- 
ple, however, exceeds monolayer coverage 
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FIG. 2. Raman spectra of (a) 15% and (b) 25% WOJ 
A&O3 (120 m*/g) obtained with laser power as indi- 
cated. 
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of tungsten oxide on this alumina support 
and very intense crystalline WOJ Raman 
bands dominate the spectrum (see Fig. 
2b). The intensities of the Raman band due 
to the surface tungsten oxide species are 
very similar for both WOJAl203 samples as 
shown in Fig. 3 after scaling for the differ- 
ent applied laser powers over the region 
850-l 150 cm-l. The very similar Raman in- 
tensities of this band co&m that both 
samples possess a complete monolayer of 
the surface tungsten oxide species. Fur- 
thermore, for the 25% W0JA1203 sample 
the Raman bands of the WO3 crystallites 
dwarf the Raman band of the surface tung- 
sten oxide species. It is reasonable to esti- 
mate for the 25% WOJA1203 sample that # 
of the tungsten oxide is present as the sur- 
face tungsten oxide species and that the re- 
maining & of the tungsten oxide is present as 
crystalline W03 since the Raman intensities 
of the surface tungsten oxide species are 
similar for the 15 and 25% WOJA1203 sam- 
ples. From this information the relative Ra- 
man intensity ratio per unit tungsten oxide 
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FIG. 3. Comparison of Raman bands of the surface 
tungsten oxide species for (a) 15% and (b) 25% WOJ 
A1203 (120 m2/g). 

of the crystalline W03 phase and the sur- 
face tungsten oxide phase can be estimated 
from the data in Fig. 2b. The relative inten- 
sity ratio of the major Raman bands for 
W03 (808 cm-i) and the surface tungsten 
oxide species (970 cm-l) is determined to 
be 100 per unit WO, content, and is not 
significantly different than the ratio of 160 
determined from the Raman measurements 
of bulk WO,. Furthermore, the relative in- 
tensity of the major Raman band at 808 
cm-r for the 25% WOJA1203 sample from 
Fig. 2b and bulk W03 from Fig. 1 is 0.08, 
and is not significantly different from the 
expected value of 0.10. The above mea- 
surements confirm the extremely strong 
Raman cross section possessed by the crys- 
talline W03 phase and its apparent indepen- 
dence on WO, crystallite size. 

From the above data it appears that the 
light-yellow color of samples containing 
significant amounts of crystalline WO3 as 
well as the sample volume density does not 
effect the intensity of the Raman signal 
from WOJA1203 samples. That this does 
not appear to be a problem is shown by the 
15 and 25% WO,/A&OJ samples of 120 m2/g 
surface area. The 15% sample was white 
and the 25% sample was pale yellow. Nev- 
ertheless, the Raman bands of the surface 
tungsten oxide species for both samples 
have the same intensity as shown in Fig. 3. 
Also, the intensity of the crystalline WO, 
band in the 25% sample scaled to that of 
bulk WO3, with a different density from that 
of the supported sample, is in good agree- 
ment with our cross-section estimates of 
the two crystalline WO3 phases. Thus, the 
data from Figs. 2 and 3 confirm that our 
cross-section estimates from Fig. 1 are 
semiquantitative and useful for estimation 
of the crystalline and amorphous phases 
present in supported tungsten oxide sys- 
tems to within experimental error. 

Calcination of the 10% W03/A1203 sam- 
ple previously discussed at 1000°C for an 
additional 16 h yields the Raman spectrum 
shown in Fig. 4b. The new spectrum is 
dominated by the Raman bands of crystal- 
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FIG. 4. Comparison of Raman spectra for 10% WOJ 
A1203 calcined at (a) 500°C and (b) 1OOOT. Note that 
the amplified plot of (b) from 800 to 1100 cm-’ has the 
same intensity scale as (a) with the laser power nor- 
malized. 

line WO,. X-Ray diffraction, however, 
does not show the presence of the W03 
phase and suggests that either the W03 
crystals are small (<40 A) or constitute 
only a small fraction of the total tungsten 
oxide in the sample. Furthermore, the Ra- 
man intensity of the surface tungsten oxide 
species on the alumina support is about the 
same for both calcination temperatures. 
This implies that only a small amount of the 
surface tungsten oxide species agglomer- 
ated during the high-temperature calcina- 
tion to form the crystalline W03 phase. The 
relative Raman intensity ratio for crystal- 
line WOJ and the tungsten oxide surface 
species can be used to give a first-order 
quantitative prediction of the crystalline 
WO3 content. For the purposes of this esti- 
mate the small amount of A12(WO& present 
in the 1000°C calcined sample will be ig- 
nored. Such a calculation suggests that less 
than 3 of the total tungsten oxide content is 
present as crystalline W03 to yield the Ra- 

man spectrum in Fig. 4b, and thereby ac- 
counts for the XRD and Raman measure- 
ments . 

An analogous series of Raman measure- 
ments were made on the relative Raman 
cross section of A12(wOJ3. The 10% WOJ 
A1203 sample originally calcined at 500°C 
was calcined at 1050°C for an additional 16 
h to quantitatively convert the surface tung- 
sten oxide species to A12(WO& as shown in 
Fig. 5. The relative intensity of the major 
Raman bands for A12(WO& (1055 cm-r) 
and the surface tungsten oxide species (970 
cm-l) is determined to be 4.5 per unit WOs 
content. This ratio agrees well with the in- 
tensity ratio of 5 estimated earlier with bulk 
A12(W04), . The relative intensity of the ma- 
jor Raman band at 1055 cm-l for 10% WOj/ 
Al203 sample calcined at 1050°C in Fig. 5b 
and bulk Alz(WO& from Fig. 1 is 0.10, and 
is in excellent agreement with the expected 
value. These measurements confirm the rel- 
ative Raman cross section of A12(W04), and 
its apparent independence on Alz(WO& 
crystallite size over the range investigated. 
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FIG. 5. Comparison of Raman spectra for 10% WOJ 
A&O, calcined at (a) 500°C and (b) 1050°C. 
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The above measurements demonstrate 
that the relative Raman cross sections of 
W03, Alz(WO&, and the surface tungsten 
oxide species on the alumina are very dif- 
ferent in magnitude and do not change over 
a wide range of particle size and alumina 
content. This allows for a first-order quanti- 
tative prediction of the different tungsten 
oxide phases present in WO3/Al203. This 
information can now be used to examine 
previous models of the WOJAl203 system. 

Salvati et al. investigated the WOJA1203 
(200 mVg) oxide system with laser Raman 
spectroscopy as a function of tungsten ox- 
ide loading (6). Below 15% WOJAl203 only 
the surface tungsten oxide species with 
bands at 973 and 333 cm-l was present on 
the alumina surface. Above 15% WOJ 
A1203 three additional bands appeared in 
the Raman spectra at 807, 715, and 272 
cm-t. These bands were shown to be char- 
acteristic of crystalline W03. X-Ray photo- 
electron spectroscopy studies demon- 
strated, however, that the tungsten oxide 
species present in the catalyst below 30% 
could not be reduced under conditions 
where WO3 reduction normally occurs. 
Thus, this species was assigned as an octa- 
hedral WOJike interaction species. The 
present study shows that because of the 
very strong Raman cross section of crystal- 
line WOj, only very trace amounts of crys- 
talline WOs in the catalyst, 0.1-0.2 wt% 
crystalline W03, are needed to produce the 
strong Raman peaks observed by Salvati et 
al. Furthermore, the reduction of such a 
small amount of crystalline WO, cannot be 
detected with X-ray photoelectron spec- 
troscopy. Therefore, we conclude that ag- 
gregates or small crystallites of W03 are 
present in the 15-30 wt% WOJA1203 sam- 
ples of Salvati et al., and that the proposal 
of an octahedral WOJike interaction spe- 
cies may be incorrect. In support of this 
statement a 25 wt% WO, on Al203 sample 
(220 m2/g), which had a Raman band at 808 
cm-l which was more intense than the band 
of the surface tungsten oxide species, was 
shown to have about 1 wt% crystalline WO3 

present as established by high-resolution X- 
ray diffraction. 

Thomas et al. showed that WOJy-Al203 
catalysts calcined at 550°C 7-29 wt% 
WOj, do not contain aluminum tungstate 
because of the absence of the characteristic 
Raman band of Alz(WO& at 1052 cm-t (2). 
Even for a coprecipitate of aluminum ni- 
trate and ammonium meta-tungstate sharp 
Raman signals for A12(W0& were not de- 
tected below a calcination temperature of 
1100°C. Only at 1100°C were sharp 
AIZ(WO& Raman bands observed. At 
lower calcination temperatures, 550 and 
9OO”C, the Raman signals for WO3 domi- 
nated the Raman spectra. By X-ray diffrac- 
tion, however, no crystalline WO3 was ob- 
served and all the samples showed the 
diffraction patterns of aluminum tungstate. 
It was proposed that WO, must either be 
amorphous, microcrystalline, or present in 
nondetectable amounts. Again, the very 
strong Raman cross section of WOJ relative 
to Al2(WO&, a factor of -32, accounts for 
the observation reported by Thomas et al. 
(2). 

Thomas et al. estimated the Raman cross 
section of crystalline W03 to the surface 
tungsten oxide species in W03 on SiOZ us- 
ing aluminum nitrate as an internal standard 
(II). They determined by this internal 
standard method that the Raman cross sec- 
tion of crystalline W03 is five to six times 
higher than that of the surface tungsten ox- 
ide species on SiO*. Previous studies have 
shown that the structure of the surface 
tungsten oxide on Si02 consists of small 
1.2-nm clusters or polymeric units, and that 
the structure of the surface tungsten oxide 
on Al203 is more highly dispersed (7). In 
view of the above it is not unexpected that 
differences would be observed in the Ra- 
man cross sections of the surface tungsten 
oxides on these two quite different sup- 
ports. More work is required to understand 
the origin of the different relative Raman 
cross sections of surface metal oxide spe- 
cies. 

In conclusion, the model of WO, on 



Al203 which emerges is that tungsten oxide 
is present on the A&O3 surface primarily as 
a surface oxide species strongly bound to 
the Al203 surface. At tungsten oxide load- 
ing levels which approach a monolayer, 
-0.3 nm*/surface tungsten oxide species, 
small clusters of WOJ may be formed which 
are readily identified by Raman spectros- 
copy. The detectable limit of WOJ clusters 
for WOS on A1203 is less than 0.1 wt% con- 
tent. Aluminum tungstate formation for y- 
Al203-supported tungsten oxide catalysts is 
only observed at extremely high calcination 
temperatures (at 1000°C and above) (2, 5). 
The detectable limit of Alz(WO& on A1203 
support is less than 1 wt% content. 
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