
JOURNAL. OF CATALYSIS 30, 169-174 (1973) 

X-Ray Photoelectron Spectroscopy Study 

of Supported Tungsten Oxide 

P. BILOEN AND G. T. POTT 

Koninklijke/Shell LaboTatorium, Shell Research B.V., Badhuisweg 3, 
Amsterdam-N., The Netherlands 

Received November 8, 1972 

An X-ray photoelectron spectroscopy study of supported tungsten oxide has in- 
dicated that calcination of WO&-ALO, leads to formation of tungstate. Proof has 
been obtained that WOJy-ALO, cannot be appreciably reduced in hydrogen at 
550°C whereas WOa/SiOl is reduced to lower valence states and unsupported WO, 
is completely reduced to tungsten metal under these conditions. 

As part of our study of solid-state reac- 
tions between transition-metal oxides and 
high-surface-area catalyst supports we 
have investigated the WO,/y-Al,O, and 
WO,/SiO, systems, using X-ray photoelec- 
tron spectroscopy (1) (X-PES or ESCA) . 
Earlier work on these systems was done by 
Sondag et al. (9). They studied the reduc- 
tion of pure WO,, WO, on y-alumina, WO, 
on a-alumina, and WO, on silica by de- 
termining the average tungsten valence by 
means of a titration technique. The advan- 
tage of X-PES over the titration technique 
used by Sondag et al. is that, in principle, 
it is capable of determining the different 
tungsten valences separately. 

In X-PES the sample is irradiated with 
(ultrasoft) X-ray photons of a well-defined 
energy (either 1486.6 or 1253.6 eV), and 
the photoelectrons ejected from the sample 
are observed. Part of the photon energy is 
used for the liberation of the photoelectron 
from the system, requiring the electron 
binding energy (BE). The remainder of the 
photon energy appears as kinetic energy of 
the ejected photoelectron (energy conserva- 
tion). The electron spectrometer sorts elec- 
trons according to their kinetic energy, and 
thereby one obtains the quantity of inter- 
est, viz. BE. In the present study attention 

is confined to photoelectrons originally ac- 
commodated in the inner shells of the 
atoms of the sample, i.e., the core electrons. 
The BE’s measured are first of all charac- 
teristic of a particular kind of atom. More- 
over, when going from an (isolated) atom 
to an (isolated) positive ion it is found that 
the BE’s of all the core electrons increase, 
as it requires more energy to remove an 
electron from a positive center than from 
a neutral center. This feature, called the 
chemical shift in BE’s, is characteristic also 
of compounds and is a qualitative measure 
of the “charge” on a given atom: the BE’s 
measured by X-PES are thus a direct 
measure of the valence state of the atoms 
under study (1). The potential usefulness 
of X-PES as an analytical tool in catalysis 
research has been reviewed by Delgass, 
Hughes and Fadley (S), while recently 
Miller et al. (4) have published X-PES 
evidence for metal-support interaction for 
the system Mo0,/A1,03. 

The present study shows the applicabil- 
ity of X-PES as a technique for monitoring 
valence changes of supported and unsup- 
ported tungsten compounds resulting from 
treatments such as calcination and reduc- 
tion. Specially, changes in reactivity due to 

metal-support interaction show up clearly 
in the spectra. 
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EXPERIMENTAL ELECTRON 
INTENSITY w41 
(ARBITRARY 
UNITS) 

A 13 wtyo tungsten oxide on y-alumina 
(surface area 200 m”/g) catalyst was made 
by a conventional impregnation technique 
using a solution of ammonium tungstate. 
After drying at 12O”C, samples were cal- 
cined at 550°C in air. Tungsten oxide on 
silica (Mallinckrodt silica, surface area 600 
m*/g) was made in the same way. The 
WO,-on-y-Al,O, sample was amorphous 
according to X-ray diffract’ion, whereas in 
the calcined WO,-on-silica sample X-ray 
powder diffraction lines of WO, were 
observed. 

38 

f’ 5/ 

I 

A. Materials 

B. Techniques 

Spectra were measured on a Varian IEE- 
15 X-ray photoelectron spectrometer. Pow- 
dered samples were mounted: (a) on ad- 
hesive tape (when no sample treatment was 
required) or (b) by pressing them into the 
grooves of a stainless steel cylinder, per- 
mitting sample treatment. Hydrogen and 
nitrogen treatment of the samples was per- 
formed in a specially designed flow cell at 
a controlled temperature and gas flow rate 
(30 liter/hr). Both nitrogen and hydrogen 
were dried before use. A specially designed 
sample holder allowed us to transfer the 
sample from the flow cell to the spectrom- 
eter without exposing it to the atmosphere. 
Corrections for static charging were made 
by shifting the spectrum on the BE-axis 
until the BE for carbon Is-electrons, 
measured for each sample separately, cor- 
responded to 285.0 eV. This procedure re- 
quires electrochemical equilibrium between 
the sample and the hydrocarbon overlayer. 
Its widespread use is justified merely by 
the internal consistency of the data. 

RESULTS AND DISCUSSION 

A. X-PES of Tungsten and Tungsten Oxide 

The spectrum of tungsten 4f-electrons in 
WO, is shown in Fig. la. For a single type 
of tungsten atoms or ions we observe a split 
line (doublet) : the full width of the indi- 

36 34 eV (BE) 

Fro. 1. (a) W03; (b) W-metal. 

vidual lines at half height (fwhm) is ap- 
proximately 1.1 eV, the double splitting 
being 2.1 eV. The line splitting is due to 
spin-orbit coupling (1). The magnitude of 
the splitting and the relative line intensity 
are the same for different tungsten com- 
pounds. In the following we will, therefore, 
refer only to the position of one of the two 
lines. We have chosen the one at lower BE, 
the tungsten 4f7,2 line. In Fig. la, we ob- 
serve for WO, a binding energy BE (4f7J 
= 36.0 eV. In the spectrum of tungsten 
metal shown in Fig. lb we find BE (4f7J 
= 31.8 eV. The chemical shift between WO, 
and W-metal is thus 4.2 eV. 

B. X-PES of Calcined Supported Tungsten 

WO,/y-AI,O,. The spectrum of the cal- 
cined WO,/y-Al,O, catalyst (cf. Sect. 1I.A) 
is shown in Fig. 2a. For comparison we 
brushed a small amount of WO, onto a 
sample of pure y-A1203; the spectrum ob- 
tained is shown in Fig. 2b. 

The spectrum of the calcined product is 
broader than that of WO,. The tungsten 
ions are obviously distributed over many 
nonequivalent sites, pointing to an ill-de- 
fined, i.e., defective, structure around the 
individual tungsten ions. The BE in the 
calcined product is somewhat larger than 
that of unsupported WO,: 0.5 eV + 0.2 eV. 
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FIG. 2. (a) W/y-A1203; 2 hr/air/550”C; (b) W03 
as a thin film brushed onto r-Alto,. 

This suggests an interaction between the 
WO, and the alumina support.. 

Miller et al. (4) observe a similar broad- 
ening and shift in BE for the Mo03/A1203 
system. They propose an explanation based 
upon electron transfer from the molybde- 
num to the alumina. However, it may also 
be possible that the shift in BE for both 
WO,/y-ALO, and Mo0,/A1,03 is an arti- 
fact, brought about by line broadening. 

An interaction between WO, and the 
alumina support shows up clearly in the 
difference in chemical behavior between 
bulk WO, and the calcined product (cf. 
Section D). 

Hoping to learn more about the nature 
of the tungsten compound(s) formed dur- 
ing calcination, we measured the X-PES 
spectra of a number of different tungsten 
compounds ; the BE’s found are given in 
Table 1. All but the tungstates, H,WO,, 
(NH,) ,WO,, and Al,(WO,) 3, have a BE 
equal to or lower than that of WO,. Com- 
parison of spectra of the sample before and 
after calcination shows that at least 90% 
of the nitrogen escapes during calcination. 
Therefore, our results point to Al,(WO,) 3 
formation during calcination. It should be 

TABLE 1 
TUNGSTEN 4f~,~ BINDING ENERGIES FOR HOMK 

SF,IZCTRD TUNGSTEN COMPOUNDS 

Compound 
___- 

Binding 
energy,” 

eV Remarks 

r-A120a/WO, calcined 36.5 broadened 
SiO,/WO, calcined 36 0 broadened; tail to 

lower BE 
HzWO~ 36.4 
(NH&W&.4H& 36.5 para-ammonium 

wolframate 
AW’O& 36 .5 500°C sample; 

broadened 
AldWO& 36.2 900°C sample 
Nao.,WOx 35.8 semiconducting 

sodium-tungsten 
bronze 

NaosWOs 36 0 metallic conducting 
sodium-ttmgsten 
bronze 

was 36.0 
W18019 34.5 sholdder on side of 

36.0 signal 
won :34.4 shoulder on side of 

36.0 signal 
W-metal 31.X 

a Tungsten 4j7,~; C 1s = 285.0 eV. 

mentioned that this conclusion relies en- 
tirely on the validity of the static charging 
correction. 

To check this conclusion further we 
measured the X-PES spectra of the two 
different Al,(WOJ3 samples: Fig. 3a, b. 
Going from the 500°C to the 900°C sample 
the spectrum sharpens. The spectrum of t.he 
catalyst sample calcined at 550°C is closer 
to that of the Al,(WO,) 3 sample obtained 
by heating the Al (NO:,) ,/ (NH,) 2W0, mix- 
t.ure at 500°C. 

We also tried to establish whether, dur- 
ing calcination, the tungsten diffuses into 
the support. To this end we very carefully 
measured the tungsten-to-aluminium line 
intensity ratio Q (W/Al), because diffusion 
of tungsten into the support, was expected 
to result in a decrease in Q (5). From the 
experimental finding that 

Qtz;tfzation = (1.00 f 0.01) X @iEEfnation, 

we conclude that diffusion of tungsten into 
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FIG. 3. (a) Al,(WO& heated al; 500°C (yellow); 
(b) A12(W04)3 heated at 900°C (white). 

the y-Al,O, support over distances larger 
than a few Angstroms is highly improbable 
and that. all the effects reported here are 
surface effects. 

WO,-Si02. The spectrum of calcined 
WO,-SiO, (cf. Sect. 1I.A) is shown in Fig. 
5a. Approximately 70% of the intensity is 
located at the position of WO,. As in the 
WO,/y-AI,O, system, the spectrum is 
broader, indicating an ill-defined structure 
around the tungsten ions. From Guinier X- 
ray photographs we have positive indica- 
tion that during calcination WO, is formed 
on the silica surface. 

Unexpectedly, but clearly observable 
(Fig. 5a), approx. 30% og the tungsten 
4f-intensity shows up at low BE, approx. 
2 eV below the main line. We, therefore, 
concluded that, despite the oxidizing con- 
ditions during calcination, part of the tung- 
sten goes to a lower valence state, which is 
possibly formed at the boundary layer be- 
tween the silica support and the WOa 
particles. 

C. Reduction of Unsupported a-Tungsten 
Oxide 

Pure WO, was treated for two hours 
with H, at 1 bar pressure and different 
temperatures: 100, 320, 430, and 550°C. 

430 “C 

e 

t 550 “C 

3 36 34 32 30 eV(BE) 
, i 

FIG. 4. WOs/H,; 2 hr/various temperatures. 

From the broadening and changes in the 
X-PES spectra it is evident that the reduc- 
tion starts at about 310°C. From the oxy- 
gen-to-tungsten line intensity ratio we 
found the oxygen deficiency at 310°C to be 
low: x > 2.95 in the formula WO, (Fig. 
4~). At 430°C tungsten metal is formed, as 
is evident from the spectrum in Fig. 4d. 
At the same time a considerable amount 
of WO, is still present. Reduction for two 
hours at 550°C converts WO, almost com- 
pletely to tungsten metal (Fig. 4e). Ex- 
posure to air for five minutes of the (finely 
divided) tungsten metal formed upon re- 
duction causes a partial re-oxidation to 
wo,. 

There exist a number of colored tungsten 
oxides : 

a-tungsten oxide-WOa -green-yellow 
B-tungsten oxide-WOz.8B-blue 
y-tungsten oxide-WOz.,-purple-red 
&tungsten oxide-WOz -brown. 

We have made the y- and S-tungsten 
oxides. X-PES spectra of these oxides 
clearly showed W-valences lower than six: 
cf. Table 1. From the experiments on X-PES spectra are given in Fig. 4a-e. 
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unsupported WO, we conclude that the 
tendency to form, during the reduction, 
compounds of valences intermediate be- 
tween those of WO, and W-metal is low. 

Analogous to the H, treatments, we per- 
formed N, treatments. N, treatment of 
unsupported WO, up to 550°C led to only 
small changes in the spectrum; the most 
significant feature was a slight broadening 
of the peaks. From the broadened spectra 
we deduce the creation of ill-defined tung- 
sten sites. This is accompanied by a clearly 
visible (blue) coloration of the sample. As 
the P-tungsten oxide WOZ.RR is known to 
be blue, this may be the product formed 
in the surface of the WO, crystallites dur- 
ing N,-treatment at elevated temperatures. 

n. Reduction of Supported Tmgsten Oaide 

WO,/SiO,. -4 calcined catalyst was 
treated with hydrogen: 1 bar Hz/2 hr/ 
550°C. The X-PES spectra before and after 
hydrogen treatment are shown in Fig. 5a,b. 
According to the spectra, hydrogen t.reat- 
merit causes an intensity redistribution to 
lower BE in the already broadened W-4f 
lines. Schematically, the observations are: 
(a) contrary to bulk WO,, no tungsten 
metal is formed (cf. Fig. 4d, e) ; (b) some 
reduction of W(V1) to a valence of approx. 
III-IV takes place. Smaller amounts of 
these “lower-than-six” valences were al- 
ready present after calcination. 

WO,/y-AI,O,. The calcined catalyst (2 
hr/air/550”C) was treated with hydrogen: 

38 36 34 32 30 eV (El31 

FIG. 5. (a) W/SiOz calcined: 2 hr/550”C/ait; (b) 
W/Si& sample a reduced: 2 hr/550”C/l bar Hz. 

40 38 36 34 32 eV (BE) 

FIG. 6. (a) W/r-A1201 calcined: 2 hr/550”C/air; 
(b) W/~-Al&, reduced: 2 hr/550”C/l bar Hz. 

2 hr/l bar HJ550”C. The X-PES spcctrn 
of the sample before and after caleination 
are shown in Fig. 6a, b. According to these 
spectra, treatment with hydrogen does not 
cause any detectable tungsten (VI) reduc- 
tion. This behavior is in striking contrast 
with that of bulk WOn and points to tung- 
state formation on the surface (cf. Sect. 
1II.B). 

CONCLUSIOKS 

The X-PES spectra clearly show the dif- 
fercnt behavior of supported and unsup- 
ported WO,. Whereas pure unsupported 
WO, is reduced to tungsten metal at tem- 
peratures of 430°C and higher, WO, on 
SiOr reduces only to intermediate valences 
and WO, on y-ALO, does not reduce at all. 
These results, obtained with X-PES, are in 
agreement with those on supported WO, 
obtained by Sondag et al. (1) and on un- 
supported WO:, by other workers using 
various techniques. From our results wo 
have c>vidence of a solid-state reaction bc- 
tween WO, and the support to form a kind 
of poorly crystallized and defective struc- 
ture, Al, (WO,),. The WO,,“- ion is very 
stable and difficult to reduce, supporting 
the idea of tungstate formation. 
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