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The reduction of WO,/Al,0; catalysts with 7 =23 wt% WO; and of pure tungsten compounds was
studied by XPS. In the pure compounds, W(VI) is reduced to the metal via W(V) and W(IV). An
additional intermediate observed only in WO; may be W(II) or W(IV) engaged in a particular
interaction. In the reduction of Al(WOQ,); a stabilization of W(VI) and W(IV) relative to Al-free
samples is observed at high reduction temperatures. On the Al,O, support the reduction of W(VI)
starts at substantially higher temperatures than that in pure compounds. The stabilization is highest
at low WO; content, where the severe conditions required for W(VI) reduction lead to the direct
formation of metallic W. At WO, loadings near the theoretical monolayer capacity of the Al,Os
support, the lower temperatures of reduction permit the detection of W(IV) as an intermediate.

Metallic W on Al,O; exhibits a negative XPS shift relative to the bulk metal.

Press, Inc.

INTRODUCTION

Tungsten oxide and molybdena-based
catalyst systems have received much atten-
tion in recent catalytic research because of
their high metathesis activity and the in-
structive parallelism between the homoge-
neous and the heterogeneous catalyst ver-
sions (/). The discussion of the reaction
mechanism of the heterogeneous meta-
thesis has been effectively stimulated by
the homogeneous analogon which yielded
strong evidence for a route involving metal
(oxo) alkylidene complexes (2, 3). On the
other hand, heterogeneous systems well
suited for modern surface analytic tech-
niques may serve as models in the investi-
gation of the catalytically active sites.

Unfortunately, evidence is not yet unam-
biguous in the latter field. Most authors
ascribe the catalytic activity to reduced
species (4, 5) (Me’* (6), Me’t pairs (7),
Me*t (8-10), with Me = W, Mo), while
Me®' has been considered merely a coordi-
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nation center (8) or an active site precursor
inferior to Me** (on MoO3/Al,Os (11)). Fur-
ther elucidation of this problem may be
expected from the WOs/ALO; system,
which is known to be highly resistant to
reduction (12, 13) and is yet an active
catalyst for propene metathesis (5, /4).

In this series, some results concerning
reduction and metathesis activity of WO,/
AlLO5 catalysts will be reported beginning
with an XPS investigation of this system. In
the future, an ESR study of WO;/AlLO;
catalysts and an investigation of their be-
havior in the metathesis of propene will be
presented.

The extraordinary stability of W(VI) on
AlLO; has been ascribed in the literature to
interactions between the alumina surface
and the tungsten species, which are spread
on the surface as a monomolecular layer.
The interaction strength depends on the
tungsten content decreasing with increasing
tungsten loading. Beyond monolayer cov-
erage, the buildup of a bulk WO; phase was
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observed (/2). Hence, in an XPS investiga-
tion, the reduction of W(VI) to metallic W
at 823 K was found to proceed on catalysts
with WOj; loading exceeding the theoretical
monolayer coverage (/2) while no reduc-
tion could be detected on catalysts with
lower WOs loading at this temperature (12,
15, 16). According to (/7, 18) the tungsten
surface phase remains segregated when the
pore system of the alumina is destroyed by
thermal treatment at 1070-1320 K. Hence,
WO; and, at higher calcination tempera-
tures, AlL(WOy); may be obtained starting
from surfaces that contain less than a
monolayer of tungstate species at moderate
calcination temperatures (820 K).

The structure of the W(VI) surface com-
plexes in submonolayer catalysts has been
discussed controversially on the basis of
essentially identical Raman spectra, with
tetrahedral (/2) or bridged distorted octahe-
dral (15) tungstate species assumed to inter-
act with the AlLO; surface. Evidence for an
octahedral WOs-like phase which is formed
at higher WO; loadings (/2) has been
reinterpreted with regard to Raman cross
sections as indicative of a very low fraction
(<4% of total W) of bulk WO; (/9). This
would support the view of (20) that tetrahe-
dral tungstate species prevail up to high
WO, loadings. Recently, Soled et al. (21)
have observed by XPS the formation of
metallic W during the severe reduction
(1073-1173 K) of a submonolayer catalyst.
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In our study, which includes some pure
tungsten compounds as well, similar reduc-
tion temperatures (823-1123 K) were ap-
plied to catalysts of different (submono-
layer) WO; loadings. The results reveal
additional spectral features of these sys-
tems and yield complementary evidence on
the reduction of submonolayer WO:/AlLO;
catalysts relevant to their catalytic prop-
erties.

EXPERIMENTAL

Materials. WOs, analytical grade, and
Al(WO,); were supplied by Reachim, Mos-
cow, and Chemapol, Prague, respectively.
WO; was calcined in air at 823 K for 2 h
prior to use.

The catalyst samples were prepared by
impregnation of y-AlLO; (VEB Leuna-
Werke, Leuna, GDR) with a solution of
WO; in NH,OH by the incipient wetness
technique (pH of the impregnation solution,
8.8). After impregnation, the catalysts were
dried at 400 K and calcined in air at 823 K
for 2 h. Nominal and actual WQO; contents
and BET areas after calcination are pre-
sented in Table 1, where the code used to
denote the samples is also explained.

H, and Ar from cylinders were deoxy-
genated over MnO/Al,O; and dried over
Mg(ClOy)s.

Apparatus and procedure. An AEl ES
200B spectrometer (AlK« excitation if not
stated otherwise, FRR analyzer mode) was

TABLE |

WO, Contents and BET Areas of the Catalysts

Code WO, content. BET area BET area
(wt.%) after 2 h
(m*/g) (m*/g ALO) air calcination
Nominal Real”
T.uc Area
(K) (m’/g)
w7 7.00 6.80 248 262 1093 189
wi2 11.60 11.30 235 165 — —
w23 23.20 23.30 203 265 973 197

“ Determined by electron microprobe analysis.



524

used for this investigation. Sample pretreat-
ment was performed outside the spectrom-
eter in a pretreatment reactor supplied with
a sample transfer lock, which is described
in detail elsewhere (22). In a typical experi-
ment, samples pressed into loops of nickel
wire and mounted on a special sample
probe were inserted into the pretreatment
reactor, heated in Ar (6 liters/h) to the
reduction temperature chosen, and reduced
in H, (6 liters/h at atmospheric pressure)
for 2 h. After reduction the samples were
cooled in Ar, the pretreatment reactor unit
was attached to the spectrometer, and the
sample was transferred to the fast insertion
lock of the spectrometer in an Ar protective
gas atmosphere.

The spectra  were  accumulated,
smoothed, and integrated with a Nicolet
MCA. Unresolved lines (mainly W 4f sig-
nals) were transferred unsmoothed to the
PDP 11/03L computer incorporated in an
XSAM 800 spectrometer of Kratos Ltd.

The unresolved W 4f spectra were sub-
jected to a nine-point least-squares qua-
dratic smoothing and were fitted with a
standard peak synthesis program, in which
spectra are composed of arbitrary Gaussian
singlet lines. Constraints suited to consti-
tute the spin doublet character of the line
pairs, e.g., ratios of linewidths and intensi-
ties, binding energy splitting, had to be
imposed by the user.

Quantitative analysis was complicated by
additional spectral features in the case of
W(VD) and W(0). A small peak with a
binding energy (B.E.) ~6 eV higher than W
4f7» was observed for all W(VI) compounds
(Figs. 1a and If; see also (22)). It exhibited
a complex behavior on reduction (relative
intensity enhanced in WO;, diminished in
AlL(WO,); and WO3/ALO, catalysts, see
Figs. 1 and 3), which may not be unaffected
by baseline effects. Moreover, according to
standard B.E. tables, the W 5ps» peak
would be expected at a B.E. approximately
3 eV higher than W 4f5, i.€., superimposed
on W 4fs,, with a Scofield cross section
~8% that of the total W 4f signal (23).
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FiG. 1. W 4f spectra of individual tungsten com-
pounds WO, after 2 h calcination in air at 823 K (a),
after 2 h reduction in H, at 673 K (b), 823 K (¢), 923 K
(d), 973 K (e) (bulk W metal). Al,(WO,); ‘‘as received”’
(), after 2 h reduction in H, at 923 K (g), 973 K (h).

Considering the high energy peak men-
tioned above as one of a pair of satellites
separated by 4.0-4.2 eV from the corre-
sponding W 4f components we succeeded
in analyzing the spectra of the pure W(VI)
compounds by applying the Scofield inten-
sity ratio of 0.78 (23) to the components of
both the main line and the satellite pair.
Hence, we conclude that the contribution
of W 5ps;, to the form of the signal envelope
should be small, possibly due to a high peak
width. The W 4f5, : W 4f7,; intensity ratio of
0.78 (£0.03) and a B.E. splitting of 2.1
(*£0.1) eV were adopted for all tungsten
oxidation states. Due to the general line
broadening in the case of supported W(VI)
the satellite pair was represented by a sin-
gle broad peak in these spectra. A small
high energy shoulder observed in the spec-
trum of W(0) (see following section, Fig.
le) was neglected in the curve fitting. Possi-
ble inaccuracies due to these simplifications
should not affect the essential conclusions
of our work.
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Binding energies were determined with
an accuracy of 0.2 eV and referred to C 1s
285.0 eV. However, in the case of
the WO,/Al,O; catalysts, this calibration
tended to yield a shift on the order of 0.5-1
eV for all lines after reduction at 973 K and
above. Obviously, the C ls calibration may
become inadequate when samples are sub-
jected to severe reduction procedures. In
our case, the W 4f lines were referred to Al
2p = 75.1 eV and O ls = 531.4 eV, the
mean values obtained with the C 1s calibra-
tion for a large number of oxidized or
mildly reduced Al,O;-based samples. In
Table 4, W 4f data referred to Al 2p are
given with values referred to O 1s added in
parentheses if the deviation is larger than
0.1eV.
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RESULTS AND DISCUSSION

Pure Compounds

Stoichiometric substances. In Table 2,
B.E. and intensity ratios of the main peaks
are listed for WO;, W metal, and
AlL(WOQO,);, and compared with literature
data. The W 4f spectra are shown in Fig. |
((a) WOs, () W, (f) AL(WO,);). W metal
was obtained by severe reduction of WO; (2
h, 973 K) and was pyrophoric when re-
moved from the spectrometer. The high
energy shoulder of the W 4f signal, which
has already been mentioned in the experi-
mental section, is most probably due to
spectral features of the zero valent state
(contributions of W 5ps», possibly of plas-
mon excitation) though it may be repre-

TABLE 2

Binding Energies (¢V) and Relative Intensities of Elements in Nonreduced Pure Compounds;
Comparison with the Literature

(a) WO,, W metal

Binding energy Ols Atomic ratio” Ref.
W 4f:n Ww:0
WD W(0) AE,
36.0 3.8 4.2 16
36.3" 31.7 4.6 27
357 314 43 26
359 31.7% 4.2 530.7" 12
35.4 3117 4.3 531.4 1:3.3 25
36.6 324 4.2 530.1 1:3.0 This work
(b) AL(WO,)
Binding energy Atomic ratio” Ref.
Al: W:0
W 4f, Al 2p O 1ls
36.5 (36.2)" 16
36.5" 74.9 531.5* 12
35.8" 74.5% 532.2" 82:1:193 25
36.7 75.2 531.0 1.1:1:5.6 This work

Note. O 1s = 285.0 eV or Au 4f;, = 84.2 eV (12).

. . . . n

“ From intensity ratios using (—) =
n;

b Originally referred to Au 4f.

“( ), calcined at 1173 K.

¢l

Lo

E,\"7?
( ,k'> (28); o values from (23).
bkl
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sented by two lines in the B.E. range of
W(V)/W(V]). It was not affected by a 1-h
Ar ion bombardment, which diminished the
O Is and C ls intensities by 40-50%, and is
present in literature spectra as well (24).
The handling of pyrophoric tungsten with-
out reoxidation in the transfer equipment
suggests that reoxidation should be of mi-
nor importance with the remaining samples
as well (see also (22)).

Table 2 reveals that our W 4f5, B.E. for
WO; and W are 0.6-0.7 eV higher than the
average of the literature data, while our O
s value seems to be low. Such discrepan-
cies, which are often met when B.E. data
measured on different instruments are com-
pared, may be explained by divergent pro-
cedures in energy scale calibration. The
chemical shifts (AEg) reported are not af-
fected by this, as is demonstrated by the
good coincidence for AEg of W 4f between
WO; and W, but also of O 1s between WO,
and AlL(WO4(; when our results are com-
pared with the literature data.

Bearing this is mind, no significant B.E.
difference between the W(VI) species in
WO3 and AIQ(WO4)‘; (and (NH4)|0W|2041 as
well (22) can be established by our data.
The W 4f linewidth (FWHM) is somewhat
larger in aluminium tungstate (1.8-1.9 eV)
than in WQO; and in ammonium para-
tungstate (22) (1.5-1.6 eV). The intensity
ratios for the main lines correspond closely
to those reported in (25) for WO; while
significant deviations are noted for
AL(WO,); where the W 4f intensity in (25)
appears to be low.

Partially reduced samples. W 4f spectra
illustrating the reduction of WO; and
AlL(WOy); are shown in Fig. 1. The tung-
sten states occurring in the reduction pro-
cess are characterized in Table 3 (W 4f;»
B.E., percentage of total W 4f signal area).
A linear relation between the B.E. of the
species and their assumed oxidation num-
ber has been found in the literature for the
reduction of WO, (21, 26, 27). Figure 2
shows that this relationship holds for the
reduction of AL(WOy); and (NH4);oW 204,

GRUNERT ET AL.
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FIG. 2. Relationship between W 4f;, binding ener-
gies and oxidation numbers (1) of tungsten states
(including ammonium paratungstate (22). (x) Data of
individual compounds, (I) range found in partially
reduced samples, (@) “W(II)”’ state in partially re-
duced WO;.

as well and suggests that the tungsten states
should be assigned to W(VI), W(V), W(1V),
and W(II), and W(0). However, the fact
that ““W(II)"’ is observed only in the reduc-
tion of WOs implies that its occurrence may
correspond to a structural feature typical of
this compound, supporting the view of
Haber et al. (27) who assigned the “*W(I1)”’
signal to W(IV) ions paired in edge sharing
octahedra on shear planes.

In Table 3, it can be seen that the W(VI])
B.E. tends to increase on reduction, i.e.,
when several oxidation states coexist,
while W(0) remains in the range of 32.2 +
0.2 eV. This tendency, which has also been
found in the case of ammonium para-
tungstate (22), is reflected in the B.E.
difference between W(VI) and W(0), which
changes from 4.2-4.4 for individual sub-
stances to 4.6-5.0 for coexisting states. The
uncertainties of the curve-fitting procedure
may cast some doubt upon the significance
of these shifts. However, in the course of
the reduction of Al(WO,); we obtained
spectra where a W(VI)/W(0) B.E. differ-
ence of ~5 eV can be clearly observed
because of the predominance of these
states (Fig. 1g). A similar increase in the
B.E. on partial reduction has been found
recently for Zr3d of Zr** in intermetallic
hydrides (ZrCr;Hs;, (29), ZrMo;H,,,
ZrW,H, 3 (30)).

The origin of the phenomenon is not yet
clear. Differential charging cannot be ruled
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out though W metal is not present in all
samples concerned. The B.E. increase may
also be due to modified electronic interac-
tions between tungsten species and be-
tween tungsten and oxygen in the defect
structures of the partially reduced samples,
which may also be reflected in the con-
siderable shift of O 1s in the reduction of
WO; (Table 3). Interactions between tung-
sten and aluminum may be superimposed in
the case of AL(WOy,);.

In the literature, the reduction of WO,
has been reported to be complete at 823 K
(13, 16). We found, in accordance with
(31), that the WO; reduction proceeds in a
large temperature range. Major differences
between the reduction behaviors of WO;
and AlL(WOQy); are found in the 923- to
973-K region. While the reduction of WO;
is complete at 973 K W(VI) and W(IV) are
left in considerable amounts in the reduc-
tion of AL(WO,); under these conditions.
Obviously, there is a stabilization of high
valence W ions in Al,(WQ,);, which may be
similar to the well-known stabilization of
W(VI) on the ALLO; support ((12, 13), cf.
section entitled *“WQ,/Al,O; Catalysts’’) as
AI*" ions are present in this sample. The
relatively easy onset of the Al,(WOy); re-
duction implies that the original structure
does not permit such an interaction and
must be reconstructed.

X-ray diffraction of AL(WQ,); reduced at
923 K (transfer in contact with air) failed to
detect ALO; as well as AL(WO,); and other
compounds. Only metallic tungsten was
identified. Nevertheless, we assume that
amorphous structures of AI** and O*” ions
are formed, which are capable of interact-
ing with W(VI) and W(1V) in a way similar
to ALO;. The O 1s B.E. lies in the interval
of 531.1-531.6 eV for all reduction temper-
atures. In Al,O;, O 1s is typically found at
5314 eV.

The W 4f/0 1s intensity ratio of WO;
grows with increasing reduction tempera-
ture due to the progressive removal of
oxygen (Table 3). In the case of the
AL(WO,);, the situation is more complex.

GRUNERT ET AL.

In the low temperature region, W 40 1s
and Al 2p/O 1s increase due to the removal
of oxygen while the decreasing W 4f/Al 2p
ratio may indicate the beginning structural
rearrangement mentioned above. The sig-
nificant decrease in the W 4f/O 1s ratio at
923 K may arise from an agglomeration of
the tungsten metal, which is detectable by
XRD even after exposure to air.

WO,3/ALO; Catalysts

W(VD. In Table 4, the W 4f7, binding
energies of tungsten states and their per-
centages of the total signal area are summa-
rized for the reduction of the WO;/AlO;
catalysts. The absolute B.E. values may
contain an instrumental shift of +0.6-0.7
eV (see section entitled ‘‘Stoichiometric
Substances™’).

The main signal in these spectra can be
represented by a doublet with a B.E. close
to that of W(VI) in compounds of hexa-
valent tungsten but with increased line-
width (2.3-2.5 eV compared to 1.5-1.9
eV). Such line broadening is often met in
XPS of supported material and has been
attributed to inhomogeneous surface charg-
ing or to nonuniform interactions of the
corresponding species with the support
(28).

An increase in the Al 2p and the W 4f
FWHM with decreasing WO; content,
which may serve to identify surface charg-
ing effects in WO;/Al,05 (12), was detected
with our samples only after thermal treat-
ment in Ar (973 K, 1 h). In the oxidized
samples, linewidths were practically con-
stant while a significant decrease was ob-
served after thermal treatment in H; even
when reduction was not effected (0.4-0.6
eV for O 1s, 0.1-0.3 eV for Al 2p). These
changes may be ascribed to the removal of
surface oxygen (OH, O,q,) from the sample.

Signal shapes similar to those shown in
Figs. 3a and 3b may also arise from the
superposition of different valence states
(W(VI) and W(V), see Fig. 1b). However,
no support for the existence of W(V) al-
ready in the oxidized samples was found in
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TABLE 4

W 4f;, Binding Energies (eV) and Percentages of Total W 4f Signal Area of Tungsten States Occurring
in the Reduction of WO/ALLO; Catalysts

Weight Reduction Binding energy Cls W(0)
percent temperature content
WO, (K) WV W) AEy area(%)
7 — 36.3 — — 285.1 —
823 36.4 — — 284.8 0
973 37.2 (36.7) — — 284.8 0
1023 36.7 — — 285.0 285.0
1073 36.5 313 5.2 284.7 12
11.6 — 36.4 — — 284.8 —
823 36.5 — — 284.7 0
973 36.6 31.4 5.2 284.2 5
1023 36.6 311 5.5 284.3 5
1073 36.6 31.1 5.5 284.5 16
1093 36.4 31.6 4.8 284.7 41
23.2 — 36.6 (36.8) — —_ 284.8 —
823 36.4 — — 284.3 0
973 36.6 31.6 5.0 284.0 10¢
1023 36.7 3L.5 5.2 284.2 25
1073 36.6 314 5.2 284.8 47
1093 36.4 31.6 4.8 284.6 61

Note. Al2p =75.1eV;( ),01s =531.4¢V.
“ Plus 10% W(IV), Fy = 348 ¢V.

our ESR study (32). Moreover, the invari-
ability of the signal shape over a wide
range of reduction conditions (Figs. 3b-
3e) implies that the signal arises from a sin-
gle state, W(VI), the line broadening being
due to nonuniform interactions with the
support.

The extraordinary stability of W(VI) on
ALOs is confirmed by our results: Its reduc-
tion starts at substantially higher tempera-
tures than that of the pure tungsten com-
pounds. The analogy of the stabilization of
W(V]) on AO; and in AlL(WQ,): under
severe but not under mild conditions has
been mentioned above. The reducibility of
the WOs/Al,O; catalysts increases with
growing WOs; content, most probably due
to the nonuniformity of the interactions
between the tungstate species and the sup-
port. On the W23 sample reduction pro-
ceeds at 973 K while no reduction was
observed with W7 even at 1023 K (Table 4).

(The latter statement neglects a small con-
centration of W(V) that was detected by
ESR (32) in quantities far below the detec-
tion limits in XPS spectra of this kind,
which amount to ~2% of the total W for
W(0), 4-5% for W(IV), and 12-15% for
W(V)).

An attempt to accelerate WO/Al,O; re-
duction by the spillover of activated hydro-
gen by analogy with the experiment of
Benson et al. (33) was not successful. After
treatment of a 1: 1 physical mixture of W23
with a 2 wt% Pt/Al,O; catalyst with H, at
823 K no reduction of W(VI) could be
detected, the W 4f signal being completely
identical to that shown in Fig. 3b.

W(0). In almost all experiments, W(0)
was the only reduction product observed
(Table 4). Its B.E. (31.1-31.6 €V) is shifted
by —0.8—-—1.3 eV relative to the pure W
metal. This is reflected by an increase in
AER between W(VI) and W(0), which in
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F16. 3. W 4f spectra of W23 after different reduction
procedures; unreduced, 2 h calcined in air at 823 K (a),
2 h reduced in H, at 823 K (b), 973 K (c), 1073 K (d),
1093 K (e). The shaded region indicates the B.E. range
found for bulk W metal.

nearly all cases markedly exceeded the
values obtained for pure substances and for
W(VI) and W(0) coexisting in partially re-
duced samples (Tables 2 and 3).

XPS line shifts between supported and
bulk metals have been extensively studied
in recent years inspired by the interest in
the SMSI effect. Positive shifts, which are
due to final state effects, are found in many
cases (28, 34, 35). Negative shifts due to a
SMSI have been recently observed in the
Rh/TiO, system (36). In a previous paper,
we reported a remarkable negative shift for
chromium on ALO; (—1.5 to —2.0 eV) and
ascribed it tentatively to an interaction of
Cr(0) with reduced spots of the support
(37). We found a similar behavior for

GRUNERT ET AL.

Mo(0)/A1,0; (38). The origin of these nega-
tive shifts of Group VI metals on ALO; is
not clearly established. A contribution of
differential charging cannot be entirely
ruled out at present though no anomaly was
detected with other lines of the spectra and
the absence of an analogous effect in other
Me/Al,O3 systems would need further ex-
planation.

The FWHM of our W(0) lines was
1.8-2.0 eV in all cases in contrast to the
broad signals found by Soled ez al. at high
reduction degrees (27/). This broadening
may be due to the sample preparation tech-
nique applied (catalyst powder pressed into
conducting material), which might encour-
age inhomogeneous charging of the W
metal. The narrowing of the W 4f signal
when one proceeds from W(VI) to W(0),
which was observed in our study, suggests
that the interaction between ALQO; and
tungsten specific to its hexavalent form is
destroyed in the reduction process.

W(V). The attention paid in the litera-
ture to W ions of intermediate valency as
possible active sites of the metathesis reac-
tion raises the question of whether such
ions are present in the reduced WO;/A1L O3
samples. Until now, intermediate W oxida-
tion states have not been detected by
ESCA in the reduction of WOs/ALO; cata-
lysts (12, 21). This observation is confirmed
by our study for the catalysts W7 and W12
where H, treatment brings about a decrease
in the linewidth of the W(VI) signal (com-
pared to oxidized as well as to Ar-treated
samples) rather than an increase that might
indicate the presence of reduced W ions.

In the case of W23, however, a 2-h
reduction at 973 K produced a W 4f spec-
trum that could not be analyzed consis-
tently without including a contribution of
an intermediate W form, which would be
W(IV) according to its B.E. (Fig. 3c, Table
4). The situation is displayed in more detail
in Fig. 4 where W 4f spectra obtained with
this catalyst under different reduction con-
ditions are compared with the signal of an
Ar-treated sample (curve ; the experimen-
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FiG. 4. Identification of W(IV) in W 4f spectra of
W23. Sample treatments: curve 1, 40 min Ar, 973 K;
curve 2, 30 min H., 973 K; curve 3, 70 min H», 973 K;
curve 4, 120 min H,, 973 K; curve 5, 10 min H,, 1123
K. Curves 3a, 3b, 3¢ (4a, 4b, 4c)—W(VI), W(1V), and
W(0) components of curve 3 (4).

tal points are omitted for the sake of clar-
ity). While a 30 min reduction at 973 K
causes only a slight broadening of the W 4f
signal (curve 2) continued reduction at this
temperature produces spectra (curves 3 and
4, the latter corresponding to Fig. 3¢), the
course of which in the 33- to 36-eV region
cannot be fitted by a mere superposition of
the W(0) and W(VI]) components (3¢, 4c,
and 3a, 4a, resp., curve | providing an
upper limit for the W(VI) component).
Spectrum S originates from a W23 sample,
in which an analogous reduction extent had
been obtained under more severe condi-
tions (1123 K, 10 min). A comparison of
spectrum 5 with spectrum 4 shows directly,
without reliance to curve fitting, that the
intermediate is not present in spectrum 5
and supports the identification of W(IV) in
spectra 3 and 4.

Certainly, the broadening of the W(VI)
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signal observed after 30-min reduction at
973 K (curve 2) and, analogously, after 2 h
at 923 K, may also be ascribed to a contri-
bution of W(IV). After 2 h reduction at 1023
K a W(IV) signal could no longer be iden-
tified. In a further part of this series it will
be shown that the formation of an interme-
diate W species under the reduction condi-
tions employed here is reflected in the
catalytic behavior of W23 in the metathesis
of propene.

W(IV) may have been formed also in
WO0,/A),0; catalysts, which were subjected
to prolonged reduction at 823 K (/2), with
the WO; content exceeding the monolayer
capacity. An analysis of W 4f signal shapes
from (/2) according to the principles ap-
plied in this work required contributions of
8-14% rel. of W(IV) for the corresponding
samples.

Monolayer character of WO+/ALO; cata-
Iysts. In (12) it was verified that the XPS
spectra of WO/ALO; catalysts exhibit pro-
portionally between the W 4f/Al 2p inten-
sity ratios and the corresponding bulk
atomic ratios as long as the monolayer
coverage is not arrived at. This proportion-
ality was reproduced by us for oxidized and
mildly reduced catalysts (Fig. 5). It did not
hold, however, for extensively reduced
samples. While the decrease in the W 4f/Al

Waf
AlZp

2}

006 ¥
Al / putk

F1G. 5. Variation of the W 4f/Al 2p intensity ratio as
a function of the bulk atomic W/AI ratio. Samples
unreduced (A), 2 h reduced in H; at 823 K (B), 973 K
(C), 1023 K (D), 1073 K (E), 1093 K (F).
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2p ratio on severe reduction is within the
limits of experimental error for W12 it is
significant for W23. The decrease in the
relative W signal intensity may be due to an
agglomeration of the W metal formed.

The occurrence of tetravalent tungsten in
a catalyst of high WO, loading (~70% of
monolayer coverage) raises the question of
whether W(IV) may be derived not from
the surface tungstate monolayer but from a
segregated WO; phase. In catalysts with
WO; loadings exceeding the monolayer ca-
pacity the segregation of WO; has been
proved by Raman spectroscopy and any
reduced tungsten forms obtained with such
catalysts at temperatures as low as 823 K
(12) may be ascribed to this phase. The
segregation of WO; might well begin when
the monolayer coverage of the Al,Os3 sur-
face has not yet been attained, and small
quantities of WO; crystallites would not be
detected by the relatively coarse intensity
correlation demonstrated in Fig. 5.

However, the quantity of crystalline
WO; in a catalyst with a WO; loading
comparable with our W23 sample has been
shown by Raman spectroscopy to be very
small (~1 wt% (19)). An additional segrega-
tion of WQO; due to our thermal treatments
can be excluded as the pore system of the
support is practically stable at the tempera-
tures applied (see BET data in Table 1).
Unfortunately, Raman data proving the
phase composition of the tungsten in our
samples, which have been prepared using
rather straightforward methods, are not
available. However, from the general re-
duction behavior observed with these
samples it can be concluded that they are
not essentially different from those de-
scribed in the literature (5, 12, 21). More-
over, our data show that W(IV) is not stable
in WO; at a reduction temperature of 973 K
where it is observed in W23 and in
AL(WO,);. Hence, W(IV) is stabilized by
the alumina, and if it is derived from WO;
crystallites it should be located at the inter-
face with the support.

We prefer another view that takes into
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account the inhomogeneity of the interac-
tions between the surface tungstate species
and the support and underlines the anal-
ogies to the MoOs/ALO; system. At low
WO; loadings, hexavalent tungsten is stabi-
lized by the alumina to such a degree that
its reduction requires conditions where
other tungsten states are not stable. The
strength of the interaction (and, likewise,
the reduction temperature) decreases with
increasing tungsten content already at load-
ings far below the monolayer coverage,
probably due to varying properties of the
surface sites occupied by the tungstate enti-
ties or, at higher coverages, due to interac-
tions within the tungstate layer. Thus, near
monolayer coverage, the temperature re-
quired for the reduction of the most unsta-
ble part of the tungstate layer has decreased
to a range where intermediate W(IV) spe-
cies are already stable on the alumina sur-
face. In MoQ;/Al,0O5 catalysts, which may
be considered a structure analogon as far as
their oxidized state (i.e., the initial state) is
concerned (39), the stabilizing influence of
the support is smaller than that in the
WO./ALO; system, and Mo(V) and Mo(1V)
are the reduction products observed at tem-
peratures as low as 773 K (38, 40).

CONCLUSIONS

The reduction of WO; and Al(WOQO,),
which begins in the same temperature re-
gion (~673 K), takes a different course at
high temperatures. WQO; is reduced via
W(V), W(IV), and a form that may be
W(IV) paired in a particular crystalio-
graphic structure to W(0). While the re-
duction of WO, is complete at 973 K,
AL(WO,); vields a complex system at this
temperature in which AP’ is not reduced
while tungsten is mainly present as W(VI),
W(IV), and W(0).

In WOs/ALO; catalysts, the AlLO; sup-
port exerts a strong stabilizing effect on
W(VI) and W(IV). For catalysts of low
WO; content, which are reduced at temper-
atures >973 K, W metal is the only reduc-
tion product observed after a 2-h H, treat-
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ment. When the WO; content approaches
the monolayer capacity of the Al,O; the
reduction proceeds at temperatures =973
K, and W(V) is found in addition to W(0).
The results confirm the monolayer charac-
ter of the WO3/ALLO; system. Similar to
chromium but at variance with several
other metals zero valent tungsten on Al,O;
exhibits a negative XPS binding energy
shift relative to the bulk metal.
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