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Infrared spectroscopy (IR) has been used to investigate CO and/or NO adsorption on reduced
W/ALO; catalysts. The effect of reduction temperature and tungsten-loading was studied. Three
different kinds of surface W-sites were identified according to the IR spectra (possibly W**, W4+
(D), and W** (II)). Up to three IR bands at 2198, 2176, and 2154 cm~! for adsorbed CO, which are
best assigned to W3* (CO), W** (I) (CO), and W** (II) (CO), respectively, were observed. Only
two kinds of surface complexes, W+ (NO) with a single band at 1843 cm ™! and W** (I and II) (NO),
with coupled bands at 1780 and 1691 cm~!, were formed upon NO contact. In the case of CO +
NO and NO + CO (added in sequence) coadsorption, a surface complex in the form of (CO) W**
() (NO),, which gave three IR bands at about 2117, 1801, and 1725 cm™!, was evidenced in the
spectra in addition to W* (CO) and W** (II) (NO), on the surface. These observations suggest that
W4+ (I)-sites differ from W** (II)-sites in the coordination state and the coadsorption of CO + NO
or NO + CO allows more information about the surface W-sites to be achieved than the correspond-
ing CO or NO single adsorption in IR studies. The adsorption and desorption mechanisms are
discussed for the surface complex of (CO) W** (I) (NO),. Laser Raman spectroscopy (LRS) and
temperature-programmed reduction (TPR) were also employed as complementary techniques to
characterize the W/Al,O; catalysts. The results from these two measurements are in good agreement

with our IR results. © 1991 Academic Press, Inc.

INTRODUCTION

W/ALO, and catalysts derived from this
system are very important for many indus-
trial reactions such as metathesis, hydrode-
sulfurization (HDS), and hydrodenitrogena-
tion (HDN) (I, 2). To search for more active
and more selective catalysts, much atten-
tion has been paid to the characterization of
the active sites. The most popular method
used is the chemisorption of gaseous probes
which is expected to titrate the active sites
and elucidate their chemical nature. Among
all these probes, CO and NO are attractive
because they are usually stable and can be
followed by IR spectroscopy. CO or NO is
usually used individually in IR studies as
probe, but in some cases coadsorption of
CO and NO proves to be more powerful
and has received increasing attention (3). A

! To whom correspondence should be addressed.

recent review by Kung and Kung (4) has
shown that CO and NO have widely been
used to characterize reduced Cr/AlL,O; and
Mo/AlO, catalysts, but applied less often
for W/AL,O, catalysts possibly because
W/ALQ; is very difficult to reduce (5, 6). To
avoid this difficulty, Kazusaka and Howe
(6) have used supported tungsten hexacar-
bonyl as a new route to a low valent state of
tungsten. Using NO as probe, they find that
NO can oxidize W° to W** as evidenced
spectroscopically by the formation of W**
(NO), complex. Recently Duchet et al. (7)
reported CO adsorption on W/ALOQO; cata-
lysts in the oxidized and sulfided states. No
studies on either CO or NO adsorption, es-
pecially CO and NO coadsorption, to our
knowledge, have appeared for the hydro-
gen-reduced W/ALQ; catalysts. In this pa-
per, we describe the infrared study of
CO and/or NO adsorption on hydrogen-
reduced W/AlL,O; catalysts. The objective
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TABLE 1

Compositions and Codes of the Tungsten Catalysts

Catalyst WO, wt% W wt% W atoms/nm’
TA. 14.4 11.4 1.6
TAp, 21.4 17.0 2.6
TAg 4 29.5 23.4 3.9
TAgs s 2.5 25.8 46

¢ Calculated monolayer coverage based on an oxide
concentration of 9.1 x 10® O ions/m’ of y-alumina
(110) surface (Ref. (11)).

is to elucidate the nature of the surface
W-sites.

EXPERIMENTAL
Catalyst Preparation

Catalysts were prepared by impregnation
of y-Al O, (Sger = 275 m*/g) with ammo-
nium metatungstate solution followed by
drying at 393 K overnight and calcination at
773 Kfor 2 hin air. The compositions of the
tungsten catalysts and their codes are shown
in Table 1. Tungsten-loading in terms of W
atoms/nm? is also given in order to facilitate
results comparison.

Raman Spectroscopy

Raman spectra were recorded on a Jobin
Yvon spectrometer. A Spectra Physics
Model 2000 argon-ion laser was used as the
excitation source, with 200 mW of radiation
using the 418-nm line. Samples were pressed
(4.5 ton/cm?) into a disc 13 mm in diameter.
The sample disc was rotated to avoid ther-
mal decomposition by the laser beam. A
typical spectral slit width of 4 cm™! was em-
ployed.

Infrared Spectroscopy

The sample was ground and pressed (4.5
ton/cm?) into self-supporting wafer 15 mm
in diameter. The wafer was mounted in a
quartz sample holder and placed in a quartz
in situ infrared cell which allowed treat-
ments of the sample either under vacuum or
in a flowing gas at temperature between 300
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and 1300 K. The sample holder was easily
shifted by an external magnet between the
sample beam and the oven where the tem-
perature was controlled by a programmed
temperature controller.

The pretreatment procedures of the sam-
ple before adsorption experiments are de-
scribed in the following. The oxide sample
was heated in situ in flowing hydrogen (50
ml/min) from room temperature to 773 K
(873 or 973 K) at a constant heating rate
of 20 K/min, maintained at 773 K (873 or
973 K) for 2 h and then cooled in hydrogen
to 673 K for evacuation (10~° Torr). The
sample was always cooled to room tempera-
ture before adsorption experiments.

The adsorption of CO or NO and the
coadsorption were performed at room tem-
perature. The pressure of CO or NO (partial
pressure in the case of coadsorption) was 30
Torr. The coadsorption was performed by
adding the second gas after exposing the
sample to the first gas for a period of time.
Infrared spectra were recorded by using
a Perkin-Elmer 580B spectrophotometer
with a 3600 data station.

Hydrogen and carbon monoxide (Dalian
Gas Prod. Co. 99.99%) were further purified
by passage through a 5A molecular sieve
column (Shanghai Chem.) and a 401 deoxy-
agent column (Dalian Inst. of Chem. Phys.).
Nitric oxide (Dalian Gas Prod. Co. 99%) was
purified by repeated freezing—evaporation
cycles and only a portion of the middle frac-
tion was used.

Temperature-Programmed Reduction

The catalyst sample in the size of 20-40
mesh was reduced in a stream of hydrogen/
argon mixture (13% H,-Ar, flowing rate 40
ml/min) from 300 to 1300 K at a constant
heating rate 10 K/min. The decrease in hy-
drogen concentration was detected by a
thermal conductivity cell. Before each mea-
surement the sample was preheated in flow-
ing argon at 773 K for 2 h in order to elimi-
nate the possible surface contamination.
The weight of each sample of different tung-
sten-loading was chosen in such a way that
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Fic. 1. Raman spectra of (a) TA;;4, (b) TA}74, (©)
TAgy4-

the amount of tungsten in different runs was
approximately the same.

RESULTS AND DISCUSSION
RAMAN SPECTROSCOPY

Raman spectroscopy has been proven to
be valuable in studies of supported W/AlL,O,
catalysts (8-10) notwithstanding that the as-
signments of the observed bands still con-
flict each other. Thomas ef al. (8, 9) attrib-
uted the band at about 970 cm™! to a
polymeric, octahedrally coordinated tung-
sten compound and the bands at about 715
and 805 cm™! to WO,, but Salvati, Jr. et al.
(10) proposed that the occurrence of both
bands around 973 and 333 ¢m ! is the indica-
tion of the presence of a tetrahedrally coor-
dinated tungsten species and the bands
around 807, 715, and 272 cm~! with ill-
defined bands in the lattice band region
(100-400 cm™!) are due to a octahedrally
coordinated tungsten species. The Raman
spectra of our W/ALQ, catalysts are shown
in Fig. 1. Catalysts in the concentration
range from 11.4 to 23.4 wt% W are charac-
terized by a broadband at about 970 cm ™.
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Regardless of the assignments of the bands,
we can conclude from the absence of the
bands at about 805, 715 cm ™! that no bulk
WO, is formed on the alumina support after
calcination. This conclusion conforms with
the calculated monolayer coverage which is
25.8 W wt% for the y-Al, O, applied in this
study (Table 1) using a method proposed in
Ref. (11).

INFRARED SPECTROSCOPY
(A) Oxide W/AL,O4 Catalysts

It is reported (7) that W®*—CO was
formed with a weak band at about 2208 cm !
on oxide and sulphided W/ALO, catalysts.
Topsge and Topsge (12) studied oxide Mo/
Al, O, catalysts by NO adsorption and found
that the adsorption of NO is highly depen-
dent on the evacuation temperature. An
evacuation temperature as high as 773 K
was reported to be necessary to achieve IR
bands of appropriate intensity and they pro-
posed that a small fraction of the Mo atoms
at the surface of the alumina was reduced
by the high temperature pretreatment to a
state capable of adsorbing NO. In our IR
studies, however, no bands were observed
for adsorbed CO and NO on oxide W/Al,O,
catalysts which had been preevacuated for
2 h at 673 K. This evacuation procedure is
typically employed to remove the adsorbed
hydrogen after reduction treatments. It is
known (5) that WO, interacts strongly with
v-alumina and W/ALO, catalysts are diffi-
cult to reduce. Thus the absence of IR bands
due to adsorbed NO and CO in our studies
is quite understandable since lower evacua-
tion temperature (673 K vs 773 K) and
shorter period of evacuation (2 h vs 16 h)
are used. We can, therefore, suggest that
surface W-sites, which are accessible to CO
and NO as shown in the following, have a
formal charge lower than 6 +.

(B) Reduced W/AL O, Catalysts

(a) CO adsorption. As shown in Fig. 2,
CO adsorption on the reduced W/ALQ, cat-
alysts gives rise to as many as three IR bands
at 2198, 2176, and 2154 cm~! (Fig. 2¢). Re-
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Fic. 2. IR spectra of CO and CO + NO on TAy,
reduced at (a) 773 K, (b) 873 K, (c¢) 973 K.

duction at increasing temperature increases
the intensity of the bands at 2176 and 2154
cm ™! while the band at 2198 cm ™! remains
almost unchanged. Zecchina et al. (13) ob-
served three overlapped IR bands at 2191,
2186, and 2181 cm™! for CO adsorbed on
CO-reduced Cr/SiO, catalysts. According
to their interpretation, the band at 2191
cm™! is due to Cr¥*~CO complex and the
bands at 2186 and 2181 cm ™! come from two
kinds of Cr**—CO complexes differing in
coordination state. Similarly, we assign the
band at 2198 cm ™! to W>* (CO) complex
and the bands at 2176 and 2154 cm ™! to W*+
(CO) complexes of different coordination
states.

It is generally accepted that Mo’ and
Mo** are the dominant specis on hydrogen-
reduced Mo/ALO, catalysts (14-19). Mo
metal is formed only under extreme reduc-
tion condition (reduction temperature
1173 K) as reported by Peri (20) in a CO
adsorption study. Considering the fact that
W/ALO, catalyst is more difficult to re-
duce than Mo/AlL O, catalyst, it seems rea-
sonable to suppose that only W>* and W**
are present as CO and NO accessible sites
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on the hydrogen-reduced W/ALQO, cata-
lysts.

For surface cations with the same formal
charge, the stretching frequency of CO ad-
sorbed on them is highly dependent on their
coordination state (before adsorption of
CO), i.e., number of oxygen ligands, nature
and strength of metal-oxygen bonds (21).
We, therefore, suggest that the bands at
2176 and 2154 cm ™! come from W** (I) (CO)
and W** (II) (CO) complexes with W** (I)
and W** (II) in different coordination states.

(b)) CO + NO coadsorption. Drastic
changes in the spectra are produced as NO
is introduced into the IR cell following CO
adsorption (Fig. 2). The bands at 2176 and
2154 cm™! disappear while the band at 2198
cm™! remains unchanged. Simultaneously
five new bands at about 2117, 1801, 1777
(shoulder), 1725, and 1691 cm™’, respec-
tively, are observed in the spectra (Fig. 2c¢).
The relative stability of the IR bands is ex-
amined by heating the coadsorbed sample
in vacuo. An example of this treatment is
presented in Fig. 3. Coadsorption of CO +
NO for 8 h gives six bands at about 2198,

a CO*NO 8hr
b ———RT 20min -
¢ ——-RT-50C S
d ----50-100C
e 100-150C

Absorbance

22002100 1800 1700

Wavenumber{cm~1}

Fia. 3. TPD-IR spectra of CO + NO on TAp, re-
duced at 873 K.
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2117, 1801, 1777 (shoulder), 1725, and 1691
cm™!, respectively (Fig. 3a). The band at
2198 cm~! is readily pumped out at room
temperature for 5 min. Evacuation at room
temperature for 20 min causes a parallel de-
crease of the bands at about 2117, 1801, and
1725 cm ™! along with a parallel growth of the
bands at 1780 and 1691 cm™!. Subsequent
heating in vacuo at elevated temperature has
the same effect on the spectra. After heating
the sample in vacuo at 373-423 K, the bands
at 2117, 1801, and 1725 cm~! are totally
eliminated and only two bands at about 1780
and 1691 cm™!, respectively, are left (Fig.
3e). On evacuation at temperature higher
than 423 K, the bands at 1780 and 1691 cm ™!
decrease in parallel with the appearance of
a band at about 1280 cm~!. Many investiga-
tors (3, 12, 20, 22-24) have used infrared
spectroscopy to study the NO adsorption on
Cr/AlL,O; and Mo/Al, O, catalysts in re-
duced, oxidized, and sulfided states and find
that NO favors adsorption in twin form on
the catalyst surface. Thus it seems reason-
able to assign the bands at about 1780 and
1691 cm ™! to W** (I and II) (NO), complex.
This assignment is also justified by the paral-
lelism in thermal stability of the two bands
observed in desorption experiments. The
band at about 1280 cm ™! is most possibly
due to adsorbed N,0%~ species (25, 26) and
its formation indicates that, heating in vacuo
at temperature higher than 423 K, the de-
composition of W** (NO), complex takes
place with subsequent oxidation of the sur-
face. These phenomena were similarly ob-
served by Millman and Hall (24) on reduced
Mo/AlLO; and by Zecchina et al. (25) on
reduced Cr/SiO, catalysts.

From the desorption behavior, it is also
inferred that the bands at 2117, 1801, and
1725 cm ™! are due to some surface complex
with both CO and NO liganded to W** site.
The most probable one is (CO) W** (I)
(NO),. Similar (CO) Cr?>* (NO), complex
has been observed by Garrone et al. (27) on
reduced Cr/SiO, catalysts. According to the
reasons explained by Garrone et al. (27), it
can be speculated that the NO in (CO) W**
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coad.- CO+NO

— 2198

Absorbance
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1700

Fi1G. 4. IR spectra of CO + NO on TA,; 4 reduced at
973 K (a) ad-CO 80 min, CO + NO (b) 5 min, (c) 50
min, (d) 18 h.

(I) (NO), should exhibit stretching fre-
quency higher than that in W** (I and II)
(NO), while the CO band should change in
the opposite direction. These assumptions
have been substantiated by our IR results
(CO: 2117 cm~1vs 2176 cm~'; NO: 1801 and
1725 cm~! vs 1780 and 1691 cm ™).

The desorption mechanism for (CO) W4+
(D) (NO), complex, as represented in reac-
tion (1) (see Scheme 1), is also inferred from
the results in Fig. 3. The desorption of (CO)
W4t (NO), coadspecies is through a step-
wise mechanism by losing CO at first stage.
Thus the decrease in intensity of the bands
at about 2117, 1801, and 1725 cm~! with
a simultaneous increase in intensity of the
bands at about 1780 and 1691 cm ~! as clearly
shown in Fig. 3 is easily understood.

More evidence was found to support that
W** (1) is responsible for the formation of
(CO) W** (NO), species. Figure 4 shows
the changes in the IR spectra with various
exposure times of NO. Again the parallel
growth in intensity of the bands at about
2117, 1801, and 1725 cm™! indicates that
these bands are from the same surface com-
plex. It should be noted that along with the
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growth of (CO) W** (I) (NO),, the band at
about 2198 cm ™! decreases in intensity and
its peak position shifts to the high frequency
side. This can be best explained in the fol-
Jowing way. After NO is introduced into the
IR cell, the band at about 2198 cm ™!, which
is due to W** (CO) before NO adsorption,
becomes an envelope (Fig. 4b) consisting of
the band from W>* (CO) and W** (I) (CO).
With time, the envelope band becomes more
that of W°* (CO) in character as more of
W** (I) (CO) complexes are converted to
(CO) W** (I) (NO), complexes. After NO
has been introduced into the IR cell for 18 h,
all W*+ (I) (CO) complexes are converted
to (CO) W** (I) (NO), complexes and their
contribution to the envelope is completely
eliminated. The W** (II) (NO), complex
may be formed through ligand replacement
of W** (II) (CO) which gives an IR band at
2154 cm ™!, It is generally accepted that NO
interacts more strongly with transition metal
ions than CO does. The replacement is,
therefore, not surprising.

It may be questioned why W** (I) can
adsorb three probes to form (CO) W** (I)
(NO), species, since for cations adopting an
octahedral site of the oxide lattice, a maxi-
mum of two probes can be associated with
each W** cation in the surface. It is cer-
tainly true that the surface complex (CO)
W4t (NO), cannot be formed if only octahe-
dral or distorted octahedral configuration is
possible. But reduction is rather compli-
cated for transition metal oxides and espe-
cially for well-dispersed oxides on a support
in which the metal-oxygen bond lengths and
bond angles may be quite different from bulk
oxides (28). Moreover for (CO) W** (NO),
surface complex, which contains oxygen
ions as its ligands, W—CO and W-NO bonds
are rather weak compared with W—O bonds,
which are of electrostatic nature. And the
bond strength and length of W-CO and
W-NO can be varied depending on the local
environment around the surface W-site.
Thus it sounds reasonable to assume that
surface W**-site in (CO) W** (NO), species
has seven ligands (one CO, two NO, and
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TABLE 2
Effects of Tungsten Loading and Reduction
Temperature
Catalyst Reduction temperature (K)
773 873 973
TA4 *
TAqre * *
TAns * *
Note. * represents the occurrence of CO + NO

coadsorption which is detectable by IR.

four oxygen ions) after CO and NO coad-
sorption provided that the four oxygen li-
gands are in such position after reduction as
to make W**-site accessible to both CO and
NO molecules.

CO adsorption and CO + NO coadsorp-
tion were also performed on our TA,, ; and
TA,, 4 catalysts. The resuits are similar to
those reported in Fig. 2 for the TA,, , cata-
lyst except that higher reduction tempera-
ture is required to achieve any IR detectable
CO adsorption or CO + NO coadsorption
as tungsten-loading decreases. These re-
sults concerning the effects of reduction
temperature and tungsten-loading are sum-
marized in Table 2.

(c) NO adsorption and NO + CO coad-
sorption. NO adsorption on TA,; 4, reduced
at 773 K gives two major bands at 1782 and
1691 cm~! and a very weak band at 1843
cm™! (Fig. 5). Evacuation at room tempera-
ture can remove the band at 1843 cm ™! eas-
ily and has little effect on the other two
bands. The bands at 1782 and 1691 cm ™! are
easily assigned to W** (NO), complex while
the band at 1843 cm~! may be due to W+
(NO) complex. Our results are consistent
with that obtained by Kazusaka and Howe
(6) who have observed two IR bands at 1795
and 1685 cm™! (frequency accurate to +5
cm™Y) for the W** (NO), complex on a W
(CO)¢—ALO; catalyst activated at 473 K.

When CO is introduced into the IR cell,
the IR bands at 2118, 1803, and 1727 cm ™!
grow in parallel at the expense of the bands
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at 1782 and 1691 cm ! (Fig. 5). This suggests
that both W** (I) and W** (II) can adsorb
NO to form W** (NO), complex, i.e., W**
(I) and W** (II) cannot be distinguished by
NO adsorption.

Comparing Fig. 5b, 5¢ with Fig. 2a (CO +
NO 40 min, the ordinate scale of Fig. 2 is
half of that of Fig. 5), it is concluded that
the adsorption sequence has a strong effect
on the formation of (CO) W** (I) (NO), com-
plex. On the same surface, it takes longer to
form (CO) W** (I) (NO), of approximately
the same intensity in the case of NO + CO
than in the case of CO + NO coadsorption
(15 h vs 40 min). Let us consider the mecha-
nisms of the formation of (CO) W** (I)
(NO), . There are two factors which govern
the formation of (CO) W** (I) (NO),. One
is the steric hindrance and another is the
coordination ability of the attacking ligand.
As represented in reactions (2) and (3)
(Scheme 1), it is obvious that the steric hin-
drance is smaller and the attacking molecule
has higher coordination ability in reaction 2
than in reaction 3. The formation of (CO)
W4t (I) (NO),, therefore, is easier for
CO + NO coadsorption than it is for NO +
CO coadsorption.

In the case of NO + CO coadsorption,

coad.~ NO+ CO

Absorbance

i _/%* — 2118
Jt

2200 2100 1800

Wavenumber{cm !}

FiG. 5. IR spectra of NO + CO on TAy 4 reduced at
773 K (a) ad-NO 60 min, NO + CO, (b) 2 h, (c) 15 h.
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SCHEME 1

the formation of (CO) W** (NO), is highly
dependent on the reduction temperature.
Figure 6 shows IR spectra of NO + CO
coadsorption on TA;, reduced at 973 K.
After exposing the catalyst to NO, three IR
bands at 1839, 1783, and 1690 cm !, which
are readily assigned to W>* (NO) and W**
(NO),, are observed. When CO was intro-
duced into the IR cell, the band at 1839 cm !
disappeared with the simultaneous appear-
ance of a band at 2199 cm™!. Clearly, the
2199 cm~!is due to W+ (CO). After CO has
been added for 9 h, the amount of (CO) W**
(NO), formed is relatively small compared
with that of NO + CO on TA,; 4 reduced at
773 K (Fig. 5c). This effect is more pro-
nounced in the case of TA,;, reduced at
973 K. After the band at 1839 cm ™' has been
pumped out at room temperature, CO and
NO are introduced consecutively into the
IR cell. No IR bands due to (CO) W** (NO),
are observed even after CO and NO have
contacted with the catalyst for 38 h (not
shown for brevity). Based on the results re-
ported in Figs. 5 and 6, it is obvious that
reduction at a higher temperature makes the
coordination sphere of the surface W-sites
more crowded and less favorable for the
formation of (CO) W** (NO),. Besides its
effects on the formation of the coadspecies,
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coad.~NG+CO
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Fi1G. 6. IR spectra of NO + CO on TA74 reduced at
973 K (a) ad-NO 14 h, NO + CO, (b) 6 h (¢c) 9 h.

the reduction temperature also has some in-
fluence on the intensity ratio of the high
frequency band and the low frequency band
of W4 (NO), complex. For W** (NO), com-
plex, it is known (29) that the high frequency
band arises from the symmetric stretching
mode, whereas the low frequency band is
due to asymmetric stretching mode and the
relative intensity of these two bands is re-
lated to the angle of 260 between the two
N-O bond directions by the relation of Is/
Ias = cot?d. It can be expected that 26 will
become smaller as the coordination sphere
of the surface W-sites becomes more
crowded. As shown in Fig. 7, 20 becomes
evidently smaller as the reduction tempera-
ture is raised.

TEMPERATURE-PROGRAMMED REDUCTION

Figure 8 shows the TPR patterns of
W/ALO, catalysts with different tungsten
concentration. The results are consistent
with those obtained by Tomas et al. (5) and
Scheffer et al. (30). Increasing the tungsten-
loading, the onset reduction temperature de-
creases. These results are also in agreement
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ad~-NO

1771

Absorbance

1800 1700

wavenumber{cm™)

F1G. 7. IR spectra of NO on TA,; 4 reduced at (a)
773 K, (b) 973 K.

with our IR results which have been given
in Table 2. According to the XPS results
obtained by Biloen and Pott (37), W/AL,O,
catalysts canrt be reduced at 823 K for
2 h. Our IR results, however, indicate that
reduction does occur for the TA,; , catalyst
treated in hydrogen at 773 K for 2 h. By
checking Biloen and Pott’s results closely,
we find that the catalyst they used is 1.9 W

hydrogen consumption

800 1000 1200
Temperature(K)

Fi1G. 8. TPR patterns of (a) y-AL,O4, (b) TA, 4, (¢)
TA79, (d) TAp,.
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atoms/nm’ in concentration which is be-
tween TA,;, (2.6 W atoms/nm?) and TA,, ,
(1.6 W atoms/nm?). Thus it is not unex-
pected that Biloen and Pott’s catalyst can-
not be reduced at 823 K for 2 h in view of
our TA,,, catalyst not being reduced under
the same condition.

CONCLUSIONS

(1) Three different kinds of surface
W-sites are identified according to the IR
results. These sites are possibly W’ -sites,
and two W**-sites of different coordination
states.

(2) The coadsorption of CO and NO is
more powerful in characterizing surface
Wh-sites than either CO or NO single ad-
sorption.

(3) A coadspecies in the form of (CO) W**
(NO), is evidenced in the IR spectra. Ad-
sorption and desorption mechanisms for this
coadspecies are discussed.

(4) The IR spectra are strongly dependent
on tungsten-loading and reduction temper-
ature.

(5) High temperature reduction makes the
coordination sphere of surface W-sites more
crowded and less efficient to form (CO) W**
(NO), surface complex.
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