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Pt/W0,/Si02 catalysts were characterized by X-ray diffraction (XRD), selective CO chemisorp- 
tion, and X-ray photoelectron spectroscopy (XPS). It was found that the presence of W03 de- 
creased final Pt crystallite size, in part by reducing the formation of bulk PtCI, precursor. However, 
CO chemisorption was suppressed; this indicated strong metal-promoter interactions. Changes in 
Pt electron binding energy suggest that charge transfer may also take place. A model of the surface 
consisting of Pt crystallites decorated by partially reduced WO, is proposed. This morphological 
model was supported by XRD and XPS results which revealed a surface-localized phase of partially 
reduced WO, (likely WOJ. Decoration was also indicated in the trend of XPS PtiSi ratios. 0 1987 
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INTRODUCTION 

In automotive catalysis, it is desirable to 
promote the activity of noble metals with 
less expensive metals or metal oxides. In 
previous work this group has investigated 
the activity of Pt-Cu/SiOz (I, 2), and Pt- 
Cr203/SiOZ (3) for CO oxidation. The 
present investigation focuses on the promo- 
tional mechanism of tungsta in supported Pt 
catalysts for the NO-CO reaction. The tri- 
oxides of tungsten and molybdenum are the 
most recent promoters studied for automo- 
tive pollution control catalysis (4-8). 

The choice of a tungsten promoter for Pt 
is attractive in that elemental tungsten dis- 
plays high NO dissociation activity (9-12) 
which could compensate for the low disso- 
ciation activity of Pt. Once dissociated, 
however, adatoms of N and 0 are very 
strongly bound to the W surface. TPD stud- 
ies on polycrystalline W have shown that 
N2 desorbs above 1000°C and 02 at even 
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higher temperatures (9). Consequently W 
by itself has not proven useful as an NO 
dissociation catalyst (I 0). Furthermore, in 
an oxidizing environment, the trioxide form 
(tungsta or W03) is the stable form. Bulk 
unsupported tungsta does not reduce below 
427°C and supported tungsta becomes even 
more difficult to reduce (1.3, 14). 

The drawbacks of W toward NO dissoci- 
ation might be overcome if it is combined in 
close contact with a noble metal such as Pt. 
It has been shown that partial reduction in 
tungsta by Pt occurs via hydrogen spillover 
to yield hydrogen tungsten bronzes (HTBs) 
(15-18). Furthermore, Pt sites in close 
proximity to partially reduced tungsta sites 
might promote the removal of N and 0 ad- 
atoms from these sites via the so-called 
porthole effect (15). Such close proximity 
should be created by sequential impregna- 
tion of tungsta and Pt followed by reduc- 
tion. 

The combination of a partially reducible 
oxide with a noble metal can result in 
strong metal support interactions (SMSI) as 
has been reported for Pt, Rh, and Ni sup- 
ported on Ti02 and other partially reducible 



CATALYSTS FOR THE NO-CO REACTION 11.5 

oxides (19). Very recently, this state has 
been suggested for a Re/WOJactivated car- 
bon catalyst (20). Of interest in the present 
study is to determine, among other effects, 
whether chemisorption suppression and 
SMSI morphology indeed occur in silica- 
supported catalysts containing Pt and tung- 
sta. SMSI-type behavior has been reported 
for TiOZ-SiOz containing catalysts of Rh 
(24, 25), and Pt and Ir (26), but was not 
reported in work on alumina-supported Pt/ 
Moo3 (4-6) and Pd/WOj (7, 8) or silica- 
supported Pd/LazOj (27). 

The promotional effect on W03 on Pt/ 
SiOZ catalysts for the NO-CO reaction was 
evaluated in an integral manner, by turning 
attention first to characterization of the pro- 
moted catalysts and then to the influence of 
the promoter on the kinetics and reaction 
mechanism. In this first work, catalyst 
characterization was accomplished by a 
multifaceted approach including X-ray dif- 
fraction (XRD), X-ray photoelectron spec- 
troscopy (XPS), and selective chemi- 
sorption. In the second (21), catalyst 
morphology as a function of pretreatment 
was monitored using transmission electron 
microscopy (TEM). In the third work the 
NO-CO reaction kinetics and mechanism 
over the promoted and unpromoted cata- 
lysts is studied with transmission Fourier 
transform infrared (FTIR) spectroscopy 
(22). These studies have been integrated by 
the successful correlation of kinetic, mech- 
anistic, and characterization results (22, 
23). 

EXPERIMENTAL 

Catalysts 

In order to fully investigate the behavior 
of both W03 and Pt in Pt/WO,/SiO, cata- 
lysts, three catalyst series were used, with 
Pt and WOj compositions as given in Table 
1. These three series will be referred to as 
tungsta free (Pt/SiO,), low tungsta loading 
(Pt/WO,/SiOz), and high tungsta loading 
(Pt/WO,-SiO,). Using the higher tungsta 
loading permitted a clearer illustration of 

TABLE 1 

Catalyst Compositions” and Designations 

Tungsta free Low tungsta 
Pt/SiO+ PtlWO1/SiO+ 

High tungsta 
Pt/WOz-Si02b 

6.2 W0,/Si02 25 WOl/SiOz 
1.2 Pt/SiOz 1.2 Pti4.7 WOJSiOz I .2 Pti25 WO,-SiO2 
2.5 Pt/SiO* 2.5 Pti3.2 WOJSi02 2.5 Pti25 WO?-Si02 
3.8 Pt/SiO: 3.8 PUl.7 WOl/SiOz 3.8 Pti25 WO?-SiO2 
5.0 PtiSiOz - 5.0 Pti25 WOI-SiO: 

a The number preceding the catalytic component represents 
its composition in weight percent. 

b General designation for each catalyst series. 

the influence of W03 on Pt morphology, 
and a better characterization of WO1. The 
observations of the partial reduction in 
W03 by its chromatic effect (pale yellow 
WO3 turns into a dark blue HTB), by XPS 
(W+5 formation), and also by X-ray diffrac- 
tion were made possible because small 
crystallites of bulk W03 were formed in the 
high tungsta catalysts. 

The catalysts were formulated using a 
high surface area silica (Harshaw, 600 m2/ 
g), chloroplatinic acid (Mallinckrodt), and 
anhydrous ammonium tungstate, AAT 
((NHJ2W04, Aldrich), or ammonium meta- 
tungstate, AMT ((NH4)hH2W12049 . 4H20, 
Climax Molybdenum Co.). The AMT was 
used for the high W03 loading series since it 
is soluble in water at the required concen- 
tration, while AAT is not. 

The W03 free series of 1.2, 2.5, 3.8, and 
5.0 wt% Pt/SiO, catalysts was prepared by 
impregnation of chloroplatinic acid to incip- 
ient wetness of the silica gel, followed by 
vacuum-drying at 80°C for 2 hr, 300°C calci- 
nation in air for 3 hr, and 425°C reduction in 
95% HZ-5% He for 3 hr. The second series 
of catalysts, the low tungsta loading series, 
contained a total of 5 wt% metal (Pt + W) 
and varying Pt and WO3 ratios as shown in 
Table 1. The support was first impregnated 
with an aqueous solution of AAT, followed 
by the same Pt impregnation procedure as 
that described above. The first impregna- 
tion was followed by vacuum-drying at 
80°C for 2 hr, and calcination at 700°C for 3 
hr to ensure complete oxidation of tung- 
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sten. The same sequential impregnation 
was used for the high tungsta loading cata- 
lysts, using instead an aqueous AMT solu- 
tion to produce 25 wt% WO+ 

Catalyst Characterization 

X-ray diffraction. The Diano XPG 2 X- 
ray diffractometer employed for catalyst 
characterization was equipped with a Cu 
source (CuKcr radiation) and a graphite 
monochromator. A 3” beam slit and 0.2” de- 
tector slit were used. Standard source volt- 
age and amperage were 45 kV and 30 mA. 
Because of the relatively low loadings of Pt 
and W03, the crystalline components of in- 
terest, the scan rate was usually set at OS”/ 
min. A detector time constant (Z’,) of 10 s 
was best suited to this rate. Diffraction pat- 
terns were recorded continuously on a strip 
chart recorder. In all the XRD work the 
above parameters remained unchanged. 

Samples of catalyst powder were pressed 
into wafers and affixed to standard-sized 
glass microscope slides using double-sided 
tape. The samples were approximately 2 
cm by 3 cm in area, and about 0.5 mm thick. 
A 5 wt% Pt standard sample was prepared 
to obtain a measure of both instrumental 
broadening and broadening due to the sam- 
pling depth. The standard consisted of Pt 
filings which had been annealed in N2 at 
800°C for 2 hr to remove any residual stress 
induced by the filing. These were physically 
mixed with SiOZ powder and pressed into a 
wafer using the same pressure as was used 
for the real catalyst samples. The resulting 
broadening due to instrumental and depth 
factors was 0.330” (20). 

Diffraction patterns of each of the cata- 
lyst compositions were obtained at all steps 
of preparation. To do so, powder was with- 
drawn from each catalyst lot after each 
preparation step; the lots were exposed to 
air at room temperature between treat- 
ments. Calculations for average crystallite 
size were made using Pt (111) linewidths in 
Scherrer’s equation, with the Gaussian 
lineshape approximation. 

Chemisorption. Infrared results (22) indi- 

cated that CO adsorbs preferentially on Pt 
in Pt/WO, catalysts. No CO chemisorption 
was detected in Pt free catalysts. Conse- 
quently selective CO chemisorption was 
used to estimate Pt surface area. 

A dynamic flow method was employed 
using CO in a helium carrier. Approxi- 
mately 600 mg of a catalyst sample was 
placed in the reactor of a flow system which 
could be switched between pretreatment 
and chemisorption functions. Gases em- 
ployed for pretreatment were ultrahigh pu- 
rity Hz and He and CP grade O2 (Linde). 
The He carrier gas was further purified by 
two high capacity Alltech Oxy-traps in se- 
ries, one just after the He cylinder and the 
other just before the sample loop valve. 
The chemisorption gas was a 10% CO in He 
mixture (CP grade, Linde). Dispersion was 
calculated assuming a 1 : 1 chemisorption 
stoichiometry between CO and Pt sites, and 
average crystallite sizes were calculated as- 
suming hemispherical geometry. IR data in- 
dicate that in the presence of gas phase CO, 
the only detectable species is linear CO ad- 
sorbed on Pt. Hence the 1 : 1 stoichiometry 
is justified and assumed to be independent 
of crystallite size. Adsorbate loss was 
checked by pulsing additional CO up 15 min 
after saturation, and it was found to be less 
than 5% of the total uptake. 

X-ray photoelectron spectroscopy. XPS 
was performed at the Amoco Research 
Center in Naperville, Illinois. The Hewlett- 
Packard 5950 XPS spectrometer employed 
operated with a monochromated aluminum 
source producing AlKa radiation with 
1486.6 eV. A full width at half-maximum 
(FWHM) of 0.9 eV is typically achieved for 
the Au 4f& line. An electron flood gun pro- 
viding low energy electrons (<lo eV) was 
used to minimize sample charging. The in- 
strument was equipped with in situ treat- 
ment chambers where samples can be re- 
acted in flowing UHP gases at 1 atm and up 
to 1000°C before they are transferred under 
UHV to the analysis chamber. Sample wa- 
fers were pressed from approximately 50 
mg of catalyst powder. A more detailed de- 
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scription of this apparatus is given else- 
where (28). 

Catalysts were scanned for Pt (Pt 4f, 73- 
71 eV), W (W 4f, 33-36 eV), Cl (Cl 2p, 198- 
200 eV), Si (Si 2p, 103-105 eV), and 0 (0 
Is, 532-533 eV) before and after reduction. 
The Si 2p electron binding energy (ebe) at 
103.5 eV was used as reference and gives 
reproducible results to +O. 1 eV. This refer- 
ence was found to yield more reproducible 
ebes than the more commonly used C 1s at 
284.6 eV reference. Because W exhibited 
multiple oxidation states in the final, re- 
duced state, the relative amounts of the 
various oxidation states were quantitatively 
deconvoluted from the experimental curves 
using a standard Gaussian peak-fitting rou- 
tine. The well-known spin-orbit split and 
the theoretical 4f7,J4fs,2 area ratios were 
kept constant in the peak-fit routine to as- 
sure a quantitative deconvolution. Quanti- 
tative calculations of surface compositions 
were performed in a conventional manner 
described elsewhere (32). The Pt/Si ratio 
was used as a measure of dispersion which 
complemented measurements by the other 
techniques. 

RESULTS 

BET surface area and chromatic effects. 
The two tungsta-containing catalyst series 
were formulated such that W03 would be 
present in a highly dispersed form in the 
low loading series, and partly present as 
bulk WOj in the high loading series. The 
breakpoint concentration, i.e., the maxi- 
mum concentration for monolayer forma- 
tion beyond which bulk W03 also forms, 
has been estimated to be 1 atom W/nm2 
(14). Using the manufacturer’s surface area 
of the support of 600 m2/g, this concentra- 
tion corresponds to a bulk loading of 
23.2%. BET surface areas for the Si02 sup- 
port and reduced catalysts of all three se- 
ries are given in Table 2 and reveal that 
surface area decreased rapidly with the ad- 
dition of W03. However, surface area 
changed little if at all with addition of Pt. 

Upon reduction, the chromatic effect 

TABLE 2 

BET Surface Area Versus Tungsta 
Loading 

Catalyst composition BET surface area 
(m*/g SiOz) 

SiOz 630 
1.2 PtiSiO, 610 
5.0 PtiSiO, 610 

1.2 Pt/4.7 W02/SiOz 588 
1.2 Ptl25 WO,-Si02 434 
3.8 Pt/25 WOj-Si02 420 

corresponding to the formation of HTB was 
observed very readily for the high tungsta 
catalysts. The Pt free, high tungsta cata- 
lysts were pale yellow after calcination and 
remained so when reduced at temperatures 
up to and including 400°C. Reduction at 
425°C resulted in a dark blue color. The 
high tungsta, Pt-containing catalysts re- 
duced to a black color at 400°C. The blue 
and black forms appeared very stable; the 
intensity of the blue and black colors re- 
mained constant after several months of 
storage in air at room temperature, as well 
as after a 1 -hr treatment in He at 400°C. The 
chromatic effect was not as readily observ- 
able for the low tungsta catalysts. Immedi- 
ately after reduction their brown coloration 
was initially darker than that for the corre- 
sponding tungsta free catalysts, but their in- 
tensity faded with storage in air at room 
temperature. The fully reduced (as verified 
by XRD and XPS) tungsta free catalysts 
were all light brown and the brown intensity 
increased slightly with Pt loading. 

X-ray diffraction. In Fig. 1 the X-ray dif- 
fraction patterns of the different colors and 
forms of W03 in the high tungsta loading 
catalysts are compared. The Pt free, yellow 
form exhibited the expected monoclinic 
pattern of fully oxidized WO3 (29). The blue 
hydrogen tungsten bronze form was pro- 
duced from this Pt free sample by a reduc- 
tion at 425”C, and was identified as either a 
rhombic or a cubic hydrogen tungsten 
bronze (29). The most notable of the differ- 
ences in the diffraction patterns of mono- 
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FIG. 1. XRD patterns of fully oxidized (yellow), and reduced (blue) 25 W03-Si02 supports, and a 
partially reduced 1.2 Pti25 W03-Si02 catalyst showing lines corresponding to hydrogen tungsten 
bronzes 

clinic W03 and the HTB are the conglomer- 
ation of the (OOl), (200), and (020) W03 
peaks centered at 28 = 24.5” into the HTB 
(100) peak, the disappearance of the W03 
(111) peaks at 27.4 degrees, and various 
other peak shifts as indicated in the figure. 
The diffraction patterns of the rhombic 
(H0.jjW03) and cubic (HO.sWOj) forms are 
very similar (29) and their differentiation 
was further hindered by peak broadening, 
so that the exact composition of the HTBs 
could not be determined. 

The XRD pattern of the black form, con- 
taining 1.2 wt% Pt and reduced at 4Oo”C, 
exhibited virtually the same peaks as the 
blue form and additionally unshifted Pt 
peaks at 28 = 39.7 and 46.5”. In spite of the 
difference in color, then, bulk W03 in the 
Pt-containing catalysts is in the form of 
HTB. 

The crystallographic composition of Pt- 
containing phases was also studied as a 
function of pretreatment, beginning with 
the impregnation and drying step. The tung- 
sta free and low tungsta catalysts showed 
no appreciable crystallinity at this stage, 

while the high tungsta series displayed 
peaks corresponding to monoclinic, fully 
oxidized WO+ This bulk W03 phase had 
formed upon the initial 700°C calcination 
and displayed no change through the Pt im- 
pregnation and drying step. 

The crystallographic changes induced by 
the second (300°C) calcination, after reim- 
pregnation and drying of chloroplatinic 
acid, are revealed in Fig. 2. PtCl, was ob- 
served in all catalyst series, exhibiting main 
peaks at 28 = 13.6, 30.3, and 35.5”. This 
was the only crystalline phase detected in 
the tungsta free and low tungsta series 
(Figs. 2A and 2B). In addition to PtCl,, 
monoclinic W03 was again observed for the 
high tungsta series (Fig. 2C) and was un- 
changed by the second calcination. In each 
series, PtCl, peaks broadened with increas- 
ing WOJ loading, most clearly seen for the 
PtCl, peaks at 28 = 13.6 and 35.5”, proceed- 
ing from Fig. 2A to 2C. 

X-ray diffraction patterns which illus- 
trate the formation of Pt crystallites upon 
reduction and the trend in Pt peak broaden- 
ing with increasing tungsta loading are 
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FIG. 2. XRD patterns of the calcined (A) WO, free, (B) low tungsta, and (C) high tungsta catalysts at 
various Pt loadings showing lines corresponding to PtCI, and WO,. 

shown in Fig. 3. Pt peaks were observed in 
the normal face-centered cubic (fee) pattern 
of metallic Pt, at 28 = 39.8” (111) and 28 = 
46.5” (200), for all series. Pt peaks were the 
only peaks observed for the tungsta free 
and low tungsta series (Figs. 3A and 3B), 
while HTB peaks were present in the high 
tungsta series (Fig. 3C). The unshifted posi- 
tion of all Pt peaks indicated that Pt forms a 
separate phase from the HTB. 

Comparing the low tungsta catalysts 
(Fig. 3B) to the tungsta free catalysts (Fig. 
3A), one sees that Pt peaks display broad- 

ening proportional to the amount of W03 
present; broadening was so great for the 
1.2Pt/4.7WO, catalyst that the Pt peaks 
were not observed. In the high tungsta se- 
ries (Fig. 3C) the peaks of even the high Pt 
loading catalysts exhibited considerable 
broadening. A peak also appeared, how- 
ever, for the 1.2 wt% Pt catalyst. This cata- 
lyst was the only exception to the trend of 
increasing peak broadening with increased 
W03 loading. If estimates of Pt crystallite 0 
size are valid in spite of the 50-A detection 
limit of the X-ray diffractometer, then Pt 
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crystallite size in the final, reduced state lated from these patterns using the Pt (111) 
appeared to decrease with increased W03 peaks and are compared to those sizes cal- 
loading. culated from chemisorption data in Fig. 5. 

Average Pt crystallite sizes were calcu- Chemisorption. Infrared data (22) re- 

(A) 

Pt/SiO, 

1.2 Pt 

3.8 PI 

5 Pt 

48 45 40 35 30 25 20 
DEGREES 28 

pt (111) 

Pt (200) Pt (200) 

3.8P1/1.7 wo, 3.8P1/1.7 wo, 

I 
3 45 40 35 30 25 20 

DEGREES 28 

(C) 

-1 HTB(IIO) 
HTBCIII) 

48 45 40 35 30 25 20 
DEGREES 28 

FIG. 3. XRD patterns of reduced catalysts: (A) WOz free, (B) low tungsta, and (C) high tungsta 
catalysts at various Pt loadings showing lines corresponding to Pt, WO?, and HTB. 
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vealed that CO and NO species adsorb al- 
most exclusively on Pt in the Pt/tungsta 
catalysts. Since CO chemisorption was se- 
lective, it was used to estimate active sur- 
face area. Plots of specific CO uptake ver- 
sus weight percent Pt are shown in Fig. 4 
for all W03 loadings. For the tungsta free 
catalysts, specific CO uptake decreased 
with increasing weight percent Pt from ap- 
proximately 25 ml/g Pt for the 1.2-wt% 
loading to 8.7 ml/g Pt for the 5-wt% load- 
ing. Specific CO uptake decreased for the 
entire low tungsta series, and ranged from 
11 ml/g Pt for the 1.2-wt% Pt catalyst to 7.6 
ml/g Pt for the 3.8-wt% Pt catalyst. For the 
high tungsta series, CO uptakes once more 
decreased for all Pt loadings, and remained 
approximately constant at a value of 3.5 
ml/g Pt. 

Dispersion, defined as the number of sur- 
face (chemisorbing) atoms per number of 
total atoms is directly proportional to spe- 
cific uptake and is plotted on the right-hand 
axis. Dispersion of surface sites appeared 
to decrease with increased W03 loading. 
This trend is at first peculiar, in that lower 
dispersion is normally associated with in- 
creased crystallite size; however, XRD 
analysis indicated that average crystallite 
size decreased with higher tungsta load- 
ings. 

Calculations of average Pt crystallite 
size obtained from XRD and chemisorption 
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FIG. 4. Specific CO uptake and calculated dispersion 
for the three catalysts series versus weight percent Pt. 
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FIG. 5. Average crystallite sizes for various Pt load- 
ings calculated from: (A) (---) chemisorption, and (B) 
(-) versus WO, loading, XRD. 

measurement are contrasted in Fig. 5, and 
are plotted versus weight percent W03. For 
the tungsta free catalysts, XRD calcula- 
tions of average crystallite size were much 
higher than chemisorption calculations. For 
the low tungsta catalysts, XRD calculations 
were above those for chemisorption for the 
2.5 and 3.8% Pt samples, but for the 1.2% 
Pt catalyst the XRD estimate was below the 
chemisorption estimate. For all of the high 
tungsta catalysts, XRD estimates were be- 
low those for chemisorption. This cross- 
over in the crystallite size calculation will 
be discussed later in relation to the various 
assumptions implicit in these two methods. 

X-ray photoelectron spectroscopy. The 
partial reduction in W03 found by XRD was 
complemented by XPS studies as illus- 
trated in Fig. 6 for the Pt free, high tungsta, 
and low and high tungsta catalyst. The 
lower W 4fpeak is that of the Pt free, high 
tungsta catalyst, with tungsten in the fully 
oxidized W6+ (yellow W03) state. The spec- 
tra remained virtually unchanged up to a 
reduction temperature of 400°C. The upper 
two spectra are from representative sam- 
ples of reduced Pt-containing low and high 
tungsta catalysts. The 400°C reduction pro- 
duced Ws+ (28), which created a shoulder 
on the low binding energy side and filled the 
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EV 

FIG. 6. XPS spectrum of the W 4& XPS line after 
reduction for three catalysts, showing the deconvo- 
luted envelopes corresponding to (---) W”‘, t-) 
W”+, and (.-.) W4+. 

valley between the 4& and 4f,2 transitions 
of the W6+ species of the low tungsta cata- 
lyst. In addition to W5+, W4+ (28) was de- 
tected for the higher Pt loadings of the high 
W03 series (top spectrum). The W 4f,2 ebes 
of W6+, W’+, and W4+ were located after 
the curve-fitting procedure at 36.6, 34.7, 
and 33.6 eV, respectively, in very good 
agreement with the literature (28, 40). The 
support shifts the electron binding energies 
by about 1. I eV toward higher values com- 
pared to the unsupported species. This ef- 
fect is well known and is attributed to parti- 
cle size, extra atomic relaxation changes, 
and increased partial charging (28). 

The relative amounts of W6+, W5+, and 
W4+ were determined from the spectra in 
Fig. 6 and are given in Fig. 7. The extent of 
W6+ reduction appeared to depend on the 
loadings of both W and Pt. The percentage 
of W6+ reduced to Ws+ in the low tungsta 
catalysts varied from 32% for the 1.2 PU4.7 
WOJSiO2 catalyst to 16% for the 3.8 PU1.7 

(A) 
Pt/W03/Si02 

80 
* 
5 60 
Y 
f 40 

20 

80 

= 60 
u" 

g 40 

20 

0 

1.2pt 2.5P1 3.8P1 

(81 
Pt/W03-Si02 

DOPt 1.2 Pt 2.5P1 3.8P1 5pt 

FIG. 7. Percentage of the various oxidation states of 
W09 present in (A) the low and (B) high tungsta cata- 
lysts at various Pt loadings. 

W03/Si02 catalyst. The fraction of W6+ re- 
duced in the high W03 series varied from 34 
to 62%. The amount of W4f in the 3.8 Pt/25 
W03-Si02 and 5 Pt/25 WOj-Si02 catalysts 
was calculated to be 23 and 24%. 

The surface content of W, in atomic per- 
cent W, is given in Table 3. For the low 
tungsta series, the surface atomic percent 
W decreased linearly with increasing Pt 
loading which reflected the varying WO, 
loading in this series. There was little 
change upon reduction. The surface atomic 
percents W have been converted to weight 

TABLE 3 

W Surface Concentration 

Catalyst Calcined 
at.% 

Reduced 

at.% wt% 

1.2 Pti4.7 W03/Si02 I.1 1.2 4.6 
2.5 Ptl3.2 W0,/Si02 I.0 1.0 3.9 
3.8 Pt/l.7 W03/Si02 0.7 0.6 2.3 
I .2 Pt/25 WO?-Si02 3.0 3.4 13.1 
2.5 Ptl25 WO,-Si02 1.6 2.3 8.9 
3.8 Pt/25 WOj-Si02 1.7 1.8 7.0 
5.0 Ptl25 W03-Si02 1.1 1.4 5.4 
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percent WOs so that comparison with the 
bulk W03 composition can be made. For 
the low tungsta series, surface weight per- 
cent W03 was greater than or equal to bulk 
weight percent indicating a good dispersion 
of the material. 

The tungsta loading in the high tungsta 
series was constant, but the surface percent 
W monotonically decreased as the Pt load- 
ing increased. Also the high tungsta series 
exhibited the only consistent, appreciable 
change in surface percent W proceeding 
from calcination to reduction. The percent- 
age consistently increased, by as much as 
30% for the 2.5% Pt catalyst. By comparing 
the surface weight percent W03 (which 
ranged from 13.1 to 5.4 wt%) to the bulk 
value of 25 wt%, one sees that tungsta was 
not well dispersed on this catalyst series. 

The presence of the PtCl, precursor, ob- 
served after calcination by XRD, was also 
indicated by XPS for all three catalyst se- 
ries. In Fig. SA, Pt appears mainly as Pt?+ 
at about 73 eV; however Pt” shoulders at 
about 71 eV are also present. The corre- 
sponding chlorine peaks are not shown. 
The relative amount of chlorine detected 
varied depending on the WO3 loading as 

25wo3 
25pt 

7-n 
" . . . . . . . ., 

"'..._..., 
80 76 72 

EV 

FIG. 8. XPS spectrum of Pt 4f electrons: (A) after 
calcination, (B) after reduction, for Pt tungsta free, 
low tungsta, and high tungsta loading catalysts. 

TABLE 4a 

XPS CI/Pt Ratios 

wt% Pt WO, free Low WO? 

1.2 1.5 trace 
2.5 1.6 0.5 
3.8 1.6 0.6 
5.0 1.5 0.7 

0 Atomic percentage ratio. 

High WO? 

1.3 
1.3 
1.6 
1.4 

shown in Table 4a. The ratio of Cl to Pt in 
all three series was considerably less than 2 
(Cl/Pt equal to 2 would be expected if all Pt 
was in the form of PtCl,). While it de- 
creased for both W03-containing catalyst 
series, the ratio decreased more for the low 
tungsta series than for the high tungsta se- 
ries. Also not shown, low energy shoulders 
at 531 eV appeared on the oxygen 2p spec- 
trum of the calcined high tungsta catalysts. 

Upon reduction (Fig. 8B) all Pt appeared 
present as Pt”. All chlorine peaks and the 
oxygen shoulders noted for the high tungsta 
catalysts also disappeared. The electron 
binding energies of the Pt 4f12 electrons 
were found to vary and are given in Table 
4b. Platinum in the tungsta free catalysts 
exhibited a range in binding energy from 
71.2 eV for 1.2 Pt/SiO, to 70.9 eV for 5.0 Pt/ 
SiOz. Some of the tungsta-containing cata- 
lysts exhibited low Pt 4f7.2 electron binding 
energies, the minimum being 70.5 for the 
2.5 Pt/3.2 WOj/Si02 and 3.8 Pt/25 WOj- 
Si02 catalysts. The shift with respect to 
supported Pt is well outside the experimen- 

TABLE 4b 

Pt 4fyiz Electron Binding Energies, Reduced 
Catalysts 

wt% Pt 

1.2 
2.5 
3.8 
5.0 

Pt 4f;,: 

WOq free Low wo, High WO1 

71.2 71.2 70.9 
71.2 70.5 70.7 
71.1 70.7 70.5 
70.9 70.9 
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tal error of about *O. 1 eV. Since metallic Pt 
is at 71.0 eV, the negative shifts of the pro- 
moted catalysts would indicate negatively 
charged Pt sites. 

Pt/Si ratios are plotted versus weight per- 
cent Pt for the three catalyst series in Fig. 
9; these serve as an additional measure of 
the trend in Pt crystallite size (Pt disper- 
sion) with tungsta loading. The ratios re- 
mained nearly constant (within 5%) pro- 
ceeding from the calcination step to the 
reduction step, for all three series, and so 
only the data for the reduced catalysts are 
shown. The Pt/Si ratios for the tungsta free 
catalysts increased linearly with Pt loading, 
to a maximum of 1.5 X lo-* for 5.0 Pt/SiO,. 
Pt/Si ratios for the low and high tungsta 
catalysts also increased approximately lin- 
early with Pt loading, but at a much higher 
rate than that for the tungsta free catalysts. 
For all but the 1.2% Pt loading, the ratios of 
the tungsta-containing catalysts increased 
by a factor of 2 to 3 over the tungsta free 
samples. Comparing the high and low tung- 
sta loadings, it is seen that the Pt/Si ratios 
decreased from the low to the high tungsta 
loading, with the exception of the 1.2 Pti25 
WOj-SiO2 catalyst. 

6.0- 
5.0 - 

1.25 2.50 3.75 5 00 
WEIGHT PERCENT Pt 

FIG. 9. Atomic Pt/Si ratios obtained from XPS data, 
of the three reduced catalyst series versus Pt loading. 

DISCUSSION 

The main characterization results can be 
summarized as follows: 

X-ray diffrraction. (i) The Pt-containing 
high tungsta catalysts reduced at 400°C to a 
black color, but produced a diffraction pat- 
tern identical to that of a blue hydrogen 
tungsten bronze obtained by reduction in Pt 
free 25 W03-Si02 at 425°C. (ii) The pres- 
ence of PtCl, was detected in all catalysts 
after calcination and broadening of this 
peak increased with W03 loading. (iii) After 
reduction, Pt displayed fee peaks which 
broadened with increasing W03 loading. 
Average crystallite size calculated from line 
broadening indicated that crystallite size 
decreased with W03 loading. 

Selective chemisorption. For every Pt 
loading, specific CO uptake decreased with 
increasing W03 loading. Calculations based 
on chemisorption results indicated that av- 
erage crystallite size increased with W03 
loading in contradiction with XRD results. 

XPS. (i) W5+ was detected in the reduced 
forms of both the low and the high tungsta 
series, and W4+ was detected in the high Pt, 
high W03 loadings. (ii) Pt electron binding 
energies in tungsta containing catalysts 
were slightly shifted in the negative direc- 
tion relative to the WO3 free catalysts. (iii) 
Chlorine/Pt ratios were lower for the tung- 
sta-containing catalysts than for the tungsta 
free series. (iv) The Pt/Si ratios of the tung- 
sta containing catalyst were two to three 
times higher than those of the PtiSiO, cata- 
lyst, and with one exception the ratios of 
the low tungsta series were higher than 
those of the high tungsta series. 

The above results are discussed below in 
terms of their significance in the morphol- 
ogy and compositions of each phase 
present. 

The WO3 phase. The above XRD and 
XPS results clearly indicate that the tung- 
sta phase was partially reduced in the pres- 
ence of Pt at a lower temperature than that 
in the Pt free catalysts. This confirms that 
Pt facilitates the partial reduction in sup- 
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ported tungsta, one of the hypotheses upon 
which this work was based. Furthermore, it 
appears that Pt also stabilizes the supported 
HTBs in the high tungsta series since they 
retained their color even after a 1-hr treat- 
ment in He at 400°C. This is in contrast to 
bulk W03 reduced by UV radiation in the 
presence of hydrogen, which was reported 
to revert to the fully oxidized form after 
exposure to air (28), and to a Pt/bulk W03 
mixture stable up to 100°C (18). 

The morphology and composition of the 
partially reduced trioxides can be estimated 
from the XPS and XRD diffraction data. 
For the low tungsta series, the amount of 
W5+ relative to W6+ (Fig. 7) ranged from 16 
to 30%. Additionally, the suboxides were 
well dispersed as previously noted (Table 
3). They existed as very thin layers of 
HTBs of compositions Ha.,WOj and 
H0.jxW03 or if the hydrogen was eliminated 
as water, the resulting anhydrous subox- 
ides would have compositions ranging from 
~~2.7-~~2.84. 

The dispersion of tungsta in the high 
tungsta series was much worse than that in 
the low tungsta series. The surface weight 
percents (Table 3), which ranged from 13.1 
to 5.4, are below the monolayer breakpoint 
of 23.2 wt%. Some well-dispersed material 
likely coexists with the bulk W03, but there 
is far less than a monolayer of it. The calci- 
nation temperature of 700°C was 150°C 
higher than that used in the study in which 
the breakpoint value was reported (f4), 
causing some sintering, thus leading to the 
formation of both well-dispersed and bulk 
wo3. 

The reduced high tungsta catalysts are 
therefore thought to contain a high fraction 
of bulk HTB. HTB composition can be esti- 
mated from XPS. However, in the case of 
the high tungsta loading similar estimates 
based on XPS compositions including W4+ 
yields values of x for H,W03 species of 
about 0.8 and 0.9 for the 3.8 Pt/25 W03- 
SiOZ and 5.0 Pt/25 WOJ-Si02 catalysts. 
These values of x are too high since the 
maximum stoichiometry of the H,W03 is 

known to be x = 0.5 (17, 18). It has been 
shown in the literature that H,WOj phases 
contain only W5+ but not W4+ (28). There- 
fore if W4+ is assumed to form a separate 
phase and x is estimated from the fractions 
of W6+ and W5+ phases, then the values of x 
range from 0.34 to 0.5. These correspond 
very well to the compositions of H0.j3W03- 
H0.5WOj found from XRD. W4+ was ob- 
servable by XPS but not XRD, which re- 
vealed only HTB: consequently the species 
containing W4+, likely WOT, must be amor- 
phous or close to the surface relative to the 
HTB. 

The formation of a separate W4+ phase 
attributable to W02 also explains the chro- 
matic effects observable. The black colora- 
tion of the high tungsta catalysts would 
result from dark brown WOZ and the dark 
blue HTB. 

The Pt phase. An issue that needs to be 
addressed is the effect of W03 on Pt crys- 
tallite size and the discrepancy between 
XRD and CO chemisorption results. The 
crystallite size effect is in part related to the 
PtCl2 phase detected by XRD and XPS, af- 
ter the calcination step. Clearly not all the 
Pt is in this phase, as XPS Cl/Pt ratios were 
less than 2 and the Pt spectra (Fig. 9) indi- 
cate the presence of some zero valence Pt. 
But because the PtC12 peaks broadened and 
the CI/Pt ratios decreased for the tungsta- 
containing catalysts, it appears that less 
bulk PtCl, formed. It has been demon- 
strated that a PtCl, precursor increases Pt 
crystallite size (30, 31). It is interesting to 
note that the Cl/Pt ratios of the high tungsta 
series are greater than those for the low 
tungsta series. It is speculated that at the 
higher tungsta loading a more dispersed 
oxychloroplatinate precursor formed. The 
observation of precursor oxygen binding 
energy shoulders for only this series sup- 
ports this explanation. 

The trend in the PtCl2 effect on crystallite 
size thus parallels average crystallite size 
calculations based on broadening of the 
Pt(ll1) line, which indicate that crystallite 
size decreased with increasing WOi loading 
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(with the exception of the 1.2 Pt/25 W03- 
SiOz catalyst). However, chemisorption es- 
timates of average crystallite size differ 
from XRD not only in the magnitude but 
also in the trend with WO3 loading (Fig. 6). 
For the Pt free catalysts, XRD estimates 
are higher than chemisorption estimates. 
This case is commonly encountered when 
crystallites with sizes below the 50-A limit 
of XRD, but detectable by chemisorption, 
are present. However, with the high W03 
loading catalysts, the trend reverses, i.e., 
chemisorption estimates are higher than 
XRD calculations. This indicates that che- 
misorption is insufficient to account for the 
Pt surface area conservatively detected 
by XRD, and reveals that chemisorption 
suppression occurs with the addition of 
wo3. 

The Pt-WO, phase. Chemisorption su- 
pression can occur if a partially reduced ox- 
ide is decorating the surface of the active 
metal by blocking chemisorption sites. 
Such a model is now well established in the 
literature for many SMSI systems. In the 
case in point partially reduced WOj oxides 
such as WOZ, detected by XPS and shown 
to be surface localized, would be decorating 
the Pt surface. 

A second way in which the presence of a 
decorating species can be ascertained is by 
examination of Pt/Si (metal/support) ratios 
from the XPS data. These data can be used 
as an additional measure of metal disper- 
sion. The Pt/Si ratio can represent an addi- 
tional measure of metal dispersion provided 
that the support signal remains constant 
(32). If part of the Si signal is eliminated by 
either Pt or W covering Si sites, then the 
signal would have been attenuated at most 
3.4% by W (Table 3) and 4.8% by Pt (Fig. 
9). Because decreasing Pt crystallite size 
with increasing tungsta loading is evi- 
denced by X-ray diffraction, the Pt/Si sig- 
nal for any individual Pt loading might be 
expected to increase in the order 

Pt/SiOZ < Pt/low WOJSi02 
< Pt/high WOj-Si02. 

However, after increasing from the tungsta 
free to the low tungsta series, Pt/Si ratios 
generally decrease from the low to the high 
loading (Fig. 9). That is, the observed trend 
in Pt/Si ratios is 

Pt/SiOz < Pt/high WO3-Si02 
< Pt/low W03/Si02. 

Such a decrease in Pt signal with decreas- 
ing Pt crystallite size can be accounted for 
only by decoration; even though Pt crystal- 
lites were smallest (exhibited the most Pt 
surface) for the high tungsta catalysts, 
some of the Pt XPS signal must have been 
blocked by decorating species. In other 
words this means that the exposed Pt sur- 
face area is les than the total amount of Pt 
area. 

Thus XPS Pt/Si ratios support a morpho- 
logical model of decreased Pt crystallite 
size accompanied by increased decoration, 
as tungsta loading, is increased. It is postu- 
lated that at first, with low tungsta loading, 
the crystallite size effect predominates in 
the XPS data, while for higher tungsta load- 
ing, the decoration effect becomes appar- 
ent. Increased decoration for the high tung- 
sta series relative to the low tungsta series 
is also supported by Fig. 8, which shows 
that W6+ in the high tungsta catalysts was 
reduced to a greater extent than in the low 
tungsta catalysts. However, XPS data can- 
not be used to estimate the absolute extent 
of decoration. Chemisorption results indi- 
cated that both tungsta-containing catalyst 
series had less active Pt surface area than 
the tungsta free catalysts. The fact that the 
decoration effect did not dominate more for 
both series could very well have been be- 
cause the layers decorating Pt crystallites 
were thick enough to block chemisorption, 
but not thick enough to completely block 
the Pt XPS signal (meaning that they were 
probably much less than 20 A thick). 

The catalyst 1.2 Pt/25 W03-SiOz shows 
an increased Pt crystallite size from XRD 
(Fig. 3) and XPS Pt/Si ratios (Fig. 9) which 
deviates from the trends followed by the 
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other catalysts. In this catalyst the tungsta 
loading was sufficiently high to fill small 
pores (see BET data) which prevented the 
formation of small Pt crystallites in those 
pores, thus resulting in lower dispersion. 
The Pt loadings in the other high tungsta 
catalysts series were higher, leading to the 
formation of larger crystallites and thus 
were not adversely affected by pore filling. 
In the low tungsta series, pore filling was 
not significant, thus the presence of tungsta 
increases dispersion by interacting with the 
PtCl, precursor. Such an effect did not oc- 
cur in the Pt/SiO, tungsta free catalysts. 

Another result that supports a decoration 
model is the small but noticeable negative 
shift in the Pt 4& binding energies ob- 
served with increased WOj loading. Nor- 
mally binding energy shifts of supported 
noble metals are positive due to either an 
increase in oxidation state or changes in ex- 
traatomic relaxation for very small metal 
particles. Negative shifts of electron bind- 
ing energies for Pd on Pd/LazO, catalysts 
have been recently reported in conjunction 
with support decoration (33-35). Partial 
negative charges on Pd were ascribed to 
charge transfer to Pd from patches of par- 
tially reduced La oxide on top of Pd crystal- 
lites. Partial negative charges on Pt might 
result from electron transfer from partially 
reduced tungsta oxides. Recent experimen- 
tal and theoretical data (36-39) show that 
d-electrons from a partially reduced transi- 
tion metal oxide can be transferred to the d- 
band of the metal crystallite. Such a charge 
transfer to Pd or Pt will lead to a nearly full 
4d- or Sd-band, respectively, which moves 
Pt and Pd electronically closer to their 
Group IB neighbors, Ag and Au. The latter 
do not chemisorb CO. Electron transfer 
might also arise from the bulk HTB; lattice 
hydrogen contributes electrons to the HTB 
conduction band (18). Tungsta in HTB is 
present as W5+ with the electronic structure 
[Xe] 4f145d’ and an interaction of the lone 
5d electron with Pt[Xe] 4f145d96s1 is cer- 
tainly conceivable. These negative shifts 
differ from characterization of Pt/MoOJ 

A1203 catalysts (.5), in which electronic in- 
teractions were postulated to occur be- 
tween Pt and partially reduced MO ions, but 
Pt in the reduced state exhibited positive 
binding energy shifts. A possible explana- 
tion of the difference is that the Pt post- 
calcination precursor state in the Pt/MoO, 
catalysts was PtO,, different from the PtCl, 
form observed in this work. 

The morphology of the Ptl WOS-SiO2 cat- 
alysts. On the basis of the above discus- 
sion, the results obtained are consistent 
with a model of the surface containing small 
and large Pt crystallites both located on the 
silica support and on the W03 phase. Pt 
located on the tungsta phase decreased the 
difficulty of reducing tungsta, leading to the 
formation of HTB and tungsta suboxides. 
W03 in turn affected the Pt crystallite size 
in part by decreasing the amount and size of 
bulk PtCl, crystallites formed after post cal- 
cination. Tungsta suboxides, such as WOZ, 
form a separate phase from HTB, and deco- 
rate the surface of the reduced Pt thus de- 
creasing CO chemisorption. A schematic 
representation of a model surface with main 
characteristics consistent with those indi- 
cated by the experimental work is shown in 
Fig. 10. 

Further support for the above model has 
been obtained from TEM studies of model 
Pt/WO,/Si02 catalysts, to be presented in 
part II of this work, and from an FTIR and 
kinetic investigation of the NO-CO reac- 
tion over these catalysts. The latter study, 
to be presented in part III, also demon- 
strates that the decorating species lead to 
an increased activity characteristic of the 
SMSI state. 

WELL DISPERSED 
HTB OR WO,,-WO,, 

SiO, 

FIG. 10. Schematic representation of the most prob- 
able morphological configuration of the various phases 
on the supported catalysts. 
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