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The kinetics of the NO-CO reaction and promotion mechanism of WO, on Pt/WOr-Si02 catalysts 
was studied by FTIR spectroscopy in an itz situ recycle IR microreactor. It was found that addition 
of WO, to Pt/SiO, increased activity toward the NO-CO reaction. The kinetics displayed an 
inhibition behavior with increasing CO concentration, but WO, served to decrease CO surface 
coverage during the inhibited regime. However, the rate of NO dissociation over Pt was slowest for 
the most active (tungsta-containing) catalysts. Characterization studies showed previously that 
addition of WOJ resulted in the decoration of Pt crystallites by suboxides of WO,. The promotional 
effects and kinetic t-es&s are explained in terms of the participation of Pt-WO, adlineation sites, 
which resulted from the decoration effect. Using this concept, a correlation between the increased 
activity and the concentration of adlineation sites successfully explained the kinetics and IR results 
obtained with all the catalysts used. The addition of WOj to Pt/SiO, is believed to produce a small 
number of adlineation sites having very high NO dissociation activity. o 1988 Academic PPZSS. hc. 

INTRODUCTION 

In parts I and II of this study, an SMSI 
morphology has been demonstrated for Pt/ 
W03/Si02 catalysts through characteri- 
zation by XRD, chemisorption and XPS 
(Z), and TEM (2). The suppression of CO 
chemisorption on Pt was postulated to arise 
from decorating patches of partially re- 
duced “WO,” (likely WOZ) species. The 
impact of this promoted catalyst’s mor- 
phology on the NO-CO reaction might be 
envisioned by considering Fig. 1. It was 
postulated (1) that WOJ might serve to 
increase the rate of NO dissociation, the 
rate-determining step of the NO-CO reac- 
tion at reducing stoichiometries, if active 
tungsten sites in close proximity to Pt sites 
could be produced. As seen in the figure, Pt 
sites adjacent to decorating overlayers of 
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WO, may correspond to such sites. Be- 
cause they appear at the one-dimensional 
boundary between two solid phases, these 
sites have been termed “adlineation” sites 
(3). These types of sites have lately been 
implicated in higher CO-H2 synthesis 
activity over Pt/TiOz and Pd/La203 cata- 
lysts (4), as well as in higher NO disso- 
ciation activity over Rh/TiOz (5, 6). 
Although an SMSI morphology was not 
invoked, Pt”-Mo4+ complexes were postu- 
lated to display activity similar to Rh for 
NO reduction by CO (7). 

SMSI enhancement of catalytic activity 
has also been suggested to be largely elec- 
tronic in nature. Overlayers containing 
Mo2+ and Mo4+ were postulated to stabilize 
rhodium ions and so to increase synthesis 
gas conversions (8). Interaction between 
Rh and Ti3’ ions has been suggested to 
account for improved NO reduction by CO 
(9). 

To determine the impact of Pt-WO, sites 
on the NO-CO reaction, catalyst activity 
and the behavior of adsorbates of NO and 

12 
002I-9517188 $3.00 
Copyright 0 1988 by Academic Press. Inc. 
All rights of reproduction in any form reserved. 



Pt/WO~lSi02 CATALYSTS FOR THE NO-CO REACTION 13 

WELL DISPERSED 

so2 

FIG. I. Schematic representation of the morpholo- 
gical configuration of the Pt/WOi-SiOz-supported 
catalysts. 

CO were monitored simultaneously and in 
situ by fitting a recycle loop to a FTIR 
microreactor. A similar setup has been 
used by this group in the study of CO and 
ethylene oxidation (IO, II). The purposes 
of the recycle stream are to increase the 
rate of heat transfer from the catalyst into 
the gas phase and to increase mixing within 
the reactor. Without the recycle, because 
of the exothermicity of the reaction and low 
flow rates, significant differences between 
the catalyst surface temperature and the 
gas phase occur (10, I2), which prevent 
true kinetic observations. 

Kinetic and mechanistic results from the 
low- and high-tungsta catalysts were com- 
pared qualitatively to those from the tung- 
sta-free series. Additionally, the effects of 
the promoter were correlated quantitatively 
to those of previously characterized cata- 
lysts (1, 2). With measurements from XPS 
and selective chemisorption, a novel corre- 
lation was obtained between CO1 produc- 
tion and numbers of active sites. This 
correlation also served to indicate which 
mechanistic step was most influenced by 
the presence of the promoter. As the final 
step in the integration of kinetic, mechanis- 
tic, and characterization data, the NO-CO 
reaction has been numerically simulated by 
an elementary step reaction model (12). 

EXPERIMENTAL 

FTIR Spectrometer and Microreactor 
A Digilab FTS 15C FTIR equipped with a 

liquid-nitrogen-cooled mercury-cadmium 
telluride detector and a high-intensity ce- 
ramic source was employed. The spectro- 

meter-microreactor system has been 
described in detail previously (10, 12); 
however the microreactor used for the 
present work was fabricated from alu- 
minum, not stainless steel, to minimize the 
catalytic activity of the reactor itself. The 
reactor was operated mostly in a recycle 
mode, using a double-diaphragm, Teflon- 
lined reciprocating pump (Mosier Fluids, 
Model 2107). Tubing for the recycle loop 
was connected to the reactor inlet and 
outlet about 6 cm away from the reactor 
flanges. For a nominal flow rate of 200 
cm’/min and a recycle ratio of approxi- 
mately 50 : 1, the effective reactor volume 
was 160 cm3 and the reactor was isothermal 
to within 5°C. Also, reactor pressure was 
raised 5 to 10 psig above atmospheric. A 
section of aluminum tubing was used as a 
preheater, again to avoid the activity of 
stainless steel toward the NO-CO reaction. 
Control runs at a reactor temperature of 
280°C showed no significant conversion. 

FTIR experiments included CO concen- 
tration-programmed reaction (CPR) with 
NO at 220 and 280°C and NO dissociation 
at 220 and 280°C. CPR experiments were 
carried out by linearly increasing and then 
symmetrically decreasing the mass flow of 
CO between zero and 1.27 or zero and 29 
cm3/min. At a carrier gas flow rate of 180 
cm3/min these corresponded to concentra- 
tion “ramps” of approximately O-0.7-0% 
and O-14-0%, respectively. 

At 28O”C, considerable NO dissociation 
occurred. In order to begin high-temper- 
ature (280°C) CO CPR at full NO surface 
coverage, a small amount of CO was pulsed 
into the NO-containing feed. With CO on 
the Pt surface, any oxygen that accumu- 
lated from NO dissociation was reacted 
away. The start of the experiment was 
timed for the point when CO-Pt coverage 
returned to zero, and NO-Pt coverage was 
nearly full. A similar procedure was used to 
obtain full NO surface coverage at the start 
of an NO dissociation experiment. 

During the CPR experiments, infrared 
data were collected in sets of 500 spectra 
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over approximately 2 h. Each spectrum 
consisted of 60 accumulated scans at 8- 
wavenumber resolution. CO and CO2 ef- 
fluent concentrations were monitored by 
Beckman Models 3 15 and 865 IR analyzers. 
Reactor gas phase and “surface” tempera- 
ture were monitored as well. 

Materials 
Catalyst compositions are listed in Table 

1, and their preparations are given in 
Part I of this work (I). The same nomen- 
clature is used here to identify metal load- 
ings: tungsta-free (Pt/SiO,), low-tungsta 
(Pt/WOJSiOz), and high-tungsta (Pt/WOs- 
SiO?). Catalyst wafers 2.5 cm in diameter 
were pressed from approximately 45 mg of 
the reduced catalysts at 7000 lb/in*. Wafers 
were trimmed to approximately 2 cm in 
diameter after they were mounted in the 
holder. Catalysts were weighed directly 
upon removal from the reactor, after reac- 
tion studies had been completed. 

After being placed in the reactor, wafers 
were reduced in situ in H2 for 3 h at 200°C. 
Prior to high-temperature (280°C) reaction 
studies, catalysts were aged in a 2% CO, 
1% NO feed until the height of the CO-Pt 
peak remained constant. This was usually 
done by an overnight treatment at 220°C. 

Ultrahigh-purity Hz and N2 were used 
along with CP-grade O2 and research-grade 
CO (Linde). CO was purified further for 

(a) PI IWO, - SiO, 
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iron carbonyls by a molecular sieve trap 
cooled in a dry ice-acetone mixture. CP- 
grade NO (Matheson) containing NzO (200 
ppm) and NZ (0.54%) impurities was used. 
N20 was also eliminated by a cooled mole- 
cular sieve trap. 

RESULTS 

CO Concentration-Programmed Reaction 
CO concentration was programmed 

O-14-0% into a 10% NO feed at 220°C over 
a number of the low- and high-tungsta cata- 
lysts. Behavior of adsorbates of CO and 
NO were similar for both loadings. At this 
lower temperature, CO2 was never pro- 
duced in more than trace amounts. A 
representative series of spectra illustrating 
the CO CPR experiment over the tungsta- 
containing catalysts is shown in Fig. 2a and 
compared to the identical experiment per- 
formed over a tungsta-free catalyst (Fig. 
2b, (13)). Gas-phase bands for CO and NO 
are centered at 2143 and 1870 cm-‘, respec- 
tively. In both experiments, CO-Pt ad- 
sorbates quickly displaced NO-Pt species 
and dominated the Pt surface over most of 
the experiment. Two small yet distinct 
differences were observed in the spectra of 
Fig. 2a, one being a 1400~cm-’ band which 
was present in small quantities for most of 
the experiment. The other was a left-hand 
shoulder at roughly 2100 cm-’ on the 

(b) pt/Sio, 
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FIG. 2. IR spectra during a CO CPR (O-14-0% CO) into 10% NO at 220°C. at various time intervals 
showing the species present. (a) Pt/WO,-SiOz catalyst; (b) Pt/SiOz catalyst. 



CO-Pt band. By comparing equivalent 
peak heights of the CO-Pt species at the 
beginning and end of the figure, one can see 
that the 2100-cm-’ species slowly accumu- 
lated over the course of the experiment. 
Low-tungsta catalysts used in this exper- 
iment also exhibited these 2100- and 1400- 
cm-’ infrared bands, in slightly lower inten- 
sities than for the high-tungsta catalysts. 
No bands other than those shown in the 
spectrum were observed; consequently re- 
gions containing no bands were excluded 
from the figures. 

A comparison of the spectrograms of all 
species in these two experiments is made in 
Figs. 3a (5PtlWOJSi02 catalyst) and 3b 
(SPt/Si02 catalyst). The spectrograms of 
CO-Pt and NO-Pt in Figs. 3,4, and 6 were 
scaled by their maximum absorbance and 
therefore approximate surface coverage 
under the assumption that the extinction 
coefficients are constant. The behavior of 
these two adsorbates is roughly the same. 
NO-Pt peak heights on both catalysts were 
higher at the end of the experiments than at 
the beginning, indicating that initially NO 
may have been dissociated to a small 
extent. 

A spectrogram of the 21OO-cm-’ species 
was produced by choosing a frequency 
window far enough from the linear CO-Pt 
peak that changes in CO-Pt coverage 
would not affect it, and then subtracting the 
effect of gas phase CO from this spectro- 
gram. This and a spectrogram of the 1400- 
cm-’ species are also plotted in Fig. 3a. To 

keep their relatively small intensities in 
perspective, these spectrograms were di- 
vided by the maximum CO-Pt peak height. 
The 2100-cm-’ species slowly accumulated 
until linear CO-Pt species had almost com- 
pletely left the surface. The accumulation 
of the 1400-cm-’ species was rapid at the 
beginning of the experiment but did not 
change much thereafter. 

It should be mentioned that neither of 
these two new bands, at 2100 and 1400 
cm-‘, was observed when only one reac- 
tant, either CO or NO, was present. They 
were only observed when NO and CO were 
present simultaneously. Also, no JR bands 
were observed when NO and/or CO were 
passed over a Pt-free, reduced 6.2 WOJ 
SiOz catalyst at temperatures up to 260°C. 

The production of CO2 became appreci- 
able at a temperature of 28o”C, as CO 
concentration was ramped O-0.7-0% into a 
2% NO feed. The CO feed concentration 
and CO2 production from representative 
catalysts of the W03-free, low-tungsta, and 
high-tungsta series are shown in Fig. 4a. 
Corresponding spectrograms of linear 
CO-Pt are shown in Figure 4b, NO-Pt 
spectrograms in Fig. 4c, and representative 
spectrograms of the 2100- and 1400-cm-’ 
bands in Fig. 4d. 

Two regimes of CO2 production were 
observed. Initially, CO conversion was 
high and of positive order in CO feed con- 
centration (Fig. 4a). Later, conversion 
became low and of negative order in CO 
concentration. The transition between the 

a) 5.0 Fl I25 Wq -SiC$ b) 5.0 Pt I SiO2 

0.0 
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 

Time (hrs) 
2.0 

Time (hrs) 

PtlWOJSiO, CATALYSTS FOR THE NO-CO REACTION 15 

FIG. 3. Spectrograms of CO-CPR studies shown in Fig. 2. (a) Pt/W03-SiO?; (b) Pt/SiO,. 
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FIG. 4. CO-CPR (O-0.7-0% CO) into 2% NO at 280°C over representative promoted and 
unpromoted catalysts. (a) COz production and CO concentration versus time; (b) CO-Pt spectro- 
grams; (cj NO-Pt spectrograms: (d) representative spectrograms of the 2100 and 1400 cm-’ bands. 

two regimes was marked in every case by a 
rapid increase in CO-Pt coverage (Fig. 4b). 
For the most part, NO-Pt coverage (Fig. 
4c) was inversely proportional to CO-Pt 
coverage, being displaced by CO-Pt at the 
transition between regimes. At the begin- 
ning of the experiments, slight deviations 
from this proportionality were observed. 
NO-Pt coverage of the least active cata- 
lysts was below full coverage and increased 
as the reaction began, whereas NO-I? 
coverage for the most active catalysts was 
always nearly full. The 2100- and 1400-cm-’ 
species (Fig. 4d) were not observed under 
the high-conversion regimes, but did accu- 
mulate as CO-Pt accumulated. 

The beneficial promotional effect of W03 
is clear in Fig. 4. Two trends were noted 
with increased catalytic activity. First, 
more CO* was produced as the reaction 
proceeded farther into the concentration 

ramp before the transition to high CO-Pt 
coverage (CO inhibition) occurred. Second, 
when the CO-Pt coverage did increase, it 
did not appear to increase as much for the 
more active catalysts. In general, it ap- 
peared that tungsta serves to remove some 
degree of CO inhibition. 

To compare the activity of all catalysts 
quantitatively, the CO2 production rate at 
the center of the experiments (at maximum 
CO concentration) was used. This parti- 
cular point was chosen as most represen- 
tative of steady-state behavior. A summary 
of CO1 production rates (molecules/set, 
molecules COJsec/g Pt) for all catalysts 
tested is given in Table 1. 

NO Dissociation 
NO dissociation was detected by moni- 

toring the height of the NO-Pt band as a 
function of time under relatively nonreac- 
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TABLE I 

CO2 Production over Unpromoted and Promoted Catalysts 

Catalyst Catalyst kol rCol/wt Pt 
loading (g) ( IO” moleculeslsec) ( 10lK moleculeS/sec/g Pt) 

?_.spt 
3.8Pt 
5.OPt 

1.2Ptl4.lWO~ 
2.5Pt13.2W01 
3.8Pt/1.7Woj 

I .7,Pt/25WO, 
3.8Pti25Wq 
5.OPtl?SWO, 

0.0293 
0.0375 
0.0346 

0.747 
1.2s 
I .33 

0.048 0.7x9 
0.0402 0.913 
0.0491 0.664 

0.0371 0.7x9 
0.0362 1.83 
0.0361 2.X’ 

3.55 
3.33 
3.84 

1.44 
’ 77 -.- 
I.31 

2.13 
5.06 
7.81 

tive conditions at 220°C and during reactive 
conditions at 280°C. 

NO dissociation experiments were first 
performed at 220°C on the SPtlSiOz and 
5Pt/25WO,-Si02 catalysts. Short pulses of 
CO introduced into a 5% NO stream had 
the effect of removing any adsorbed oxygen 
produced from prior NO dissociation. 
Behavior of the NO-Pt and CO-Pt species 
was similar over both catalysts; NO-Pt and 
CO-Pt spectrograms from the 5Pt/25WOj- 
SiOZ catalysts are shown in Fig. Sa. After a 
CO pulse, CO-Pt abruptly removed almost 
all the NO-Pt, which then reaccumulated 
to a peak height 30% above the previous 
steady-state height (20% for the SPtiSiO? 
catalyst), but within 3 min returned to 
almost the same level. In the next 40 min 
the NO-Pt peak height decreased by only a 
few percent, confirming that almost no NO 
dissociation was occurring. In both exper- 
iments, only minute quantities of CO2 were 
produced in the first few minutes following 
a pulse. 

The 1400-1500-cm-’ bands for the un- 
promoted and promoted catalysts are 
shown in Figs. 5b and 5c. One major dif- 
ference was observed between the spectra 
from the SPt/SiO, catalyst (Fig. 5b) and the 
5Pt/25WO,-Si02 catalysts (Fig. 5~). This 
was again the small peak located at wave- 

number 1420 over the 5Pt/25WOj-Si02 
catalyst. Its spectrogram is plotted in 
Fig. 5a; it appeared just after the CO 
pulse and its disappearance lagged slightly 
behind that of the CO-Pt peak. The 2100- 
cm-’ band was not observed in this exper- 
iment; apparently CO did not contact the Pt 
surface long enough for this species to 
accumulate in measurable quantities. 

NO dissociation experiments at 280°C 
were performed for all three catalyst series, 
directly after the 280°C CO CPR exper- 
iments. As is shown for representative 
catalysts in Fig. 6, NO dissociation led to 
substantial decreases in the NO-Pt peak 
heights (normalized in this figure to ap- 
proximate surface coverage). The decrease 
in NO-Pt surface coverage is due to the 
increase in the coverage of strongly ad- 
sorbed oxygen species (0-Pt) resulting 
from NO dissociation. 0-Pt species do not 
desorb at this temperature and thus occupy 
sites that are no longer available for NO 
adsorbates. The interesting result revealed 
in Fig. 6 is that the catalysts having the 
highest NO-CO activity (Fig. 4a, 3,8Pt/ 
25WO3-SiOZ and 5Pt/25WO,-SiOJ actu- 
ally exhibited the slowest NO dissociation 
on Pt. That is, the rate of NO dissociation 
on Pt decreased with increasing WO, 
loading. 
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FIG. 5. CO pulsing into 5% NO at 220°C. (a) Spectrograms for CO-Pt, NO-Pt, and the 1400-cm-’ 
band; (b) time-dimension spectra for the SPt/SiO, during a CO pulse; (c) same as (b) but on the 
5Pt125W03-SiO, catalyst and clearly showing the 1400-cm-’ species. 
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unpromoted catalysts during dissociation experiments at 280°C and 2% NO. 
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Effect of WO3 on Characteristic 
Absorbance of Pt 
In an effort to examine any electronic 

effect on CO-Pt bonding strength, the char- 
acteristic absorbance of the linear CO-Pt 
species was recorded for all catalyst series 
at 220 and 280°C. Results are given in Table 
2, along with Pt 4f7,~ electron binding ener- 
gies for the same catalysts (1). At 22O”C, 
small shifts in characteristic absorbance 
correlated well to electron binding energy. 
The catalysts with the highest ebe, 71.2 eV, 
absorbed CO at 2083 cm-‘, while an 8- 
wavenumber increase to 2091 cm-’ was 
observed for the two catalysts that had 
electron binding energies of 70.5 eV. At 
28O”C, characteristic absorbance did not 
correlate well with Pt 4fTiz ebe, but shifted 
upscale with increased tungsta loading. For 
the high-tungsta series, characteristic ab- 
sorbances were 8-10 cm-’ higher than the 
range of 2069-2072 cm-’ exhibited by the 
tungsta-free series. 

DISCUSSION 

The major findings of the FTIR and kine- 
tic study of the NO-CO reaction over Pt/ 
WOJSiO2 catalysts can be summarized as 
follows: 

1. During CO CPR experiments at 220°C 
over low- and high-tungsta loaded cata- 
lysts, no appreciable COZ was produced. 
Behavior of CO-Pt and NO-Pt species was 

TABLE 2 

Variation of CO-Pt Absorbance with Pt 4f’ebe 

Catalyst Pt 4);,, <be Wavenumber 
(cm-‘) 

220°C 280°C 

?.5Pt 
3.8Pt 
s.opt 

1.2Pt/4.7WO, 
2.5Pt/3.2WO, 
3.8Pt/l.7WO> 
I.?PtI2SWO, 
2.5Pt/2swo, 
3.8Pt1?5WO, 
5.oPti25w0, 

71.2 - ‘069 
71.1 - 2069 
70.9 1087 2072 
71.2 2083 2073 
70.5 209 I 2073 
70.7 2087 2070 
70.9 2087 2077 
70.7 2087 7077 
70.5 2091 2079 
70.9 2087 208 I 

very similar to that observed over the un- 
promoted catalysts. Two new peaks of low 
relative intensity were observed over the 
tungsta-containing catalysts, one at 1420 
cm-’ and another at 2100 cm-‘. 

2. During reactive CO CPR experiments 
at 280°C two reaction regimes were 
observed, one of high CO conversion and 
positive order in CO (gas) concentration; 
the other of low conversion and negative 
order in CO. Transition between the two 
regimes was accompanied by a rapid in- 
crease in CO-Pt coverage. NO-Pt cover- 
age was inversely proportional to CO-Pt 
coverage, except for small regions at the 
beginning of some experiments. The 2100- 
and 1400-cm-’ bands accumulated only 
after the transition to the CO-inhibited 
regime had occurred. 

3. In NO dissociation experiments at 
22o”C, the absorbance of NO-Pt species 
following a CO pulse was similar over a 
tungsta-free and a high-tungsta catalyst; 
after an initial decrease of between 20 and 
30%, the NO-Pt peak height was almost 
constant for long periods of time. The 1400- 
cm-r species appeared over the high- 
tungsta catalyst but the 2100-cm-’ species 
did not. 

4. Through NO dissociation experiments 
conducted at 280°C it was determined that 
the catalysts that were the most active 
toward the NO-CO reaction (at 280°C) 
exhibited the least activity toward NO dis- 
sociation on Pt. 

Previous extensive characterization re- 
sults (I, 2) have led to the model of the 
surface depicted in Fig. 1. The working 
hypothesis of this study is that the activity 
and FTIR results must correlate with the 
characterization measurements to validate 
the morphologic model. 

The first step in establishing a correlation 
is the identification of the observed IR 
bands. The CO-Pt band (2079 cm-‘, linear 
CO) and NO-Pt bands (1795 and 1620 
cm-‘, linear and bridged or bent NO) are 
well known, consequently the identification 
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of the 2100-cm-’ and 1400-cm-’ bands 
remain. The proximity of the 2100-cm-’ 
band to CO-Pt suggests that it is an ad- 
sorbed form of CO. No information is 
available on the IR adsorbance of CO on 
WO3 nor was CO detected on the Pt-free 
tungsta catalysts. However, CO adsorbed 
on polycrystalline W at room temperature 
and ultrahigh vacuum was reported to exhi- 
bit a band in the 2093-2117-cm-’ range 
(14). The characterization work indicated 
that no elemental tungsten existed in the 
Pt/WOJSiO~ catalysts (I), but was present 
in the form of hydrogen-tungsten bronzes 
(HTB) or tungsten suboxides (WO,). It 
follows that the 2100-cm-’ band can be 
attributed to CO adsorbed on these dec- 
orating WO, suboxides or at its interface 
with Pt (adlineation sites). 

The 1400-cm-’ species seen in Figs. 2, 4, 
and SC is likely an oxidized NO analog of 
the CO-WO, species. Nitrate (-NO* or 
-N03) forms of nitrogen oxide have been 
reported on Rh at 1550, 1295, and 1240 
cm-‘, shifted as much as 870 cm-’ from 
other molecular NO adsorbates (15). A 
nitrate form has also been reported to 
adsorb on TiOz in Pt/TiOz catalysts (16) at 
1473 cm-’ and on reduced “TiOx” sites in 
Rh/TiOz catalysts (5, 6) between 1500 and 
1400 cm-‘. It appears that the characteristic 
absorbance of the nitrate is relatively 
independent of the substrate. 

The 1400-cm-’ band is not the isocyanate 
band since no band was observed at 2350 
cm-’ that could be attributed to the asym- 
metric isocyanate stretch. The behavior of 
these species during the nonreactive (220°C) 
CO CPR experiment is notable. CO-WO, 
(2100 cm-‘) accumulated only after signifi- 
cant amounts of CO-Pt formed. Addi- 
tionally, no CO-WO, species were ob- 
served unless NO was also present as a 
reactant. The accumulation of CO on Pt- 
WO., sites is therefore analogous to hydro- 
gen spillover, but CO spillover seems to be 
NO-assisted. NO spillover, or the formation 
of NO,-WO, , occurs much faster than CO 
spillover, but similarly requires the assis- 

tance of CO. The 2100- and 1400-cm-’ spe- 
cies appeared on both the low- and high- 
tungsta catalyst series. This implies that 
even though they were not detected by 
XPS (Z), small amounts of WOj were re- 
duced beyond HTBs to WO, in the low- 
tungsta catalysts. 

Once the observed IR bands have been 
assigned, there remains the ascertainment 
of which mechanistic steps are beneficially 
affected by tungsta to produce the higher 
activity. 

The CO-Pt and NO-Pt spectrograms 
over the promoted and unpromoted cata- 
lysts are very similar (Fig. 3). From this 
observation one can conclude that the ratio 
of NO and CO coverages are similar in both 
catalyst series. If one assumes that the 
rates of adsorption of NO and CO are the 
same, it follows from elementary step kine- 
tics (17) that under equilibrium conditions 
and for the same ratio of gas phase concen- 
trations, the ratio of desorption rates (CO 
to NO) must be the same in both catalytic 
series (12, 17). Furthermore, the relatively 
small shift in CO-Pt absorbance for 
tungsta-containing catalysts indicates that 
the absolute rate of CO desorption is not 
significantly altered. Shifts of 20 cm-’ were 
also considered inconsequential for CO 
adsorption on Pd/LazOj (Z8). It was only 
when shifts of 50 cm-’ were detected with 
Rh/TiOz catalysts (9) that inference was 
made to an electronic SMSI effect. It ap- 
pears that increased activity is not due to an 
increase in the desorption rate of CO over 
the promoted catalysts. 

The next step that must be analyzed is 
the rate of NO dissociation. NO disso- 
ciation is evidenced in the dissociation 
experiments (Fig. 5) by decreases in NO 
surface coverage. This is caused by the 
accumulation of atomically adsorbed 
oxygen, which does not desorb at these 
temperatures. This agrees with Pt single- 
crystal studies, which have demonstrated 
that only one low-index Pt plane, the (1 lo), 
is active toward NO dissociation (19). The 
behavior at 220°C (Fig. 5) indicates that 
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only 20 to 30% of the Pt surface is active 
toward NO dissociation. At 220°C there 
does not appear to be a great difference 
between the Pt dissociation activity of the 
unpromoted and promoted catalysts; the 
majority of the Pt surface in each appears to 
be inactive toward NO dissociation. 

At 280°C however, there is a steady 
rapid decline of the NO-Pt peak on the 
unpromoted catalysts (Fig. 6), indicating 
that NO dissociation is occurring over an 
appreciable fraction of the surface. This in 
turn may signify that surface defects in 
previously inactive facets become active or 
that surface diffusion to active sites be- 
comes important at the higher (280°C) tem- 
perature. The overall result of the 280°C 
dissociation experiment is that the decrease 
in NO coverage with time over Pt is lower 
on the promoted catalysts than on the 
unpromoted ones. The rate of NO disso- 
ciation depends on NPr, and this number is 
greater for the most active catalysts, i.e., 
5Pt/25WO3-Si02, (see Table 3). Conse- 
quently the coverage decrease for the pro- 
moted catalysts, which is normalized by 
Npt, has the highest slope. It has been 
suggested that SMSI catalyst supports such 
as TiOz might serve to create higher-order 
Pt planes of high dissociation activity (23). 
Such is not the case for W03, however. The 
lower dissociation rates in the promoted 

TABLE 3 

Calculated Values of NR and NRW 

Catalyst NPl N RW NptwlN~l 
(X IO”) (X IO’“) (X lo-‘) 

2.5pt 
3.spt 
5.opt 

1.2Pt/4.7WOi 
2.5PtI3.2W0, 
3.8Ptl I .7w02 

l.2Pt125W01 
2sPt/?SWO, 
3.8Pt125W0, 
5.oPt/2swo, 

3.87 - 0 
5.47 - 0 
4.00 - 0 

1.96 3.72 1.90 
2.43 3.65 I.SO 
3.65 2.92 0.80 

0.364 12.8 35.2 
0.788 18.6 23.6 
1.22 22.3 18.3 
1.90 27.9 14.2 

catalyst might also be due to the reduction 
in the numbers of adjacent open sites 
required for NO dissociation, caused by the 
decorating patches of WO, or by their hind- 
rance of surface diffusion. The increased 
activity in the promoted catalysts is not a 
consequence of increased NO dissociation 
over Pt. However, dissociation products 
must have their source somewhere and 
since bulk tungsta itself is not active nor 
does it adsorb NO or CO, the only other 
source for increase in NO-CO reaction 
rates is via sites at the interface of the 
decorating WO, patches on Pt crystallites. 
These sites, referred to in the literature as 
adlineation sites, have been previously pro- 
posed to explain qualitatively the increased 
activity in SMSI catalysts (4-6). The small 
IR bands at 2100 and 1400 cm-’ can be 
adscribed to CO and NO adsorbed on these 
adlineation sites. 

It is noted, however, that the CO-WO, 
and NO-WO, species do not appear to be 
reaction intermediates since they appear 
only under nonreactive conditions when 
CO has inhibited the dissociation of NO. In 
the complete absence of CO, the adline- 
ation sites should also be inactive since 
there is no mechanism for their regene- 
ration via oxygen removal by the cor- 
eactant. 

While the concept of adlineation sites is 
not new, a quantitative correlation between 
increased activity and the concentration of 
these sites has not been reported. The 
extensive catalyst characterization con- 
ducted previously (I) permits an attempt at 
such a correlation for the first time. This 
correlation is based on the assumption that 
the observed activity is the result of the 
contributions of the Pt sites and of the 
adlineation sites. A successful correlation 
should relate the observed rates with the 
concentration of each type of site as de- 
termined from the characterization results. 

From the CO2 production rates and Pt 
loadings given in Table 1 and the number of 
surface sites in each catalyst (ZV& de- 
termined from CO chemisorption (I), an 
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average turnover number TONa = 0.25 
molecule&t site/set was calculated for the 
unpromoted Pt/SiOz catalysts. The maxi- 
mum rate of COz production obtained from 
the CO-CPR spectrograms (Fig. 4 and 
Table l), divided by the product Npt x 

TONR, i.e., by the contribution of Pt sites 
only, is shown in Fig. 7a. If Pt sites were 
the only contribution to the observed 
activity, the above ratio should be equal to 
unity, as is the case for the unpromoted 
catalysts and to a less satisfactory degree 
for the low-tungsta catalysts. However, 
there is a large discrepancy for the high- 
tungsta loading catalysts, which yields a 
ratio several times larger than one. 

The contribution of the adlineation sites 
can be written in form analogous to that of 
the Pt sites, i.e., equal to the product of 
their turnover number TONnw times their 
surface concentration Nplw. If the total rate 
is assumed to be the sum of the contri- 
bution of each site, then 

rco, = TONpt Np, + TONnw NPtW . (1) 

While in a supported catalyst is not pos- 
sible to calculate the number of adlineation 
sites Npt~ unequivocally, an estimate can 
be made on the basis of surface concentra- 
tion measurements of both components in 

(a) 

the catalysts. Figure 7b shows the W sur- 
face atomic percent measured by XPS 
versus the weight percent Pt; these data 
exhibit a trend similar to that of Fig. 7a. 
This suggests that the concentration of ad- 
lineation sites is related. to the surface con- 
centration of W measured by XPS, NW,. If 
the distribution of Pt and WO, is random, 
the probability of one being deposited onto 
the other (thus generating adlineation 
sites), is proportional to the product of their 
surface concentrations. Thus, as a first ap- 
proximation, it can be assumed that Naw = 
Nw,Na, where Npt is measured from CO 
chemisorption. It should be noted that the 
Pt signal from XPS cannot be used for this 
calculation. Very thin decorating layers of 
WO, would block Pt chemisorption sites 
but would not block all of the XPS Pt signal 
from underlying Pt; since the XPS signal 
arises from a depth of about 20 A. XPS 
figures for Npl are artificially high. The most 
accurate measurement of Npt is then the CO 
chemisorption measurement. A further 
note is that this type of calculation could 
not be extended to systems in which che- 
misorption is nonselective. 

Values of Npt and NptW for each catalyst 
calculated from chemisorption data and the 
W XPS signal are listed in Table 3. For all 
catalysts, Nptw is at least 30 times smaller 

(b) 

$ 3.0 

E 2.5 
a 

01 I I I I I 
1.01 

wt%Pt 

FIG. 7. (a) CO2 production rates normalized over the production rate due to Pt sites only versus Pt 
loading; (b) XPS W surface atomic % versus Pt loading. 
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FIG. 8. CO2 production difference due to Pt-W sites only versus the product of W-XPS surface 
atomic 7% and Npr or NplW; (b) CO: production rate normalized by the separate contribution of the Pt 

N,.w = N,, (at %W) x 17 10 
wt% Pt 

and PtW sites. 

than A++ It is noted that these figures are in 
line with the relative intensities of the 
CO-WO, or NO-WO, IR bands. 

To test this calculation for &w, the 
difference rco, - TONptNp, for the pro- 
moted catalysts, which represents the con- 
tribution of only the adlineation sites to 
CO* production, is plotted in Fig. 8a versus 
the product Nws&. ZVp, again is the che- 
misorption value, and TONpt is known from 
the unpromoted catalysts. Figure 8a shows 
that the data thus plotted roughly fit a 
straight line with a slope equal to TONaw = 
92 molecules/PtW site/set, which is about 
360 times greater than TONR. The negative 
value near the origin in the plot arises as a 
result of the low activity of this catalyst (3.8 
Pt/1.7WOJSi02), introducing inaccuracy 
in the measurement of its reaction rates. 

An alternative representation of the cor- 
relation is shown in Fig. 8b, where the left 
hand side of eq. (1) divided by the right 
hand side is plotted versus wt% Pt. It can 
be seen that the data for all the catalysts 
studied, unpromoted and promoted high- 
and low-tungsta, fall on a single line equal 
to unity, in contrast to the first correlation 
based on Pt sites only (Fig. 7a). 

The correlation suggests that a small 
number of very active sites are responsible 
for the observed promotional effects (see 
Table 3). The turnover number of the ad- 
lineation sites, TONRw, can be taken as 
only an order of magnitude estimate since 

the concentration of the adlineation sites 
Nptw is only the best estimate that can be 
made with these complex catalysts. More 
accurate estimates of the concentration of 
adlineation sites requires the use of model 
catalysts such as those used by Bell et al. 
(24) and Gorte et al. (25). Nonetheless, the 
fact that a quantitative correlation among 
various catalysts has been attained by sepa- 
rate measurements of activity and surface 
composition is indeed remarkable and sup- 
ports in general a dual-site mechanism. 
Kinetic work using an elementary step 
model (12), similar to the one employed for 
CO oxidation (22)) has shown that the FTIR 
results shown in Figs. 2-6 can be simulated 
only when a mechanism involving Pt and 
Pt-WO, sites is assumed. 

While a qualitatively and quantitatively 
consistent pathway for the promotional 
effects observed has been presented, the 
specific nature of the adlineation sites and 
why they exhibit higher activity can not be 
determined. The low concentration of such 
sites prevents the contribution of their sur- 
face signals from being differentiated from 
the signals of Pt, W03, and CO and NO 
adsorbed on Pt. Thus changes in the Pt 4f 
electron binding energies and shifts in char- 
acteristic IR frequencies, which were small 
in the first place, can not be uniquely as- 
sociated with the adlineation sites. Kinetic 
modeling results have shown that a reaction 
pathway that is consistent with both the 
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activity and NO dissociation results is a 
redox cycle for saturating and regenerating 
the decorating the WO,-Pt adlineation 
sites. This reaction pathway is also consis- 
tent with the two-site correlation, the 2100- 
and 1400-cm-’ IR bands, the XRD and XPS 
measurements supporting the existence of 
surface suboxides, and the TEM data on 
model catalysts showing the formation of 
overlayers at the interface of Pt and WO, 
crystallites. 

In summary, a comprehensive study of 
the NO-CO reaction on Pt/WOJSiOz cata- 
lysts, combining surface analysis, IR spec- 
troscopy, TEM, and kinetics modeling, has 
led to a consistent understanding of the 
promotional effects of tungsta on these 
catalysts. Furthermore, for the first time, a 
quantitative correlation of these effects 
with measurements proportional to the con- 
centration of adlineation sites has been 
demonstrated. It appears that the high ac- 
tivity of the tungsta-promoted catalysts is 
directly related to small numbers of ad- 
lineation sites that result from the dec- 
oration of Pt by tungsta suboxides. The loss 
of Pt sites by decoration is more than 
compensated by the high NO dissociation 
activity of these sites. 
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