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Infrared spectroscopy has been employed to characterize adsorbed CO species under steady- 
state reaction conditions in the presence of H2 and also under equilibrium adsorption conditions in 
the presence of He. During reaction, kinetic data were obtained simultaneously with ir spectra 
using a special ir reactor cell. Turnover frequencies on Pt were found to vary more than 100-fold as 
the support material varied, and the activity ranking of these catalysts was: Pt/TiOr (SMSI) > Pt/ 
TiOr (LT) t Pt/q-AlzOr = Pt/SiOrA120X > Pt/SiOr. Two principal ir bands were observed on Pt-a 
high-frequency band between 2050 and 2080 cm-i and a low-frequency band between 1780 and 1860 
cm-i. Except for TiO+upported Pt, very similar behavior was observed, i.e., intense ir bands 
occurred which were nearly insensitive to temperature and the presence of Hz, and these catalysts 
exhibited strong bands under reaction conditions. In contrast, the Pt/TiO, (SMSI) catalyst showed 
almost no ir-detectable CO during reaction and, even more surprising, CO band intensities were 
also markedly reduced at 300 K by the presence of Hz. No obvious correlation was found between 
detectable CO species and specific activity; however, this study strongly infers that only a very 
small fraction of surface Pt atoms constitute active sites, and the higher activity occurring on the 
SMSI miOr catalyst is attributed to a weakened CO-metal bond resulting in more competitive H2 
chemisorption and higher surface concentrations of hydrogen under reaction conditions. 

INTRODUCTION 

Many examples exist which show that 
the type of support utilized in a catalyst has 
little or no effect upon the. adsorption and 
catalytic properties of the dispersed metal. 
However, Tauster et al. found that certain 
supports can markedly alter the adsorption 
behavior of hydrogen and carbon monoxide 
on Group VIII metals (I, 2), and the mani- 
festation of this behavior has been termed 
SMSI (strong metal-support interaction). 
Titania is a support which can produce this 
behavior, and platinum is a metal which ex- 
hibits reduced monolayer coverages when 
dispersed on Ti02; regardless, it possesses 
very high activity for the methanation reac- 
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tion (3). In addition, a previous study had 
indicated that methanation activity over Pt 
and Pd could be altered by the support (4). 

The chemisorption behavior of CO and 
hydrogen is quite well understood on nor- 
mal Pt surfaces, and numerous infrared 
studies exist which have characterized CO 
adsorbed on Pt films and single crystals and 
on Pt crystallites dispersed on silica and 
alumina. Infrared spectroscopy has proven 
to be a powerful tool to characterize sur- 
face species of CO, and it can be adapted 
for in situ studies at high pressures which 
allow the characterization of adsorbed spe- 
cies on the metal surface under well-defined 
reaction conditions. Such studies had not 
been conducted on the CO hydrogenation 
reaction over Pt catalysts although Ru and 
Pd have recently been examined by this 
technique (5-9). 

An ir reactor cell was designed to allow 
both pretreatment and steady-state reaction 
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conditions over a temperature range of 300 
to 723 K. It was operated as a fixed-bed, 
single-pass, differential reactor and pro- 
vided kinetic data simultaneously with ir 
spectra obtained under reaction conditions. 
It was of particular interest to characterize 
the state of CO adsorption on the TiOrsup- 
ported Pt catalysts before and after the 
SMSI state had been induced, and to com- 
pare these spectra with those obtained un- 
der identical conditions for “typical” Pt 
catalysts; i.e., Pt dispersed on silica, alu- 
mina, and silica-alumina. It was of particu- 
lar interest to determine if any correlation 
existed between the lOO-fold variation in 
turnover frequency and the different ir-ac- 
tive species of adsorbed CO. 

EXPERIMENTAL 

All platinum catalysts prepared in 
this laboratory used HzPtCI, * 6H20 or 
(NH&Pt(NO& obtained from the Ventron 
Corporation, and the support materials, 
preparative techniques, and gases used 
have been described previously (9-11). All 
catalysts consisted of a nominal 2 wt% Pt 
on 40/80-mesh powders of A&03, SiO*, 
SiOTA1203 (abbreviated S-A), and Ti02, 
with two different Pt dispersions prepared 
on q-A&O,. Actual weight loadings are re- 
ported for the unreduced catalysts after this 
drying procedure and were determined by 
neutron activation analysis by comparison 
to a standard solution of H2PtC16. 6H20 dis- 
solved in deionized, distilled water. Hydro- 
gen and CO adsorption measurements were 
performed in a conventional, mercury-free, 
glass vacuum system capable of an ultimate 
vacuum of 4 x lo-’ Torr (5.3 x 10m5 Pa) 
which is described elsewhere (II). The in- 
frared reactor cell designed and con- 
structed for this study and the ir reactor 
system incorporating a Perkin-Elmer 580 
spectrophotometer and a P-E Sigma 3 gas 
chromatograph have also been described 
elsewhere (9, 22). 

All fresh, unreduced catalysts, except for 
the Pt/TiOz samples, were given the same 

pretreatment which consisted of: heating to 
393 K in 50 cm3 H2 mini and holding 30 
min at this temperature, heating to 533 K 
and holding for 30 min, then heating to 723 
K and holding for 1 hr. At this point, if 
chemisorption experiments were to be con- 
ducted, the sample was cooled to 698 K, Hz 
flow was terminated, and the sample was 
evacuated for 30 min at 698 K before cool- 
ing under dynamic vacuum over a 25-min 
period to 300 K for adsorption measure- 
ments. This same procedure was employed 
for used samples from the reactor prior to 
chemisorption measurements. If kinetic 
studies were desired, the sample was 
cooled under flowing H2 to the desired tem- 
perature before CO was introduced. Two 
Pt/TiOz catalysts were prepared-one, des- 
ignated LT, which was reduced at low tem- 
perature (473 K) and did not show SMSI 
adsorption behavior, and one reduced at 
773 K which did and is designated SMSI. 
The two pretreatment procedures were 
those described by Tauster et al. (1). 

Irreversible Hz adsorption on Pt at 300 K 
was measured by extrapolating the linear 
isotherm to zero pressure (14, 15). Chemi- 
sorption of Hz on the pure metal was mea- 
sured with the difference between the two 
isotherms at 100 Torr (13.3 kPa) chosen to 
represent irreversible CO adsorption (26). 

All ir wafers, with one exception, were 
pressed in air from catalyst powders that 
had previously been reduced in the chemi- 
sorption unit and then passivated in air. 
The exception was the low-temperature re- 
duced 1.9% Pt/TiO, wafer, which was 
pressed from the fresh unreduced catalyst, 
flushed with He overnight, then reduced in 

situ at 473 K following the procedure of 
Tauster et al. (1) before the ir spectra were 
obtained. Following this ir study, this wafer 
was further reduced at 723 K to produce the 
SMSI state for additional study. All other 
wafers in the ir cell, including a second Pt/ 
Ti02 (SMSI) wafer, were reduced in flow- 
ing H2 at 548 K for 1 hr because of the pre- 
vious high-temperature reduction step in 
the chemisorption unit. All ir spectra were 
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recorded with either a CO/He or a CO/H2 
mixture flowing through the cells. 

RESULTS 

The amounts of hydrogen and CO chemi- 
sorbed on both new and used samples of the 
six catalysts in this study are listed else- 
where (27), and the letter designations used 
are consistent with the second paper in this 
series (17). Pt dispersions (fractions ex- 
posed) are probably best represented by the 
H/Pt ratios given; however, Hz and CO up- 
takes follow the same trend among these 
catalysts. The H/Pt and CO/Pt ratios on the 
used samples are listed in Table 1. Results 
from kinetic measurements made in the ir 
reactor cell are also listed in Table 1, where 
they are compared to data obtained in the 
microreactor and to previous work. Both 
turnover frequencies (TOF) (molecules 
CH4 * Pt-’ . s-i) and activation energies for 
the methanation reaction were determined, 
with TOF values based upon Pt surface at- 
oms, Pt,, using the H/Pt ratios on the used 
samples. Only trace amounts of hydrocar- 
bons other than methane were detected. 
Conversions of CO were below 1% in the ir 
reactor cell and less than 5% in the micro- 
reactor system. 

Infrared spectra of adsorbed CO at differ- 
ent temperatures on these Pt catalysts were 
obtained and are shown in detail elsewhere 
(3, 18, 19); however, the band maxima un- 
der different conditions are listed in Table 
2. The spectra for CO on the Pt/AI,O, and 
Pt/SiOz catalysts were in excellent agree- 
ment with previous studies (20-36), be- 
cause the Pt/A1203 wafers gave two CO 
bands-a high-frequency (HF) band near 
2060 cm-’ and a low-frequency (LF) band 
around 1830 cm-l-while the PtlSiOz wafer 
produced only one HF band also near 2060 
cm-*. CO adsorbed on S-A-supported Pt 
and TiOz-supported Pt had not been studied 
prior to this investigation, and these spectra 
are shown in Figs. 1 and 2. The CO pres- 
sure was usually 0.25 atm (25 kPa); how- 
ever, spectra from the 2.1% Pt/A120X cata- 
lyst were nearly unchanged as pressures 

FIG. 1. Infrared spectra of CO adsorbed on 1.5% Ptl 
Si02-A&O3 (Pco = 185 TOIT, He/CO or Hz/CO = 3); (a) 
baseline in He, (b) 3000 K in Hz, (c) 548 K in HZ, (d) 
548 K in He, (e) 300 K in He. 

varied from 50 to 380 Torr indicating, as 
expected, that saturated CO coverage oc- 
curs at these pressures. For all catalysts at 
temperatures from 300 to 573 K, in the 
presence of either He or HZ, the HF band 
maximum was 2065 + 15 cm-’ while the LF 
band maximum varied between 1780 and 
1860 cm-i. Finally, spectra taken under 
steady-state reaction conditions are shown 
in Fig. 3. 

With the Pt/A1203 and Pt/SiOz catalysts, 
spectra obtained at all temperatures with 
Hz/CO mixtures were very similar to those 
obtained with He/CO mixtures, similar to 
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T 

I I I I I I 

2200 2000 I800 
Y km-‘I 

FIG. 2. Infrared spectra of CO adsorbed on 1.9% W 
Ti02 (PC0 = 185 Torr, He/CO or H2C0 = 3): Catalyst 
0 (SMSI)-(a) baseline in He at 300 K, (b) 300 K in Hz, 
(c) 548 K in Hz, (d) 300 K in He, (e) 548 K in He; 
Catalyst N (LT)-(f) 473 K in Hz, (g) 300 K in Hz, (h) 
300 K in He. Note change in transmittance scale. 

the behavior indicated in Fig. 1, and the 
spectra in Fig. 3 are very similar to those 
attained at 300 K, except that the LF band 
on Pt/A1203 is slightly sharper and more in- 
tense and the highly dispersed Pt/A1203 wa- 
fer exhibited a small 2 120~cm-i band in CO/ 
He mixtures which was attributed to sub- 
carbonyl formation on the small crystallites 
(36, 37). The admittance of H2 at 300 K re- 
sulted in no change or only a small down- 
ward shift of 5-10 cm-i in the HF and LF 
bands. No ir bands in the region 2800-3200 
cm-‘, which could be attributed to hydro- 
carbon intermediates, were observed on 
any catalyst under reaction conditions. 

DISCUSSION 

Eischens and co-workers were the first to 
direct ir techniques toward supported cata- 

lysts, and their early work on CO chemi- 
sorbed on Si02-supported Pt showed only 
one sharp band at 2070 cm-i (20). How- 
ever, in a later study, Eischens and Pliskin 
clearly showed that two bands, at 2040 and 
1810 cm-l, occurred for CO adsorbed on 
AlzOj-supported Pt (21). On the basis of 
metal carbonyl spectra, they assigned the 
high-frequency (HF) band above 2000 cm-’ 
to a linearly adsorbed CO species while the 
low-frequency (LF) band was assigned to 
bridged-bonded CO. It is typically assumed 
that a stronger carbon-metal interaction 
produces a weaker C-O bond, thereby 
causing a decrease in frequency, and a 
back-bonding model proposed by Blyholder 
has routinely been used to explain these 
frequency shifts (22). 

All subsequent studies have been very 
consistent with these initial investigations 

I *- 
I I I I 

2200 2000 Ia00 

Y km-‘1 

FIG. 3. Infrared spectra of CO adsorbed on Pt cata- 
lysts under reaction conditions (T = 548 K, HZ/CO = 
3, Pco = 185 (Torr)-(a) 1.5% Pt/Si02 (0.66), (b) 2.1% 
Pt/A120~ (O.ll), (c) 1.9% PuTi02 (LT) (0.72), (d) 1.9% 
PtRi02 (SMSI) (0.98). The number in parentheses rep- 
resents TIT,, at the band minimum. 
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TABLE 2 

Band Maxima for Adsorbed CO under Different Experimental Conditions 

Catalyst Temp. HF LF 
W) (cm-‘) (cm-‘) 

1.5% Pt/SiOl 

1.5% Pt/SiOrA1203 

(A) 2.1% PWAlzO, 

He/CO = 3 

(B) 2.0% Pt./A1203 

Hz/CO = 3 

He/CO = 3 

Hz/CO = 3 

He/CO = 3 

Hz/CO 

He/CO = 3 

1.9% PUTi02 (LT) 
(H/Pt = 0.62) 

Hz/CO = 3 

He/CO = 3 

1.9% Pt/Ti02 (SMSI) 

H&O = 3 

He/CO = 3 

Hz/CO = 3 

300 2120, 2010 
548 2060 

300 2065 
548 2055 

300 2065 
548 2060 

300 2060 
548 2055 

300 2070 
548 2060 

300 2065 
548 2055 

300 2065 
548 2065 

300 2065 
548 2065 

300 2050 
473 2050 

300 2050 
548 2050 

300 2070 
548 2080 

300 2080 
548 2080 

1825 
1805 

1820 
1790 

1845 
1830 

1840 
1820 

- 
- 

- 
- 

1800 
1780 

1800 
1780 

1830 
1940(s), 1840 

1830 
- 

1860 
- 

- 
- 

Now. (PC0 = 183 Torr.) 
(s) = shoulder. 

in that all Pt/SiOZ samples have produced Spectra obtained on unsupported Pt some- 
only a single strong HF band, and all Pt/ times show both bands and sometimes only 
A&O3 catalysts but one have exhibited both the HF band, but the positions of band 
HF and LF bands (23-29). In addition, on maxima are very similar for all Pt surfaces 
all catalysts over a wide range of CO pres- (30-35). These data have been tabulated 
sure and Pt particle sizes the HF band oc- elsewhere (18). The fact that the HF band 
curs between 2040 and 2075 cm-’ and the frequencies for these catalysts are typically 
LF band lies between 1800 and 1865 cm-l. at the high end of this range is consistent 
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with previous studies which have shown 
that a band shift to higher frequencies oc- 
curs as CO coverage increases (20, 32, 35). 
This is attributed primarily to dipole- 
dipole interactions among CO molecules 
(32, 35, 38). 

The original assignment of the HF band 
to linearly adsorbed CO and the LF band to 
bridged-bonded CO was based on metal car- 
bony1 spectra (20, 21); however, it has been 
clearly proven by recent studies (39-42). 
Ibach and co-workers used electron energy 
loss spectroscopy (EELS) accompanied by 
low-energy electron diffraction (LEED) to 
study CO adsorption on Pt (111) single 
crystals, and concluded that on clean sur- 
faces linear-bonded CO species appear 
first, and bridged CO is not present until 
coverages above 0 = 0.3 are attained 
(39, 40). Previous experimental and theo- 
retical similarities between CO adsorption 
on different Group VIII transition metals 
seemed to favor the picture that more 
highly coordinated CO (e.g., the bridged 
structure) would have a higher binding en- 
ergy on all Group VIII metals. On the basis 
of these findings by Ibach and co-workers, 
this picture needs revision, at least for Pt. 
One result found in this study was in full 
agreement with those found in previous ir 
spectra of CO on Pt surfaces; i.e., the band 
intensity is smaller for bridged-bonded CO 
species. The study by Norton and co-work- 
ers of CO on Pt (Ill) single crystals gave 
results in good agreement with those of 
Ibach and co-workers and showed that 
bridged-bonded CO had a lower heat of ad- 
sorption than linearly adsorbed CO (42). 

Studies of the coadsorption of HI and CO 
on Pt have generally found that no major 
change occurred in the ir spectra of ad- 
sorbed CO. Eischens reported that the HF 
band on SiOz-supported Pt decreased 5- 10 
cm-r upon the addition of Hz (43), whereas 
Palozov et al. (25) and Basset et al. (27) 
found no frequency shift in the HF band on 
A1203-supported Pt. A 20-cm-r upward 
shift in the LF band on pt/A1203 was pro- 
duced by hydrogen, but the band was re- 

stored to its original position by evacuating 
the hydrogen (25). 

The ir spectra of CO adsorbed on Pt/ 
SiOz, Pt/Al,O,, and Pt/S-A obtained in this 
investigation are extremely consistent with 
those from earlier studies. At 300 K both 
HF and LF band maxima fell within previ- 
ously reported ranges, the HF band was al- 
ways more intense than the LF band, and 
the Pt/SiOz catalyst exhibited no LF band. 
All three of these catalysts using “typical” 
supports produced nearly identical behav- 
ior regarding CO adsorption and interaction 
with hydrogen, First, CO spectra obtained 
in the presence of HZ at all temperatures 
were nearly identical to those measured in 
helium. Second, in either the presence or 
absence of Hz, heating from 300 to 548 K 
produced a 5- to U-cm-’ downshift in the 
HF band and a 15- to 35-cm-* downshift in 
the LF band. Third, the intensities and 
bandwidths of the HF CO species were es- 
sentially constant under all conditions, 
while the LF bands showed some decrease 
in intensity and some broadening. Spectra 
for CO adsorbed on Pt/S-A, which have not 
been reported prior to this study, were par- 
ticularly intense and narrow, as shown in 
Fig. 1. However, these spectra along with 
Table 2 nicely demonstrate the characteris- 
tics mentioned above, i.e., the more intense 
HF band, the insensitivity of the HF band 
to hydrogen, and the lack of dependence of 
the HF band on temperature. 

The negligible influence of hydrogen on 
these spectra is most reasonably explained 
by inhibited Hz chemisorption in the pres- 
ence of CO. The higher heat of adsorption 
for CO on Pt (22-34 kcal/mole) compared 
to Hz (U-20 k&/mole) (44) and the partial 
pressure dependencies for methanation 
support this hypothesis, as both predict a 
surface nearly saturated with CO with only 
very low coverage of hydrogen. The small 
frequency downshifts that are observed 
could be due either to electron transfer 
from adsorbed H to the Pt as proposed by 
Eischens (43), thereby increasing back-do- 
nation to the antibonding IT* orbital of CO, 
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or to a small reduction in dipole-dipole in- 
teractions between CO molecules because 
of adsorbed hydrogen. Regardless, the ef- 
fect of hydrogen is small on these Pt sur- 
faces. 

In contrast, the TiOz-supported cata- 
lysts, especially the SMSI catalyst, exhib- 
ited markedly different behavior compared 
to the “typical” Pt catalysts, as shown in 
Fig. 2. The 1.9% Pt/TiOz (LT) sample (Cat- 
alyst N) gave both HF and LF bands, but 
the admission of hydrogen produced a no- 
ticeable decrease in band intensity, espe- 
cially in the LF band, yet the positions of 
the band maxima were unaffected. Also, at 
higher temperatures the intensity of the LF 
band was significantly decreased. Finally, a 
determination of extinction coefficients and 
integrated absorption intensities has shown 
noticeably higher values for CO adsorbed 
on the TiOz-supported catalysts compared 
to CO on the catalysts using typical sup- 
ports (19). These differences were even 
more apparent in the (SMSI) Pt/TiO;, sam- 
ple (Catalyst 0). As might be expected from 
the lower CO chemisorption values, ir band 
intensities were noticeably lower, as indi- 
cated by the expanded scale in Fig. 2. The 
most striking differences were the pro- 
nounced decrease in intensity upon the in- 
troduction of hydrogen into the system, 
which occurred even at 300 K, and the near 
absence of ir-detectable CO under steady- 
state reaction conditions. The HF band 
maximum was essentially unaffected by the 
presence of hydrogen. The introduction of 
hydrogen had either no affect on band max- 
ima or it produced a small upshift in peak 
position. 

CO adsorption on typical Pt catalysts is 
very strong, and intense CO bands remain 
after long evacuation periods at 300 K. 
However, desorption experiments on the 
Pt/TiOz catalysts showed all the ir-active 
CO could be removed in less than 1.5 hr 
from the Pt/TiO~ (SMSI) catalyst at 300 K. 
This behavior strongly infers that CO ad- 
sorption is much weaker on this catalyst, a 
conclusion that is consistent with the 

marked reduction in intensity observed 
when hydrogen competes for adsorption 
sites on this catalyst. CO adsorbed on Cata- 
lyst N appeared to be more strongly ad- 
sorbed, and 1.5 hr at 437 K was required to 
remove the ir bands. This decrease in sur- 
face coverage on TiOz-supported Pt results 
in an increase in both extinction coeffi- 
cients and integrated absorbances for the 
HF CO species compared to the values de- 
termined for typical Pt catalysts (19). This 
is consistent with previous studies which 
have shown that such values remain con- 
stant at low surface coverages, but de- 
crease as saturation is approached (35). In 
addition, this behavior argues against CO 
dissociation because dissociative adsorp- 
tion would produce lower integrated ab- 
sorbances . 

The behavior of CO adsorption on the 
SMSI Pt/TiO;! catalyst is attributed to re- 
duced monolayer coverages of CO on the 
Pt surface, due, at least partially, to a 
weaker CO-Pt surface bond. The reduced 
CO uptakes measured in this study are con- 
sistent with those of Baker et al., who 
showed that reduced CO uptakes on Pt in 
the SMSI state cannot be attributed to sin- 
tering (45). In addition, increasing the tem- 
perature to 548 K resulted in a further de- 
crease in CO adsorption on Catalyst 0, 
which shows that activated adsorption can- 
not explain the low uptakes at 300 K (19). 
Finally, a decrease in the heat of adsorption 
of CO would facilitate its displacement by 
hydrogen. Methanation rates at 300 K are 
far too low to explain the decrease in band 
intensity by reaction of hydrogen with CO 
(46), and no evidence exists in the literature 
to indicate that adsorbed hydrogen and CO 
interact on Pt at 300 K to produce ir-inac- 
tive species (47, 48). 

As shown in Table 1, methanation TOF 
values are very dependent upon the support 
used and vary over two orders of magni- 
tude, with the PUTi (SMSI) catalysts rep- 
resenting the most active Pt catalysts re- 
ported to date, while Pt/Si02 catalysts are 
the least active. This trend is identical to 
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that for Pd (49), and the lower methanation 
activity obtained using silica, compared to 
alumina, has been observed by others (50). 
All catalysts except the most active SMSI 
catalyst exhibited strong HF bands, and 
these bands are especially intense and es- 
sentially independent of temperature and 
Hz pressure on Pt/A1203, Pt/SiOz, and Pt/ 
S-A. Catalysts A, B, and K have detectable 
LF bands during reaction, whereas Cata- 
lysts G, N, and 0 do not. The lack of corre- 
lation between activity and these ir-detect- 
able CO species and the observation that 
the most active methanation catalyst has 
the lowest surface concentration of CO 
have led us to conclude that neither the HF 
nor the LF CO species is directly involved 
in a rate-determining step in the methana- 
tion reaction. This proposition leads to the 
conclusion that the concentration of “ac- 
tive sites” on the SMSI Pt surface is quite 
low, based on CO surface coverages under 
reaction conditions calculated using extinc- 
tion coefficients for both linear and bridged 
CO (19), and only a very small fraction 
(l-2%, at most) of the surface Pt atoms 
constitute active sites for this reaction. A 
similar conclusion has been reached for Pd 
catalysts (49). Such active sites, which can 
consist of more than one atom, may be Pt 
atoms which can provide particularly high 
coordination with CO, such as step sites or 
kink sites. Hopster and Ibach examined the 
stepped 6( 111) x (111) Pt surface and found 
low concentrations of such sites, which 
gave higher CO binding energies and CO 
stretching frequencies of 1410 and 1560 
cm-* (41). Such low frequencies infer a 
greatly weakened C-O bond, which would 
lead to a higher probability of bond rupture 
on these surface sites. This bond rupture is 
very likely the rate-determining step on 
metals like Pt and Pd, which do not dissoci- 
ate CO readily (27, 49). Were this to be the 
case, the large surface concentrations of 
CO present under reaction conditions 
would have essentially no direct effect on 
reaction rates and, in fact, these species of 
CO actually inhibit methanation by their 

preferential adsorption over hydrogen, 
thereby blocking sites and decreasing sur- 
face concentrations of hydrogen. The H2 
partial pressure dependencies for methana- 
tion over Pt, which range between f and 1, 
are consistent with this supposition and, in 
addition, the rate enhancement on TiOz- 
supported Pt can be explained by this 
model, which is discussed in the second pa- 
per of this series (17). 

SUMMARY 

Infrared spectroscopy has been em- 
ployed to characterize adsorbed CO spe- 
cies under steady-state conditions in the 
presence of He or HZ. Under steady-state 
reaction conditions, ir spectra and kinetic 
data were obtained simultaneously using a 
new design for a combined ir reactor cell. 
Turnover frequencies on Pt were found to 
vary more than IOO-fold as the support ma- 
terial varied, and the activity ranking of 
these catalysts was: Pt/TiOz (SMSI) > Pt/ 
TiOz (LT) 2 Pt/-rl-AlzOj = Pt/SiOrA120j > 
Pt/SiOZ. Two principal ir bands were ob- 
served on Pt-a high-frequency band be- 
tween 2050 and 2080 cm-’ and a low-fre- 
quency band between 1780 and 1860 cm-‘. 
Except for TiOz-supported Pt, very similar 
behavior was observed-intense ir bands 
occurred which were nearly insensitive to 
temperature and the presence of HZ and 
these catalysts exhibited strong HF bands 
under reaction conditions. In contrast, the 
Pt/TiOZ (SMSI) catalyst showed almost no 
ir-detectable CO during reaction and, even 
more surprising, CO band intensities were 
markedly reduced at 300 K by the presence 
of Hz. This represented one of the most un- 
usual findings of this study. No obvious 
correlation was found between detectable 
CO species and specific activity; however, 
this study strongly infers that only a very 
small fraction of surface Pt atoms consti- 
tute active sites, and the higher activity oc- 
curring on the SMSI Pt/TiOz catalyst is at- 
tributed to a weakened CO-metal bond 
resulting in more competitive H2 chemi- 
sorption and higher surface concentrations 
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of hydrogen under reaction conditions. It is 
proposed that the active sites occur at step 
and kink sites which provide higher CO co- 
ordination and extremely low C-O stretch 
frequencies. 
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