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The thermal desorption of carbon monoxide from alumina-supported platinum has been studied
by monitoring of the infrared spectrum of adsorbed CO as the temperature is increased. For the 0.5,
1, 2, and 10 wt% Pt samples studied, the areas of the peaks in the linear region increased with
temperature until 100°C, whereupon they decreased steadily, reaching zero at about 400°C. The
rate of disappearance of linearly adsorbed CO had two maxima, one at about 150°C and the other at
about 250°C. The 0.5, 1, and 2% samples, which were fully dispersed, all displayed a peak at 2060
cm™!, with a shoulder at about 2078 cm~!. The 10% sample, which was 75% dispersed, had its main
peak at 2083 c¢m~! with a shoulder at 2069 cm~!. For all samples, these peaks shifted to lower
frequency as the temperature increased. The 2083 cm™! peak is attributed to CO linearly adsorbed
on Pt crystal faces, whereas the 2060 cm~' peak is attributed to CO adsorbed by Pt particles that do

not have extended crystal faces.

INTRODUCTION

Supported metal catalysts, despite their
long history of importance, have proven to
be intractable to detailed characterization.
Even such fundamental information as
metal particle size (average and distribu-
tion) is difficult to obtain and subject to
many biased errors (/-4). Infrared spec-
troscopy was brought to bear on this prob-
lem nearly 35 years ago (5), and has been
used heavily ever since. The spectrum of
adsorbed carbon monoxide has been of par-
ticular interest from a practical and theoret-
ical point of view. Nonetheless, there is still
controversy regarding the interpretation of
infrared spectra of adsorbed carbon monox-
ide.

In recent years it has become possible to
measure vibrational spectra of carbon mon-
oxide adsorbed by bulk platinum, either by
reflection—absorption infrared spectros-
copy (RAIR or IRAS) (6-13) or by electron
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energy loss spectroscopy (EELS) (14-16).
This has made it possible to determine the
vibrational spectrum of carbon monoxide
on particular crystal faces of platinum.
These data, in conjunction with other tech-
niques applicable to bulk samples, espe-
cially temperature-programmed desorption
(TPD or TDS) (17), are much less compli-
cated to interpret than those obtained from
supported platinum. An important theme in
current research in this field is to interpret
CO spectra from supported platinum in the
light of those from bulk platinum (18, 19).
The spectrum of CO adsorbed by oxide-
supported platinum displays peaks at fre-
quencies in the region 2040 to 2090 cm™!,
and, sometimes, by peaks in the region
1780 to 1860 cm~'. The 2040 to 2090 cm™!
peaks are attributed to linear CO, that is,
CO bound to a single platinum atom. The
1780 to 1860 cm~! peaks are attributed to
bridging CO, that is, CO bound to more
than one platinum atom (20). The assign-
ment of the bridged peaks had come under
attack (21), but is now generally accepted.
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The linear peak shifts to higher frequency
with increasing surface coverage (22-28).
Two mechanisms have been put forward to
account for this shift. One involves compe-
tition between adsorbed CO molecules for
back-bonding metal d electrons (21). The
other involves intermolecular vibrational
coupling (22-30). There is evidence that the
frequency of the linear band is an increas-
ing function of platinum particle size (31,
32). This observation has been rationalized
on the basis of competition for d electrons
between metal-CO back-bonds and metal-
metal bonds (32).

Table 1 summarizes vibrational spectro-
scopic studies of CO adsorbed by bulk plat-
inum. Linear bands have been found at fre-
quencies as low as 2065 cm~! for low
coverage at steps or kinks, and as high as
2107 cm! for full coverage on a flat (111)
surface. It is interesting that the (111)-ori-
ented polycrystalline ribbon gives a much
lower CO stretching frequency at low cov-
erage, and a much higher TPD maximum
than any of the single crystal samples. As
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with supported platinum, the linear peak
shifts to higher frequency with increasing
surface coverage, a phenomenon that has
been attributed to intermolecular vibra-
tional coupling (7). Bridged CO, when ob-
served, usually gives rise to bands in the
1840 to 1870 cm™! region, although some
lower frequencies have been noted and at-
tributed to three and fourfold bridges (8,
15).

One of the complications of the strong
interactions which CO molecules have with
platinum and with one another is that the
adsorbed layer is often nonuniform. This
nonuniformity sometimes manifests itself in
hysteresis in band position as a function of
adsorbate dose (6, 9). In a convincing dem-
onstration of nonuniform coverage on sup-
ported samples, it has been possible to mea-
sure spectra with peaks from both branches
of the hysteresis (33-35). Nonuniformity
can hamper efforts to vary surface cover-
age. The usual method for taking a series of
spectra of a supported metal with different
CO surface coverages is to admit measured

TABLE 1

Survey of IR and TPD Results for CO Adsorbed by Bulk Platinum

Surface C-O frequency (cm™!) Desorption Technique Comments Reference
maximum
Linear Bridge X)
(111)2 2065 — 21014 750 RAIR¢ Hysteresis in v vs 8 6, 7)
ain 2089 — 2105 1855 — 1871 460 EELS? vm_co at 393 cm™! (15)
11n 2079 — 2099 RAIR at 300 K an
(111 2107 - 2102 RAIR at 85 K 11y
2089 — 2091 un
(100) 2089 — 2093 Hysteresis 248 to 366 K [¢)
6(111) x (111) 2089 — 2105 1879 540, 440 Low bridge attributed to bottom (15)
of step (110)
1694 — 1718 EELS
4(111) X (100) 2065 — 2076 530, 410 RAIR at 85 K Low band decreases at high ¢ (10, 12)

2086 — 2097

(321) 2065 - 2095 1865 556, 436 RAIR Kinked surface 3(111) x 2(100) (16)
X (111)
(410) 2072 — 2090 RAIR 3
(111) 2074 — 2110 1840 — 1870 RAIR High bridge — twofold sites ®
1810 Low bridge — threefold sites

432) 2080 — 2094 550, 420 RAIR 4(111) x 3(111) kinked 10)

2072 — 2077

a Polycrystalline platinum; all others are single crystals.

& x — y represents change in frequency (v) as one goes from low to high coverage (6).

¢ Reflection absorption infrared spectroscopy.
4 Electron energy loss spectroscopy.
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doses of CO to an evacuated sample pellet.
If adsorption is sufficiently fast and strong,
the exterior regions of the pellet may be
saturated while the interior regions remain
bare (36). There are two approaches to cir-
cumvent this problem. In one approach the
nonuniformly dosed sample is isolated and
heated (‘‘annealed’’) to a temperature at
which the adsorbed CO can migrate freely;
then cooled and studied at room tempera-
ture (37). Another approach is to saturate
the entire sample with adsorbed CO and
vary the coverage by desorption. An exper-
imental realization of this approach is the
thermal desorption—infrared spectroscopy
technique that we have applied in this
work.

The technique of thermal desorption—in-
frared spectroscopy (TD-IR) for adsor-
bates seems to have been developed by
Miura and Gonzales (38), although there
are a number of examples of similar tech-
niques in the literature (22, 39). TD-IR was
recently applied to supported platinum by
Haaland (79). The technique can be applied
in either of two methods. In the first
method, adsorbate is admitted to the sam-
ple at a certain temperature, the sample is
then subjected to continuous purging or
evacuation, and the temperature is raised
steadily as spectra are taken at intervals. In
the second method, the adsorbate is admit-
ted at some elevated temperature, the sam-
ple is subjected to purging or evacuation at
constant temperature, and spectra are
taken at intervals. The advantage of the
second method is that a constant tempera-
ture provides a constant spectral back-
ground and hence produces more precise
results. Nonetheless, we have chosen the
first method, which has the advantage of
revealing the low-temperature behavior of
the adsorbate. Also, the experiments are
much faster, the desorption taking about 3
h instead of 30 h.

Our objective in this paper is to present a
detailed study of the influence of surface
coverage on the adsorption of carbon mon-
oxide under conditions that minimize the

influence of nonuniform surface coverage.
We have used samples similar in platinum
content to practical alumina-supported cat-
alysts. Another objective is to demonstrate
the usefulness of the TD-IR technique for
qualitative desorption studies of samples
that are difficult to study with ordinary TPD
0, 41).

EXPERIMENTAL METHODS

Catalyst samples were prepared by add-
ing the proper amount of an aqueous solu-
tion of chloroplatinic acid (5.035 wt% in
platinum) to 10 g of the support material,
aluminum oxide C (Degussa), and 150 ml of
water in a beaker. The mixture was stirred
at about 80°C until the liquid had evapo-
rated, then put into a 110°C drying oven
overnight. The resulting powder was
packed into a stainless-steel tube and sub-
Jjected to heating at 200°C in flowing nitro-
gen for 1 h and in flowing hydrogen for 5 h.
It was then cooled in flowing nitrogen, un-
packed, and stored. The blank alumina
sample was prepared by wetting a quantity
of support material and drying it at 120°C.
This was necessary because of the very low
bulk density of aluminum oxide C as sup-
plied. The 10% Pt/Al,0; sample had poor
infrared transmission, so a diluted sample
was used in infrared experiments. To pre-
pare the diluted sample, 0.200 g of 10% Pt/
Al,O; was ground with 0.896 g of alumina,
prepared as above, in a porcelain mortar
and pestle.

Chemisorption experiments were con-
ducted on a Micromeritics Accusorb 2100E
surface analyzer. The catalyst samples
were treated in situ three times with 104 to
109 kN/m? hydrogen at 200°C for about 1 h
each time, then evacuated overnight. Hy-
drogen adsorption was conducted at room
temperature with dosing pressures ranging
from 6.7 to 54 kN/m?2. H/Pt ratios were de-
termined by extrapolating the high-pressure
end of the isotherm to zero pressure.

Samples for infrared spectroscopy were
ground with a porcelain mortar and pestle,
passed through a 120-mesh sieve, and
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pressed between glassine sheets at 35.6 kN
in a 13-mm-diameter die. The pressed sam-
ple weighed between 20 and 30 mg. The
resulting self-supporting disk was mounted
in a quartz sample holder, which was
placed in an infrared cell. The cell was
based on a design of Kokes et al. (42). It
consisted of a quartz tube to which brass
end rings had been mounted with epoxy ce-
ment. Viton O-rings provided a gastight
seal between removable sodium chloride
windows and the end rings. The seals were
protected from high temperatures by cool-
ing water which flowed through channels in
the end rings. The windows were held in
place against the sealing rings with brass
retaining rings which screwed down over
the windows and end rings. Two tubes fit-
ted with PTFE stopcocks were sealed at
right angles to and near the ends of the main
quartz tube, serving to carry gases to and
from the cell. A thermocouple, sheathed
with stainless steel, was fed through a side
arm in the outlet tube and sealed with ep-
oxy cement. The end of the sheath, to
which the junction was grounded, was in
contact with the sample holder and served
to position it reproducibly. The main tube
of the cell was wrapped with heating tape
and insulated. Infrared studies were carried
out with a Perkin—-Elmer Model 1750
Fourier transform instrument equipped
with a DTGS detector.

Gases were fed to the cell via a gas
switching and purification system. The
“lines from the gas tanks to the system were
polyethylene, the lines in the system were
copper, and the fittings were brass. The
system was connected to the cell by a flexi-
ble braided stainless-steel line and an Ultra-
torr (Cajon), fitting. Helium and hydrogen
passed through traps containing (1) acti-
vated Oxy-absorbent (Alltech Associates),
(2) activated zeolite 3A, and (3) activated
10% MnO,/Cab-0O-Sil. The Oxy-absorbent
and zeolite traps were type 304 stainless
steel; the MnO, traps were glass. Carbon
monoxide was passed through an activated
zeolite 3A trap, and oxygen was used as

supplied. Gases were of standard grade and
were supplied by Airco.

At the beginning of each experimental
run the catalyst was subjected to the fol-
lowing activation procedure:

1. Flowing oxygen at 400°C for 60 min.
2. Purging with helium at 400°C for about
10 min.

3. Flowing hydrogen at 400°C for 30 min.

4. Purging with helium at 400°C for about
10 min.

. Flowing oxygen at 400°C for 90 min.

. Purging with helium at 400°C for about
10 min.

. Flowing hydrogen at 400°C for 90 min.

. Cooling to 300°C in flowing hydrogen.

. Flowing hydrogen at 300°C for 20 min.

. Switch to flowing helium and cooling
to room temperature.

A\ L
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Background spectra were taken at inter-
vals of about 100°C during the final cooling
step. The temperatures were maintained
constant while each background spectrum
was taken. Constant temperatures were
maintained with a temperature controller.
The programmed heating rate was main-
tained manually by adjusting a variable au-
totransformer. A fresh sample disk was
pressed for each run.

The experiments proceeded as follows:

1. Activate sample as above.

2. Switch to carbon monoxide at room
temperature for 5 min.

3. Purge with helium at room tempera-
ture for 5 min.

4. Program temperature at 2.5°C/min and
take spectra every 10°C.

The helium flow rate during the tempera-
ture-programmed part of the run was main-
tained at 3.2 mmol/min, except as noted.
The pressure in the cell was always 101
kPa.

Absorbance spectra were produced by
comparing each spectrum to the back-
ground taken at the temperature nearest to
that of the spectrum. The background was
multiplied or divided by a constant factor to
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achieve a good match in the region 2250 to
1650 cm~!. Then the difference routine was
applied, which provided a net absorbance
spectrum.

RESULTS

We have performed thermal desorption—
infrared spectroscopic studies of carbon
monoxide adsorption by alumina-supported
platinum catalysts containing 0.5, 1, 2, and
10% platinum by weight. Characterization
of these samples by hydrogen chemisorp-
tion, the results of which are presented in
Table 2, shows that the 0.5, 1, and 2% sam-
ples are fully dispersed (H/M = 1), while
the 10% sample is not fully dispersed (H/M
= 0.75).

Figures 1-4 show spectra, recorded at
different temperatures, of CO adsorbed by
the 1% catalyst. The room-temperature
spectrum displays a peak at 2060 cm™!, with
a shoulder at 2078 cm™! and a broad peak at
about 1800 cm~!. For clarity, we refer to
these peaks by their room-temperature po-
sitions. We might, for example, mention
the 2060 cm~! peak at 150°C, although the
actual position of the peak at this tempera-
ture is 2048 cm~!. Figure 1 shows that as
the temperature increases to 100°C, the
2060 cm™! peak increases in intensity and
shifts to lower frequency, the 2078 cm™!
shoulder remains unchanged, and the 1800
cm~! peak decreases in intensity and seems
to split into two peaks at 1845 and 1785
cm~!. Figure 2 shows that as the tempera-
ture increases to 180°C, the peaks at 2060
and 1800 cm™! decline in intensity. The

TABLE 2
Hydrogen
Chemisorption Results
Pt content H/Pt
0.5 1.20
1.0 1.29
2.0 1.26
10.0 0.75

ABSORBANCE

2200 2100 2000 1900 1800 1700
FREQUENCY (cm™)

F1G. 1. IR spectra, CO on 1% Pt/AL,O;: —, 30°C; ——,
50°C; ---, 70°C; —-—, 90°C.

2078 cm ™! shoulder seems to increase in in-
tensity, although this change may be appar-
ent only, as the shoulder moves closer to
the main peak. Both linear (above 2000
cm™!) peaks shift to lower frequency as the
temperature increases. Figure 3 shows that
from 190 to 240°C the 2078 cm™' shoulder
remains unchanged as the 2060 cm™! peak
continues to lose intensity and shift to
lower frequency. At 250°C the 2078 cm™!
peak resumes its decline and shifts to lower
frequency. At this temperature the removal
of the 2060 cm™! peak begins to reveal a
broad peak centered at about 2000 cm™'.
Figure 4 shows that at temperatures above
280°C the linear peaks lose their identity,
and only a single peak remains whose final
frequency is 2040 cm .

ABSORBANCE
P

e
e -
—

2200 2100 2000 1900 1800 1700

FREQUENCY {cm-1)

FiG. 2. IR spectra, CO on 1% Pt/ALO;: —, 110°C;
——, 130°C, ---, 150°C; —-—, 170°C.
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ABSORBANCE

2200 2100 2000 1900

FREQUENCY (cm-)

F16. 3. IR spectra, CO on 1% Pt/Al,0;: —, 190°C;
—, 210°C; ---, 230°C; —-—, 250°C.

The changes in integrated intensity for
the linear region, from 2120 to 1900 cm™!,
are illustrated graphically in Fig. 5 for the
1% sample. In this figure, we note that the
area goes through a maximum at 110°C and
declines monotonically thereafter, with
breaks in the curve at about 150 and 220°C.
Figure 6 shows plots of differences in the
areas (Ar — Ar;s) versus temperature (7).
These plots are, in effect, simulated tem-
perature-programmed desorption curves.
Each curve shows a minimum at 50-60°C
representing the temperature of maximum
intensity gain, and maxima at 120-150 and
250-300°C representing temperatures of
maximum intensity loss. The lower maxi-
mum occurs at about 150°C for the 0.5 and
1% samples, and at about 130°C for the 2
and 10% samples. ‘

Figure 7 shows the peak positions for lin-

ABSORBANCE

2000 1900
FREQUENCY {cm-1)

2200 2100 1800 1700

FiG. 4. IR spectra, CO on 1% Pt/Al,O05;: —, 270°C;
——, 290°C; ---, 310°C; —-—, 330°C; —--—, 350°C.

Area/Area oy

200 300

TEMPERATURE (°C)

o] 100 400

F1G. 5. Linear peak areas versus temperature, 1%
Pt/ALOs.

early adsorbed CO on the 1% sample plot-
ted against temperature. We caution the
reader that the apparent positions of unre-
solved peaks can be significantly different
from the true absorption maxima. The 2060
cm™! peak shifts to lower frequency about
at 0.1 cm~Y/K for the region from room tem-
perature to 150°C, whereupon it remains at
2046 cm~! until 200°C. At 200°C it continues
to shift, although above about 260°C it be-
comes difficult to quantify its exact posi-
tion. The 2078 cm~! peak seems to remain
at a constant frequency until 120°C, then it
begins to shift to lower frequency. There
seems to be a halt in the shift at about 200°C
and 2067 cm™!, but the difficulty of measur-
ing the position of a shoulder which has no
real maximum requires us to appeal to
other data.

The spectra of CO adsorbed on 1% Pt/

d{Area)
d(Temp)

200
TEMPERATURE (°C)

o] 100 300

Fi1G. 6. Peak area derivatives: O, 0.5% Pt; O, 1% Pt;
A, 2% Pt; A, 2% Pt fast flow; O, 10% Pt.
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Fic. 7. Peak positions versus temperature, 1%
Pt/ALO;.

ALOs are essentially the same as those of
CO adsorbed on 0.5% and 2% Pt/Al,O;, but
differ from those of CO adsorbed on 10%
Pt/Al,O;, some of which are shown in Fig.
8. At 30°C the 10% sample displays its main
peak at 2083 cm~! and a distinct shoulder at
2069 cm~!. The shoulder becomes less dis-
tinct above 150°C, although we have at-
tempted to follow it out to 220°C. The main
peak is quite clear, and can easily be fol-
lowed until it disappears above 380°C. If we
identify the main peak on this sample with
the shoulder on the 1% Pt/Al,O; sample,
and vice versa, then we can use the main
peak positions for the 10% sample, shown
in Fig. 9, to check the results for the shoul-
der positions of the 1% sample, shown in
Fig. 7. Figure 9 unambiguously shows the
halt at 200°C in the frequency shift of the

ABSORBANCE

2100

2000 1900 1800 1700

FREQUENCY (cm-1}

FiG. 8. IR spectra, CO on 10% Pt/ALO;: —, 30°C;

-, 70°C; ---, 100°C; —-—, 130°C; - --, 170°C;
—--—, 200°C; ==, 230°C; -+, 270°C; —- - —, 300°C; - - - -,
330°C; ------ , 370°C.
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2060

2050}
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2040

0 . .
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200 300
TEMPERATURE (°C)

400

FiG. 9. Peak positions versus temperature, 10%
Pt/Ale3

higher peak which we had seen less clearly
in Fig. 7. In addition, this figure seems to
show a break in the curve at 100°C.

In an effort to assess the influence of
readsorption on these results, we per-
formed a TD-IR experiment on the 2% Pt/
AlLO; with the helium flow rate increased
by a factor of nearly 3 (to 9.1 mmol/min).
As shown in Fig. 6, this did not affect the
results significantly.

A sample of alumina without platinum,
subjected to an abbreviated activation se-
quence, displayed no peaks in the region
2250 to 1650 cm~! after exposure to CO and
purging at room temperature.

DISCUSSION

Our results plainly show that TD-IR can
reveal qualitative details in the desorption
curve that traditional TPD cannot. In par-
ticular, we noted a sharp low-temperature
maximum and a broad high-temperature
maximum. These results are in rough agree-
ment with TPD results for CO on bulk plati-
num, summarized in Table 1. The apparent
tendency for the lower maximum to occur
at lower temperature for the more heavily
loaded samples suggests that the adsorption
strength depends on particle size. Tradi-
tional TPD curves for CO adsorbed by sup-
ported platinum generally have a single
very broad maximum (40), doubtless be-
cause of extensive readsorption. It is im-
portant to realize that there is no reason to
suppose that the absorptivity of adsorbed
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CO remains constant with surface cover-
age. Nor can it be assumed that all of the
species giving rise to absorption in the lin-
ear region have the same absorptivity. Thus
these curves are to be interpreted in a quali-
tative sense only.

One interesting result we report here is
the increase in the integrated intensity of
the peaks due to linearly adsorbed CO as
the temperature increases from 30 to 100°C.
As no additional CO is admitted to the sys-
tem, there are only three possible explana-
tions for this increase: either the absorptiv-
ity of some of the linearly adsorbed CO is
enhanced, or CO which is not linearly ad-
sorbed is converted to the linear form, or
CO adsorbed by the support could migrate
to the metal. This last explanation seems
unlikely in that we did not observe any
band attributable to CO adsorbed by alu-
mina after room-temperature helium purg-
ing prior to temperature programming.
Also, preliminary results on silica-sup-
ported platinum show a similar increase in
the intensity of the linear peaks. Absorptiv-
ity enhancement might be rationalized by
supposing that adsorbed molecules couid
migrate, under the influence of the in-
creased temperature, to sites where their
absorptivity is enhanced, for example, sites
at steps (43). For migration to occur, there
must be vacant sites. It is reasonable to
suppose that some sites would be vacant
after purging in light of Haaland’s ob-

servation that alumina-supported platinum

is not saturated with adsorbed CO, even at
a CO partial pressure as high as 10 kPa (19).
If we assume that all sites are occupied
when the sample is treated with 101 kPa of
CO at room temperature, we must infer that
the absorptivity enhancement sites are va-
cated upon purging at low temperature, and
are the sites of the most weakly held CO.
But step sites are known to absorb CO
more strongly than flat sites (12, 13, 15, 16,
44). In general, the idea of sites which ad-
sorb CO weakly but which cause enhanced
absorptivity seems implausible. Another
explanation could be that absorptivity en-
hancement is due to a decrease in the local
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population of adsorbed CO. If the adsorbed
CO is compressed into islands at low tem-
perature, raising the temperature might
cause relaxation into a less compressed
layer with, perhaps, higher absorptivity.
The absorptivity of linearly adsorbed CO
has been observed to decrease with increas-
ing coverage (45). Whether islands do, in
fact, form at room temperature is still an
open question (23, 46).

Another possible explanation for the in-
crease in linear band intensity with temper-
ature is that some of the bridged CO could
be converted to the linear form. Figure 1
shows that the peaks in the bridge region do
lose intensity as the temperature is raised,
although we are reluctant to quantify this
because the background in this region
changes significantly in this temperature
range. Conversion of bridged CO to linear
CO could be due to a decrease in the local
coverage. On the (111) surface of platinum,
bridging is observed only at coverages in
excess of 0.33, and it has been associated
with a change in the structure of the ad-
sorbed layer (8, /4, 15, 47). It is reasonable
to suppose that when the local surface con-
centration of CO is decreased, the high-
coverage type layer could relax to the low-
coverage structure with concomitant
conversion of bridged CO to the linear
form. We offer this scenario as an example
rather than as a specific mechanism. As we
shall show, it is not always safe to general-
ize results from bulk platinum to supported
platinum. The last explanation is the most
plausible in that it accounts for the ob-
served increase in linear band intensity and
loss in bridge band intensity.

The frequency of the main peak for the
fully dispersed samples (0.5, 1, and 2% Pt/
Al,O,) cannot be accounted for on the basis
of adsorption by platinum crystal faces.
The C-O stretching frequency has been
measured on the (111), (100), 6(111) X
(111), 4(111) x (100), (321), and (410) faces
of platinum; Table 1 summarizes the
results. In no case has a peak as low as 2060
cm™~! been observed. At high coverage, all
of these faces give rise to peaks between
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2090 and 2110 cm™'. We infer from this that
the peak we observed at 2060 cm~! which
shifts to lower frequency at higher tempera-
ture is due to adsorption by platinum parti-
cles that do not have extended crystal
faces, either because they are too small or
because of their morphologies. The large
displacement of the frequency of CO ad-
sorbed by such particles compared to CO
adsorbed by bulk platinum may be due to
an intrinsic particle size effect or to a sup-
port effect. We have a preliminary indica-
tion that CO adsorbed by fully dispersed
platinum on titania also gives rise to a peak
at 2060 cm~!, which suggests that the parti-
cle size is mainly responsible for the dis-
placement.

The higher-frequency (2080 cm™!) peak
may well be due to adsorption on crystal-
line platinum. Its frequency lies in the range
reported for linear adsorption on bulk plati-
num, and its intensity is markedly en-
hanced on the 10% Pt/Al,O; sample, whose
dispersion has been measured to be 75%.
The presence of both peaks on all of our
samples suggests that the platinum particle
sizes are broadly distributed. On a commer-
cial catalyst with a large (40 A) average par-
ticle size, Haaland (/9) reports a peak at
2075 cm™! with a broad shoulder at about
2025 cm™!. This is very similar to our obser-
vations, except that his sample does not
display the 2060 cm~! peak which we ob-
serve, suggesting that his sample does not
contain significant amounts of very highly
dispersed platinum. Also, we could not ob-
serve the 2025 cm™! peak until 250°C, by
which time it had shifted to 2000 cm~!, al-
though, in retrospect, we would note a tail
on the 2060 cm™! peak, visible in Fig. 8,
may well be the 2025 cm™! peak observed
by Haaland.

Haaland has attributed the peak at 2025
cm~! to adsorption on steps. RAIR and
EELS studies on bulk platinum lend little
support to this assignment. On Pt 6(111) X
(111) Hopster and Ibach (I5) reported, on
the basis of EELS studies, that CO ad-
sorbed at both steps and terraces had a fre-
quency of 2089 cm~1. On Pt 4(111) x (100),

Hayden et al. reported a frequency of 2065
cm™!, shifting to 2076 with increasing cov-
erage, for CO adsorbed at steps (12). The
peak at 2025 cm~!, shifting lower on de-
sorption, seems too low in frequency to be
identified with adsorption on steps. It
seems more likely that this peak is due to
adsorption of CO by sites not found on ex-
tended crystals. Such sites could be corners
or sites in the vicinity of electrically active
centers on the support.

Like Haaland, we see two peaks in the
bridge region, one at 1845 c¢cm™! and the
other at 1760 to 1780 cm~!. Haaland assigns
the higher peak to CO in twofold bridge
sites, and the lower peak to CO in threefold
hollow sites. The frequency of the higher
peak is in good agreement with the 1840-
1857 cm~! measured by Hayden and Brad-
shaw (8) using RAIR on Pt(111), but the
lower peak differs from the 1810 cm™! peak
which they measured. Because of interfer-
ence from water vapor, it is difficult to get
precise results from either transmission or
RAIR in this region of the spectrum. It is
likely that when spectra with the detail at-
tained by Hayden and Bradshaw are ob-
tained on other crystal faces they will pro-
vide further enlightenment.

The shifting of the linear peaks to lower
frequency with decreasing coverage is con-
sistent with the literature. This has usually
been interpreted as resulting from decreas-
ing coupling among oscillating adsorbed
CO molecules (7, 22, 29). A study of CO
adsorption by Pt(111) at low temperature,
in which two nonshifting bands were ob-
served to change in relative intensity as the
coverage changed (/7), and one involving
adsorption of a single CO molecule per par-
ticle (30) suggest that this interpretation
may not be the whole story.

On the basis of this study we conclude
that there are two thermal desorption max-
ima for CO adsorbed by alumina-supported
platinum, one at 130 to 150°C and the other
at about 250°C. We further conclude that
the peak at 2080 cm~! may be due to CO
adsorption on a platinum crystal face. The
peak at 2060 cm™! is due to CO adsorbed by
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small platinum particles, and the peak at
2025 cm~! may be due to CO adsorbed by
platinum which interacts with the support.
Neither the 2060 cm~! peak nor the 2025
cm~! peak can be attributed to CO adsorbed
on crystal faces; these peaks have no ana-
logs on bulk platinum.
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