JOURNAL OF CATALYSIS 81, 358-368 (1983)

Identification of a Weak Adsorption State of Carbon Monoxide on
Highly Dispersed, Alumina-Supported Platinum

RicHARD K. HErz AND DAvVID F. MCCREADY
Physical Chemistry Department, General Motors Research Laboratories, Warren, Michigan 48090

Received October 5, 1982

Temperature-programmed desorption of CO from 0.1 wt% Pt/Al,0; was measured as a thin wafer
of the material was heated in vacuum. At a Pt dispersion of 100% (CO/Pt = 0.92), a relatively tall,
narrow CO desorption peak was obtained at low temperatures (355 K at 0.93 K s™!) followed by a
low, broad desorption band extending to 750 K. As the Pt dispersion decreased to 80% (CO/Pt =
0.70) and then 70% (CO/Pt = 0.64) as a result of pretreatment in O, and H;, the fraction of CO that
desorbed in the low-temperature peak decreased and the fraction of CO that desorbed in the broad
desorption band increased. At Pt dispersions below 40%, only a broad desorption band was ob-
tained, a result which is in agreement with data reported by others. The low-temperature peak is
interpreted as desorption of CO from very small Pt particles (<20 atoms, <1.1 nm) supported on
transitional Al,O,. The broad desorption band is interpreted as CO desorption from larger Pt
particles. Results from experiments performed at different heating rates indicate that the enthalpy
of CO adsorption in the state that corresponds to the low-temperature peak is 74 = 4 kJ mol~!, an
adsorption energy which is lower than energies obtained from measurements of CO desorption

from Pt single crystal surfaces.

INTRODUCTION

The technique of temperature-pro-
grammed desorption, or thermal desorp-
tion, has been used to provide quantitative
measurements of the bond energies be-
tween CO and adsorption sites on the sur-
faces of Pt single crystals. Although the
technique has been applied in several in-
stances (/-6) to the study of CO chemi-
sorption on Pt that is dispersed over porous
supports, there has been no quantitative
analysis of the desorption data for two rea-
sons. One reason is that most of the tem-
perature-programmed desorption (TPD)
curves that have been measured do not
show well-resolved peaks corresponding to
desorption from discrete CO-Pt adsorption
sites. The second reason is that the quanti-
tative analysis of TPD results obtained with
porous adsorbents is complicated by the
possible presence of competition between
adsorption and desorption during an experi-
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ment. In a previous report (/) we have
shown that CO adsorption will compete
with desorption to the extent that adsorp-
tion equilibrium is closely approached dur-
ing TPD of CO from porous Pt/Al,Os. In
this report we (1) describe a novel experi-
mental TPD apparatus, (2) present results
for the TPD of CO from porous Pt/Al,O;
with different Pt dispersions, and (3) iden-
tify a well-resolved, low-temperature TPD
peak over highly dispersed Pt.

The narrow width of the low-temperature
TPD peak indicates that the corresponding
adsorption state chemisorbs CO with a rela-
tively uniform bond energy. Quantitative
analysis of heating-rate-variation experi-
ments shows that this adsorption state
chemisorbs CO weakly relative to CO ad-
sorption over less well-dispersed supported
Pt and bulk Pt metal. Our identification of
the low-temperature TPD peak and its cor-
responding weak CO adsorption state con-
firms the qualitative observations of Roth-
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schild and Yao (7). Their ‘‘outgassing’’
experiments and related work by Poppa
and co-workers (8, 9) with metal on nonpo-
rous supports are considered in relation to
our results in the Discussion section.

EXPERIMENTAL
Materials

The 0.1-wt% Pt/Al;0; was prepared by
impregnation of granules 0.12-0.15 mm in
size of high purity transitional Al,O; (110 m?
g~!, Davison Chemical Co.) to incipient
wetness with aqueous H,PtCle. After dry-
ing in air at ambient temperature for 3 h and
in a vacuum oven at 393 K for 16 h, the
sample was heated in flowing dry air at 773
K for 3 h and then in flowing wet air (air
flowed through a bubbler at ambient tem-
perature) at 773 K for 20 h. The 1.0-wt% Pt/
AlLO; was impregnated and dried by the
same procedure, and then heated in flowing
dry air at 773 K for 4 h. Pt loadings were
confirmed by atomic absorption spectros-
copy. Granules of Pt/Al,O; were ground to
powder before sample wafers were
pressed.

High purity O, (99.995%) and H,
(99.999%) were used to pretreat Pt/Al,O;
samples. O, flowed through a Drierite trap
and a zeolite trap, and H; flowed through an
Oxisorb cartridge (Analabs, Inc.). CO (93%
13CO, 7% 2CO; Merck, Inc.) was contained
in a glass bulb.

Apparatus

A schematic diagram of the apparatus is
shown in Fig. 1. A sample in the form of a
rectangular wafer is located ina 7.4-mm i.d.
quartz tube and is heated by radiation from
two tungsten lamps. For the limiting case in
which all radiation is absorbed by the outer
surface of a sample, we estimate that tem-
perature gradients within the sample are
negligible (<0.1 K) at the heating rates used
here (0.21-2.4 K s71).

A wafer is prepared by pressing sample
powder around a bare chromel-alumel ther-
mocouple (0.05-mm diameter wires). The
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FiG. 1. Schematic of the apparatus used to measure
the temperature-programmed desorption (TPD) of CO
from porous Pt/Al,O, into vacuum. Sample powder is
pressed around a fine thermocouple into the form of a
thin wafer. The sample is pretreated in atmospheric-
pressure O, and H; before adsorption of *CO. Radia-
tion from tungsten lamps is used to heat the sample in
the evacuated quartz tube, and CO desorbs and is
measured by a mass spectrometer.

0.1-wt% Pt/ALO, wafer was 11.6 mm long,
6.0 mm wide, and 0.17 mm thick; it weighed
14 mg (not including thermocouple) and
contained about 15,000 cm? of AL,O; sur-
face and 40 cm? of Pt surface. The fine ther-
mocouple wires protruding from a wafer
are spot-welded to 0.25-mm diameter wires
of the same composition. A wafer is sup-
ported by the thermocouple leads on one
end and contact between its corners and the
quartz tube on the other end. The 0.25-mm
thermocouple leads pass through a 2 hole,
3.2-mm o.d. alumina insulator to connec-
tions outside the quartz tube. High vacuum
epoxy seals the holes in the end of the alu-
mina insulator that is located outside of the
quartz tube. O-ring fittings are used to
make vacuum-tight connections between
the quartz tube, the alumina insulator, and
the rest of the system.

A 15-mm i.d. right-angle valve connects
the quartz TPD cell to a vacuum chamber
which houses a quadrupole mass spectrom-
eter. The chamber is pumped by a liquid-
nitrogen-trapped diffusion pump and has a
base pressure in the low 10~7-Pa range. The
TPD cell also has connections which allow
pretreatment of a sample in flowing atmo-
spheric-pressure H, and O,, dosing of the
sample with CO, and rough evacuation of
the cell by a rotary pump through a liquid-
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nitrogen-cooled trap and a zeolite trap
(rough-vacuum line not shown in Fig. 1).
The glass bulb filled with '*CO is connected
through two valves to the TPD cell. A sam-
ple is dosed by first filling the short line
between the two valves with CO and then
expanding this gas into the cell. A capaci-
tance manometer measures the pressure in
the cell during dosing of the sample.

The time constants which characterize
the rate of accumulation of gaseous CO in
the TPD cell and in the vacuum chamber by
flow of CO were determined to be 0.04 and
0.3 s, respectively. The values of these time
constants are small with respect to the
times over which changes in net CO de-
sorption rates occurred during our TPD ex-
periments. Thus, the changes in net CO de-
sorption rates we measured were
determined only by processes occurring
within the sample, that is, our TPD curves
were not distorted by ‘‘flow lags™ in the
TPD cell or the vacuum chamber. The time
constant of the TPD cell was estimated by
dividing the measured volume of the cell
(34 cm?) by the calculated conductance of
the quartz tube for CO at 300 K (800 cm?
s™1). The time constant of the vacuum
chamber was determined by measuring the
exponential response of the concentration
of N; in the chamber following the rapid
opening and closing of a piezoelectric leak
valve. The volumetric flow rate (pumping
speed) from the chamber was determined to
be 1.3 X 104 cm? s7! by dividing the mea-
sured volume of the chamber (4 x 10° cm?)
by the time constant.

A microcomputer is interfaced to the
sample thermocouple, the programmable
DC supply that powers the heating lamps,
and the mass spectrometer. During a TPD
experiment, the computer increases the
power supplied to the heating lamps, re-
cords the sample temperature, scans prese-
lected quadrupole mass/charge settings,
and records the signals at these settings.
The mass spectrometer signal is processed
by a logarithmic amplifier before being read
by the computer’s 12-bit A/D converter;
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this procedure provides better than 1% res-
olution of changes in mass peak heights
over a wide range of peak heights.

A reference leak of N is used to set the
sensitivity of the mass spectrometer to a
constant level before each experiment. The
response of the spectrometer to CO was de-
termined by recording and integrating the
mass 29(28) signal obtained by desorption
of BCO(12CO) from a 1-wt% Pt/Al,O; wafer
of known weight. The CO chemisorption
capacity of the Pt/Al,O; had been deter-
mined previously in a volumetric chemi-
sorption apparatus, so the integrated mass
spectrometer signal (V s) could be related
to a known quantity of CO (mol). We then
determined the relationship between the in-
stantaneous signal (V) and the CO concen-
tration in the vacuum chamber (mol cm™—3)
by making the assumption that the response
of the mass spectrometer is linear and by
dividing the amount of CO that was de-
sorbed in the calibration experiment (mol)
by the volumetric flow rate from the cham-
ber (cm?® s71).

Procedure

At the start of a set of TPD experiments,
the 0.1-wt% Pt/Al,O; sample was given pre-
treatments in O, (to remove carbonaceous
deposits) and H; (to remove oxygen). First
a flow of atmospheric-pressure O, was
started through the cell and the sample tem-
perature was increased at a rate of 0.33 K
s 1to 773 K. After 0.5 h at 773 K in O,, the
cell was evacuated and the sample was al-
lowed to cool rapidly to ambient tempera-
ture. Next a flow of atmospheric-pressure
H, was started, and the sample temperature
was increased at 0.33 K s~! to 573 K. After
1 h at 573 K in H,, conditions sufficient to
remove all oxygen from Al,Os-supported Pt
(10), the cell was evacuated and the sample
temperature was increased at 1 K s~! to 793
K. The sample was degassed in vacuum for
1 h at 793 K and then allowed to cool rap-
idly to ambient temperature.

At the start of a TPD experiment, the
sample was saturated with CO at ambient
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temperature by expanding CO into the cell
to a pressure of 2.9 kPa (22 Torr). The CO
was then pumped out through the rough-
vacuum line and the cell was opened to the
mass spectrometer chamber. We found that
our results were insensitive to changes in
the dosing pressure, the length of time CO
was exposed to the sample, and the evacua-
tion time. Signals at the following mass/
charge ratios were recorded during each ex-
periment as the sample was heated: 2, 18,
28, 29, 44, and 45. These mass settings were
chosen to follow the desorption of H,, H,0,
12CO, BCO, 2CO,, and 3CO,, respectively.
No desorption of H, or H,O was detected
during the experiments reported here.
Mass/charge ratios 15 and 32 were also
monitored during some experiments; how-
ever, no changes in signal were detected at
these mass settings (i.e., no desorption of
CH4 or 02)

Using the mass spectrometer calibration,
we determined the molar concentration of
CO that was present in the mass spectrome-
ter chamber as a function of time during a
TPD experiment. The product of the CO
concentration in the chamber (mol ¢m™—3)
and the volumetric flow rate from the cham-
ber (cm?® s~!) equals the molar flow rate of
CO from the TPD cell (mol s~!). The ratio
of the molar flow rate of CO to the esti-
mated volumetric flow rate from the cell at
300 K (cm? s71) equals the estimated CO
concentration in the cell, C®f (mol cm™3).
TPD results are presented below as plots of
C™ versus time. Strictly, C™f only approxi-
mates the actual concentration when the
temperature of the CO in the cell remains at
300 K. Although the temperatures of the
quartz tube and the enclosed CO increase
to unknown extents during an experiment,
C™ is characteristic of the actual CO con-
centration that was established over the
sample, and the product of Ct<f and the esti-
mated flow rate from the cell equals the
measured net rate of CO desorption from
the sample. Numerical simulations per-
formed with modifications of the mathemat-
ical model we have described previously
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(1) demonstrate that the temperature of the
CO surrounding a sample wafer does not
affect the shapes or positions (with respect
to time and sample temperature) of TPD
peaks.

RESULTS
CO Desorption from Blank Al,Os

The amount of CO that desorbs from the
transitional ALOj; is less than 10% of the
amount of CO that desorbs from the 0.1-
wt% Pt/Al,0; after both materials have
been degassed at 793 K and dosed with CO
at ambient temperature (standard proce-
dure). CO desorbs from the Al,O; in a nar-
row peak with a maximum at 361 K at a
heating rate of 1 K s,

CO, Desorption

The amount of CO, that desorbed from
0.1-wt% Pt/Al,O; following dosing with CO
was about 20% of the amount of CO that
desorbed. The source of this CO, was resid-
ual 2CQ, in the TPD cell and 2CO, and
BCO, impurities in the CO bulb that ad-
sorbed on the AlL,O;. Observations which
support this statement will be discussed
here in some detail to answer questions
about the possibility of CO, formation by
CO dissociation and disproportionation.

First, the ratio of 12CO, to *CO, was 3.0
during CO TPD, whereas the ratio of 2CO
to BCO was 0.08. A comparison of these
ratios shows that most of the 12CQO, that de-
sorbed could not have been formed by reac-
tion of CO but must have come from resid-
ual 12CO; in the cell and/or impurities in the
CO bulb. Second, the result that the same
amount of CO, desorbed from blank ALO;,
0.1-wt% Pt/Al,0;, and 1-wt% Pt/AL,O; fol-
lowing dosing with CO indicates that Pt was
not involved.

Third, both the 2CO, and the *CO, de-
sorption curves measured over Pt/Al,Os
during CO TPD experiments look like the
CO;, desorption curve measured after delib-
erate CO, adsorption on blank ALO;: a
curve peaking at 375 K and tailing off grad-
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ually at higher temperatures. This means
that if CO; were formed by reaction of CO,
the reaction must have occurred below 375
K. CO dissociation and disproportionation
are not likely to occur over Pt below 375 K.
In addition, these reactions deposit carbon
which would have decreased the amount of
CO adsorbed and desorbed in successive
TPD experiments (/1); however, we did
not observe a decrease in CO desorption
during successive experiments. Oxidation
of CO by H,O adsorbed on Al,O; results in
CO, formation and desorption over a tem-
perature range substantially higher than the
range over which we have measured CO,
desorption during TPD of CO (2).

All of these observations support the
conclusion that adsorption by Al,O; of re-
sidual 2CO; in the cell and of 2CO, and
BCO, impurities in the CO bulb was respon-
sible for the CO, desorption that we ob-
served over Pt/Al;0; during CO TPD ex-
periments. We were not able to detect the
CO; impurities in the CO bulb directly with
the mass spectrometer. The relatively
strong adsorption of CO; on ALOs (12) and
the high surface area ratio of Al,O; to Pt
(about 370 for the 0.1-wt% Pt/Al,03) are the
probable reasons that the ratio of CO; to
CO during TPD is greater than the ratio
present in the CO bulb.

CO Desorption from Pt/ALO,

Figure 2 presents the results of three ex-
periments performed with one 0.1-wt% Pt/
ALO; sample: curve 1 was obtained after
one O-H; pretreatment, curve 2 was ob-
tained after two pretreatments and inter-
vening TPD experiments, and curve 3 was
obtained after three pretreatments and in-
tervening TPD experiments. The CO con-
centration in the TPD cell over the external
surface of the sample is plotted versus time
in the figure. The scale on the right hand
side of the plot gives the equivalent pres-
sure of CO in the cell (1 Torr = 133 Pa), and
the scale on the top of the plot gives the
sample temperature. All three experiments
were performed under the same experimen-
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FiG. 2. Experimental measurements of the TPD of
CO from 0.1-wt% Pt/Al,O; at a heating rate of 0.93 K
s~1. The sample wafer was 0.17 mm thick and weighed
14 mg. The C*¥ and P=f are estimated concentration
and equivalent pressure of CO over the external sur-
face of the sample and are directly proportional to the
measured net rate of CO desorption. The ratio of the
total number of CO molecules adsorbed and desorbed
to the total number of Pt atoms in the sample was 0.92
for curve 1, 0.70 for curve 2, and 0.64 for curve 3.

tal conditions; the rate of increase in sam-
ple temperature was 0.93 K s71.

In each of the experiments, a relatively
narrow, well-defined peak was obtained at
low temperatures followed by a low, broad
plateau or desorption band. The maxima of
the low-temperature peaks are located at
355 K. The CO pressure over the external
surface of the sample at the top of the peak
in curve 1 was 1.1 X 105 Torr. At the same
point, numerical simulations of the experi-
ment indicate that the CO pressure at the
center of the wafer was higher (about 1073
Torr) as a result of the limited rate of CO
diffusion out of the wafer.

The product of the area under a curve
and the estimated volumetric flow rate from
the cell equals the amount of CO that de-
sorbed during the experiment. Note that
one effect of an O~H, pretreatment was to
reduce the amount of CO that desorbed in
the subsequent TPD experiment. In addi-
tion to the experiments shown in Fig. 2,
other TPD experiments, at the same heat-
ing rate and at higher and lower heating
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rates, were performed following each pre-
treatment. The results obtained during up
to six successive TPD experiments per-
formed between two pretreatments were
essentially identical, differing by no more
than a few percent in both desorption rate
at a given time and the total quantity of CO
desorbed. This reproducibility indicates
that CO could be adsorbed and desorbed
repeatedly without deactivation of the sam-
ple, for example, by carbon deposition from
disproportionation of CO or decomposition
of trace hydrocarbons.

Since no deactivation of the sample oc-
curred during an experiment, the number of
CO molecules desorbed equals the number
of CO molecules adsorbed initially and not
removed by evacuation. The caption of Fig.
2 lists, for each experiment, the ratio (CO/
Pt) of the number of adsorbed CO mole-
cules to the total number of Pt atoms in the
sample wafer. Under the assumption that
Pt was not poisoned during the pretreat-
ments, the changes in the CO/Pt ratios indi-
cate that the pretreatments caused an in-
crease in the average size of the Pt particles
in the sample and a resulting decrease in the
fraction of Pt atoms that were exposed on
the surfaces of the particles. The maximum

number of CO molecules that adsorb per

surface Pt atom has been determined to be
0.87 + 0.07 (10, 13, 14) for supported Pt
particles with average sizes smaller than S
nm. (The CO/surface Pt ratio decreases to
about 0.5 for larger supported Pt particles,
i.e., for Pt dispersions <20%, 14). Dividing
our CO/total Pt ratios by this CO/surface
Pt ratio, we estimate that the percentage
exposed or dispersion of the Pt was 100%
(curve 1), 80% (curve 2), and 70% (curve 3)
during the experiments shown in Fig. 2.
As the CO/Pt ratio decreased, the
amount of CO that desorbed in the well-
defined low-temperature peak decreased
and the amount of CO that desorbed at
times greater than 350 s (600 K) increased.
When the curves in Fig. 2 are scaled so that
they have the same:area, curve 3 lies below
curve 1 between 0 and 157 s (300-420 K)
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and lies above curve 1 at times greater than
157 s. Curve 2 crosses above curve 1 at 233
s (485 K). These comparisons indicate that,
as the Pt dispersion decreased, the fraction
of CO that desorbed in the low-temperature
peak decreased and the fraction of the CO
that desorbed in the broad desorption band
increased.

Changes in the chloride content of the
sample or incomplete reduction of the Pt
were not responsible for the behavior we
have observed. The chloride contents of
two separate portions of the 0.1-wt% Pt/
Al;O,, one given one Or-H, pretreatment
and one given three pretreatments, were
both 0.07 wt%. The infrared spectrum of
CO adsorbed on the 0.1-wt% Pt/Al,O; was
characteristic of reduced, supported Pt.

We have also performed TPD experi-
ments with 1.0-wt% Pt/Al,O; of varying dis-
persion and have obtained results similar to
those for the 0.1-wt% sample. Over a 0.37-
mm-thick 1.0-wt% Pt/ALLO; wafer with high
Pt dispersion, the low-temperature peak is
broader and the peak maximum occurs at a
higher temperature than over the 0.17-mm-
thick 0.1-wt% wafer. The width of the peak
at half height is 125 K over the 1.0-wt%
sample and 75 K over the 0.1-wt% sample.
The peak maximum occurs at 407 K over
the 1.0-wt% sample and at 355 K over the
0.1-wt% sample. This broadening and shift
of the peak is an expected result of the in-
teraction between CQ diffusion, adsorp-
tion, and desorption (1) and probably does
not réflect differences in the intrinsic ad-
sorption properties of the Pt.

At Pt dispersions below 40%, we do not
observe a well-resolved low-temperature
desorption peak. This result is in agreement
with the data of Foger and Anderson (2) for
CO desorption from a 0.9-wt% Pt/AL,0,
sample with a Pt dispersion of 40%. (They
measured an H/Pt ratio of 0.42 by H, chemi-
sorption, a CO/Pt ratio of 0.35, and an aver-
age Pt particle size of 2.3 = 0.5 nm by elec-
tron microscopy.) In Fig. 3 we compare the
TPD data reported by Foger and Anderson
for desorption into flowing He (dashed
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FiG. 3. Dashed curve: data of Foger and Anderson
(2) for TPD of CO into flowing He from 0.9-wt% Pt/
AlLO; with a Pt dispersion of 40%; the heating rate was
0.6 K s~1. CO desorption from blank Al,O; was sub-
tracted when plotting the dashed curve. Solid curve:
TPD of CO into vacuum from 1.0-wt% Pt/Al,O; with a
Pt dispersion of 30-40%; the heating rate was 1 K s1,
CO desorption from blank Al,O; was negligible with
respect to the solid curve.

curve) to our results for desorption from
intermediate-dispersion (30-40%) 1.0-wt%
Pt/Al,O; into vacuum (solid curve; the sam-
ple had been exposed to a series of pretreat-
ments after preparation, the most recent
was in H, at 673 K). Only the general
shapes of the curves can be compared be-
cause of the vastly different experimental
conditions (I). Higher CO concentrations
were established over the Pt/AlL,O; during
desorption into flowing He; as a result, the
dashed curve is shifted to higher tempera-
ture with respect to the solid curve. We
propose that the desorption-rate maximum
present in both curves at about 390 K is
related to the low-temperature peak we
have observed and is associated with de-
sorption of CO from the smallest Pt parti-
cles present in the samples.

Experiments were performed to deter-
mine the enthalpy of CO adsorption in the
adsorption state that is associated with the
low-temperature TPD peak. In Fig. 4, TPD
curves are shown which were obtained at
three different heating rates. The experi-
ments were performed when the dispersion
was 80% (CO/Pt = 0.70). Three experi-
ments were performed at the two higher
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FiG. 4. Experimental measurements of the TPD of
CO from 0.1-wt% Pt/Al,O; with a CO/Pt ratio of 0.70.
The temperatures at the peak maxima and the heating
rates are (A) 337 K and 0.21 K 57, (B) 355 K and 0.93
K s !, and (C) 367 K and 2.4 K s7!.

heating rates and two were performed at
the lowest rate to ensure reproducibility.
Note that the concentration, pressure, and
time scales are different for each curve.
The temperatures at the peak maxima, Ty,
are (A) 337 K at a heating rate of 0.21 K s/,
(B)355 K at arate of 0.93 K s~!, and (C) 367
K at a rate of 2.4 K s~!. For the case of
adsorption equilibrium, a linear adsorption
isotherm, and diffusional limitations during
TPD from a porous adsorbent, Cvetanovic
and Amenomiya (/5) showed that the slope
of a plot of In(T,*B) versus (1/T,) closely
approximates (A H/R), where g is the heat-
ing rate, A H, is the enthalpy of adsorption,
and R is the ideal gas constant. Our numeri-
cal simulations (/) showed that this analy-
sis also holds for the case of a Langmuir
isotherm when diffusional limitations are
present, and Jones and Griffen (16) re-
cently obtained this result analytically. Fig-
ure 5 shows a plot of In(T,,%/8) versus (1/T,)
for the experiments shown in Fig. 4. The
slope of the line indicates that an adsorp-
tion enthalpy of 74 + 4 kJ mol~! (18 = 1
kcal mol~!) is associated with the low-tem-
perature CO desorption peak.

DISCUSSION

We have observed two types of CO de-
sorption from Pt/Al,O3;: CO desorption in a
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FiG. 5. Estimation of the enthalpy of adsorption of
CO in the adsorption state which corresponds to the
well-defined low-temperature TPD peak. The points
were determined from the correspondingly labeled
curves in Fig. 4. The T, (K) is the temperature at
which a peak maximum occurred at the heating rate 8
(K s71). The slope of the line multiplied by the ideal gas
constant approximates the adsorption enthalpy, which
we estimate to be 74 = 4 k] mol~! (18 = 1 kcal mol~').

well-defined low-temperature peak and CO
desorption in a broad desorption band. The
relative proportions of these two types of
desorption changed with the CO/Pt ratio.
As the CO/Pt ratio decreased, the fraction
of CO that desorbed in the low-temperature
peak decreased and the fraction of CO that
desorbed in the broad desorption band in-
creased. In the absence of poisoning, the
CO/Pt ratio of a sample is proportional to
the Pt dispersion and is inversely propor-
tional to the average size of Pt particles in
the sample, where we define the term ‘‘par-
ticle” to refer to one Pt atom as well as a
three-dimensional aggregate of two or more
Pt atoms. Thus, our results indicate that (1)
the well-defined low-temperature peak is
associated with adsorption and desorption
of CO over very small Pt particles sup-
ported on transitional Al,O;, and (2) the
broad desorption band is associated with
adsorption and desorption of CO over
larger Pt particles.

The range of particle size associated with
the low-temperature peak can be estimated
by considering curve 1 in Fig. 2. The Pt
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dispersion was 100% (CO/Pt = 0.92) when
this experiment was performed. Conse-
quently, there is only a narrow range over
which the sizes of the Pt particles in the
sample could have varied: Pt particles in
which essentially all atoms are exposed
contain at most 20 atoms and have a maxi-
mum diameter of about 1.1 nm (13, 14, 17).
Although we have not made direct mea-
surements of the particle sizes in our CO/Pt
= (.92 sample, Yao et al. (10) found that
the particles present in their CO/Pt = 0.85
Pt/Al,O; sample had sizes below the 1.0-nm
detection limit of their transmission elec-
tron microscope. Since only two thirds of
the CO desorbed in the low-temperature
peak in curve 1, Fig. 2, we propose that the
particies associated with the peak contain
fewer than 20 Pt atoms and are less than 1.1
nm in diameter. Two-dimensional arrays
(“‘rafts’’) of Pt atoms in which every Pt
atom is both in contact with the support and
exposed to the gas phase may additionally
be associated with the low-temperature de-
sorption peak.

The Pt particles associated with the low-
temperature TPD peak chemisorb CO with
a relatively uniform bond energy—evi-
dence which further suggests that the parti-
cles are constrained to a narrow size range.
Numerical simulations of these experi-
ments, which we will report later, indicate
that the peak can be fit fairly well with a
Langmuir adsorption isotherm and a con-
stant adsorption enthalpy. That is, a
strongly coverage-dependent adsorption
enthalpy is not required to fit the relatively
narrow width of the peak.

The adsorption enthalpy associated with
the low-temperature peak, 74 + 4 kJ mol~!,
falls below the range of activation energies
that have been measured for desorption of
CO over various crystallographic planes of
Pt metal. McCabe and Schmidt (18) report
desorption activation energies ranging from
95 to 148 kJ mol-! over several different
crystal planes. McClellan et al. (19) report
activation energies of 96 kJ mol-! for de-
sorption from the (111) terraces of the



366

Pt(321) surface and 151 kJ mol~! for desorp-
tion from low-coordination ‘‘kink’’ sites on
this surface. CO adsorption on Pt metal is
not activated, so these desorption activa-
tion energies can be compared directly with
the adsorption enthalpy we have estimated.

The CO-Pt bond energy associated with
very small Pt particles that are supported
on transitional Al,O; may be lower than the
bond energies associated with the surfaces
of bulk Pt metal for one or both of the fol-
lowing reasons:

(1) the limited number of atoms in the
very small particles may make the elec-
tronic structure and CO bonding properties
of the particles different from those of the
surfaces of bulk Pt metal, and/or

(2) the transitional Al,O; support may in-
fluence the electronic structure and CO
bonding properties of the very small Pt par-
ticles. For example, charge transfer from
very small Pt particles to the support might
reduce Pt~CO bond strengths by reducing
donation of electron density from Pt into
the 27* orbitals of CO upon adsorption.

One third of the CO that desorbed from
the 100%-dispersion Pt in curve 1 of Fig. 2
desorbed in the broad desorption band. We
propose that this CO desorbed from the
largest Pt particles that would have been
present in the sample, particles containing
about 20 Pt atoms and having a diameter of
about 1.1 nm. As the Pt dispersion de-
creased in Fig. 2, the shape of the broad
desorption band changed: proportionately
more CO desorbed at higher temperatures.
This change in the shape of the band may
have resulted from changes in the surface
structures of the particles as they increased
in size (17) and/or changes in the electronic
structures of the particles as they increased
in size.

The width of the broad desorption band
indicates that a distribution of adsorption
sites with different CO-Pt bond energies is
associated with the larger Pt particles (=20
atoms, =1.1 nm) we are considering. This
is not surprising when we consider that at-
oms on the surfaces of small (1-10 nm)
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metal crystallites are arranged in a distribu-
tion of different geometric configurations
(17) and that CO-Pt bond energies have
been found to vary widely over Pt single
crystal surfaces with different crystallo-
graphic orientations. If one were to sum
the TPD curves reported by McCabe and
Schmidt (18) for CO desorption from a vari-
ety of Pt crystal planes, one would obtain a
broad band not unlike that measured over
intermediate-dispersion Pt/AlLO;. Further
analysis is required before we can estimate
the range of adsorption energies that is as-
sociated with the broad desorption band;
however, our results do suggest that the
particles associated with the broad band be-
have similarly to bulk Pt metal with respect
to CO chemisorption.

Relatively weak adsorption of CO on
small AL,Os-supported noble metal particles
and relatively strong adsorption on larger
particles have been reported by others.
Rothschild and Yao (7) used infrared spec-
troscopy to study CO chemisorption over
Pt/y-ALOs3. Over a sample with a CO/Pt ra-
tio of 0.83, they found that the infrared ab-
sorption band of CO could be removed by
‘“‘outgassing’ at 623 K for 30 min (no Pt
particles larger than 1.0 nm were detected
by electron microscopy in this sample).
Over a sample with a CO/Pt ratio of 0.26,
however, the CO band was only partially
removed by ‘‘outgassing’’ at 723 K for 30
min (particle sizes between 1.0 and 5.5 nm
were detected in this sample). Rothschild
and Yao attributed their qualitative obser-
vation of weaker CO adsorption to stronger
Pt-AlLO; interactions (types unspecified) in
the higher dispersion sample. If charge
transfer from Pt to the support is such an
interaction, then decreased charge dona-
tion from Pt into the antibonding 27* CO
orbitals could result in a higher C-O
stretching frequency over smaller Pt parti-
cles, other factors remaining equal. Roth-
schild and Yao reported a CO infrared ab-
sorption band maximum at 2060 cm~! (at
saturation coverage) over small Pt particles
(<1.0 nm, ‘‘dispersed phase’’) and at 2050
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cm~! over larger Pt particles (‘‘particulate
phase’’), results which appear to be consis-
tent with this interpretation. However, the
band maximum was at 2070 cm~! over sam-
ples containing both small and large Pt par-
ticles (‘‘dispersed + particulate phase’’), a
result which is not consistent with the first
set of band positions. In contrast, we have
observed the CO band at lower wavenum-
bers over our 0.1-wt%, 100%-dispersion
sample (2062-2064 cm™1) than over 1-wt%,
30%-dispersion Pt/Al,03 (2068-2070 cm™1),
In addition to Pt-CO backbonding, charge
donation from the 5o orbital of CO to the
metal upon adsorption contributes to the
Pt—-CO bond energy, and this contribution
to the bonding may be affected by Pt~ALO;
interactions. Thus, simple correlations be-
tween C-O stretching frequency, Pt—-CO
bond energy, and Pt particle size might not
exist over P/ALO;.

In another study with results which par-
allel ours, Ladas et al. (8) measured TPD of
CO into vacuum from Pd particles sup-
ported on nonporous a-Al,O;. They mea-
sured CO desorption from two adsorption
states—one with a CO adsorption energy
estimated to be 125-145 kJ mol~! and one
with a CO adsorption energy estimated to
be 100-125 kJ mol~!. A sample with an av-
erage Pd particle size of 1.5 nm had propor-
tionately more CO desorption from the low-
energy adsorption state than a sample with
an average Pd particle size of 5.9 nm.

Recently, Doering et al. (9) reported
measurements of the TPD of CO into vac-
uum from Pt particles dispersed over flat
mica surfaces. We think it valuable to dis-
cuss their results here although a direct
comparison between our systems cannot be
made since (1) the surface of mica (potas-
sium/silica, roughly) may interact differ-
ently with small Pt particles than does
AlLOs, and (2) somewhat different particle
size ranges were considered in the two
studies. Desorption curves measured over
Pt with an average particle size of 1.6 nm in
(9) showed two unresolved peaks: one at
temperatures characteristic of desorption
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from Pt(111) planes and a smaller peak at
higher temperatures which was ascribed to
desorption from low-coordination Pt sites
such as “‘steps’” and ‘‘kinks.”’ Note that the
particles in this sample were larger than the
Al,O;-supported particles that we associate
with our low-temperature peak. Over larger
particles in (9), desorption at high tempera-
tures was reduced and desorption charac-
teristic of Pt(111) planes predominated.
This result is reasonable since the propor-
tion of low-coordination Pt sites will de-
crease with particle size (/7). By analogy,
we predict that TPD curves obtained over
very low dispersion Pt/Al,O; will be charac-
teristic of desorption from Pt(111) planes
and will show less desorption at high tem-
peratures when compared with the curves
shown in Fig. 3 for intermediate-dispersion
Pt/Al203.

CONCLUSIONS

The data presented here indicate that
very small Pt particles (<20 Pt atoms, <1.1
nm diameter) that are supported on transi-
tional ALO; chemisorb CO with a CO-Pt
bond energy of 74 = 4 kJ mol~!. The data
also indicate that larger transitional-Al,Os-
supported Pt particles chemisorb CO more
strongly on adsorption sites with a wide dis-
tribution of CO-Pt bond energies.
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