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NOTES 

A Study of Small Pt Particles on Amorphous A1203 and ~Al~0~{0001} 
Substrates Using TPD of CO and Hz1 

INTRODUCTION 

Recent studies have demonstrated that 
single crystals exhibit reactivities which are 
very similar to those observed on real sup- 
ported catalysts and that reactions which 
depend on particle size also depend on 
crystal plane (1-3). Since adsorption prop- 
erties can also be affected by crystal plane, 
we have recently undertaken a tempera- 
ture-programmed desorption (TPD) study 
on small supported particles of varying size 
to determine if similarities also exist in this 
property. We have used TPD for examining 
adsorption since desorption peak tempera- 
tures are a sensitive measure of the adsorp- 
tion bond. We chose to examine Pt because 
the desorption temperatures for many ad- 
sorbates vary dramatically with crystal 
plane (4,5), unlike other metals like Pd and 
Rh (6). Studies were carried out on samples 
prepared on flat substrates in order to avoid 
the complications which arise in TPD due 
to readsorption and diffusion on porous ma- 
terials (7-10). 

In previous studies of CO desorption 
from Pt particles on amorphous alumina, 
we have shown that the TPD curves are 
strongly dependent on particle size (II). 
For very small particles, a single desorption 
state was observed with a peak temperature 
at 510 K, the same temperature observed 
for highly stepped Pt crystals (12, 13). For 
larger particles, we observed a second de- 
sorption feature centered at 400 K, which 
we associated with (111) terraces since this 
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is the peak temperature found for Pt(ll1) 
crystals (14). This peak at 400 K grew con- 
tinuously with particle size relative to the 
peak at 510 K, implying that adsorption of 
CO on small Pt particles is similar to ad- 
sorption on bulk metals and that particle 
size affects the structure of the sites found 
on the particles. 

In this paper, we have addressed the fol- 
lowing questions: (1) What effect does the 
structure of support have on the Pt particles 
and their adsorption properties, and (2) can 
the trends observed with CO adsorption be 
observed with other simple gases? By com- 
paring TPD curves for CO on small Pt parti- 
cles on amorphous alumina and on an (Y- 
A120~{0001} crystal, we have demonstrated 
that desorption of CO from a Pt particle of a 
given size appears to be independent of the 
structure of the alumina support, implying 
that the support structure does not directly 
affect the metal. By studying TPD of Hz on 
Pt particles, we have found that the trend of 
peak temperatures increasing with decreas- 
ing particle size found with CO is not ob- 
served with Hz, even though stepped crys- 
tals of H2 also exhibit high-temperature 
states (15). From this, we conclude that the 
sites on these particles should probably not 
be viewed as extended crystal planes. 

The equipment and procedures used in 
these experiments have been described pre- 
viously (11). The samples could be rotated 
in front of an Ar+ ion gun for cleaning, a Pt 
source for depositing metal overlayers, or 
an Auger electron spectrometer (AES). A 
quartz-crystal, film thickness monitor was 
positioned in front of the Pt source in order 
to measure the metal flux to the substrate. 
All experiments were carried out at pres- 
sures in the 10-lo-Torr range, and clean Pt 
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films could be deposited without need for 
further treatment. The amorphous alumina 
substrate was prepared by depositing a 500- 
nm, Al film onto a Ta foil, followed by heat- 
ing the Al in 1 x 10e8 Torr of 02 at 800 K 
until AES showed only a single peak near 
51 eV which is indicative of oxidized Al. 
The crystalline substrate was a 15 X 7 x 
0.5mm wafer, oriented in the (0001) direc- 
tion. A 300-nm gold film was evaporated 
onto the back of the crystal, and two Ta 
wires were clamped onto the crystal with 
insulating ceramic posts. The sample was 
heated resistively by passing current 
through the Ta leads; a Chromel-Alumel 
thermocouple pressed against the back of 
the crystal with one of the ceramic posts 
was used to monitor the temperature. 

RESULTS AND DISCUSSION 

Growth of the Pt Film 

To characterize the growth of the metal 
films, we monitored the Pt(238-eV) and the 
0(503-eV) Auger peaks as a function of 
metal exposure at 300 K, as shown in Fig. 
la. The peak heights in this figure have 
been normalized to that of bulk Pt and bulk 
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alumina, respectively. The data points 
shown are for the sapphire crystal. The 
results for Pt deposition on amorphous alu- 
mina have been published previously and 
are summarized by the solid line, while the 
calculated peak heights for layer-by-layer 
growth using an electron mean free path of 
0.71 nm are given in the dashed line. (The 
value of 0.71 nm for the mean free path was 
calculated from the attenuation of the 
0(503-eV) peak at the first break point for 
the amorphous sample and is within the 
range of 0.6-0.9 nm expected for 500-eV 
electrons escaping from a solid (26, 17). At 
300 K, the Pt(238-eV) peak height increases 
much more slowly and the 0(503-eV) peak 
is attenuated much more slowly with Pt 
coverage on the crystal than on the amor- 
phous alumina. In addition, the peak 
heights on sapphire do not vary linearly 
with the Pt coverage. These observations 
indicate that the Pt atoms have sufficient 
mobility on the crystalline surface at 300 K 
to form three-dimensional (3-D) particles, 
while the metal overlayers grow in a layer- 
by-layer manner at this temperature on the 
amorphous sample. 

Further evidence that 3-D particles are 
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FIG. 1. (a) AES intensities for the Pt(238-eV) and 0(503-eV) peaks plotted as a function of metal 
exposure at 300 K. The peak heights have been normalized to the intensities obtained for bulk Pt and 
alumina. Data points are shown only for the o-A1203{0001} sample. Results for the amorphous alumina 
are represented by the solid lines, while the dashed lines are calculated intensities assuming layer-by- 
layer growth with an electron mean free path of 0.71 nm. (b) Plot of the Pt(238-eV)/0(503-eV) peak 
ratio as a function of temperature for a Pt coverage of 2 x 10”/cmZ during the initial heat treatment 
under vacuum. Data points for the amorphous substrate are given by 0 and data points for the 
crystalline substrate are given by X. 
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forming during metal deposition on the 
crystal is provided by a comparison of the 
thermal stability of the Pt layers on these 
two substrates. In Fig. lb, the Pt(238-eV)/ 
0(503-eV) peak ratios for both substrates 
have been plotted as a function of tempera- 
ture for a coverage of 2 X lOI Pt atoms/ 
cm2. On both surfaces, metal was deposited 
at 300 K and Auger spectra were taken at 
different temperatures during the first ther- 
mal treatment. For Pt on (u-A1203{0001}, 
there were no significant changes in the 
AES peak heights, even when the sample 
was heated to 900 K. For Pt on the amor- 
phous substrate, the Pt(238-eV)/0(503-eV) 
ratio decreased, rapidly and irreversibly, 
when the temperature was raised above 6.50 
K. Increasing the temperature above 650 K 
had no further affect on the Auger spec- 
trum. We attribute the changes in peak 
heights on the amorphous sample to aggre- 
gation of films into 3-D particles (II). Ag- 
gregation into particles decreases the frac- 
tion of the surface which is covered by Pt, 
thus decreasing the Pt(238-eV) peak and in- 
creasing the substrate 0(503-eV) for a given 
Pt exposure. Apparently, the metal atoms 
on the amorphous substrate do not have 
sufficient mobility to form particles below 
650 K. On a-A1203{0001}, 3-D particles 
have already formed at 300 K during metal 
deposition. While the formation of particles 
appears to be the stable configuration for 
both substrates, the growth of particles oc- 
curs more easily on the sapphire crystal. 
The reasons for the increased mobility on 
the crystalline sample may be due to chemi- 
cal or structural effects, although it is im- 
possible for us to differentiate these from 
our experiments. The (w-A1203{0001} sur- 
face consists of a close-packed oxygen 
layer which is atomically smooth, while the 
amorphous alumina is probably rough and 
may well contain hydroxyl groups from re- 
sidual water in the system. Others have 
also found differences in the shapes of de- 
posited metal particles as a function of the 
phase and orientation of the alumina sub- 
strate (18). 
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FIG. 2. (a) TPD of CO at saturation coverage from Pt 
particles supported on o1-A1~0~{0001}. The heating rate 
for these experiments was approximately 7 K/set. 
Metal exposures were 20 x 10t5, 2.0 x lots, 1.0 x IOn, 
and 0.37 x 10’s/cmZ, respectively. (b) TPD of CO from 
Pt particles supported on amorphous alumina. The 
heating rate was maintained at approximately 10 Ki 
sec. Metal exposures were 7.0 X 10t5, 2.0 x 10t5, 1.0 x 
1015, and 0.25 x 10’5/cm2, respectively. 

All TPD curves reported in this paper 
were performed on samples which had been 
heated to above 650 K in order to form 
metal particles. The average size of the Pt 
particles was estimated from the surface 
area of the metal and from the amount of 
metal deposited, assuming spherical parti- 
cles. The metal surface areas were mea- 
sured by comparing the area under the TPD 
curve for a saturation coverage of CO at a 
given metal loading to the area under the 
TPD curve for a continuous Pt film. While 
the adsorption stoichiometry for CO on Pt 
is known to vary by as much as a factor of 2 
with particle size (19), we did not include 
correction factors since the accuracy of our 
measurements does not justify this preci- 
sion. In any case, this will not affect the 
trends we have observed. 

TPD of CO 

Figure 2 shows the TPD results for a sat- 
uration coverage of CO from Pt particles as 
a function of particle size on both the crys- 
talline and the amorphous substrates. De- 
sorption was completely reversible for all 
particle sizes, and we found no evidence for 
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the dissociation found on small Ni and Pd 
particles (20-22). For a given particle size, 
the TPD curves for CO were essentially in- 
dependent of the alumina substrate used. 
For the smallest particles, a single desorp- 
tion event was observed at 510 K which has 
previously been assigned to desorption 
from metal sites with a low coordination to 
the surface (II, 23). This assignment is 
based on the fact that CO desorbs at this 
temperature on highly stepped surfaces, 
like Pt(331) (12), and on Pt(l11) surfaces 
with defects (14). For larger particles, a 
second state centered at approximately 400 
K was also observed. This state has previ- 
ously been assigned to desorption from 
(11 l)-type terraces since desorption of CO 
from Pt(l11) occurs at this temperature. 
The relative amounts of CO desorbing from 
each state varied continuously with particle 
size. For the a-A1203{0001} support, the 
fraction of CO desorbing from each state 
was obtained by fitting the TPD curves to 
two Gaussians, with the results listed in Ta- 
ble 1. 

When TPD curves were measured as a 
function of CO exposure, we found that the 
high-temperature peak filled completely be- 
fore any desorption was observed in the 
low-temperature peak. This sequential fill- 
ing of states implies that both desorption 
features must be present on a given parti- 
cle. Also, an exposure of 7.5 X 1014 mole- 
cules/cm2 was sufficient to saturate the sur- 
face, indicating that the sticking coefficient 

TABLE 1 

Fraction of CO Desorbing from the 400 K Peak for 
Pt Particles on a-A1203{0001} 

Metal exposure 
N(x lOI atoms/cmz) 

Particle 
diameter 
from CO 

adsorption 
(nm) 

Fraction 
of co 

in 400 K 
TPD peak 

20. Bulk 0.79 
2.0 5.0 0.63 
1.0 3.5 0.39 
0.37 1.7 0.12 

for CO on the small particles was similar to 
that found on bulk metals (14). 

Assuming that the geometric interpreta- 
tion for the two desorption states is correct, 
the fact that the TPD results from both 
types of alumina are very similar suggests 
that the final shape of the metal particles 
after high-temperature treatment is not 
strongly dependent on the oxide structure. 
Only the temperature required to reach the 
final particle shape was affected by the use 
of crystalline or amorphous alumina. This 
would imply that effects due to the interac- 
tion between the metal and the oxide are 
much weaker than effects due to particle 
size. Recent microscopy studies by Datye 
and co-workers also imply that some oxides 
may interact only very weakly with a sup- 
ported metal (24). However, since the de- 
sorption feature at 510 K is observed on 
any Pt crystal which has atoms with a low 
surface coordination, one must be cautious 
not to imply too much about particle shapes 
from desorption features (15). 

TPD of H2 from Pt on Amorphous Al203 

The saturation TPD curves for Hz ad- 
sorption at 90 K on Pt particles of different 
sizes are shown in Fig. 3. For the continu- 
ous Pt film, HZ desorbs in three peaks at 
200, 280, and 370 K; and these three fea- 
tures are found to fill sequentially with H2 
exposure. Desorption features at these 
same temperatures are also observed on Pt 
crystals and foils, showing that adsorption 
on the small particles is qualitatively similar 
to adsorption on bulk metals (5,25,26). For 
desorption from Pt particles with diameters 
of 1.1 and 7.0 nm, the desorption features 
are less well resolved. The TPD curves 
show a broad peak centered at 220 K which 
may contain contributions from states at 
200 and 280 K. The peak at 370 K decreases 
as the particle size decreases. 

While desorption of HZ from single crys- 
tals of Pt is complex, the variations with the 
crystallographic orientation are as strong as 
those for CO. On Pt(l1 I), the desorption 
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FIG. 3. TPD of H2 from Pt particles on amorphous 
alumina. The heating rate was approximately 10 Ki 
sec. Metal exposures were 7.0 x 1015, 2.0 x 1015, and 
0.25 x 10’5/cm*, respectively. 

curve is similar to that shown for the con- 
tinuous film; however, when defects are 
added to.the surface, the desorption feature 
at 370 K becomes much more intense (25). 
This feature at 370 K is also very prominent 
for desorption from stepped crystals and 
polycrystalline foils (5, 26). Assuming that 
the peak at 370 K is due to sites with a low 
coordination to the surface, we expected to 
see an increase relative to the peaks at 200 
and 280 K for very small Pt particles; how- 
ever, the opposite appears to be true. The 
reasons for hydrogen desorption not fol- 
lowing the same trends as those found for 
CO may be related to fundamental differ- 
ences in the reasons for the multiple de- 
sorption features. Certainly, desorption of 
H2 must involve two sites since H2 adsorbs 
dissociatively. Also, vibrational spectra 
(27) and work function measurements (25, 
27) for HZ on Pt( 111) imply that all the hy- 
drogen atoms are bonded equivalently, sug- 
gesting that repulsive interactions between 
neighboring adsorbates, not sites of differ- 
ent geometry, may be primarily responsible 
for the different desorption states in TPD. 
Since the absence of the 370 K peak is ob- 
served for particles as large as 7.0 nm, it is 
unlikely that electronic effects could be re- 
sponsible (28-N). 

Although we cannot give a definitive rea- 
son for the HZ TPD results, the results sug- 
gest that the conclusions reached for CO 
should not be interpreted as indicating the 
presence of bulk crystal planes. It is likely 
that the local site geometry plays a more 
important role with CO. For CO, terminal- 
bonded and bridge-bonded species are 
observed in the vibrational spectra on Pt 
crystals (12). This may imply that very 
small patches of metal atoms in a given 
symmetry are responsible for the observed 
features. 

It should be noted that standard chemi- 
sorption experiments for H2 on Pt/Al,O, 
catalysts usually obtain a coverage of ap- 
proximately 1.0 H/Pts at room tempera- 
ture, while our results indicate that most H2 
desorbs below 300 K (19). These facts are 
not inconsistent. Calculations for TPD from 
porous materials have shown that desorp- 
tion peak temperatures can easily be raised 
by hundreds of degrees for typical condi- 
tions, even when TPD is carried out under 
high-vacuum (9). In effect, coupling be- 
tween readsorption and diffusion decreases 
the observed desorption rate by several or- 
ders of magnitude on porous catalysts. Sup- 
port for the fact that our samples are similar 
to actual catalysts comes from the relative 
adsorption stoichiometries. Free1 reported 
that the H : Pts remained 1 .O, independent 
of particle size, but that the CO: Pts ratio 
changes from between 0.83 and 0.96 for 
small particles to 0.5 for particles larger 
than roughly 6.0 nm (19). These results im- 
ply that the ratio of the areas under the TPD 
curves for CO and H2 should change by a 
factor of approximately 0.55 in going from 
small particles to the continuous film. Our 
actual results showed that this ratio 
changed by a factor of between 0.53 and 
0.61. Therefore, the adsorption stoichiome- 
tries on our samples agreed very well with 
those obtained on actual catalysts. There 
is no reason to believe that desorption 
from actual supported catalysts should be 
different from that observed on our sam- 
ples. 
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