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Previous work has shown that the shapes of the metal particles in a supported platinum catalyst 
are substantially altered when the catalyst is treated in an appropriate adgas. However, at present it 
is unclear why the shape changes occur. In the work here, simple first-order calculations were done 
to examine the effects of hydrogen, nitrogen, and carbon monoxide on the equilibrium crystal 
shape of the platinum particles in a supported platinum catalyst. The calculations assumed that the 
main effect of the gaseous environment was to change the surface free energy of the facets on the 
platinum particles. The results of the calculations showed that when a clean platinum particle is 
equilibrated in nitrogen, the shape should not change significantly. However, Pt(lOO) facets should 
grow in hydrogen while Pt(210) facets should grow in carbon monoxide. By comparison, previous 
experiments have shown that Pt(100) facets do grow in hydrogen. Little change in shape is ob- 
served in nitrogen. Thus, it seems that changes in the surface free energy of the facets in the metal 
particles on a supported metal catalyst due to the presence of an adgas play an important role in the 
shape changes which are observed. D 1~x9 Academic Press, IX. 

INTRODUCTION 

Recent work has shown that one can 
modify particle shapes in supported metal 
catalysts by exposing the catalysts to an ap- 
propriate adgas and waiting for the particle 
shapes to equilibrate (1, 2). Figure 1 shows 
some of the changes which were observed. 
The catalyst shown in the figure was pro- 
duced by evaporating platinum onto a 
smooth silica support, annealing in hydro- 
gen or nitrogen for 6 h at 900 K (2), and then 
rapidly quenching the sample down to room 
temperature. The catalyst was then trans- 
ferred into a transmission electron micro- 
scope for analysis. Note that, experimen- 
tally, all of the particles in the catalyst show 
cube-like shapes with distinct facets after 
the catalyst equilibrated in hydrogen. In 
contrast a rounded shape is seen when the 
particles are equilibrated in nitrogen. Elec- 
tron diffraction shows that the facets in the 
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hydrogen-treated catalysts are Pt(lOO). 
Very similar shapes were observed previ- 
ously by Wang et al. (I), which suggests 
that they are intrinsic to platinum. 

It is not clear, at present, why the shapes 
are as observed in Fig. 1. Wang et al. (1) 
propose that initially the metal particles in 
the catalyst shown in Fig. 1 are covered 
with carbon or oxygen. The carbon and ox- 
ygen are removed when the catalyst is 
treated in hydrogen, but it is not removed 
when the catalyst is treated in nitrogen. As 
a result Wang et al. suggest that Fig. 1 
(right) is representative of the equilibrium 
crystal shape of adsorbate-covered parti- 
cles, while Fig. 1 (left) represents the equi- 
librium crystal shape of a clean platinum 
surface. 

In contrast, Shi et al. (2) note that the 
hydrogen could also adsorb on the surface. 
The adsorption would lower the free energy 
of certain facets on the particles. As a result 
those facets would grow in the presence of 
the adgas. So far, all of the work has been 
qualitative. It is not known whether the ef- 
fects described by the models in Refs. (1 
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FIG. 1. The particle shapes observed after evaporating platinum onto a smooth silica support and 
then annealing in hydrogen or nitrogen for 6 h at 900 K. From Ref. (2) with permission. 

and 2) are large enough to cause changes in 
particle shape under the conditions of the 
previous experiments. The detailed shape 
changes expected from these models are 
largely unknown. As a result, it is unclear 
whether either of these models can be used 
to explain the experimental data. 

In the work here, some simple first-order 
calculations were done to see if the free en- 
ergy changes due to the adsorption of the 
adgas were large enough to have a signifi- 
cant effect on the particle shapes in a sup- 
ported platinum catalyst. An attempt was 
also made to calculate the shape changes 
which should occur under the conditions 
used for the previous experiments (I, 2). A 
fairly phenomenological approach was 
taken in the calculations. Particle shape and 
thermal grooving data from the literature 
were used to estimate the surface energy of 
the facets on a clean platinum particle as a 
function of orientation. Experimental ad- 
sorption/desorption data were then used to 
estimate the changes in the surface free en- 
ergy of the facets due to the presence of the 
adgas. Next, the Wulff (4, 5) construction 
was used to calculate the changes in parti- 
cle shape which should occur. 

The calculations are not very sophisti- 
cated. Further, it is unclear whether the 

shapes which are observed experimentally 
are equilibrium shapes. There is also con- 
siderable uncertainty in the data used for 
the analysis. However, surprisingly good 
agreement with experimental data was ob- 
tained using this simple model. 

ANALYSIS 

The theory of equilibrium particle shapes 
was worked out years ago (3-5). Gibbs (3) 
showed that the equilibrium shape of a 
small particle is determined by the variation 
in the surface free energy of the particle 
with orientation. With a water droplet, for 
example, there are no variations in the sur- 
face free energy with orientation (3). As a 
result, a water droplet is spherical in the 
absence of gravity. With a metal, however, 
some of the arrangements of the surface at- 
oms have a lower free energy than others. 
As a result, those arrangements grow pref- 
erentially (4, 5). 

In 1906 Wulff (4) proposed a scheme to 
calculate the equilibrium shape of a metal 
particle. Wulff assumed that the surface 
free energy of a facet on a metal particle 
was a function of the facet’s crystallo- 
graphic orientation but not of the facet’s 
size. He then showed that one could calcu- 
late the shape of a metal particle graphically 
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from a plot of the surface free energy 
per unit area versus surface orientation. 
Wulff’s graphical procedure is now called 
the Wulff construction. 

Later work (5) has shown that the Wulff 
construction is rigorous for a particle which 
is large enough so that the surface free en- 
ergy per unit area of the various facets on 
the particle is not a function of the particle 
size. However, it gives incorrect shapes for 
small metal particles (c-20 A) due to edge 
(finite size) effects (5, 6). 

Figure 2 illustrates how the particle 
shape of a metal particle might vary with 
temperature (5, 6). At absolute zero, the 
equilibrium shape is a polyhedron. Figure 2 
shows a particle with distinct (11 I), (1 lo), 
and (100) facets and sharp edges. Such a 
shape is characteristic of many metals at 0 
K. Figure 2 also illustrates how the particle 
shape changes with temperature. As the 
temperature rises, the edges between the 
particles start to be rounded. The rounded 
regions are called rough regions and are 
thought to be highly disordered. The rough 
regions expand with increasing tempera- 
ture. Eventually, the crystal shape is a 
sphere. 

The diagrams in Fig. 2 show sharp 
boundaries between the facets and the 
rough regions. This is an artifact due to lim- 
itations on our computer graphics routine. 

Winterbottom (7) considered the effect 
of the support on the equilibrium crystal 
shape. He showed that in the limit of a flat 
support, the equilibrium crystal shape was 
a truncated form of the equilibrium shape of 
an isolated particle, as illustrated in Fig. 3. 
Winterbottom’s arguments can be directly 
applied to the metal particles in a supported 
metal catalyst. As a result, one can use the 
Wulff construction to calculate the shape of 
the particles in a catalyst, provided that the 
support is flat on the length scale of the 
particle and that the particles are large 
enough for the thermodynamic limit to ap- 
PlY. 

One can imagine how gas adsorption 
might change the equilibrium shape of the 

metal particles in the catalyst. Gas adsorp- 
tion will lower the free energy of all of the 
faces on a metal particle. However, since 
the heat of adsorption varies with crystal 
face, some faces will be affected more than 
others. Qualitatively, those faces which 
bind the adgas strongly will be stabilized at 
the expense of faces which bind the adgas 
less strongly. As a result, at equilibrium, 
the faces which bind the adgas most 
strongly might tend to grow preferentially. 

One can put this effect on a more quanti- 
tative basis using some ideas proposed by 
Gjostein (8) and Herring (12). Earlier work 
by Herring (5) had shown that if one knows 
the equilibrium crystal shape of a clean 
metal particle, one can back-calculate the 
variation in the free energy with orienta- 
tion. Winterbottom and Gjostein (9) de- 
scribe the procedure in more detail. Gjo- 
stein noted that when gas adsorbs on a 
metal particle which is large enough for 
thermodynamics to apply, the free energy 
of the facets on the particle changes accord- 
ing to 

where 

AG = the change in the surface 
ergy per unit area of the facet = 
energy of adsorption per unit area 

(1) 

free en- 
the free 

d = the coverage in molecules per square 
centimeter 

p = the chemical potential of the gas 
over the substrate. 

For an ideal gas 

p = RT In(P) + po. (2) 

Hence, if the free energy of the various 
faces of the metal is known from the clean 
particle shape and f3 is known as a function 
of pressure and orientation, one can calcu- 
late how the free energy of each of the faces 
on the metal particles will change in the 
presence of an adgas. One can then use 
the Wulff construction (4, 5) to calculate 
how the equilibrium particle shape should 
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Unsumorted Supported 

FIG. 3. A schematic showing the effects of the sup- 
port on the equilibrium crystal shape, after Winterbot- 
tom (7). 

change due to the presence of the adgas, 
assuming that the particle is large enough 
that the thermodynamic limit applies. 

Surprisingly, however, few calculations 
of this type have appeared in the literature. 
Gjostein’s work was qualitative. Sharmon 
and Robertson (10, II) tried to apply Gjo- 
stein’s formalism to predict particle shape 
changes. However, they did not have the 
data they needed to do the calculations. 
Herring (12) also did some qualitative cal- 
culations on the effects of adsorption of the 
particle shapes. However, he did not have 
the data he needed to quantify them. Much 
more recently Shi (13) used a pair-wise addi- 
tive potential to estimate 8 as a function of 
p. He then calculated the influence of gas 
adsorption on the equilibrium shape at 0 K 
from the Wulff construction. Kariotis et al. 
(14) examined the effect of gas adsorption 
on the roughening transition. However, all 
of this work was done in a fairly general 
way. At present there has not been any 
published attempt to apply these methods 
to a real system to see if the effects are 
important. 

The objective of the work here was to see 
how the equilibrium shapes of the particles 
in a supported platinum catalyst should 
change due to the presence of CO, N2, and 
HZ. The calculations were rather straight- 
forward. The starting point for the calcula- 
tions was Heyraud and Metois’s measure- 
ments of the surface energy as a function of 
orientation for a series of clean gold parti- 



PARTICLE SHAPES IN PLATINUM CATALYSTS 425 

cles at 1000 K (15, 16). Thermal grooving 
data for the relative surface energy anisot- 
ropy of platinum (17) and gold (9) were then 
used to estimate the surface energy of a 
clean platinum particle as a function of ori- 
entation at 900 K. 

Next, Eq. 1 was used to estimate the 
change in the surface free energy as a func- 
tion of orientation. It was assumed that the 
adsorption followed a multistate Langmuir 
adsorption model, where the total coverage 
of the adgas, 0, is given by a sum of cover- 
ages in a series of individual adsorbed 
states, 8, : 

e= c en, 
m 

with 

(3) 

dt 

(I - e,/eo,,)n - kd(emleO,m)fl, 

where 

(4) 

e,,, = the coverage of the adsorbate in the 
mth adsorbed state in molecules per sqaure 
centimeter 

P = the partial pressure of the adsorbate 
s = the sticking probability of the adsor- 

bate 
ua = the molecular velocity of the adsor- 

bate in the gas phase 
OO,m = the saturation coverage of the ad- 

sorbate in the mth state 
kd = the rate constant for desorption of 

the adsorbate 
R = Boltzman’s constant 
T = temperature 
n = the order of the adsorption/desorp- 

tion process 

At equilibrium d&ldt = 0. Combining Eqs. 
1, 2, 3, and 4 yields 

AG 

= C [-n eO,m m RT In (1 + (&T]“‘)l. 

(5) 

The implication of Eq. 5 is that if one 
knows s, kd , and n as a function of pressure 
on all of the faces of a crystal at some tem- 
perature then one can calculate the change 
in the free energy of the various facetson 
that crystal due to adsorption of gas at that 
temperature. The change in particle shape 
can then be calculated via the Wulff con- 
struction (4, 5). In fact, S, kd, and n are not 
known at the conditions where changes in 
the shapes of small platinum particles were 
observed previously (-900 K and 1 atm). 
However, there is data for S, kd , and II near 
room temperature in UHV for several faces 
in the stereographic triangle. One can ob- 
tain estimates of the parameters in Eq. 4 
from the UHV data. 

In the calculations here it was assumed 
that the sticking probability and activation 
energy of desorption were independent of 
temperature. Variations in the heat of ad- 
sorption with coverage were ignored. If no 
adsorption data was available on a given 
face, coverages on that face were estimated 
using a multiple site model (e.g., (Pt(411) 
was assumed to have a mixture of (100) and 
(211) sites). Clearly, this is an approxima- 
tion. However, since this is the first pub- 
lished calculation of this type, a simple ap- 
proach seemed to be an appropriate place 
to start. 

RESULTS: CLEAN PLATINUM 

Figure 4A shows the shape calculated for 
a clean platinum particle at 900 K. One ob- 
serves distinct (100) and (111) facets and a 
series of rough regions. The figure also 
shows sharp boundaries due to an artifact 
in our computer plotting procedure. 

The shape in Fig. 4A follows closely the 
shape observed previously for a “clean” 
gold particle (16). Gold and platinum, of 
course, are different. However, thermal 
grooving data indicates that the relative 
surface energy anisotropy of platinum (17) 
and gold (9) are almost the same. Thus, 
from the Wulff construction a clean plati- 
num particle should look very similar to a 
clean gold particle. 
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Clean 

FIG. 4. The effect of N2 on the calculated equilib- 
rium crystal shape of a platinum particle. 

If one uses the thermal grooving data to 
scale the Metois’s (15) data for the surface 
energy of gold to platinum, then one calcu- 
lates that the surface energies of the (11 l), 
(loo), and rough regions are 2264,2281, and 
2340 erg/cm2, respectively. As a result, it 
seems that the surface (free) energies of the 
various faces of platinum only vary by 
about 76 ergs/cm2 with orientation. By 
comparison, if 1 X lOis molecules/cm2 of a 
gas with a free energy of adsorption of 10 
kcal/mole adsorbed, the free energy of the 
system would change by about 700 erg/cm2. 
This is a large change compared to the dif- 
ference in the surface energy of the various 
faces of platinum. Hence, a small change in 
the free energy of adsorption with crystal 
face could make a substantial change in the 
equilibrium particle shape. 

RESULTS: NITROGEN 

Of course, if the free energy of adsorp- 
tion is independent of crystal face, even if 
the free energy of adsorption is large, no 

shape change will occur. For example, con- 
sider nitrogen. Wilff and Dawson (18), and 
Schwaha and Bechtold (19) examined the 
adsorption of nitrogen on several faces of 
platinum. They found that the sticking 
probability of nitrogen is small. Further, the 
sticking probability and activation energy 
of desorption of nitrogen do not vary signifi- 
cantly with crystal face. As a result, AG 
calculated from Eq. 4 is almost independent 
of crystal face. 

Figure 4B shows how the equilibrium 
shape of a platinum particle should change 
when it is exposed to 1 atm of nitrogen at 
900 K. Note that the shape calculated for a 
nitrogen-covered particle is essentially in- 
distinguishable from that of a clean plati- 
num particle. According to the calcula- 
tions, one does get a reasonable nitrogen 
coverage (-0.1 monolayers) at higher pres- 
sures. However, little difference among the 
various faces is seen. As a result, exposure 
to nitrogen should not produce a significant 
change in the equilibrium shape of the parti- 
cles in a supported platinum catalyst. 

RESULTS: HYDROGEN 

The situation is entirely different with hy- 
drogen. According to McCabe and Schmidt 
(20), the activation energy of desorption of 
hydrogen varies significantly with crystal 
face. Pt(lOO) binds hydrogen most strongly, 
while Pt(ll0) and Pt( 111) binds hydrogen 
most weakly. An intermediate binding en- 
ergy is seen on Pt(210) and Pt(211). There 
also are changes in the sticking probability 
with crystal face. However, the effects of 
variations in the sticking probability are 
small compared to the effects of changes in 
binding energy. 

If one substitutes the kinetic data in Ref. 
(20) into Eq. (4), one finds that at 900 K the 
hydrogen coverage on all of the faces of 
platinum should be negligible at pressures 
below 5 x 10e4 Tot-r. However, at higher 
pressures the various faces begin to adsorb 
gas. Pt(100) fills up first. Pt(211), Pt(210), 
and the rough regions fill up next. The 
Pt(ll1) face fills up last. Since the Pt(lOO) 
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face fills up first, the free energy of the 
Pt(lOO) face will be lowered (i.e., the 
Pt(100) face will be stabilized) in the pres- 
ence of hydrogen. 

Figure 5 shows how this stabilization 
should change the equilibrium crystal shape 
of the platinum particles in a supported 
platinum catalyst. The Pt(lOO) faces which 
are stabilized in hydrogen are predicted to 
grow when the catalyst is exposed to hy- 
drogen. Simultaneously, the Pt(ll1) faces 
are expected to shrink. With 1 atm of hy- 
drogen, the calculations suggest that the 

shape should be a rounded cube at 900 K, 
as indicated in Fig. 5C. 

At present, we do not have a good way to 
estimate the extent of rounding. While Eq. 
5 applies to the rounded (rough) regions of 
the metal particles, the heat of adsorption 
on a roughened surface may well be differ- 
ent from the heat of adsorption on a pristine 
single-crystal plane. As a result, it is diffi- 
cult to estimate the parameters needed to 
apply Eq. 5 to the rounded regions of the 
metal particles. 

Theoretically, the rounding is dependent 
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FIG. 5. The effect of H2 on the calculated equilibrium crystal shape of a platinum particle. 



428 SHI AND MASEL 

on the temperature, pressure, and a series 
of parameters called roughening tempera- 
tures. Tgk. If the actual temperature is 
greater than the roughening temperature for 
all of the facets in the particle, then the par- 
ticle should be a sphere. If instead the tem- 
perature approaches zero, the particle 
shape should approach a polygon. Experi- 
mental data can give an estimate of the 
roughening temperature for a clean plati- 
num particle. One can estimate the degree 
of rounding of clean platinum from that 
data. However, it is unclear what happens 
in hydrogen. If there is no change in the 
roughening temperature due to the ad- 
sorbed hydrogen, then the degree of round- 
ing should not change significantly from 
that in a clean platinum particle. In such a 
case, the particle shape at 900 K should be 
as given in Fig. 5D2. However, Kariotis et 
al. (14) found that the roughening tempera- 
ture could change due to the presence of an 
adgas. In Kariotis’s calculations, the rough- 
ening temperature decreased in the pres- 
ence of an adgas. If the roughening temper- 
ature decreased, the rounded areas in Fig. 
5D2 would increase. Hence, the shape 
might approach that of a sphere. If instead 
the roughening temperature would in- 
crease, the crystal shape should approach a 
cube. 

Of course, if one wanted to make a spe- 
cific shape, one could always compensate 
for the changes in roughening temperature 
by changing the equilibration temperature. 
Theoretically, the shape of a hydrogen-cov- 
ered particle should approach a cube in the 
zero-temperature limit and a sphere in the 
high-temperature limit. From a practical 
standpoint, one would not go to too low of a 
temperature because the equilibration time 
would become too long. However, in prin- 
ciple, one should be able to produce any 
particle shape between that in Fig. 5Dl and 
5D3, if one were willing to wait long enough 
for the system to come to equilibrium. 
Hence, according to the calculations here, 
one should be able to get (100) facets to 

grow in a supported platinum catalyst by 
treating the catalyst in hydrogen. 

RESULTS: CARBON MONOXIDE 

Large shape changes are also expected if 
the platinum catalyst is treated under 1 atm 
of carbon monoxide. McCabe and Schmidt 
(21) examined the adsorption of carbon 
monoxide on several faces of platinum. 
They found that CO is bound most strongly 
on Pt(210) and least strongly on Pt(ll0) and 
Pt( 111). There are also some significant var- 
iations in the sticking probability of CO on 
the various faces of platinum. Other work 
shows that various stepped surfaces also 
bind CO strongly. 

If we substitute the kinetic data in Ref. 
(21) into Eq. (3), we predict that the CO 
coverage on all of the faces of platinum 
should be negligible at 900 K at pressures 
below 1 x 10-j Tot-r. However, at higher 
pressures the various faces begin to adsorb 
gas. According to the calculations, the 
rough regions should start to fill up first. As 
a result, initially, the rough regions should 
grow, as illustrated in Fig. 6B. 

At higher pressures, the fact that the 
Pt(210) face binds CO most easily starts to 
play an important role in the calculations. 
There is no Pt(210) facet on a clean plati- 
num particle. Instead Pt(210) lies in the 
rough regions. However, according to the 
calculations here, the Pt(210) face is stabi- 
lized in the presence of the CO. As a result, 
the Pt(210) face could appear at higher CO 
pressures. The crystal shape would ap- 
proach that illustrated in Fig. 6Cl to 6C3. 
Further increases in the CO pressure 
should cause the Pt(210) face to grow sub- 
stantially, as illustrated in Fig. 6Dl to 6D3. 

From the work here, it is difficult to pre- 
dict whether the Pt(210) face will be 
rounded or flat. If the Pt(210) facet is below 
its roughening temperature, then one would 
expect a flat face such as that in Fig. 6C2 
and 6D2. Alternatively, if the Pt(210) facet 
is above its roughening temperature, the 
particle shape might look like that in Fig. 
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FIG. 6. The effect of CO gas on the calculated equilibrium crystal shape of a platinum particle. 

6C3 and 6D3. Alternatively, in the zero- 
temperature limit, the particle shape might 
even approach the polygon shown in Fig. 
6Cl and 6Dl. It is difficult to predict, from 
first principles, which of these possibilities 
will be seen. However, we note that experi- 
mentally, Pt(210) is one of the more stable 
faces in the stereographic triangle. It does 
not reconstruct after treatment at high tem- 
peratures in a variety of atmospheres (22). 

It shows clear LEED patterns at 1000 K. 
Thus, the roughening temperature of 
Pt(210) is probably well above 900 K. 
Hence, the most likely possibility is that the 
platinum particles would look like those in 
Fig. 6C2 and 6D2 at 900 K. 

DISCUSSION 

Clearly, the results above show that the 
changes in the surface energy due to gas 
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adsorption should produce large changes in 
the shapes of the particles in a supported 
platinum catalyst. The calculations sug- 
gest that some facets should grow, while 
others should shrink. There also is the pos- 
sibility of a facet which does not exist on a 
clean particle appearing in the presence of 
an adsorbate. Thus, the calculations sug- 
gest that it should be possible to substan- 
tially alter the shapes of the particles in a 
supported platinum catalyst by exposing 
the catalyst to an appropriate adgas. 

Of course, these are calculations. Several 
assumptions were made about the nature 
of the adsorption. Hence, it is unclear 
whether the calculations are accurately re- 
flecting nature. Therefore, it is useful to try 
to compare the results of the calculations in 
Figs. 4 and 5 to experimental data in Fig. 1. 

Note there is a close correspondence be- 
tween the shapes predicted by the model 
here and the shapes observed experimen- 
tally. The calculations suggested that 
square particles with distinct (100) facets 
should be seen in hydrogen. They are ob- 
served. In contrast, the calculations sug- 
gested that rounded particles should be 
seen in nitrogen. Again the predicted 
shapes are observed. There even seems to 
be some correspondence between the de- 
tailed shapes in the calculations and in the 
experiments. Thus, it appears that the cal- 
culations are in close agreement with the 
experiment. 

Admittedly, the apparent agreement be- 
tween the detailed shapes in Fig. 1, and 
those in Figs. 4 and 5, is probably exagger- 
ated. Experimentally, it has been found 
that there is some variation in the particle 
shape from run to run. For example, 
square-shaped particles were observed 
whenever the catalyst was treated in hydro- 
gen. However, sometimes the particles 
seemed to have sharp corners. Other times, 
the corners were highly rounded. The de- 
tails of the quenching procedure seem to 
play an important role in determining the 
observed crystal shape. The particles 
shown are typical ones that were observed. 

The typical shapes agree quite well with the 
calculations. However, there has been 
some run-to-run variation in the data. 
There also is the problem that the shapes 
have been found to be quite different in the 
areas of the support which are not flat on 
the length scale of the particles (2). As a 
result, a more detailed comparison between 
calculation and experiment does not seem 
productive at the present time. 

Still, the results here show clearly that 
the changes in the surface free energy in the 
presence of an adgas are sufficient to pro- 
duce major changes in the particle shapes in 
a supported metal catalyst. Further, there 
appears to be a close correpondence be- 
tween the calculated shape changes and 
those observed experimentally. As a result, 
it seems that the model of Shi et al. (2) is a 
reasonable representation of the data. 

Nevertheless, at this point there is still 
more work to do before we can conclude 
that the particle shape changes in Fig. 1 are 
due to the adsorption of adgasses. The 
starting point for the calculations was ther- 
mal grooving measurements of the surface 
energy anisotropy of clean platinum from 
Ref. (Z7). However, the data in Ref. (17) 
were not taken under pristine conditions. If 
for example the surface energy of the 
Pt(lOO) face was actually considerably 
lower than that of a Pt(ll1) face, rather 
than higher than the (111) face as reported 
in Ref. (17), one would reach much differ- 
ent conclusions about the interpretation of 
the data in Fig. 1. The calculations also as- 
sumed that the adsorption/desorption data 
of McCabe and Schmidt could be simply 
extrapolated to high pressures and temper- 
atures. While the details of this extrapola- 
tion are certainly subject to question, the 
key feature of the calculation is that those 
planes which bind the adgas most strongly 
grow at the expense of those planes which 
bind the adgas less strongly. We have found 
that the qualitative shape is not strongly af- 
fected by the exact numerical value of the 
parameters, only by the ordering of the 
binding energies, provided the pressure is 
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high enough to get a sufficient coverage of Helpful discussions with Professor Michael Wortis 

adgas. The calculations here suggest that if and Mr. Chris Rogers are gratefully acknowledged. 

one gets coverages in the order of 10% of 
a monolayer, one could make significant 
changes in the crystal shape. However, 
without additional measurements, one does 
not know whether this condition is satisfied 
under the conditions used to take the data 
in Fig. 1. Thus, there is still much uncer- 
tainty in the interpretation of the data in 
Fig. 1, even though the calculations here do 
reproduce them. 

CONCLUSION 

Still, the results here show clearly that 
the changes in the surface free energy in the 
presence of an adgas are sufficient to pro- 
duce major changes in the particle shapes in 
a supported metal catalyst. Further, there 
appears to be a close correspondence be- 
tween the calculated shape changes and 
those observed experimentally. No claim is 
made that the calculations done here are 
particularly sophisticated. Data were used 
to estimate everything. However, surpris- 
ingly good agreement with experiment was 
obtained with this simple model. As a 
result, it seems that changes in the surface 
free energy in the presence of adgasses play 
an important role in determining the shape 
changes which occur. 

ACKNOWLEDGMENTS 

This work was supported by the National Science 
Foundation under Grant DMR 86-12860 and by Chev- 
ron Research Co., Amoco Oil Co., and Shell U.S.A. 
Sample preparation was done using the facilities of the 
University of Illinois Center for Microanalysis of Ma- 
terials which is supported, as a national facility, under 
National Science Foundation Grant DMR 86-12860. 

2. 

3. 

4. 
5. 
6. 

7. 
8. 
9. 

10. 

11. 

12. 

13. 
14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

REFERENCES 

Wang, T., Lee, C., and Schmidt, L. D., Surf. Sci. 
163, 181 (1985). 
Shi, A-C., Fung, K. K., Welch, .I. F., Wortis, M., 
and Masel, R. I., Proc. Muteri. Res. Sot. 111, 59 
(1988). 
Gibbs, J. W., “The Collected Works,” Vol. I, 
“Thermodynamics,” p. 320. Longmans, New 
York, 1931. 
Wulff, G., Z. Kristallogr. Mineral. 34, 449 (1901). 
Herring, C., Phys. Reu. B 82, 87 (19.51). 
Rottman, C., and Wortis, M., Phys. Rep. 103, 59 
(1984). 
Winterbottom, W. L., Acta Metall. 15,303 (1967). 
Gjostein, N. A., Actu Metall. 11, 957 (1963). 
Winterbottom, W. L., and Gjostein, N. A., Actu 
Mefull. 14, 1041 (1966). 
Sharmon, P. G., and Robertson, W. M., in “Metal 
Surfaces: Structure, Energetics, and Kinetics,” p. 
67. Amer. Society for Metals, 1963. 
Robertson, W. M., and Sharmon, P. G., .I. Chem. 
Phys. 39, 2330 (1963). 
Herring, C., in “Structure and Properties of Solid 
Surfaces,” p. 5. Univ. of Chicago Press, Chicago, 
1953. 
Shi, A-C., Phys. Reu. B 36, 9068 (1987). 
Kariotis, R., Suhl, H.. and Yang, B., Phys. Reu. B 
32, 4551 (1985). 
Heyraud, J. C., and Metois, J. J., Actu Merail. 28, 
1789 (1980). 
Heyraud, J. C., and Metois, J. J., J. Crq’sc. Growth 
50, 571 (1980). 
Mclean, M., and Mykura, H., Surf. Sri. 5, 466 
(1966). 
Wilf, M., and Dawson, P. T., Surf. Sci. 65, 399 
(1977). 
Schwaha, K., and Bechtold, E., Surf. Sci. 66, 45 
(1977). 
McCabe, R. W., and Schmidt, L. D., in “Proceed- 
ings, 7th International Vacuum Congress,” p. 
1201, Vienna, 1978. 
McCabe, R. W., and Schmidt, L. D., Surf. Sci. 66, 
101 (1977). 
Blakely, D. W., and Somorjai, G. A., Surf. Sci. 
65, 419 (1977). 


