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The sizes and surface morphologies of reduced Pt crystallites supported on three different
graphitic substrates are examined with scanning tunneling microscopy (STM). The roughness of
the substrates decreases the size of the catalyst crystallites without noticeable changes in morphol-
ogy. Functionalization of the substrate with HNO; results in considerable changes in both size and
shape distribution of the supported catalysts. Crystallites supported on unfunctionalized graphites
are rectangular parallelepiped with rounded corners, while those supported on functionalized

NGHPG are more irregular in shape and more heterogeneous.

INTRODUCTION

The capabilities of scanning tunneling mi-
croscopy (STM) as a surface sensitive tool
have been amply demonstrated. Initial
studies focus on the surfaces of semicon-
ductors in particular Si (I-3), a few metallic
surfaces such as Au ¢, 5), Cu (6, 7), Pt (8,
9), and Al (10), and graphite (/1, 12). Subse-
quent studies are aimed at elucidating
higher-order structures and morphologies
of biological (13—15), polymeric materials
(16, 17), and deposited metallic clusters
(18-21).

The microstructure and morphology of
the catalyst crystallites play a key role in
determining the activity and selectivity of
the catalysts, therefore the STM is an im-
portant tool for catalysts characterization.
There are many papers on the microstruc-
ture of supported crystallites determined
using transmission electron microscopy
(TEM) (22-24), and even a few using STM
(25-28). Many of these studies on the mi-
crostructure and morphology of supported
crystallites report crystallites with regular
shapes and well developed facets. In such
studies, the -crystallites are often prepared
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by special methods such as physical deposi-
tion (29, 30), thermal evaporation (31), and
even by deposition of ultrafine clusters (28,
27). The materials are then annealed at high
temperature prior to microscopic imaging.
While these methods are often required to
obtain high-resolution images and usually
yield particles with admirably regular mor-
phology and smooth surfaces, the particles
of these model catalysts may not be repre-
sentative of those found in typical sup-
ported catalysts.

Most supported catalysts are prepared by
impregnation or ion exchange of catalyst
precursors from a solution onto the support
material (37). The resulting product is then
pretreated in oxidizing and reducing atmo-
spheres to convert the catalyst-intermedi-
ates into its useful metallic form. In these
preparations, the interplay between the
precursors and support, the method of con-
tacting, and the pretreatments used deter-
mine the size and shape of the crystallites.
In this paper, we present some results on
the influence of the support on the morphol-
ogy and size of the reduced Pt catalysts
supported on graphite substrates. While
these graphitic substrates are not typical
catalyst supports (32), they are required in
the STM study.
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EXPERIMENTAL
Substrates

Three chemically similar graphitic sub-
strates were employed as the catalyst sup-
ports: (i) the highly oriented pyrolytic
graphite, HOPG (UCAR Carbon Company
Inc.), is a very uniform flat substrate; (ii)
the nuclear grade high purity graphite,
NGHPG (UCAR Carbon Company Inc.),
has a heterogeneous surface; and (iii) the
functionalized substrate was prepared by
treating the NGHPG with concentrated
(65%) HNO; (Reagent A.C.S., Aldrich
Chemical Co., Inc.) oxidizing solution at
room temperature for 50 h. Nitric acid func-
tionalization of the substrate perturbs the
local surface chemistry by addition of ion
exchangeable, acidic functional groups.

Catalysts Preparation and Pretreatment

The Pt catalysts were prepared by im-
mersing the substrates in an aqueous solu-
tion of tetraamine platinum nitrate (TPN)
precursor. The precursor was selected to
ion exchange with the acid sites created on
the functionalized graphite. The exchange
was conducted at room temperature with
constant stirring for 30 days. The long con-
tact time was required to produce a signifi-
cant catalyst loading on the unfunction-
alized graphites. The resultant supported
precursors were dried at 373°K in air for 24
h. The dried catalysts were then decom-
posed in flowing Ar (UHP, Linde Union
Carbide) at 873°K for 2 h, reduced in flow-
ing H, (UHP, Linde Union Carbide) at
723°K for 2 h, and finally outgassed at
673°K with flowing Ar for another 2 h. The
catalysts were then slowly cooled back to
room temperature. Although calcination by
exposure to oxygen is commonly used to
decompose and disperse Pt catalysts, due
to the reactive nature of the graphite sub-
strates no calcination was used in the sam-
ple preparation.

STM Characterization

The STM used in this study is a commer-
cial Nanoscope II (Digital Instrument, Inc.)

operated in ambient conditions. Two STM
heads of different scan range were em-
ployed, a short scan head of 500-nm range
and a medium scan head of 7500-nm range.
The STM was operated in both height imag-
ing and current imaging modes. Height
imaging mode provides good morphological
and topographical information, while better
atomic resolution is achieved with current
imaging mode at the expense of the height
information. The two operational modes
complement each other providing the topo-
graphical, morphological, and surface
structural information of the supported cat-
alysts. The operational bias voltage was
kept between 50 and 150 mV with the tun-
neling current at 1 nA. The horizontal scan
frequency was maintained below 26 Hz.

RESULTS AND DISCUSSION
Substrates

Both the large scale topographies of the
three substrates (Fig. 1) and their atomic
structures (Fig. 2) were imaged for compar-
ison. The surface of the highly oriented py-
rolytic graphite (HOPG) is very flat and uni-
form, consisting primarily of wide terraces
of basal planes with occasional mono-
atomic steps (Fig. la). Large irregularly
shaped islands are also encountered, al-
though infrequently. These islands are ba-
sally oriented with the edges particularly
rough and kinked. The well ordered nature
of the HOPG substrate makes it an ideal
support for STM studies, but the flatness
and uniformity of the substrate makes the
surface lubricating, which results in the
easy displacement of the deposited crystal-
lites by the rastering tip of the STM.

The nuclear grade high purity graphite
(NGHPG) is a topographically rough and
heterogeneous substrate. X-ray diffraction
data show the substrate to be predomi-
nantly 00l or basally oriented. Although
SEM study indicates that NGHPG com-
posed primarily of large and relatively flat
facets, the STM results (Fig. 1b) show oth-
erwise. Figure 1b shows the surface to be
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HNO3 FUNCTIONALIZED NGHPG

FiG. 1. Large scale image of the graphite substrates, (a) HOPG, (b) NGHPG, and (c) NGHPG-

HNO;.

irregular, exhibiting microroughness in the
form of deep grooves and steps. In addi-
tion, the step edges are very irregular and
kinked, while pits and holes are also occa-
sionally observed, providing a topography
which is more realistic model for the porous
catalyst support. In spite of its microrough-
ness, the NGHPG substrate is suitable for
STM characterization of the deposited
crystallites because its surface heterogene-
ity provides nucleation sites for the precur-
sor and anchorage for the reduced crystal-
lites, which greatly limits the movement of
the reduced crystallites and allows good
resolution to be achieved. These heteroge-
neous surface features do present some dif-
ficulty in distinguishing STM images of the
crystallites from the substrate, however,

the types of surface features of the sub-
strate are limited and can be easily distin-
guished from the metallic crystallites.
Functionalization of the NGHPG sub-
strate with a liquid oxidant such as nitric
acid perturbs the local surface chemistry by
introduction of ion exchangeable, acidic
functional groups. Although functionaliza-
tion can also cause surface roughening and
topographic changes, the functionalized
substrate (Fig. Ic) is topographically simi-
lar to the NGHPG and the surface rough-
ness of the two substrates is comparable.
Whereas the surface sites on HOPG and
NGHPG substrates are primarily physical
sites, both physical and chemical sites are
important in the functionalized substrate.
The physical sites consist of steps, plane
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FiG. 2. Atomic structures of the graphite substrates, (a) HOPG, (b) NGHPG, and (c¢) NGHPG-
HNO,.

edges, surface defects, and other surface
features wherein the precursors preferen-
tially nucleate. The chemical sites are ex-
changeable surface functional groups such
as the acid sites created during functional-
ization.

A comparison of the atomic resolution
images of the three substrates are shown in
Fig. 2. The substrates show structural simi-
larity at atomic level, differing only in the
density of defects. The images of the un-
functionalized graphites (HOPG and
NGHPG) have the hexagonal close packed
arrangements of the graphite structure. The
functionalized graphite has a similar overall
structure, but the density of defects is much
higher. This results in changes in the local
electron density of states, which apparently

results in different contrasts in the image,
with ring structures being predominantly
imaged (42). Structural changes in the form
of defects are expected in functionalization,
however, such surface perturbations are
highly localized and well distributed, and
Fig. 2¢ does not reflect the overall surface
structure of the substrate.

The results show that although the bulk
composition and structure of the three sub-
strates are similar, the surface chemistry
and structure are different. The large scale
roughness of the functionalized graphite
(NGHPG-HNO;) and NGHPG is compara-
ble and much greater than the HOPG, while
the NGHPG-HNO; has the highest density
of defects compared to both the NGHPG
and HOPG.
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F1G. 3. Reduced Pt deposited on HOPG.

Morphologies of Pt Supported Catalysts

(a) Pt on HOPG. Images of reduced Pt
crystallites supported on HOPG are shown
in Figs. 3a—d, starting from 250 x 250 nm
down to 70 X 70 nm scan area. Figure 3a
(upper-left panel) shows aggregates of crys-
tallites of about 90—140 nm with an aspect
ratio of about 2, while the individual crys-
tallites forming the aggregates have sizes
between 100-200 A. Few individual crys-
tallites in close proximity to one another
are also shown in this figure. Figure 3b (up-
per-right) shows two common types of ag-
gregates observed in the study in greater
detail. The 50 X 25 nm cluster typifies ag-
gregates that are composed of both partially

sintered and loosely bound crystallites,
while the smaller 40 x 20 nm cluster of indi-
vidual crystallites in loose aggregate is the
more common type of aggregation ob-
served in the study. Such crystallites al-
though in close proximity do not touch each
other. While individual crystallites are ob-
served, islands of loosely aggregated crys-
tallites (such as shown in Fig. 3b) are more
common. It is not clear if the aggregation is
solely due to the preparation method and to
what extent the rastering action of tip inftu-
ences the crystallites’ habit, for the ras-
tering tip can concentrate the particles at
topographical features where they get
trapped.

Although movement of the crystallites
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due to the rastering effect of the STM tip is
not unusual for particles deposited on
HOPG (33, 34), it was not often observed in
our study which maybe due to catalyst
preparation method. Typical catalyst prep-
aration entails interaction between the sub-
strate and the catalyst precursor; such in-
teraction is preferentially located at
nucleation sites on the surface which may
also be a trapping site for the crystallites. A
shadowing effect appears in some of the im-
ages of the crystallites; such effect is a com-
bination of hysteresis effect of the piezo el-
ement, as well as the nature of the image
processing software.

Images of the crystallites at higher reso-
lutions are shown in the lower panels (Figs.
3¢ and 3d). The crystallites shown in Fig. 3¢
are square in shape with rounded corners
and a length to width ratio (LTW) between
1.0 and 1.2. The perimeter edges of the
crystallites are uneven with kinks, while
the surfaces exhibit significant microrough-
ness. Such surface roughness is shown
more clearly by Fig. 3d, showing in greater
detail the uneven surface of the crystallites.
The crystallites shown in Fig. 3¢ and 3d are
randomly oriented with no preferential or-
ganization.

Statistical observation and measurement
of more than 400 individual crystallites
such as the one shown in Fig. 3, excluding
the large aggregates in which the individual
crystallites cannot be resolved, indicates
that the morphology of the Pt crystallites on
HOPG can be accurately described as rec-
tangular parallelipiped with rounded cor-
ners of an average size of ~225 A and with
an average height of only ~25 A. The
anomalous height indicates a plate-like
morphology similar to the truncated crys-
tallite shape proposed by Winterbottom
(35) for crystallites on flat supports. The
presence of burn-holes near the crystallites,
observed in some of the images, implies
that they are partially buried within the
graphite substrate. Burn-holes are shallow
pits created by partial gasification of the
substrate during pretreatment of the cata-
lyst which later become exposed when the

crystallites are displaced from its original
location. The burn-holes often confirm the
size and shape of the crystallites. While the
embedment of the crystallites can explain
some of the height discrepancy, we must be
careful to note that the STM image is a con-
volution of surface topographic, chemistry,
and electronic information. It is conceiv-
able that the surfaces of the crystallites are
partially covered by surface impurity (car-
bon or oxygen), and that tunneling through
this layer creates distortion of the height
scale. The presence of a surface contamina-
tion layer affects both the chemistry and
conductivity of the surface, contributing to
the anomalous ratio between the height and
the length of about 1 :8 as compared to the
lower limit of 1:2 from TEM studies (36—
38).

(b) Pt on NGHP. Images of the reduced
Pt crystallites on NGHPG are shown in
Figs. 4a—4d. The upper-left panel (Fig. 4a)
shows that the majority of the crystallites
aggregated into islands interconnected by
dendritic-like branches. Both the islands
and the dendritic branches are made up of
loosely bound crystallites with the islands
usually 10-30 crystallites in size, while the
dendritic branch is one crystallite in width.
The large (~20 A) separation between crys-
tallites enables both the resolution and mea-
surement of the individual crystallites
within the islands. The crystallites are
roughly oblong or ellipsoid in shape with
the average size of ~125 A but a height of
only ~20 A. Another area of the substrate
exhibits a collection of crystallites with ir-
regular shapes and rough morphology, Fig.
4b (upper-right). A higher magnification of
a section of Fig. 4b is displayed in Fig. 4c
(lower-left), showing that the microstruc-
ture of these irregular shaped particles is
the result of sintering between two or more
crystallites. Such sintering gives rise to
such irregular donut-shaped, L-shaped, and
triangular particles, with junctures that can
be faintly traced from the necking between
the crystallites. The outline of these crys-
tallites indicates an original oblong or ellip-
soid shape similar to that shown in Fig. 4a.
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F1G. 4. Reduced Pt deposited on NGHPG.

Although the irregular shape of the parti-
cles can be explained by sintering of crys-
tallites having simple, well defined shape,
the surface roughness observed seems to be
inherent to both sintered or unsintered
crystallites as shown in Fig. 4d (lower-
right). This demonstrates that the irregular-
ity and roughness of the crystallites is a
prevalent observation rather than the ex-
ception.

Observation and measurement of more
than 400 particles yielded an average size of
~175 A with an average height of ~20 A.
The morphology of the individual crystal-
lites has certain similarity to that of Pt cata-

lysts supported on HOPG, and can be de-
scribed as rectangular parallelipiped with
rounded sides (or approximately oblong).
As in the case of Pt on HOPG, the exis-
tence of burn-holes suggests partial embed-
ment in the substrate, however this is only a
partial explanation for the anomalous height.

(c) Pt on NGHPG-HNQO;. STM images
of the reduced Pt catalysts crystallites sup-
ported on HNO; functionalized NGHPG
are shown in Figs. Sa~5d. Figure 5a (upper-
left) shows the wide distribution of sizes
exhibited in this catalyst, both very large
(~1000 A) and small (~100 A) particles are
observed to coexist in the same region. A
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F1G. 5. Reduced Pt deposited on NGHPG-HNO;.
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collection of elongated crystallites is shown
in Fig. 5b (upper-right); again the surface
roughness and irregularity of the perimeter
edges are evident. One of the crystallites in
the aggregate has a smoother surface and
one of its sides has considerably straight
edge compared to the other. Thus the ob-
servation of irregular surface features in the
majority of the particles imaged is not an
artifact of the imaging process but rather a
morphological feature resulting from the
preparation method. The average size of
the crystallites was ~350 A, and as in the
other substrates shown in Figs. 3 and 4, the
height is only ~20 A.

While the images used in the morphologi-
cal studies were obtained in the height
imaging mode, images in current imaging
mode were also obtained to achieve atomic
resolution of the surface structures at the
expense of the height information. Example
of such images are presented in Figs. Sc and
5d. Figure 5c¢ (middle) shows crystallites
contrasted against the graphite back-
ground. Although the height scale is miss-
ing, the contour lines observed in the crys-
tallites is indicative of edges and may be
used as qualitative indication of the height
and surface morphology. The section of a
large crystallite shown in Fig. 5d (bottom)
shows similar features but with better
atomic resolution that permits structural
study of the surface. In this case several
domains of (111)-type close packed ar-
rangements are observed. Lattice parame-
ters between surface atoms of the regular
domains with the same structures were ob-
tained by measuring the distances between
the atomic corrugation in a cross section of
the surface. They were found to be (4.508 =
0.190) A x (4.894 = 0.482) A, which indi-
cates a probable surface reconstruction.
The values of the lattice parameters are
close to the (111) V3 x V3 structure. It
should be noted however that the surface
structures vary from particle to particle.

The morphologies of the crystallites on
functionalized graphite were more elon-
gated than in the unfunctionalized sub-

strates with aspect ratio between 1.0 to 2.4,
with an average of about 1.4, and anoma-
lous height suggestive of a plate like mor-
phology.

Size and Height Distribution of Pt
Supported Catalysts

Figure 6 summarizes the statistics of
counting about 400-500 particles in various
samples of the three substrates used. The
total number counted is given to emphasize
that the conclusions presented are not
based on the few images shown in Figs. 3-
5, but rather drawn from a statistically sig-
nificant sample size. It should be empha-
sized that the statistics were obtained from
individual measurement of crystallites with
no automation, which requires the observa-
tion of each crystallites’ size, location, and
shape. The authors are not aware of any
other STM study involving such detailed
measurements beyond the presentation of
images.

Figures 6a and 6b show that the crystal-
lite size distribution of the unfunctionalized
HOPG and NGHPG exhibits a Gaussian
distribution with average sizes of 225 and
175 A, respectively, whereas on the
NGHPG-HNO; (Fig. 6¢), crystallites have
a broad size distribution with an average
size of 350 A. An important limitation of
these results is that the very small and very
large particles are excluded from the statis-
tics due to instrumental limitation. Very
small clusters (<10 A) are difficult to distin-
guish from the substrate topography espe-
cially in the rough supports, while the large
particles are usually beyond the scan range
of the instrument.

The difference in crystallite sizes be-
tween the unfunctionalized graphites, i.e.,
HOPG and NGHPG, indicates that the
rougher substrate favors formation of
smaller crystallites. Since in the unfunc-
tionalized substrates the number of sites
available for ion exchange is minimal, the
process of crystallite formation will involve
primarily physical deposition with nuclea-
tion and growth of the precursor on the sur-
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FiG. 6. Size distribution of reduced Pt deposited on (a) HOPG, (b) NGHPG, and (¢) NGHPG-
HNO;.
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face of the substrates. Subsequent drying,
decomposition, and reduction of adsorbed
precursors produces the metallic crystal-
lites. It appears that the greater number of
nucleation sites available in the rougher
substrate results in greater dispersion of the
precursor over the surface (28), and the sur-
face roughness may also serve as barrier
against surface diffusion therefore inhibit-
ing the growth of the metallic crystallites.

The Pt catalyst supported on functional-
ized graphite not only has a different mor-
phology, but surprisingly it exhibits larger
crystallites in comparison to the catalysts
supported on unfunctionalized graphite.
Ammonia TPD studies did indicate an in-
crease in the number of acidic sites on the
functionalized graphite compared to the un-
functionalized one, and intuitively, we ex-
pected smaller crystallites as the results of
the increased number of surface sites avail-
able for precursor interactions. Our recent
STM study of the uncalcined precursor on
graphitic substrates did indeed show that
the precursor clusters are smaller on the
HNO; functionalized graphite compared to
unfunctionalized substrate (28), but the
study also shows that these precursor clus-
ters are locally concentrated into regions.
The cluster regions on the functionalized
graphite are more extensive and have
denser cluster population compared to that
on the unfunctionalized graphite. Clearly
the ion exchange process created a rather
weak interaction with the precursor and
during decomposition and reduction, the
denser population of the clusters lead to
larger crystallites. Furthermore, the same
physical processes of deposition that took
place in the unfunctionalized graphites,
were also occurring in the functionalized
graphite leading to the broad, non-Gaussian
distribution of sizes observed on this sub-
strate,

The average height of the crystallites in
the three different supports are abnormally
similar and small (~20-30 A) and do not
vary much with crystallite size. This give
rise to the speculation on the effect of the

surface oxide layer on the tunneling pro-
cess of the STM. Although this present diffi-
culty in the interpretation of the current
data, work is currently underway for in-situ
STM characterization and reduction of the
catalyst, which will enable us to deconvo-
lute the effect of the oxide layer from the
STM data. This will also allow us to deter-
mine the effect of the chemisorbed oxygen
and surface oxide layer on the surface elec-
tronic state of small catalyst crystallites.
The main difference between the results
presented here and the more traditional
morphologies observed by TEM is not
much in the size distribution but rather in
the rough and irregular morphology of the
crystallites. Information on surface contour
and roughness of the particle in similar de-
tail and resolution achievable in STM are
not usually available from TEM studies.
There is also significant differences in sam-
ple preparation and sample—probe interac-
tions between STM results presented here
and many TEM studies (39). In this STM
study, the catalysts are pretreated under
conditions similar to those used in the prep-
aration of Pt catalyst supported in large
area porous supports, avoiding unneces-
sary heat treatments that might anneal the
particles. In many TEM studies of small
crystallites the preparation involves high
energetics, i.e., vacuum evaporation and
vapor deposition, in which hot metal clus-
ters are deposited on the substrate and are
usually annealed at high temperatures, re-
sulting in the regular, near-equilibrium
shapes. Another important point to remem-
ber is that the high energy TEM beam can
drastically affect the morphology of small
crystallites under study (36, 39). The STM
probe current and voltage are so low such
that modification of the crystallite morphol-
ogy by the probe is negligible. Since TEM is
now such a traditional surface characteriza-
tion tool for catalysts, TEM images are usu-
ally accepted de facto with little or no con-
sideration of the heat effect of the probe on
the sample being imaged. In previous TEM
work done by one of the authors (40), it was
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Fi1G. 7. Aspect ratio (or LTW ratio) of crystallites on
Pt/HOPG.

not uncommon to see crystallites evaporate
when the electron beam was maintained for
too long on a particle.

As in most microscopy methods, the na-
ture of the probe is critical to both image
quality and data interpretation. The quality
of the STM image is dependent on the con-
dition of the tip, i.e., tip geometry, probe
size, and cleanliness. Poor tip geometry
results in fuzzy images and error in size
measurement of the particles, while multi-
ple tip effects results in ghost images; both
problems can be easily detected and can be
simply remedied by tip replacement.

While not reported before, the heteroge-
neous and rough surface morphology of the
supported crystallites revealed by these
STM results should not be surprising since
it is the characteristic of metastable parti-
cles, and such microroughness and hetero-
geneity can provide the active sites re-
quired for catalytic reactions. The
metastable condition of the supported Pt
crystallites is further supported by the as-
pect ratio distribution shown in Fig. 7 for Pt
on HOPG. At equilibrium, all the Pt crys-
tallites will have an aspect ratio of 1.0,
while the distribution clearly shows that
less than 30% of the particles have an as-
pect ratio of 1.0 and 70% have an aspect
ratio between 1.0 and 3.0. The metastable
condition of the particles is indeed to be

expected, after all, we are working with
heterogeneous catalysts and not with well
ordered model surfaces. Further work is
underway to see if the crystallite morpholo-
gies translate to activity differences, and to
corroborate the size distribution using
TEM.

While the STM results are provocative
and the extensive statistics indicate that the
differences to the equilibrium morphology
are indeed real and not the result of the
STM technique, the results presented here
were obtained in air and/or supported on
graphite substrates which introduce uncer-
tainty due to possible contamination ef-
fects. Although studies in a controlled at-
mosphere or vacuum can reduce this
uncertainty, the results presented here
have the same type of uncertainty encoun-
tered when handling supported catalysts.
The graphitic supports, however, are not
characteristic of high surface area cata-
lysts, and until results with other substrates
are obtained, the results presented here are
valid only for the graphitic supports used
and can not be generalized. Work is under-
way in our laboratory to use atomic force
microscopy (AFM) to conduct similar stud-
ies on nongraphitic supports.

SUMMARY

The morphologies of the dispersed Pt cat-
alysts supported on flat graphitic substrate
have been resolved with STM at ambient
condition. The size and morphology of the
reduced catalyst crystallites depend on the
nature of the support. The morphology and
surfaces of the individual crystallites are in-
herently heterogeneous, with surface
roughness and heterogeneity being the
norm rather than the exception. The crys-
tallites usually have very rough surfaces
with irregular, kinked edges, while ridges,
steps, and defects are common on most sur-
faces. Multiple domains of different surface
atomic structures are also observed. Atom-
ically, the surfaces are populated with de-
fects and adatoms, and evidence of surface
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reconstruction is observed from the mea-
sured lattice parameters.

An increase in surface roughness of the
substrate decreases the size of the sup-
ported catalysts without noticeable changes
in morphology. The catalysts supported on
unfunctionalized graphites, both HOPG
and NGHPG, have similar morphologies.
The crystallites can be generally described
as rectangular parallelepiped with rounded
corners. Functionalization causes perturba-
tion in local surface chemistry of the sub-
strate and results in considerable changes
in both morphology and size of the sup-
ported catalysts. Catalysts supported on
the functionalized graphite have a very ir-
regular, elongated morphology. Larger
crystallites were observed in catalysts sup-
ported on functionalized graphite compared
to unfunctionalized graphite. The formation
of the larger crystallites on functionalized
graphite are favored by the local concentra-
tion of precursor clusters prior to pretreat-
ments.

The surface heterogeneity observed in
this work appears more significant than pre-
viously imaged by TEM. This results from
the higher resolution of STM and its ability
to obtain three dimensional information of
the crystallites’ morphologies and surface
structures. Although graphite is not a very
common support for catalyst, the proce-
dures selected for the catalyst preparation
are typical to those used in the preparation
of supported catalysts and the morpholo-
gies of the catalyst crystallites are similar to
those found on other supported catalysts
4.
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