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The surface morphology of supported Pd/graphite film cata-
lysts imaged by scanning tunneling microscopy (STM) shows
that the microstructure is strongly dependent on the pretreat-
ment and reaction conditions. Results obtained from the ultra-
high vacuum STM have validated the ambient STM images
provided the film structures are sufficiently larger than 10 nm.
Significant morphological changes occurring during reaction
were accompanied by alteration in the activity and selectivity.
Three Pd/HOPG films were prepared by exposure to different
treatment conditions. It was found that the films with different
microstructure exhibit different catalytic behavior, whereas the
two films with similar structures prepared by different proce-
dures have similar activity and selectivity. o 1995 Academic Press, Inc.

INTRODUCTION

Understanding the structural effect on catalysts during
pretreatment and reaction is important in fundamental
catalysis. Many catalytic surfaces experience dynamic
transformations under most of the treatment and reaction
conditions (1-3), as is evident from the sintering and redis-
persion processes observed in supported catalysts (4) and
surface reconstruction in single crystal surfaces (5, 6). Ad-
sorbate-induced surface structural changes are also ob-
served in thin films that resemble supported catalysts (7,
19). Thus, it is important to know how a reaction induces
changes on the surface microstructure and how such
changes effect the catalytic activity and selectivity. A
knowledge of the relationship between reaction environ-
ment and catalyst morphology can be useful in extrapolat-
ing information obtained under ideal conditions (i.e., single
crystals at ultrahigh vacuum (UHV)) to applications at
elevated pressure on supported catalysts. Furthermore, if
a strong correlation between structure and activity exists,
one may in principle predict the activity—selectivity behav-
ior of the catalyst based on the known surface structure
and composition. For this purpose, it is important to know
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the level of resolution sufficient to validate such a correla-
tion. Atomic resolution is required to identify the active
sites and detailed reaction mechanism, whereas micro-
structural information relates to the distribution of ac-
tive sites,

Our previous scanning tunneling microscopy (STM)
studies have shown that supported Pt and Pd catalysts on
graphite (8, 9) have complex morphologies and exhibit
both size and shape distributions (8, 11). The crystallite
morphology is strongly dependent on the precursor (9-11),
support (12), preparation method (10, 11), and treatment
history (8). Due to those complicating factors, even such
model-supported catalysts (8-12) are difficult to study.
Aiming at studying a simpler surface, we turned our atten-
tion to thin film catalysts.

We have shown in a recent study (1) on supported Pd
thin film catalysts that both treatment temperature and
adsorbate gases can have a strong influence on the surface
microstructure. Gases that have strong interaction with
palladium surfaces, such as hydrogen and hydrocarbons,
cause greater structural changes than an inert gas such as
helium. Exposure of a Pd film to different C, hydrocarbons
(n-butane, 1-butene, and 1,3-butadiene) shows that surface
reaction (n-butane dehydrogenation) can result in signifi-
cant structural changes.

In this paper, we examine the effect of the reaction on
the film microstructure using STM, under both ambient
and UHYV conditions, and measure the resulting changes
in catalytic activity. The transformation of surface micro-
structure of Pd thin film catalysts during 1,3-butadiene
hydrogenation reaction and the consequent changes in con-
version and selectivity were investigated. Three film micro-
structures were also prepared to compare their kinetic
behavior during the hydrogenation reaction.

EXPERIMENTAL
Thin Film Preparation and Treatment

A thin film, about 20 nm thick, was prepared by evapo-
rating 14 mg of a Pd wire in a vacuum of 1 X 107¢ Torr
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(Denton DV-502) onto a highly oriented pyrolytic graphite
(HOPG). Six samples (1.2 X 1.2 cm?) were prepared in
each batch of depositions by placing them in a tilted (30°)
platform to allow uniform deposition of the metal. Five
samples (0.6 X 1.2 cm?) were used in the study, and STM
studies of the fresh films show that they have similar surface
structures. Prior to the hydrogenation reaction, the sup-
ported thin film catalysts were pretreated in flowing hydro-
gen at 523K for 3 h.

Activity and Selectivity Measurements

The reactivity and selectivity of the thin film catalysts
(0.72 cm?/sample) were measured during the hydrogena-
tion of 1,3-butadiene. This reaction was chosen because of
its structure sensitivity and high reactivity which permits
one to abtain high conversion on a low area model film
catalyst. The hydrogenation was conducted in a quartz-
tube flow reactor (0.8 cm i.d.) at a constant flowrate of 110
m}/min. The reactant mixture consists of 1,3-butadiene and
hydrogen, with nitrogen as diluent gas. The partial pressure
of the 1,3-butadiene was kept constant at 4 Torr under an
overall reactor pressure of 1 atm. The hydrocarbon re-
actant and products, 1,3-butadiene, n-butane, 1-butene, cis-
2-butene, and frans-2-butene, were separated using a 0.19%
picric acid/graphpac chromatographic column { Alltech As-
sociates, Inc.) and their concentrations were monitored
using a gas chromatograph (Varian Aecrograph 1400)
equipped with a flame 10nization detector. Blank runs using
the graphite support were also performed and there are
no detectable products under the reaction conditions pre-
sented in this paper.

The study is divided into two parts. First, we investigated
the effect of reaction environment on the Pd film micro-
structure and the consequent changes in catalytic perfor-
mance. An ambient STM was used for this purpose, while
a UHV STM was used to validate some of these results.

Starting with a fresh Pd film, the catalyst was pretreated
in hydrogen at 523 K for 3 h, then was exposed to a stepwise
increase in reaction temperatures at a fixed H,/HC ratio
of 125. The experimental sequence (Scheme 1) is as follows:
the reduced film was allowed to react and equilibrate at a
selected temperature for 90 min, and the conversion and
product selectivity at that temperature were recorded. Sub-
sequently, the reactor was cooled to 323 K and the catalyst
activity and selectivity at that temperature were also mea-
sured. Thereafter, the reactor was quenched to room tem-
perature and flushed with flowing N, prior to removal of
the catalyst for STM analysis at ambient conditions. After
STM imaging, the film catalyst was loaded back into the
reactor for further studies at other reaction temperatures.
Since the catalyst was exposed to air during STM imaging
under ambient conditions, it was flushed with N, and then
H; at room temperature prior to the next reaction step to
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SCHEME 1. Experimental schematic. The fresh evaporated Pd/C

film was treated in H; followed by exposure to reactions with stepwise
temperature increase. The film was then cooled down to 323 K for activity
and selectivity measurement followed by STM imaging.

minimize the effect of ambient gases. Higher temperatures
were not used during flushing because they could result in
microstructural transformations (1). The procedure was
then repeated for the next reaction temperature.

In addition to the experiments conducted in the flow
reactor, the hydrogenation reaction at 300 K was also per-
formed in a reaction chamber (2.75 in. 6-way cross)
attached to the UHV STM chamber as shown in Fig. 1.
This enabled us to image postreaction samples without
exposure to ambient gases. The pretreated catalyst (H, at
523 K for 3 h) was transferred to the reaction chamber
through a loadlock fast-access door and the reaction mix-
ture was introduced via a leak valve until the same gas
composition as in the flow reactor was attained. After
reaction, the chamber was evacuated using a turbomolecu-
lar pump to 3 X 1077 Torr and the sample was transferred
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FIG. 1. UHV STM schematic diagram. The UHV STM is housed in
an 8-in. 6-way cross which is attached to the reaction chamber (2.75-in
(6-way cross) with heating capability. Various reactive gases can be lead
to the chamber and then delivered to a GC with FID detector for analysis.

to the STM sample stage in the UHV chamber using a
linear motion feedthrough.

For the second part of the study, three film microstruc-
tures were prepared using different methods and their con-
version and selectivity toward 1,3-butadiene hydrogena-
tion were determined at different reaction temperatures.
The first film structure (R125) was obtained using a similar
procedure, as shown in Scheme 1, i.e., reaction at Hy/HC
ratio of 125 up to 473 K, for 90 min, but without exposure
to ambient gases, which resulted in one of the stable micro-
structures. The second film microstructure (R10) was
formed upon further exposure of a R125 film to a low Hy/
HC ratio of 10 at 473 K. A third film (HAn) was prepared
by high-temperature (723 K) annealing of a fresh Pd film
in hydrogen for 60 h. The R125 film structure was stable
for temperatures less than 473 K and H,/HC ratios greater
than 25, whereas the other two films (R10 and HAn) were
stable between 300-473 K for H,/HC ratios =4.0,

STM Imaging

The two STM used in this study were an ambient STM
(Nanoscope I1, Digital Instruments) and UHV STM (Bur-
leigh, Inc). The ambient and UHV STM have effective
scan ranges of 7500 and 5400 nm, respectively, and were
operated in the height imaging mode to provide good topo-
logical images. To avoid undesirable tip effects (e.g., multi-
ple and unstable tips), only Pt/Ir STM tips that can achieve
atomic resolution on HOPG were used. After each run,
the tips were re-evaluated in a similar manner to determine
possible tip deterioration during STM operation. The oper-
ational bias voltage was kept between 15 and 150 mV with
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the tunneling current fixed at 1 nA. The horizontal scan
frequency was maintained below 5.0 Hz for best image res-
olution.

At least four different areas on a sample were selected
for STM analysis, generally in the center and halfway be-
tween each corner of the sample and the center. Usually,
all the scanned areas yielded similar structures. While the
micrographs presented are the best resolved, they are
definitely representative of all other four to five scanned
areas. Each area was carefully mapped by moving a fixed
scan window (1000° or 500 nm?) in a raster pattern. De-
pending on the scale of surface features to be examined,
smaller or larger scan windows were also used. Prominent
surface features such as grains and facets are described
by their geometrical shape and size. Surface roughness,
standard deviation in height, and fractal dimension are
also calculated to obtain a quantitative description of
the surface.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to
characterize the surface composition of the Pd film sam-
ples. The studies were performed using a spectrometer
from Kratos Analytical, Inc., with a monochromatic MgKa
radiation source (hv = 1253.6 eV). The base pressure of
the instrument was <1 X 107° Torr. The electron binding
energy was calibrated by assigning C 1s to be 284.6 eV.
Samples were analyzed as received after treatment in the
reactor to determine if exposure to ambient gases could
be detected by XPS. No special pretreatment was used in
the XPS chamber to avoid introducing additional surface
changes. Of particular interest was to detect the formation
of Pd oxide.

Materials

The Pd wire used in the film preparation is 99.999% pure
(Johnson-Matthey, AESAR), and the HOP graphite is
ZYH grade (UCAR Carbon Company, Inc.). The hydro-
gen and nitrogen gases used in this study are of UHP
quality (Linde Union Carbide) while the 1,3-butadiene is
99.5% pure and is supplied by Matheson Gas Products.

RESULTS
1. Ambient STM versus UHV STM

Due to the roughness of the film surfaces, especially
after reaction, it was difficult to obtain a statistically sig-
nificant set of data at atomic resolution to categorize each
surface structure. Thus, we decided to correlate the trans-
formations of the observed microstructure to the changes
in catalytic activity to give at least a qualitative correlation
between microstructure and catalyst performance.
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FIG. 2. STM images of the surface structure of fresh Pd film (a) in
air and (b) in UHV.

Figure 2 compares the microstructure of an unreacted
Pd thin film on graphite imaged with STM under ambient
(Fig. 2a) and UHV (Fig. 2b) conditions. The ambient STM
image shows a 20-nm thick film made up of multiple layers
of uniformly packed Pd grains (10 nm). Similar film micro-
structure was imaged by the UHV STM at 107° Torr as
shown in Fig. 2b. To preserve the film structure, no special
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cleaning method (i.e., heating or sputtering) was used on
these fresh samples. Nonetheless the evacuated film should
be cleaner than at ambient conditions and at least free
from physisorbed species. In addition, the image (Fig. 2b)
also reveals the columnar Pd growth common for the films
deposited from vapor deposition at an oblique angle and
under low substrate temperature. Images on the other five
samples prepared from the same batch of the Pd film
showed a similar and reproducible microstructure. Hum-
bert et al. (14) reported that only when Pd particles are
less than 10 nm does exposure to ambient gases have a
significant effect on the particle morphology. This was also
confirmed by the reproducibility of the images of samples
left at ambient conditions for extended periods of time.

After hydrogen pretreatment (523 K, 3 h) an order-of-
magnitude increase in grain size (10 to 110 nm) was ob-
served, in good agreement with our previous work (1).
Subsequently, exposure of the Pd film to reactant gases at
room temperature (300 K) gives the film microstructure
shown in Fig. 3a. Film fragmentation is common and the
film exhibits broader size distribution and grains with irreg-
ular shapes resulting in an increase in surface roughness. A
similar experiment was conducted in the reaction chamber
attached to the UHV STM system (Fig. 1) without expo-
sure of the film to ambient gases during STM imaging.
Again, the film microstructure (Fig. 3b) is similar to that
imaged by ambient STM (Fig. 3a). This indicates that, at
the microstructural level resolution of these micrographs,
ambient gases have only a small effect on the microstruc-
ture of the film. All the subsquent micrographs presented
in this paper were obtained in ambient STM.

XPS measurements (Table 1) conducted on reacted Pd
films indicate that after exposure to ambient gases the Pd
3d binding energy (BE) was within 0.1 eV of the value for
metallic Pd (334.9 e V). Weakly bound oxygen, presumably
from surface moisture, and graphitic carbon from the reac-
tion were also detected. Although these adsorbates can
alter the local atomic structure, their presence does not
seem to have an apparent effect on the microstructure in
comparison to exposure to the reactants at reaction tem-
perature.

1. Microstructural and Activity Transformation under
Reaction Environment

Figure 4 shows the microstructural transformations of a
Pd thin palladium film occurring when it is used as a catalyst
for the 1,3-butadiene hydrogenation reaction following the
experimental procedure outlined in Scheme 1. Exposure
to reaction at 7 = 348 K results in the formation of facet-
like structures shown in Fig. 4a. Large areas of the palla-
dium film exhibit rectangular facets (aspect ratio = 1.8;
see arrows in figure), which have an average size of
350 x 200 nm? and are made up of sintered grains decor-
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FIG. 3. Pd/C film structure after exposure to the reactive hydrogen/
1,3-butadiene mixture at 300 K imaged (a) in air and (b) in UHV.

ated by smaller particles. This transformation from the
microstructure shown in Fig. 3 was stable for temperatures
less than 348 K. After exposure to reaction at 373 K, the
smooth trapezoidal facets (180 X 200 nm?; see arrows in
figure) shown in Fig. 4b replace the rectangular facets of
Fig. 4a. Further reaction at 423 K results in disappearance
of facets and occurrence of local sintering resulting in the
porous film structure shown in Fig. 4c. The measured grain
size is 175 nm, smaller than the facets. Formation of 250 nm
aggregate clusters (Fig. 4d) occurs after exposure of the
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film to reaction at 473 K. The maximum reaction tempera-
ture used was 473 K to prevent carbon deposition as indi-
cated by the rapid catalyst deactivation and the loss of
resolution in the STM.

The conversion and product selectivity of the different
film microstructures shown in Fig. 4 were measured at the
same temperature of 323 K to determine the relationship
between microstructure and catalyst activity. Figure 5a
shows the butadiene conversion at 323 K for the different
exposure temperatures leading to various film microstruc-
tures shown in Fig. 4. Results obtained pre- (open squares)
and post- (solid dots) STM imaging are also shown to
demonstrate the reproducibility of the measurements. The
results indicate an initially low conversion that increases
by twofold after changes in the film microstructures shown
in Figs. 4c and 4d. The results also show that, like the film
microstructure, conversion is not affected by exposure to
ambient gases during STM imaging. Figure 5b displays
the product selectivity results corresponding to Fig. 5a.
Selectivity to cis-2-butene is structurally insensitive and
remains unaffected during the film transformation. For 1-
butene and trans-2-butene, there is data scattering at low
temperatures. However, the general trend indicates that
facets (Figs. 4a and 4b) consistently favor the production of
trans-2-butene, while the more open film microstructures
(Figs. 4c and 4d) preferentially produce more 1-butene
(~20%).

Besides describing the prominent surface features in
terms of their geometry and size, we attempted to quantify
the surface microstructure using the surface roughness and
fractal dimension estimated from the STM images. Surface
roughness (f) was calculated from the ratio of the actual
surface area to the projected area (i.e., f = surf. area/scan
area). Average height and standard deviation were also
used to measure surface roughness. The average height
(h) was obtained over the 160,000 data points from each
images, and the standard deviation (o) was calculated as-
suming a gaussian distribution. The fractal dimension (Dy)
of the surfaces was obtained from the slope of the log-log
plot of the surface area versus scan size. For an ideal flat
two-dimensional surface, f is independent of scan size and
the slope of the log-log plot should equal to 2.0.

Table 2 summarizes the grain size, height, o, f. and Dy
for various exposure temperatures. The surface roughness

TABLE 1
Binding Energy of the Surface Elements of the Reacted
Pd/C Films
Element: Pd 3d Cts O is
Binding energy: 3350 eV 284.6 eV S31.7 eV

Note. Reference: C 1y = 2846 ¢ V.
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FIG. 4. Pd/C film structure after exposure to the reactive hydrogen/1.3-butadiene mixture (H,/HC = 125) at increasing temperatures; (a) 348 K,
(b) 373K, (c) 423 K, and (d) 473 K. Arrows have been added in some images to aid the description of the micrograph.

(f) was obtained at a fixed scan size of 100 nm since f
changes with scan size as indicated by the fractal dimen-
sion, D;. The fresh Pd film is made up of small grains (10
nm), and the measured surface roughness ( f)is 1.18. Asthe
facetlike structures and trapezoids are formed, f decreases
from 1.18 to 1.02 and 1.09 reflecting the smoother film
surface. Similarly, growth in grain size also diminishes the

surface roughness, f. It is important to note that f, o, and
Dy were measured from the STM images and account only
for the topmost surface layer of the film that is probed by
the STM. Although these techniques are useful in assigning
numerical values to each microstructure, they contain lim-
ited information to fully represent the actual surface. Until
better techniques are developed, we can only state qualita-
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TABLE 2

A Summary of the Grain Size, Grain Height, o f, D;
and TON of the Pd/C Films after Various Exposing
Temperatures

Thickness Size Height SD f

Samples (nm) Features {nm} (nm)  (nm) (100 nm) Dy TON
Pd(14) 20 grains 10 2036 4.07 118 1.8932
300 K grains 110 2728 498 1.08 1.9885 37
REL facet-like 350 x 200 2122 4.01 1.02 19945 424
373K trapezoids 180 X 200 2551 471 1.09 19732 2.67
423 K grains 175 4697  6.68 1.06 19839 8.54
473 K cluster

apgregates 250 5136 546 1.06 19529 9.95

Note. Deposition rate 1.3 x 10" Pd/s.

tively how the reaction environment affects the surface
microstructure and its consequent effect on both activity
and selectivity.

Nonetheless, a turnover number, TON (no. C;H¢
molecules/Pd atoms-s), was estimated based on the surface
area estimated by multiplying the surface roughness times
the geometrical area of the film, assuming a surface atomic
density of 1.05 X 10" Pd/cm?, corresponding to a polycrys-
talline foil (15). The TON increased with increasing grain
size, confirming the results shown in Fig. 4a.

111, Microstructure and Catalyst Activity and Selectivity

The previous section has shown the microstructural
transformation occurring on a Pd thin film during the 13-
butadiene hydrogenation reaction. Changes in conversion
and product selectivity were observed to coincide with the
transition from one microstructure to the other. In this
section, the kinetics of 1,3-butadiene hydrogenation on
three palladium film microstructures is presented. A film
(R125) with a microstructure similar to that shown in Fig.
4d was prepared using the same procedure (see Scheme
1) but without exposure to ambient gases, since no interme-
diate STM images were obtained in this case. Figure 6a
shows the same aggregate clusters of size and shape compa-
rable to those shown in Fig. 4d, indicating that the proce-
dure gives reproducible microstructure. In addition, the
activity of the R125 film is similar to that of Fig. Sa, giving
a 4.0% conversion at 323 K. As shown in Fig. 6a, the R125
film exhibits rifts exposing portions of the graphite support.
The film thickness measured by STM from the exposed
support is about 50 nm, about twice as thick as the origi-
nal film.

A second film structure, referred to as R10, was prepared
by exposure of a R125 film to reaction at 473 K but at a
lower Hy/HC of 10. After the reaction, the aggregate clus-
ters of R125 (Fig. 6a) were transformed into the dendritic
microstructure shown in Fig. 6b. The dendritic film exhibits
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branches of 180 nm length and 50 nm width and their mea-
sured thickness is about 30 nm. The film has a calculated
fractal dimension of 1.7. This microstructural transforma-
tion was also accompanied by a decrease in conversion
from 4.0 to 2.4% (T = 323 K, Hy/HC = 125).

Another dendritic film microstructure (HAn) was pre-
pared using a completely different pathway by annealing
a fresh Pd film in hydrogen at 723 K for 60 h. Figure 6c
shows that this film also exhibits dendritic characteristics
in the form of narrow palladium bridges interconnecting
several palladium islands. The annealed film closely resem-
bles the R10 film and has the same fractal dimension of
1.7. These three film microstructures were stable under the
reaction conditions (T = 473 K, H,/HC = 125) used in
this study and exhibit reproducible reaction data.

Conversion versus temperature and Arrhenius plots for
the three films are shown in Fig. 7. Figure 7a shows that
at any given temperature, the butadiene conversion of
R125 film is higher than that of either R10 or HAn, both
of which have essentially the same conversion. Arrhenius
plots of reaction rates are linear, as shown in Fig. 7b. The
calculated activation energies are 14.0, 4.8, and 5.1 kcal/
gmol for R125, R10, and HAn, respectively. The decrease
in the activation energy from R125 to R10 films is indicative
of a change in the reaction pathway resulting from the
microstructural transformation of R125 after its exposure
to reaction. This is also supported by the significantly dif-
ferent product selectivities of the two film microstructures.

In the previous section, the reaction data (Figs. 3a and
3b) were measured for a single temperature (323 K) to
compare the catalytic behavior of the different palladium
microstructures resulting from its exposure to the reaction
environment. Figure 8a presents the conversion and selec-
tivity data of a palladium film recorded at various reaction
temperatures. The data indicate 100% selectivity toward
butene products with a small amount of n-butane produced
at temperatures above 423 K. 1-butene has a maximum
selectivity of 80%, whereas cis-2-butene exhibits a decrease
in selectivity with increasing temperature, reaching a low
value of 5% compared to an initial 40%. Trans-2-butene
is only formed above 348 K and reaches a stable selectivity
of about 55%. Clearly, the activity and selectivity are chang-
ing as the microstructure changes with increasing exposure
temperatures until it reaches a stable level at a temperature
of 423 K. Thereafter, the activity and selectivity are repro-
ducible.

The activity and selectivity vs temperature profile for
the R125 film is shown in Fig. 8b. The results shown in
Fig. 8a are different from those shown in Fig. 8b because
the former reflects the microstructural transformations of
the film as it reaches the stable R125 structure. Data shown
in Fig. 8b are reproducible when compared with a sample
similarly prepared. The selectivity in Fig. 8b shows that
butenes are the primary product and n-butene is formed
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only above 398 K (as is evident by the difference between
100% and total butenes). Initial 1-butene selectivity is 40%
and decreases to 10% at higher temperatures. The decrease
in 1-butene is observed to coincide with increases in
n-butane and cis-2-butene production. Trans-2-butene has
a steady-state value of about 50%. The changes in activity
and selectivity in R125 are the consequence of the reaction
kinetics and are not due to changes in microstructure.

R10 and HAn films, which have similar dendritic micro-
structures, exhibit essentially the same kinetic parameters,
activity, and selectivity profile, but differ from R125 results,
as shown in Fig. 8c. These films produce only butene prod-
ucts with steady-state selectivity of about 25% for 1-butene,
65% for trans-2-butene, and 10% for cis-2-butene.

The results demonstrate that microstructural transfor-
mations can occur during reaction (e.g., R125 to R10) and
alter the catalytic behavior of the surface resulting in sig-
nificantly different activation energies and product selec-
tivities. Furthermore, this study has shown that palladium
catalysts with different microstructures (R125 vs R10) ex-
hibit different kinetics parameters, whereas similar micro-
structures (R10 and HAn) exhibit similar kinetics regard-
less of the treatment history of each catalyst.

DISCUSSION

This work demonstrates several important relations be-
tween catalytic activity and selectivity and surface micro-
structure. We have shown that on Pd thin film ambient
and UHV STMs yield similar microstructural results, and
exposure of the samples to ambient gases at room tempera-
ture do not significantly affect their microstructure or reac-
tivity. We have also clearly demonstrated that catalytic
surfaces can be affected by the reaction environment caus-
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ing microstructural transformations that can alter the activ-
ity of the catalyst, resulting in changes in reaction kinetics.
In addition, the activity and selectivity of the palladium
catalyst to 1,3-butadiene hydrogenation can be qualita-
tively correlated to the film microstructure; different micro-
structures in general exhibit different catalytic behavior,
whereas similar microstructures give similar activity and se-
lectivity.

1. Ambient STM versus UHV STM

Similar microstructures {Figs. 2 and 3) of fresh and re-
acted Pd/C films were observed with STM under UHV
and ambient conditions. Exposure to air during ambient
STM imaging leads to adsorption of ambient gases on the
film surface. Although UHYV conditions do not guarantee
an adsorbate-free surface, the UHV STM image shows
more detail of the fresh Pd columnar film structure. The
grain-size discrepancy for palladium imaged in ambient
and UHYV can be attributed to adsorbed gases (28), which
do not significantly affect the overall film microstructure.
This effect of adsorbed gases on the microstructure dimin-
ishes rapidly with increasing grain size and was not appar-
ent in the reacted film as shown in Fig. 3. The results
indicate that on the Pd/C films, exposure to ambient gases
has minimal effect on the film microstructure, especially
if the grain sizes are large.

We have also shown that the activity of the reacted films
is similar, even if the films were exposed to air prior to
the activity measurement. Most adsorbed gases can be
removed from the film surface during the low-temperature
N, flushing prior to reaction, but some chemisorbed ones
will probably remain on the surface. These chemisorbed
gases are apparently eliminated during the reaction and
thus do not affect the resulting microstructure. Reactants
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FIG. 6. STM images of (a) R125 film structure after catalyst activa-
tion, (b) R10 film structure after exposure of the film to low H,/HC ra-
tio = 10 at 473 K, and (c¢) HAn film after hydrogen annealing at 723 K
for 60 h.
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such as H, and 1,3-butadiene result in a much greater
effect on the microstructure than the ambient chemisorbed
species. The high H,/HC ratio during reaction also assists
in reducing the Pd surface to its metallic state, if it is ever
contaminated during ambient exposure. The XPS results
also confirm that PdO is not a significant factor in the
observed microstructural transformations and activity re-
sults obtained.

I1. Microstructural and Activity Transformation under
Reaction Environment

We have shown that significant morphological transfor-
mations occurring during reaction were accompanied with
alteration in the catalysts’ activity and selectivity. The
method of palladium deposition, i.e., thermal evaporation,
onto the cold substrate results in Pd columnar growth (Fig.
2), which is not in thermodynamic equilibrium with the
reaction environment. The results show that it was not
sufficient to stabilize the film microstructure even after the
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FIG. 8. Product selectivity vs reaction temperatures for (a} film activation, (b) R125 film, and (¢} R10 (open diamond) and HAn (solid diamond}.

standard pretreatment at 523 K in H, for 3h and that
significant changes occur during reaction.

The transformations observed during reaction were
more drastic (i.e., occurred faster and at lower tempera-
tures) than those previously observed in the presence of
hydrogen alone or C,; hydrocarbons in the absence of hy-
drogen (1). During reaction, in addition to the adsorbed
reactants, there are adsorbed intermediates, adsorbed
products (saturated and C, olefins), and by-products (car-
bon) and hydrocarbon fragments on the surface. These
species can alter both local and global surface free energies,
causing a more significant effect than single adsorbates.

One can speculate that the presence of adsorbates affects
the surface free energy which is minimized by decreasing
the exposed surfaces area via sintering. This leads progres-
sively to a more porous film structure that becomes stable
for a set of reaction conditions such as the R125 film. One
may also question that perhaps the observed transforma-
tions are due to the temperature rise during reaction. Ac-
cording to our calculations based on the heat of reaction,
local surface heating due to this exothermic reaction is
minimal and at most there is a 20°C increase at 90% conver-

sion. Furthermore, during heating in He, an inert environ-
ment, morphological transformations did not occur in the
temperature range used in this work. Consequently, the
temperature rise during reaction should have a negligible
effect on the transformations observed.

Other authors (20-22) have also reported remarkable
changes in some surface processes such as surface rough-
ening, sintering, and redispersion, when the surface is ex-
posed to reactive gases. Schmidt and co-workers (3) have
shown that Pt single crystal spheres used in NH;, C;Hg, and
CO oxidation reaction and in NH; decomposition undergo
morphological changes with the formation of facet struc-
tures, and the resulting surface morphology is a strong
function of the reaction and reactant composition. A recent
STM study (13) of the roughening and facet formation
on a low area Pt—Rh gauze catalyst also reported strong
structural dependence on pretreatment conditions.

The most significant result of this study is the observed
activity and selectivity changes that accompanied each mi-
crostructural transformation. The measured increase in
conversion (Fig. 5a), even though the surface area is actu-
ally decreasing (Table 2), strongly suggests that this is
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solely a structural rather than a surface-area effect. This
is also supported by the significant change in product selec-
tivities (Fig. 5b) during the transformation. These results
indicate a strong correlation, albeit qualitatively, between
microstructure and catalyst behavior. Clearly, the surface
features formed during reaction create new sites which
contribute to the change in activity and selectivity.

Il. Microstructure and Catalyst Performance

We showed that there is a relationship between structure
and activity via changes in the active-site distribution. It
is important to note that catalyst surfaces obtained via
different treatments in studies involving supported catalyst
often yield different activities. What is unique about our
results is that the resulting microstructure after a given
pretreatment can be determined.

The decrease in conversion from 4.0 to 2.7% at T =
323 K coincided with the transition from R125 (aggregate
clusters) to R10 (dendritic) film microstructure. While the
microstructural transformation is believed to be solely re-
sponsible for the decrease in activity, it is necessary to
consider the possible role of catalyst deactivation from
carbon deposition (23-25). XPS analysis shows that carbon
is always present, even on the films that show an increase
in activity after exposure to reaction. Furthermore, the
hydrogen annealed film (HAn), which was not exposed to
reaction and thus to carbon formation, exhibited a micro-
structure and activity similar to those of R10. Clearly, car-
bon formation is not the main factor for the decrease in
conversion of the R10 catalyst within the temperature
range studied. Instead, the difference in activity between
R125 and R10 film is a direct function of microstructure
which determines the activity profile of the surface in terms
of the numbers and types of active sites available for the re-
action.

The above argument is supported by the kinetic resuits.
The activation energy of the R125 film (£, = 12.7 kcal/
gmol) is close to the value reported by Bertolini and co-
workers (26, 27) for Pd(111) and Pd(110) of 12.5 and 12.0
kcal/gmol, respectively. However, the dendritic films, R10
and HAn, have similar lower activation energies of 4.8
and 5.1 kcal/gmol, respectively, and lower pre-exponential
factors. Besides the significantly different activation energ-
ies between the two microstructures (R125 versus R10),
they also yield different product distributions. This indi-
cates that the site distributions of the two microstructures
are different. The R10 and HAn films obtained from differ-
ent preparation pathways yield similar microstructures and
activation energy. In addition, these films exhibit nearly
identical product selectivities. Furthermore, fractal dimen-
sion measurement also provides a quantitative agreement
of HAn and R10 films with respect to R125 film. This
indicates that films of similar microstructure and similar
reactivity must have similar distribution of active sites.

YEUNG. LEE, AND WOLF

The complexity of the surfaces studied has prevented
the achievement of atomic resolution and the identification
of crystallographical changes. X-ray diffraction is not suit-
able for the study of thin films and other surface structural
characterization was not possible due to the complexity of
the surface morphology of the films studied. Currently,
we are studying different techniques to quantify surface
morphology and are evaluating different characterization
tools such as grazing angle XRD, electron diffraction, and
other microscopy techniques to complement the STM data
and attempt a quantitative correlation. Nonetheless, the
qualitative correlation obtained between reactivity and mi-
crostructure suggests that it may be possible to categorize
a complex surface into finite numbers of known microstruc-
tures, each well characterized in terms of both surface
and solid structures, and correlate their catalytic behavior
toward a specific family of reactions.

The results presented indicate that extreme caution must
be exercised when comparing results under different reac-
tion conditions. The results obtained in this work suggest
that in general catalytic results can only be extrapolated
when the surface microstructures are evaluated and found
to be similar and thus have a similar distribution of ac-
tive sites.

CONCLUSIONS

This paper shows several important results regarding
microstructure and catalytic activity: (1) the comparison
of STM images under atmospheric and UHV conditions,
(2) the effect of reaction environment on a catalytic surface
and its reactivity, and (3) the demonstration of a relation-
ship between structure and activity via changes in the ac-
tive-site distribution.

Most of the STM atomic resolution images to date have
confirmed results obtained by other techniques such as
LEED under UHV conditions and have also contributed
many new and important discoveries that have increased
our understanding of surfaces. Our STM results indicate
that the surface microtructure of the Pd thin films is similar
at ambient and UHYV conditions. We have also shown that
the microstructure of palladium films exposed to air at
room temperature for STM imaging are not significantly
affected by ambient gases, and they exhibit reproducible
microstructure and catalyst activity. However, exposure of
the film to reaction environment can have a significant
impact on both microstructure and reactivity.

We have clearly demonstrated that catalytic surfaces can
be strongly influenced by both pretreatment and reaction
environments causing microstructural transformations that
can significantly alter the activity of the surface resulting
in subsequent changes in reaction kinetics. Activity and
selectivity alteration coincided with the transition from one
microstructure to another. These changes are attributed
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to the varying active-site distribution caused by the trans-
formation in surface structure.

Reaction results from three palladium films show that
different microstructures in general exhibit different cata-
lytic behavior, whereas similar microstructures usually
have identical activity regardless of their treatment history,
provided the composition remains the same.
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