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AFM studies of Pd silica supported thin film catalysts 

Kong Hean  Lee and Eduardo E. Wolf  1 

Department of Chemical Engineering, University of Notre Dame, 
Notre Dame, IN46556, USA 

Received 9 November 1993; accepted 23 March 1994 

AFM has been used to study the effects of pretreatment gases on Pd/SiO2 supported thin 
film catalysts during 1,3-butadiene hydrogenation. The Pd/SiO2 catalyst, treated with 02 fol- 
lowed by H2 at 450~ has an initial conversion of 85% and a surface morphology of 
60 • 65 nm 2 Pd grains and only deactivates slightly. After a second treatment, the reactivity 
was fully recovered and the surface morphology exhibits a redispersion of the Pd grains. The 
catalyst with a similar initial reactivity and morphology but only treated in H2, shows a 
decrease in activity and coalescence of Pd grains after repeated treatment. XPS studies have 
shown that the O2 and H2 treated Pd/SiO2 catalyst has a lower Pd binding energy than the H2 
treated Pd/SiO2. The effect of the substrate thickness and composition is also reported. 
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1. I n t r o d u c t i o n  

The atomic force microscope (AFM) has become an important  surface charac- 
terization tool in m a n y  areas of  scientific research since its invention by Binnig et 
al. [1] in 1986. The A F M ,  capable of  imaging non-conductive materials, has 
become a complementary  tool to the scanning tunneling microscope (STM), which 
is limited to imaging conductive surfaces. While in principle both  STM and A F M  
can help in elucidating catalyst microstructures,  there are only a few STM [2-10] 
and A F M  [2,3] applications devoted to the study of  supported catalyst particles. 

Previous STM work in our group has focused on the study of  H2 pre t rea tment  
and reaction on Pd supported catalysts [6,9] and Pd thin films supported on graph- 
ite [5,10]. Thus, it was not  possible to study the effect ofO2 pret reatment  on graph- 
ite supports since it leads to carbon gasification [2]. The A F M  affords the utilization 
of  other supports that  permit  the investigation of  morphological  and composi- 
tional effects induced by 02 t reatment  which have been shown to affect the catalyt- 
ic activity of  other noble metals [11,13,14]. The reaction studied is 1,3-butadiene 
hydrogenat ion  due to its high reactivity on low-surface area Pd catalysts and its 
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well-studied mechanism [15-17]. X-ray photoelectron spectroscopy (XPS) was 
used to determine surface composition. 

2. Experimental 

2.1. T H I N  F ILM PREPARATION 

Two types of thin film catalysts were prepared on different silica substrates: (a) 
a 200 nm SiO2 layer grown on a Si wafer (Technology Corp., P-(100)) by oxidizing 
it in a dry oxygen atmosphere at 1100~ for 3 h and (b) a 500 ~tm thick SiO2 wafer 
(American Si Products, N-(100)). The first support is referred as SiO2/Si and the 
second as SIO2. A thin film Pd catalyst was prepared by evaporating 15.7 mg (cor- 
responding to 14 nm film thickness according to the calibration curve of the evap- 
orator and was further confirmed by STM by measuring the line scans at the 
edges of the sample or by measuring through rifts which show the exposed sub- 
strates) of a Pd wire (Johnson Matthey, 99.997%) at 1 x 10 -6 Torr in a vacuum 
evaporator (Denton DV-502) onto either substrate. 

For each substrate, fourteen samples (0.75 cm 2 each) were placed in a 30 ~ tilted 
platform in the vacuum evaporator to allow uniform Pd deposition. Two new 
pieces of film catalysts (1.5 cm 2 total area) were used in each activity study, kinetic 
measurement, AFM study, and XPS analysis. 

2.2. ACTIVITY MEASUREMENT 

1,3-butadiene hydrogenation was chosen as a probe reaction. The four major 
products of 1,3-butadiene hydrogenation, namely 1-butene, n-butane, cis- and 
trans-2-butene were monitored to study the pretreatment effect on the selectivity. 

Two pieces of film catalysts were placed in a 0.8 cm quartz tube reactor and 
were pretreated at 450~ either in HE for 8 h or in 02 followed by HE for 4 h each. 
A 1 h long reaction was carried out after the pretreatment. The catalyst was then 
treated and reacted again without exposure to air. The reactive mixture consists of 
1,3-butadiene (Matheson Gas Products), hydrogen, and nitrogen (UHP grade, 
Mittler supply corp.). The partial pressure ofbutadiene is 4 Torr. With a hydrogen- 
to-butadiene ratio of 125 and nitrogen as diluent, the overall gas flowrate is 
115 ml/min at 1 atm. The high hydrogen-to-butadiene ratio was used to reduce 
carbon deposition and hence to minimize catalyst deactivation. The reaction prod- 
ucts were separated in a gas chromatograph, equipped with a 7 ft chromato- 
graphic column packed with 0.19% picric acid/graphpac packings (Alltech 
Associates, Inc) and a FID detector. 

The activity of each catalyst with different treatment history was compared at 
100~ The selectivity versus conversion measurements were accomplished by 
varying the temperature of the reactor. During kinetics measurements, the conver- 
sion was kept below 20%. 
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2.3. ATOMIC FORCE MICROSCOPY (AFM) 

The AFM used in this study is a commercial Nanoscope II system (Digital 
Instrument Inc.) operated at ambient conditions. Two AFM scan heads (700 nm 
range and 8000 nm range) with silicon nitride probes were employed. The AFM 
tips were examined repeatedly with mica to ensure the sharpness of the tip and to 
prevent any tip effects. After treatment and reaction, the Pd film catalyst was taken 
out of the reactor and imaged with the AFM to examine the catalyst morphologi- 
cal transformation. The AFM was operated in the height imaging mode and at low 
scan frequency ( <  2 Hz) to ensure good image resolution and to yield reasonable 
morphological information. The effect of the pretreatments was also studied by 
AFM on both SiO2/Si and SiO2 substrates without Pd. It was found that the sur- 
faces of both substrates are very smooth with a roughness of approximately 
< 1 nm. Treatments in H2 and O2-H2 did not alter the roughness, morphology, or 
composition of the films without Pd. As a result, the corresponding featureless 
micrographs are not shown. The subsequent changes observed after each treatment 
and reaction, hence are induced by the Pd layer. Four areas from each piece of cata- 
lysts were imaged after each reaction to obtain unbiased surface microstructures. 
The scan sizes were varied from 100 x 100 nm 2 to 4000 x 4000 nm 2 to collect small 
scale structure as well as long range surface order. The images shown here are repre- 
sentative of the sample surface morphology imaged after reaction. The grain meas- 
urements are reported as the major and minor axis of an ellipse and are the 
averages of about 100 particles. 

2.4. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

The XPS experiments were performed in a spectrometer from Katos Analytical 
Inc., using monochromatic Mg Ka  radiation (hv = 1253.6 eV). The base pressure 
of the instrument was 1 x 10 -9 Torr. The electron binding energy scale was 
calibrated by assigning 284.6 eV to the C Is peak position. The samples were 
exposed to air while being transferred from the reactor to the XPS chamber. 
Pitchon et al. [18] have shown via XPS that Pd/SiO2 catalysts exposed to ambient- 
conditions exhibited no measurable surface oxidation, an effect confirmed by our 
measurements. 

3. Results and discussion 

3.1. Pd/SiO2/Si THIN FILM CATALYST 

To investigate the effect of pretreatment gases on Pd/SiO2/Si film catalyst, two 
pieces (1.5 cm 2 total) were pretreated in H2 for 8 h, while the other two were pre- 
treated in 02 followed by H2 for 4 h each at 450~ respectively. After the pretreat- 
ment, the catalysts were cooled down to 100~ The hydrogenation of 1,3- 
butadiene was carried out at 100~ and the effluent gases were monitored for 1 h. 
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film, (b) 8 h H2 regenerated film, (c) 4 h O2 + 4 h H2 fresh film, (d) 4 h 02 + 4 h H2 regenerated 
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Fig. 2. The selectivity plot of 1,3-butadiene hydrogenation over Pd/SiO2/Si. ((A) Ha treated 
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After the reaction, the used catalysts were immediately heated up to 450~ and 
regenerated in the same gases and conditions as the fresh catalysts. The activity was 
measured again at 100~ for 1 h. 

Fig. 1 a shows that the H2 treated Pd catalyst has an initial conversion of 78% 
and deactivates by more than 15% after 1 h of reaction. The second H2 treatment 
did not completely recover the initial catalyst activity, and the initial 68% conver- 
sion dropped to 34% after 1 h of reaction (fig. lb). In contrast, when a fresh cata- 
lyst was treated in the 02 and H2 treatment, the initial conversion of 1,3-butadiene 
was about 92% and the catalyst exhibited only a slight deactivation (fig. 1 c). The 
second O2-H2 treatment completely restored the catalyst activity (fig. 1 d). Fig. 2 
features the selectivity plots of 1,3-butadiene hydrogenation on Pd/SiO2/Si. The 1- 
butene selectivity of the H2 treated Pd/SiO2/Si catalyst shows a more drastic 
decrease at lower conversion than that of 02 and H2 treated catalyst. The n-butane 
selectivity increases with conversion, corresponding slightly to the decreasing of 
1-butene selectivity. The cis- and trans-2-butene selectivities increase with increas- 
ing conversion. 

Due to the thin film nature of both Pd/SiO2/Si catalysts, its initial microstruc- 
tures can be examined by AFM. The images of the initial Pd/SiO2/Si catalyst 
obtained from both microscopes show flat film-like surface features. Better resolu- 
tion of the initial Pd/SiO2/Si film obtained by STM (fig. 3) shows a surface of clo- 

Fig. 3. STM image of initial Pd/SiO2/Si film structure, 200 x 200 nm. 
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Fig. 4. AFM images of  Pd/SiO2/Si film catalyst after reaction. (2000 • 2000 nm 2) (a) 8 h H2 treated 
fresh film, (b) 8 h HE regenerated film, (c) 4 h O2 + 4 h HE fresh film, (d) 4 h O2 + 4 h H2 regenerated 

film. 
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Fig. 4. Continued. 
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sely packed 14 nm Pd grains with occasion rifts that exposed the substrate layer. 
After pretreatments and reactions, the coalescence of the grains results in further 
breakage of the film exposing more of the substrate. The XPS results show a low 
intensity Si 2p peak for the fresh film. The Si 2p signal intensity increases as the film 
is subjected to the various treatments. No STM results were obtained on the par- 
tially ruptured films due to the poor conductivity of the SiO2 substrates. 

AFM images obtained after H2 or O2-H2 treatment and 1 h of reaction are dis- 
played in fig. 4, showing a scan area of 2000 x 2000 nm 2. After 8 h of H2 treatment, 
the reacted Pd/SiO2/Si film (fig. 4a) shows sintering and coalescence of grains scat- 
tered on the surface from the initial 14 nm grains to sizes ranging from 100 x 230 
to 240 • 400 nm. The average thickness of the grains is about 65 nm, which is much 
greater than that of the Pd films initially deposited. We concluded that the grains 
imaged represent both Pd and partial sintering of the thermally grown SiO2 on Si 
because, from a mass balance consideration, a 14 nm film cannot yield 75 nm 
grains with the density shown in the micrographs (i.e. relatively continuous). XPS 
results also show that the Si to Pd ratio changes significantly after sintering. This 
contributes to the large grain size observed in the images on this substrate. After the 
second cycle of 8 h of H2 treatment, the regenerated film shows an annealed sur- 
face where the thickness has decreased to 35 nm (fig. 4b). The microstructure dis- 
plays a rather rectangular plate-like morphology and the annealed film begins to 
seal and leave a relatively small amount of rifts on the surface. In this case, the dif- 
ferent activities reported in fig. 1 correspond to different microstructures. 

Images obtained after the total 8 h O2-H2 treatment, show that the reacted Pd 
film (fig. 4c) exhibits 200 x 250 nm grains with an average thickness of 75 nm. Fig. 
4d shows that after the second cycle O2-H2 treatment and reaction, there is little 
effect on the microstructure. The average particle size and thickness are around 
200 x 200 nm and 65 nm, respectively, with slightly larger particle size distribution 
than the fresh film. It should be noted that in both cases of the O2-H2 treatment, a 
similar activity corresponds to similar microstructure. Yeung and Wolf [5] found 
that Pd films with similar microstructure yield similar reactivity, regardless of 
treatment history, on Pd/C catalysts using STM. Here again it is confirmed, with- 
out acquiring atomic resolution, that Pd/SiO2/Si catalyst microstructures, from 
first and second O2-H2 treatment, are very similar and again yield similar reactiv- 
ity. Conversely, in the case of the H2 treatment, Pd films with different reactivity 
correspond to different microstructures. 

The Arrhenius parameters for 1,3-butadiene hydrogenation on the Pd/SiO2/Si 
film catalysts obtained at less than 20% conversion are reported in table 1 a. The H2 
treated Pd/SiO2/Si fresh and regenerated film catalysts have activation energies 
of 10.3 and 10.1 kcal/mol respectively. The fresh and regenerated 02 and H2 trea- 
ted Pd/SiO2/Si catalysts exhibit activation energies of 8.7 and 7.5 kcal/mol, about 
2 kcal/mol lower than those of H2 treated catalysts. Turnover numbers (TON) cal- 
culated on the basis of the geometric area are listed in table 1 at 300 K. Also listed 
are literature values for Pd single crystals from Massardier and coworkers [16] 
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and, in parentheses, the TON corrected to account for the differences in Hz partial 
pressure between our and Massardier's study. It can be concluded that our TONs 
are lower than that ofPd(110) but higher than that ofPd(111) and Pd/SiO2. Clearly 
the thin film catalysts are made of grains that are a mixture of several single crystal 
faces and their proportion varies with the pretreatment. It should be noted that 
the TONs listed in table 1 are reported for 300 K and are higher for the H2 treated 
catalyst than for the O2-H2 treated catalyst. However, this trend reverses at 100 ~ C, 
which agrees with the higher conversions obtained in the O2-H2 pretreatment. 

XPS spectra of catalysts were obtained after each set of treatments and reac- 
tions. The Pd 3d5/2 and Pd 3d3/2 binding energies (BE), at 334.9 and 340.2 eV, were 
calibrated by using a Pd foil. Binding energy shifts due to surface charging were cor- 
rected by assigning 284.6 eV BE to the C ls peak. The binding energies of Pd 3d, 
Si 2p, and O ls are reported in table 2a. Both Si 2p peaks, from 102.2 to 103.5 eV, 
and O ls peaks, from 531.53 to 532.6 eV are within the range reported for SiO2. No 
surface concentrations are reported due to the presence of the ubiquitous O and C 
peaks which distorts the surface compositions for samples analyzed as received. 
While Ar sputtering can eliminate these impurities, it will alter the surface mor- 
phology and thus it was not used. 

The Pd 3d binding energy initially located at 335.0 eV after evaporation, 
decreased by 0.2 eV after 8 h of H2 treatment. Subsequent reaction and treatment 
shifted the Pd 3d peak to 335.2 eV. 02 and H2 treatment decreased the Pd 3d peak 
to 334.6 eV, and further reactions and treatment maintained the Pd 3d peak at 
0.3 eV lower than the observed metallic Pd 3d binding energy. The XPS results 
show that the O2-H2 treated and reacted Pd/SiOz/Si film catalysts have consis- 
tently lower Pd binding energy than the H2 treated and reacted catalysts. A nega- 
tive Pd 3d5/2 binding energy shift was also observed by Fleish et al. [22] on 
Pd/La203 catalysts. The authors concluded that Pd/La203 is more electronegative 
than zero-valent Pd alone because electron transfer might have occurred from par- 
tially reduced oxide support on to the Pd particles. 

The sintering of SiO2 on Si complicated the imaging of the Pd supported on 
SiO2/Si film catalyst. It is not possible to discern the fraction that corresponds to 
Pd or SiO2 from the images. As a result, similar studies were carried out with a sec- 
ond SiO2 substrate in order to isolate the effect of the substrate from the Pd micro- 
structure. 

3.2. Pd/SiO2 THIN FILM CATALYST 

Similar studies of 8 h H2 treatment were carried out with two pieces of Pd/SiO2 
film catalysts (1.5 cm 2) while the other two pieces were treated in 4 h 02 and 4 h 
H2 at 450~ prior to the activity measurements at 100~ with 1,3-butadiene hydro- 
genation. 

Fig. 5 displays the activity of the fresh and regenerated Pd/SiO2 film catalyst 
for the different pretreatment conditions, showing essentially the same trends as 
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Fig. 5. The conversion of 1,3-butadiene hydrogenation over Pd/SiO2. (a) 8 h H2 treated fresh film, 
(b) 8 h H2 regenerated film, (e) 4 h 02 + 4 h H2 fresh film, (d) 4 h 02 + 4 h H2 regenerated film. 

the Pd/SiO2/Si catalysts. In this case, however, the initial conversion of both 
freshly treated catalysts (figs. 5a and 5c) is the same at about 85% with slight deacti- 
vation. Likewise, the Pd/SiO2 catalyst regenerated in hydrogen (fig. 5b) shows a 
35% decrease in conversion, while the one regenerated in 02 and H2 treatment (fig. 
5d) maintains the same reactivity only with a slightly faster deactivation during 
1 h of reaction. 

The selectivity plots of the four major products are shown in fig. 6. The figure 
shows that both catalysts, with H2, or O2-H2 treatment, display similar selectivity 
trends. The decrease of 1-butene selectivity, accompanied with increasing n- 
butane along increasing conversion, indicates that 1-butene is hydrogenated to 
yield n-butane, an effect not observed to such extent on the Pd/SiO2/Si catalysts. 
The increasing selectivity ofcis- and trans-2-butene with conversion also suggests a 
separate path for the bond-shifting reaction from 1-butene and n-butane forma- 
tion. These reaction paths were also suggested and further discussed by Pradier and 
coworkers [20] on Pt(100) single crystal. 

AFM images, 500 x 500 nm 2, of reacted Pd/SiO2 films are displayed in fig. 7. 
Closely packed 14 nm Pd grains were found on the initial Pd/SiO2 film by STM, 
similar to that shown in fig. 3. The results show that the catalysts treated in H2 and 
O2-H2 and reacted for 1 h (figs. 7a and 7b) have similar microstructures with 
grains scattered on the SiO2 substrate with an average size of 75 • 65 nm for the H2 
treated and 65 x 60 nm for the O2-H2 treated catalysts. It should be noted that 
the scan area in these micrographs is 1/4 the size of those shown for the Pd/SiO2/Si 
catalysts (fig. 4). The difference in scan sizes arises from the significant difference 
in grain sizes between the two catalysts. The two microstructures observed above 
are very similar and again show similar reactivity. AFM images of the catalyst after 
the second cycle of treatment and reaction are displayed in figs. 7c and 7d. Fig. 7c 
shows that on the H2 regenerated and reacted catalyst the Pd grains have coalesced 
and grown as large as 125 x 100 nm in size. In contrast, after the second cycle of 
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Fig. 6. The selectivity plot of 1,3-butadiene hydrogenation over Pd/SiO2. ((A) H2 treated sample, 
(+) 02 + H2 treated sample, selectivity plots of H2 treated catalyst were interpolated.) 

O2-H2 treatment and reaction, the catalyst is redispersed with the average particle 
size decreasing to 60 x 40 nm and with an average thickness of  16 nm. The shapes 
of  the Pd grains were also studied. After two H2 treatments and reactions (fig. 7c), 
the grains are more square with rounded comers which are indicative of(100) facet- 
ing. After two O2-H2 treatments and reactions, however, some grains show part 
of  rounded octahedra features characteristic of  (111) orientations (fig. 7d). Hence 
we conclude that the grain asymmetries are not the result of  tips effects but rather 
of  grain orientation. Previous STM results [9] also show that under similar pretreat- 
merits, a Pd/C catalyst shows a high percentage of  asymmetric particles which did 
not have equilibrium shapes. The redispersion of Pt in reforming catalysts after 
O2-H2 treatment is well known although it occurs at higher temperatures and on an 
A1203 substrate [19]. Wang and Schmidt [13] in relation to Rh/SiO2 particles pro- 
posed that the mechanism involves the formation of a metal oxide layer which upon 
reduction disperses to fine metallic particles. In fact this is an industrial procedure 
to redisperse Pt. It is proposed that such mechanism is also operative on these films 
although in this case the mechanism involves the whole grain as seen by the A F M  
rather than a single particle. The effect is also different insofar it also involves the 
absorption of  H2 on the film which may explain its effect on the larger structures of  
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Fig. 7. AFM images of Pd/SiO2 film catalyst after reaction. (500 x 500 nm 2) (a) 8 h H2 treated fresh 
film, (b) 4 h 02 + 4 h H2 fresh film, (c) 8 h H2 regenerated film, (d) 4 h 02 + 4 h H2 regenerated 

film. 
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Fig. 7. Continued. 
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the film. It is also noted that spillover of the Pd into the substrate must also be 
involved since no change is seen on the substrate without Pd. Using the surface 
roughness program provided by Digital Instruments Inc., the surface-roughness- 
to-scan-area ratio, f ,  is listed in table 1. We found that the changes in topical area 
did not correspond to the differences in reactivity. 

The Arrhenius parameters of both treated Pd/SiO2 catalysts are reported in 
table lb. The fresh and regenerated Pd/SiO2 catalysts treated in hydrogen yield 
similar activation energies of 9.89 and 9.62 kcal/mol, whereas oxygen-hydrogen 
treated catalysts have activation energies of 7.30 and 7.92 kcal/mol respectively. 
This is a consistent 2 kcal/mol lower than that with hydrogen treatment alone, as in 
the case of Pd/SiO2/Si catalysts. The TONs, listed in table 1 also follow the same 
trends as those for the Pd/SiO2/Si catalyst when compared to the single crystal 
values. 

The binding energies of Pd 3d, Si 2p, O ls and C ls transitions are reported in 
table 2b. From the XPS spectra, we found that the initial SiO2 surface contains 
about 23% of Si. The ratios of surface Si/SiO2 after each treatment and reaction are 
also reported in table 2b and are obviously higher in all four cycles of the H2 treat- 
ments and reactions than those of the O2-H2 treatments and reactions. The Si 2p 
binding energies of Si and SiO2 were located between 98.3 and 99.6 eV and between 
102.4 and 103.7 eV respectively. The shifting of both Si 2p peaks to higher values 
after the deposition of Pd has also been observed by Schleich et al. [21]. O 1 s peaks 
located between 531.1 and 532.3 eV correspond mainly to the oxygen in the SiOz 
structure. The same trends in the shifting of the Pd 3d5/2 BE were observed for the 
Pd/SiO2 catalyst. Table 2b reports the differences of the Pd 3d5/2 BE after treat- 
ments and reactions with the Pd foil BE (334.9 eV). The H2 treatment and reaction 
lowered the BE by 0.1 eV or less, whereas the O2-H2 treatment and reaction 
shifted it to 0.2 and 0.6 eV lower than the Pd foil after the first and second cycle 
respectively. Thus the O2-Hz treatment has not only redispersed but also reduced 
the Pd thin film catalyst more efficiently according to the XPS study a trend also 
observed in the Pd/SiOz/Si catalysts. 

Comparison between the catalysts deposited on the two SiOz substrates indi- 
cates that the overall trends of similar activity and similar microstructure are valid 
in both cases. It should be noted that for the SiO2 substrate the thickness of the Pd 
film remains close to the initial value (14 nm), indicating no significant changes in 
the morphology of the substrate, as opposed to the Pd/SiO2/Si catalyst. The sizes 
of the grains differ by a factor of three between the two catalysts. It is also worth- 
while to note that the Pd films deposited on the SiOa substrate are more stable than 
those deposited on C previously studied in our group by STM [5]. None of the intri- 
cate surface transformations seen on the Pd/C films were observed on the Pd sup- 
ported on SIO2, which emphasizes the importance of the role of the support in 
stabilizing the films. Another point worth noticing is that the Si found on the 
Pd/SiO2 catalyst is a result of the manufacturing process of the SiO2 film. However, 
it has an effect on the grain size and on both the initial activity and the selectivity 
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of the catalysts. This compositional effect along with the difference in grain sizes 
created different sites, since the Pd/SiO2 catalyst is more selective towards butane 
than 1-butene at higher conversions compared to the Pd/SiO2/Si catalyst. Ideally, 
we would have preferred to utilize a SiO2 substrate containing no Si. However, 
the material commercially available was not pure SiO2. On the other hand, the 
material we prepared was not thick enough and agglomerated given the large grain 
sizes. 

While the AFM studies do not provide atomic resolution, it is worth emphasiz- 
ing that although desirable, such level of detail is not strictly required. In fact, it is 
clear that even on these model catalysts there is a distribution of sites and the activ- 
ity is the average obtained on each crystal terrace, edges, etc. Such detailed fea- 
tures are very challenging, if not impossible to characterize at atomic level in every 
detail. The scanning probes techniques (STM, AFM), provide a morphological 
characterization that appears sensitive to activity changes. In conjunction with 
other techniques, such as XPS, it is possible to obtain a picture of the surface that 
even though it is not complete, is nonetheless sufficient to gain an understanding of 
structural and activity relations. 

4. Conclusions 

The effects of pretreatment gases on Pd/SiO2 and Pd/SiO2/Si thin film catalysts 
have been investigated. We found that O2-H2 treated Pd film catalysts have a con- 
sistent 2 kcal/mol lower activation energy, and are more reactive than the H2 treat- 
ed Pd catalysts on 1,3-butadiene hydrogenation. AFM images show that 02 
followed by H2 treatment redisperses the Pd on the SiO2 substrate, whereas H2 
treatment has an annealing effect on the Pd/SiO2 film catalyst. AFM images of 
Pd/SiO2/Si show that on this substrate the SiO2 agglomerates and forms grains on 
the surface after treatments and reactions which obstruct the imaging of Pd parti- 
cles. We also found that similar Pd film microstructures correlate well with similar 
activities. This statement was concluded without requiring atomic resolution of 
the surface structure. The Pd 3d binding energy is consistently lower when the cata- 
lyst was treated with O2-H2 than when it was treated with H2 alone. This indicates 
that O2-H2 treatment reduces the catalyst more efficiently than H2 treated Pd cata- 
lyst. An increase in the Si surface composition and a decrease in grain size on 
Pd/SiO2 affect the selectivity by increasing the n-butane formation. 
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