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Morphology of clean Ni(l 11) and MnOx (x between 0.2 and 0.5)-modified Ni(l 11) surfaces has 
been studied by scanning tunneling microscopy (STM) under ultrahigh vacuum conditions. Oxide 
islands were clearly observed. The nickel-oxide perimeter site concentration was measured as a 
function of oxide coverage and was found to correlate very well with results from earlier CO 
thermal desorption studies of the same system. These results strongly suggest the importance of 
perimeter sites in systems exhibiting strong metal-support interaction. © 1990 Academic Press. Inc. 

INTRODUCTION 

Strong metal-support interaction 
(SMSI), which is characterized by suppres- 
sion of CO and H2 chemisorption (1-8), as 
well as by a change in activity and selectiv- 
ity toward certain reactions (4, 9-15), has 
been the subject of many studies in the last 
decade. Current evidence indicates that 
SMSI is largely the result of migration of 
reduced support species onto the metal sur- 
face (16-19). 

When a metal surface is partially covered 
by reduced oxide islands, there are three 
types of surface sites: uncovered metal 
sites, oxide sites, and perimeter sites be- 
tween the two. Suggestions have been 
made that new active sites could be created 
at the metal-oxide interface which are re- 
sponsible for the enhanced CO hydrogena- 
tion activity (6, 20). Previous results of CO 
chemisorption studies on MnOx/Ni(lll) 
(21) and A1Ox/Ni(lll) (22, 23) model cata- 
lysts showed a new CO adsorption state, as 
evidenced by the lower desorption temper- 
ature and lower C-O stretching frequency, 
which was attributed to CO adsorption at or 
near the metal-oxide perimeter sites (21- 
23). Since weakened C-O bonding would 
accelerate CO dissociation, and weakened 
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carbon-surface bonding would accelerate 
hydrocarbon desorption, these perimeter 
sites are believed to be the new active sites 
in SMSI. Such perimeter-site-related en- 
hancement of CO hydrogenation activity 
has been observed in TiOJPt (24) and TiOx/ 
Rh (25). 

At a given average oxide coverage, the 
concentration of perimeter sites is deter- 
mined by the oxide morphology. That is, 
the perimeter site concentration is a func- 
tion of the size and shape of these surface 
oxide islands. We made an attempt to use 
STM to image a clean Ni(ll 1) surface and 
the same surface partially covered with 
MnOx species (22). The results were quite 
encouraging: STM images showed a dis- 
tinct difference between the smooth surface 
of clean Ni(111) and the island-like features 
from the MnO~/Ni(lll) surface (22). The 
main drawback of that experiment was that 
the imaging was done in air. 

In order to avoid any unnecessary ambi- 
guity in exposing the specimen to air, a 
UHV scanning tunneling microscope was 
constructed and incorporated into an exist- 
ing UHV surface analysis system. The 
present study attempts to examine the sur- 
face morphology of Ni(111) with different 
MnO~ coverages, in particular the perime- 
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FiG. 1. Schematic diagram of VG Scientific ESCA/S1MS UHV chamber. 

ter length of oxide islands as a function of 
oxide coverage. 

EXPERIMENTAL 

Experiments were carried out in a VG 
Scientific ESCA/SIMS chamber. In order 
to accomplish the present study, we added 
a metal/oxide evaporator, which was iden- 
tical to that used in previous CO chemi- 
sorption experiments (21-23), and a UHV- 
compatible scanning tunneling microscope. 
A schematic diagram of the UHV chamber 
is shown in Fig. 1. The scanning tunneling 
microscope used in this work is based on a 
piezoelectric tube scanner and is mounted 
on a standard 8-in. conflat flange. Figure 2 
shows a schematic diagram of the micro- 
scope. During experiments, the ESCA 
chamber, SIMS chamber, and preparation 
chamber were all maintained in the 10 ~0 
Torr range. The specimen used in these ex- 
periments was the same Ni( l l l )  single- 
crystal disk used in previous CO chemi- 
sorption studies. It is about 1 cm 2 in surface 
area and 1 mm in thickness. The specimen 
transfer facility in the preparation chamber 
allowed the specimen to be transferred be- 
tween various chambers without breaking 
the vacuum. 

In the experiments, the specimen was 
first purged of bulk impurities by a series of 
Ar ion sputtering and high-temperature an- 
nealing cycles. This was followed by an ox- 

idation-reduction cycle at 773 K to remove 
the residual surface carbon. The evapora- 
tion source was MnOz powder held in a Ta 
boat. During the evaporation, the boat was 
heated to about 800 K with the Ni crystal 
held at room temperature. Separate X-ray 
photoemission experiments showed that 
such a procedure resulted in a surface oxide 
with an oxygen-to-manganese atomic ratio 
close to one. The oxygen-to-manganese ra- 
tio was calibrated using the sensitivity data 
from the VG XPS Data Pool. The surface 
was then reduced at 773 K in H2 for 10 to 15 
min. This produced an unoxidized smooth 
nickel surface (21). The oxygen-to-manga- 
nese ratio after reduction was between 0.2 
and 0.5. XPS was used to verify that the 
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FIG. 2. Schematic diagram of the UHV-compatible 
STM setup. 
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surface was clean after each step of prepa- 
ration. After a surface was prepared, the 
specimen was allowed to cool to room tem- 
perature before being examined by the 
scanning tunneling microscope. 

STM measurements were done using a 
sharp Pt/Ir tip in the constant current mode 
at 1.3 nA and a sample bias of +30 mV 
relative to the tip. Five to fifteen images 
from different parts of the surface were 
taken for each oxide coverage. The actual 
oxide coverage and the perimeter length of 
oxide islands per unit area (Ni + MnOx) 
were then determined after each oxide dep- 
osition. 

RESULTS AND DISCUSSIONS 

Figure 3 shows an STM topographic im- 
age of a clean Ni(l 1 I) surface after anneal- 
ing at 773 K. The scanned area was 630 x 
630 ]~2. One can see terraces with widths of 
about 100 to 200 ,~ separated by monatomic 
and diatomic steps. 

After the oxide deposition and subse- 
quent high-temperature reduction, the 
MnOx-modified Ni( l l l )  surfaces were ex- 
amined by STM. Compared with the clean 
nickel surface, the oxide-covered surfaces 

FIG. 3. STM image of  a Ni(111) surface after sput- 
ter-anneal and oxidat ion-reduct ion treatment.  The 
area is 630 x 630 .~2. The height variation over  the 
entire image is about 10 .~. 

appear to generate more noise or current 
spikes during imaging. This might be due to 
electronic trapping effects in the partially 
reduced oxide-covered surface, as has been 
reported by Koch and Hamers (26). Figure 
4a shows a 79 x 79 ,~z area of a Ni( l l l )  
surface with an average oxide coverage of 
0.35 monolayer. Figure 4b shows a similar 
320 × 320 ~2 scan with an average oxide 
coverage of 1.3 monolayers. Such gray- 
scale images clearly reveal the existence of 
patches on the surface evolving with oxide 
deposition. This STM setup is currently not 
capable of distinguishing between manga- 
nese oxide and nickel regions. However, 
the work function difference between man- 
ganese oxide and nickel should not be large 
enough to bring about apparent height vari- 
ations greater than 1 ,~. Under our circum- 
stances, we expect topography to dominate 
in STM images. The fact that the size and 
height of these patches increase with in- 
creasing manganese oxide coverage is con- 
sistent with our image interpretation. 

Based on the above argument, we attrib- 
ute the observed patches as surface oxide 
islands. The oxide perimeter length per unit 
area of the specimen as well as the actual 
oxide coverage were then measured from 
these STM images. Figure 5 shows the ox- 
ide perimeter site length per unit area of 
MnOx/Ni(l 11) surfaces as a function of the 
average oxide coverage. The vertical scale 
on the right-hand side gives perimeter 
length per unit area in 1/A. 

Our previous CO thermal desorption 
study of the MnOx/Ni(lll) surface showed 
a 305 K TDS peak, which we assigned to 
CO adsorbed at the perimeter site (21). As a 
comparison, the area under the 305 K CO 
thermal desorption peak has been con- 
verted into number of CO molecules per 
unit area (vertical scale of 10Wcm z on the 
left-hand side), and the result was then su- 
perimposed on the STM data in Fig. 5. To 
convert the TDS data into CO concentra- 
tion, we used the area under the 415 K CO 
thermal desorption peak from a clean 
Ni( l l l )  surface after saturation CO expo- 
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FIG. 4. (a) STM image of an MnOx-covered Ni( l l l )  surface. The scanned area is 79 z 79 ,~2. The 
average oxide coverage is 0.35 ml. The height difference between the highest (brightest) and lowest 
(darkest) part of the image is about 5 ,~. (b) STM image of an MnOx-covered Ni( i l l )  surface. The 
scanned area is 320 x 320 ~2. The average oxide coverage is 1.3 ml. The maximum height difference is 
about 5 A.. 
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F1G. 5. Super imposed (A) CO thermal  desorpt ion and (O) STM results  from MnO, /Ni ( l  1 !). For  the 
TDS resul ts ,  the area under  the 305 K peak is conver ted  into the number  of  CO molecules  per square  
cent imeter  (the vertical scale on the left-hand side) and plotted as a funct ion of  average oxide cover-  
age. For  the STM results ,  the measured  oxide per imeter  length per unit area of  the spec imen surface 
( I /A)  is plotted as a funct ion of  average oxide coverage (the vertical scale on the r ight-hand side). 

sure as reference (9.3 x 1014 CO molecules/  
cm2). From Fig. 5, one can see that the pe- 
r imeter site concentrat ion measured from 
the STM varies in a manner similar to that 
of  the 305 K TDS data. 

As can be seen from Fig. 5, the maximum 
oxide perimeter  length per unit area is (0.10 
--- 0.02)/,~ or (1.0 - 0.2) x 107 cm/cmL 
With a nearest-neighbor distance of  2.49 
for Ni, this corresponds to (4.0 -+ 0.8) x 
10 ]4 Ni a toms/cm 2 along the perimeter.  
Given the fact that the primary CO adsorp- 
tion sites on N i ( l l l )  are twofold bridge 
sites, this implies that there are (4.0 -+ 0.8) 
x 1014 possible CO adsorption sites on the 
perimeter  per square centimeter.  But not all 
twofold sites are occupied by CO. When 
one examines the surface unit cell for ad- 
sorbed CO on Ni ( l l  I) at saturation cover- 
age (Fig. 6), one can show by direct count- 
ing that there is one adsorbed CO every six 
twofold bridge sites. Therefore,  the maxi- 
mum concentrat ion of  CO adsorbed on Ni 
atoms around the oxide perimeter  is simply 
equal to (6.7 -+ 1.3) x 1013/cm2. This corn- 

pares very well with the maximum CO sur- 
face concentrat ion corresponding to the 305 
K desorption peak (about 6 x 10]3/cm 2, 
from Fig. 5). One such oxide island is 

O CO Adsorbed on Clean Ni(111) 

• CO Adsorbed on Perimeter Sites 

O Clean Ni Site 

O Perimeter Site 

MnO x Island 

FIG. 6. Schemat ic  diagram of  CO adsorpt ion on a 
partially covered Ni(111) surface.  
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FIG. 7. Actual oxide coverage measured by STM vs 
average oxide coverage determined by quartz crystal 
thickness monitor. 

shown in Fig. 6 with adsorbed CO on pe- 
rimeter sites to show this geometric effect. 

The above results reveal that even under 
optimum conditions, less than 4% (6.7 × 
1013 divided by 1.9 × 1015, number of Ni 
atoms per unit area of Ni(111) surface) of 
the entire surface can be attributed to pe- 
rimeter sites. If we assume these perimeter 
sites to be the new active sites in CO hydro- 
genation when the catalyst is in the SMSI 
state (21, 22), only a small fraction of the 
surface metal sites constitute active sites 
for the reaction, consistent with early CO 
hydrogenation results (4, 6, 12). 

Figure 7 shows the actual oxide coverage 
from STM measurements versus the aver- 
age oxide coverage determined by the 
quartz crystal thickness monitor. For cov- 
erage -< 1/3 monolayer, the actual coverage 
increases linearly with average coverage. 
This is consistent with our previous results, 
which showed that the amount of CO ad- 
sorbed on Ni(l 1 I) surface decreased almost 
linearly with increasing MnOx coverage 
(21). It implies that the suppression of CO 
chemisorption is due mainly to the physical 
blockage of surface metal sites by the oxide 
overlayer. However, the deviation of STM- 
measured oxide coverage from the average 
coverage becomes substantial as the cover- 

age increases, signifying the growth of 
three-dimensional oxide islands. 

CONCLUSIONS 

The present STM study of MnO:modi- 
fled Ni( l l l )  surface morphology proved 
that reduced MnOx surface species form 
three-dimensional islands. The MnOx-Ni 
perimeter site concentration has been mea- 
sured from STM data as a.function of the 
average oxide coverage, which correlates 
very well with previous work on CO ther- 
mal desorption. This adds further evidence 
that the perimeter sites in SMSI systems 
are primarily responsible for enhanced CO 
hydrogenation activities. 
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