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CO chemisorption on both clean Ni(ll 1) and AIOx(x is between 0.5 and 1.1)-modified Ni( l l l )  
surfaces at 200 K has been studied by Auger electron spectroscopy (AES), thermal desorption 
spectroscopy (TDS), and high-resolution electron energy loss spectroscopy (HREELS). The A1Ox/ 
Ni(ll  1) specimen was prepared by evaporating A1 onto the Ni surface and then oxidizing and 
reducing the specimen at 700 K. TDS results showed that the presence of surface A1Ox species 
suppresses CO chemisorption and that the suppression is almost a linear function of the AIOx 
coverage. The most prominent CO desorption peak on Ni occurs at 415 K. This peak intensity 
decreases with increasing A1Ox coverage, indicating a site-blocking effect. An additional CO de- 
sorption peak at 300 K was found on the A1Ox-modified Ni surface. This 300 K peak intensity 
attains a maximum at some intermediate A1Ox coverage. HREELS results showed a new C-O 
stretching frequency of 1613 cm -1 for CO adsorbed on the A1Ox/Ni surface. The disappearance of 
this 1613-cm 1 energy loss peak upon heating the surface to 325 K suggests that both the 300 K TDS 
peak and the 1613-cm ~ energy loss peak represent the same adsorbed CO state, which is attributed 
to CO absorbed on A1Ox/Ni perimeter sites. Surface morphology of the oxide islands and signifi- 
cance of the perimeter sites are discussed. © 1990 Academic Press, Inc. 

INTRODUCTION 

Since the detailed report by Tauster et al. 
of strong metal-support interaction (SMSI) 
in several systems (1), the cause of this in- 
teresting effect has been an area of great 
activity in the surface science-catalysis 
community. SMSI is characterized by the 
loss of H2 and CO chemisorption capability 
of the supported metals (1-6) and drastic 
activity and selectivity changes in certain 
chemical reactions (7-12). The typical con- 
dition to generate SMSI is reduction in H2 
at 773 K, and it is now well recognized that 
under such condition the support migrates 
to the metal surface in a reduced state (4, 6, 
13, 14). 

Whether or not a catalyst would exhibit 
SMSI behavior is found to be strongly re- 
lated to the reducibility of the supporting 
oxide (2). SMSI effects depend on reduc- 
tion conditions. In the case of A1203 as a 
support, it was found that after reduction at 
773 K no SMSI effects were observed (2). 
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After increasing the reduction temperature 
from 773 to 973 K, however, the amount of 
H2 adsorbed by Pt/AI203 decreased about 
60% (15). After 18-h reduction at 1273 K, 
AI was detected at the surface of Pt/AI203 
(16). This indicates that although under 
normal SMSI conditions, i.e., reduction at 
773 K, A1203 as a support does not exhibit 
significant SMSI effects, it might be possi- 
ble to induce SMSI under more severe re- 
duction conditions. 

Previous work in this lab showed that 
upon deposition of TiOx and MnOx on 
Ni( l l l ) ,  a new CO adsorption state was 
produced (3, 6). This adsorption state was 
attributed to CO adsorbed at metal-oxide 
perimeter sites, which are considered to be 
the active sites in CO hydrogenation reac- 
tions. For AlzO3-supported metal catalysts, 
it is rather difficult to reduce the catalysts 
so that a controlled amount of reduced 
A1Ox species would migrate to the surface. 
It would be even more difficult for SiO2- 
supported metal catalysts. Using a metal/ 
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oxide evaporator, however, one can put 
submonolayer amounts of AIOx on the 
metal surface to simulate the SMSI state 
and study surface oxide effects. It is inter- 
esting to find out what the effects are when 
an oxide like A1203, which is normally con- 
sidered a non-SMSI support (2), is present 
on the catalyst surface. 

The present study, therefore, was con- 
ducted to prepare A1Ox-modified Ni ( l l l )  
model catalysts, to investigate the effects of 
this oxide on CO chemisorption, and then 
to establish a correlation between CO che- 
misorption and surface morphology of the 
oxide. In particular, experiments were car- 
ried out to characterize the surface compo- 
sition, CO adsorption states, and the 
amount of CO adsorbed on the surface un- 
der different conditions. 

Mas 
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FIG. 1. Schematic diagram of the experimental 
setup. 

EXPERIMENTAL 

All experiments were carried out in an 
ultrahigh vacuum (UHV) chamber which is 
equipped with an Auger electron spectrom- 
eter, a metal/oxide evaporator, an ion gun, 
a quadrupole mass spectrometer, and a 
high-resolution electron energy loss spec- 
trometer. A schematic diagram of this setup 
is shown in Fig. 1. The specimen was 
mounted o n - a  manipulator that can be 
moved to different positions for surface 
preparation and data acquisition. The spec- 
imen could be cooled to 150 K or heated at 
up to 7 K/s to 900 K. The surface tempera- 
ture was monitored with a W/5%Re- 
W26%Re thermocoupled spotwelded to the 
specimen surface. 

The specimen used in these experiments 
was a Ni ( l l l )  single crystal disk about 1 
cm 2 in surface area and 1 mm in thickness. 
The surface was cleaned first by Ar ion 
sputtering and annealing at 700 K under 
UHV for a few cycles to remove bulk impu- 
rities, followed by one or two oxidation- 
reduction cycles to remove surface impuri- 
ties. The evaporation source consisted of 
thin metallic A1 wires wrapped on a W fila- 
ment. During evaporation, the filament was 
heated to about 940 K with the Ni surface 

held at room temperature. The amount of 
A1 deposited was determined with a quartz 
crystal thickness monitor which has a reso- 
lution of 1/4 monolayer for A1. The speci- 
men was oxidized under 1 x 10 .5 Torr oxy- 
gen at room temperature for 60 rain and 
then reduced under 2 x 10 -6 Torr hydrogen 
at 773 K for 15 min. From our experience, 
such a reduction treatment will produce an 
unoxidized and smooth nickel surface. The 
oxygen-to-aluminum ratio was calibrated 
using 35 eV (A1) and 503 eV (O) Auger peak 
intensities. AES data showed that the oxy- 
gen-to-aluminum ratio after reduction was 
between 0.5 and 1.1. Each time after a sur- 
face was prepared, it was cooled to 200 K 
for CO exposure. Carbon monoxide 
(99.99% purity) was purified by passing it 
through a liquid-nitrogen-cooled stainless- 
steel thin tubing to remove residual water 
and metal carbonyls before it was intro- 
duced into the chamber. In all experiments, 
the CO exposure was fixed at 300 
Langmuirs (L). AES was performed at a 
primary electron energy of 1600 eV using a 
Comstock electron analyzer in sector- 
sweeping mode and with a modulation am- 
plitude of 2 eV. The surface composition 
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was characterized by four major Auger 
peaks at 272 eV (C), 503 eV (O), 35 eV (A1), 
and 848 eV (Ni). Thermal desorption was 
performed by ramping the temperature of 
the Ni specimen from 200 to 700 K at 7 K/s. 
In high-resolution electron energy loss 
spectroscopy (HREELS) studies, the elec- 
tron beam was set at 2 eV primary energy 
(uncorrected for work function difference), 
and the surface was maintained at 200 K 
unless indicated otherwise. All energy loss 
spectra were taken with elastic peak resolu- 
tion better than 88 cm -~. The surface was 
cleaned and reprepared between thermal 
desorption or HREELS experiments. 

RESULTS 

Several Ni(111) surfaces were prepared 
with different surface coverages of AlOe. 
Our quartz thickness monitor showed that 
the amount of aluminum deposited varied 
from 0 to 4.2 x l0 ~5 atoms/cm 2, the latter 
corresponding to an average oxide cover- 
age of about 2.8 monolayers. Results of CO 
thermal desorption from these surfaces are 
shown in Fig. 2. From a clean Ni(111) sur- 
face, the most prominent CO desorption 
peak is located at 415 K. With increasing 
amount of A10~ on Ni, the 415 K peak be- 
comes weaker. At the same time, a new 
feature at 300 K grows with increasing A10~ 
coverage, reaches a maximum at an inter- 
mediate A1Ox coverage, and then decreases 
until it vanishes at a coverage of 4.2 x 10 ~5 
aluminum atoms/cm 2 or 2.8 monolayers of 
oxide. The fact that complete suppression 
of CO chemisorption occurred at an aver- 
age oxide coverge of 2.8 monolayers in- 
stead of one monolayer indicates three-di- 
mensional island formation for the oxide. In 
Fig. 3, areas under these two peaks are 
plotted as a function of the average surface 
A1Ox coverage. The 415 K peak decreases 
in intensity almost linearly with increasing 
AIOx coverage. The new 300 K feature can 
be interpreted readily in terms of CO ad- 
sorption at or near the perimeter of oxide 
islands on the Ni(l 11) surface. At low oxide 
coverage, the concentration of such perim- 

I-- 

H (41S K) 

AI Atoms: (101sl cm 2) / 

/ 
L (300 K~ 

1.00 ~ 

1.50 ~ 
1.98 

2.10 J 

3.30 
4.20 

1 F J 
200 300 400 5(]0 

TEMPERATURE (K) 

FIG. 2. Series of thermal desorption spectra of CO 
from A1Ox-modified Ni( l l l )  surface with different 
A1Ox coverages as indicated by the number of A1 at- 
oms on Ni varying from 0 to 4.2 x 1015/cm z. CO chemi- 
sorption was made by introducing 300 liters CO into 
the UHV chamber while the specimen was at 200 K. 
During thermal desorption, the surface was heated at 
about 7 K/s. 

eter sites is low. At sufficiently high oxide 
coverage, the nickel surface is completely 
covered, leading again to low perimeter site 
concentration. Therefore, at some optimum 
oxide coverage, the perimeter site concen- 
tration attains a maximum. Clearly, the op- 
timum oxide coverage and the actual site 
concentration must depend on the average 
size of these oxide islands. It is interesting 
to note that a similar feature was observed 
for CO adsorbed on MnOx-modified Ni(111) 
(6). 

Figure 4a shows the electron energy loss 
spectrum of CO adsorbed on a clean 
Ni(111) surface at 200 K. We were not able 
to obtain any meaningful data in the loss 
region corresponding to Ni-C and A1-O 
stretch. This is apparently due to the rough 
topography of the A1Ox-modified Ni(111) 
surface, resulting in a long elastic peak tail 
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FIG. 3. Variation of CO thermal desorption peak intensity as a function of oxide coverage. 
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FIG. 4. High-resolution electron energy loss spec- 
trum of: (a) Ni(111) surface exposed to 300 liters CO at 
200 K; (b) A1Ox-modified Ni(111) surface exposed to 
300 liter CO at 200 K; (c) surface in Fig. 4b after being 
heated to 325 K for 5 min. 

and obscuring both the Ni-C and AI-O loss 
peaks. The major peak at 1936 cm -1 (car- 
bon-oxygen stretching due to bridge- 
bonded CO on Ni) and a small shoulder 
around 2033 cm -1 (carbon-oxygen stretch- 
ing due to ontop-bonded CO on Ni) are well 
documented in the literature (17-19). Fig- 
ure 4b shows the loss spectrum due to CO 
adsorbed on a Ni(111) surface partially cov- 
ered with A1Ox species. A small new peak 
at 1613 cm -~ is observed here. A similar 
feature was observed previously on MnOx/ 
Ni( l l l )  (6). The interpretation made then 
was that the CO molecule adsorbed on the 
MnOJNi perimeter site is activated on the 
oxygen end by surface MnO~, thereby 
weakening the C-O bond and lowering the 
C-O stretching frequency. A similar inter- 
pretation can be applied to the AlOx/ 
Ni(l l l )  system. That is, the 1613-cm -1 en- 
ergy loss peak, which is related to the C-O 
stretching, and the 305 K thermal desorp- 
tion peak, which is related to the CO-sur- 
face bonding, are from the same CO ad- 
sorption state, i.e., CO adsorbed at or near 
the A1Ox/Ni perimeter sites. Figure 4c 
shows the energy loss spectrum which was 
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taken at room temperature after the surface 
shown in Fig. 4b had been heated to 325 K 
for 5 min. The 1613-cm -1 peak disappeared 
immediately after the surface was heated to 
325 K. 

DISCUSSION 

In early studies of SMSI, the typical 
method to generate SMSI effects was to re- 
duce the catalysts at elevated tempera- 
tures. As mentioned before, the typical re- 
duction temperature is around 773 K. For 
these SMSI-active supports (2), it usually 
takes between a few minutes and a few 
hours to create significant effects. Now it is 
well known that such a reduction results in 
a partial coverage of the metal surface with 
reduced support material. It has been rec- 
ognized that whether or not a catalyst will 
show SMSI behavior is strongly related to 
the oxide used as support material. The 
most commonly studied support is TiO2, 
for it is very easy to generate SMSI effects. 
On the other hand, support like SiO2 is con- 
sidered to be inert to SMSI. This suggests 
that under typical reduction conditions to 
induce SMSI, either the migration rate of 
the support is too low to produce any ob- 
servable amount of surface oxide or the ox- 
ide is so stable that no significant interac- 
tion between the metal and the support 
takes place. 

Although considered a very stable sup- 
port (2), A1203 is not completely inert to 
SMSI. Weller and Montagna reported that 
pure A1203 is not completely inactive to dry 
H2 at temperatures of about 773 K (20). 
They interpreted the observed H2 consump- 
tion as being due to a reduction of alumina 
to an aluminum suboxide. After reduction 
at temperatures below 773 K, A1203-sup- 
ported iridium catalysts did not show SMS! 
behavior (2). But after reduction at temper- 
atures up to 973 K, it was found that a large 
fraction of the Pt in Pt/A1203 became "inac- 
cessible" to hydrogen chemisorption (21, 
22). Den Otter and Dautzenberg suggested 
that the presence of platinum on the A1203 
increases the reduction rate. They con- 

cluded that the inability of Pt on A1203 to 
chemisorb H2 after high-temperature reduc- 
tion was due to a Pt-assisted reduction of 
the A1203 support, leading to the formation 
of a Pt/A1 alloy (22). In another study of the 
2000-A Pt/A1203 system, results showed 
that an 18-h reduction at 1273 K can cause 
the support to be partially reduced (oxygen- 
to-aluminum ratio near 1) and to be de- 
tected on the surface (16). The results pre- 
sented in our study show that at 773 K a 
small amount of A1203 (less than three 
monolayers) is readily reduced to a subox- 
ide with an oxygen-to-aluminum ratio be- 
tween 0.5 and 1.1 (23). 

The thermal desorption data in Fig. 3 
show that the suppression of CO chemi- 
sorption is almost a linear function of the 
surface A1Ox coverage. Such a linear rela- 
tion between chemisorption suppression 
and oxide coverage was also found in 
MnOx/Ni(lll) model catalysts (6) and 
TiOx/Pt (5), and it indicates that the sup- 
pression is caused mainly by physical 
blockage of metal surface sites. The 2.8 
monolayer oxide coverage at which com- 
plete suppression of CO on A1OJNi(ll l)  
occurs suggests that A10~ does not spread 
evenly over the surface, but rather forms 
three-dimensional islands. This is in agree- 
ment with the observation by Ko and Gorte 
(24) that relatively large quantities of oxide 
were necessary to prevent the adsorption. 

Results of CO chemisorption studies 
from both the A1Ox/Ni(lll) and MnOJ 
Ni(111) model catalyst show that new che- 
misorption sites are created when a nickel 
surface is modified by reduced oxides. Al- 
though the exact configuration of these new 
sites is unknown, the fact that their pres- 
ence requires the surface to be partially 
covered by reduced oxides strongly sug- 
gests the involvement of the metal as well 
as reduced oxide sites. At this moment, we 
favor a model similar to that proposed by 
Vannice and Sudhaker and Sachtler and co- 
workers (25, 26). In this model, taking 
A10~/Ni(111) as an example, each new site 
consists of both A10~ at the oxide island 
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perimeter and Ni in the immediate vicin- 
ity, with the CO adsorbed on the Ni and the 
oxygen end of the CO activated by the A1Ox 
species. TDS and HREELS results reveal 
that CO in this adsorption state has weaker 
C-Ni and C-O bonds, as indicated by the 
lower thermal desorption temperature and 
lower C-O stretching frequency. We be- 
lieve that under these conditions, CO disso- 
ciation as well as the desorption process 
involved in the CO-H2 reaction would be- 
come easier and faster. In this way, the re- 
duced oxide clusters act as promoters to 
enhance the CO hydrogenation activity 
over metal surfaces (such as Ni, Pd, Pt) 
where CO dissociation is an important rate- 
determining step (9, 27-31). It has been 
found that after high-temperature reduc- 
tion, A1203-supported metal catalysts 
showed a methanation activity more than 
10 times higher than that of SiO2-supported 
catalysts (9, 10, 32), and the difference in 
activity was found to be related to the dif- 
ference in CO dissociation rate (32, 33). 
Such perimeter-site-related CO hydrogena- 
tion activity has also been observed re- 
cently on TiOJRh catalysts (34). These ob- 
servations are consistent with our results 
and support the model proposed here. 

It is somewhat surprising that the low- 
frequency C-O stretch is so similar in en- 
ergy for AIOx- and MnOx-modified Ni(111), 
given the fact that A1 and Mn are chemi- 
cally very different. One explanation is as 
follows. The lowering of the C-O stretch 
frequency depends on the oxophilicity of 
the metal oxide islands, which in turn de- 
pends on how far the metal oxide is re- 
duced. Since the reduction treatment is the 
same for MnOx and A1Ox, one can argue 
that the effect on C-O stretch should be 
approximately the same. Of course, if the 
reduction treatment is severe enough to 
fully reduce the metal oxide, the oxophilic- 
ity simply depends on the metal itself, at 
which point one would expect to see depen- 
dence of the C-O stretch on the metal. 

CO chemisorption also indicates that at 
the optimum oxide coverage, the concen- 

tration of these perimeter sides is only 
about 10% of the available metal surface 
atoms. This does not contradict the pro- 
posed model that these perimeter sites are 
the active sites in CO hydrogenation be- 
cause it is found that the number of active 
sites in a CO hydrogenation reaction is a 
very small fraction of the total metal sur- 
face sites (8, 29, 35). It has also been found 
that once the metal/reduced oxide ensem- 
bles are formed, they cannot easily be fully 
oxidized (36). Therefore, the SMSI effects 
are quite durable under CO hydrogenation 
reaction conditions (37). This indicates that 
the chemistry at these sites is not due to a 
simple superposition of the metal and the 
reduced oxide. 

CONCLUSIONS 

(1) CO chemisorption has been per- 
formed on Ni( l l l )  and AlOx-modified 
Ni( l l l )  surfaces at 200 K. From thermal 
desorption and energy loss spectra, it is 
found that the presence of surface A1Ox 
species suppresses CO chemisorption and 
that the suppression is almost a linear func- 
tion of the oxide coverage. 

(2) For CO adsorbed on AIOx-modified 
Ni( l l l )  surfaces, additional features of 
both a lower temperature thermal desorp- 
tion peak at 300 K and a lower C-O stretch- 
ing frequency peak at 1613 cm -1 are ob- 
served. The 1613-cm -1 energy loss peak 
disappears when the surface is heated to 
325 K, which indicates that these two fea- 
tures come from the same new CO adsorp- 
tion state. 

(3) The above results suggest that the 300 
K TDS peak and the 1613-cm -1 energy loss 
peak are due to CO adsorption at or near 
the surface AlOx/Ni perimeter sites. Such 
an adsorption state is believed to be impor- 
tant in enhancing the CO hydrogenation ac- 
tivity in an SMSI system. 
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