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Auger electron spectroscopy (AES) and high-resolution electron energy loss spectroscopy 
(HREELS) showed that hydrogen reduction at 700°K of a 120-A nickel film deposited on TiOr 
results in the segregation of TiO, (X close to 1) onto the nickel surface. Titanium oxide appears to 
difIuse rapidly through nickel. Room-temperature CO uptake was found to decrease with increas- 
ing surface titanium oxide concentration. HREELS showed that the concentration of bridge- 
bonded CO relative to on-top CO after room-temperature CO exposure decreases with increasing 
titanium oxide coverage on nickel. A site giving rise to a CO stretching frequency of 1850 cm-l was 
found to survive after extended reduction. This was attributed to a site near the surface titanium 
oxide on nickel. The present study suggests that both physical coverage of the nickel surface by 
TiO, and the chemical interaction between nickel and TiO, on the surface are involved in SMSI. 
0 1984 Acadmic Press, Inc. 

1. INTRODUCTION 

The pioneering work of Tauster et al. (I) 
has stimulated numerous studies of the 
strong effects of titania support on the che- 
misorption and catalytic properties of 
group VIII metals. These effects were at- 
tributed to the existence of a strong metal- 
support interaction (SMSI). The main fea- 
tures of SMSI are the suppression of CO 
and hydrogen sorption capacity of metals 
(I, 2) and radical changes in activity and 
selectivity in catalytic reactions such as CO 
hydrogenation (3). 

Considerable efforts have been made to 
elucidate the mechanism of SMSI (4-15). 
In the charge transfer model (4, it was pro- 
posed that the interaction occurs through 
charge transfer (bonding) between the 
metal and the titania support. Recent work 
by Dumesic and co-workers (12) on Fe/tita- 
nia showed that SMSI behavior persists 
even for iron particles with diameter ex- 
ceeding 200 A. Charge transfer from one 
phase to another cannot explain this obser- 
vation because the excess charge would be 
screened out over a distance on the order of 

atomic spacing. They proposed that during 
high-temperature reduction to induce 
SMSI, titania diffuses to the metal surface. 
In subsequent work by Dumesic and co- 
workers (13), the hydrogen uptake behav- 
ior on several metals supported on titania 
was also discussed in terms of the presence 
of titanium oxide species on metal surfaces. 
Resasco and Haller (14) found that the eth- 
ane hydrogenolysis activity of Rh/titania 
follows a square-foot dependence on the re- 
duction time, strongly suggesting the opera- 
tion of a diffusion-controlled mechanism. 

In addition to the numerous studies on 
high-surface-area metal catalysts, several 
attempts were made to study low-surface- 
area (- 1 cm*) model SMSI specimens using 
ultrahigh vacuum and surface science tech- 
niques . Chung and co-workers demon- 
strated that about 5-6 A of nickel vapor 
deposited onto single crystal TiO2 shows 
SMSI behavior (8). They further showed 
that a Ni(l11) single crystal partially cov- 
ered with reduced titania shows essentially 
the same CO hydrogenation kinetics and 
product distribution as those of SMSI cata- 
lysts (15). Both studies support the model 
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proposed by Dumesic and co-workers. 
There is some early evidence from the pho- 
toemission work of Kao et al. (7) that there 
is rapid interdiffusion between Ni and TiOz 
at temperatures as low as 300°C. Recent 
work by Cairns et al. (16) using nuclear 
backscattering also confirmed this finding. 

In the present paper, we report Auger 
electron spectroscopy (AES) and high-res- 
olution electron energy loss spectroscopy 
(HREELS) investigation on Ni/TiOz. Both 
techniques clearly demonstrate the segre- 
gation of reduced titanium oxide on the 
nickel surface after hydrogen reduction at 
700°K. HREELS provides further insight 
into the nature of the surface titaium oxide 
and its effects on CO chemisorption on 
nickel. 

2. EXPERIMENTAL SECTION 

Auger studies were done in a Physical 
Electronics PHI 590A ultrahigh vacuum 
scanning Auger microprobe (SAM). The ti- 
tanium specimen used in this study is a l- 
cm2 O.OOCin.-thick polycrystalline foil 
purged of bulk impurities by a series of 
sputtering and annealing cycles. A titanium 
oxide film was formed on the titanium foil 
surface by heating to 673°K under 3 X 10e6 
Tot-r oxygen for 5 min, followed by deposi- 
tion of 120-A-thick nickel layer at the rate 
of 10 &min. The specimen temperature 
rose to no more than 330°K during Ni evap- 
oration. The resulting Ni/titania specimen 
was then reduced at 700°K under 1 x 10m6 
Torr hydrogen for various amounts of time. 
After the reduction, Auger profiles of Ni, 
Ti, and 0 were determined by sequential 
argon ion sputtering and Auger analysis at 
room temperature. The carbon monoxide 
uptake at room temperature was measured 
from the carbon Auger intensity after ex- 
posing the specimen to 1OOL CO. In both 
cases, Auger measurements were made by 
rastering a 2-kV/lOO-nA electron beam over 
a 0.5- X 0.5mm area at 30 frames/set to 
minimize electron beam effects. 

HREELS studies were done in another 
ultrahigh vacuum chamber equipped also 

with an Auger spectrometer and other fa- 
cilities for specimen preparation. The 
HREELS spectrometer used is similar to 
the one developed by Ibach (I 7) and modi- 
fied by Sexton (18). The electron beam was 
set at 1 eV primary energy and an angle of 
incidence of 60”. Scattered electrons were 
collected in the specular direction. The 
specimen for HREELS work was prepared 
in the same manner as described above. 

3. RESULTS 

3.1. Auger Electron Spectroscopy Results 

Under our oxidation conditions, we mea- 
sured an Auger O(510 eVYTi(385 eV) peak 
ratio of 1.6-1.7 for the oxidized titanium 
surface. This is close to that from bulk 
Ti02. Ti(385 eV) and Ti(415 eV) Auger 
peaks show shapes characteristic of TiO2 
(29). It is therefore concluded that a near- 
stoichiometric TiO2 layer was formed with 
thickness exceeding the escape depth of 
Auge electrons. 

Auger intensities of Ti(385 eV) and O(510 
eV) as a function of reduction time are 
shown in Fig. 1. The Ti and 0 Auger inten- 
sities increased with reduction time. For 
example, after 36 min of reduction, the Ti 
Auger intensity increased from approxi- 
mately zero to about 25% of the Auger in- 
tensity from bulk Ti02. The O/‘I’i Auger in- 

FIG. 1. Auger intensity of Ti(o) and O(x) at 385 and 
510 eV, respectively, as a function of reduction time. 
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FIG. 2. Sputter profiles of Ti Auger intensity from 
Niltitania (a) before reduction, (b) after 18 min of re- 
duction at 700°K. 

tensity ratio was between 0.8 and 1 .O after 5 
to 36 min of reduction. 

Sputter-profiles of Ti(385 eV) Auger in- 
tensity from the Niltitania specimen with- 
out reduction and after 18 min of reduction 
at 700°K are shown in Figs. 2a and b. The 
sputter rate was approximately 5 A/min. 
The Ti Auger intensity from the specimen 
without reduction was negligible during the 
initial several minutes of sputtering. On the 
other hand, after reduction at 7OO”K, en- 
richment of Ti on the surface was clearly 
observed. The Ti signal was seen to de- 
crease from Iri (before sputtering) on the 
surface to a steady state value ITi (plateau) 
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FIG. 3. Room-temperature CO uptake by Ni/titania 
as a function of reduction time at 700°K. 

(Fig. 2b) after 1 to 2 min of sputtering. Both 
zri (before sputtering) and zri (plateau) de- 
pend on the reduction time. Oxygen was 
found to have a profile similar to that of 
titanium. 

Room-temperature CO uptake of the Ni/ 
Titania specimen was found to decrease 
monotonically with increasing reduction 
time at 700°K as shown in Fig. 3. 

3.2. High-Resolution Electron Energy 
Loss Spectroscopy Results 

Figure 4 is the ELS spectrum of a tita- 
nium foil freshly oxidized under 3 x 10m6 
Torr oxygen at 673°K for 5 min taken prior 
to the nickel deposition. It shows loss 
peaks at 440, 790, 1580, and 2380 cm-i. 
Further oxidation increases the intensities 
of the loss peaks while the frequencies re- 
main unchanged. For example, the 790- 
cm-t peak to elastic peak intensity ratio in- 
creases by 40% after 20 min of oxidation. 

Figure 5 shows ELS spectra of Ni/titania 
taken after the specimen was reduced at 
700°K under 1 x 10e6 Torr hydrogen for 
various amounts of time followed by 1OOL 
CO exposure at room temperature. The 
loss bands at higher energies are due to CO 
stretching modes. There are two major 
losses at 1910 cm-t (bridge-bonded CO) and 
2020 cm-l (on-top CO) (20-23). With in- 
creasing reduction time, the intensity due 
to bridge-bonded CO decreases more rap- 
idly than that of the on-top CO. A loss peak 

0 1000 2000 3000 

ENERGY LOSS (cm-0 

FIG. 4. Energy loss spectrum of titanium foil oxi- 
dized under 3 x 10e6 Torr O2 at 673°K for 5 min. 



78 TAKATANI AND CHUNG 

x.0 20 
” 
. 

ISLO.” 
. . i 

X.0 

.’ . . 

. 

:’ 
_> 

;_’ 
x.0 

*.. 
.’ 

:.: 
. . 

x10 
: 

0: ‘..’ . 
‘. 

I,\,- 

-‘;..V+ ‘--..i. ,,..C,...,,.~... 1 --..;.. 
:.. 

“\-..,.G. (e ) 

0 1000 2000 

10 

‘.. 
. . 

‘2.’ (a) 

. . . 
.-,.* (b) 

+“.. (c) 

Y_).,.. ( d) 

ENERGY LOSS (cm-l) 

FIG. 5. Energy loss spectra of Nikitania after 1OOL 
CO exposure at room temperature: (a) specimen re- 
duced for 1 min, (b) 6 min, (c) 16 min, (d) 36 min, (e) 64 
mm. 

around 1580 cm-i was observed initially 
(Figs. 5a-c), but was absent after longer re- 
duction time (Figs. 5d-e). After 64 min re- 
duction, a new CO stretching loss feature 
becomes apparent at 1850 cm-i (Fig. 5e). 

,In the lower energy region, a loss at 390 
cm-i was observed after CO exposure on 
the specimen after a brief reduction (Fig. 
5a). With increasing reduction time, new 
peaks at 510 and 665 cm-i evolved and 
dominated in this energy region (Figs. 5c- 

e). In addition, a loss feature around 1100 
cm-i (Fig. 5e) was found to grow with fur- 
ther reduction. These losses (510,665, 1100 
cm-l) were present before CO exposure. 

For the purpose of interpretation of some 
loss peaks at lower energies in Fig. 5, an 
ELS spectrum of a sputter-annealed tita- 
nium foil exposed to 2L oxygen at room 
temperature is presented in Fig. 6. Least- 
square fitting of the major loss band using 
three Gaussians resulted in a strong peak at 
530 cm-l and shoulders at 415 and 665 
cm-i. The losses around 970 cm-i often ap- 
peared even before oxygen exposure. Au- 
ger spectra of such surfaces showed a weak 
oxygen signal. 

4. DISCUSSION 

4.1. AES Results 

Evolution of titanium and oxygen Auger 
signals on the Ni/titania surface after reduc- 
tion shown in Fig. 1 and typical sputter pro- 
files shown in Fig. 2b indicate clearly the 
segregation of titanium and oxygen on the 
nickel surface after reduction at 700°K. The 
initial decrease of the Ti Auger signal in the 
sputter profile is not an artifact due to pref- 
erential sputtering. It is known that the 
sputter yield of metallic titanium by 2-kV 
argon ions is about half of that of metallic 
nickel (24), and for titanium in the oxide 
form, the sputter yield is even smaller (25). 
Therefore, the trend in the sputter profile in 
Fig. 2b is opposite to what is expected from 

0 500 1000 

ENERGY LOSS (cm-0 

FIG. 6. Energy loss spectrum of titanium foil ex- 
posed to 2L O2 at room temperature. 
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FIG. 7. Two models of Ni/titania specimen after re- 
duction. 

preferential sputtering between nickel and 
titanium or titanium oxide. 

The nearly linear dependence of the Ti 
and 0 Auger intensity on the square root of 
reduction time is indicative of a diffusion- 
controlled process through which surface 
titanium and oxygen species are derived. 

An O/Ti Auger intensity ratio of 0.8-1.0 
on the surface indicates an O/Ti atomic ra- 
tio of 1.0-1.25. We also observed that the 
Ti(385 eV) and Ti(415 eV) Auger peak 
shapes are close to those in TiO (19). Con- 
sidering also the large heat of formation of 
titanium oxide compared to that of nickel 
oxide, it is probably the case that surface 
oxygen is associated mainly with titanium 
forming TiO, with x close to 1. In the fol- 
lowing, we will call this “titanium oxide.” 

To determine the surface titanium cover- 
age from the sputter profile, one can con- 
sider two extreme models of the Ni/titania 
specimen after reduction at 700°K as illus- 
trated in Figs. 7a and b. In Fig. 7a, the 
nickel is assumed to form islands on the 
titania substrate, and the nickel surface is 
partially covered with titanium oxide. The 
plateau in the sputter profile (Fig. 2b) is 
therefore due to titanium signal from the 
substrate through openings in the nickel 
layer. Therefore, one can estimate the sur- 
face titanium concentration &&Gum from 
the equation 

@nti, = i [Zrr (before sputtering) 

- Zri (plateau)] (1) 

where k is the titanium Auger intensity 
from one monolayer of Ti02.t In the other 
model as illustrated by Fig. 7b, the nickel 
layer is assumed to cover uniformly the 
substrate and a small amount of titanium 
oxide is dissolved in nickel. The finite Ti 
Auger intensity in the plateau is therefore 
due to titanium oxide dissolved in nickel. 
Assuming homogeneous distribution of tita- 
nium oxide within the nickel layer except 
on the surface, one can show the surface 
titanium concentration hta,,ru,,, in the equa- 
tion 

~Titanium = i [ZTi (before sputtering) 

- dTi (plateau)] (2) 

where (Y = exp(-d/A cos Q) with d = 3.2 A, 
A = 9 A, and Q = 42.3”. Typically, Zri (pla- 
teau) is not more than 20% of Zri (before 
sputtering). Therefore, we expect these two 
models to give similar prediction of @rib,,. 
From Eqs. (1) and (2), together with the 
corresponding CO uptake information (Fig. 
3), we obtained normalized plots of CO up- 
take versus surface titanium concentration 
as shown in Fig. 8 by (0) for model a and (x) 
for model b. The overall feature is essen- 
tially the same for both models. The 0co 
decreases rapidly with increasing haurn. 
From the initial slope of the curve, one can 
show that one titanium atom deactivates 
approximately five to six surface nickel at- 
oms for CO adsorption. The room-tempera- 
ture CO uptake appears to level off to about 
30% the prereduction value as seen in Fig. 
8, in close agreement with the earlier find- 
ing of Smith et al. (2) on high-surface-area 
Ni/titania catalysts and the single crystal 
work of Kao et al. (26). 

Data in Figs. 1 and 2 show that titanium 
oxide diffuses fairly rapidly through the Ni 

1 The k in the text is estimated by k = 1, (thick 
oxide) . (1 - a), a = exp(-d/A cos q), where ZTi (thick 
oxide) is Ti Auger intensity from a thick oxide layer 
foxmed on the Ti foil, d the spacing of layers, A mean 
free path, and (p collection angle, We assumed d = 3.2 
A, the layer spacing of single crystal TiOz, A = 9 A and 
cp = 42.3”. 
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FIG. 8. Room-temperature CO uptake versus Ti cov- 
erage on the Ni surface based on model a (o), and 
model b (x) illustrated in Fig. 7. The 0hmium = 1 corre- 
sponds to 1 X 10Ls/cmZ, the packing density of Ti on 
TiOz (110). The @co = 0.5 corresponds to the satura- 
tion coverage of CO on Ni(ll1). 

film, presumably through grain boundaries 
and other imperfections. A rough estimate 
can be made of the diffusion coefficient D 
as follows. A substantial amount of tita- 
nium oxide appears on the nickel surface 
(thickness 120 A) after about 1000 sec. 
From the equation 12 = 2Dt, where 1 is the 
diffusion distance (120 A) and t is the diffu- 
sion time (1000 set), D was found to be 7.2 
x IO-l6 cm2/sec at 700°K. Kao et al. (8) 
found that D(573”K) = 2 x lo-l7 cm2/sec. 
From these data, the activation energy for 
such diffusion process is estimated to be 
around 23 k&/mole. 

4.2. HREELS Results 

In the ELS spectrum of oxidized titanium 
surface before Ni deposition (Fig. 4), peaks 
at 790 and 440 cm-’ are close to surface 
phonon losses at 766 and 436 cm-l ob- 
served on Ti02( 100) (27). One can assign the 
peaks at 1580 and 2380 cm-” as double and 
triple excitations of the mode at 790 cm-‘. 
The 790-cm-l loss to elastic peak intensity 
ratio in Fig. 4 was found to increase after 
prolonged oxidation under identical impact 
energy (1 eV) and geometry. This implies 
that the oxide layer formed under the 
present experimental conditions is thinner 
than the ELS probing depth, viz. l/Q,,, 

when l/Q,, is the wavenumber of the surface 
wave characteristically excited by incident 
electrons through the dipole scattering 
mechanism (28). For electron excitation at 
1 eV, one finds Ql is approximately 40 A. 
Therefore, we expect the oxide thickness to 
be somewhere between 15 8, (-Auger prob- 
ing depth) and 40 A (ELS probing depth). 

Numerous vibrational studies of CO ad- 
sorption have been done on nickel single 
crystals. On Ni(ll1) and Ni(lOO), CO 
stretching mode for bridge-bonded CO was 
found at 1895-1930 cm-’ and on-top CO at 
2045-2065 cm-l with intensity and fre- 
quency dependent on the CO coverage (20- 
22). At low coverage, Ni(l11) shows CO 
stretch at 1815-1845 cm-l attributed to CO 
or threefold site (22). On Ni[5(111) x 
(1 lo)], on-top CO was found between 2010 
and 2060 cm-’ and two- and threefold- 
bridge CO between 1820 and 1960 cm-l 
(23). In addition, a CO stretch at 1510-1540 
cm-’ was observed and attributed to CO on 
a step site (23). In the present study, we 
evaporated a nickel film onto a titania sur- 
face which was subsequently heated at 
700°K in hydrogen. Major loss features due 
to CO stretch were observed at 1580, 1910, 
and 2020 cm-l (Fig. 5). Comparing with lit- 
erature data cited above, we assign the loss 
at 1910 cm-’ to bridge-bonded CO and 2020 
cm-’ to on-top CO. The evaporated Ni film 
is expected to contain considerable steps or 
kinks so that the assignment of 1580 cm-* to 
CO on step or kink site is reasonable. The 
1580~cm-’ loss was found only after CO ex- 
posure and is therefore not due to water 
impurity. Heating at 700°K is expected to 
improve the ordering of the nickel film, 
thereby reducing step or kink density. This 
is consistent with the disappearance of the 
1580-cm-’ peak after extended heating 
(Figs. 5d and e). It is unlikely that the peak 
at 1580 cm-’ is due to CO on a site associ- 
ated with surface titanium oxide, since the 
peak is absent after extended reduction 
where the concentration of surface titanium 
oxide is higher. 

The CO stretch loss intensity corre- 
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sponding to bridge-bonded CO decreases 
more rapidly with increasing reduction time 
than that of the on-top CO, as seen in Fig. 
5. On-top CO to bridge-bonded CO inten- 
sity ratio is about twice the prereduction 
value after 36 min of reduction. This indi- 
cates the relative increase of on-top CO 
concentration compared with bridge- 
bonded CO. The trend is opposite to what 
one may expect if the heat treatment 
merely increases the area of ordered (111) 
face since it is known that bridge-bonded 
CO dominates over on-top CO at saturation 
coverage on Ni( 111) (21, 22). This relative 
concentration increase of on-top CO can be 
explained by the incorporation of species 
inactive for CO adsorption. Since a twofold 
bridge site requires two adjacent nickel at- 
oms, the concentration of bridge sites de- 
creases more rapidly after the incorpora- 
tion of inactive species than that of on-top 
sites, analogous to the ensemble effect ob- 
served in alloy systems (29). In the present 
case, since this trend parallels that of the 
concentration increase of surface titaium 
oxide, such inactive species should corre- 
spond to titanium oxide. It should be men- 
tioned that in the room-temperature ad- 
sorption study of Tanaka and White on Pt 
dispersed on TiOz support using ir absorp- 
tion spectroscopy (30), only on-top CO was 
observed on the specimen reduced at 400°C 
while on the specimen reduced at 2OO”C, 
both on-top and bridge-bonded CO were 
present. Similar observation was also made 
by Vannice et al. on Pt/TiOz (31). 

In the ELS spectrum for the specimen 
reduced for 64 min (Fig. Se), the CO 
stretching band shows frequencies as low 
as 1850 cm-l. This is too low to be attrib- 
uted to bridge-bonded CO (22). On Ni(1 ll), 
a loss at 1815-1845 cm-1 was observed at a 
low CO coverage and was attributed to CO 
adsorbed on a threefold site (22). However, 
the assignment of the 185~cm-’ loss ob- 
served here to CO on a threefold site is con- 
tradictory to the ensemble effect-that is, 
the loss intensity due to CO adsorbed on a 
threefold site relative to on-top or twofold 

sites should decrease with increasing re- 
duction time, i.e., increasing titanium cov- 
erage. The observed trend is just opposite 
(see Figs. 5d and e). We believe that the 
1850-cm-l loss is due to CO adsorbed on a 
site near the surface titanium oxide. One 
can notice some similarity of the system 
studied here to catalysts containing metal 
oxide additives. A titanium oxide promoted 
Rh catalyst has been found by ir spectros- 
copy to show CO stretching bands at 1830 
and 2035 cm-l after room-temperature CO 
exposure (32). For catalysts containing ox- 
ophylic metal oxides such as manganese 
oxide as additives, Sachtler (33) proposed a 
model in which CO adsorbs in a tilted posi- 
tion near the metal additive ion as a result 
of the interaction between oxygen in CO 
and the metal ions. The carbon-oxygen 
bond in this case is expected to be weak- 
ened. It is known that the CO hydrogena- 
tion activity is greatly enhanced for Ni/tita- 
nia in the SMSI state (3). The site giving 
rise to 1850 cm-l CO may act as an impor- 
tant active site for this reaction. 

Next, we turn our attention to the loss 
peaks at lower energy in Fig. 5. The loss at 
395 cm-r in Fig. 5a can be assigned to be 
due to Ni-C stretch since it has been ob- 
served around 400 cm-l for CO on Ni( 111) 
(2Z, 23). Increasing reduction time gives 
rise to loss peaks at 510, 665, and 1100 
cm-l. These peaks were present even be- 
fore CO exposure. Considering the present 
Auger observation, these new peaks are un- 
doubtedly due to oxygen and titanium on or 
near the nickel surface. The question is 
how titanium and oxygen are arranged on 
the nickel surface. Although a definite an- 
swer cannot be obtained from the present 
data, we have made some attempts in this 
direction as discussed below. 

After 2L oxygen exposure at room tem- 
perature to a clean titanium foil with a 
(0001) texture, a strong peak appears at 530 
cm-l (Fig. 6). This peak is likely to be due 
to oxygen on a threefold site on a Ti(OOO1) 
surface. On the other hand, oxygen on a 
threefold site of Ni( 111) gives a frequency 
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of 570-580 cm-* (28). The loss at 510 cm-’ 
in Figs. 5c-e is close to the 530-cm-l loss 
due to oxygen on titanium (Fig. 6) and 
therefore can be favorably assigned as oxy- 
gen associated with surface titanium. How- 
ever, the interaction of oxygen with nickel 
cannot be totally excluded. More realisti- 
cally, one can consider the situation where 
an oxygen atom sits on a threefold site 
where one or two nickel atoms are replaced 
by titanium. The frequencies of the modes 
can be easily estimated by the method de- 
scribed in Ref. (28) assuming that the mode 
at 530 cm-’ in Fig. 6 is due to oxygen on a 
threefold site of titanium. We found that all 
the modes fall between 500 and 560 cm-l. 
Therefore, the involvement of any Ni-0 
bond cannot be discerned from here. In Fig. 
5c-e, there is a shoulder at the high-energy 
side of the 510-cm-’ peak. The peak ap- 
pears to be around 665 cm-‘. This com- 
pares well with the shoulder around 665 
cm-’ in Fig. 6 for oxygen on titanium. To- 
gether with the Auger result that surface 
titanium appears to be in a non-zero oxida- 
tion state as well as thermodynamic consid- 
erations, we believe that the oxygen is as- 
sociated mainly with titanium. 

The broad loss feature around 1100 cm-’ 
in Fig. 5e can be attributed to subsurface 
oxygen diffused from the titania substrate. 
It is known that Ni( 111) exposed to oxygen 
often shows additional peaks at 970 and 
1125 cm-’ which can be related to subsur- 
face oxygen, and the unusually high fre- 
quencies are rationalized as oxygen 
squeezed in the metal substrate (28). 

We also made some preliminary work 
function change measurements of Ni/titania 
due to heating at 700°K in hydrogen and 
under vacuum using the retarding potential 
method. The primary motivation was to ob- 
tain additional information about the sur- 
face titanium oxide. The work function was 
found to remain constant within +I- 0.1 eV 
after reduction treatments. As implied from 
the assignment of vibrational loss peaks, 
oxygen seems to exist both above and be- 
low the surface. Therefore, the nearly con- 

stant work function can be rationalized by 
the cancellation of the additional dipole mo- 
ments in opposite directions near the sur- 
face. 

Finally, in order for the partial coverage 
of the nickel surface by reduced titanium 
oxide as demonstrated in this study to be 
energetically favorable, the interaction be- 
tween reduced titanium oxide and the sur- 
face nickel has to exceed the large Coulomb 
energy required to remove titanium oxide 
molecules from the bulk oxide (33). It is 
likely that d electrons in TP (n < 4) are 
involved in these interactions. Therefore, 
SMSI involves not only physical coverage 
of the metal surface by titanium oxide, but 
also chemical interaction between the metal 
and titanium. The close proximity between 
nickel and titanium oxide* as a result of 
their strong interaction makes it possible 
for the two ends of the CO molecules to be 
activated by them simultaneously, giving 
rise to interesting chemisorption and cata- 
lytic behavior. 

5. SUMMARY 

Both Auger and HREELS showed di- 
rectly the segregation of TiO, (x close to 1) 
onto the nickel surface after hydrogen re- 
duction at 700°K of a 120-A nickel film de- 
posited on titanium dioxide. Titanium oxide 
appears to diffuse very rapidly through 
nickel. Room-temperature CO uptake was 
found to decrease with increasing surface 
titanium oxide concentration on nickel. 
HREELS showed that the concentration of 
bridge-bonded CO relative to on-top CO af- 
ter room-temperature CO exposure de- 
creases with increasing titanium oxide cov- 
erage. A site on which CO adsorbs with a 
stretching frequency of 1850 cm-l was 
found to survive after extended reduction. 
This was attributed to a site near the sur- 
face titanium oxide on nickel. The present 
studies strongly suggest that physical cov- 

z The idea of Ni/TiO, periphery sites was raised by 
Burch and Flambard Ref. (34). But the concept of ox- 
ide migration was not discussed by them. 
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erage of the nickel surface by reduced tita- 
nium oxide and the chemical interaction be- 
tween nickel and titanium are the key 
elements of SMSI. 
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Note added in proof. Subsequent to the submission 
of this paper, we learned that several groups have ar- 
rived at the same conclusion on titanium oxide migra- 
tion onto the metal surface. This includes PtTi work by 
Ross and Somorjai, Rh by White et al., Ni by Dumesic 
et al., Rh by Henrich et al., and Pt by Gorte et al. 
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