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Model Studies of the SMSI Phenomenon
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Ti films grow on Ru(0001) in a layer-by-layer mode, a (V91 X VO1)R5.2° LEED pattern appear-
ing at loadings close to monolayer completion. Such films are extremely active towards H, and CO
chemisorption, although in both cases no aggregation of the Ti deposit occurs as a result. The
uptake of B-CO (characteristic of clean Ru) is strongly suppressed by Ti dosing: this effect is
markedly nonlinear and the results suggest that islands of Ti exert a significant long-range influence
on the chemisorption of CO by Ru. Isotope data show that the presence of Ti leads to the formation
of dissociatively adsorbed CO, while hydrogen chemisorption results in a surface hydride species
of limiting stoichiometry TiH;. This latter species decomposes at ~600 K with concomitant forma-
tion of an Ru-Ti surface alloy; the TiH; surface hydride is itself very active in the dissociative
chemisorption of CO. The relevance of these findings to aspects of the SMSI phenomenon and to

K-promoted Ru is discussed.

INTRODUCTION

Since the initial observations of Tauster
et al. (1), the phenomenon of strong metal-
support interaction (SMSI) has attracted
considerable interest and speculation. In
addition to many classical catalytic studies
on metal/reducible oxide systems, there
have been several attempts to model cer-
tain aspects of SMSI behaviour with the aid
of metal foils and single crystals (2-5).

The present paper is the first in a series of
articles describing the results of a corre-
lated programme involving measurements
on both single-crystal TiO,/Ru systems and
Ru/TiO,;, TiO,/Ru/Si0O,, and Ru/SiO; high-
area catalysts. We report here on the inter-
action between metallic titanium and a
well-characterized Ru(0001) surface; the
behaviour of this bimetallic system towards
H; and CO at low pressures is also de-
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scribed. The formation and decomposition
of adsorbate phases and surface com-
pounds are investigated, and these obser-
vations lay the foundation for a detailed
examination of CO + H, chemistry and
catalysis at the interface between Ru and
TiO, to be described elsewhere (6).

EXPERIMENTAL

Experiments were carried out in an ultra-
high vacuum chamber of conventional de-
sign which was capabie of routinely achiev-
ing base pressures of <2 x 107! Torr. The
system included a multiplexed mass spec-
trometer for thermal programmed desorp-
tion (TPD) measurements and a three-grid
retarding field analyser for LEED/Auger
measurements. The mass spectrometer
ioniser was enclosed in a shield which ef-
fectively discriminated against the scat-
tered gas signal from the rear face of the
specimen. The resulting TPD signals were
therefore dominated by the line-of-sight
flux from the crystal front face, and effects
due to finite pumping speed were thereby
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FiG. 1. Ru and Ti AES data as a function of deposition time at 300 K. (The small positive intercept
exhibited by the Ti data is due to an underlying weak Ru Auger transition—see text.)

also minimised. In the results which follow,
all data therefore refer essentially to Ti de-
position on and gas desorption from the
front face of the specimen. Sample dosing
was carried out using a capillary array gas
doser and a collimated resistively heated
evaporation source for titanium dosing.
The Ru(0001) specimen was prepared
from a 99.99+% pure ingot by standard
methods and also mounted onto a sample
holder which could be cooled to 140 K and
resistively heated using a programmable
heating supply. Cleaning was achieved (7)
by heating to 1350 K in 10~7 Torr oxygen,
foliowed by flashing to 1550 K under ultra-
high vacuum to remove traces of subsur-
face oxygen (8). Extreme care was taken to
ensure that in all experiments the sample
was free from dissolved titanium; this was
achieved by leaching out bulk Ti using re-
peated cycles of heating in oxygen (1250 K/
10~7 Torr) and Ar* etching until the Auger
spectrum characteristic of clean ruthenium
was obtained (9). In this connection, we
have already reported in detail (9) on the
assignment of certain significant features
which appear in the Auger spectrum of
Ru(0001). As explained in Ref. (9), these
features may be variously assigned to Ru

Auger transitions, diffraction features, or
the presence of impurity Ti. The Auger and
diffraction features were identified and
it was shown that signals from impurity
Ti were undetectable with a rigorously
cleaned specimen. All gas exposures were
corrected for ion gauge sensitivities (10).

RESULTS AND ANALYSIS
Deposition of Titanium onto Ru(0001)

Deposition of ultrathin titanium films
proved to be sensitive to background impu-
rities, so great care was taken to ensure that
the titanium source was fully outgassed be-
fore each experiment, a chamber pressure
of 1 X 10719 Torr being maintained through-
out the deposition stage. Figure 1 shows the
variation of titanium and ruthenium Auger
signals as a function of deposition time at
295 K, deposition being shown to be uni-
form across the crystal to within 5%.
Breaks are apparent in the uptake curves at
regular deposition intervals in both the ru-
thenium and the titanium AES data; this is
characteristic of monolayer-by-monolayer
growth (Frank-van der Merwe growth
(11)). The ratio of the intensities of the Ti
(387-eV) AES signal to the Ru (231-eV)
AES signal can be taken to be characteristic
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FiG. 2. (a) (V91 x VOI)RS5.2° LEED structure observed in the region of monolayer completion:
beam energy 48.8 eV. (b) Proposed Ti overlayer structure for the V91 phase.

of the breakpoints: the first breakpoint cor-
responds to a signal ratio of 0.31 + 0.03
and the second breakpoint corresponds to
0.91 = 0.15.

The clean ruthenium surface gave a
bright and fairly sharp (1 X 1) LEED pat-
tern which underwent a marked increase in
background intensity during the -early
stages of Ti deposition at 300 K. No new
LEED patterns were obtained at this point,
indicating that titanium atoms were ran-
domly distributed over the ruthenium sur-
face, or that small titanium aggregates, the
size of which was less than the coherence
width of the electron beam, were present.
In the region of monolayer coverage, a
weak LEED pattern appeared and sharp-
ened up slightly on annealing to 420 K (Fig.
2a). This LEED pattern may be interpreted
in terms of the coincidence lattice structure
illustrated in Fig. 2b, a view which is at
least consistent with the growth mode indi-
cated by the Auger data: i.e., this structure
appears at a Ti loading corresponding to the

first break point in the Auger data. The
ideal structure may be indexed as a (V91 X
V91)R5.2° hexagonal phase in which the
Ti-Ti separation is 3.138 A (cf. 2.896 A in
bulk hcp titanium (/2)).

CO Chemisorption

Characteristic CO thermal desorption
spectra from the clean Ru(0001) surface fol-
lowing chemisorption at 300 K are shown in
Fig. 3. The high-temperature desorption
peak saturates at a coverage which corre-
sponds to the intensity maximum of a
(V3 x V3)R30° LEED pattern (6co = 0.33
monolayer), thus providing an absolute
coverage calibration for both CO and hy-
drogen uptake measurements (13, 14), due
allowance being made for relative mass
spectrometer sensitivities. A second peak
appears at higher CO coverages and has
been ascribed to the effect of repulsive in-
teractions within the adsorption layer (/3).
The surface saturated after an exposure of
44 L CO (1 L = 107 Torr sec) in close
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agreement with values obtained by other
workers (13, 15). Angle-resolved UPS (16),
IRAS (17), HREELS (i18), NEXAFS (19),
and ESDIAD (20) studies coherently illus-
trate that CO is terminally bonded at the Ru
surface, high coverages being accommo-
dated by continuous tilting of the linearly
coordinated molecules.

CO adsorption on Ti-dosed Ru leads to
the appearance of two new features in the
desorption spectra, in addition to the clean
surface B peaks. These comprise a high-
temperature peak (~1000 K) which shifts to
higher temperatures with increased Ti load-
ing, and a low-temperature peak (~180 K)
which could not be examined in. quantita-
tive detail because of limitations of the
specimen cooling system (T, ~ 140 K).
Experiments were carried out with isotopi-
cally labelled CO in order to clarify the na-
ture of these new binding states; 1:1 mix-
tures of 3C%0 and 2CB0O were adsorbed,
after which the following species were
monitored simultaneously in a subsequent
desorption experiment.

Atomic mass Species detected

28 (2C'0)

29 (3C1%0)

30 (*C*0)

31 (BC80)

44 (2C150,)
45 (5C'60,)
46 (12C160l80)

Typical results are illustrated in Figs. 4A-
4D which clearly reveal the nature of the
three different CO species. As expected,
the 8 “‘clean surface’ molecular CO peak
does not exhibit the effects of isotope
scrambling (Fig. 4A); the same is true of the
low-temperature « feature (Fig. 4D). How-
ever, the high-temperature y peak clearly
shows the effects of scrambling (Figs. 4B
and 4C) indicating dissociative adsorption
of the corresponding CO species. Note that
CO; desorption was never detectable (mass
44 trace). All the data acquired at 28, 29, 45,
and 46 amu were entirely consistent with
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F16. 3. 8-CO desorption from clean Ru(0001) follow-
ing chemisorption at 300 K. Heating rate 11 K/sec.

the 30, 31, and 44 amu results shown in Fig.
4, Taken together, these results strongly
suggest that the new desorption features
are associated with Ti sites. It was found
that desorption sweeps of the Ru/Ti/CO
system to temperatures in excess of ~800
K led to some diffusion of carbon into the
bulk of the metal. This is the temperature
regime in which Ru-Ti alloy formation
commences (6) so it seems plausible that
under these conditions incorporation of ad-
sorbate atoms into the metal could occur.
For this reason, no further investigation of
the high-temperature CO desorption fea-
ture was carried out.

The dependence of the 8-CO peak on Ti
loading can be used to probe the environ-
ment of Ru atoms in the vicinity of the Ti
deposit. Figure SA shows that following a
saturation dose of gas, the CO desorption
features characteristic of clean Ru(0001)
are uniformly suppressed with increasing ti-
tanium coverage, no change in peak tem-
perature or peak shape being observed.
Since the diffusion of titanium or titanium
compounds into the bulk has been shown to
be insignificant at temperatures associated
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F1G. 5. Effect of Ti predosing on uptake of 8-CO by Ru. (A) B-Desorption spectra as a function of Ti
precoverage. (B) 8-Desorption yield as a function of Ti coverage.

with CO desorption from clean Ru(0001)
(6), all the chemistry can be considered to
occur in two dimensions during the desorp-
tion of molecular CO from bare ruthenium
sites. Figure 5B is a plot of the integrated
CO desorption yields. It is apparent that the
chemisorptive capacity of the Ru surface is
a nonlinear function of the Ti coverage,
possible explanations for which could in-
clude the following:

(1) a Ti/C/O compound forms which
““spreads’’ on the Ru surface,

(i) CO chemisorption on Ru requires a
critical ensemble of Ru atoms,

(iii) Ru sites around the edges of the Ti
deposits are electronically modified so that
B-CO chemisorption is suppressed.

We now examine each of these possibilities
in turn.

The first seems unlikely, since it would
be expected to lead to complete suppres-
sion of the unimpaired ruthenium sites at
titanium coverages well below a mono-
layer.

If ensemble effects operate and Ti atoms

are distributed randomly on the underlying
Ru, it can be shown (21) that

Oco = (1 — 6n)",

where n is the number of active Ru atoms
required to adsorb one CO molecule. Like-
wise, the number of CO molecules pre-
vented from adsorbing is given by (22)

(1 = (Bco/bcosan)) = 07i-

Bilogarithmic plots of both these equations
should therefore vyield straight lines if
blocking of 8-CO is the result of Ru ensem-
ble effects arising from a random distribu-
tion of Ti adatoms: Figures 6A and 6B dem-
onstrate that this is not the case.

Finally, if the Ti deposit evolves in the
submonolayer regime by a nucleation and
growth mechanism in which a constant
number of circular two-dimensional islands
grow at a uniform rate, then it may be
shown that

(1 — (Bco/0B ) = 0¥ + 72ni%r,

where n, is the number density of nucle-
ation sites and r measures the distance
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Fi6. 6. Ti blocking of 8-CO; tests of simple ensemble model.

over which 8-CO suppression is induced.
Figure 7 shows a plot of the data in terms of
this equation; reasonable agreement up to a
Ti precoverage of ~0.3 monolayer is found.
At higher Ti loadings the amount of 8-CO
blocking observed is less than predicted. In
terms of this simple model, the most likely
explanation for the deviation is that overlap
of island perimeters eventually occurs at
sufficiently high Ti loadings; the data do in
fact permit an estimate of n/*8r to be made,
but 8r itself cannot be evaluated since we
have no independent measure of n,.

Hy Chemisorption

Thermal desorption data following H, ad-
sorption on clean Ru(0001) at 140 K are in
accord with earlier work (23--25). A single
peak (8;) appears at low coverage, followed
by a poorly resolved low-temperature fea-
ture (B)) at high coverages (Fig. 8). Ti pre-

dosing leads to two interesting effects on
the subsequent uptake of hydrogen (Fig.
9A) for gas exposures close to the satura-
tion value (200 L). At low Ti coverages
there appears to be an increase in 84-hydro-
gen. This effect is maximised at about 0.3
monolayer Ti coverage, beyond which
point the B;, B, states are progressively
suppressed (Figs. 9A and 9B). The other
important aspect of Fig. 9A is the appear-
ance of a sharp desorption feature (y) at
high temperature; this first appears in the
submonolayer regime, increasing in inten-
sity and shifting to higher temperatures
with increasing Ti loading.

The results illustrated in Fig. 9A were ob-
tained by rigorously cleaning the surface
(Ar* etching) before depositing a fresh
loading of Ti prior to each experiment. Ex-
amination of the surface by LEED after a
desorption sweep revealed the presence of
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structures characteristic of Ti~Ru surface
alloys (6). It is also noteworthy that the
v-H, peak appears in a temperature regime
where Ti—-Ru surface alloys are formed
from Ti overlavers on Ru(0001) (6). It
seems likely therefore that y-H, evolution
is accompanied by surface alloy formation;
a subsequent exposure of this alloy surface
to more hydrogen did not result in repopu-
lation of the v state (Fig. 9C). Closer exami-
nation of the data shows that the tempera-
ture of the y-H, peak tends to a limiting
value in the region of monolayer Ti cover-
age (Fig. 10A). This observation and the
almost complete disappearance of the 8
peaks at ~1 monolayer Ti indicate that, as
with CO, hydrogen chemisorption does not
lead to aggregation of the Ti film with con-
comitant exposure of bare Ru sites. Assum-
ing that the y-hydrogen is associated with
Ti, it is possible to calculate the Ti: H stoi-
chiometry of the surface phase as a func-
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tion of Ti loading (Fig. 10B). It can be seen
that this quantity changes rapidly in the vi-
cinity of Ti monolayer completion, eventu-
ally approaching a value which suggests the
formation of a phase TiH;, followed by a
decline towards the stoichiometry of the
bulk hydride (TiH,). An estimate of the ac-
tivation energy for H; desorption from the
Ti/H phase can be obtained from Arrhenius
plots of the desorption data; these indicate
values ranging from 100 = 40 kJ/mol at 0.5
monolayer Ti to 195 = 40 kJ/mol at 1.5
monolayers Ti. The enthalpy of decomposi-
tion of bulk TiH, is 120 kJ/mol (12).

CO/H; Interaction on Ti/Ru(0001)

It is known that CO dosing of a clean
Ru(0001) surface precovered with chemi-
sorbed hydrogen does not lead to any dis-
placement of the latter and results only in a
slight perturbation of the hydrogen binding
energy (26). This observation is confirmed
by our own measurements. However, the
situation is completely altered in the pres-
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alloy formed after decomposition of y-phase.
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phase stoichiometry on Ti loading.

ence of Ti. Thus during and after an expo-
sure of 44 L of CO to a TiH, (x ~ 3) film
(prepared as described above) a large desta-
bilisation of the hydrogen associated with
Ti occurs. Very little CO desorption takes
place from such a surface (Fig. 11) and no
desorption products were detectable at 16,
18, 27, 30, or 32 amu. At the same time,
carbon and oxygen characteristic of disso-
ciated CO could be seen in the Auger spec-
trum after the desorption sweep. It thus ap-
pears that the TiH, film is very active for
CO dissociation, a process which also leads
to very pronounced destabilisation of the
y-hydrogen initially present in the surface
layer.

DISCUSSION

Titanium Deposition on the Ru(0001)
Surface

The layer-by-layer growth mode found
here for Ti on Ru(0001) is a common obser-
vation in many metal-on-metal systems. It
indicates that the Ti—Ru interaction is
stronger than the Ti-Ti interaction, which

is at least consistent with the relative subli-
mation energies of the two pure metals. The
proposed ordered overlayer phase which
forms in the vicinity of monolayer comple-
tion is very similar to that proposed for Li
overlayers on Ru(0001), a system which
gives rise to essentially the same LEED
pattern (27). In the present case, the struc-
ture illustrated in Fig. 2b corresponds to a
Ti-Ti spacing which is ~8% greater than
the corresponding distance in pure hcp Ti.

CO/Ti/Ru(001)

Bonding of transition metals to CO is fre-
quently discussed in terms of Blyholder’s
model (28), and the ability of Ru surfaces to
dissociate CO has been related to the de-
gree of electron back-donation to the CO
27 orbital. In some aspects, the CO/Ti/
Ru(0001) model system appears to be simi-
lar to the extensively investigated CO/K/
Ru(0001) system. In the latter case it has
been shown that for high exposures of CO
to submonolayer potassium coverages
there exist two CO adsorption sites, one in
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showing suppression of molecular states and drastic
destabilisation of y-H,.

the vicinity of potassium atoms, the other
associated with CO on areas further re-
moved from potassium (referred to as
“bare’” Ru(0001)) (29). CO molecules in the
vicinity of an alkali atom receive ‘‘through-
metal’’ charge transfer from the adsorbed
potassium (37); this is believed to lead to
either rehybridisation of the Ru—CO bond
to sp? (31) or electron donation into anti-
bonding molecular orbitals of CO (32); in
both cases the result is intramolecular bond
weakening and an increase in adsorption
energy.

Our isotope data strongly suggest that th
« and B CO states are assoc1at1ve wherea
the y state consists of adsorbed C and O
atoms. It is envisaged that growing islands

of Ti lead to the chemisorption on Ru of
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bound (dissociated) y-CO in the vicinity of
the island boundaries. This occurs at the
expense of B-CO chemisorption, and the
nonlinear dependence of this quantity on Ti
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coverage suggests that the electronic influ-
ence of Ti extends significantly beyond the
island boundaries. Given the ability of bulk
Ti to dissociate CO (33) it seems likely that
CO also adsorbs dissociatively on the Ti

themselves.

jiwd 84

islands

HIT- 8 Le Y

heating leads to the recombination of C and
O atoms on and near the Ti resulting in the
high-temperature, narrow y-CO peak.

The shape of the y-CO peak is reminis-
cent of that seen for the CO/K/Ru(0001)
system (34) where an autocatalytic decom-
position is thought to occur. The CO/Ti/Ru
system is, however, further complicated by
the known (6) rapid surface to bulk diffu-
ston of Ti which occurs in this temperature
regime. One possible explanation, there-
fore, is that CO is released into the gas
phase from in and around the Ti islands as
Ti diffuses away into the underlying Ru. It
1s possible that this process might be *‘auto-
catalytic’” if the C and O atoms actually

inhibit Ti diffusion. However, it is also ap-

parent that the y-CO peak exhibits features
characteristic of fractional order desorption
kinetics. This could result from a situation
in which y-CO desorption takes place from

R at tha AfF T iglandg L 0O ata
AZu at l.ll\r \.«\Jsbb Ul 11 1mauua, A% T s aLUlllD

being supplied by diffusion from the Ti; ac-
cording to this model, however, the desorp-
tion peak should be attenuated completely
for Ti precoverages greater than 1 mono-
layer, whereas Figs. 4B and 4C show ihat
the vy desorption feature increases with tita-
nium loading. This explanation therefore
appears to be untenable, and we favour the
possibility first put forward. The weakly
bound « state which appears at Ti loadings
greater than one monolayer is presumably
associated with adsorption on Ti. (Control
experiments established that this feature
was not due to the support wires.)

denosit Subseauent
aeposit Subsequent

H,/Ti/Ru(0001)

The small but opnnmp Ti-induc

crease in the uptake of B-hydrogen at low
Ti coverages may be due to the operation of
a spillover effect. As stated above, near-
saturation exposures of H, were used such

ed

in-
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that the coverage of bare Ru sites was close
to its maximum value. The presence of a
relatively low coverage of Ti which assists
H, dissociation could enhance the surface
population of hydrogen under these adsorp-
tion rate limited conditions.

The y-hydrogen peak can be accounted
for in terms somewhat similar to the expla-
nation put forward for the y-CO peak; in
this case the apparent fractional order be-
haviour is more pronounced. All the obser-
vations can be rationalised in terms of the
formation and destruction of a titanium hy-
dride surface compound. As monolayer
coverage is approached (i.e., with decreas-
ing Ti dispersion) an essentially continuous
titanium hydride film of nominal stoichiom-
etry TiH; is formed. The normal bulk hy-
dride has stoichiometry TiH,, suggesting
that in this case some of the H atoms lie
between the Ti overlayer and the Ru be-
neath. This would be consistent with the
structure of the bulk hydride; as for suffi-
ciently thick Ti films the stoichiometry
should then approach TiH,. (Again, we
have a parallel with the K/Ru system which
has recently been shown to form a surface
hydride species (35).) y-H; desorption is
then the result of the decomposition of this
compound accompanied by Ti-Ru alloy
formation. Not only has such alloy forma-
tion been demonstrated in this temperature
regime but also the results in Fig. 9C show
that after y-hydrogen desorption the (alloy)
surface no longer chemisorbs y-hydrogen.
The characteristic coverage dependence of
the y-hydrogen peak temperature may re-
flect a variation in desorption activation en-
ergy due to the increasing size of hydride
aggregates and/or the observed change in
Ti/H stoichiometry.

CO/H,/Ti/Ru(0001)

Some of the present findings are of inter-
est with respect to the SMSI phenomenon,
especially on TiO,-supported catalysts.
Two of the more important ideas which
have been put forward to account for SMSI
behaviour are (a) the formation of an inter-
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metallic compound between reduced Ti and
the transition metal component (1) and (b)
the concept of hydrogen spillover to form
species such as (Ti-H)»** (36). We have
shown that ultrathin films of TiH, on Ru are
capable of dissociating CO very efficiently
without undergoing any loss of hydrogen.
Such a species, generated from Ru/TiO,
during high-temperature reduction by the
sequence

Ru/Ti0, — RuTi intermetallic — RuTiH,

could be responsible for changes in cata-
lytic behaviour. One possible catalytic cy-
cle is shown in Scheme 1. The formation
of Ru-Ti—H, from an Ru-~Ti intermetallic
phase under strongly reducing conditions
seems plausible in view of (a) the thermal
stability found here for the Ru-Ti~H, phase
under vacuum and (b) the known tendency
of some intermetallic compounds between
transition metals and electropositive metals
to undergo phase separation into the transi-
tion metal and the hydride of the electro-
positive metal under reducing conditions
(37).

Finally, it is of interest to consider the
similarities in behaviour towards CO and
H, found here for Ti on Ru and the be-
haviour of K-promoted Ru. These resem-
blances appear even more striking when
one considers the characteristic changes in
Fischer-Tropsch activity exhibited by Ru/
TiO, under the SMSI condition (38, 39) and
the behaviour of alkali-promoted Ru in the
same reaction (40). In both cases there is a
shift to higher-molecular-weight products
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and an increase in the olefin/paraffin ratio.
It has also been recently reported (4/) that
such alkali promoters inhibit CO and H,
chemisorption on Ru/Si0O, in a manner sim-
ilar to that of the SMSI effect. Taken to-
gether, these observations tend to suggest
that alkali promotion and the SMSI effect
involve closely related phenomena. Inter-
estingly enough, potassium and Ti0O, ex-
hibit a marked synergism as promoters on
Ru; K-doped Ru/TiO, catalysts exhibit
SMSI behaviour even after only low-tem-
perature reduction (42), and the Pt/TiO;
system is known to behave in a similar
manner (43).

CONCLUSIONS

1. LEED, Auger, CO uptake, and TiH,
stoichiometry measurements are consistent
with the view that Ti grows on Ru(0001) in a
layer-by-layer mode. Exposure of the Ti
film to CO and H; leads to strong chemi-
sorption and (in the latter case) the forma-
tion of a definite surface compound. In nei-
ther case does the interaction lead to
agglomeration of the Ti deposit with con-
comitant exposure of Ru sites.

2. The nonlinear dependence of 8-CO up-
take on Ti loading suggests the existence of
significant long-range effects of Ti on Ru
sites; at the same time, isotope data indi-
cate the formation of a Ti-induced, disso-
ciatively chemisorbed CO state.

3. Hydrogen uptake leads to the forma-
tion of a surface titanium hydride whose
stoichiometry is close to TiH; for metal
loadings approaching a monolayer; beyond
this, the stoichiometry tends towards that
of the bulk hydride (TiH,).

4. This surface titanium hydride decom-
poses to release hydrogen accompanied by
the formation of a Ru-Ti surface alloy. Fur-
thermore, the surface hydride is itself very
active in the dissociative chemisorption of
CO.

5. There appear to be significant similari-
ties between the Ru-Ti system and the Ru-
K system in their behaviour towards CO
and H;. These findings, along with the simi-
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larities in catalytic performance between
K-promoted Ru and Ru catalysts in the
SMSI state, suggest that there may be
a close relationship between the two
systems.
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