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Infrared spectra of CO on reduced titania-supported Ru show three bands at 2060,2085, and 2140 
cm-r. The first band saturates almost instantly in excess CO and exhibits coverage-dependent 
frequencies at subsaturation which are consistent with its assignment to CO in on-top sites on the 
anticipated Ru crystallites. The latter two bands grow slowly as a pair in several Torr CO at 310 K, 
and their growth rate is accelerated at 400 K. IR spectra measured in mixtures of isotopically 
labeled CO show the two high-frequency bands represent coupled vibrations of an Ru(CO), (x > 2) 
species. The observed frequencies correlate with those expected for a Ru(II) species and XPS 
shows that a fraction of the zero-valent Ru present on a reduced sample is converted to a higher 
valent species upon exposure to CO at 310 K. We therefore assign the 2085 and 2140-cm-r IR 
bands to (TiO),Ru(CO), surface species. We also propose these species form via an oxidative 
fragmentation reaction involving zero-valent Ru, CO, and surface hydroxyls on the support. 
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INTRODUCTION 

The unusual CO chemisorption proper- 
ties of support Ru particles have been do- 
cumented by several techniques. In volu- 
metric uptake experiments, CO/M ratios 
greater than 2 and COads/Hads ratios greater 
than 3 have been reported for highly dis- 
persed samples (I-4). Infrared studies of 
chemisorbed CO show several types of ad- 
sorption sites are present. The spectra of 
CO on well-reduced and poorly dispersed 
materials are typically dominated by a cov- 
erage-dependent band centered at 2040 to 
2060 cm-’ under conditions of CO satura- 
tion (5-21). In accord with vibrational stud- 
ies of CO on single crystal Ru(001) sur- 
faces, this band is assigned to CO in on-top 
(or terminal) sites on the anticipated Ru 
crystallites (22). According to one report, 
this band shifts in frequency from 2090 to 
2050 cm-’ as the Ru particle size varies 
from 10 to 70 A on alumina supports (2). 

Of primary interest to us here are the 
higher frequency features often observed 
near 2140 and 2080 cm-‘. A pair of these 
bands has been observed for CO on silica- 
(3, 5-9, 12, 16), alumina- (2, 22), and zeo- 

lite- (17) supported Ru, but not for CO on 
Ru single crystals (23). Phenomenologi- 
tally, the intensity of these high-frequency 
(HF) bands on supported systems appears 
to increase, relative to the intensity of the 
2060-cm-’ band, as the metal dispersion in- 
creases. This has led to the postulate that 
the HF bands represent symmetric and an- 
tisymmetric stretching modes of di- or tri- 
carbonyl sites on the edges or corners of 
small Ru crystallites (2, 3). Another model 
ascribes the HF bands to CO on Ru modi- 
fied by an electronegative element such as 
Cl or 0 (5, 6). In fact, recent EELS and 
IRAS studies show CO on O-modified 
Ru(001) gives rise to a single IR band at 
2080 cm-’ (24). Thus observed intensity 
near 2080 cm-’ for CO on supported cata- 
lysts may be due in part to incomplete re- 
duction. Others have suggested the HF 
bands are due to COs bonded to Ru(I1) or 
Ru(II1) ions covalently bonded to oxygen 
atoms on the support surface (5 11 12 14 
27). This assignment is based partly on the 
spectroscopic similarity of the observed 
HF bands and several well-known stable 
compounds such as RuZ(CO)&h, a dimeric 
Ru(I1) complex with two bridging halogens. 
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Numerous studies of Ru carbonyl cluster 
reactions with ceramic oxide surfaces show 
that a wide variety of grafted structures we 
refer to as (Support-O)xRu,(CO), are viable 
species with exceptional thermal stability 
(14, 25). These species are thought to form 
via a generalized redox reaction involving 
zero-valent Ru in the carbonyl cluster and 
support surface hydroxyl groups: 

Ru,(CO), + 12x Support-O-H 
= (Support-O),Ru,(CO), + n/2 Hz 

+ (z - YW (1) 

In this reaction, Ru is oxidized, hydroxyls 
are reduced to liberate hydrogen, and CO 
ligands are expelled to the extent that elec- 
tron counting rules for stable molecular 
species require. Based on molecular analo- 
gies, reactions such as this can be expected 
to form a richly diverse series of structures. 
Monomeric, dimeric, trimeric, and poly- 
meric Ru halocarbonyls with Ru in formal 
oxidation states of 2 and 3 have been struc- 
turally characterized (26). Each example 
exhibits a unique IR signature in the CO 
stretching region. IR spectra recorded dur- 
ing the course of these Ru carbonyl decom- 
positions on oxide surfaces are quite com- 
plex, consisting of 10 or more discrete 
bands in the carbonyl region (22, 14, 27- 
29). The complexity of the observed spec- 
tra is not surprising in light of the many 
potentially stable species which might be 
anticipated to form on the basis of molecu- 
lar analogy to known compounds. How- 
ever, most of such studies reveal the devel- 
opment of a species with CO stretching 
frequencies near 2140 and 2080 cm-l during 
the decomposition process. The IR spectral 
similarity of known molecular species (e.g., 
Ru2(CO)&)), stable entities formed during 
the thermal decomposition of Ru~(CO),~ on 
oxides, and sites generated when CO is 
chemisorbed on reduced, supported Ru, 
suggest a common, electronically similar 
Ru species is present in all three cases. 

With this as a structural paradigm, we 
have further investigated the surface spe- 

ties generated upon contact of CO with 
reduced titania-supported Ru. Our goals 
were two-fold. First we wanted to ascertain 
by spectroscopic and chemical methods 
whether or not the formulation (TiO), 
Ru(CO), provides an adequate description 
of nonmetallic structures formed during 
the chemisorption reaction. Experimental 
results indicate that is the case. Second, we 
wanted to determine whether these sites 
are generated by addition of CO to cationic 
Ru sites which are resistant to reduction, or 
by chemical redox reactions of CO with 
metallic Ru and surface hydroxyl groups. 
The former case is exemplified by many 
first row transition metals which, at low 
metal loadings, form surface inorganic 
phases (metal aluminates, silicates, tita- 
nates, etc.) which are notoriously difficult 
to reduce in hydrogen even at temperatures 
above those required to reduce the bulk 
transition metal oxides. The latter case is 
best exemplified by the Rh/alumina system. 
Although EXAFS and thermogravimetric 
studies show Rh salts on alumina are read- 
ily reduced to metallic Rh particles in hy- 
drogen at 250 to 300°C infrared spectra of 
reduced materials exposed to CO at room 
temperature often exhibit bands at 2100 and 
2030 cm-’ which are attributed to oxidized 
Al-0-Rh(CO)z sites. The ratio of these 
sites to metallic Rh(C0) sites increases 
with increasing Rh dispersion. Much evi- 
dence now indicates that these sites form 
when CO is introduced to the reduced 
metal system (30-32). The reaction: 

Rh, + 2n(CO) + n(AlOH) 
= n Al-0-Rh(CO)z + n/2 Hz (2) 

is currently thought responsible for this 
transformation. Qualitative thermochemi- 
cal arguments show such a reaction may be 
exothermic if fewer than 5 Rh-Rh bonds 
are broken in the process (30). This situa- 
tion exists for Rh atoms in small Rh parti- 
cles and at the edges of larger ones. The 
thermochemical energies for metal-metal, 
metal-CO, and metal-O bonds are similar 
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for Rh and Ru, differing by no more than 5 
kcal/mole each, so an analogous reaction 
may be possible for supported Ru (33). 

Here we report evidence that oxidized 
(TiO),Ru(CO), species form spontaneously 
when well-reduced Ru/TiO;! specimens are 
exposed to CO near room temperature. In- 
frared studies show these species may be 
distinguished from CO on metallic Ru crys- 
tallites by their differing lability with gas 
phase CO and reactivity toward oxygen. 
XPS shows addition of CO to the hydrogen 
reduced system at 300 K results in oxida- 
tion of some of the formerly zero-valent 
Ru. We propose that reactions like the one 
described above for Rh are responsible for 
this oxidation reaction. 

EXPERIMENTAL 

Materials 

Two different Ru/TiO* samples were ex- 
amined in the course of this study. Both 
were prepared using TiOz which was de- 
rived from a common lot of Degussa P-25 
titania (64 m2/g; 73% anatase, 27% rutile by 
XRD). For sample I, this titania was 
calcined for 2 h in flowing oxygen at 1120 K 
to afford XRD-pure rutile with a BET sur- 
face area of 10 m2/g. For sample II, the De- 
gussa support was calcined for 2 h at 1020 
K. The product was a 50/50 mixture of ana- 
tase and rutile by XRD and had a BET sur- 
face area of 41 m2/g. No significant IR spec- 
tral differences were observed for materials 
prepared from these two supports. 

Ru was introduced by adding a weighed 
quantity of 8% Ru(NO& solution (Engel- 
hard; 99.9% Ru on metals basis) to a 
weighed amount of the titania suspended in 
rapidly stirred spectroscopic grade ace- 
tone. The solvent was allowed to evapo- 
rated in air with continuous stirring. For 
sample I, the powder was first dried in flow- 
ing oxygen for 20 h at 423 K. It was then 
first dried in flowing oxygen for 20 h at 423 
K. It was then charged into a quartz tube, 
reduced in flowing 10% H2 in He at 523 K 
(heating rate 2 K/min) for 12 h, flushed with 
pure CO at 300 K, and reduced again in the 

HZ/He for 6 h at 523 K (0.95% Ru). The 
reduced sample was flushed with N2 at 
room temperature and then passivated by 
the slow diffusion of air through a capillary. 
For sample II, the air-dried impregnated 
powder was calcined in O2 for 3 h at 523 K, 
and then reduced in flowing 10% H2/He for 
22 h at 523 K. The sample was passivated 
as described above (1.02% Ru). X-ray pow- 
der patterns and BET surface areas of the 
finished materials were indistinguishable 
from those of their respective supports. 
Hydrogen chemisorption measurements in- 
dicate that the Ru dispersion for samples I 
and II is 27% and 18%, respectively. For 
these measurements, the samples were re- 
duced in quartz for 2 h at 548 K and then 
evacuated for 0.5 h at 623 K. The double 
isotherm method was employed. Using 
these values and Dalla Betta’s assumptions 
for alumina-supported Ru, we calculate av- 
erage hemispherical particle diameters of 
30 A for I and 45 A for II. X-ray powder 
patterns of Ib and II show no discernible Ru 
reflections, suggesting particle sizes less 
than 60 A. Electron microscopy was of lit- 
tle value in characterizing the metal particle 
size distribution. At a final magnification of 
500,000, micrographs of I and II exhibit a 
profusion of lo- to 20-A dark spots on the 
support surface. We originally attributed 
these to very small Ru particles, but the 
discrepancy between this result and the 
chemisorption data (which were measured 
in the non-SMSI state following low-tem- 
perature reduction) was a matter of some 
concern. A TEM study of the supports re- 
solved the dilemma. Those micrographs 
displayed a similar profusion of lo- to 20-A 
spots in the absence of Ru. We conclude 
that the support particles are highly tex- 
tured with either warty protrubances or 
pits. Either feature can give rise to contrast 
images depending on phase conditions. 

The H2 and 10% H2 in He used for reduc- 
tions were initially >99.99% pure. Oxygen 
and H20 contamination levels were re- 
duced to ca. 1 ppm by passage through 
Matheson Gas Purifiers. He was passed 
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through a SGP purification cartridge and 
then 5-A molecular sieves maintained at 77 
K. Research purity CO (Matheson, less 
than 10 ppm O2 and H20) and 13C-enriched 
CO (Isotek; 99 atom% 13C) were used for 
adsorption studies without further purifica- 
tion. In situ reductions were performed 
with a gas flow rate of 10 cm3/min. For a 
typical IR sample this corresponds to a 
space velocity of 1700 h-‘. 

Methods 

Some of the IR spectra were recorded for 
pressed wafers of the powders inside an 
evacuable transmission IR cell sealed to a 
U-tube quartz reactor. This reactor and the 
associated vacuum and dosing manifolds 
were described previously (31). More re- 
cent studies were performed in a stainless 
steel IR cell/reactor of our own design. This 
low dead-volume reactor basically consists 
of a double-sided Mini-Conflat flange bored 
axially with a 15-mm hole to provide a light 
transmission path. Sixteen millimeter diam- 
eter sample wafers sit on step machined 
into this flange. Three holes radially drilled 
into the flange are brazed to lengths of & in. 
stainless steel tubing. Two of these tubes 
are brazed to steel bellows valves to allow 
for gas inlet and outlets. The third tube ac- 
commodates a 0.01 in. diameter sheathed K 
thermocouple which records sample tem- 
perature. The thermocouple is sealed to the 
tube with Torr-Seal vacuum epoxy 6 in. 
away from heated reactor parts. Sapphire 
viewports on Mini-Conflat flanges (Varian 
or MDC) or CaFz plates on Mini-Conflat 
flanges (Harshaw) form a UHV seal to the 
central flange with Cu gaskets. The sap- 
phire windows have a limitation in that they 
exhibit an IR transmission cutoff in the 
1600- to 1650-cm-’ range. However, they 
have proven quite durable in withstanding 
rapid cycling (up to 30 K/min) from room 
temperature to 720 K without window frac- 
ture or the development of leaks at the win- 
dow-to-flange seal. The CaF2 windows cut- 
off at a much lower frequency (ca. 1050 
cm-‘) but are more prone to fracture from 

thermal shock and to the development of 
leaks at the window/flange seal at tempera- 
tures greater than 620 K. In our experience 
the windows have never fractured from 
thermal shock when heated or cooled at 
less than 3.5 K/min between 270 and 680 K. 
Prolonged use of these windows above 620 
K has resulted in leaks between the window 
and flange on several occasions. This is 
probably related to the fact that AgCl is 
used to form that seal. This material can 
cold flow at temperatures well below its 
melting point (690 K). 

The assembled cell and valves are 
mounted on an Al stand which centers the 
transmission path in the IR beam. A cylin- 
drical brass block slides onto the cell with- 
out blocking the IR beam. Three 80-W car- 
tridge heaters slide into the brass block for 
cell heating. Temperature is controlled with 
a Valley Forge temperature programmer 
which heats and cools the apparatus at a 
specified rate. The cell attaches to a high 
vacuum/gas dosing manifold described be- 
fore (31). The manifold is now equipped 
with a turbo-pumped UT1 IOOC quadrupole 
mass spectrometer for on line gas analysis. 
Exhaust gas from the cell is directed to an 
HP 5880 gas chromatograph via a heated 
transfer line for product analysis. 

IR spectra were recorded on a Perkin- 
Elmer Model 684 grating spectrophotome- 
ter interfaced to a PE 3600 Data Station. 
Spectral slit widths of 6 to 8 cm-’ were em- 
ployed in the 2300- to 1700-cm-’ region. 
The reference beam was not attenuated 
to compensate for support absorptions. 
Rather, spectra of reduced and outgassed 
wafers were averaged prior to admission of 
adsorbates to provide a background which 
could be subtracted later. Background and 
sample spectra were routinely averaged 16 
times to enhance signal-to-noise ratios. Sin- 
gle scans (1 min each) were measured when 
spectra proved time dependent over a 5- 
min time scale. 

XPS measurements were performed in a 
UHV chamber with in situ pretreatment ca- 
pabilities that have been described (34). 
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Powder samples were pressed into a gold- 
plated holder which can be moved from a 
microreactor to the UHV chamber. The re- 
ported Ru 3ds,z line positions are referenced 
to the Au 4f12 line (from the sample holder) 
at 83.8 eV. BET measurements, X-ray 
powder patterns, and Ru analyses were de- 
termined in our Analytical Laboratories. 

We wish to make one final important 
comment before describing the experimen- 
tal results. None of the spectra shown here 
represent CO chemisorbed on a wafer fol- 
lowing its first reduction in HZ. In order to 
evaluate the influence of variations in sam- 
ple pretreatment on the spectrum of ad- 
sorbed CO it is crucial that identical spectra 
can be measured when a sample is sequen- 
tially reduced and exposed to CO under 
identical conditions several times. For our 
materials this result was most easily 
achieved by two alternating treatments in 
H2 at 523 K and CO (adsorbed near 300 K). 
Materials reduced just once frequently dis- 
played unusually intense HF bands which 
could not be reproduced following another 
reduction. The reasons for this variability 
are not clear, but separate experiments 
show it is not directly related to SMSI ef- 
fects (we focus here on low reduction tem- 
peratures), the period of the initial reduc- 
tion (1 to 20 h), or to metal sintering (we 
purposely chose poorly dispersed materials 
for this study to minimize the possible influ- 
ence of those effects). In any case, the 
“recipe” described above reliably provided 
samples whose CO spectra could be repro- 
duced following consecutive reductions at 
the same temperatures. 

RESULTS 

Infrared Studies of CO Adsorption 

Figure 1 illustrates the time evolution of 
CO stretching features on sample I at 310 
K. This wafer was reduced in flowing H2 for 
22 h at 623 K, evacuated 1 h at 573 K, and 
cooled to 3 10 K under vacuum. Twenty tor- 
ricelli of CO was added and spectra were 
recorded as a function of time under CO. 

FIG. 1. IR spectrum of sample I reduced at 623 K and 
evacuated at 573 K under 20 Torr CO at 313 K for (A) 1 
min, (B) 10 min, (C) 40 min. Curve (D) is the difference 
between spectra (C) and (A). 

The intensity of the strong band at 2060 
cm-l remains constant over the 40-min pe- 
riod, but the bands at 2140 and 2085 cm-i 
undergo considerable growth as evidenced 
by the difference spectrum, Id. No signifi- 
cant further development of these bands is 
observed with longer exposure times. 
Growth of the 2140- and 2085cm-i bands is 
interrupted if gas phase CO is removed af- 
ter a few minutes exposure. A band at 2180 
cm-’ is also apparent in Fig. 1. This band 
disappears upon evacuation and is due to 
CO weakly adsorbed on dehydroxylated ti- 
tania sites (35). 

The chemisorbed CO IR bands intensify 
further when adsorption is carried out at 
higher temperatures. Figure 2 contrasts 
spectra of reduced (523 K; 4 h) and out- 
gassed (He; 623 K; 0.5 h) sample II follow- 
ing 30 min in 20 Torr CO at 310 K and an- 
other 10 min in 20 Torr CO at 373 K. Both 
spectra were measured at 310 K. From the 
literature we know that the rate of CO dis- 
proportionation over Ru is negligible below 
400 K (36-38). Thus the Boudouard reac- 
tion is not responsible for spectral changes 
observed in the 310 to 380 K regime. 

The 2140- and 2085-cm-’ bands do not 
appear when a reduced wafer is treated 
with subsaturation amounts of CO, as 
shown in Fig. 3. Here a wafer of II was 
reduced and outgassed as above and then 
cooled to 3 10 K. Spectrum 3a was recorded 
under vacuum following exposure to 0.2 
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FIG. 2. IR spectrum of sample II reduced and out- 
gassed at 623 K: (A) after 30 min in 30 Torr CO at 313 
K, (B) A after 10 min in 30 Torr CO at 373 K. Both 
spectra were recorded at 3 13 K. 

Torr CO for 5 sec. Spectra 3b-d were also 
recorded under vacuum after further 5-set 
periods in 0.2 Torr CO. Finally, a spectrum 
of the CO saturated sample is included for 
comparison. A single CO band grows in in- 
tensity and increases in frequency (2020 to 

FIG. 3. IR spectra of II reduced at 523 K, outgassed 
in He at 623 K, then exposed to sequential 0.2 Torrb 
set doses of CO. (A)-(D) were measured under vac- 
uum following the 2nd, 5th, 8th, and 12th exposures, 
respectively. (E) shows the sample in 20 Torr CO after 
20 min. 

FIG. 4. IR spectrum of I reduced and evacuated at 
623 K: (A) after 30 min in 20 Torr CO at 310 K, (B) A 
after evacuation for 10 min at 310 K. 

2050 cm-‘) at subsaturation coverage. The 
HF bands at 2140 and 2085 cm-l do not 
appear until that band is saturated. The for- 
mation of the HF bands seems to require a 
significant CO pressure (at least 1 Torr) in 
the cell. Once formed in CO, the structures 
responsible for the HF bands are quite sta- 
ble in vacuum at 310 K. Figure 4 compares 
spectra of sample I equilibrated with 30 
Torr CO and after evacuation at 310 K for 
30 min. The HF bands decline about 5% in 
magnitude while the 2060-cm-’ band red- 
shifts by 10 cm-’ under vacuum. These 
spectral changes are reversed upon read- 
mission of CO. 

Chemisorption of CO also perturbs the 
shape of the Ru 3& XPS line. The spec- 
trum of sample I reduced 2 h at 523 K 
shows a single peak located near 280 eV 
(Fig. 5a) which we assign to the Ru 5dxiz 
transition for metallic Ru (39). When the 
sample is then treated with 30 Torr CO for 
30 min at 310 K, XPS shows the 280-eV 
peak is attenuated and a shoulder appears 
near 282 eV (Fig. 5b). The total area of the 
Ru 3d5j2 manifold is unaffected by the CO 
treatment. The original spectrum in Fig. 5a 
is fully restored upon reduction in HZ at 
250°C. 
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FIG. 5. (A) Ru 3& XPS of I recorded under vacuum after 2 h reduction at 523 K. (B) XPS of same 
material following exposure to 20 Torr CO for 30 min at 310 K. 

Exchange and Oxidation 
of Chemisorbed CO 

The Ru-CO surface structures responsi- 
ble for the 2140-, 2085, and 2060-cm-l IR 
bands can be clearly distinguished by their 
different rates of exchange with isotopically 
labeled CO and their relative reactivities to- 
ward molecular oxygen. When a reduced 
and ‘*CO-saturated sample of I or II is 
evacuated at 3 10 K and exposed to 20 Torr 

FIG. 6. IR spectrum of reduced and outgassed II 
after 30 min in 20 Torr WO at 313 K. (B) A under 20 
Torr “CO. 

13C0, the strong band at 2050 cm-l (under 
vacuum) shifts to 2003 cm-’ (Fig. 6). This 
value is in accord with that anticipated from 
the Redlich-Teller rule: v(~~C’~O) = 0.977 
v(~*C’~O) = 2003 cm-i. The sites responsi- 
ble for the 2140- and 2085cm-’ bands are 
comparatively inert in this exchange reac- 
tion. Weak features near 2080 and 2035 
cm-’ that could correspond to i3C0 species 
(predicted at 2090 and 2032 cm-i) are occa- 
sionally observed, but these may reflect in- 
complete initial saturation of the HF sites in 
‘*CO. No further exchange of the HF ‘*CO 
sites is observed in 30 Torr 13C0 at 310 K 
after 2 h or at 400 K after 10 min. 

Adding 30 Tot-r O2 to a CO-saturated and 
evacuated Ru/Ti02 wafer at 3 10 K causes a 
prompt decline in the intensity of the 2050- 
cm-’ band and the appearance of gas phase 
CO* (Fig. 8). The HF bands are hardly af- 
fected by oxygen at 310 K. The 2050-cm-’ 
band disappears entirely as the wafer is 
heated in 02 to 400 K. Complete extinction 
of the HF bands requires heating the wafer 
in 30 Torr O2 to 425 K. 

The structure responsible for the 2060- 
cm-’ band is the only one that easily ex- 
changes with gas phase CO. This selective 
exchange provides a means to quantify the 
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FIG. 7. IR spectrum of I under 20 Torr CO following 
reduction and evacuation at 623 K. (B) Same sample 
under vacuum after evacuation and exposure to 20 
Torr O2 for 10 min at 313 K. 

distribution of CO among the HF and 2060- 
cm-’ sites. To accomplish this, a wafer of 
reduced and outgassed II was saturated in 
20 Torr i2C0 for 40 min at 310 K. The sam- 
ple was next evacuated (20 min) and ex- 
posed to 5 Torr ‘“CO for 3 min. The evacua- 
tion/i3C0 exposure sequence was repeated 
three more times to ensure complete label- 
ing of the exchangeable surface species. IR 
spectra confirmed the HF bands did not ex- 
change with the labeled CO. Forty torricelli 
O2 was added to the evacuated cell which 
was then heated to 425 K and held there 15 
min. IR spectra measured at this point con- 
firmed complete elimination of surface car- 
bony1 species. The gas inside the cell was 
released into the vacuum manifold and ana- 
lyzed mass spectrometrically. Based on the 
intensity ratios at m/e 44/(45 + 47), (i.e., 
‘2C1602/(‘3C’602 + ‘3C160’80) and m/e 12/13 
we conclude that 25 +- 2% of the bound CO 
for the sample depicted in Fig. 7 was on HF 
sites. That value was confirmed in another 
experiment on the same sample where the 
labeling scheme was reversed. A blank ex- 
periment where no CO was introduced pro- 
duced less than 1% of the CO2 detected in 
the CO oxidation studies. However, we 
should point out that achieving this neces- 

sary result required three cycles through a 
treatment involving oxidation (02; 473 K; 2 
h) and reduction (Hz; 523 K; 2 h). This pro- 
cedure eliminated adventitious surface car- 
bon whose presence initially biased the 
i2C02 content. 

To determine if the 2085- and 2140-cm-’ 
bands are coupled vibrations due to 
Ru(CO), (X > 1) sites, we examined IR 
spectra of I saturated with mixtures of i2C0 
and i3C0. A single wafer was employed in 
this sequence and a standard pretreatment 
involving reduction in H2 (523 K; 1 h) and 
evacuation (523 K; 1 h) was used prior to 
soaking the sample in 10 Torr of premixed 
i2CO/i3C0 for 30 min. The 2150- to 2070- 
cm-’ region of spectra measured in 0, 20, 
40, 60, and 99% 13C0 are shown in Fig. 8. 
We focus on this spectral region because it 
allows us to track the evolution of the band 
that appears at 2140 cm-i in pure i2C0 and 
at 2092 cm-’ in pure i3C0. In 60% i2C0 the 
2140-cm-i feature is poorly resolved, but a 
peak at 2 134 cm-i and a shoulder near 2 120 
cm-’ are evident. The 2134-cm-’ peak be- 
comes progressively weaker as the i2C is 
diluted to 40 and then 20%. A well-resolved 
peak develops at 2120 cm-’ in 20% i2C0. A 
shoulder near 2090 cm-’ is apparent in 40% 

FIG. 8. IR spectra of I reduced and evacuated at 523 
K in 10 Torr CO with increasing enrichment in WZO. 
(A) 99% YO; (B) 60% ‘*CO; (C) 40% ‘*CO; (D) 20% 
‘TO; (E) 1% “CO. 
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%O and develops into a resolved peak at 
2092 cm-’ at higher 13C0 concentrations. 

DISCUSSION 

Assignment of the 2060-cm-’ Band 

The 2060-cm-’ band which dominates the 
spectrum of CO on Ru/TiOz is readily as- 
signed to CO chemisorbed on Ru particles. 
Vibrational studies of CO on Ru(OO1) show 
a single C-O vibrational band increasing in 
frequency from 1984 to 2060 cm-’ as the 
CO coverage increases from 0.003 to 0.66 
(22). While we could neither calibrate our 
coverages nor guarantee a homogenous dis- 
tribution of CO across the thickness of our 
wafers, the spectra shown in Fig. 3 also 
show a monotonic growth and blue shift as 
CO coverage increases. In fact the persist- 
ence of a low-frequency (ca. 1980 cm-‘) 
should in our “coverage” set suggests the 
presence of Ru particles with compara- 
tively low CO coverage. Such a situation 
could arise because of preferential CO ad- 
sorption (and saturation) near the wafer 
surface vs the porous wafer interior. High- 
resolution infrared reflection-absorption 
spectra of CO on Ru(OO1) exhibit band- 
widths four times narrower than we find 
here, even at saturation coverages (40). 
That implies our supported systems present 
Ru facets other than the (001) orientation, 
as might be expected for small Ru particles. 
CO desorbs at a negligible rate from 
Ru(OO1) at 310 K, but it is rapidly displaced 
from the surface by gas phase CO at sub- 
Torr CO pressures (41). Our supported sys- 
tems exhibit the same behavior, suggesting 
that the exchange reaction occurs via a CO 
displacement rather than Ru-CO dissocia- 
tion mechanism. The displacement reaction 
could be facilitated by the intermixing of 
CO among strongly and weakly bound ad- 
sorption states (42). The population of 
more weakly bound states at high CO pres- 
sures is evidenced by the reversible lo- 
cm-’ shift observed when spectra of CO on 
Ru/TiOz are compared under vacuum and 
under CO (Fig. 4). 

At low levels of expovure under UHV 

conditions, molecular O2 will displace and 
possibly oxidize a portion of a CO mono- 
layer on Ru(001). CO remains strongly co- 
adsorbed with 0 on Ru at an 0 coverage of 
0.33 and exhibits a CO stretching frequency 
of 2080 cm-’ in this state (24). When ex- 
posed to O2 at higher temperatures and 
pressures, a thicker oxide forms on Ru 
which does not chemisorb CO at ambient 
temperature. Again these results are in 
agreement with our and others findings for 
CO on supported Ru particles. CO on 
mildly oxidized Ru shows an IR band at 
2080 cm-‘. More exhaustive oxidation 
yields surfaces that will not adsorb CO at 
310 K. 

Assignment of the 2140- 
and 2085-cm-’ Bands 

On the basis of their chemical and spec- 
troscopic properties, we assign the 2140- 
and 2085cm-’ IR bands to coupled vibra- 
tions arising from surface-grafted (TiO), 
Ru(CO), species where x is probably 2 and 
n is likely 2 or 3, depending on the degree of 
aggregation. Figures 1 and 2 show the HF 
bands develop in CO with constant stretch- 
ing frequencies. This is consistent with the 
formation of discreet molecular entities on 
the surface. The IR spectra measured in 
mixtures of 12C0 and 13C0 (Fig. 8) show the 
2140- and 2085cm-’ vibrations are cou- 
pled. The behavior of the 2085cm-’ band is 
difficult to track in these experiments as it 
overlaps strongly with the stronger metallic 
Ru-CO band at 2003 to 2060 cm-‘. How- 
ever, a crude analysis of the higher fre- 
quency component allows us to draw some 
conclusions regarding the structure of this 
polycarbonyl site. First, the 2140-cm-’ 
band cannot be due to an isolated Ru-CO”+ 
species. This type of site would give rise to 
only two bands with varying relative inten- 
sities when formed in mixtures of 12C0 and 
13C0. We can also rule out vibrationally 
isolated Ru(CO)y+ sites. Three high-fre- 
quency components are expected for mix- 
tures of Ru(12C0)2, Ru(‘~CO)(‘~CO), and 
Ru(‘~CO)~ (as are found in the case of alu- 
mina-0-Rh(CO)z sites), but we find at least 



CHEMISTRY OF SUPPORTED Ru 129 

four. A more complete spectra deconvolu- 
tion could yield even more high-frequency 
components. 

Isolated Ru(CO)“,+ (n > 2) sites are viable 
candidates. For an Ru(C0)3 site with CjU 
symmetry we expect two IR bands in 
monoisotopic CO and a total of 10 bands as 
the ‘2CO/i3C0 ratio is varied. We cannot 
rule out oligomeric structures such as [RV+ 
(CO),],. Halide bridged polymers with this 
formula are known and coupling between 
adjacent RUG oscillators could yield 
complex vibrational spectra in isotopic 
mixtures of CO. 

The conclusion that the HF bands arise 
from formally oxidized Ru sites is based on 
chemical and spectral analogy to know mo- 
lecular Ru species as well as XPS results. 
The XPS data show a fraction of the zero- 
valent Ru on a reduced specimen is con- 
verted to a more oxidized form when CO is 
added. The 2140-cm-’ IR band is 80 cm-l 
higher in frequency than that found for CO 
on metallic Ru. High-frequency CO bands 
such as those found here are usually associ- 
ated with metal carbonyl halides which, in 
the case of Ru, form a very diverse class of 
stable structures with Ru in a variety of oxi- 
dation states. Seddon and Seddon have tab- 
ulated IR data for nearly a hundred such 
compounds in a recent text (26). Of these, 
only the halide bridged dimers, Ru? 
(CO)&J, exhibit a pair of IR bands near 
2140 and 2085 cm-’ (X = Cl: 2143, 2083 
cm-‘; X = Br: 2137, 2078 cm-l). We previ- 
ously showed that IR spectra of alumina- 
bound Al-0-Rh(C0)2 moieties are very 
similar spectroscopically to molecular spe- 
cies like the Cl-bridged [Rh(CO)ZCI]l in so- 
lution (31). This implies the electron donor 
properties of surface oxides acting as li- 
gands for cationic metal centers can resem- 
ble those of a halide. This spectral simi- 
larity leads us to favor the formulation 
[(Ti0)2Ru(CO),], as a representation of the 
structure that generates the HF IR bands. 
Here, TiO refers to an oxygen anion on the 
titania surface. The quantity n is left unde- 
fined in recognition of the fact that halide 
bridged molecular dimers like those de- 

scribed above can coordinate to weak oxy- 
gen bases to yield monomeric products 
whose IR spectra are strikingly similar to 
their parents’ (43). On oxide surfaces it is 
conceivable that adsorbed water or hy- 
droxyl groups could fulfill a similar role. 

In the light of this structural paradigm, it 
is not surprising that the surface-grafted 
species are inert with respect to oxygen and 
CO exchange. The proposed molecular an- 
alogs are stable in air as solids and in solu- 
tion. They are 6-coordinate, 18e-, closed 
shell species with notoriously high barriers 
to ligand replacement via associative or dis- 
sociative mechanisms. In contrast, surface 
grafted Rh(C0): species undergo rapid ex- 
change with gas phase CO at room temper- 
ature. Their molecular analogs possess a 
closed shell 18e- configuration too, but 
they possess an open coordination site and 
CO replacement can occur by an associa- 
tive mechanism (44). 

A Model for [( T~O)~RU(CO)~]~ Formation 

If our structural description is correct, it 
is important to address the question how 
are such oxidized Ru sites formed on alleg- 
edly well-reduced materials. We consid- 
ered three possibilities. First, the hydrogen 
reduction is incomplete, leaving a portion 
of the Ru as an oxidized surface titanate. 
Second, CO dissociates on Ru to leave ox- 
ide and carbide. The oxide migrates to oxy- 
gen vacancies on the titania and forms 
bonds with Ru when CO is added. Third, 
the Ru is initially fully reduced, but inter- 
acts with CO and surface hydroxyl groups 
in a redox process to yield oxidized (TiO), 
Ru(CO), centers and HZ. 

The first case is worth considering be- 
cause many early and first-row transition 
metals form very stable surface aluminates, 
silicates, titanates, etc., that reduce to their 
metallic state only at temperatures well 
above those required to reduce the bulk 
metal oxide to metal. XPS evidence argues 
against this notion. The spectra in Fig. 5 
show the high binding energy Ru species 
are generated only when CO is added to the 
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Ru/TiOz at 310 K. Other experiments show 
the HF bands form even when the samples 
are reduced at 700 K. 

We consider the second possibility be- 
cause it is known that some CO dissociates 
upon contact with Fe, Ru’s first row neigh- 
bor, at room temperature. This is unlikely 
for several reasons. CO chemisorption has 
been studied in detail on several Ru cyrstal- 
lographic planes, but its dissociation near 
300 K has not been reported (45-48). The 
spontaneous dissociation of CO should 
leave behind a surface carbide. Solid state 
NMR spectra of CO on supported Ru do 
show evidence for diamagnetic polycar- 
bony1 structures, but not carbides (49, 50). 

We prefer the third model which posits 
that chemisorption of CO can induce a re- 
dox reaction between metallic Ru and sur- 
face hydroxyl groups on the support. This 
type of reaction, represented by Eqs. (1) 
and (2) in the Introduction, is driven by 
thermodynamic forces. As Prins et al. 
noted, the average metal-metal bond en- 
thalpy (99 kJ mole-i for Rh, 108 kJ mole-’ 
for Ru) is only about half of the average 
metal-CO bond enthalpy (185 kJ mole-’ for 
Rh, 180 kJ mole-’ for Ru) (30, 33). As a 
consequence, the molecular carbonyls of 
Fe, Co, Ni, Rh, Ru, It-, and OS all have 
large negative standard free energies of for- 
mation at room temperature (33, 51). The 
rate of M(CO), generation from the reaction 
of bulk metal with CO varies widely among 
these metals. For Ni the rate is so rapid, the 
reaction is the basis of an industrial process 
for production of high purity metal powders 
(52). The rate is at best slow for the other 
metals at room temperature and near-atmo- 
spheric CO pressures, but those rates must 
reflect kinetic, not thermodynamic, limita- 
tions. Pichler noted the presence of soluble 
Ru carbonyls in the products of high-pres- 
sure CO-hydrogenation over Ru black in 
1963 (53). More recently, Goodwin et al. 
and Kobayashi have shown Ru(CO)s and 
RuJ(C0)i2 are formed when reduced Ru/sil- 
ica is contacted with 1 atm CO at 300 to 473 
K (54). These observations show that the 
carbonylation of Ru is both favored thermo- 

dynamically and feasible kinetically under 
our experimental conditions. 

It is difficult to estimate the energetics 
involved in the proposed redox process in- 
volving the formation of TiO-Ru bonds and 
the elimination of Hz. However, many stud- 
ies show that even coordinatively saturated 
zero-valent Ru carbonyl compounds un- 
dergo CO loss and oxidation upon contact 
with hydroxylated supports at tempera- 
tures ranging from 300 to 500 K (12,25-29). 
Our experimental data do not allow us to 
discern whether the proposed (TiO)z 
RUG species form in the concerted re- 
action of Ru with hydroxyl groups and CO 
or in a two-step process with initial carbon- 
ylation of Ru and subsequent oxidation and 
grafting of the gas phase carbonyl. We 
merely wish to point out that the proposed 
oxidative fragmentation reaction is a viable 
one because the steps of the two-stage reac- 
tion proceed spontaneously at or near our 
reaction conditions, 

The observation that some HF species 
form promptly upon addition of CO at 310 
K while others form more slowly may re- 
flect the structural heterogeneity of Ru at- 
oms on a supported catalyst. We might ex- 
pect the oxidative fragmentation reaction to 
proceed rapidly for those Ru atoms with the 
fewest bonds to other Ru atoms and the 
closest proximity to the oxide surface. 
Such atoms will be found in the smallest 
metal particles or at the edges of larger 
ones. At the other extreme, we anticipate 
that Ru atoms in the core of large metal 
particles would not undergo the reaction 
unless the oxidative fragmentation process 
removed neighboring metal atoms and ex- 
posed them to the gas phase and oxide sur- 
face. Many intermediate structural environ- 
ments are conceivable and may be 
responsible for the sites that generate HF 
IR bands slowly at 310 K. 
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