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CO-Induced Structural Changes of Rh on Ti02 Support 
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The behavior of Rh supported on TiO2 has been studied as a function of oxidation and reduction 
temperature. Infrared spectroscopy of adsorbed CO and OH and X-ray photoelectron spectroscopy 
of Rh demonstrate the strong dependence of chemisorbed CO on the oxidation state of Rh and the 
importance of OH on TiO 2 in controlling the Rh dispersion process. Carbon monoxide exposure 
induces oxidative disruption of metallic Rh clusters at temperatures as low as 160 K. At temperatures 
above 473 K, CO exposure leads to reduction of oxidized Rh. © 1990 Academic Press. Inc. 

INTRODUCTION 

In studies of the hydrogenation of CO2 
and CO over Rh, titania was found to be the 
most effective support; the specific activi- 
ties of the hydrogenations were almost two 
orders of magnitude higher than those on 
the less active Rh/SiO2 (1-5). To achieve a 
high catalytic activity it was necessary to 
reduce the Rh/TiO2 samples at 473-673 K; 
reduction at higher temperatures, which re- 
sulted in a decrease in the number of surface 
Rh atoms available for the reaction, was 
detrimental to the methanation of carbon 
oxides. Such Rh/TiO2 catalysts were also 
active in the synthesis of oxygenated com- 
pounds (5, 6) and oxidized metal, Rh ÷, has 
been proposed as the active center in their 
production (7, 8). 

To elucidate the reaction mechanism, it is 
necessary to learn more about the nature of 
the interaction between carbon oxides and 
dispersed Rh. It is generally agreed that 
there are three primary carbonyl species, as 
originally determined by Yang and Garland 
(9) using IR spectroscopy: gem dicarbonyl, 
Rh(CO)2, with asymmetric and symmetric 
bands at 2095 and 2027 cm-~; linear, 
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Rhx-CO, at 2045-2062 cm-l ;  and bridged, 
Rh2-CO, at 1905-1925 or 1850 cm-~. While 
the adsorption of CO on supported Rh has 
been the subject of numerous subsequent 
studies, a new and deeper insight into the 
nature of the CO-Rh interaction was ob- 
tained recently. Prins and co-workers 
(10-12), using EXAFS, demonstrated that 
the reduced Rh/AI203 contained small Rh 
crystallites (Rhx) which were disrupted as a 
result of CO adsorption (298 K) and were 
postulated to be oxidized to Rh ÷ . Solymosi 
and Pasztor (13-16) followed this process 
by infrared spectroscopy and found that CO 
adsorption caused the disruption of both 
small and large crystallites. The presence 
of water vapor promoted disruption of Rh 
while hydrogen inhibited it. They also ob- 
served that at higher temperatures the effect 
of CO is reversed and leads to the reductive 
agglomeration of Rh ÷ . This was confirmed 
in a number of subsequent studies (17-23). 
Yates and co-workers (17, 18) found a direct 
correlation between the development of 
gem dicarbonyl, Rh+(CO)2, and the con- 
sumption of isolated OH groups on alumina. 
The effects of supports and additives on 
these processes were also examined (16, 19, 
24, 25). On titania, no detailed studies con- 
cerning how the support influences the 
structure of rhodium have been performed 
so far. 

The primary aim of the present work is to 
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establish the main characteristics of mor- 
phological changes of Rh, supported on tita- 
nia, with particular attention given to the 
effects of reduction temperature and of OH 
groups on titania. 

EXPERIMENTAL 

Materials 

Rh/TiO 2 (2 wt% Rh) was prepared by im- 
pregnating TiO2 (Degussa P 25, BET area 50 
m2/g) with an aqueous solution of RhCl 3 • 
XH20. After impregnation, the sample was 
dried in air at 383 K. In some cases, titania 
was calcined at 873 K in air for 6 h before 
impregnation. To prepare a sample for 
transmission infrared, the dried and pulver- 
ized Rh/TiO2 was pressed into a tantalum 
mesh which had been spot-welded to two 
tantalum wires. Samples were resistively 
heated by passing current through the wires. 
A chromel-alumel thermocouple was spot- 
welded to the frame of the mesh. Further 
treatment was applied in situ; it consisted of 
oxidation at 573 K (100 Tort of 02 for 60 
min), evacuation at 573 K for 30 min, reduc- 
tion at the selected temperature, between 
473 and 673 K (100 Torr of H 2 for 60 min), 
and evacuation at the temperature of reduc- 
tion for 30 min. All of the reagent gases 
mentioned above were used as received 
from the manufacturer (Union Carbide 
Corp.) without further purification. 

For X-ray photoelectron spectroscopy 
(XPS), the sample (approx 25-40 mg) was 
pressed into a tantalum mesh which had 
been spot-welded to a thin foil of tantalum 
metal (1.2 × 1.8 cm) secured to the base 
plate of a heatable sampling rod (see below). 
A chromel-alumel thermocouple was 
placed in direct contact with the pow- 
der-mesh interface for temperature mea- 
surement. 

Methods 

Most of the infrared spectra were re- 
corded with a Mattson Cygnus I00 FTIR 
system. The resolution was 4 cm-i  and 100 
scans were averaged per spectrum. IR spec- 
tra were taken at the temperature of CO 

TABLE 1 

Adsorption of H E on 2 wt% 
Rh/TiO2 at 300 K 

Reduction 
temperature 

(K) 

H/Rh 

473 0.63 
573 0.52 
673 0.43 

adsorption (-300 K) unless otherwise 
noted. Experiments were performed in a 
stainless-steel system, capable of ultrahigh 
vacuum, which was partitioned by a gate 
valve into two chambers. The system is de- 
scribed in detail in another paper (26). The 
preparation chamber has two CaF 2 windows 
(Harshaw) positioned to transmit the FTIR 
beam through the chamber to a mercury 
cadmium telluride (MCT) detector. Exter- 
nal optics were continuously purged with 
dry nitrogen. Dosing pressures in the cham- 
ber were monitored by either a MKS barat- 
ron capacitance manometer or a Varian vac- 
uum ionization gauge. The base pressure of 
the vacuum system was 1 × 10 -8 Torr. 
Low-temperature IR measurements (T < 
300 K) were performed in a cell similar to 
that described by Knozinger and co-work- 
ers (19, 25). These spectra were recorded by 
a Specord M80 (Zeiss) spectrophotometer 
equipped with a data handling system. 

The dispersion of the rhodium was deter- 
mined via H 2 adsorption at 298 K in a static 
system. Characteristic data are shown in Ta- 
ble 1. 

XPS spectra were obtained on a Ley- 
bold-Heraeus LHS-12 surface analysis sys- 
tem equipped with a dual X-ray anode (Mg 
and Al) and an EA-11 hemispherical ana- 
lyzer. The base operating pressure was 
3.5 × 10 -9 Torr. The data shown for this 
paper were obtained with MgKa radiation 
(1253.6 eV) at 200 W (10K eV, 20 mA), op- 
erating at 40 eV pass energy. The FWHM 
of the Ag 3d5/2 peak was 0.91 eV. Peak posi- 
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tions were reproducible within 0.1 eV. Bind- 
ing energy values were referenced to C (Is), 
defined as 284.6 eV. The sample treatment 
procedures were performed in a high-pres- 
sure chamber that is directly attached via a 
load-lock system to the XPS analysis cham- 
ber. A heatable sample rod moved the sam- 
ple between the chambers. 

RESULTS 

Oxidative Disruption of Rh Crystallites 

In our first experimental series the Rh/ 
TiO 2 was reduced at 573 K and then CO was 
adsorbed at 300 K. Figure 1 shows represen- 
tative spectra, and Fig. 2 shows the plot of 
the peak heights of two important rhodium 
carbonyl bands as a function of time and CO 
pressure. The adsoprtion pressure started at 
1 × 10 - 6  Torr and was gradually raised. 
Spectral changes were followed in time at 
each CO pressure. At low pressure, Fig. 1A, 
a weak band appeared at 2030 cm-1 and is 
very likely due to CO linearly bonded to a 
metallic Rhx cluster. The intensity of this 
band slowly increased with adsorption time. 
After 30 min another weak band developed 
at 2100 cm -1 and the band at 2030 c m  -1 

broadened. These spectral changes indicate 
the formation of gem dicarbonyl, Rh ÷ (CO)z; 
the 2100 cm- 1 band is its asymmetric stretch 
(13-19, 21-25). The symmetric stretch at 
2030 cm-~ cannot be resolved at this pres- 
sure due to overlap of the Rhx-CO band. In 
addition, we detected a weak, broad band at 
1920 cm- 1, which is associated with bridge- 
bonded CO, R h 2 - C O .  Another bridge- 
bonded CO at 1870 cm -1 can be distin- 
guished at a CO pressure of 5 × 10 -5 Torr. 

The intensities of all these absorption 
bands increased with the CO pressure and 
adsorption time, and total saturation was 
not reached even at high (50 Torr) CO pres- 
sure. With increased exposure, the position 
of the Rhx-CO band gradually shifted to 
higher frequencies; the maximum was 2075 
cm- i. As a result, the symmetric stretch of 
the gem dicarbonyl (2030 cm- l) was detect- 
able. When 50 Torr of CO was applied, the 
intensity of 2100 cm -] band exceeded that 
of 2050-2070 cm- i band, but the complete 
elimination of the latter band was not 
achieved even after the sample was kept in 
50 Torr of CO for 50 h (Fig. 2E). 

In another set of experiments, the effect 
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FIG. 1. Infrared spectra of adsorbed CO (dosed at 300 K) on 2 wt% Rh/TiO2 reduced at 573 K. 
Pressures of CO were (A) 1 × 10 -6, (B) 5 × 10 -5, (C) 8 × 10 -3, (D) 5 × 10 -1, and (E) 50 Torr. 
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FxG. 2. Intensity changes of rhodium carbonyl bands from Fig. 1 as a function time and CO pressure 
at 300 K. 

of sample reduction temperature was exam- 
ined. These experiments were performed 
with one sample, which was regenerated by 
an oxidation-reduction treatment. The re- 
duction temperature was varied between 
473 and 673 K. The sample was exposed 
to a selected CO pressure for 10 min, then 
raised to the next CO pressure for another 10 
min per each reduction temperature chosen. 
Spectra are shown in Figs. 3A-3C. Al- 
though the dominant spectral feature on Rh/ 
TiO2 (TR = 473 K; T R, reduction tempera- 

ture) at low CO pressures was the linearly 
bonded CO, Rhx-CO, the development of 
the twin band due to gem dicarbonyl occur- 
red relatively easily. This process pro- 
ceeded more slowly for samples reduced at 
higher temperatures. 

In subsequent measurements the effect of 
adsorption temperature (90-285 K) on CO- 
induced surface processes was determined. 
A background spectrum of the clean Rh/ 
TiO2 powder was obtained at 90 K before 
exposure to CO(g) as shown by the bottom 
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Fit3. 3. Effects of reduction temperature on spectral changes observed for 2 wt% Rh/TiO 2 as a 
function of CO pressure at 300 K taken at 10-min intervals. (A) TR = 473 K, (B) T s = 573 K, and (C) 
TR = 673 K. 
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FIG. 4. Spectral changes observed during adsorption 
of 10 Torr of CO on 2 wt% Rh/TiO 2 (TR = 573 K) at 
90 K and gradual warming of the sample to higher 
temperatures. 

F[o. 5. Spectral changes in the OH frequency range 
of 2 wt% Rh/TiO2 (TR = 573 K) during CO adsorption 
at 90 K and subsequent higher temperatures. Except 
for the upper two spectral traces, different spectra are 
shown. 

spectral trace of Fig. 4. After exposure to 
10 Torr of CO at 90 K, the sample (T R = 573 
K) was heated gradually to higher tempera- 
tures. Thus at 90 K, there were two intense 
bands at 2155 and 2180 cm -~ (not shown in 
Fig. 4). These were eliminated by heating 
to 170-180 K. The band at 2155 cm -~ is 
attributed to H-bonded CO. The band at 
2180 cm-~ can be assigned either to CO co- 
ordinated to impurity AI 3+ sites in the titania 
(19) or to CO weakly chemisorbed on the 
titania support itself (20). However, Fig. 4 
does show that more stable bands appeared 
at 2070 and 1920 cm-1 with increasing tem- 
perature. Weak bands due to gem dicar- 
bonyl (2095 and 2033 cm-1) were detected 
first at 160 K; their intensities increased with 
temperature. An increase was also noted in 
the intensity of the linearly bonded CO band 
at 2070 cm -~. 

Several attempts were made to follow 
spectral changes in the O-H stretching fre- 
quency range, parallel to the development 
of Rh+(CO): species. This was done in the 
course of warming the sample from 90 K 
(Fig. 5) and also while increasing the CO 
pressure at 300 K (Fig. 6). The top trace of 
Fig. 5 shows the clean spectrum at 90 K 

(TR = 573 K) which exhibited bands at 3735 
and 3663 cm-1 before CO adsorption. Just 
below this trace is the result of adsorption 
of 10 Torr of CO at 90 K. Then, beginning 
at the bottom of Fig. 5, the difference spec- 
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FIG. 6. Difference spectra collected in the OH fre- 
quency range of 2 wt% Rh/TiO2 (TR = 573 K) as a 
function of CO pressure at 10 rain intervals. 
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tra are shown (i.e., CO adsorption spectra 
minus the clean spectrum) as a function of 
increasing temperature. Negative bands at 
3735 and 3663 cm -1 appeared first at 
190-200 K, when the development of bands 
due to gem dicarbonyl (2095 and 2033 cm- 1) 
were also detected (see Fig. 4). In some 
experiments a band at 3427 cm- ~ whose in- 
tensity was rather weak and whose position 
varied -+20 cm -l was also seen. 

The changes occurring in the OH stretch- 
ing frequency as a function of increasing CO 
pressure in Fig. 6 are seen more clearly with 
difference spectra. While not shown, a clean 
spectrum of Rh/TiO2 was taken at 300 K 
just prior to CO adsorption. All subsequent 
spectra were recorded by subtracting out 
this clean spectrum. Thus when the CO 
pressure was increased, a negative band was 
found to develop at 3670 cm-l  once the CO 
pressure reached 1 Torr, indicating loss of 
the hydroxyl (OH) moiety. The curve fits 
outlining the spectra were added to guide 
the eye; they are not a model fit. 

The results of Fig. 7 (shown as transmis- 
sion spectra) demonstrate the influence of 
water coadsorption. The background spec- 
trum of Rh/TiO 2 was recorded at 300 K prior 
to gas adsorption. Then a spectrum was re- 
corded upon adsorption of 10 Torr of CO 
at 300 K for 10 min (Fig. 7A). A similar 

J r~ 

I 10 %T 
background 

A) 

• , " "  (a) " "  

I I I 
2100 2000 1900 

WAVENUMBER (cm-1) 

FIG. 7. Spectra (transmission) observed following 
adsorption on 2 wt% Rh/TiO2 (TR = 673 K) for 10 min 
at 300 K (A) in the presence of 10 Torr of CO, and (B) 
in the presence of a mixture of 10 Torr of CO and 2 
Torr of H20. 
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FIG. 8. Effect of CO pressure at 300 K on infrared 
spectra taken at 10-min intervals for a thermally treated 
(vacuum, 2 h, 573 K) unreduced 2 wt% Rh/TiO2. 

experiment was performed with a new sam- 
ple which was exposed to a mixture of I0 
Torr of CO and 2 Tort of H20 at 300 K for 
l0 min (Fig. 7B). In this latter case, the gem 
dicarbonyl bands (2100 and 2030 cm-1) are 
slightly more intense. This result agrees 
with that found for CO adsorption on Rh/ 
AI203 (13). 

In order to explain the time-dependent 
development of Rh+(CO)2 species (Figs. 
1-3), it is important to know the nature of 
CO adsorption on Rh + sites. To that end, 
spectral changes of unreduced Rh/TiOz 
were followed in the presence of CO at 300 
K. The sample was preheated in vacuum at 
573 K for 2 h and not subjected to hydrogen 
reduction treatment. Some selected spectra 
taken at 10 min intervals are depicted in Fig. 
8. Four species were observed in the CO 
spectral region: intense bands at 2109 and 
2040 cm-1 due to Rh+(CO)2; a less intense 
band at 2147 cm -~, which could be attrib- 
uted to Rh3+-CO species (24); and very 
weak bands at 2080 and 1930 cm-1, which 
are associated with Rhx-CO and Rh2-CO, 
respectively. 

X P S  Measurements  

To obtain an independent estimate of the 
state of Rh, we measured XPS spectra be- 
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fore and after the reduction in H2 and then 
after exposure to CO. The spectra in Figs. 
9A-9D show definite changes in the binding 
energy values of the rhodium 3d features as 
a function of H 2 treatment and CO adsorp- 
tion experiments. These changes can be in- 
terpreted in terms of changes in oxidation 
state. After H2 reduction at 573 K, the oxi- 
dized rhodium salt (assumed Rh 3÷ and Rh +) 
is reduced to metallic-like rhodium (see Ta- 
ble 2) evidenced by the 6.2-eV downshift in 
binding energy as seen in Figs. 9A and 9B. 
Subsequent carbon monoxide adsorption at 
300 K reversed this process to give a sample 
with comparably more oxidized rhodium 
species. Interestingly, carbon monoxide ad- 
sorption at an elevated temperature (523 K) 
appeared to shift, albeit slightly, the primary 
Rh 3d5/2 peak at 312.0 eV to 311.4 eV (Figs. 
9C and 9D), suggesting a partial rereduction 
of the rhodium species. These results are 
consistent with the IR experiments (Figs. 
3B, 10B-10D) which showed gem dicarbo- 
nyl as well as linear and bridged carbonyl 

-p_ 

D) 

320 310 300 290 280 
Binding Energy (eV) 

FIG. 9. Rh(3d) and C(ls) XPS spectra of (A) 2 wt% 
Rh/TiO 2 sample, evacuated for 120 min; (B) after H 2 
reduction treatment (573 K, 100 Torr, 60 min); (C) after 
CO adsorption (300 K, 50 Tort, 60 min); and (D) after 
second CO adsorption (523 K, 50 Torr, 120 min). 

TABLE 2 

Binding Energy Values for Major XPS Peaks 
(MgKa Rays) Adjusted for Surface Charging 

Rh 3d5:2 C Is 

(A) 312.8 287.1, 
Clean 284.6" 

(B) 306.6 284.6 ~ 
After H2(573K) (Weak) 

(C) 312.0 284.6 ~ 
After CO(300K) (Weak) 

(D) 311.4 284.6 ~ 
After CO(523K) (Weak) 

Rh (111) 307.1 b 
Rh foil 307.0 c 
Rh foil 307.3 a 

a Assigned as residual carbon 
b Surf. Sci. 147, 252 (1984). 
c j .  Amer.  Chem. Soc. 107, 3139 (1985). 
d j .  Catal. 80, 472 (1983). 

species that are associated with rhodium in 
the + 1 and 0 oxidation states, respectively. 

Reduction by CO 

Having examined the dispersing and ac- 
companying oxidation effects of CO at T - 
300 K, we turn to CO adsorption at higher 
temperatures, where its reducing properties 
come into prominence. In order to study this 
process more closely, an attempt was made 
to convert Rhx-CO and Rh2-CO into 
Rh+(CO)2 species by treating the sample 
(TR = 573 K) with CO at elevated tempera- 
tures (>300 K). Heating to 448 and 473 K in 
the presence of 50 Torr of CO caused spec- 
tral changes after 5 h (Fig. 10A) which could 
be compared to data collected at 300 K (Fig. 
3B). At 523 K, however, the intensity of the 
gem dicarbonyl bands gradually decreased 
after several hours without producing new 
bands of significant intensity (Figs. 
10B-10F). A weak band can be distin- 
guished at 2050-2063 cm- l, which remained 
after complete elimination of the twin band 
(Fig. 10F). 

Upon cooling the sample to room temper- 
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FIG. 10. Changes in infrared spectrum of adsorbed 
CO on 2 wt% Rh/TiO 2 (T R = 573 K) in the presence of 50 
Torr of CO. Before the sample was warmed to selected 
temperatures, it was treated with 50 Torr of CO at 300 
K for 3 h. Then it was heated (A-F) and recooled (G-J) 
while maintaining 50 Torr pressure. 

ature in the presence of 50 Torr of CO (Figs. 
10G-10J), the intensity of the singular band 
at 2050 cm-~ remained constant and there 
was no indication of gem dicarbonyl band 
reformation even after several hours. 

DISCUSSION 

Oxidative Disruption 

The results presented unambiguously 
show that the adsorption of CO on reduced 
Rh/TiO2 induced a morphological change of 
supported Rh. The nature of the structural 
change depends on the temperature of CO 
adsorption. We discuss first the data ob- 
tained at 300 K or below. 

The reduction of Rh/TiO 2 is complete at 
573 K (28) and the adsorption of CO on Rh~ 
crystallites occurs readily at 300 K. Thus, 
the enhancement of the absorption band for 
only the linearly bonded CO, Rhx-CO, at 
low pressure (Figs. 1A and 1B) suggests that 
CO adsorption causes disruption of larger 
Rhx crystallites into smaller ones. 

Rh~ + CO = Rhx-CO (I) 

Rhx-CO + CO = Rhx_y-CO + Rhy-CO 

(2) 

As a result, the concentration of linearly 
bonded CO is increased. After longer con- 
tact time with CO, the absorption bands of 
Rh+(CO)2 at 2100 and 2030 cm -1 gradually 
developed. This indicates that in the disrup- 
tion process a more reactive, perhaps iso- 
lated, Rh ° atom is formed, 

R h y - C O  + C O  = R h y _ l - C O  + R h ° - C O ,  

(3) 

where Rh ° is an isolated Rh atom, and the 
oxidation of Rh°-CO to Rh ÷ proceeds eas- 
ily. The occurrence of this process can be 
detected even at the lowest CO pressure 
(1 × 10-6--5 X 10 -5 Torr). 

In the explanation of the time dependence 
of the development of gem dicarbonyl, we 
can exclude the possibility that the reduced 
sample contains unreduced Rh ÷ centers and 
that the adsorption of CO would be a slow 
process on Rh ÷ sites. This could perhaps be 
the case for a sample reduced at 473 K, but 
not for Rh/TiO 2 reduced at 673 K, which 
showed similar behavior (Figs. 3A and 3C). 
In addition, the adsorption of CO on ther- 
mally treated but unreduced R h / T i O  2 (which 
contained Rh 3 + and Rh +) quickly produced 
intense bands at 2109 and 2040 cm- '  (Fig. 
8) and there were no strong time-dependent 
spectral changes. This suggests a fast uptake 
of CO by Rh ÷ sites. Accepting the view that 
the adsorption of CO is a fast process on 
both the Rhx crystallite and on the Rh ÷ site, 
the relative increase in the intensity of 
Rh+(CO)2 to Rhx-CO bands (Figs. 1 and 2) 
also supports the transformation of Rhx into 
Rh + during CO adsorption. 

The observation that with increasing re- 
duction temperature, the transformation of 
Rh x to Rh ÷ proceeds more slowly is in ac- 
cord with the expectation that high tempera- 
ture reduction produces larger Rh crystal- 
lites, the disruption of which by CO 
adsorption is more difficult (13). The ex- 
tended reduction of titania at and above 773 
K and the decoration of Rh by titania at this 
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temperature (29) prevented us from per- 
forming more detailed measurements with 
the high-temperature-reduced samples. 

With regard to the oxidation of isolated 
Rh ° atoms, two possibilities can be consid- 
ered: (i) the dissociation on Rh ° of CO, to 
form adsorbed carbon and oxygen atoms, 
and the subsequent oxidation of Rh ° by che- 
misorbed oxygen, 

Rh ° + O(a  ) = Rh + + O(~) (4) 

and (ii) oxidation of Rh ° by the OH groups 
of the support 

Rh ° + OH- = Rh + + O~T + ½H2. 
(5) 

Although in the case of Rh/AI203 the former 
process was advocated by a number of au- 
thors (11, 12, 24, 30), it was completely dis- 
carded by Solymosi and Pasztor (13, 14), as 
the dissociation of CO on Rh/A1203 occurs 
only above 523 K (31, 32). It is true that Rh/ 
TiO2 is much more active in this process 
than Rh/A1203; the lowest temperature de- 
termined for the dissociation of CO was 
about 473 K (32, 33). We may speculate that 
the CO dissociates on Rh/TiO2 at even lower 
temperatures, e.g., at 300-373 K, but its 
detection requires a more sensitive tech- 
nique. However, the formation of gem di- 
carbonyl occurred far below room tempera- 
ture, 160-170 K (Fig. 4), where the 
dissociation of CO can certainly be ex- 
cluded. These results strongly suggest that 
the oxidation of Rh ° occurs by the process 
involving OH groups of the titania (Eq. (5)). 

Two findings support this conclusion: (i) 
the formation of gem dicarbonyl proceeds 
more readily with injection of water into 
CO gas (Fig. 7), and (ii) the attentuation of 
adsorption bands of OH groups from titania 
(Figs. 3B and 4) parallels the development 
of bands due to Rh+(CO)/species (Figs. 6 
and 5). 

The second observation deserves more 
detailed consideration. The chemistry of 
OH groups on titania has been the subject 
of a number of IR spectroscopic studies (20, 
34-38). Several absorption bands have been 

detected in the frequency range of 
3400-3750 cm-~; their existence and inten- 
sity depended sensitively on the pretreat- 
ment temperature, e.g., on the degree of 
dehydroxylation. On our sample, we ob- 
served bands at 3735 and 3663 cm-1 which 
can be assigned to isolated OH groups (34, 
36). Spectral changes presented in Figs. 5 
and 6 indicate that the OH groups responsi- 
ble for these bands are consumed when 
Rh÷(CO)2 species are formed. The involve- 
ment of OH groups in the oxidative disrup- 
tion ofRhx crystallites is not as clear as in the 
case of Rh/A1203, where a linear correlation 
was found between the decay in the sum of 
absorbance of OH bands at 3735 and 3679 
cm -1 and the increasing intensity of 
Rh+(CO)2 bands (17, 18). One possible rea- 
son is that the oxidative disruption process 
of Rh x crystallite on titania occurs more 
slowly than on alumina and/or the partial 
regeneration of isolated OH groups may 
proceed from other OH species during the 
time-dependent oxidative disruption pro- 
cess. Alternatively, other OH groups on ti- 
tania (not detected by our measurements) 
can also participate in the reaction. 

The partial oxidation of Rhx clusters dur- 
ing CO adsorption at 300 K has been con- 
firmed by XPS measurements. We obtained 
clear evidence for a strong Rh(3d) binding 
energy increase (Table 2). 

Evidence of  Reduction by CO 

When the sample was heated to 523 K in 
the presence of CO, the intensity of bands 
due to gem dicarbonyl gradually decreased 
with little indication for the enhancement of 
Rhx-CO species (Fig. 8). This would suggest 
that at this temperature the CO desorbs from 
Rh ÷ sites, 

Rh÷(CO)2 = Rh + + 2CO, (6) 

but does not induce the reductive agglomer- 
ation of Rh ÷ ; i.e., 

2Rh+(CO)2 + 02- 

= Rh°-CO + CO2 + 2CO (7) 

xRh ° = Rh~-CO. (8) 
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This behavior contrasts with that of the 
CO-Rh/A1203 system (13, 18, 21), where 
reductive agglomeration to Rh x clusters did 
occur. If CO desorbs at 523 K with no 
change in Rh, then one expects that cooling 
to room temperature in the presence of CO 
should produce bands of gem dicarbonyl 
with the same intensities as observed before 
heating. However, after adding CO up to 16 
h, we did not obtain bands corresponding to 
the Rh+(CO)2 species and even the weak 
band at 2070 cm-1 due to Rhx-CO intensi- 
fied only slightly. This finding suggests that 
desorption of CO is, at 523 K, accompanied 
by structural changes, which lead to inactive 
Rh crystallites. The fact that exposure to 
CO at 300 K did not yield gem dicarbonyl 
even after several hours indicates that these 
structural changes are difficult to reverse. 
They may involve a reaction between Rh 
and titania. 

Finally, we compare the influence of dif- 
ferent supports on the CO-induced struc- 
tural changes of Rh. Although the rate of 
oxidative disruption certainly depends on 
the size of Rh crystallites (13, 18, 19), we 
can safely conclude that this process occurs 
more slowly on titania than, for instance, 
on alumina. Adsorption of CO on Rh/A1203 
(TR = 473-573 K) produced in most cases 
only a gem dicarbonyl at 300 K without evi- 
dence for linearly bonded CO (13, 14, 17-19, 
21). In the case of Rh/TiO2, the Rhx-CO 
band was a prominent spectral feature even 
after several hours (Fig. 1). This difference 
cannot be due to different crystallite sizes 
as the dispersion of Rh reduced at 473 and 
573 K (Table 1) is practically the same as 
that obtained for Rh/A120  3 reduced at the 
same temperature (13). This suggests that 
the decisive step on both samples is that 
oxidation of isolated Rh atoms by OH 
groups. We believe that the OH groups on 
alumina are more efficient oxidizing agents 
than those on titania. 

CONCLUSIONS 

1. Adsorption of CO on Rh/TiO2 induces 
an oxidative disruption of Rhx crystallites 

and leads to gem dicarbonyl, Rh+(CO)2 
species. 

2. The above reaction occurs for tempera- 
tures as low as 160-180 K, where the disso- 
ciation of CO on Rh/TiO2 is excluded. 

3. The fact that the presence of water va- 
por enhances this process and OH groups on 
titania are consumed during the formation of 
Rh ÷ (CO)2 species suggests the involvement 
of isolated OH groups of titania in the oxida- 
tion of Rhx clusters. 

4. Above 473 K, the adsorption of CO 
leads to partial reduction of Rh ÷ to Rh ° but 
not to the reformation of Rhx crystallites. 
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