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The adsorption and decomposition of [ Rh(C0) ,Ci] 2 on three different model Al 2O3 supports 

were studied with high resolution electron energy loss spectroscopy (HREELS) and temperature 

programmed desorption (TPD). The aluminum oxide supports were prepared by oxidation of 

Al(lOO) single crystal with either oxygen or water at temperatures from 425 to 725 K to prepare 

AlaO, films of three types: planar-dehydroxylated, porous-dehydroxylated, and planar-hydroxyl- 

ated. TPD of adsorbed [Rh(CO),Cl], showed that [Rh(CO),Cl], decomposed on the Al,0 

surfaces above 275 K and that the decomposition kinetics were dependent on the substrate 

porosity. HREELS data showed that on the porous AlzO, layers, [Rh(CO),Cl], diffuses to stable 

binding sites within the pore structure below 245 K after which decomposition proceeds. For 

[Rh(CO),Cl], on hydroxylated Al,O, films changes in the OH stretch region of the HREELS 

spectrum indicate that [Rh(CO),Cl], reacts with surface OH groups below 275 K. The experi- 

ments demonstrate that HREELS can be applied to the study of adsorbates on oxide supports in 

spite of complications of strong oxide lattice modes and poor resolution due to the nature of the 

support. 

1. Introduction 

Noble metals supported on aluminum oxide are currently the most active 
catalysts for many important processes including the reduction of pollutants in 
automobile exhaust [l-4]. A fundamental understanding of reaction rates and 
mechanisms over conventional supported catalysts is elusive because of the 
inherent difficulty of identifying and quantifying the active sites for a catalyst 
with a complicated manifold of particle sizes and compositions. The complex- 
ity of practical catalysts entices investigators to seek out simpler model 
systems that can be more readily understood. Progress toward a detailed 
understanding of the effect of composition and structure on reactivity has 
been forthcoming from research in two complementary areas: combined 
ultra-high vacuum (UHV)-moderate pressure reactor studies on single crystal 
metals [5-71 and in situ infrared investigations of adsorbed reactants on 
supported metals at moderate (l-100 Torr) pressure [8-111. The single crystal 
research has been important for identification of adsorption energies, bonding 
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geometries and reaction kinetics. IR studies on supported catalysts have 
identified adsorption sites, monitored surface coverages, measured reaction 

kinetics and observed structural changes in the metal particles. The IR 
investigations are especially informative when inorganic cluster compounds of 
known structure are anchored on the support intact giving the experiment a 
well defined starting material, as opposed to the particle size distribution 
typical in conventional catalysts [12-141. Although quite powerful in their 
ability to define and monitor adsorption sites, especially for CO, IR studies 
sometime lack supporting evidence to confirm proposed structures based on 
vibrational spectroscopy alone. In this study we combine the surface analytical 

techniques of Auger electron spectroscopy (AES), temperature programmed 
desorption (TPD), and high resolution electron energy loss spectroscopy 
(HREELS) to study the adsorption behavior of one inorganic precursor, 

Dww,c11,~ on aluminum oxide. 
Previously, we have investigated the thermal behavior of [Rh(CO),Cl], on 

oxidized Al(100) using X-ray photoelectron spectroscopy (XPS), AES, and 
TPD [15]. That work demonstrated the potential usefulness of surface analysis 
for the in situ examination of the preparation of model catalysts under UHV 
conditions. [Rh(CO),Cl], is one of the most studied Rh carbonyl compounds, 
because of its air stability, commercial availability, and amenable vapor 
pressure. Many IR investigations of [Rh(CO),Cl], supported on Al *03 and 
SiO, have appeared, mostly showing that the molecule can be adsorbed on the 
support intact below room temperature and that decomposition of reaction 
occurs at elevated temperatures [16-181. Some work in vacuum has also been 
carried out by Bowser and Weinberg using inelastic electron tunneling spec- 
troscopy (IETS) [19], and by Frederick et al. using XPS [20]. In both cases 
decomposition of the molecule at elevated temperatures was demonstrated. In 
our earlier paper we showed that the decomposition kinetics of [Rh(CO),Cl], 
on oxidized Al(100) were dependent on the structure of the Al,O, support 
[15]. On thin planar oxide films [Rh(CO),Cl], decomposed via a pathway we 
characterized as being most similar to bulk [Rh(CO),Cl], decomposition 
which lead to relatively large (120 A) Rh crystallites. However, for much 
thicker Al,O, supports with substantial quantities of subsurface pores the 
decomposition pathway was markedly different. For the porous supports, we 
characterized the mechanism as molecular [Rh(CO) ,Cl] 2 decomposition which 
resulted in the formation of much smaller (20 A) Rh particles. In that paper 
[15] we postulated that the [Rh(CO),Cl], diffused to stable binding sites 
within the pores below room temperature where agglomeration of [Rh(CO) $11 2 
into large crystalhtes was inhibited. Thus, these undefined sites within the pore 
structure stabilized much smaller Rh particles than were obtainable on the 
more planar surfaces. The proposed mechanisms were based on the decom- 
position kinetics for [Rh(CO),Cl], and on XPS, AES, and CO TPD measure- 
ments which showed large differences in Rh particle sizes after [Rh(CO),Cl], 
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decomposition. This study raised questions that could not be answered in the 
system used for the XPS-TPD study. 

The HREELS investigation reported here was undertaken in an effort to 
obtain more detailed information about the decomposition mechanism of 
[Rh(CO),Cl],. With its relatively low cutoff of about 200 cm-” HREELS has, 
in theory, the ability to examine the Rh-Cl stretch and monitor the scission of 
this bond. Also, we wanted to observe more directly the low temperature 
mobility of [Rh(CO),Cl], to confirm this aspect of our proposed mechanism 
for [~(CO)~Cl]~ de~mposition on porous Al,O, films. This HREELS inves- 
tigation was also motivated by some unpublished results which showed no 
effect of surface hydroxyl species on the decomposition of [Rh(CO),Cl],; 
however, that work was compromised by our limited ability to identify surface 
OH species via XPS. HREELS offers a vibrational identification of OH on the 
support and thus allows a more positive statement as to its effect on 
[~(CO)~Cl]~che~st~. Finally, we wanted to use this experiment to test the 
usefulness of HREELS for the study of supported metal particles. Studying 

vwco),cu,? with its known structure and IR spectrum with bands between 
about 300 and 2100 cm-‘, affords us a good assessment of the utility of 
HREELS for supported metals. 

2. Experimental aspects 

The experiments were performed in a standard ion-pumped UHV system 
with capability for HREELS, TPD, AES, and LEED similar to that described 
elsewhere 1213. The system was equipped with microchannel array dosers that 
facilitated controlled exposures of [Rh(CO),Cl], onto the oxidized Al(100) 
sample. The details of [Rh(CO),Cl], dosing were reported earlier [22] and will 
not be repeated at length here; however, from the combination of TPD and 
XPS results reported before, we are confident that [Rh(CO),Cl], was delivered 
to the sample without the loss of CO. Desorptions were done with an 
apertured quadrupole mass spectrometer to inhibit detection of desorption 
from surfaces other than the crystal face. The sample manipulator on which 
the Al(100) crystal was mounted was equipped with resistive heating and 
liquid N, cooling. The Al crystal was oriented to within 1” and polished to a 
mirror finish with 1 ,um diamond paste prior to introduction into the vacuum 
system. The sample was cleaned of all carbon conta~nation and most of the 
oxygen contamination prior to oxidation to form the Al,O, overlayers used as 
substrates for these experiments. For preparation of the films examined here, 
the Al(100) was exposed to approximately 10s6 Torr of 0, for 30 min at 
temperatures between 425 and 725 K. The oxidation of Al(100) is addressed in 
further detail in the results section. 
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3. Results 

3. I. Oxidation of A1(100) 

The purpose of these experiments was to examine the temperature depen- 
dent behavior of [Rh(CO),Cl], on three different aluminum oxide surfaces: 
plans-dehydroxylated, porous-dehydroxylated, and plans-hy~oxylated. The 
Al $& films were prepared under UHV conditions after cleaning the sample of 
impurities by Ar+ ion bombardment and annealing cycles. The hydroxylated 
planar films were made by oxidizing the clean Al(100) with 5 X lOwe Torr of 
0, at 575 K for 30 min (~ L). The dehydroxylated porous Al,O, films 
were prepared by using the same exposure (9000 L) at a higher temperature, 
725 K. The presence of subsurface pores was previously demonstrated using a 
combination of XPS and TPD 1151 and is substantiated by the HREELS data 
of this paper. The hydroxylated planar Al@, substrates were prepared by 
exposure to 1000 L of water at 425 K. Previous studies have shown that 
oxidation of Al with water leads to formation of surface hydroxyls 
[23-261 and that water oxides Al faster than oxygen 1241. 

Based on the Auger spectra taken after oxidation of the Al(100) crystal we 
estimate the Al@, thicknesses to be 20 A for the planar films and greater than 
30 A for the porous films. For these expe~ments quantification of the layer 
thickness is not as important as estimating the amount of Al0 present at the 
surface of the sample over the temperature range of interest. It has been shown 
rather convincingly that Al,O, films prepared by UHV oxidation can have 
significant amounts of metallic Al at the surface and distributed within the 
film [24,26]. It turns out that the decomposition of [Rh(CO),Cl], is also very 
sensitive to the presence of metallic Al at the surface of the oxidized Al(100) 
crystal [27]. When Al metal interacts with [Rh(CO),Cl], above 300 K, CO 
dissociates on the substrate causing a large C Auger signal; however, when 
only oxidized Al is present at the surface no CO dissociation occurs and 
decarbonylation of [Rh(CO),Cl], occurs via CO desorption. By checking the 
Auger spectrum after a set of HREELS experiments, it was possible to tell if 
metallic aluminum was generated at the surface over the temperature range 
studied. The tendency of Al0 to migrate to the surface at relatively low 
temperatures (400 K) for very thin Al,O, layers forced us to select somewhat 
more vigorous oxidation conditions than were optimal for obtaining the 
highest quality HREELS data. 

3.2. Adsorption/desorption of [Rh(CO),C1], 

Once a particular Al,O, film was prepared, the substrate (T= 110 K) was 
exposed to ~~(CO)~Cl] 2. [Rh(CO),Cl], adsorbs mol~ul~ly at 110 K when 
proper care is taken to assure that molecular [Rh(CO)&l], is arriving at the 
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Fig. 1. Mass 28 TPD of a multilayer [Rh(CO),Cl], exposure on (a) a porous Al ,_03 film on 
Al(100) and (b) a planar Al,O, fiim. The low temperature peak is from cracking of molecular 
[Rh(CO),Cl], in the QMS with the broader high temperature peak from surface decomposition of 

[~(c%c11,. 

surface of the sample. The details of [Rh(CO),Cl], dosing were the subject of 
a previous paper [22] and were also addressed by Frederick et al. [20]. TPD of 
an adsorbed multilayer deposit is quite helpful for establishing the pertinent 
temperature range to examine [Rh(CO),Cl], d~omposition with HREELS. 
Fig. 1 shows the TPD spectrum for multilayer [Rh(CO),Cl], adsorbed onto 
both porous (fig. la) and planar (fig. lb) dehydroxylated Al,O, films, al- 
though in fig. lb the exposure was lower. Data for desorption from the planar 
hydroxylated Al,O, layers are indistinguishable from the corresponding data 
of planar OH free surfaces (fig. lb). The obvious differences in the desorption 
spectra from the two surfaces were the motivation for the HREELS investiga- 
tion reported here. Examining the porous film (fig. la) first, we observed two 
features of different origin when mass 28 was monitored as a function of 
temperature. The data were obtained by multiple~ng 9 masses simult~eously 
which allowed us to make the following assi~ents of the two peaks. The 
sharper low temperature peak showed zero order desorption kinetics as a 
function of [Rh(CO),CI], exposure and did not saturate for very large (1000 x 

greater than fig. 1) exposures. Zero order desorption kinetics suggest that the 
low temperature peak is due to desorption of a condensed phase, presumably 
[Rh(CO),Cl],. When other masses (i.e., 35, 37, 103, 131, etc.) were examined, 
it was determined that the entire cracking pattern of molecular [Rh(CO),Cl], 
was observable at this same temperature. This observation proves that the low 
temperature peak is due to cracking of [Rh(CO),Cl], in the mass spectrometer 
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during desorption of molecular fRh(CO),Cl],. In contrast, no Rh or Cl 
containing species were detected concurrent with the higher temperature mass 
28 desorption peak; therefore, we assigned this peak to evolution of CO as a 
product of [Rh(CO) ,Cl] 2 decomposition. Turning now the desorption from the 
planar substrate, fig. lb shows the differences in decomposition profile that 
are the subject of the HREELS investigation. The molecular desorption peak 
at low temperature, less resolved here because of the lower [Rh(CO),Cl], 
exposure, is the same as on the porous surface; however, the peak from the 
surface decomposition of [Rh(CO),Cl] 2 has a maximum about 110 K lower 
than on the porous sample. The HREELS experiments that follow probe this 
difference by exa~~ng the vibrations spectrum for adsorbed [Rh(CO),CI], 
as a function of temperature. 

3.3. HREELS of [Rh(CO),CI], on planar AE,O, 

This section examines HREELS of submonolayer and multilayer 
[Rh(CO),Cl], coverages on the simplest oxide support, planar dehydroxylated 
Al,O,. The [Rh(CO),Cl], coverage was calibrated by examining the area 
under the low temperature (multilayer) desorption peak (fig. 1). Exact quanti- 
fication of the coverage was difficult due to irreproducibility in the flux from 
the doser and overlap in the TPD peaks of fig. 1; however, we could easily 
deposit either multilayer or submonolayer quantities of [Rh(CO),Cl],. Prior to 
[Rh(CO),Cl], exposure the Al,O, film was characterized with HREELS (fig. 
2a) using a 2.7 eV primary beam and monitoring losses in the specular 
direction. The data show three major losses at 470, 650, and 875 cm-’ for the 
Al,O, film on Al(100) in agreement with previous studies [25,28,29]. The 
peaks have been assigned to lattice vibrations in the Al,O, film. The modes at 
470 and 875 cm-’ are due to bulk Al-O vibrations and the loss at 650 cm-’ is 
assigned to a surface Al-O mode [25,28,29]. At higher wavenumbers the 
harmonics of these strong modes were also detected and can be seen as a small 
peak just below 2000 cm-‘. These Al,O, modes are very strong and, as 
evidenced in fig. 2b, have significant overlap with the modes of [Rh(RO),Cl],. 

The data of fig. 2b, taken at 110 K, show the appearance of several new 
losses upon adsorption of [Rh(CO),Cl],. The strongest loss, marked as a 
doublet at 2065 and 2100 cm-’ is due to the CO stretch of the Rh dicarbonyl 
species. The assignment of a doublet is based on our previous observation of 
molecular [Rh(CO),Cl], adsorption at 110 K and the known IR spectrum of 
[Rh(CO),Cl] 2 [30]. The inability to fully resolve these two peaks is due to the 
limited resolution of HREELS and to the further degradation of that resolu- 
tion on these oxide substrates. In addition to the CO stretch, four modes were 
detected below 1000 cm-’ in fig. 2b. The peak at 870 cm-’ is attributed to 
Al 203 lattice vibration, shifted slightly after adsorption of [Rh(CO),Cl],; 
however, the other three modes can be assigned to adsorbed [Rh(CO),Cl], 
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Fig. 2. HREELS of a multilayer [Rh(CO),Cl], deposit on a planar Al,O, film prepared by 
oxidation of Al(100) with 0, at 575 K. HREELS data were obtained with a 2.7 eV primary beam 

with losses monitored in the specular direction. Sample was annealed to successively higher 

temperature and then cooled to 110 K prior to taking the HREELS spectrum. 

[30]. The assignments of the [Rh(CO),Cl], vibrations (table 1) are based on 
solution and gas phase IR data of [Rh(CO),Cl], [30] by Garland and Wilt. 
The stretch we observed at 620 cm-’ was seen by Garland and Wilt at 610 
cm-‘; however, they did not assign the mode. In that paper [30] they showed 
that the 610 cm-’ mode only shifted 11 cm-’ upon substitution of Br for Cl 
in [Rh(CO),Cl],, suggesting that the peak is due to a Rh-CO type mode, 
possibly a bending mode. The weak stretching mode observed at 4170 cm-’ is 
assigned as a harmonic of the very strong CO stretching mode centered at 
2080 cm-‘. From our point of view the most interesting mode to examine as a 
function of temperature is the Rh-Cl stretch at 310 cm-‘. 
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Table 1 
Assignment of loss features for [Rh(CO),Cl], on oxidized Al(100) 

Assignment This work (cm-‘) Lit. value (cm-‘) Ref. 

Rh-Cl 310 260 vs, 274 vs, 300 sh 1301 
Al-O (bulk) 470 430 m [25,28,29] 
Rb-co 490 435mor485m [30] or (321 
Rh-CO bend (?) 620 610 m [301 
Al-O (surface) 650 650 m [25,28,29] 
AI-O (bulk) 875 870 s [25,28,29] 

ti--(W 2 (sym + asym) 2070 2095sand2043s [301 
Al-O (harmonic-875) 2540 _ [25,28,29] 
Comb. band (875 + 2070) 2985 _ 

Rb-(CO), harmonic 4140 _ - 

After ~h~acte~zation of the mul~ayer deposit at 110 K, the sample was 
annealed to successively higher temperat~es, cooled to 110 K and HREELS 
spectra obtained. The anneal to 125 K produced no observable change in the 
region below 2000 cm-’ and only a slight shift in the centroid of the CO 
stretch at 2080 cm- ‘. In fig. 2c the CO stretching region is labeled as a single 
peak, which is probably the most consistent way to assign this mode. Another 
minor change in the data is a 30 cm-’ shift of the 4170 cm-’ peak to 4140 
cm-’ with some narrowing in the peak width. Also, this spectrum (fig. 2c) 
labels two new modes at 2540 cm-i and 2985 cm-‘. The mode at 2540 cm-i 
is almost certainly the second harmonic of the lattice mode at 875 cm-’ (see 
fig. 2a). The mode at 2985 cm-’ is not so easily assigned since its intensity is 
small and rises and falls with the intensity of the CO stretch but, we assign 
this peak as a combination band (C-O stretch, 2080 cm-‘, +Al-0, 875 
cm-‘). 

The first substantial change in the HREELS data was observed when the 
sample was heated to 245 K before acquisition of the spectrum (fig. 2g). 
Between the 225 and 245 K the mode at 4140 cm-’ disappeared, the mode at 
870 cm- ’ became much more pronounced, the CO stretch at 2080 cm- ’ 
decreased in intensity, and the peak at 2950 cm-’ is gone. The TPD data of 
fig. 1 show that 245 K is on the leading edge of the multilayer desorption 
peak, but that substantial amounts of condensed [Rh(CO),Cl], remain on the 
surface at 245 K consistent with the HREELS data (fig. 2g). Dramatic changes 
in all regions of the data occur when the sample temperature was raised to 275 
K Primarily, almost all of the intensity in the CO stretching mode (2080 
cm-‘) was lost making the Al,O, lattice vibration at 890 cm-’ the strongest 
mode in the spectrum. Desorption of the condensed [Rh(CO),Cl], multilayer 
is complete at 275 K; therefore, all of the [Rh(CO),Cl], stretching modes drop 
sharply when the surface [Rb(CO),Cl], concentration is reduced. For tempera- 
tures above 275 K the CO stretch intensity drops and the peak shifts to 2055 
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cm-’ (fig. 2i). The observed peak shift is consistent with the generation of 
different adsorbed CO species upon [Rh(CO) ,Cl] 2 decomposition. 

The data of fig. 2 showed that most of the action occurs near the desorption 
temperature of multilayer [Rh(CO) ,Cl] 2. Because condensed [Rh(CO) *Cl] 2 
covers the surface until the multilayer desorbs, interpretation of the HREELS 
data for the adsorbed monolayer at temperatures below 275 K is impossible. 
This problem can be eliminated by adsorbing submonolayer amounts of 
[~(CO)~Cl]~ for which very little or no desorption of ~~Iec~Zar [Rh(CO),Cl], 

occurs. Instead, only CO desorption from [Rh(CO),Cl], decomposition occurs 
in the temperature region above 275 K. Fig. 3 shows the data set for 
submonolayer [Rh(CO),Gl], on planar A1,4. The data were obtained in 
exactly the same manner as for the multilayer deposit shown in fig. 2. The 
Al(100) sample was cleaned of all Rh, Cl and 0 prior to oxidation to form an 
Al,O, layer in the same manner as the previous sample. Again, the spectrum 
for the clean substrate is shown in fig. 3a, with the region for the first 

harmonic expanded. The data agree very well with their counterpart in fig. 2a. 
When the sample was exposed to a submonolayer quantity of [Rh(CO),Clf , 

at 110 K, the spectrum shown in fig. 3b was obtained. The data show only one 
new feature upon adsorption of [Rh(CO),Cl],, the overlapping symmetric and 
asymmetric CO stretches centered at 2075 cm-‘. Relative to fig. 2 the low 
intensity of the CO stretch and the high intensity of the first harmonics of the 
substrate modes (1200-1800 cm-‘) shows that the [Rh(CO),Cl], coverage is 
significantly less than for the case presented in fig. 2. The [~(CO)*Cl]~ 
modes at 310 and 490 cm-’ are not observed for the adsorbed monolayer; 
however, based on their intensities relative to that for the CO stretch (fig. 2b) 
they should be obscured by the Al,O, modes at this [Rh(CO),Cl] 2 coverage. 
The other change in the data after [Rh(CO),Cl], adsorption is that the Al,O, 
modes become less clearly defined; this effect is most evident for the harmon- 
ics between 1200 and 1800 cm-‘. 

When the sample was annealed to successively higher temperatures, the first 
significant change in the HREELS spectrum occurred between 175 and 200 K. 
By 200 K changes in the resolution and intensity of the low wavenumber 
A1,03 modes are clearly evident and the CO stretch intensity increased by 
about 40% over that observed at 110 K. Above 200 K the CO stretch intensity 
declines similar to the multilayer deposit; however, on this sample (fig. 3) no 
desorption of molecular [Rh(CO),Cl], occurs. About half of the initial CO 
stretch intensity is lost by 275 K and the surface Al-0 mode at 640 cm-’ is 
detected as a shoulder on the peak at 89.5 cm-‘. As the sample is annealed to 
higher temperature the CO stretch intensity decreases further and a shift to 
lower wavenumbers (2050 cm-‘) is observed. The data show that two dis- 
tinctly different events are occurring on the surface. Below 275 K intensity 
changes but the peak position is constant indicating a rearrangement of the 
adsorbed layer while the [Rh(CO),Cl], structure is maintained. Above 275 K 
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Energy Loss (cm-l) 

Fig. 3. HREELS of a submonolayer [Rh(CO),Cl], deposit on a planar Al,O, film prepared by 
oxidation of Al(100) with OI at 575 K. Data were taken with a 2.7 eV primary beam using 
specular refkction. The sample was heated to the indicated temperature then cooled to 110 K 

prior to obtaining the HREELS spectrum. 

the intensity drops and the peak shifts to lower wavenumbers suggesting both 
a loss of CO from the surface and a change in the nature of the CO adsorption 
site. 

3.4. CREELS of fRh(CO),ClJ, on “porous” A/,0, 

As stated previously, our goal is to examine the decomposition of 
[Rh(CO),Cl], on oxide substrates that have exhibited different TPD decom- 



106 D.N. Belton, C.L. Dimaggio / [Rh(CO),CI] 2 adsorbed on oxidized AI(IGil) 

0 loo0 zoo0 3ooo 4ooo 

Energy Loss (cm-l) 

Fig. 4. HREELS of a submonolayer [Rh(CO),Cl] 2 deposit on a porous Al,O, film prepared by 

oxidation of Al(100) with 0, at 725 K. Data were obtained at 110 K after heating to the specified 

temperatures. 

position profiles (fig. 1). This section will examine the HREELS data on the 
porous Al,O, substrate discussed in section 3.1. HREELS data for submono- 
layer and multilayer quantities of [Rh(CO),Cl], on a porous Al,O, support 
were obtained. Data for multilayers of [Rh(CO),Cl] z on the porous Al,O, 
substrate were essentially the same as on the planar film (fig. 2a) below 250 K 
(prior to desorption of the condensed phase); therefore, we present only the 
data for the submonolayer exposure (fig. 4). Data from the clean substrate are 
ommitted from fig. 4; however, the same lattice Al,O, modes were observed 
as for the planar films. In this case the overall resolution and signal intensity 
were degraded slightly on the thicker oxide overlayer. The elastic peak shown 
in fig. 4 is about 20 cm- ’ wider than for the case of the planar film, but this 
did not seriously limit the usefulness of the data obtained from this sample. 
The data (fig. 4) were taken in the same manner as for the two preceding 
samples; however, for this particular experiment our minimum temperature 
was 100 K. The best comparison for this data would be to the submonolayer 
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data of fig. 3. Similar to fig. 3 we see an increase in CO stretch intensity and 
resolution between 100 and 175 K. Also similar to the planar sample is the 
degradation of Al,O, modes upon adsorption at low temperatures; however, 
in this case the modes are never clearly resolved even for the clean substrate. 
The main difference between figs. 3 and 4 is that all of the CO stretch 
intensity is gone at 245 K on porous Al,O, (fig. 4) and no shift in CO 
stretching frequency was observed. 

3.5. CREELS of [Rh~CU~~CI~ 2 on planar hydroxylated Al,O, 

Another question about the interaction of [Rh(CO) &l] 2 with Al 203 surfaces 
arose when, in a previous unpublished experiment, we observed no effect of 
surface hydroxyls on the [Rh(CO),Cl], TPD spectrum (fi. 1). Several authors 
have demonstrated that hydroxylated Al,O, surfaces can be prepared in UHV 
by treatment of Al with water [23-261. The hydroxylated Al,O, surfaces was 
prepared by oxidation of the AlflOO) crystal with water at 425 K. The 
HREELS spectrum of the surface prepared in this manner is shown in fig. 5a 
where the O-H stretch is identified at 3700 cm-’ [ZS]. The Al,O, lattice 
modes are also evident at similar frequencies to those for dehydroxylated 
Al,O, layers and is in good agreement with published data for Al,O, films 
prepared in this manner [25]. 

Upon exposure to a submonolayer amount of [Rh(CO),Cl], (fig. 5b), the 
O-H stretch at 3700 cm-* becomes obscured. The CO stretch at about 2070 
cm-’ is clearly visible and with faith the Rh-CO mode at 480 cm-’ can be 
identified. When the sample is annealed to 125 K, the Rh-CO mode becomes 
more easily discernible. The linear fall off between 3000 and 3500 cm-* is the 
third harmonic of the Al,O, mode at 890 K, which means that the O-H 
stretch is not detectable. As the sample temperature is raised the CO stretch 
fades slightly at 200 K and at no temperature is the Rh-Cl stretch detected, as 
expected from the relative intensities of the [Rh(CO),Cl], modes as observed 
for the multilayer [Rh(CO),Cl], deposit in fig. 2. By a temperature of 265 ‘K 
the CO stretch has decreased significantly as was observed in the other four 
samples. Also, at 265 K the shape of the region above 3500 cm-’ showed 
significantly more intensity around 3700 cm-‘. As the sample is annealed 
above 275 K the CO stretch decreases in intensity and shifts in the same 
manner as on the planar dehydroxylated film. 

With regards to the OH stretch, the data are not so clear due to several 
factors which, in combination, make the interpretation of the OH stretch 
region difficult. First, the OH intensity is very low; whether the concentration 
is low or the extinction coefficient poor is not clear. Second, this weak 
transition overlaps with a harmonic of the lattice vibration modes raising the 
background in the area of the small OH peak. Regardless of these problems 
we definitely see changes in the OH region as a function of temperature after 
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Fig. 5. HREELS of a submonolayer [Rh(CO),Cl], deposit on a hydroxylated planar Al,O, film 
prepared by oxidation of Al(100) with water at 425 K. Data were obtained at 100 K after 

annealing the sample to the specified temperature. 

deposition of [Rh(CO),Cl],. In a separate experiment we demonstrated that 
the OH species were stable above 400 K in the absence of [Rh(CO),Cl], when 
the surface was oxidized at 400 K with water. This leads us to conclude that 
some interaction of OH and [Rh(CO),Cl] 2 is occurring. This interaction does 
not, however, grossly change the decomposition profile as evidenced by TPD 
or HREELS. A simple explanation based on chemical intuition is that the 
hydroxyls react with Cl in [Rh(CO),Cl], and are eliminated as HCl; however, 
this simple picture is not proven on the basis of our HREELS data. 
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4. Discussion 

This paper examines the thermal behavior of [Rh(CO),Cl], on oxidized 
Al(100) prepared to give three different oxide supports: planar without hy- 
droxyls, porous without hydroxyls, and planar with hydroxyls. The experiment 
also compare two different initial [Rh(CO),Cl], coverages, multilayers and 
submonolayer, on the supports. The results are most easily summarized by 
first comparing submonolayer and multilayer exposures on a planar dehy- 
droxylated surface and then comparing submonolayer coverages on the three 
different surfaces. This approach has been chosen because the coverage 
comparison showed no dependence on the type of surface and the substrate 
comparisons are most straightforward for the lower coverage. 

4.1. TPD of [Rh(CO),Cl] z on porous and planar Al,O, 

The TPD data for [Rh(CO),Cl], on oxidized Al(100) (fig. 1) demonstrate 
two important points. First, the presence of the large zero order peak from 
cracking of [Rh(CO),Cl], in the mass spectrometer shows that a condensed 

[Rh(CO),Cl], layer can be formed. Second, the higher temperature peak from 
decomposition of [Rh(CO) ,Cl] 2 indicates that [Rh(CO),Cl] 2 decomposition is 
sensitive to the method of substrate preparation. The difference in CO 
evolution profiles for different substrates (fig. 1) was the subject of an XPS 
and TPD investigation in a previous paper [15]. At that time we were able to 
demonstrate a correlation between the CO evolution profile and the method of 
substrate preparation. That work also showed that the product of [Rh(CO) &l] Z 
decomposition is Rh particles whose size is very different on the two sub- 
strates: the porous substrate supported much smaller particles than did the 
planar support (20 A versus 120 A). By combining the TPD data with particle 
size estimates and XPS intensity we established the correlation between 
substrate porosity, Rh particle size, and decomposition profile. We also 
asserted that the differences in CO evolution profile showed a difference in 
decomposition mechanism, which in turn controlled the particle size that 

resulted after decomposition. In addition, we postulated that the molecular 
[Rh(CO),Cl], was very mobile on the Al,O, surface above the temperature at 
which condensed [Rh(CO),Cl], desorbs. This allowed the molecule to diffuse 
to stable binding sites within the pore structure of the porous films which in 
turn lead to better dispersion of the precursor molecule over the surface and 
smaller resultant Rh particles. The HREELS data discussed below are more 
meaningful when seen in the context of this previous work of ours. 

4.2. Comparison of different [Rh(CO),C1], coverages 

Whenever one attempts to study a large condensable molecule such as 
[Rh(CO),Cl], an understanding of the system must begin with the multilayer 
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condensed phase. If one can not understand the spectrum and behavior of the 
condensed molecule, when it will be very difficult to understand the chemi- 
sorbed layer. In these experiments all of the spectral features for the con- 

densed multilayer [Rh(CO),Cl], deposit (fig. 2a) were assigned in table 1 
based on a combination of IR data for [Rh(CO),Cl], in solution (CO 
stretching modes) and rhodium halogen compounds @h-Cl mode). For a 
multilayer deposit of sufficient thickness no lattice Al,O, modes were ob- 
served making identification of the spectral features much easier. For 
[Rh(CO),Cl],we found the condensed layer to remain on the surface up to a 
temperature of approximately 240 K, which was confirmed with TPD (fig. 1) 
and HREELS (fig. 2). As the condensed phase desorbs the peaks due to 
adsorbed [Rh(CO),Cl], decline sharply and those due to the substrate Al,O, 
increase in intensity. This behavior is expected since the surface [Rh(CO),Cl], 
concentration decreases upon desorption of condensed [Rh(CO) ,Cl] *. 

After desorption of the condensed portion of the multilayer deposit (above 
245 K in this case), a chemisorbed monolayer should remain on the surface. It 
would follow then that the spectrum obtained after desorption of the multi- 
layer would be similar to that obtained by adsorption of a comparable 
monolayer coverage unless dissociation had already occurred. This comparison 
is made by examining fig. 2h and fig. 3c. Note that the CO stretching region is 
expanded to a higher degree in fig. 3. There is no valid method to compare 
absolute HREELS intensities between the two spectra; however, a qualitative 
comparison of relative intensities shows a that the data are very similar. From 

this we conclude that approximately a monolayer of [Rh(CO),Cl] 2 remains on 
the surface after desorption of the condensed phase. 

In addition to the temperature dependent behavior of the [Rh(CO),Cl] 2 
modes we also observe changes in the Al,O, lattice modes. The most noticea- 
ble change that occured over the 245 to 275 K temperature range was in the 
apparent resolution of the Al,O, lattice modes at 470 and 650 cm-‘. Prior to 
adsorption of [Rh(CO),Cl], the Al,0 modes at 875, 650 and 470 cm-’ are 
clearly resolved; however, after [Rh(CO),Cl], adsorption we observed an 
envelope between 450 and 1100 cm-‘. A similar effect was observed by Chen 
et al. when oxidized Al(100) was exposed to water to form surface hydroxyls 
[25]. They proposed that the formation of surface hydroxyl species prefer- 
entially attenuates the surface Al-O mode at 650 cm-‘. Similarly, we propose 
that [Rh(CO),Cl], reacts with the Al,O, surface to form Rl-0 or Al-Cl 
bonds decreasing the amount of unbound surface Al-O species, therefore 
lowering the Al-O stretch intensity at 620 cm-‘. Thus, the attenuation of the 
620 cm-’ mode shows a direct interaction of [Rh(CO),Cl], with the surface 
oxygen atoms of the Al,O, film. Data for Rh particles on oxidized Al(100) 
(formed by decomposition of [Rh(CO),Cl],) show that the average particle 
size increases at elevated temperature [15]; therefore, the amount of Rh 
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interacting directly with Al,O, decreases. The effect of ag~omeration at 
elevated temperatures is to increase the intensity of the 620 cm-i mode. 

4.3. Comparison of submonolayer [Rh(CO),Cl] z on porous and planar AI,& 

The primary motivation for this investigation was to confirm our conclu- 
sion that subsurface pores in the Al,O, substrates played a major role in 
determining the [Rh(CO),Cl], decomposition mechanism. In our previous 
study we conclude that [Rh(CO),Cl], diffused to stable binding sites within 
the pore structure below the temperature at which decomposition occurred. 
Further, these sites within the pores stabilized sig~fic~tly smaller particles 
than did the available sites on the more planar surfaces. The data that allow us 
to best discuss the issue of surface [Rh(CO),Cl], mobility are the HREELS 
data for submo~olayer [Rh(CO),Cl], exposures of figs. 3 and 4. For a 
submonolayer deposits below 250 K no desorption of CO, for either 
[Rh(CO) zCl] 2 desorption or [Rh(CO) $11 2 decomposition, occurs. Since no CO 
is desorbing from the surface below 250 K, changes in the CO stretch monitor 
changes in the nature of the adsorbed [Rh(CO),Cl], layer. Fig. 6 shows the 
CO stretch intensity, normalized to the intensity for the layer at 110 K, as a 
function of temperature for submonolayers of [~(CO)~Cl]~ on both porous 
and planar Al,O,. For both samples the CO stretch intensity increases 
between 110 and 200 K. Since the amount of [Rh(CO),Cl], on the surface is 
constant over this temperature range then the increased intensity must be due 
to an ordering of the [Rh(CO),Cl], monolayer. This effect is largest for 
[Rh(CO),Cl], on the porous support, presumably because the increased surface 
roughness leads to a more disordered [Rh(CO),Cl], layer at 110 K. For both 
surfaces no shift in the CO stretching frequency accompanies the intensity 
increase; therefore, reaction of [Rh(CO),Cl], to dissociate or form other 
compo~ds is not likely. 

The behavior of [Rh(CO),Cl], on the two substrates differs strongly above 
200 K. For the porous sample the CO stretch intensity drops linearly to zero 
by 240 K with no shift in the CO stretching frequency. From TPD (fig. 1) and 
HREELS data we know that d~omposition of monolayer [Rh(CO),Cl], 
occurs above 275 K; therefore, [Rh(CO),Cl], is still adsorbed on the sample. 
Based on the TPD and HREELS results we conclude that surface [Rh(CO),Cl], 
is mobile below 240 K and that it diffuses into the subsurface pores below 240 
K. Once the [Rh(CO),Cl], molecules leave the surface sites that are line-of- 
sight to the spectrometer they are no longer detectable by HREELS and thus 
the CO stretch disappears. We take this result as a direct observation of 
surface [Rh(CO),Cl], mobility and as confirmation of the presence of sub- 
surface pores on this Al,O, film. 

For [Rh(CO),Cl], on the planar substrate two distinct regions in the CO 
stretch intensity versus temperature curve (fig. 6) are observed above 200 K. 



112 D.N. Belton, CL Dimuggio / (Rh(CO),CI] 2 adsorbed on oxidized A&100) 

-O- Porous Al-203 

-+- Planar Al@3 

100 200 300 400 500 600 

Temperature (K) 

2070 _ 
‘; 
E 
e 

6 

s 
$ 

2060 rt: 

P 
E 
S 
t 

; 
2050 

2040 

Fig. 6. Plot of the normalized CO stretch intensity versus temperature for submonolayers of 
[RJI(CO),C~]~ on porous and planar Al,O,. Results are taken from the spectra of figs. 3 and 5 

and show the diffusion of [Rh(CO),Cl], to subsurface sites on the porous Al,O, overlayers. 

Between 200 K and 275 K the CO intensity drops to about one third its 
maximum intensity followed by a continued decline above 275 K but with a 
greatly reduced slope. Also, in the temperature range between 275 and 575 CO 
stretching frequency shifts below 2080 cm-’ to to values near 205040 cm-‘. 
The measurable CO stretch intensity after annealing to 575 K is caused by 
readsorption of background CO during acquisition of the HREELS data. The 
decline in intensity above 275 K is easily understood because TPD (fig. 1) 
shows that CO is desorbed from the surface as a result of [Bh(CO),Cl], 
decomposition. The frequency shift as a function of temperature tells us 
something about the nature of the CO adsorption sites above 275 K. Shifts in 
CO stretching frequency as a function of CO coverage are common for CO 
adsorption on transition metal surfaces. In this case the shift is to lower 
frequency as temperature is increased or as CO coverage is decreased in 
agreement with what is expected for CO on bulk metal samples. From this we 
conclude that CO is desorbing from large Rh particles mimicking CO desorp- 
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tion from bulk Rh samples. Formation of large Rh particles on planar Al,O, 
samples was observed in our previous work where we concluded that these 
particles were formed by agglomeration of [Rh(CO) ,Cl] z into large crystallites 
at relatively low temperatures. This conclusion is supported by the decline in 
the CO stretch intensity between 200 and 275 K where no CO desorption is 
occurred but where [Rh(CO),Cl], is very mobile on the surface. We interpret 
the sharp decline in intensity (fig. 6) in this region as being caused by 
agglomeration of [Rh(CO),Cl], into large [Rh(CO),Cl], crystallites with a 
resultant loss in ]Rh(CO),Cl], surface area. Since the CO stretching frequency 
is not changing in this region, we conclude that [Rh(CO),Cl], is the mobile 
species as opposed to some other Rh(CO), moiety. 

4.4. Comparison of hydroxylated and dehydroxylated planar AI,O, 

The importance and role of surface hydroxyl species in supported catalysts 
has been and continues to be a subject of frequent debate. In a conventional 
powdered Al,4 sample the amount of surface hydroxyls is very large, and the 
addition of up to 10 wt% noble metal frequently has little change on their 
con~tration or their IR spectrum. For this reason it is difficult to assess 
what importance they have to the activity of the catalyst. In a model catalyst 
such as the one examined in this paper the concentration of surface hydroxyls 
is comparable to the Rh concentration for a monolayer of [Rh(CO),Cl],. For 
this reason one might expect to be able to monitor the interaction of these two 
species on the surface. In a previous unpublished work we observed no effect 
of the addition of surface hydroxyls on the Rh particle size obtained by 
[Rh(CO),Cl], decomposition to 575 K; however, that result was tainted by our 
limited ability to monitor the surface OH concentration by XPS. For oxide 
layers prepared in the manner shown here, surface charging during XPS 
broadens the O(ls) level so that resolution of the O(ls) shoulder from OH is 
questionable. HREELS offered a more solid identification of the presence of 
OH on the surface but it cannot quantify the surface OH concentration, The 
presence of hydroxyls for surface prepared by oxidation with water was 
confirmed by HREELS which also showed the OH groups to be stable to 
about 425 K in the absence of [Rh(CO) ,Cl],. Fig. 5 shows that the 
[Rh(CO),Cl], interacted with the OH groups leading to a loss in O-H stretch 
intensity at 110 K, well below 425 K; however, we declined to speculate about 
the details of that interaction. For the comparison of the two substrates, 
however, the data indicate that the OH groups are present on the surface in 
sites that are accessible to the [Rh(CO),Cl], molecules. Focusing now on the 
CO stretch, the temperature dependence of the data is very similar to that 
from the OH free surface. The main point is that the CO stretch intensity 
drops by less than 50% at 265 K followed by a gradual decline at higher 
temperatures in accordance with the expected CO evolution profile (fig. 1). 
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Unfortunately, the Rh-Cl region is obscured by the substrate lattice modes; it 
is this region we would suspect to be most effected by the inclusion of 
hydroxyls on the surface. These results are in agreement with our previous 
data which showed no major effect of OH on either the decomposition profile 

(fig. 1) or the resultant Rh particle size (120 A for a planar surface). We are 
more than slightly hesitant to conclude that OH groups are unimportant for 
supported metal catalysts and can propose several explanations for the results 
we obtain. One strong possibility is that, although detectable by HREELS, the 
actual surface OH concentration is quite low for this model catalyst and 
therefore not involved with the majority of the [Rh(CO),Cl],. 

Although the Rl-Cl stretch is obscured, the O-H stretching region is less 
affected by overlap with other losses; however, there is some interference with 
a harmonic of the Al,O, lattice modes around 3500 cm- ‘. When [Rh(CO),Cl] 2 
was adsorbed, the O-H stretch was no longer detectable; and when the sample 
was annealed to elevated temperature, the original O-H stretch intensity was 
never regained. We take this behavior as indicative of an interaction of 

[Rh(CO),Cl], with the surface hydroxyls, presumably a reaction; but, a 
stronger statement is not warranted based on this data alone. One complica- 
tion is that the O-H stretch region always shows some intensity which is 
partially due to the Al-O harmonics but must contain some other compo- 
nents. This leads to a broad peak around 3700 cm-’ which is not as clearly 
resolved as the O-H stretch from the clean Al,O, film. 

4.5. Usefulness of HREELS for studies on oxide supports 

Aside from the questions raised about the interaction of [Rh(CO),Cl], with 
Al,O,, these experiments also offer an excellent test case for HREELS on 
oxide supports. In particular, [Rh(CO),Cl], is a good molecule to challenge 
the resolution and detection capabilities of HREELS under these less than 
optimal conditions. The IR spectrum of [Rh(CO),Cl], is known to have a 
doublet at about 2100 cm-’ from the symmetric and asymmetric stretch of 
dicarbonyl CO. Also, the low wavenumber modes from Rh-Cl and Rh-CO 
should be detectable; these modes are usually not observed by conventional 
IR spectroscopy. The data show that all of these expected modes are observed 
for a multilayer deposit on Al,O,; however, not for the more chemically 
interesting case of the submonolayer deposit. 

When submonolayers of [Rh(CO),Cl], are examined, several complications 
arise to make the data less than optimal. First, the low wavenumber 
[Rh(CO),Cl], modes are obscured by the very strong lattice Al,O, modes. 
These vibrations, with detectable harmonics to 3000 cm-‘, are the dominant 
peaks in the spectrum and prohibit monitoring of Rh-Cl bond scission. 
Hence, interference of the substrate vibrational modes limits the use of the 
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region below 1000 cm-‘. The situation may be improved by using a different 

method for preparation of the oxide support. If the oxide were much thinner 
(e.g., less than 10 A), then these modes could be severely reduced in intensity. 
Thin oxide layers may show weaker lattice modes if the long range order of the 
oxide lattice is disrupted. For the experiments presented here thin layers were 
not practical because of migration of metallic Al to the surface at elevated 

temperature. Metallic Al was observed by us to cause chemistry unrepresenta- 
tive of Al,O,, in that it induced substantial amounts of CO dissociation not 
observed on the thicker Al,O, layers. This problem may be avoided by 
growing thin Al,O, layers on a refractive substrate such as molybdenum, 
thereby eliminating the essentially infinite reservoir of reduced Al present for 
Al 203 layers on Al(100). Thus, preparation of thin Al,O, layers on a substrate 
other than Al eliminates the problem of interference from metallic Al and may 
extent the range of useful HREELS down to 300 cm-‘. 

The other limitation to the HREELS data obtained from oxides is the 
resolution. Typically, HREELS has a resolution, defined as the FWHM of the 

elastic peak, of about 40 cm-‘, with the best resolution obtained for very clean 
and well ordered single crystal samples. When one switches to an oxide surface 
with undetermined long range order, it is expected that the data quality would 
degrade somewhat. That was observed for these samples where the best 
resolution on the elastic peak obtainable was about 65 cm-‘. The practical 
implication of this degraded resolution can be seen by examining the C-O 

stretching region for any of the samples. As we stated before the expected 
symmetric and asymmetric stretch for the dicarbonyl Rh could not be resolved 
in any of the data. The question is: are these peaks resolvable HREELS even 
under optical conditions, say for CO on a single crystal Rh sample? Assuming 
that the separation of the peaks is 80 cm-’ and using the width usually 
obtained for liner CO on Rh(lOO), we conclude that our spectrometer could 
detect two loss peaks that overlap at about 65% of their maximum. Thus, 
HREELS has the ability to resolve the peaks under optimal conditions, but the 
oxide support restricts our resolution of those peaks in this case. In spite of the 
limited resolution to overall width of the peak at 2080 cm-’ (i.e., fig. 2c) 
shows that it is composed of more than one peak. We expect that the 
resolution will improve also when we change to the thinner Al,O, support. 

Above we listed two limitations on the quality of HREELS obtained from 
the oxide surface. This is not to say however that HREELS is useless for the 
study of oxide systems. This paper presents a clear example of how HREELS 
can give insight into the reaction of a relatively complex molecule with Al,O,. 

Work by Chen et al. [31] has shown that HREELS can be applied to CO 
adsorbed on Ni particles supported on Al,O, films prepared in a similar 
manner to those shown here. These are just two examples of good experimen- 
tal information obtained with HREELS from oxide supported metals. By 
making the Al,O, substrates much thinner and also free of metallic Al, the 
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HREELS results from these samples should improve to the point where more 
subtle and informative HREELS results are possible. 

We have studied the interaction of [Rh(CO),Cl], with three different Al,O, 
supports using HREELS and TPD to understand the decomposition mecha- 
nism for this class of catalyst precursor. HREELS measurements showed that 
adsorbed [Rh(CO),Cl] 2 is very mobile between 200 and 240 K, allowing 
[Rh(CO),Cl], to diffuse to more stable adsorption sites on the Al,O, surfaces. 
For the porous surfaces the presence of a large number of relatively stable 
binding sites within the subsurface pores leads to a high dispersion of 
[Rh(CO),Cl], and therefore small Rh particles [Is]. On the planar Al,O, 
substrates relatively few high binding energy [Rh(CO),Cl], adsorption sites 
are present; therefore, the very mobile [Rh(CO),Cl], agglomerates into large 
[Rh(CO),Cl], crystallites and forms large Rh particle upon subsequent decom- 
position. These results demonstrate the importance of the substrate in control- 
ling Rh particle size for supported Rh particles while confirming the mecha- 
nism proposed earlier [15] to explain the substrate dependence of [Rh(CO),Cl], 
decomposition. 

Data for adsorption of [Rh(CO),Cl], onto hydroxylated Al,O, films were 
also obtained showing an interaction of [Rh(CO),Cl], with surface OH 
species. After annealing an adsorbed [Rh(CO),Cl],. The experiments also 
show that HREELS can be useful for the study of model catalysts such as the 
one prepared. Although the resolution is degraded by about 60% compared to 
ideal conditions for HREELS, useful vibrational data were still obtained for 
Rh supported on Al,O,. 
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