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Abstract
Rh/SiO2 model catalyst surfaces are prepared under ultra-high vacuum conditions and
examined in situ using scanning tunneling microscope and CO infrared reflection absorption
techniques, to quantify the number and kinds of active Rh surface sites available for kinetic
reaction (CO oxidation) as a function of Rh particle size. The results are compared against CO
desorption measurements and elevated pressure CO oxidation reaction kinetics, to evaluate the
extent of the correlation between the low and elevated pressure site characterization techniques.
Data demonstrate that estimates of Rh active sites exhibit good agreement between the
characterization methods and illustrate the utility of low pressure surface science
characterization techniques in understanding elevated pressure reaction kinetics on model
catalyst surfaces.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Oxide supported metal nanoparticles comprise the active phase
of many heterogeneous catalysts. Fundamental studies of
technical catalyst surfaces on a molecular level can be difficult
due to the complicated nature of the catalyst surface (porosity,
residual synthesis materials, etc). This poses a challenge for
the study of catalytic reactions, as the selectivity and activity of
many reactions exhibit a dependence on particle size (e.g. CO
oxidation on Au particles [1]) and/or exposed surface structure
(e.g. C2H6 hydrogenolysis on Ni surfaces [2]). In such
reaction systems, accurate surface characterization becomes
critical to understanding and designing more selective and
active catalysts. To overcome the difficulties in characterizing
the active surface of technical catalysts, ‘model’ catalyst
surfaces, consisting of well-defined particles on a planar
oxide support, have been successfully employed to study the
properties and behavior of catalytically active particles [3–8].
Often, such surfaces are generated via various deposition
techniques in ultra-high vacuum (UHV) environments [9–22]
where low pressure analytical techniques (STM, temperature
programmed desorption (TPD), Auger electron spectroscopy
(AES)) can be employed to study the surface. When coupled
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with a contiguous high pressure reactor, kinetic reactivity
measurements can be conducted on these surfaces under
pressures approaching those more typical of working catalysts
(approaching 1 atm). Bridging the divide between these
pressure regimes has been a challenge for researchers, as
elevated pressure conditions can modify the active surface in
certain systems [23]. Understanding the extent of correlation
between characterization studies conducted via low pressure
and elevated pressure techniques is an important part of
bridging the pressure gap.

To gain further insight into this issue, we have performed
studies characterizing Rh/SiO2 model catalyst surfaces under
both low and elevated pressure environments. Three different
techniques, conducted under low pressure (STM, CO TPD)
and elevated pressure (CO2 oxidation kinetics) conditions, are
employed to estimate Rh active sites (sites cm−2) as a function
of Rh coverage. CO infrared reflection absorption (CO-
IRAS) spectroscopy is employed to probe particle morphology
as a function of particle size. Active site estimates from
the three techniques are compared and demonstrate general
agreement between the three methods of site characterization.
These results illustrate that characterization of model catalyst
surfaces conducted under low pressure conditions can provide
useful insights into the nature of catalytically active particle
surfaces under elevated pressures.
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2. Experimental details

Experiments were conducted in a coupled high pressure
reactor–UHV surface analysis chamber described previously,
which allows for in situ translation of surfaces prepared in the
UHV chamber into the reactor cell [24, 25]. A Rh(111) sample
(circular disk, 0.963 cm diameter) was used for single crystal
reactivity, TPD and IRAS measurements. A Mo(112) single
crystal sample (circular disk, 0.986 cm diameter) was used as a
substrate for Rh/SiO2 model catalyst growth. Model catalyst
surfaces were generated using vapor deposition techniques
discussed previously [25–27] in two steps: (1) preparation of
SiO2 film on the Mo(112) substrate and (2) vapor deposition
of Rh metal on the SiO2 film at T = 300 K. SiO2 films
for reactivity studies were approximately 5 ML thick, as
determined by attenuation of the Mo(187 eV) AES feature.
Rh coverages are reported in monolayer (ML), as determined
from AES breakpoint analysis of Rh deposited on Mo(112);
Rh(302 eV)/Mo(187 eV) AES ratio = 0.5 corresponds to
1.0 ML Rh [25]. Elevated pressure CO oxidation reactions
were conducted in a batch reactor mode using a baratron gauge
method described previously [28]. Ultra-high purity (UHP)
CO was further purified via molecular sieve and LN2 trapping;
UHP O2 was used without further purification.

CO-IRAS measurements were conducted with a Mattson
Cygnus 100 infrared spectrometer. The model catalyst
surfaces were prepared and translated in situ to the contiguous
IR/reaction cell, which is equipped with CaF2 windows. Prior
to CO-IRAS measurements, Rh/SiO2 surfaces were cleaned
with O2 (5 × 10−6 Torr, 600 K, 10 min). The IR beam
impinged the sample through the CaF2 windows with an
incident angle of 85◦ with respect to the surface normal.
IR spectra were typically collected using 512 scans (spectra
resolution 4 cm−1) with a liquid nitrogen-cooled mercury
cadmium telluride (MCT) detector. Absorbance is calculated
with respect to a reference spectra taken of the clean Rh/SiO2

sample at T = 300 K.
STM measurements were conducted in a separate vacuum

system. Rh particles were deposited on an ultra-thin (1 ML
SiO2) film at T = 300 K under UHV conditions. The ultra-
thin silica film was prepared by the oxidization of deposited Si
atoms on Mo(112) and subsequent annealing to remove multi-
layer SiO2. Prior to Si deposition, the sample was flashed to
2100 K and then oxidized in 5 × 10−8 Torr O2 at 850 K for
7 min. A p(2 × 3)-O surface was obtained after the oxidation.
The silica film was then prepared by depositing less than 1 ML
Si onto a Mo(112)–p(2 × 3)-O surface, followed by annealing
at 800 K in 5 × 10−8 Torr O2 for 5 min then increasing the
temperature to 1200 K for an additional 10 min. This Si deposi-
tion/oxidation/annealing procedure was repeated several times
until a constant Si/Mo AES ratio was achieved. The silica film
was then annealed in UHV at 1200 K for 5 min. Rh coverages
were calibrated via AES breakpoint analysis, and exhibited
results identical to samples used for reactivity measurements.

3. Results and discussion

3.1. STM measurements of Rh/SiO2 particles

Shown in figures 1(a)–(c) are representative particle his-
tograms (particle count versus dp (nm)) for 0.5, 1.0 ML, and

Figure 1. (a)–(c) Particle histogram data (particle count versus dp

(nm)) for 0.5, 1.0 ML, and 2.0 ML Rh/SiO2 surfaces, respectively.
Average particle diameter 〈dp〉 and standard deviation of the
distribution (σ ) are reported for each coverage. Inset: Representative
STM image of the 0.5 ML Rh/SiO2 surface (image size:
50 nm × 50 nm). (d) Average particle diameter (nm) versus θRh (ML)
obtained from histogram data for 0.25–4.0 ML Rh/SiO2 samples.
Error bars represent standard deviation (±σ ) as determined from
particle histogram data at each θRh.

2.0 ML model catalyst surfaces. Shown in the inset of 1(d) is a
representative STM images for the 0.5 ML Rh/SiO2 surface.
Histogram data can be analyzed to determine the average
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particle size 〈dp〉 and standard deviation (σ ) for the as-prepared
samples. Shown in figure 1(d) is the average Rh particle
diameter (nm) versus θRh, obtained from particle histograms
collected from STM images of Rh/SiO2 samples of varying Rh
coverage (θRh), over the θRh = 0.25–4.0 ML coverage range.
As the data illustrate, mean particle size of the Rh particles
(bright spots in the image) and σ increase as a function of Rh
coverage. The largest change in particle size occurs between
0.25 and 1.0 ML θRh coverages, which corresponds to a change
from 1.0 to 2.9 nm diameter particles, respectively. Particle
heights measured from the Rh/SiO2 surfaces indicate an aspect
ratio (h/dp) of approximately 0.4, consistent for particles of all
sizes, and suggest Rh particles form a pseudo-hemispherical
shape at the silica film surface. As further characterization
data and analyses will demonstrate, figure 1(d) can provide
a relation between average particle size and θRh of model
surfaces used for elevated pressure kinetic studies.

3.2. CO-IRAS of Rh/SiO2 and Rh(111) surfaces

Infrared spectra of CO adsorption on Pt-group metals can offer
insights into the nature of particle morphology and available
CO binding sites on the Rh/SiO2 surfaces. CO stretching
frequencies (vCO(cm−1)) exhibit shifts based on CO binding
environment (e.g. atop, bridging, three-fold hollow) [29].
Shown in figure 2(a) inset is a CO-IRAS spectra obtained
from a CO saturated Rh(111) surface at T = 300 K, for
reference comparison to the Rh/SiO2 samples. In accord
with previous detailed IRAS and HREELS studies of the
CO/Rh(111) system, CO adsorbs in atop positions (feature at
vCO = 2064 cm−1) and three-fold hollow positions (feature
at vCO = 1865 cm−1) at saturation coverages [30–33]. As
temperature is increased (data not shown for Rh(111)), the
CO coverage is decreased, resulting in the disappearance of
the three-fold hollow feature followed by dipole induced peak
shifts to lower wavenumbers of the atop CO feature. Shown in
figures 2(a) and (b) are representative temperature dependent
CO-IRAS spectra obtained from 〈dp〉 = 2.9 nm (θRh =
1.0 ML) and 〈dp〉 = 3.7 nm (θRh = 4.0 ML) Rh/SiO2 surfaces.
CO spectra are obtained at �T = 25 K increments in an
environment of P = 5 × 10−7 Torr CO, starting from an
initial temperature of T = 300 K. At saturation coverages, CO
exhibits an atop adsorption feature at vCO = 2070–2075 cm−1

on both the 2.9 and 3.7 nm Rh/SiO2 surfaces. A less
intense, broad adsorption feature is observed between 1875 and
1975 cm−1 for the 3.7 nm (4.0 ML) surface at T = 300 K; as
will be discussed shortly, this feature is similar to a bridging
bound (2- or 3-fold coordinated) CO binding feature which
has been observed on previous studies of Rh/Al2O3 [9, 10]
and Rh/TiO2 model catalysts [34]. As the temperature is
increased, CO-IRAS spectra exhibit trends in agreement with
previous observations of CO on Rh surfaces. With increasing
T , the CO surface coverage is decreased due to an increase
in the CO desorption rate, as evidenced by the concomitant
(1) decrease in IRAS signal intensity and (2) peak shift to lower
wavenumbers. This shift to lower wavenumbers is consistent
with decreased dipole coupling of the CO molecules as CO
coverage is decreased. Surface concentration of CO is below

Figure 2. (a) Temperature dependent CO-IRAS spectra obtained for
CO adsorption on a 〈dp〉 = 2.9 nm (1.0 ML) Rh/SiO2 surface. Initial
temperature T = 300 K, T is increased in �T = 25 K increments
for IR spectra collection. Inset: CO-IRAS spectra of saturation CO
coverage on Rh(111) single crystal at T = 300 K. (b) Temperature
dependent CO-IRAS spectra obtained for CO adsorption on a
〈dp〉 = 3.7 nm (4.0 ML) Rh/SiO2 surface. Initial temperature
T = 300 K, T is increased in �T = 25 K increments for IR spectra
collection.

detection limit above temperatures of T = 550 K for all the
surfaces studied. Similar temperature dependent CO-IRAS
behavior was observed for all coverages studied (0.5–10 ML).

Figure 3 shows CO-IRAS spectra obtained in PCO =
5 × 10−7 at room temperature, T = 300 K, for various
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Figure 3. (a)–(e) θRh dependent CO-IRAS spectra for coverages
(a) 0.5 ML, (b) 1.0 ML, (c) 2.0 ML, (d) 4.0 ML, (e) 10 ML Rh. All
spectra obtained in PCO = 5 × 10−7 Torr, T = 300 K. Average
particle sizes for coverages 〈dp〉 denoted in spectra.

θRh coverages (0.5–10 ML). As one would expect, CO-IRAS
intensity increases as Rh coverage is increased. A slight shift
(2070–2075 cm−1) in vCO to higher wavenumbers is observed
as the coverage (and particle size) is increased. This slight
shift could be due to increased dipole–dipole coupling between
surface bound CO molecules, which may be more pronounced
on larger particles which could accommodate more CO (larger
close packed (111), (100) facets). As the Rh particle size is
increased (to 4.0 ML and above), the second, broad vCO feature
observed at lower wavenumbers becomes visible in the CO-
IRAS spectra; this vCO is consistent with a bridging bound
CO surface species observed in previous CO-IRAS studies of
Rh/Al2O3 surfaces [9, 10]. This bridging type feature is less
pronounced on the Rh/SiO2 surface prepared with lower Rh
coverages, presumably due to the lower amount of adsorbed
CO present on the surface, which attenuates the intensity of
the CO-IRAS features.

Detailed work by Freund and co-workers has examined
CO adsorption employing CO-IRAS on Rh/Al2O3 model
catalyst surfaces [9, 10]. Infrared spectra obtained by these
investigators on samples grown or annealed to T > 300 K,
also show atop (2080 cm−1) and bridging (1770–1950 cm−1)
bound CO features, similar to those observed in the present
study. Similarly, infrared studies of CO adsorption on technical
catalysts also show characteristic atop and bridging features
consistent with those observed in the present study [35, 36].
Features associated with Rh gem dicarbonyl Rh(CO)2 species
(vCO,sym ∼ 2090–2110 cm−1, vCO,asym ∼ 2020–2035 cm−1)
were not observed over the particle size ranges employed
in this study. These additional CO stretching features have
been observed in previous studies of highly dispersed, low
temperature prepared Rh/Al2O3 model catalyst surfaces [9, 10]
and infrared studies of CO adsorption on technical catalysts

surfaces under elevated pressure conditions [35, 36]. Though
found to be a rather inactive species for CO oxidation under
elevated pressure conditions (compared to atop-bridging bound
CO) [37–39], the absence of these features in the CO-
IRAS spectra allows additional insights into the nature of
our particle surfaces. Coupled STM and CO-IRAS studies
of Rh/Al2O3 model catalyst surfaces by Freund and co-
workers [9, 10], prepared at low temperatures (T ∼ 90 K)
with sub-monolayer Rh coverages, exhibit a gem dicarbonyl
stretching feature near vCO = 2117 cm−1, due to atomically
dispersed Rh(CO)2 species present at oxide defects. If Rh
is deposited at T = 300 K, Rh atoms have sufficient
surface mobility to form larger particles, eliminating the
concentration of highly dispersed Rh species [9, 10]. A
similar picture has been observed in CO infrared studies
of Rh/TiO2(110) model catalyst surfaces, which demonstrate
high temperature treatments of Rh particles can eliminate
dicarbonyl stretching features [34]. Infrared CO adsorption
studies on bulk catalyst surfaces are qualitatively consistent
with these observations [35, 36]. A survey study by Trautmann
et al of Rh clusters supported on various oxides (SiO2, Al2O3,
TiO2) demonstrate gem dicarbonyl CO features present in IR
spectra. These stretching frequencies are essentially constant
with increasing coverage (indicative of isolated sites) and
tend to attenuate with increasing temperature, observations
consistent with stretching features associated with isolated
Rh(CO)2-type species [35]. Studies by Cavanagh et al have
also demonstrated via infrared studies of alumina supported
Rh particles, that the presence of spatially isolated Rh(CO)2

dicarbonyl species is prevalent on highly dispersed samples,
which exhibit the characteristic gem dicarbonyl stretching
frequencies near vCO = 2101 and 2030 cm−1 [36]. It is
likely the case that our surfaces contain Rh particle sizes too
large and have been prepared at temperatures too high (T =
300 K) to produce a detectable concentration of dicarbonyl
surface species, as these species appear to be associated with
atomically dispersed Rh. This also suggests that CO induced
disruption of our Rh particles (breakup of particles to form
Rh(CO)2) [19] is not detectable via CO-IRAS for the particle
sizes employed, under the experimental conditions of the
infrared studies. To summarize, low pressure CO-IRAS studies
of Rh/SiO2 catalyst surfaces, prepared at T = 300 K across
the (〈dp〉 = 1–4 nm) range, exhibit CO species characteristic
of atop bound (vCO = 2070–2075 cm−1, at saturation T =
300 K) and bridging bound (vCO = 1875–1975 cm−1) CO
surface species, as observed previously in the literature.

3.3. Comparison of reactivity, chemisorption and STM active
site estimates

CO oxidation on Pt-group metal single crystal surfaces under
elevated pressure conditions is a well studied, benchmark
reaction system. Numerous investigations have demonstrated
that under elevated pressure conditions (pressures approaching
1 atm and CO-rich reaction conditions) and relevant catalytic
temperatures (T = 450–625 K), the CO oxidation reaction
on Rh exhibits structure insensitive behavior; i.e. observed
catalytic activity does not depend upon the underlying crystal
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Figure 4. (a) CO2 reaction rate data ((CO2 molecules formed s−1) versus 1000/T (K)) for a 1.0 ML Rh/SiO2 (•) and Rh(111) (◦) sample
(rate corresponding to one side of the Rh(111) sample). P = 8.0 Torr; (1/10) O2/CO gas mixture ratio. (b) CO2 turnover frequency (TOF
(CO2 molecules formed/site sec) versus 1000/T (K)) for a 1.0 ML Rh/SiO2 (•) and Rh(111) (◦) sample, as determined by normalization of
Rh/SiO2 data. P = 8.0 Torr; (1/10) O2/CO gas mixture ratio.

structure [40–44]. This view has been further validated
by the good agreement of single crystal data with high
surface area supported catalyst data [40–44]. Technical
catalyst studies employing different size Rh particles in
the CO-inhibited regime, have also verified this structure
insensitive behavior (<1–70 nm particles) [45]. Under
such conditions, CO2 formation is rate limited by the CO
desorption step, as CO blocks sites for O2 adsorption and
dissociation. This view agrees with the observed positive order
dependence on O2 pressure, negative order dependence on CO
pressure, and the similarity of the observed reaction activation
energy with the CO desorption activation energy [46].
Under sufficiently O2 rich reaction conditions and elevated
temperatures (under UHV conditions [12, 47, 48] or under
elevated pressures [40, 41, 49]), reactivity behavior can begin
to exhibit structure sensitivities; these reaction conditions are
not probed in the present study.

Due to the structure insensitivity of the CO oxidation
reaction under CO-rich reaction conditions, carefully con-
ducted elevated pressure measurements can provide a means
for characterizing the active surface sites of model catalyst
samples under elevated pressures, as the rate is proportional to
the number of active Rh sites. Shown in figure 4 are reactivity
measurements obtained on a 1.0 ML Rh/SiO2 samples under
highly CO-rich reaction conditions (O2/CO = 1/10), P =
8.0 Torr, along with concurrent data obtained on the Rh(111)
single crystal under identical conditions. Figure 4(a) shows
the CO2 production rate (CO2 molecules produced s−1) versus

1000/T (K). As the data illustrates, activation energy of
CO oxidation on the Rh/SiO2 surface and the Rh(111) single
crystal surface are similar (E ∼ 110 kJ mol−1). By
normalizing the reactivity data of the Rh/SiO2 surface of
figure 4(a) to the Rh(111) reactivity data, one can gain an
estimate of the number of active sites present on the Rh/SiO2

surface (figure 4(b)). For the case of the 1.0 ML Rh/SiO2

surface, this corresponds to 3.8 × 1014 total active sites.
By conducting this same exercise over a range of θRh =
(0.25–10 ML), one can estimate the number of active sites
as a function of θRh under elevated pressure conditions. The
results of these calculations, in terms of active Rh sites cm−2,
are displayed in figure 5. As expected, Rh sites cm−2 increases
as θRh increases, approaching a concentration near the Rh(111)
surface atom density at high θRh.

CO thermal desorption measurements can provide a
second method for active site characterization of Rh/SiO2

samples [25]. Rh/SiO2 samples are prepared with various
coverages (θRh = 1.0, 2.0, 4.0 and 10 ML), and saturation
doses of CO are delivered to the sample at low temperature
(T = 175 K, PCO = 4 L (1 Langmuir = 10−6 Torr s)). CO
saturated surfaces are the heated (ramp rate, β ∼ 5 K s−1)
and CO desorption is monitored via a quadrupole mass
spectrometer (m/z = 28) to obtain a measure of CO molecules
adsorbed to the Rh nanoparticle surfaces. By comparing
integrated TPD spectra from Rh/SiO2 surfaces to that from
a saturation dose on the Rh(111) surface, one can obtain an
estimate of Rh sites as a function of θRh. TPD experiments
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Figure 5. Estimates of active Rh sites cm−2 based on STM (�:
(assuming Rh(111) surface atom density), — �—: (assuming
Rh(100) surface atom density), �: (assuming Rh(110) surface atom
density)), CO TPD ( ), and elevated pressure reaction (•)
characterization techniques as a function of θRh.

were conducted (spectra not shown here) for Rh/SiO2 surfaces
of θRh = 1.0, 2.0, 4.0, and 10 ML, along with the Rh(111)
for calibration. TPD spectra exhibited desorption behavior
generally similar to that observed on Rh(111) and Rh model
catalyst surfaces [30, 50, 51] (CO desorption in the T =
300–500 K range). These observations are also consistent
with the CO-IRAS results of figures 2 and 3, which show
undetectable CO surface coverages above T = 550 K in
PCO = 2 × 10−7 Torr environment. Since the surface density
of Rh(111) is 1.6 × 1015 atoms cm−2, these measurements can
be employed to estimate the number of active Rh sites cm−2,
as shown in figure 5. As expected, Rh sites cm−2 increases
with increasing θRh. CO TPD spectra obtained from samples
with θRh < 1.0 ML exhibited features which were too
obscured by background CO desorption from the sample leads
for accurate integrations. We estimate that the error in TPD
measurements/integration is likely ±20% (error bars shown in
figure 5), due to such background effects.

As a third method for active site estimation, STM
histogram data (such as those displayed in figure 1) can be used
to estimate the number of active Rh sites cm−2 as a function
of θRh, using a few simplifying geometric arguments. First,
to remove the influence of tip apex in size measurement, we
calibrated the measured particle diameter based on the Rh
deposition rate. Assuming (1) the sticking probability of Rh on
the thin silica film is 1 and (2) all Rh particles were exaggerated
by the same factor, χ , due to the tip apex, we normalized the
total calculated volume of Rh particles to the total deposition

volume of Rh, by solving the equation,
∑n

i=1
πhi [3(ri χ)2+h2

i ]
6 =

Vdep. The volume equation of a spherical cap, πh[3r2+h2]
6 , is then

used here to calculate the volume of each Rh particle. Vdep is
the amount of deposited Rh, calculated from the flux rate of Rh

times the deposition time (flux rate of Rh is 0.045 ML min−1).
Calculations for coverages of θRh = 1.0, 1.5, 2.0, and 4.0 ML
samples were used (100 nm × 100 nm images).

Based on the calibrated particle height and diameter
(aspect ratio; (h/d) ∼ 0.4 across particle sizes), a geometric
estimate of the total surface sites of the UHV prepared sample
can now be calculated based on the equation for the spherical
cap surface, A = 2πrh for the range of θRh coverages above,
assuming a surface atom density of 1.6 × 1015 atoms cm−2

(Rh(111) surface atom density). The result of this calculation
is shown in figure 5. This assumption will likely provide
an overestimate of the number of active Rh sites as particles
approach smaller sizes and more corrugated surface facets. As
such, we have calculated the active site density assuming less-
densely packed facets for the Rh particles (Rh(100) = 1.45 ×
1015 atoms cm−2 and Rh(110) = 9.8 × 1014 atoms cm−2), as
shown in figure 5.

All three site estimation methods (CO TPD, CO2

reactivity, and STM) have been plotted in figure 5, which
displays Rh sites cm−2 as a function of θRh. The data illustrates
that general agreement is achieved between three methods,
with methods tracking well with one another as a function of
coverage. As expected, STM estimates using Rh(111) surface
atom density slightly overestimates the number of active sites
present on the Rh/SiO2 surface. Estimates employing Rh(100)
and Rh(110) surface atom densities (facets more characteristic
of smaller particles) begin to approach the reactivity and
TPD data to provide better agreement, though are still overall
slightly higher. We speculate that this slight disagreement
likely arises from the simplifying assumptions associated
with the geometric STM estimation method. CO TPD and
CO reactivity measurements show good agreement with one
another.

Taken together, we interpret these results to indicate that
the three characterization measurements employed provide
consistent estimates of the number of Rh active sites as a
function of θRh. This is surprising, considering the ∼1010

order of magnitude difference in pressure range over which
the characterization measurements were taken (STM, CO TPD
measurements: P = 10−10 Torr; CO oxidation reactivity
measurements: P = 8 Torr). The data suggest that, under
the conditions of our study, particle sizes obtained via STM
measurements appear to provide a reasonable estimate of the
particle sizes characteristic of those present during elevated
pressure reactivity measurements. As such, elevated pressure
reactivity measurements conducted on Rh/SiO2 surfaces,
which are calibrated by Rh coverage, can be related to a
measurement of average particle size 〈dp〉 (figure 1(d)) as
an approximation of particle size characteristic of reactivity
measurements. These characterization studies will provide
a useful benchmark for future studies of structure sensitive
reactions on model catalyst surfaces at elevated pressures,
reactions whose activity and selectivity are strongly dependent
on particle size. Additionally, these results affirm the structure
insensitivity of the CO oxidation reaction under CO-rich
conditions and illustrate the utility of model catalyst surfaces
in providing quantitative and qualitative reactivity data under
elevated pressures.
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4. Conclusions

We have performed studies characterizing Rh/SiO2 model
catalyst surfaces under both low and elevated pressure
environments. Three different techniques under low pressure
(STM, CO TPD) and elevated pressure (CO2 oxidation
kinetics) conditions were employed to estimate Rh active
sites (sites cm−2) as a function of Rh coverage. CO
infrared (IRAS) spectroscopy was employed to assess the CO
binding characteristics of the Rh/SiO2 surfaces. Our primary
conclusions are summarized below.

(1) Low pressure CO-IRAS measurements indicate atop and
multiply coordinated CO binding sites across the particle
size ranges (1–4 nm) examined. No CO-IRAS evidence
for Rh gem dicarbonyl species was observed. Stretching
frequencies are consistent with atop and bridging type CO
binding sites observed in previous infrared studies of Rh
surfaces.

(2) Estimates of Rh active sites based on three characteriza-
tion methods exhibit general agreement, despite the wide
range of pressure conditions over which characterization
measurements were conducted (10−10 Torr (UHV STM
and TPD measurements) and 8 Torr (elevated pressure
reactivity measurements)). The good agreement of
the TPD and reactivity measurements, and the broad
agreement of all three methods indicate that CO oxidation
measurements, run under CO-rich conditions, can provide
a reasonable estimate of the number of active sites present
on a Rh model catalyst sample. As such, elevated
pressure reactivity measurements on Rh/SiO2 samples,
which are calibrated by Rh coverage, can be related to an
estimate of average particle size 〈dp〉 based on the STM
measurements.

(3) The tandem use of model catalyst surfaces and well-
defined single crystal surfaces under identical reaction
conditions can provide useful insights into behavior of
model catalyst surfaces.
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[9] Frank M, Kühnemuth R, Bäumer M and Freund H-J 2000 Surf.
Sci. 454 968
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