Article
pubs.acs.org/JPCC

Comparison of the Surface and Subsurface Oxygen Reactivity and
Dynamics with CO Adsorbed on Rh(111)
K. D. Gibson, D. R. Killelea, and S. J. Sibener*
The James Franck Institute and Department of Chemistry, The University of Chicago, 929 E. 57th Street, Chicago, Illinois 60637,
United States
ABSTRACT: The translational and angular intensity dependence of CO2 produced from the
reaction of CO with an initial oxygen coverage of 0.5 ML ≤ ΘO ≤ 1.6 ML on Rh(111) at a
surface temperature of 450 K was measured. This range of coverages goes from only surface
absorbed O to both adsorbed and selvedge absorbed O. The measured CO2 translational
energy is independent of ΘO and is larger than steady-state experiments [Colonell et al. J.
Chem. Phys. 1995, 103, 6677], which were done at lower O coverages, but follows the trend
that higher ΘO leads to faster CO2. The angular dependence of the intensity is well-described
by a sharply peaked function of the form I = a cosn(θ) + (1 − a) cos(θ), with a = 0.6 and n =
8.6. Again, this was consistent with the previous steady-state results. These observations point
to a similar reaction geometry regardless of ΘO; the measured dynamical parameters are independent of whether or not some of
the O is subsurface and suggest that absorbed oxygen in the selvedge acts only as a reservoir for replenishing reagent as it is
consumed.
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ments are given by the Goodman group4,5,10 for CO oxidation
and Stoltze and Nørskov11 for ammonia synthesis.
The energy and angle at which the desorbing products of
surface reactions, measurements made under UHV conditions,
can give insight into the dynamics of the reaction.1−3 The
direction and energy of the reaction products relative to the
surface normal provides key information on the orientation of
the transition state and where the reaction takes place on
stepped surfaces. Measuring how the energy liberated during
the reaction is partitioned into the products yields valuable
insight into the reaction mechanism.
In this paper, we will show results for the oxidation of CO on
Rh(111). The experiments were done with surface concentrations of ab- and adsorbed oxygen between 0.5 and 1.6
monolayers (ML = 1.6 × 1015/cm2). This is a continuation of
our earlier work on the same system.12,13 These earlier
experiments measured both the translational energy and the
intensity of the desorbing CO2 as a function of scattering angle
(θ, measured from the surface normal) for surface temperatures
between 450 and 1000 K. The measurements were done under
UHV conditions utilizing simultaneous molecular beam dosing
of the reactants but were only able to achieve low surface
oxygen concentration (ΘO ≤ 0.3 ML). In the experiments
described in this paper, we ﬁrst load the surface with O and
then expose it to a CO beam; this allows us to look at CO2
production under much more oxidizing conditions. Further, we
do these experiments at an elevated surface temperature (450
K) in an attempt to simulate normal catalytic conditions.
Under UHV conditions, the highest easily attained coverage
of adsorbed O when using O2 dosing is 0.5 ML.14−17 Higher

INTRODUCTION
The catalytic activity of metal surfaces is technologically
important, and many techniques for studying the heterogeneous catalysis of gaseous species have been developed in an
eﬀort to understand the fundamental reaction mechanisms.1−9
These techniques span a tremendous pressure range from
ultrahigh vacuum (UHV) (∼10−10 Torr) to many Torr. Often,
the information obtained in experiments done in diﬀerent
pressures regimes is complementary, but a particular approach
can only be implemented in a narrow window at one end of the
pressure range. For instance, it would be diﬃcult to measure
the speed and angular distribution of desorbing reaction
products at an ambient pressure of 10 Torr (mean free path
much less than a mm), but the measurements are possible at
10−10 Torr (mean free path on the order of a km). Likewise, if
the sticking coeﬃcient is low, it is diﬃcult to achieve high
reactant concentrations on the surface at low pressures, but
high concentrations occur at high pressures as a result of the
larger reactant ﬂux.
Often, it is the reactions at the higher pressures that are of
the most interest because industrial processes take place under
many atmospheres of pressure. Furthermore, environmentally
important chemistry also takes place at the higher end of the
pressure range of the experiments. But many techniques for
elucidating the dynamics of the reactions work best at very low
pressures. One of the major challenges facing surface science is
reconciling the so-called “pressure gap”, where measurements
at one end of the pressure range seem to contradict those made
at the other end. This is not a gap in phenomena as much as it
is a gap in our understanding of the fundamental properties of
reactions on metal surfaces. There are many examples where
high- and low-pressure measurements have been reconciled;
examples of the blending of low- and high-pressure measure© 2014 American Chemical Society
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distribution with n ≈ 9 and had an average translational energy
several times greater than thermal. At higher TS, the
translational energy of the desorbing CO2 concomitantly
increased, with a slope of ∼8.7kBTS for TS ≤ 700 K.12 The
prefactor a also increased with increasing TS.
As mentioned, one problem with steady-state experiments
under UHV conditions is that there can be a limit on the
reactant coverages that can be attained, at most ΘO = 0.3 ML
for the Colonell et al. experiments.12 As described earlier, we
expect that all of the O was adsorbed. In the experiments to be
described, we initially loaded the surface with O and then
exposed it to CO. This allowed us to measure dynamical
parameters under conditions of much higher ΘO, including
measurements where there was both ad- and absorbed O.

coverages are only attained after large exposures well above
room temperature.18−21 Another method to achieve high ΘO
on Rh(111), and with much smaller exposures, is to use NO2
dosing.16,19 For 0.5 ML < ΘO ≤ 1.0 ML, it is not entirely clear
whether the oxygen atoms are all adsorbed or if some are
absorbed. Köhler et al.21 determined that surface structures
having an ΘO of 2/3 or 3/4 were possible at 400 K. Gibson et
al.17 were able to grow a stable (1 × 1) adsorbed overlayer
using O atom dosing. However, as inferred by He diﬀraction
measurements, some probably migrated below the surface
within 5 min at temperatures above 400 K. Wider et al.,18 using
X-ray photoelectron diﬀraction, determined that when there
was ∼0.83 ML of adsorbed O, there was ∼0.05 ML of absorbed
O. Ganduglia-Pirovano et al.22,23 calculated that the (1 × 1)
overlayer will form before any oxygen is incorporated into the
selvedge. As always, it is worth pointing out that the
experiments were all done on real crystals that have a small
number of steps and defects, rather than the perfect crystal
models used in the calculations. For even larger doses of O2 or
NO2, O becomes incorporated below the ﬁrst layer of Rh. At
ΘO = 2 ML, the resulting structure is an O−Rh−O trilayer.24,25
This is the most likely state for the results to be presented.24
Ganduglia-Pirovano et al. predict that for ΘO < 2 ML the
subsurface oxygen forms (1 × 1) islands.23 It is important to
note that for all of these structures the surface O occupies
hollow sites.
The CO + O reaction occurs via a Langmuir−Hinshelwood
mechanism;6,26 both O and CO are adsorbed on the surface
before reaction. Therefore, it is important to understand where
on the surface the CO is adsorbed and how signiﬁcant is the
bias toward a particular adsorption site. Thus far, most of the
experimental measurements have been made at room temperature or below.16,27−29 These involved either 0.25 or 0.5 ML of
preadsorbed O, and the consensus is that, at least for low CO
coverages, the CO adsorbs at on-top sites. Theoretical
calculations further support this binding geometry.29−31 As
the CO coverage increases, however, it can move from on-top
sites and into bridge and hollow sites. For instance, Schoiswohl
et al.28 have some CO adsorbed at hollow sites when ΘO = 0.25
ML and ΘCO = 0.5 ML.
Information about the dynamics of surface-catalyzed
reactions can be obtained from the intensity and translational
energy of the desorbing products, as reviewed by Kislyuk.32
Two studies speciﬁcally investigated the dynamics of CO
oxidation on Rh(111) surfaces by measuring the desorbing
CO2 product. A temperature-programmed reaction (TPR)
study by Matsushima et al.33 examined the angle-resolved
intensity of desorbing CO2 after exposure of the cold (100 K)
Rh(111) surface to CO and O2. In these experiments, the O
dose was low (1.4 langmuirs), and with a 100 K surface, the
coverage could never have been above 0.5 ML and probably
less.19 They did not measure the translational or internal
energies of the desorbing CO2 but did ﬁnd that the intensity
was sharply peaked toward normal. The Sibener group looked
at the angle-resolved desorption and translational kinetic energy
of the CO2 product.12,13 This was done under steady-state
conditions and elevated surface temperatures (TS = 475−1000
K). The results showed a bimodal energy distribution, with an
intensity distribution having an angular dependence of the form
a cosn(θ) + (1 − a) cos(θ), where θ is the scattering angle. The
thermalized portion (⟨E⟩ = 2kBTS, where kB is Boltzmann’s
constant) had a characteristic cos(θ) intensity distribution. The
second component was described by a cosn(θ) intensity

■

EXPERIMENTAL SECTION
These experiments were done in a UHV scattering chamber,
base pressure 2 × 10−10 Torr. Up to three molecular beams
could overlap on the target crystal. Any molecules that left the
surface could be detected by a rotatable and diﬀerentially
pumped quadrupole mass spectrometer (angular resolution of
∼1°). Translational energies were determined by time-of-ﬂight
(TOF) measurements, using a rotating chopper wheel that
passed or blocked molecules with a pseudorandom pattern of
slots. This cross-correlation technique allowed for a 50% duty
cycle, which resulted in robust counting statistics.
The experiments were performed using a Rh(111) single
crystal that was cut to within 1° of the (111) face, as
determined by Laue X-ray backscattering. The crystal was
welded to a manipulator which allowed for resistive heating.
The sample was cleaned by a combination of Ar+ bombardment
and O2 exposure at 900 K. Annealing of the surface was done at
∼1250 K. For normal cleaning during the course of these
experiments, it was only necessary to use the O2 exposure at
900 K, followed by a 3 min anneal at ∼1250 K. Cleanliness and
surface order were determined by Auger electron spectroscopy
(AES) and He atom scattering.
The molecular beams were formed by expanding ∼150 Torr
of the pure gas (O2 or CO) through a 200 μm pinhole oriﬁce in
the source vacuum chamber. The beams passed through three
regions of diﬀerential pumping before entering the UHV
scattering chamber and could be blocked with beam ﬂags in the
second diﬀerential pumping region. No attempt was made to
characterize these beams, though from previous experience
making beams under similar conditions, the ﬂux was on the
order of 0.1 ML/s, and the average translational energy was
80−90 meV with a very large spread of velocities.
The key to these experiments is preparing the Rh(111)
surface with varying amounts of oxygen on the surface and in
the selvedge. For lower ΘO, this is easily done at elevated TS
(450−600 K). For example, only a 5 min exposure at TS = 450
K is required to produce a half-monolayer of adsorbed O. Once
the full half-monolayer O coverage is achieved, the reaction of
O2 with the surface is very slow, even at TS = 600 K.19 Much
quicker is the use of NO2,19 at either 525 or 600 K. After O
dosing, the crystal was then cooled to 450 K before being
exposed to CO.
A surface temperature of 450 K was chosen because the rate
of CO2 evolution was greater than at more elevated
temperatures. This was determined by isothermal titration
experiments, where the total CO signal was collected during
successive 5 s intervals; examples are shown in Figure 1. At least
for ΘO = 0.5 ML, as the surface temperature increased, the rate
14978
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where Ai, vi, and si are all ﬁtting parameters. The choice of
ﬁtting function is somewhat arbitrary, so the individual
parameters may not have any good physical meaning. However,
the ﬁt is good and gives us a probability distribution with which
to calculate the average energy as well as the integrated
intensity. After exposure to the CO beam, there was no oxygen
left on, or in, the Rh(111), as veriﬁed with AES.33
Since no O remains after CO exposure, the total oxygen
coverage was determined by the CO2 yield. The integrated CO2
signal was referenced to that from ΘO = 0.5 ML. A halfmonolayer coverage of O was easily attained with a few minute
exposure of O2 at TS = 450 K.19 That there was a halfmonolayer could be conﬁrmed with He atom scattering (the (2
× 1)-O coverage gives a distinct diﬀraction pattern) and an
absence of the low-temperature peak in the thermal desorption
spectrum.34

Figure 1. CO2 signal from CO titration experiments for various ΘO
adsorbed on and absorbed into the Rh(111) surface. The surface was
ﬁrst dosed with the indicated reagent (TS = 450 or 600 K for O2 and
525 K for the NO2) and then cooled to 450 K. The CO2 signal was
collected in 5 s increments, and the start of the CO exposure is
indicated by the arrow.

■

RESULTS AND DISCUSSION
Figure 3 shows the total average translational kinetic energy,
⟨ET⟩, as a function of θ, and Figure 4 shows the total intensity

at which the CO2 was produced decreased; CO2 production
continued for a longer time interval, and so the intensity and
signal-to-noise ratio were lower. This T S also closely
corresponded to the lowest temperature studied in the
steady-state experiments.12
CO2 translational velocities were measured by starting the
TOF data collection and immediately opening the ﬂag blocking
the CO beam. The data collection time was determined by the
results of the isothermal titration experiments and was usually
80 s. The detector had a large m/e = 44 signal, so 13CO was
used to improve the statistics, and several identical experiments
were run and the data added for the ﬁnal result. Representative
TOF spectra, deconvolved from the cross-correlation pattern,
are shown in Figure 2, along with a ﬁt to the data from the
largest ΘO (1.6 ML). The ﬁt is from a nonlinear least-squares
program using the sum of two shifted Maxwell−Boltzmann
velocity distributions

Figure 3. Total average translational energy (⟨ET⟩) of 13CO2 as a
function of θ and ΘO. The diﬀerent data sets are labeled by ΘO and
reagent.

as a function of θ. Obviously, there was more signal for ΘO =
1.6 ML, and the dosing only took 10 min at TS = 525 K. And
since there is ample subsurface oxygen present, this is the
coverage for which we took the most data. However, in Figure
3 there are also some results for ΘO = 0.5 and 0.8 ML from O2
dosing. Within the precision of our measurements, the results
are identical for 0.5 ML ≤ ΘO ≤ 1.6 ML.
In Figure 4, just the data for ΘO = 1.6 ML are plotted. The
line through the points is a least-squares ﬁt to IT = a cosn(θ) +
(1 − a) cos(θ), with a = 0.6 and n = 8.6. As mentioned, the
spectra were ﬁt to two arbitrary Maxwell−Boltzmann
distributions. However, the normal assumption of the angular
intensity model is that the cos(θ) term is due to molecules
equilibrated to TS with ⟨EE⟩ = 2kBTS and vi = 0.32 This was the
approach used our steady-state experiments12 but led to a
modiﬁcation of the velocity distribution for the fast molecules.
For a comparison to the previous paper, we simply extracted
the average energy of the fast component, ⟨EF⟩, assuming that
the cos(θ) distributed component was thermalized with the

Figure 2. Example TOF spectra (deconvolved for the cross-correlaton
pattern) for 13CO2 produced by exposure of a 450 K Rh(111) surface
to 13CO after the indicated amount of O was adsorbed and absorbed.
The ﬁt (solid line) is for the initial ΘO = 1.6 ML. The intensities have
been adjusted so that the maximum for each of the spectra has the
same value.
14979
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hollow site reacts with a CO on a neighboring atop site, leading
to a bent transition state geometry.37 As surface O is reacted
oﬀ, the subsurface O moves to the surface and takes its place. It
is important to note that subsurface O appears to simply act as
a reservoir to replenish surface O. This is in contrast to H
reacting with hydrocarbons on Ni, where it is the subsurface
atoms that are the reactive species.38,39
It is also worth noting the diﬀerences in the results of the
titration experiments (Figure 1). For ΘO ≤ 1.0 ML, the CO2
peaks occur promptly regardless of which reagent (O2 or NO2)
was used. For the higher coverages, there is some lag in the
CO2 production. This is much more noticeable for the results
with NO2 dosing. For the experiments using NO2 shown in the
ﬁgures, exposure was done at TS = 525 K. When the NO2
exposure was done at TS = 600 K, the results were similar, with
slightly more CO2 being produced, presumably because slightly
more O was absorbed. At TS = 600 K, any N or NO from NO2
decomposition should deﬁnitely be desorbed.40 It was
suggested by Lundgren et al.41 that the CO only sticks to
steps or defects on the O−Rh−O surface. This leads to a slow
rate at the beginning of the CO exposure, increasing as areas
where the subsurface O has been depleted increase. If the CO
can stick and react on areas where O is only adsorbed, or on
defects in, or the edges of, O−Rh−O islands, the result would
be slower initial reaction rates for larger initial ΘO. Although
there appear to be diﬀerences in the rates, the energy and
angular distribution of the CO2 product was not aﬀected.
Simulations of potential energy landscapes and rate processes
for the coverage dependent surface and subsurface reaction
pathways described in this paper for Rh(111), in a similar vein
to recent work on metallic (100) surfaces,42 would further
enrich these ﬁndings.

Figure 4. Angular dependence of the intensity (IT) of 13CO2 for ΘO =
1.6 ML. The line is a ﬁt to IT = a cosn(θ) + (1 − a) cos(θ), with a =
0.6 and n = 8.6.

surface, IT = a cosn(θ) + (1 − a) cos(θ) = IF + IE, and ⟨ET⟩ =
(⟨EF⟩IF + ⟨EE⟩IE)/IT. Using T =450 K and ⟨EE⟩ = 77.55 meV,
⟨EF⟩ ≃ 320 meV for θ ≤ 30°.
During the course of these experiments, the oxygen coverage
was decreasing throughout the duration of the CO exposure.
Thus, the observed CO2 evolution was integrated over a
continuum of ΘO. However, the results for the average energy
shown in Figure 3 would argue that this does not make much
diﬀerence, at least for 0.5 ML ≤ ΘO ≤ 1.6 ML. (Though not
shown, the intensity ratios between θ = 15° and 50° at ΘO = 0.5
and 0.8 ML are also consistent with the high coverage results
shown in Figure 4.) For the steady-state experiments examined
in Colonell et al.,12 the prefactor (a) in the angular distribution
of CO2 intensity showed a strong TS dependence, going from
∼0.6 at TS = 475 K to ∼0.8 at 800 K.12,13 We found that a = 0.6
at TS = 450 K, consistent with the low TS results. As for the
average energy of the fast component (⟨EF⟩) at near normal θ,
we found it to be signiﬁcantly higher (320 meV) than the
steady state results for TS = 475 K and ΘO ≤ 0.3 ML. However,
it ﬁts in with the trend shown in Colonell12 (Figure 10) that
⟨EF⟩ increases with increasing ΘO, going from ∼210 meV at ΘO
= 0.1 ML to ∼240 meV at ΘO = 0.3 ML.
Interestingly, the surface coverage of oxygen atoms appears
to have little eﬀect on the energy or angular distribution of the
CO2 product. There is remarkable agreement between the
results of the previous study12 conducted at low oxygen
coverage to those gathered here at much higher total oxygen
coverages. Also, as clearly shown in Figure 3, there seems to be
no diﬀerence for 0.5 ML ≤ ΘO ≤ 1.6 ML, which spans a
coverage range from all adsorbed to at least 0.6 ML absorbed.
Another aspect of the surface warrants discussion, and that is
the alteration of the rhodium oxidation state in the presence of
high oxygen coverage on the surface and in the selvedge. At the
temperature and pressure of our dosing (TS ≤600 K and
pressure at the surface ∼10−7 Torr), the higher ΘO coverage
was probably in the form of the O−Rh−O trilayer.23,24,35 For
ΘO < 2.0 ML, the adsorbed layer is complete, and the partial
absorbed layer possibly forms subsurface islands.23 The
dynamics are consistent with the adsorption sites discussed in
the Introduction. At 450 K, the ΘCO is low, probably much less
than a monolayer, since the ﬂux is low and the desorption rate
is high on either clean Rh(111)36 or coadsorbed with O.33 As
discussed in the Introduction, the O occupies hollow sites and
the CO tends to occupy atop sites. The O adsorbed on a

■

CONCLUSIONS
In this paper, we described experiments where we measured the
translational energy and angular intensity dependence of CO2
produced from the reaction of CO with Rh(111) having 0.5
ML ≤ ΘO ≤ 1.6 ML at TS = 450 K. This spans coverages that
have only absorbed O to ad- and absorbed O. The CO
translational energy is independent of ΘO. It is higher than the
steady-state experiments done by Colonell et al.,12 which were
done at lower O coverages, but follows the trend that higher
ΘO leads to faster CO2. The angular dependence of the
intensity ﬁt well to the form I = a cosn(θ) + (1 − a) cos(θ),
with a = 0.6 and n = 8.6. Again, this was consistent with the low
TS of the previous steady-state results. These observations point
to a similar reaction geometry regardless of the ΘO.
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(21) Köhler, L.; Kresse, G.; Schmid, M.; Lundgren, E.; Gustafson, J.;
Mikkelsen, A.; Borg, M.; Yuhara, J.; Andersen, J. N.; Marsman, M.;
et al. High-Coverage Oxygen Structures on Rh(111): Adsorbate
Repulsion and Site Preference Is Not Enough. Phys. Rev. Lett. 2004, 93
(266103), 1−4.
(22) Ganduglia-Pirovano, M. V.; Scheffler, M. Structural and
Electronic Properties of Chemisorbed Oxygen on Rh(111). Phys.
Rev. B 1999, 59, 15533−15543.
(23) Ganduglia-Pirovano, M.; Reuter, K.; Scheffler, M. Stability of
Subsurface Oxygen at Rh(111). Phys. Rev. B 2002, 65 (245426), 1−9.
(24) Gustafson, J.; Mikkelsen, A.; Borg, M.; Lundgren, E.; Köhler, L.;
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