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Abstract: The coadsorption of CO and NO on Rh(111) at room temperature was studied with scanning
tunneling microscopy (STM) in the catalytically relevant range of ∼1 Torr. For gas mixtures where NO is
not in large excess, a mixed layer with (2×2) structure is formed. The difference in binding energy between
CO and NO on top sites was determined from the measured surface (by direct counting in STM images)
and gas mole fractions of each species. A model for the molecular structure is proposed based on the
analysis of exchange events between CO and NO molecules in the images. In this model as the partial
pressure of NO increases, NO molecules occupy hollow sites first, by displacing CO, and top sites later,
where they coexist with CO. As the surface fraction of NO increases, favorable NO-NO interactions cause
the formation of segregated NO-rich regions. As with pure NO, a phase transition from the (2×2)-NO to
the (3×3)-NO structure takes place in the NO-rich regions at high NO concentration. These results
demonstrate the unique ability of STM to obtain molecular-level information under catalytic pressure
conditions.

1. Introduction

Scanning tunneling microscopy (STM) provides atomic and
molecular resolution images of surface metal atoms and
molecules adsorbed on surfaces as long as their motions along
the surface are slower than the scanning speed of the tunneling
tip, about 100 Å/s. We have constructed an STM instrument
that operates at high ambient pressures, up to 1 atm, the first of
its kind. The advantage of such a system is that it permits surface
studies with the adsorbed species in equilibrium with the gas.
Thus, we can obtain adsorption isotherms with molecular scale
details of surface structures of adsorbed molecules as the
coverage changes as a function of pressure.1

The interaction between coadsorbed CO and NO on rhodium
is of interest due to the reduction of NO by CO in automobile
catalytic converters. Modern engines produce exhaust gases with
combined CO and NO partial pressures of approximately 5 Torr.
Rhodium particles in the catalytic converter are responsible for
catalyzing the reaction CO+ NO f 1/2N2 + CO2. Nearly all
the kinetic models proposed2-13 agree (6 and 7 are exceptions)
that the initial steps are the adsorption of CO and NO followed

by the dissociation of NO. Although many studies in ultrahigh
vacuum (UHV) and in ambient pressures have been performed
in an effort to understand this reaction,14 a detailed molecular
understanding of the CO and NO structures and interactions in
the Torr pressure range has not previously been acquired.

In this paper we report on investigations of the coadsorption
of two molecules, CO and NO, at high pressures, in equilibrium
with the gas phase using our high-pressure STM. We detected
a mixed molecular surface structure with a (2×2) unit cell below
65% NO coverage. STM can monitor the exchange of CO and
NO as the partial pressures of these gases are varied. The
difference in CO and NO binding energies at top metal sites
has been determined and the surface segregation of NO is
monitored as the NO pressure is increased. The observations
can be explained by a model in which CO and NO occupy and
displace each other at top and hollow sites on the Rh(111) crystal
face.

2. Experimental Section

All experiments were carried out in a system consisting of an
ultrahigh vacuum chamber containing the surface science analysis and
preparation techniques, and a smaller chamber attached to it containing
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the STM.15,16The STM, from RHK Technologies, was operated in the
10-10-103 Torr pressure and 300-700 K temperature ranges. The base
pressure of the system was 5× 10-10 Torr, with the background made
up primarily of H2, CO, and water.

The sample was prepared by sputtering with 400 eV oxygen ions
for 10 min followed by annealing in a vacuum at 973 K for 2 min.
Just before the sample was exposed to CO or NO, it was flashed again
briefly to 973 K. The sample temperature was monitored with a
chromel-alumel thermocouple mounted in the sample holder in contact
with the edge of the crystal, and sample cleanliness was checked with
Auger spectroscopy. The clean, room-temperature sample was then
transferred to the STM chamber. Large-scale images of the sample
showed steps with no preferred orientation, with a spacing that
corresponds to a crystal miscut angle less than 1°.

To prevent dissociation of NO, a surface layer of pure CO was
prepared by establishing a background pressure of this gas of 10-7 Torr
over the entire system. Then the gate valve separating the STM chamber
from the chamber with the surface science instruments was closed.
Because the background pressure was kept while the gate valve was
being closed, CO was always the majority species in the gas phase.
NO was added later in the STM chamber, after the desired CO pressure
had been established. All STM images reported here were acquired
with the sample at room temperature.

3. Results

3.1. Mixed (2×2)-3(CO-NO) Structure. Figure 1a shows
an STM image of the (2×2) structure formed by CO and NO
after addition of 0.15 Torr of NO to the initial 0.50 Torr CO
pressure. Although most of the surface is covered with CO (each
spot corresponding to a top CO site), new spots 0.3 Å higher
than those from the surrounding CO appear (brighter spots).
These bright spots represent 1% of the total in this case. Figure
1b shows the surface in a gas mixture consisting of 0.70 Torr
of NO and 0.50 Torr of CO. In this case about a quarter of the
spots changed contrast from dark to bright. As will be discussed
below, the bright spots correspond to top-site NO molecules.

Figure 2 shows a plot of 1/xNO,t vs 1/xNO,g - 1, wherexNO,t

andxNO,g are the mole fractions of NO on surface top sites and
in the gas phase, respectively. The error bars were calculated
from scans averaging 500 molecules each. Due to the finite size
of the images it is not surprising that the larger error bars are
obtained at the smallest NO coverage. As discussed below the
slope of the straight line fit should be e-∆Et/kT. The energy∆Et

is the difference between the heats of adsorption of CO and
NO on top sites in the coadsorbed layer (ENO,t - ECO,t). Despite
the scattering in the data, the exponential relationship greatly
reduces the error in∆Et, which is found to be-66 ( 5 meV
()1.5 ( 0.1 kcal/mol).

3.2. Site Exchange Processes.When the surface is covered
with pure CO or NO, sequential images of the same area appear
identical, so that processes such as adsorption, desorption, and
diffusion on the surface cannot be observed. When the surface
contains both CO and NO, however, top site CO and NO can
be distinguished. Inspection of successive images indicates that
the surface remains remarkably unchanged except for a few
occasional events where a bright spot changes into a dark one
and vice-versa, indicating that CO and NO have desorbed,
exchanged, or moved. Figure 3 shows a pair of images, each
one acquired in 55 s, obtained sequentially on the same area of

the surface. Careful inspection reveals a few displacements and/
or substitutions, two of them marked with arrows. After
analyzing 10 successive images, each one containing roughly
400 top sites, 64 such events were recorded. This represents a
small fraction of the top sites experiencing any change (64 in
∼4000). The majority of events (56/64) correspond to CO and
NO molecules apparently exchanging place with neighboring
top sites. A much smaller fraction (5/64) corresponded to a
molecule moving two unit cells away, and just 3/64 events
resulted in the appearance or disappearance of a top-site NO
molecule.

3.3. NO Segregation and Phase Transformation.Another
interesting observation is that the spatial distribution of NO
molecules is not random, particularly when the top-site occupa-
tion is near 50% NO. As the images in Figure 3 show, there is
a preference for NO molecules to have other NO molecules in
neighboring top sites, with a tendency to form chains along the
substrate close packed directions.
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Figure 1. STM images of Rh(111) in equilibrium with a mixture of CO
and NO. These 120 Å× 120 Å images display a (2×2) pattern with a
corrugation of 0.1 Å, which is characteristic of the (2×2)-3CO structure.
The brighter unit cells are due to NO adsorption on the top sites; neither
CO nor NO can be seen when it is adsorbed on the hollow-sites. Image a
was taken in 0.50 Torr CO+ 0.15 Torr NO (I ) 150 pA,V ) 100 mV);
image b was taken in 0.50 Torr CO+ 0.70 Torr NO (I ) 224 pA,V ) 100
mV). The corrugation of the NO unit cells is 0.5 Å.
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When the NO partial pressure is two to four times greater
than the CO partial pressure, segregation of areas that are rich
in NO takes place producing bright and dark regions in the STM
images. The bright regions are dominated by NO and often have
elongated shapes as shown in the two images of Figure 4. At
sufficiently high NO pressure, eventually (3×3) areas develop
inside the bright NO-rich regions. The image in Figure 5 shows
an example of a (3×3) region (enclosed by the white broken
line) formed in the mixed CO-NO layer in equilibrium with
0.10 Torr of CO and 0.32 Torr of NO. As in the case of pure
NO, the contrast in the (3×3) cells is even higher than that in
the NO (2×2) cells.

The order of introduction of gases does not affect the final
state of the surface. By alternately increasing the NO partial
pressure and then the CO partial pressure, the surface structure
can be changed from (2×2) to (3×3) and vice versa several
times.

4. Discussion

4.1. Mixed (2×2)-3(CO-NO) Structure. Carbon monoxide
adsorbs molecularly17-23 forming many different structures.17,24-27

The densest layer has a (2×2)-3CO structure with a unit cell
containing one CO molecule in a top site and two molecules in
3-fold hollow sites.21-23,28,29At 300 K this structure forms above

10-6 Torr and persists until the CO pressure is at least 700
Torr.30 Two peaks, at 510 and 430 K, were observed by
temperature-programmed desorption (TPD), an indication that
indeed two adsorption sites exist with different binding energy.
The adsorption of NO is more complex because it dissociates
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Figure 2. Plot of top-site NO coverage and NO partial pressure. 1/xNO,t

was plotted vs (1/xNO,g - 1), wherexNO,t is the mole fraction of NO on top
sites (obtained from the images), andxNO,g is the mole fraction of NO in
the gas phase. The slope of the least-squares fit line is e-∆Et/kT, where∆Et

is the difference in adsorption energy between CO and NO on the top site.
We calculate this difference to be-66( 5 meV. The negative sign indicates
that CO binds more strongly to the top site than NO.

Figure 3. Pair of sequential STM images taken 55 s apart. These 200 Å
× 115 Å images were taken on the same area of the surface in 0.50 Torr
CO + 0.92 Torr NO (I ) 260 pA,V ) 50 mV). The top arrow shows one
top site occupied by NO in the top image and by CO in the bottom one.
The bottom arrow shows the opposite. The diagram shows how a vacancy
(boxed V) can diffuse across the unit cell and be substituted by a neighboring
NO molecule, which is found in most of the hollow sites.
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when the temperature is above 200 K and the coverage is below
1/3 ML.19,31-33 Low-energy electron diffraction (LEED)34,35and
X-ray photoelectron diffraction (XPD)36 studies have shown that
at high coverage (0.75 ML) NO forms a (2×2)-3NO structure
analogous to the one formed by CO. An important characteristic
of the STM images of the dense (2×2) structures is that only
top-site molecules produce a high contrast, while those bound
to hollow sites have electronic structures and orbital symmetries
that makes their contribution to the tunneling current much

smaller than those on top sites. Thus these molecules are not
imaged.37

Electron energy loss spectroscopy (EELS) and TPD experi-
ments have shown that NO and CO have significantly different
binding energies on the top and hollow sites.31,38 In pure NO
layers the molecule binds more strongly to hollow sites at both
low and high coverage. In pure CO layers, however, the
molecule binds more strongly to top sites at low coverage up
to 0.3 monolayers (ML) but switches to hollow sites between
0.3 and 0.5 ML. At higher coverage, the top sites start to
populate again.30 When both molecules compete for sites, IR
spectroscopy seems to indicate that under catalytic reaction
conditions NO binds to hollow sites while CO binds to top
sites.2,14

Except when the NO partial pressure is very high, the surface
shows a (2×2) structure formed by a mixture of molecules, as
shown in Figures 1, 3, and 4. Since the number of bright spots
is observed to increase with each increase in the NO partial
pressure, we conclude that they correspond to the NO molecules.
Unfortunately only the top site molecules are visible in the STM
images, so no direct information on the other two molecules in
the 3-fold hollow sites of the unit cell is available.

While we have not performed variable-temperature experi-
ments on this system, a previous STM study of pure NO on
Rh(111) indicates that the surface is in equilibrium with the
gas phase under the experimental conditions.1 This was dem-
onstrated by the observed phase transition between the (2×2)
and (3×3)-NO structures, which occurred at the same temper-
ature after both heating and cooling.

If the exchange of molecules between surface and gas-phase
molecules takes place primarily from top sites, which bind the
molecules more weakly than the hollow sites, and if we assume
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Figure 4. STM images showing formation of NO-rich regions. These 200
Å × 200 Å images were taken in 0.10 Torr CO+ 0.32 NO (I ) 177 mV,
V ) 100 mV). The (2×2) structure is visible with the top sites being covered
with a mixture of CO and NO. The brighter regions have a higher
concentration of NO on the top sites.

Figure 5. STM image showing formation of the (3×3) structure. The 200
Å × 200 Å image was taken in 0.10 Torr CO+ 0.32 Torr NO (I ) 190
pA, V ) 100 mV). The brighter, nearly pure NO regions of the surface are
the nucleation sites for the formation of the (3×3) structure that is
characteristic of high-pressure NO adsorption. In the absence of CO, the
(2×2) to (3×3) phase transition occurs when the pressure rises above 0.03
Torr.
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that the binding energies on the top sites do not depend on the
nature (CO or NO) of the surrounding molecules, then the gas
and top site mole fractions of CO and NO should be related
by:39

wherexCO,t, xNO,t andxCO,g, xNO,g are the mole fractions of CO
and NO on surface top sites and in the gas phase, respectively.
Later on we will discuss and justify these assumptions in more
detail. The value of∆Et was found from the plot in Figure 2 to
be -66 ( 5 meV, with the negative sign indicating that CO
binds more strongly than NO on the top sites on the saturated
surface. Despite the large error in the values of the relative NO
and CO top-site coverage, a relatively small value for error in
the binding energy difference is obtained. This is due to the
logarithmic dependence of∆Et on the mole fractions. One
should keep in mind the limiting assumptions involved in (1),
where interactions between neighboring top-site NO molecules
were neglected. We know, however, that this interaction is
important at high NO coverage and that it gives rise to the linear
clustering and later segregation of NO-rich regions. For that
reason the value of∆Et should be used with caution at high
NO coverage, where (1) will predict values ofxNO,t smaller than
those found in the images.

Theoretical studies of low coverage and of isolated molecules
predict that NO binds more strongly than CO on top sites.40,41

However, no calculations have been performed for the binding
energy of the top sites in dense layers that could be compared
with the present results.

4.2. Site Exchange Processes.The low frequency of events
indicative of any molecular change in the images is at first
remarkable. It indicates that despite the high collision rate of
gas molecules per site (∼106 s-1 at 1 Torr), most of the
impinging molecules are reflected back into the gas phase. It
also shows a nearly complete immobility of the molecules,
which can be attributed to the dense packing, which blocks
diffusion, and the near absence of vacancies. More quantita-
tively, the probability of a change was measured to be 64/4000
per site over a period of about 600 s during acquisition of the
10 consecutive images. It indicates that molecular desorption
events occur at a frequency ofν ) 2.7 × 10-5 s-1. Using the
Arrhenius formν ) 1012 × e-Et/kT s-1, we can estimate a binding
energyEt of 1.0 eV ()23 kcal/mol) assuming a preexponential
factor of 1012 s-1 (the value ofEt would change by only 6%
per order of magnitude change in the preexponential).

The value of 1 eV is smaller than the calculated values for
top site adsorption in the low coverage (x3×x3) structure of
1.68 and 1.90 eV for NO by van Santen et al.40 and Sautet et
al.41 respectively, or of 1.46 eV for CO.40 Our lower estimated
value is not surprising, however, because in the dense (2×2)-
3(CO-NO) structure the top sites must feel the repulsion of
the neighboring hollow site molecules. Because CO binds 66
meV stronger than NO, its rate of desorption should be
approximately 13 times lower. As we discuss below, however,

the visible events in the images are likely to be initiated by CO
rather than NO desorption. The value of 1 eV estimated above
could be better compared with the value we extrapolated from
the CO TPD data of Root et al.,38 who studied the coadsorption
of CO and NO. After NO exposure to the CO-covered surface,
these authors found a shoulder at 370 K for CO desorption.
This temperature implies a binding energy of 1.0 eV, which
agrees with our estimate based on the observed frequency of
changes (again with the same incertitude in the preexponential
values).

These observations could be explained with the following
model. We assume that when NO is introduced, it substitutes
for CO primarily in the hollow sites. This is why the images in
Figure 1 show only a few bright NO spots, because only top-
site NO is visible. This assumption agrees with the TPD results
of Root et al.38 These authors observed that after exposing NO
to the CO-saturated surface, CO desorbs almost exclusively in
a TPD peak at the same temperature as the shoulder in the TPD
of the (2×2) structure of pure CO, which is attributed to the
top sites. NO desorbs later, after the CO has already completely
desorbed.

From then on, with the population of hollow sites comprised
largely of NO, the equilibrium with the gas phase is maintained
by adsorption/desorption of CO and NO in top sites and lends
justification a posteriori to the use of eq 1 above. Once a vacancy
is produced by a desorption event, it can be filled either directly
from the gas phase or by diffusion of an NO molecule from a
neighboring hollow site (see diagram in Figure 3). Unless kinetic
barriers to adsorption are assumed, direct filling at this point
from the gas phase should lead to a nearly 50% chance that an
original top-site NO (which should desorb 13 times more
frequently than CO) would be replaced by a CO for a gas
composed of 50% NO, thus yielding a net loss of one bright
site. Similarly, a desorbing top-site CO immediately filled by a
gas phase molecule has about a 50% chance of leading to a net
gain of a bright spot. Clearly this is not what is observed, since
this would imply many instances of independent gains or losses
instead of just exchanges.

It appears then that vacancy diffusion to a neighboring hollow
site is more likely. A desorbing top-site CO could then be filled
by an adjacent hollow-site NO, changing its appearance in the
STM images from dark to bright; if the desorbing molecule was
NO instead, refilling by an adjacent hollow site NO molecule
would not change top-site contrast and the event would not be
observable by STM. The hollow-site vacancy will probably
continue to diffuse to a top site occupied by NO since its binding
energy is lower (by 66 meV) and finally be refilled from the
gas phase. This top site is probably very close to the original,
since at room temperature its lifetime should be very short.
Restoration of the equilibrium fractional coverages demands that,
in the average, a CO molecule from the gas phase should fill
the vacancy. The details of the mechanisms involved are not
presently understood, though they probably must include the
energetics of the interactions between neighboring CO and NO
molecules and their dependence on site geometry. Better
statistics and more experimental data are necessary to fully
understand this.

4.3. NO Segregation and Phase Transformation.The
alignment of top-site NO molecules observed in Figure 3
suggests that second nearest neighbor (top-site/top-site) NO-

(39) It is also assumed that the preexponential factors for CO and NO desorption
are the same.
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NO interactions are more favorable than NO-CO interactions.
This implies also that the difference between the NO-NO and
NO-CO second nearest interactions is of the order ofkT, 25
meV ()kT at room temperature). For comparison, at low
coverage (θ ) 1/3), Payne et al.26 reported a CO-CO attraction
of 7 meV. At higher partial pressures of NO, where images
show light and dark areas as in Figure 4, the degree of brightness
is probably correlated with the concentration of NO.

In previous work, we reported that pure NO forms a (2×2)-
3NO structure in equilibrium with the gas phase up to 0.03 Torr
and then undergoes a phase transition to a (3×3)-7NO structure.1

In this new structure, the top NO is again the only molecule
imaged by the STM in the unit cell. In addition, it shows higher
contrast than that of the top site in the (2×2)-3NO structure.
The presence of CO considerably alters the equilibrium NO
pressure required for this transition, which now occurs at a much
higher NO partial pressure. When this pressure is high enough,
however, (3×3) areas develop inside the bright regions, as
shown in Figure 5. As indicated above, in order for the (3×3)
structure to form the NO partial pressure must be three to five
times greater than the CO partial pressure at room temperature.
For 0.1 Torr of CO, for example, this is 10 times larger than
that required with pure NO.

5. Conclusions

We have studied the molecular structure of the surface layer
formed on Rh(111) in equilibrium with NO-CO gas mixtures
at partial pressures in the regime relevant to automobile catalytic
converters. At low NO partial pressures, the molecules mix into
a (2×2)-3(CO-NO) structure. In the dense (2×2) structures
formed at high pressure, neither CO nor NO is visible in the

STM images when adsorbed on hollow sites. They do appear
as distinct spots when on top sites with an apparent height
difference of 0.3 Å in favor of NO. From the equilibrium
concentration of top-site molecules, we find that top-site CO is
more stable than top-site NO by 66( 5 meV.

On the basis of the low rate of changes and the NO pressure
necessary to produce bright NO spots in the images, we have
proposed a model where NO substitutes for CO in the hollow
sites first and then on the top sites later. Molecular desorption
from the top sites occurs at frequencies of the order of 10-5

s-1, which implies an adsorption energy of 1.0 eV. The
occasional exchange of contrast observed in the STM images
between neighboring CO and NO top sites is explained by a
vacancy-mediated diffusion mechanism, though the details are
not presently understood.

There appears to be a slight preference for NO molecules to
occupy adjacent top sites in the (2×2) lattice, which causes the
formation of NO-rich islands at higher NO partial pressures.
The presence of CO in the gas phase increases the NO partial
pressure that is necessary for the formation of the NO (3×3)
structure until the NO partial pressure is three to five times
greater than the CO partial pressure. When the (3×3) structure
forms, it nucleates on the NO-rich areas mentioned above.
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