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a b s t r a c t

In this review we survey the contributions that molecular beam experiments have provided to our
understanding of the dynamics and kinetics of chemical interactions of gas molecules with solid surfaces.
First, we describe the experimental details of the different instrumental setups and approaches available
for the study of these systems under the ultrahigh vacuum conditions and with the model planar sur-
faces often used in modern surface-science experiments. Next, a discussion is provided of the most
important fundamental aspects of the dynamics of chemical adsorption that have been elucidated with
the help of molecular beam experiments, which include the development of potential energy surfaces,
the determination of the different channels for energy exchange between the incoming molecules and
the surface, the identification of adsorption precursor states, the understanding of dissociative chemi-
sorption, the determination of the contributions of corrugation, steps, and other structural details of the
surface to the adsorption process, the effect to molecular steering, the identification of avenues for as-
sisting adsorption, and the molecular details associated with the kinetics of the uptake of adsorbates as a
function of coverage. We follow with a summary of the work directed at the determination of kinetic
parameters and mechanistic details of surface reactions associated with catalysis, mostly those promoted
by late transition metals. This discussion we initiate with an overview of what has been learned about
simple bimolecular reactions such as the oxidation of CO and H2 with O2 and the reaction of CO with NO,
and continue with the review of the studies of more complex systems such as the oxidation of alcohols,
the conversion of organic acids, the hydrogenation and isomerization of olefins, and the oxidative acti-
vation of alkanes under conditions of short contact times. Sections 6 and 7 of this review deal with the
advances made in the use of molecular beams with more realistic models for catalysis, using surfaces
comprised of metal nanoparticles dispersed on the oxide surfaces used as catalyst support and high-flux
beams to approach the pressures used in catalysis. The next section deals with the study of systems
associated with fields other than catalysis, mainly with the etching and oxidation of semiconductor
surfaces and with the chemistry used to grow thin solid films by chemical means (chemical vapor de-
position, CVD, or atomic layer deposition, ALD). We end with a personal assessment of the past ac-
complishments, present state, and future promise of the use of molecular beams for the study of the
kinetics of surface reactions relevant to practical applications.
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1. Introduction

Molecular beam techniques capable of controlling the direction
and energy of reactants were initially developed in response to the
desire to investigate the dynamics of gas-phase reactions [1], but
those setups were soon adapted to study the dynamics and ki-
netics of reactions on solid surfaces as well. To date, the use of
molecular beams remains one of very few approaches available to
surface scientists for the measurement of the kinetics of reactions
on surfaces in a systematic way. Much was learned in the early
studies with molecular beams about the dynamics of adsorption
processes with simple molecules, as nicely summarized in early
reviews [2–10]. By adding external sources of excitation, either
optical or electrostatic, it also became possible to study gas-surface
interactions with molecules prepared in particular excitation
states [10–12]. Later, the use of molecular beams was extended to
the study of the kinetics of simple reactions such as H2þD2 iso-
tope scrambling and CO oxidation with O2. Unfortunately, there
has not been much research with molecular beams directed to-
wards the study of more complex and interesting systems, perhaps
because of the apparent complexity of the instrumentation re-
quired. This may be true with the supersonic beams often used for
dynamics measurements, where control of the energetics of the
incoming molecules is required. However, here we argue that
meaningful experiments to extract kinetic information about sur-
face reactions can also be performed with very simple effusive
collimated beams [13,14]. Several modern examples from our
group and others will be provided to illustrate the complexity of
the problems that can be addressed with the MB approach, to il-
lustrate the type of information that can be extracted, and to
highlight its strengths and weaknesses, ending with a perspective
on the (possible) future of the field.

As mentioned above, many excellent reviews have been written
already on the use of molecular beams in surface science. Our
emphasis here will be mainly on discussing the work on the ki-
netics of reactions of relevance to catalysis and other practical
applications, to build up on previous reviews that we have pub-
lished in the past on related themes [13–15], although reference to
other applications will also be referenced. This review intends to
be somewhat comprehensive, covering most of the relevant work
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involving molecular beam experiments on surfaces. We initiate
this review with a brief overview of the experimental setups
available, and with a discussion of the two main types of mole-
cular beam approaches possible, namely, supersonic and effusive.
Next, we introduce the use of molecular beams to follow the dy-
namics and kinetics of adsorption processes. We follow with a
brief summary of the information derived from studies of simple
reactions such as H2þD2, COþO2, and COþNO. A review is then
offered on what has been learned from molecular beam experi-
ments on other more complex high-probability catalytic reactions
such as the oxidation of alcohols and the conversion of hydro-
carbons. Next, we discuss studies of more complex systems, on
surfaces comprised of metal nanoparticles dispersed on oxide
films, designed to better emulate the surfaces active in hetero-
geneous catalysis, and of low-probability reactions, which are also
pervasive in catalysis. Finally, we provide a few examples of uses of
molecular beams for the study of non-catalytic systems relevant to
other areas of surface science, with particular emphasis on the
etching and oxidation of semiconductor materials and on the de-
position of thin films by chemical means. We conclude with a brief
assessment of the present and future of the use of molecular
beams for the study of the surface chemistry of problems with
practical applications.
Fig. 1. Schematic representation of the two main designs available for the use of
chopping in molecular beam experiments [25]. In the top diagram, the chopper is
used to modulate the incoming beam in order to measure the kinetics of transient
phenomena on the surface, including the residence time of adsorbates. In the lower
diagram, modulation is done on the scattered or desorbing molecules in order to
estimate their velocity distributions. Reproduced from Ref. [25] with permission,
Copyright 1981 American Vacuum Society.
2. Experimental considerations

Molecular beams are used in kinetic studies on surfaces as a
way to introduce gas-phase reacting species into the ultrahigh
vacuum (UHV) environment typically used in such research
[7,9,16–18]. The beam is directed at the solid surface of interest,
where surface reactions may lead to the formation of new pro-
ducts. The scattered reactants and products are then detected,
identified, and quantified, usually by using mass spectrometry
(which can be multiplexed to follow several masses at once in a
single experiment). One key feature that makes molecular beam
studies of gas–surface interactions unique is that they are carried
out in a collision-free environment, which ensures that there is
only a single surface interaction event per molecule. The collision-
free environment affords the characterization of gas-surface dy-
namics, the quantitation of adsorption kinetics, the detection of
products from primary surface reactions, and the measurements of
both transient and steady-state kinetics. In this review, our em-
phasis is mainly on surveying the advances made in the last two
topics of this list.

The main feature that makes molecular beams so useful is their
directionality. Collimated beams can be aimed selectively at the
surface of interest, creating a reacting environment above such
surface while maintaining good-quality vacuum in the surround-
ings. Surfaces exposed to molecular beams can experience fluxes
equivalent to pressures much higher than those typically used in
surface-science studies. In addition, the directionality of the beams
affords the investigation of reactivity on the surface as a function
of the angle of incidence of the reactants. The molecular beam
work may be combined with studies of the angular distribution of
the desorbing species, which can be accomplished by either pla-
cing the detecting element (the mass spectrometer) on a rotating
platform [19], or, in a more limited way, by rotating the surface
itself.

Depending on the experimental setup used, other para-
meters may be controlled in molecular beam studies as well
[3,11,20]. For instance, the translational energy of the beam
may be narrowed and tuned via the use of supersonic expan-
sion. The population of the different energy levels in vibrational
and rotational degrees of freedom may be manipulated as well,
by, for example, intersecting the gas beam with infrared light
from a narrow-bandwidth tunable laser. The initial electronic,
vibrational, and rotational energy states, together with the
molecular orientation and the point of impact at the surface, are
parameters that can greatly influence the reactivity of mole-
cules upon collision with a surface, and these effects can be
studied by state-resolved experiments involving the combina-
tion of molecular beams with photon, electron, or ion excitation
and angle-resolved detection techniques.

Beam modulation, using timed valves, or, more commonly,
choppers, can also be added to test transient kinetic behavior, to,
for instance, separate mass transport from chemical conversion
steps [21–24]. This modulation can be introduced in the incoming
beam, to measure surface residence times, for example, or at the
exit channel, in time-of-flight experiments (Fig. 1) [25]. Several
choppers can be used and synchronized to study surface dynamics
at short time scales. Small modulations around equilibrium or
under steady-state kinetic regimes can be used to probe the ki-
netic parameters of a reaction under isothermal and isosteric
conditions, to separate the effects exerted by temperature and
coverage on the overall kinetics of reaction [13,26].

There are, broadly speaking, two types of gas-phase beams
used in kinetic studies on surfaces: supersonic (nozzle), and ef-
fusive. These are briefly described next.

2.1. Types of molecular beams

Depending on the type of gas expansion used to produce the
gas beams, those can be grouped into effusive or supersonic [27].
In effusive beams, the gas is typically fed into the UHV chamber
through capillary tubes under conditions where molecular flow is
preserved, that is, with large Knudsen numbers (Kn¼λ/L441,
where λ is the molecular mean free path of the gas and L the
characteristic dimension of the tube, typically its diameter). In
supersonic beams, the gas is expanded from a high-pressure



Fig. 2. Schematic representation of a typical supersonic molecular beam instrument [17,28]. Shown are, from left to right, the gas source (nozzle), the skimmer used to
collimate the beam, two differentially pumped stages, the first of which has both a shutter and a chopper, the target surface, and a detector of scattered/desorbing molecules.
Reproduced from Ref. [17] with permission, Copyright 2005 Elsevier B. V.

Fig. 3. Schematic representation of a typical effusive molecular beam instrument
used for kinetic measurements [13]. This setup consists of a capillary-array doser,
used to produce collimated beams, a shutter, used to intercept the molecular flow
at will, and a mass spectrometer, used for the detection of gas molecules scattered
or desorbing from the surface. The mass spectrometer is placed out of the line of
sight of both the sample and the doser in order to integrate over any angular profile
of the desorption process. Reproduced from Ref. [13] with permission, Copyright
2002 Taylor and Francis Ltd.
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chamber through a small orifice, and collimated downstream by
using a series of skimmers. Several characteristics differentiate
these two types of beams, including the energy distribution of the
molecules: whereas in effusive beams the gas mostly retains its
kinetic and internal energy distribution, in supersonic beams sig-
nificant translational and rotational cooling occurs.

Supersonic beams can provide more flexibility in terms of de-
fining the energy distribution of the gas molecules, and have
therefore been used extensively to characterize the dynamics of
adsorption and scattering phenomena. Much has been learned
about the design of these instruments from earlier work related to
the study of gas-phase reactions [27], and new adaptations have
added further versatility to experiments on surfaces. These setups
have also been expanded to address issues of reactivity and reac-
tion kinetics on surfaces, the focus of this review. The components
of a typical supersonic beam arrangement for surface studies are
shown schematically in Fig. 2 [17,28].

The main advantage of using supersonic beams is the great
control that can be exerted on the values and distributions of
energies in the different degrees of freedom of the molecules, in
particular on the average and distribution of their velocity. Seeding
of the beam can be combined with other methods designed to
modify the energy distribution or selection of specific excited
states in flight, that is, after the preparation of the beam. On the
negative side, the typical velocities obtained with seeded beams
are much higher than those associated with the average thermal
energies of gases under most reaction conditions, and therefore
not necessarily representative of realistic reactive systems. Be-
cause supersonic-expansion molecular beam instruments require
several pumping stages and sophisticated alignment, they are also
expensive and difficult to operate. Finally, it is difficult to generate
high molecular fluxes with these instruments.

The second type of molecular beams is effusive in nature
[13,29]. Effusive beams are usually generated by using capillary
tubes, although other arrangements are possible. One shortcoming
from using such capillary tubes is that, because the effusive regime
requires large Knudsen numbers, single capillaries tend to sustain
relatively small gas fluxes. Consequently, effusive molecular beams
are typically made by using capillary arrays. The angular profile of
the gases exiting capillary tubes are quite peaked, much more than
supersonic beams, and this effect is magnified with the use of
capillary arrays, so that the final beam profile in these instruments
is quite directional [17,27,30–34]. A schematic representation of an
effusive-beam instrument is provided in Fig. 3 [13]. In this case, a
simple shutter was placed between the doser and the sample to
control the time of direct exposure of the surface to the beam, and
the size of the beam and position of the sample were chosen so
that the single crystal only intercepts a fraction of the total gas flux
in order to ensure a homogeneous flux profile across the entire
solid surface, typically a disk about 1 cm in diameter.

The advantages of effusive sources based on capillary arrays
include the higher versatility on the range of beam fluxes possible,
the low backing pressures required (which allows for easy beam
generation with reactants having low vapor pressures), and the
low amount of gas that is consumed, a factor when using rare or
expensive reactants. In general, effusive sources are better suited
for surface kinetics studies, whereas supersonic beams are more
appropriate for the characterization of adsorption dynamics. The
effusive-beam instrumentation is also easier to build and operate:
simple dosers without any differential pumping are often suffi-
cient for quantitative kinetic measurements. One drawback of ef-
fusive beam designs is the fact that, as the pressure increases, the
mean free path of the gas molecules approaches the channel
length, and molecular collisions lead to a broadening of the an-
gular distribution and to deviations from the Maxwell–Boltzmann
velocity distribution [35,36]. Like with supersonic beams, it is
difficult to generate high-flux effusive beams, although this lim-
itation can be circumvented at least in part by using capillary ar-
rays [37].

2.2. Molecular beam setups for the study of chemical reactions

When the adsorption or thermal conversion of one single type
of molecules is to be investigated, or, in more general terms, if
dealing with an unimolecular elementary step, only one reactant is
involved, and, therefore, one single molecular beam is required. As
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described below, transient behavior may be investigated by fol-
lowing the uptake of the molecule versus time or surface coverage,
and steady-state measurements may be carried out for any sus-
tainable chemical reaction.

When two (or more) reactants are involved, however, or when
bimolecular steps are being addressed, several options are avail-
able in terms of how to design the molecular beam experiments
for kinetic measurements. One of the simplest approaches is to
preadsorb one of the reactants on the surface and to then supply
the second compound via the molecular beam. This technique
offers much flexibility in terms of the preparation and character-
ization of the surface, since the coverage and nature of the ad-
sorbates may be tuned by selecting the appropriate doses and
temperatures. The dose ordering and choice of adsorbates may
also be controlled this way. The main drawback is that this type of
kinetic studies can only address transient, not steady-state, pro-
cesses, because the preadsorbed reactant is consumed and is not
replenished as the reaction proceeds.

A second alternative is to use the molecular beam setup to feed
one of the reactants to the surface while keeping a fixed back-
ground pressure of the other in the vacuum chamber. The partial
pressure of that second compound can be varied, but otherwise
cannot be controlled in the same way as when using molecular
beams. In particular, there is no directionality associated with this
procedure (for the second reactant), so no angular dependence
studies are possible. The same can be said for any experiments
where the energy of any of the degrees of freedom of the molecule
needs to be isolated and fixed. Of course, control of all of those
parameters is possible with the first reactant, the one dosed by
using the molecular beam, so in most cases the limitations men-
tioned above may be overcome by performing two sets of ex-
periments, switching the reactant to be dosed with the beam. Yet,
there may still be some issues with the interpretation of the data
because of the very different ways in which the two gases are
being dosed: the background exposure is isotropic and thermally
equilibrated, whereas the molecular beam dosing is directional
and possibly displaying a unique velocity distribution. Under high-
flux conditions, the beam may even interfere with the accessibility
of the second reactant to the surface sites in the center of the
beam. Ultimately, though, all these limitations are minor; the
beam-background mixed dosing approach is easy to implement
and quite common, and still offers the possibility to perform both
steady-state and transient or modulated measurements on bimo-
lecular reactions.

Another option for carrying out bimolecular reactions with one
single molecular beam is to feed the entire reaction mixture with
it, after premixing the gases in the backing gas-handling system.
This way the reactants are thoroughly intermixed in the gas phase
already, a fact that avoids any transport limitations. This is also a
viable and easy-to-carry-out type of experiment, even if it does
require making individual gas mixtures every time the gas com-
position needs to be varied. In fact, this approach is not limited to
just two reactants; witness, for instance, the studies reported in
the literature on the conversion of NOþCOþO2 [38] or
NOþH2þO2 [39] mixtures. The control of the temporal and spatial
parameters is limited here, as with the other approaches discussed
above, as both gases are dosed on the surface with the same di-
rectionality and time modulation of the beam. Another con-
sideration not always appreciated is the fact that the composition
of the final beam may vary from that of the initial gas mixture,
because most beams require diffusion through small orifices and
the diffusion coefficient under those circumstances depends on
molecular mass. It is advisable to check the beam composition
independently in the vacuum chamber, perhaps by using the same
mass spectrometer employed for the kinetic measurements.

Finally, both gases may be supplied by using a separate
molecular beam for each. Some of the advantages and dis-
advantages of this approach are self-evident. On the negative side,
such setups are complex and expensive, and also add another level
of difficulty in terms of the experimental operation by requiring
additional alignment and time synchronization steps. In exchange,
this method offers the most flexibility when it comes to the design
of time-resolved sequences or studies versus the energy or di-
rectionality of the impinging reactants. Some groups have in fact
designed instrumentation that includes a third beam to be used as
a probe, for He diffraction measurements, for instance [26].

Examples of the use of all these protocols will be provided
throughout the course of this review.

2.3. Combination of molecular beams with other techniques

2.3.1. Isotope labeling
Often, molecular-beam kinetic studies are combined with other

approaches or techniques to correlate information and extract a
more detailed molecular understanding of the reactions being
investigated. Given that the detection of the products in most
molecular beam experiments is done by using mass spectrometry,
one logical and widely used approach is to isotopically label one or
more of the reactants. Isotopic substitution is a well-established
method in many fields of chemistry [40], and has been used ex-
tensively in catalysis and surface science as well [14,41,42]. In the
case of surface kinetics, isotope substitutions can lead to sig-
nificant variations in reaction rates [43], and can even induce a
change in reaction mechanism [44]. However, in molecular beam
work, isotope labeling has primarily been used to keep track of the
fate of specific atoms within the participating molecules, to
identify particular reacting moieties within the reactants.

The most common isotope used for molecular labeling is, by far,
deuterium. For instance, deuterium has been used extensively to
track the chemical steps in the reversible dissociative adsorption
of molecular hydrogen on solid surfaces; successful dissociation
and recombination can be evaluated by following the evolution of
the HD produced [45–47]. In principle deuterium can also be used
to label specific positions within organic reactants and to follow its
fate during reaction, as it is commonly done in other types of
surface-science experiments [48,49], but this option has so far
found very limited used in molecular beam studies [49–57].

Other types of atoms can be labeled isotopically as well, in
particular carbon (with 13C, or even 14C), nitrogen (with 15N) and
oxygen (with 18O). In such cases, the kinetic effect is small, re-
flected in changes on the order of only a few percent in either the
rates or the equilibrium constants, and can therefore almost al-
ways be ignored. In experiments designed to explore the reactivity
of mixtures that include CO, NO and/or N2, multiple isotope la-
beling (using 13CO and 15N, for instance) may be required to un-
equivocally follow the evolution of the consumption or production
of each of those compounds [58]. In all these isotope-labeling
experiments, information can be extracted from both transient
and steady-state measurements. For the latter, isotopic switching
experiments can be implemented [59] where a reaction mixture is
replaced during steady state by an identical but isotope-labeled
beam (Fig. 4) [58,60]. These experiments will be discussed in more
detail later in this review.

2.3.2. Post mortem analysis of the surface
Additional mechanistic information can also be extracted by

investigating the nature of adsorbed species left on the surface
after reaction via its post-mortem analysis. Different spectro-
scopies can be used to this end, as will be discussed in the next
section. Alternatively, a simple approach can be to ramp the
temperature of the surface upon termination of the isothermal
section of the experiment to record temperature programmed



Fig. 4. Typical raw data from isotope-switching molecular beam experiments emphasizing the use of isotope labeling and post-mortem analysis of the surface species via
temperature programmed desorption (TPD) [65]. This experiment was performed in three stages: (1) the reactivity of a 1:1 14NO-CO mixture on a Rh(111) single-crystal
surface was followed versus time at TReaction¼480 K, recording the mass spectrometer signals for CO, 14NO, and CO2; (2) the original beam was shut off and replaced with a
similar reaction mixture made out of 15NOþCO, and the reaction was run for an additional period of time Δt before stopping it again (recording the signals for CO, 15NO, CO2,
15N2, and 14N15N); and (3) the temperature of the surface was ramped to record the TPD traces for all the isotopologues of molecular nitrogen. The data for the rates in the
second phase of the experiment were used to follow the transient isotope scrambling under steady-state reaction conditions, whereas the TPD information was useful in
determining the final surface composition. Adapted from Ref. [65] with permission, Copyright 1999 American Institute of Physics.
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desorption (TPD) traces of the residues left behind [15,61–63]. An
interesting example of the use of this approach has been provided
by Bowker and coworkers in their study of the adsorption and
decomposition of acetic acid on Rh(110) surfaces, where they show
that the reaction can reach a self-catalytic "explosion" state char-
acterized by fast reactivity with highly-non-linear kinetics [64].

Post-mortem TPD analysis can also be combined with isotope
labeling to extract information on the spatial distribution of ad-
sorbates in an indirect way. We have used this approach to un-
derstand the evolution of the surface layers during the conversion
of NO with CO on Rh(111) [60,65,66] The post-mortem TPD data
was particularly useful in that case, because they offered a quan-
titative measure of the amount of atomic nitrogen present on the
surface during the steady-state conversion of NOþCO mixtures.
An example of the type of data acquired is provided in Fig. 4 [65]: a
two-stage isotope-switching-under-steady-state molecular beam
experiment of the type discussed earlier, in this case using
identical 14NOþCO and 15NOþCO mixtures in sequence, was
combined with the post-mortem TPD analysis discussed in this
paragraph. By varying the delay time Δt during which the surface
is exposed to the second beam, the kinetics of the exchange of
atomic nitrogen on the surface was followed. These studies pro-
vided compelling evidence for the formation of atomic nitrogen
islands on the surface, as discussed in more detail later.

A number of variations can be added to the TPD analysis de-
scribed above. For instance, the desorption of the species left be-
hind after reaction can be carried out isothermally instead of by
ramping the temperature in order to obtain more detailed in-
formation on the kinetics of reaction of the adsorbed inter-
mediates. In our work on the reduction of nitrogen monoxide, for
instance, isothermal measurements of the rates of recombination
of adsorbed nitrogen atoms allowed us to compare them with
those of NO reduction to determine the role of the first reaction on
the mechanism of the second [67]. Moreover, adsorbed species
that do not desorb by themselves upon heating of the surface can
be removed via titration with a second probe molecule. This ap-
proach is sometimes applied, using carbon monoxide, to remove
residual surface oxygen [68,69].

2.3.3. Operando mode
More recently, molecular beams have been coupled to other
surface-sensitive techniques in order to obtain both kinetic and
spectroscopic information about the surface species involved in
the reactions simultaneously, in operando mode. Perhaps the first
report of an instrument combining the two is that or Rocca et al.,
who built an apparatus where the solid sample was placed at the
focal point of both a molecular beam and the optics of a high-
resolution electron energy loss spectrometer (HREELS) [70]. They
tested this instrument by studying the uptake of O2 on Ag(001),
and were able to detect atomic oxygen on the surface. Un-
fortunately, the long acquisition times required in HREELS pre-
vented them from being able to carry out the simultaneous ana-
lysis of the sample during the gas adsorption; the reported spectra
corresponded to the final state of the surface after exposure to the
beams.

The group of Freund has paired up their molecular beams with
reflection-absorption infrared spectroscopy (RAIRS) in a single
instrument, as shown schematically in the top half of Fig. 5
[17,28,71–73]. In general, RAIRS also requires relatively long data
acquisition times, a fact that limits the temporal resolution of this
type of studies, but when species with high infrared absorption
cross section such as carbon monoxide are investigated, it is pos-
sible to record spectroscopic information in tandem with the ki-
netic experiments and to then draw appropriate correlations. This
is nicely exemplified by the data in Fig. 6, where the incremental
changes in adsorbed CO coverage on the surface of Pd nano-
particles dispersed on an alumina support, as measured by RAIRS,
are shown to correlate with the activity toward the production of
carbon dioxide seen upon exposure of the surface to successive
molecular beam pulses of O2 [72].

Pulsed molecular beams are also ideal for delivering controlled
small amounts of gases to surfaces, to follow their uptake in a
stepwise fashion. The doses provided by the beam pulses can be
calibrated, and used in conjunction with other techniques to ob-
tain differential information for surface processes as a function of
the extent of exposure. This idea has been recently implemented
for the measurement of the energetics of surface processes using
microcalorimetry. The first instrument that combined molecular
beams with a calorimeter capable of detecting heat changes on
single-crystal surfaces was reported by the group of King and
co-workers [74–76], who then provided results from studies on the
energetics of chemical adsorption of a series of simple molecules



Fig. 5. Schematics of molecular beam instruments coupled with (a) a reflection-absorption infrared absorption spectrometer (RAIRS); and (b) a microcalorimeter. Adapted
with permission from Ref. [71], Copyright 2000 American Institute of Physics, and from Ref. [90], Copyright 2011 American Institute of Physics.
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such as hydrogen, oxygen, carbon monoxide, and nitrogen oxide
[77–84], and also some data on the energetics associated with the
dehydrogenation steps associated with olefin adsorption [85–87].
Both the probabilities for sticking (S, often called sticking coeffi-
cients or sticking probabilities) and the differential heats of ad-
sorption (∂ΔHads/∂θ) can be followed as a function of surface
coverage with this type of instrument, as illustrated by the data on
the uptake of O2 on a Ni(100) single-crystal surface at room
temperature shown in Fig. 7 [80]. Particularly noteworthy in this
case is the non-monotonic changes seen after saturation of the
first layer, at which point the atomic deposition mechanism
changes to incorporate diffusion into the subsurface. More sensi-
tive versions of these molecular beam-microcalorimetry combined
instruments have been developed and reported by the groups of
Campbell [88,89] and Freund (Fig. 5, bottom panel) [90,91].
3. Dynamics and kinetics of adsorption

By and large, most of the molecular beam studies that have
been performed on surfaces have been directed at the character-
ization of the dynamics and adsorption of simple molecules on
well-defined crystals, mainly on late-transition metals. This work
has been going on for several decades already, and has been
thoroughly reviewed in the past by others [4,22,92–97]. The most
salient features will be addressed below.

3.1. Dynamics of adsorption

Adsorption of atoms or molecules on solid surfaces, in its simplest
form, takes place with preservation of the molecular structure. This
process, often called molecular, or associative, adsorption, is typical
with small stable molecules such as carbon monoxide and nitrogen
oxide on metal surfaces. To a first approximation, the interaction can
be described by a one-dimensional potential where the energy follows
a Lennard-Jones type behavior versus distance from the surface: an
electrostatic attraction dominates far away from the surface, until
reaching an optimum (bonding) distance, beyond which a strong re-
pulsive "wall" takes over (Fig. 8, top-left panel) [98,99]. Depending on
the depth of the potential energy curve at its minimum, the adsorp-
tion is described as physical or chemical in nature. The distinction is in
fact qualitative, because it reflects the type of interaction involved:
weak van der Waals forces in physisorption, stronger bonding in
chemisorption.

One interesting consequence of this potential energy depen-
dence on distance is that there are no energy barriers to associa-
tive adsorption; the energy decreases monotonically as the mo-
lecule approaches the surface, until reaching the equilibrium
bonding position. This means that such adsorption processes do
not display the Arrhenius behavior typical of most chemical re-
actions. In fact, an opposite trend, that is, a decrease in sticking
probability S with increasing gas or surface temperature, is what is
most commonly observed, as the incoming molecules need to
dissipate their excess energy. Molecular beam experiments, using
supersonic expansion to control and vary the kinetic energy of the
incoming molecules, have been central to the development of this
picture. An example of the type of data reported in these studies is
provided in Fig. 9, for the particular case of the initial sticking
coefficient S0 of CO on a Ir(110) single crystal as a function of in-
cidence energy [100]. Also, because the surface acts as a heat bath,
most desorbing molecules do not leave the surface in energetic
equilibrium with the solid [101,102].



Fig. 6. Example of the information that can be acquired by correlating molecular beam kinetic data with results from RAIRS (IRAS) [72]. In this case the oxidation of carbon
monoxide on a substrate consisting of Pd nanoparticles dispersed on a Al2O3/NiAl(110) thin film was probed by pulsing an O2 beam on a CO-precovered surface at
TSurface¼366 K. Shown are the oxygen (left) and carbon monoxide (center-left) partial pressures and the infrared absorption spectra, relative to that for CO saturation (center-
right) and in differential mode (right), all as a function of reaction time. A nice correlation can be seen between the rate of CO2 production (second panel) and the changes in
CO surface population (last panel). Reproduced with permission from Ref. [72], Copyright 2000 Elsevier Science B.V.

Fig. 7. Correlation between sticking probabilities S (open circles, right-hand scale)
and heats of adsorption (filled triangles, left-hand scale) for oxygen on Ni(100) at
300 K. Both quantities are plotted as a function of the apparent surface coverage of
atomic oxygen (in log scale) [80]. Two regimes could be clearly identified in these
experiments, chemisorption on the first monolayer for oxygen coverages below
unity, and the formation of a thin (�3 Ni ML) oxide film afterwards. Reproduced
with permission from Ref. [80], Copyright 1997 American Institute of Physics.
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3.2. Precursor state

This simple picture of adsorption on solid surfaces only applies
to direct associative adsorption processes. In many instances, there
are more than one adsorption states available on the surface, and
in those cases each type of adsorbate may be described by its own
potential curve. Those may cross paths, which means that, in their
trajectory towards the surface, molecules may transition from one
potential to another. One important category within this class of
adsorptions is that of the crossing of physisorption and
chemisorption potentials, in which case the incoming molecules
may first adsorb weakly, possibly in a so-called "intrinsic pre-
cursor" state, and then transition to the chemisorption potential
and end up in a stronger bonded state (Fig. 8, top-right). The
transit from the precursor state to the final chemisorption state
does require the overcoming of an energy barrier, which may or
may not be higher than the energy required for desorption (which
is described by traveling in the reverse direction of the potential
energy curve). These dynamics can be manifested by a somewhat
complex dependence of the sticking coefficients S on molecular
energy, temperature, angle of incidence, and/or surface coverage.
Again, details of this behavior have been derived thanks in great
part to the availability of molecular beams [5].

The first application of a molecular beam technique to the
study of precursor-mediated chemisorption was for the study of
the adsorption of molecular nitrogen on a W surface [103,104]. The
existence of an intermediate molecular adsorption state was
identified in that study only indirectly, by following the sticking
coefficient (S) behavior as a function of surface coverage (as dis-
cussed in more detail later in this review), and what was detected
there is more properly described as a so-called "extrinsic pre-
cursor" state. Regardless, that report identified the most important
features of precursor adsorption, namely, that S decreases with
increasing beam energy, as expected by the need of energy dis-
sipation, and also with the temperature of the surface (Ts). As
mentioned above, molecules equilibrated in the precursor state
can either desorb or transition into the chemisorbed state, and the
relative yields of these competing processes, which ultimately are
manifested in the value of S, depend on Ts. To date, the condition
∂S/∂Tso0 is considered a strong indication of a precursor-



Fig. 8. One-dimensional potential energy curves for the interaction of diatomic molecules with clean solid surfaces as a function of the molecule-surface distance z. Four
cases are represented here: (a) direct molecular chemisorption, without dissociation; (b), molecular chemisorption via a weakly-adsorbed internal precursor state; and
(c) and (d) dissociative chemisorption via a molecular precursor state. The difference between cases (c) and (d) is in the height of the activation barrier between the
precursor and chemisorbed states, which is lower in panel (c) but higher in panel (d) than the reference energy corresponding to the free molecule. In all cases, the incoming
gas-phase molecules feel an initial attractive potential and ultimately settle in a potential well corresponding to the adsorption state. The energy for further approach closer
to the surface becomes highly repulsive.
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mediated process. Since this first report, the decrease in sticking
coefficients with beam energy have been cited for a number of
other systems, many involving molecular hydrogen [105,106],
oxygen [107], or small alkanes [108].

Further evidence of adsorption via a precursor state can be
extracted from the dependence of the sticking coefficient on the
angle of incidence of the molecules: because of an expected nor-
mal energy scaling, S should actually increase with increasing
angle of incidence (relative to the surface normal). Such trend has
indeed been identified, at least in a qualitative sense, for several
systems [105,109]. On the other hand, the quantitative description
of the angular dependence of S has indicated the possible ex-
istence of an additional tangential energy component that needs
to be accommodated. This can be explained by assuming that the
mobile precursor state is confined to a limited surface area. It
should be said that, in many dissociative adsorption processes
exhibiting a precursor state, there is a second, direct, activated
adsorption channel that tends to dominate at high beam energies.
The existence of the two paths, and for the transition between the
two as a function of beam energy, is illustrated by the data for the
adsorption of N2 on W(100) shown in Fig. 10: at low beam energies
adsorption is dominated by a precursor path, as indicated by the
decrease of the sticking coefficient with increasing energy,
whereas at higher beam energies (Ei40.5 eV) a second, activated,
adsorption path becomes dominant. Also evident from the data in
Fig. 10 is the fact that lower surface temperatures enhance ad-
sorption in the precursor state. The dissociative channel will be
discussed in more detail next.

3.3. Dissociative adsorption

With multiatomic molecules, the molecular adsorption poten-
tial curve may also cross a second trace leading to the dissociation
of one or more of the internal bonds. Depending on the exact
position where the two potential energy curves cross, this transi-
tion to a dissociative adsorbed state may or may not be activated
(Fig. 8, bottom two panels). The end result is the formation of two
or more fragments on the surface. In the simplest cases, diatomic
molecules dissociate to produce adsorbed atoms on the surface, as
typically happens with H2, O2 and N2 on transition metal surfaces.



Fig. 9. Initial sticking coefficient S0 for CO on Ir(110) as a function of the energy of
the incident CO molecular beam [100]. The decrease in S0 with increasing incident
energy is common in adsorption, and reflects the requirement for the gas-phase
molecules to dissipate their kinetic energy in order to bond to the surface. Re-
produced with permission from Ref. [100], Copyright 1987 Elsevier Science B.V.

Fig. 10. Initial sticking probability for N2 onW(100) versus the kinetic energy of the
N2 incoming beam [5]. Several traces are provided for different surface tempera-
tures Ts, between 300 and 1200 K. These results exemplify the competition often
encountered between direct and precursor-mediated adsorption pathways: at high
energies the sticking probability decreases with decreasing beam energy and does
not depend on surface temperature, trends characteristic of direct adsorption, but a
lower incident energies the value of the sticking coefficient goes back up and also
increases significantly with decreasing surface temperatures, a signature behavior
for the intervention of a precursor state. Reproduced with permission from Ref. [5],
Copyright 1994 Elsevier Science B.V.
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3.3.1. Molecular hydrogen on metals
The adsorption of molecular hydrogen has received quite ex-

tensive attention by the molecular beam surface-science com-
munity, especially on transition-metal surfaces [110]. Several ad-
sorption states have been identified or inferred from molecular
beam measurements, in combination with the use of other spec-
troscopies and with quantum mechanics calculations. First, it is
believed that in most cases hydrogen first goes through a weakly
adsorbed physisorbed state. In this phase, which has been quite
difficult to characterize, the adsorption energy is low, typically
between 3.5 and 15 kJ/mol, and molecular properties such as the
H–H bond distance and the rotational spectrum are barely per-
turbed from the gas-phase values [110]. Virtually no evidence is
available for molecular H2 adsorption above 20 K; perhaps the best
data proving the existence of the physisorbed state comes from
studies on the velocity distribution of specularly scattered D2

molecules from Cu(111) and Au(111) surfaces, which shows a
series of sharp dips and peaks with widths below 0.25 meV [111].

Next, there is the possible existence of a deeper well in the
potential energy curve signifying molecular chemisorption. In this
state, a clear reduction in the H–H bond strength and a concurrent
elongation of the molecular bond is estimated. Direct proof for this
state has also been elusive, but such adsorption is expected to be
reminiscent of the stable H2-metal discrete complexes known to
form with transition metals in inorganic chemistry [112–114]. Re-
gardless, in most cases the ultimate result of exposure of metals to
molecular hydrogen is its dissociative adsorption and the forma-
tion of atomic hydrogen on the surface [6,110,115]. On most metals
the dissociation of the H–H bond is unactivated (Fig. 8, bottom-left
panel), especially on high-Miller-index defective surfaces, but in
some coinage metals the adsorption is activated (Fig. 8, bottom-
right panel). This difference is discussed in more detail below.

Two mechanisms have been identified for the dissociative ad-
sorption of H2: a direct process, in which the incoming molecules
have enough kinetic energy to overcome any possible activation
barrier and break up upon impingement on the surface to produce
the final H(ads) species, and a second indirect channel in which
molecularity is retained for a certain amount of time, in either the
physisorbed or the molecularly-chemisorbed states mentioned
above, before proceeding to dissociation. In the direct path, ex-
emplified by the case of H2 on Ni(111) [101,105,116], the decisive
parameter is the translational energy of the incoming molecules:
the surface temperature Ts plays no major role on defining the
sticking and dissociation probabilities. In the path involving the
molecular precursor, on the other hand, the activation barrier in
the exit channel consists mainly of the stretching of the H–H bond,
for which vibrational excitation is necessary. Also, Ts does play a
role in this precursor-mediated dissociation channel, via a pho-
non-assisted vibrational excitation of the trapped molecule. Ex-
amples here include hydrogen adsorbed on Pt(111) and Cu(111).
Interestingly, the metal–H binding energies are similar, between
115 and 150 kJ/mol, in all cases, even if wider differences exist in
the corresponding heats of adsorption [110]. This points to a fairly
similar binding mechanism for hydrogen on many metals. For all
metals in or near the platinum group except Pd, bulk absorption of
atomic hydrogen via diffusion into the bulk is endothermic.

It is interesting to note that, in many cases, the initial sticking
probability S0 for molecular hydrogen (as well as for other dia-
tomic homonuclear molecules such as N2 or O2) on flat surfaces,
on the (111) planes of fcc transition metals for instance, is sub-
stantially smaller than unity [116]. Such conclusion had been
controversial for a long time because dissociation does occur
readily on defects [45,117,118], which are difficult to avoid entirely
even on well-characterized single crystal surfaces, but has been
proven convincingly, and has been explained on the bases of a
small activation energy barrier for adsorption. In support of this
idea, molecular beam studies on the adsorption of H2 on Ni(111)
have identified a two-state character with thermally activated
sticking and an activation energy for the low-energy state showing
a strong dependence on the density of surface defects [119,120].

More clear cases of activated adsorption, where the intersection
of the two potential energy curves occurs above the zero-energy
line (Fig. 8 bottom-right), have been reported for hydrogen ad-
sorption on late transition metals, typically coinage metals. Perhaps
the best-studied metal in this regard is copper. Early indications of
an unusual dependence of the initial sticking coefficient S0 on
temperature, pointing to the existence of an adsorption activation
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barrier of a few kJ/mol, were later confirmed by molecular beam
experiments. Indeed, both the groups of Cardillo and of Rendulic
concluded that a threshold translational energy, of between 10 to
20 kJ/mol, is needed for the sticking of H2 on several planes of
copper surfaces, including Cu(111), Cu(100), Cu(110), and Cu(310)
[6,109,121,122]. More recently, molecular beam experiments with
H2 and D2 on Cu(110) have shown that higher sticking probabilities
can be reached with molecules exhibiting particular combinations
of translational and internal energies [11,123]. For instance, Hayden
et al. have shown that the translational energy onset for H2 sticking
amounts to 130 meV for molecules in the ν¼1 vibrational state but
only 60 meV for ν¼2 [124]. A more detailed analysis by Michelsen
et al. for the case of the uptake of D2 on Cu(111) provided the es-
timated curves of S0 versus kinetic energy for specific vibrational
and rotational molecular states shown in Fig. 11 [125].

3.3.2. Other diatomics and surfaces
So far our discussion has centered on the adsorption of mole-

cular hydrogen on metals, but similar qualitative conclusions have
been reached from experiments on other surfaces and with other
molecules. In particular, evidence has been found in many systems
for the existence of both direct and precursor-mediated
Fig. 11. Results from a energy-state-resolved molecular beam study of the dy-
namics of the adsorption of D2 on a Cu(111) single-crystal surface [125], in the form
of the dependence of the adsorption probability on the kinetic energy of the beam.
Top: Data for several rotational excited states, J¼0, 5, 10 and 14, within a single
vibrational state (ν¼0). Bottom: Equivalent data for several vibrational states (ν¼0,
1, and 2) at a single rotational state (J¼2). All the data were acquire at a surface
temperature of Ts¼925 K. Adapted with permission from Ref. [125], Copyright 1993
American Institute of Physics.
dissociative adsorption channels [126]. For instance, the dis-
sociative adsorption of H2 on silicon, which is considered to be
prototypical for activated chemical reactions on semiconductor
surfaces, has been shown to depend strongly on Ts and to involve
phonon excitation of the silicon substrate [127].

In terms of the reactants, much of what has been learned with
hydrogen can be extended to other diatomics, even if there may be
some unique features associated with particular systems. For in-
stance, a study of the adsorption probability of O2 on Pt(111) as a
function of initial energy, angle of incidence, and surface tem-
perature provided evidence for dissociative chemisorption via
both precursor mediated and quasi-direct mechanisms, the latter
made evident by a steep increase in sticking probability with in-
itial energy [128]. By combining the use of molecular beams with
post-CO titration experiments, it was determined that the mole-
cular-precursor pathway is operational even at relatively high in-
cidence kinetic energies, at least as high as 1.1 eV [129]. On both Pd
(111) [130] and Rh(111) [131], the adsorption mechanism of mo-
lecular oxygen also evolves continuously from molecular pre-
cursor-mediated to a direct adsorption pathway with increasing
incident energy. Yet, on other metals such as Ag(110), the depen-
dence of S on the temperature of the surface indicates that ad-
sorption takes place directly into the molecular well and that
dissociation is eventually induced thermally, at TsZ150 K, without
the participation of any physisorbed precursor state [132].

Even the highly stable N2 molecule can be dissociated on sur-
faces. In one case, Auerbach and co-workers [133–135] showed
that the dissociative adsorption of N2 on W(110) is activated, with
a barrier of roughly 80 kJ/mol. The initial sticking probability is
relatively insensitive to the angle of incidence of the beam, in
contrast to the H2/Cu system, so S0 scales approximately with the
total kinetic energy rather than with the component normal to the
surface. Such behavior is inconsistent with a quasi-one-dimen-
sional activation barrier, and shows that the reaction is primarily
translationally activated. The same scaling of S with total energy
was reported on W(100), but in that case the dissociative ad-
sorption probability falls rapidly with increasing kinetic energy
and with surface temperature, strongly suggesting dissociation via
a precursor state [136]. The primary difference for N2 dissociation
between the W(110) and W(100) surfaces was found to be a higher
energy barrier to dissociation on the former [137].

3.3.3. Methane and other alkanes
Additional complications arise when considering multiatomic

adsorbates. Much work has been focused on the study of the ac-
tivation of small alkanes, starting with methane, on metal surfaces.
It has been concluded that, as with diatomics, the promotion of C–
H bond-scission steps in alkanes by metal surfaces may occur ei-
ther directly upon collision of the incoming gas molecule with the
solid or via the formation of weakly adsorbed intermediates
trapped on the substrate [108,138–159]. It has also been shown
that the critical factor for alkane activation is the efficiency with
which energy is transferred from the translational and internal
degrees of freedom of the gas molecules to the particular C–H
bond to be broken; the energy stored by the surface is often of
little importance for this process. In some instances it has been
reported that it is the normal component of the translational en-
ergy of the alkane that is important for the C–H bond-breaking
step, as summarized in Fig. 12 [147,158,160,161], but Stewart and
Ehrlich have shown that the vibrational modes of the incoming
molecules may be the most likely to provide energy for the dis-
sociation of methane [162]. Combinations of translational and vi-
brational energy excitations can also add up to provide the total
energy needed to surpass the energy barrier for activation, as
discussed above for hydrogen [163].

On the basis of theoretical calculations, it has been estimated



Fig. 12. Initial dissociative sticking probability S0 for CH4 on various metal surfaces,
plotted as a function of the normal component of the translational energy,
ENormal¼Ei � cos2θi (where θi is the angle of incidence of the beam on the surface)
[158]. Most cases show the exponential relationship typical of activated processes,
corroborating the scaling with the normal component rather than the total energy,
but some deviations are seen in a few instances. In particular, the reversal in S0
with decreasing energy observed with Pt(111), Ir(111), and Ir(110), where higher
values are seen at lower energies, signifies the participation of a precursor state.
Reproduced with permission from Ref. [158], Copyright 1995 Elsevier Science B.V.

Fig. 13. Initial probability for the dissociative chemisorption of ethane S0 on Ir
(110)-(1�2) as a function of incident kinetic energy at surface temperatures of
Ts¼154, 182, 250, and 500 K [168]. All measurements were made at normal in-
cidence. Like in Fig. 10, two components are clearly seen in these data, the low-
energy region where S0 depends strongly on Ts and increases with decreasing
energy, as expected from a precursor-mediated process, and the high energy end
where all curves converge and the values are proportional to the incident energy,
the sign of direct dissociative chemisorption. Reproduced with permission from
Ref. [168], Copyright 1990 American Institute of Physics.
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that direct alkane activation may occur via a tunneling mechanism
[164,165], at least at the high kinetic energies associated with
supersonic beam experiments. Alkane sticking probabilities often
increase monotonically with increasing kinetic energy, not in a
stepwise fashion at a given threshold energy value as expected if
the kinetics were dominated by an activation barrier. Also, the
observed shifts in the translational energy needed to activate CH4

vs. CD4 (or C2H6 vs. C2D6) are usually on the order of 20 kJ/mol,
much larger than the differences in the zero-point energy due to
isotopic substitution [166]. On the other hand, the dependence of
the sticking probability of methane seen on some metals as a
function of either the energy or the angle of incidence of the
molecular beam may be more appropriately explained by a clas-
sical model based on the microscopic reversal of the trajectory of a
reductive elimination step between methyl and hydrogen ad-
sorbed species [167]).

Other molecular beam work has provided evidence for a pre-
cursor-mediated alkane activation mechanism: the trapping
probability of ethane on Ir(110)-(1�2), for instance, shows only a
weak dependence on the angle of incidence of the beam, sug-
gesting that the momentum of the incoming molecules is rapidly
transferred to the surface [168]. In yet other cases, the dissociation
of alkanes has been shown to be assisted by a reverse energy
transfer from the surface to the molecule. This appears to be the
case on both platinum and rhodium, where SCH4 displays an Ar-
rhenius temperature dependence in the limit of low kinetic en-
ergy, with an activation energy between approximately 20 and
40 kJ/mol [169]. Finally, the mechanism of activation may change
with varying incident energy. For instance, studies with low-
energy beams have indicated that the probability of dissociation of
methane on platinum decreases with increasing incoming kinetic
energy [170], a result that is counterintuitive and that has yet to be
properly explained but that may reflect intermediate molecular-
adsorption steps. A similar behavior, plus a strong dependence of S
on Ts, has been reported for ethane on Ir(110)-(1�2), as shown in
Fig. 13 [168].

Molecular beam work on the dissociative adsorption of heavier
alkanes corroborates some of the same general features observed
with methane. For instance, in the case of cyclopropane on Ir(110),
a precursor-mediated mechanism dominant at low energies gives
way to direct activation for Ei440 kJ/mol [153]. The absence of
any isotope effects upon substitutions of the hydrogen atoms with
deuteriums suggests that the initial reaction coordinate involves a
C–C bond cleavage. Further studies with C3H8, C3D8, and (CH3)2CD2

led to similar conclusions, with the added observation that pri-
mary C–H bonds may be easier to activate than secondary C–H
bonds [151,154].

3.4. Surface corrugation

In the preceding discussion, the dynamics of adsorption has
been described by a one-dimensional potential that focus the at-
tention on the effect of the distance between the adsorbate and
the solid but neglects the other two dimensions, along the plane of
the surface. Certainly the distance of the incoming molecules from
the surface is the primary dimension determining their interac-
tion, but the energy potential does display some corrugation in the
other dimensions as well, especially with open planes or on de-
fective surfaces. One of the basic conclusions on adsorption from
modern surface-science studies is that bonding to surfaces is lo-
calized and takes place on specific surface ensembles and with
specific geometries [93,99]. This is true even on metals, where the
electron density is highly delocalized. Such localization of surface
bonding can only be explained if the 2D potential energy surface
along the plane of the surface displays well-defined minima.



Fig. 14. HD production (HDint) from reaction of H2þD2 mixed molecular beams on
platinum single-crystal surfaces as a function of the angle of incidence θ, normal-
ized to the intensity of the incident D2 signal (D2°int) [117,585]. The expression in
parentheses in the y-axis label, 1þ I°D2/I°H2, is a correction factor introduced to
account for the relative proportions of H2 and D2 in the beam. Data are provided for
experiments on: (a) Pt(332), also known as Pt(S)-[6(111)� (111)], with its step
edges perpendicular to the incident beam (ϕ¼90°); (b) the same Pt(332) surface,
but where the projection of the beam on the surface is parallel to the step edges
(ϕ¼0°); and (c) Pt(111). The data clearly show that the isotope scrambling reaction
occurs preferentially at the open side of the steps. Reproduced with permission
from Ref. [586], Copyright 1990 American Chemical Society.
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One consequence of this corrugation of the 2D surface potential
along the surface plane is that, because open surfaces display a
higher degree of corrugation, they can further facilitate adsorption. It
is particularly noteworthy that the dissociative adsorption of H2,
which as mention above has been shown to display low sticking
coefficients on close-packed metal surfaces such as Pt(111), typically
shows S0 values close to unity on more open planes [110]. In addition,
a combination of molecular beam and angle-resolved desorption
studies have indicated total energy accommodation of the adsorbate
with the surface, which shows up as cosine distributions. This is in
contrast with the highly peaked desorption profiles obtained on (111)
planes of fcc metals such as Ni [101,116]. Detailed quantum-me-
chanics calculations have shown that the corrugation of the 2D
surface potential should manifest itself in detailed sticking coefficient
measurements as a function of incidence angle and energy excitation
levels in the different molecular degrees of freedom [171]. One nice
experimental example of the effect of surface corrugation on ad-
sorption dynamics was provided by Vattuone et al., who showed
that, for O2 on Ag(110), the initial sticking coefficient S0 is different
along each of the two high-symmetry azimuthal directions, [001]
and [11̄0], of the surface; a clear anisotropy was seen as a function of
the total energy and the angle of incidence of the molecules, and also
as a function of the crystal temperature, for both low and room-
temperature adsorption [132].

It is well known that surfaces are dynamic and may reconstruct
to minimize their surface tension [172]. It has also been repeatedly
established that such reconstructions can be removed upon the
adsorption of molecules [173]. This type of reconstructions is ex-
pected to alter the surface potential, and with that the dynamics of
adsorption. The dynamics of surface reconstruction upon exposure
of surfaces to specific adsorbates can be studied with the aid of
molecular beams. In one example, by combining molecular beams
with calorimetric measurements, the group of King and coworkers
determined that, with CO or NO, adsorbate–adsorbate interactions
determine the formation of different ordered structures [79,174].
In a related study, they followed the growth of (1�1) islands upon
exposure of a hexagonal-reconstructed Pt(100) surface to deuter-
ium: by measuring sticking coefficients at desorption tempera-
tures, they found that island growth follows a highly nonlinear
rate law, with a forth-power dependence on the local deuterium
coverage on the surface [175,176]. Interesting, a different behavior
was seen with Ir(100) [177]. Ultimately, it appears that these ad-
sorbate-induced reconstructions follow complex dynamics not
easy to describe with mean-field kinetic equations.

3.5. Effect of steps

Steps and other types of defects on surfaces expose atoms with
low coordination numbers, and those are expected to be particu-
larly reactive. Molecular beam measurements of sticking coeffi-
cients of simple adsorbates have in general bear this out. Perhaps
the earliest demonstration of the role of steps on chemical re-
activity using such beams came from the elegant set of experi-
ments reported by the Somorjai group on the isotope scrambling
of H2þD2 beams on stepped platinum surfaces [45,117,178–180].
In studies on the Pt(332) (Pt(S)�[6(111)� (111)]) and Pt(553) (Pt
(S)�[5(111)� (111)]) planes, measurements of reactivity as a
function of both polar and azimuthal angles highlighted a strong
variation versus the direction of approach of the gas molecules,
with the production of HD being highest when the reactants strike
the open side of the step and decreasing by approximately a factor
of two when the inner corner of the step is shadowed (Fig. 14).
They also found that the exchange reaction is first-order in deu-
terium flux and half-order in H2 background pressure. Combined
with subsequent measurements of the angular and velocity dis-
tributions of the HD product [181], these results indicated that a
Langmuir-Hinshelwood atom-atom recombination on the surface
must be the rate-limiting step of the overall process.

The H2/Pt system has been studied extensively since, and the
general conclusions arrived to by the Somorjai group have in
general been confirmed. In one study with D2 and a Pt(533) (Pt
(S)�[4(111)� (100)]) crystal, the initial dissociative sticking
probability S0 was found to first decrease with increasing kinetic
energy Ei, up to about 9 kJ/mol, but to then increase [182–184].
Comparison with D2 dissociation on Pt(111), where S0 increases
linearly with Ei, suggests that it is the step sites that are re-
sponsible for the low-energy dissociation on the Pt(533). In an-
other example, the initial sticking probability was found to in-
crease with surface temperature [185]. More recent work with
curved surfaces, which has afforded a more systematic character-
ization of the adsorption process as a function of step density on
the surface [186,187], has again shown that the initial reaction
probability increases significantly at low kinetic energies when
steps are introduced, but markedly decreases for all stepped sur-
faces (at the expense of an increase in reactivity on the (111)
surface) above 10 kJ/mol. With the aid of quantum-mechanics
calculations, the low-energy step-mediated pathway has been
described as a non-activated precursor-mediated reaction channel
due to molecular chemisorption at the bottom of the steps [184].
Two more direct-activation routes have been proposed for H2

dissociation at higher energies, on the terraces and on the steps,
respectively [118,184].
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Comparable conclusions have been reached from studies on
other surfaces and with other reactants [5]. For instance, Karner
et al. have reported non-activated adsorption on step sites but
activated adsorption for hydrogen on the flat terraces of Ni(997)
(Ni(S)�[9(111)� (111)]) [188–190]. With the beam aimed in the
step-up direction adsorption was found to proceed via a precursor
state (∂S/∂Tso0 and ∂S/∂Eio0), whereas aiming the beam in the
opposite direction was determined to lead to an activated ad-
sorption (∂S/∂Ts40) ascribed to reactivity on the (111) terraces.
The first route was found to dominate at low energies (Eio0.1 eV),
but the direct activation on terraces was seen to take over at
higher energies.

Comsa and coworkers have developed an interesting approach
for the characterization of adsorption on terraces versus defect
sites based on measurements of the cross section for He scattering,
and applied it to the case of CO adsorption on platinum surfaces
with planes of orientations slightly off the (111) plane [191,192].
The large scattering cross section seen with small amounts of
carbon monoxide adsorbed on those surfaces, �250 Å2 (much
larger than expected from the Van der Waals radii of He and CO),
was taken as an indication of preferential CO occupation at defect
sites [193].

Some reports are also available on the dynamics of molecular
adsorption. For instance, for either CO or NO scattered from either
Pt(111) or Pt(557) (Pt(S)�[6(111)� (100)]) surfaces, the molecular
beam scattering data obtained for temperatures above 500 K could
be well described by using an adsorption-desorption model with a
constant sticking coefficient but a higher activation energy for
desorption from the stepped sites [194]. However, below 525 K,
the NO scattering results were quite different from those of CO,
and could not be simulated with the simple models that were
tried. What can be said is that NO does not dissociate upon ad-
sorption, and that its sticking coefficient decreases with increasing
coverage.

For the O2/Pt(533) case, it was found that the steps dominate
the dissociative adsorption process, with initial sticking coeffi-
cients significantly larger than on Pt(111) (even though the two
surfaces show similar dependences of S0 on Ei) [195]. Strong and
asymmetric angular dependences were identified, containing
contributions from separate activated dissociative adsorption
channels for the chemisorbed precursors on the (111) terraces and
the steps, respectively. A rapid decrease in S0 was seen below
0.15 eV on both Pt(533) and Pt(111), consistent with a trapping
mechanism followed by unactivated dissociation of the physi-
sorbed precursor. Additional studies with different stepped sur-
faces led to the conclusion that the most reactive sites for O2

dissociation are at the top of Pt steps [196].
Finally, molecular beams have also helped understand the dy-

namics of the dissociative adsorption of alkanes on stepped sur-
faces. In one case, with methane on Pt(533), it was found that, for
beam incident kinetic energies between 26 and 1450 meV, the
initial dissociation probability is higher than on Pt(111) at all sur-
face temperatures investigated because of additional direct stick-
ing mediated by the steps [197]. No evidence for any additional
indirect dynamical channel to dissociation induced by the steps
was seen, but the S0 dependence on both Ei and incident angle
could be deconvoluted into two contributions, from the (111)
terraces and the (100) steps, respectively, the latter with an ef-
fective activation barrier for dissociation approximately 300 meV
lower than that for the former. An enhanced dependence on Ts
was also observed on the Pt(533) surface versus on the Pt(111),
and ascribed to a more effective coupling of the energy from the
surface into the reaction coordinate.
3.6. Assisted adsorption

The adsorption of molecules on surfaces can be assisted via an
additional external excitation channel, especially if it involves a
precursor state or requires the dissociation of one or more bonds.
Particularly relevant to studies with molecular beams is an ap-
proach where the molecules are excited with the aid of lasers in
the gas phase, prior to their impingement on the surface, to pre-
pare them in vibrational and/or rotational hot states. An example
of the effect of molecular excitation on reactivity upon adsorption
is that of the dissociation of NO on Cu(111) surfaces [198]. By
preparing the NO molecules in single quantum states with vibra-
tional energies as high as 300 kJ/mol, the dependence of the vi-
brationally elastic and inelastic scattering probabilities could be
mapped out. Highly excited NO (ν¼13 and 15) was found to react
with a probability of 0.8770.05, more than three orders of mag-
nitude greater than the reaction probability of ground-state NO.

Molecular excitation to activate adsorption can also be per-
formed on larger polyatomic molecules. In fact, in those cases
specific vibrational modes may be promoted by using narrow-
band infrared lasers. For instance, in studies using vibrationally-
hot CD4 and C2D6 supersonic beams directed at an Ir(110) surface,
it was shown that the extra vibrational energy leads to a decrease
in the translational energy required for the onset of measurable
dissociative chemisorption [199]. The main vibrational mode
contributing to the dissociative adsorption was found to be the
asymmetric C–D stretching motion. Interestingly, a similar energy
compensation effect between translation and vibration modes
appears not to be operational with CH4 or C2H4 [152,166]. These
observations were explained by a direct chemisorption mechan-
ism with quantum-mechanic tunneling. In the case of the uptake
of methane on Ni(100), excitation of the ν3 C–H stretching vibra-
tion to its first excited level led to an increase in dissociative ad-
sorption by a factor of 1600 compared to the unexcited molecules
[10,200,201]. In beams with high translational energy, though, the
ν3 was found to be responsible only in part for vibrational
activation.

Another interesting mechanism for the augmentation of re-
active adsorption is the excitation of molecules adsorbed mole-
cularly in a weakly-bonded precursor state by collision with other
atoms or molecules incoming from the gas phase. This "chemistry
with a hammer" was pioneered by the Ceyer group, and shown to
be operative for the case of the dissociation of methane on nickel
surfaces [143,202,203]. As shown in Fig. 15, the cross section of the
collision-induced dissociation displays a complex dependence on
the energy of the impinging atom (an inert gas such as Ar or Ne,
the "hammer") that does not scale with either the total or the
normal energy. It was concluded that the activation occurs via the
impulsive transfer of kinetic energy upon collision of the projectile
with the physisorbed CH4 followed by translationally activated
dissociative chemisorption of the latter upon its subsequent col-
lision with the Ni surface.

Information on the reactivity of specific excited states can also
be extracted, thanks to the principle of microscopic reversibility,
from detailed characterization of the energetics and angular de-
pendence of the desorbing molecules. For instance, in a study of the
associative recombination of deuterium atoms chemisorbed on Cu
(111), the dependence on rotational J and vibrational ν states of the
translational energy of the D2 molecules desorbing from the surface
after recombination were mapped out in a quantum-state-specific
manner using three-photon resonance-enhanced multiphoton io-
nization (2þ1 REMPI); the kinetic energies were obtained by
measuring the flight time of D2

þ ions in a field-free region [125]. It
was found that the mean kinetic energies depend strongly on the
rotational and vibrational states, and it was concluded that the vi-
brational energy is effective, though not as effective as the



Fig. 15. Probability of collision-induced dissociation events per incident Ar atom,
PCID, for methane physisorbed on a Ni(111) surface (θCH4¼0.03 monolayers) as a
function of the normal component of the kinetic energy of the Ar atoms,
ENAr¼Ei � cos2θi [202]. Experiments were carried out at three different argon kinetic
energies, Ei¼42.3 (triangles), 47.1 (diamonds), and 51.8 (circles) kcal/mol, and
several angles of incidence, θi¼0°, 20°, 30°, and 40°. The probability for methane
activation is seen to increase exponentially with the normal component of the
incident Ar atoms, suggesting a methane activation mechanism via impulsive col-
lisions as depicted schematically in the inset. Adapted with permission from Ref.
[202], Copyright 1989 American Institute of Physics.

Fig. 16. Time-of-flight (TOF) spectra of NO molecules scattered from a Pt(111)
surface [209]. The characteristics of the incoming NO molecular beam and surface
were as follows: Ei¼0.24 eV, θi¼47.5°, θr¼61.5° (angle of detection), Ts¼575 K. In
these experiments, the orientation of the NO molecules was aligned with the aid of
electrostatic focusing; data are shown for the intensity of the scattered molecules
in O-end (red), random orientation (green) and N-end (blue) collisions. The N-end
collisions were shown to lead to less scattering, and therefore more molecular
trapping, than the O-end collisions. Adapted with permission from Ref. [209],
Copyright 1990 Elsevier Science Publishers B.V. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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translational energy, in promoting adsorption. Rotational motion
was found to hinder adsorption for low rotational states (Jr5) but
enhance adsorption for high rotational states (JZ5), and also to
never be as effective as either the vibrational energy, which is 30–
70% more effective than the rotational energy, or the translational
energy, which is 2.5–3 times more effective than the rotational
energy, in promoting adsorption.

3.7. Steering

In the preceding section we discussed the possibility of en-
hancing adsorption via the excitation of molecular vibrational
states within the incoming adsorbates. The sticking of molecules
on surfaces may also be affected by molecular orientation, and that
may be aided by molecular steering [204,205]. This idea has been
invoked to explain some of the results obtained in molecular beam
work on adsorption. For instance, for D2 on Pt(100), the fact that
on the reconstructed hexagonal phase the initial sticking coeffi-
cient decreases sharply in the range of initial energies between
5 and 10 meV was interpreted as the result of dynamical steering
[206].

Steering may be characterized by evaluating the scattered mole-
cules selectively as a function of their rotational excitation level J, by
using optical detection that relies on resonant excitation. Using 2þ1
REMPI, it was determined that, in the case of hydrogen on Pd(111),
the sticking is sensitive to the rotational quantum number, first de-
creasing as J is raised from 0 to 3, then increasing again for J¼4 and
J¼5 [207]. It was also established that some of the H2 incident
molecules in the J¼0 and J¼1 states are excited directly upon col-
lision with the surface, without any involvement of dissociation or
recombination states, to the J¼2 and J¼3 states, respectively, with
probabilities that increase strongly with surface temperature and
that are roughly independent of incident translational energy.
Steering has also been identified indirectly from the need to include
such effect in theoretical calculations to be able to reproduce data
from molecular beam experiments, as in a recent paper on the ad-
sorption dynamics of O2 adsorption on Cu(100) [208].
An alternative methodology for controlling steering is to ma-
nipulate the rotational state of the incoming gas molecules in the
gas phase. This can be accomplished with polar molecules such as
NO by using electrostatic focusing. Orienting NO molecules this
way with the N-end versus the O-end towards the surface led to
different results on Pt(111) and Ag(111): N-end collisions showed
lower scattering yields and larger trapping probabilities than
O-end collisions on the first surface (Fig. 16), whereas the opposite
was seen with the second [209]. Paramagnetic molecules can also
be aligned using hexapoles. For instance, it was determined using
such approach that, at translational energies below 0.2 eV, O2

sticking on Al(111) occurs predominantly when the molecular axis
is parallel to the surface [210]. Similar experiments have been
carried out on Ni(111) and Si(100) [211]. In another study, the in-
itial sticking coefficient of CH3Cl on Si(100) was found to be the
largest when the molecules are oriented with their chlorine atom
pointing toward the surface [212]. The opposite preference for
sticking via the methyl side was reported for CH3F on graphite
(0001) [213,214].

More recently, a methodology has been developed to colli-
sionally align non-polar molecules in molecular beams [215]. Ap-
plication of this technique to the study of the sticking of ethylene
on oxygen-predosed Ag(001) versus surface coverage has shown
that, interestingly, the sticking is not affected by the degree of
molecular alignment at the very early stages of the uptake but
develops a large difference in S, by a factor of up to 3.5, starting at
ethylene coverage of only a few per cent of a monolayer (Fig. 17)
[215].

3.8. Kinetics of adsorption uptake

As already implied in the previous sections of this review, ad-
sorption is often described in terms of sticking coefficients, that is,
in terms of the fraction of molecules impinging on a surface that
adsorb instead of scatter back into the gas phase [13,216]. The
sticking coefficient for adsorption depends on the coverage of
adsorbed species on the surface, and that can be measured by
recording the adsorbate uptake as a function of time of exposure.



Fig. 17. Bottom: Plot of the sticking coefficient S versus coverage θET during the
uptake of ethylene on a Ag(001) surface pre-covered with molecular oxygen
[215,587]. In these experiments the molecular beam energy was fixed at
Ei¼0.36 eV, and, like in Fig. 16, the rotational states of the incoming ethylene
molecules were controlled; data are reported for the interaction of randomly or-
ientated (mostly helicopters, solid line) and aligned (mostly cartwheels, dotted
line) ethylene projectiles (the molecular motions are shown schematically in the
top scheme). Differences in sticking probabilities are obvious from the data,
especially at high ethylene surface coverages, with the uptake of the helicopters
being more effective than that of the cartwheels. Adapted with permission from
Ref. [215], Copyright 2006 The Royal Swedish Academy of Sciences, and Ref. [587],
Copyright 2005 American Institute of Physics.
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This methodology, which was initially described simultaneously
by King and Wells [103] and Madey [217], is exemplified for the
case of carbon monoxide adsorption on Pt(111) in Fig. 18, which
was studied by using the setup described in Fig. 3 [218]. The top
left panel (a) shows the raw data, in the form of the partial pres-
sure of CO versus time. An initial jump in signal is seen at t¼�8 s,
as the beam is turned on. With the beam still blocked from im-
pinging directly on the surface, the CO partial pressure rises to a
new steady-state value because of scattering of the molecules from
the intercepting flag, a process that takes a few seconds. Then, at
t¼0 s, the flag is removed to allow the beam to strike the surface
directly, an action that causes the CO partial pressure to drop in-
stantly because of the removal of some of the CO molecules from
the gas phase upon adsorption on the Pt(111) surface. After some
time, the platinum surface becomes saturated and therefore in-
capable of adsorbing any more CO, at which point the CO partial
pressure in the vacuum chamber returns to its steady value.

These data can be processed to extract the desired information.
The measured CO partial pressure is subtracted from that expected
if the beam would not have been blocked, the dashed line in Panel
(a) of Fig. 18, and calibrated to values of sticking coefficient by
determining the maximum drop in pressure expected if S¼1 (ty-
pically determined by independent studies with a condensable
gas). The resulting sticking probabilities (s(t) in the figure) are
plotted versus time in Panel (b) of Fig. 18. Next, the signal from
that plot is numerically integrated versus time to obtain the de-
pendence of surface coverage on time (Θ(t) in Panel (c), Fig. 18).
Finally, the sticking coefficient data in Panel (b) are collated with
the coverage data in panel (c) to develop a plot of sticking coeffi-
cient versus coverage, Panel (d).

The results from this type of analysis can then be fitted to
different adsorption models. The simplest analysis is based on
Langmuir isotherms, where all surface sites are assumed to be
identical, and where adsorption on a given site renders it inactive
for further uptake [219,220]. For a molecular process, this model
predicts that the sticking coefficient, that is, the probability for the
impinging molecules to adsorb on the surface rather than to
scatter back to the gas phase, should decrease linearly with cov-
erage because more and more surface sites become blocked and
inactive for further uptake as the population of the adsorbates on
the surface increases, whereas in the case of dissociative adsorp-
tion the dependence of S on Θ is quadratic (for two resulting ad-
sorbates). The Langmuir model can also be easily extended to
competitive and non-competitive adsorption of two or more
species.

Langmuir uptake kinetics has been seen in some instances but
are not very common, so a number of adsorption isotherms have
been developed to describe the uptake on surfaces with a dis-
tribution of sites, and several approaches have also been advanced
to include the role of adsorption on precursor states, the most
common perhaps been that proposed by Kisliuk [221,222]. Two
types of precursors need to be considered: the intrinsic precursor
state described in Section 3.2, a physisorbed species associated
with a shallow minimum in the potential energy surface as the
molecule approaches the chemisorbed state on the clean surface
[223], and an extrinsic precursor, due to weak adsorption on top of
a surface site that is already occupied by another adsorbate
[130,224–226]. Further refinements include the consideration of
coverage-dependent adsorption energies [227–230], something
that is fairly common because of adsorbate-adsorbate interactions
[231], and the inhomogeneous distribution of adsorbates, seen in
cases such as when surface islands are formed [232,233]. The
latter is difficult to reproduce with mean-field kinetic equations,
but may be simulated with Monte Carlo kinetic algorithms [234–
243].

The so-called King and Wells method described above for
sticking coefficient measurements is vastly popular, and has been
used in numerous studies, too many to survey here. Its usefulness
can be illustrated by a recent study from our group focused on
identifying enantioselectivity on surfaces. Our general idea, bor-
rowed from the pioneering work of Tysoe and coworkers
[244,245], is that a chiral molecule such as propylene oxide (PO)
can be use to titrate enantioselective surface sites made by
building a controlled coverage of another chiral adsorbate, the
chiral modifier [246–248]. During the characterization of the ad-
sorption of PO by itself on Pt(111), it was found that the saturation
monolayer of a racemic (50:50) mixture is approximately 20% less
dense than a similar layer made out of one single PO enantiomer
(either S- or R-PO). Molecular beam measurements (Fig. 19, left
panel), combined with temperature programmed desorption
(TPD) and scanning tunneling microscopy (STM), and also with
kinetic Monte Carlo simulations (Fig. 19, right), helped identify the
reason for this behavior as the result of adsorption kinetics as-
sisted by adsorbates previously dosed on the surface. Different
probabilities for homo- versus hetero-enantiomeric pairs needed



Fig. 18. Typical kinetic data from experiments using an effusive molecular beam to measure sticking coefficients as a function of coverage, following the so-called King and
Wells method [13,218]. This case corresponds to the uptake of carbon monoxide on a Pt(111) surface at 300 K. (a) Raw data, in the form of CO partial pressure (PCO) versus
elapsed time. The beam is turned on at t¼–8 s, but the shutter is kept in place at that time in order to avoid direct exposure of the crystal to the beam. The observed rise in
signal corresponds to the increase in pressure due to CO scattering off the intercepting flag. That flag is removed at t¼0 s, at which point the partial pressure of CO drops
because of its removal from the gas phase via adsorption on the surface. The PCO eventually returns asymptotically to the value seen before the flag is removed, as the
platinum surface becomes saturated with CO. (b) Plot of the CO sticking probability, s(t), versus time, calculated directly from the data in the first panel after appropriate
calibration. (c) CO surface coverage Θ(t) versus time, obtained by integration of the temporal evolution of the sticking coefficient. (d) Sticking probability versus coverage for
CO adsorption on Pt(111) at 300 K, obtained by combining the data in panels (b) and (c). Adapted with permission from Ref. [13], Copyright 2002 Taylor & Francis Ltd.

Fig. 19. Experimental (molecular beam) (a) and Monte-Carlo-simulated (b) isothermal uptake curves for propylene oxide (PO) on Pt(111) at 150 K, in the form of sticking
coefficient versus PO surface coverage [249]. PO is a chiral molecule, and in this study it was demonstrated that the uptake depends on the enantiomeric composition of the
incoming molecules. Two traces are shown in each panel, for the uptake of enantiopure (red) and racemic (blue) PO. Higher saturation coverages and sticking coefficients are
always seen with the enantiopure molecules. In addition, there is always an initial increase in sticking coefficient with coverage, reproduced in the Monte Carlo simulations
by considering an adsorbate-assisted process with a higher sticking coefficient on occupied sites, S0(Occupied)¼0.99, than on empty sites, S0(Empty)¼0.01. Panel (c) shows
snapshots of the simulated surfaces obtained at saturationwith enantiopure (top) and racemic (bottom) PO. The red and blue elements represent the two enantiomers of PO,
the white squares the buffer zones between adsorbates, and the black areas unfilled empty spaces. Reproduced with permission from Ref. [249], Copyright 2013 American
Chemical Society.
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to also be considered in this explanation [249,250].
Adsorbate-assisted adsorption has been known from past ex-

periments [224,251] but is not common. The molecular beam
uptake experiments have been particularly valuable in this re-
search, as the adsorbate-assisted kinetics is clearly manifested by
an initial increase in sticking coefficient with increasing coverage;
this is seen in Fig. 19 for coverages below about 0.03 monolayers
(ML). In the end, two separate effects were identified in these
studies, a kinetic preference for homochiral adsorption dominant
at the initial stages of the uptake, and a second thermodynamic
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bias towards racemic mixtures at saturation [252]. It was also es-
tablished that the enantioselectivity of the surface can be ampli-
fied from that bestowed by a small amount of adsorbed homo-
chiral PO by subsequently adsorbing a second non-chiral (but pro-
chiral) molecule such as propylene [253]. All these conclusions
have relied in great part on results from measurements of sticking
coefficient versus coverage acquired with an effusive molecular
beam system.
4. Kinetics of reactions: Early examples

In the previous section, the focus of the discussion was on ei-
ther molecular or dissociative adsorption. In either case, the ki-
netics refers to the association of one single species with the solid
surface, and involves a set of unimolecular reaction steps. It is
possible, and more common in practical applications such as in
heterogeneous catalysis, to have two or more species adsorb and
react on solid surfaces. These systems are, from a kinetic point of
view, much more complex to describe. At the very least, the
question arises as to what is the dynamics of the reaction. In
general, such dynamics can be described in terms of either the so-
called Langmuir-Hinshelwood mechanism, where the reactants
interact and undergo chemical conversion once they are all ad-
sorbed on the surface, or the Eley-Rideal mechanism, in which
case one of the reactants impinges directly from the gas phase on
the second adsorbate. To distinguish between these two possibi-
lities, there is a need to pinpoint the details of the dynamics and
kinetics of the adsorption of the reactants and the desorption of
products. Molecular beam experiments, in particular those that
use pulsed and time-resolved techniques to extract transient in-
formation, have been quite informative in this area. Many details
about the dynamics of catalytic reactions have been obtained for
simple systems, as discussed in this Section. Data relevant to re-
action kinetics have also been collected for more complex che-
mical transformations, as described in the next Section.

4.1. COþO2

The oxidation of carbon monoxide with molecular oxygen on
late-transition-metal single-crystal surfaces is perhaps the reac-
tion that has been studied to the largest extent by using molecular
beams [22,254,255]. Most combinations of experimental setups, as
discussed in Section 2.2, have been applied to this system. For
instance, on Pt surfaces, Fair and Madix used background oxygen
fluxes sufficiently high to nearly saturate the surface and com-
bined that with modulation of an incident CO beam to extract
kinetic parameters for this reaction, specifically focusing on the
role of terraces and defects in promoting CO2 formation [256]. Ertl
and coworkers, on the other hand, utilized a modulated O2 beam
with a small CO background pressure to obtain rate constant for
cases where the coverages of both CO and atomic oxygen on the
surface (ΘCO and ΘO, respectively) are small, and also performed
transient measurements on oxygen-presaturated surfaces by al-
ternatively using a continuous or a modulated CO beam to mea-
sure the residence time of CO as a function of ΘO [257]. These
modulated experiments were conducted in two different regimes
to allow for the linearization of the reaction, namely, at a high
constant value of ΘO and with a modulated CO beam, and with a
modulated O2 beam at surface temperatures such that CO deso-
rption is rapid compared to oxidation so that ΘCO is approximately
constant. On Rh(110), Bowker performed three types of experi-
ments: (1) under steady-state by using a mixed beam of CO and
oxygen, (2) in a transient where the crystal was predosed with
oxygen and then exposed to a beam of CO, and (3) under condi-
tions where the reaction was allowed to reach steady state at one
temperature (usually 370 K) and the crystal temperature then
ramped to a second, higher, value [258].

One important conclusion derived from the time-resolved ex-
periments designed to probe the transient states is that, in general,
the oxidation of CO with O2 on the surfaces of late transition
metals such as Pt or Pd takes place via a Langmuir-Hinshelwood
mechanism, that is, by recombination of two surface species. The
general consensus is that the metals adsorb oxygen dissociatively,
and that it is the resulting adsorbed oxygen atoms that react with
adsorbed CO to produce CO2 [256,257,259,260]. For instance, on
Pd(111), surface residence times measured by modulating one of
the two (O2 or CO) beams while keeping the other constant yiel-
ded results for the phase dependence of the signals consistent only
with a reaction between chemisorbed CO molecules and chemi-
sorbed O atoms; no evidence for an Eley-Rideal mechanism could
be found [260]. One possible exception to the general conclusion
that CO oxidation takes place via the Langmuir-Hinshelwood
mechanism is the case of oxygen-precovered Ru(0001), where CO
molecules with a translational energy of 1.2 eV are oxidized with
reaction probabilities below 0.05; this result is consistent with the
activation barrier derived from density functional theory (DFT)
calculations for a reaction by direct collision from the gas phase
[261].

Regarding the dynamics of the CO oxidation reaction, on Pt
(111) the dependence of the CO2 yield on the angle of the beam,
studied by phase analysis and time delay measurements with
modulated CO beams (Fig. 20), led to the conclusion that the up-
take of incident CO from the gas phase on O-presaturated surfaces
goes through a weak precursor state [257]. Desorption from this
state causes a decrease in chemisorption probability with tem-
perature, but once chemisorbed, the CO molecule shows almost
unit probability for its conversion to CO2 below 540 K. The CO2

angular distribution in that case varies from cosine-like (thermally
accommodated) to highly peaked depending on the coverages of
the adsorbed reactant [257,262,263]. Curiously, no such effects
have been seen on Pd; the CO2 angular distribution from Pd(111) is
diffuse [259]. The peaked CO2 angular distributions on Pt suggest
high translational energies of the product under specific reaction
conditions not seen on Pd.

The structure of the surface is an important parameter in de-
termining reaction rates. On rhodium, for instance, the surface was
found to be covered with atomic oxygen under steady state and at
temperatures above those needed for CO desorption, at which
point the reaction becomes structure sensitive: it is markedly
faster on the more open Rh(110) plane than on the close-packed
Rh(111) [264]. On Pd(110), the production of CO2 was seen to show
two rate maxima at 375 K, likely reflecting changes in reactivity
upon reconstruction of the surface [265]. Steps and other defects
on the surface can alter the dynamics of the surface in significant
ways as well. On the one hand, Fair in Madix, experimenting with
a Pt[9(111)� (100)] surface, showed that the steady-state reaction
occurs primarily on the terraces, at least at high coverages, be-
cause both oxygen and CO bind preferentially to step and kink
sites and block those for further reaction [256]. In contrast,
Campbell et al. showed that, on Pt(111) surfaces treated to create
some subsurface oxygen, the channel that produces thermally
accommodated CO2 becomes less important with increasing O or
CO coverages, presumably because the added oxygen blocks the
defects where that reaction may take place [266]. On oxygen-
precovered Ru(0001), the formation of a thin (Z3 ML thick) oxide
layer leads to a two-orders-of-magnitude increase in CO oxidation
reaction probability because of a further destabilization of the
surface oxygen by the onset of oxide formation [261].

In terms of the kinetics of the CO oxidation reaction, those are
difficult to describe with a simple rate law over the entire range of
temperatures and pressures under which the reaction can proceed



Fig. 20. Top: Signal intensity for scattered CO versus outgoing angle from mole-
cular beam experiments where a layer of atomic oxygen was titrated off a Pt(111)
surface at 542 K [257]. The angle of incidence was 45°. Angular profiles are shown
for three different times during the titration corresponding to three different
oxygen coverages, θO/θOmax¼0, 0.2, and 1. Two components can be identified in
these desorption angular profiles, a cosine part indicated by the dashed lines,
corresponding to molecules that have fully accommodated their energy with the
surface via a precursor state, and an extra, peaked, signal, indicated by the solid
lines and symbols, from specular reflection. Bottom: Results from a modulated CO
titration at 442 K in the form of CO surface residence time (open circles, left scale)
and rate of CO2 production (solid circles, right scale) as a function of titration time
(which reflects decreasing oxygen surface coverage). The relatively long residence
times for CO attest to a Langmuir-Hinshelwood mechanism for the formation of
CO2. That residence time increases as the oxygen reaches a threshold value (about
25% of saturation), at which point the production of CO2 dies down and the data
reflect CO adsorption on clean Pt. Reproduced with permission from Ref. [257],
Copyright 1980 American Institute of Physics.

Fig. 21. Results from isothermal CO titration experiments on oxygen-saturated Pt
(111) surfaces using an effusive molecular beam [68,270]. The data correspond to
the measured temperature dependence of the CO2 yield, NCO2,dir, the final CO
coverages (on both oxygen-saturated and clean Pt surfaces), and the oxygen cov-
erage, θO,un. Below 300 K no reaction is observed and above 400 K oxygen removal
is complete, but in the intermediate 300–400 K temperature regime the reaction
never reaches completion. This was explained by invoking two kinetically distinct
types of oxygen atoms, as illustrated schematically in the bottom diagram: isolated
atoms, which are difficult to remove, and those associated with surface islands,
where the activation barrier for CO2 production is lower [68,271]. Adapted with
permission from Ref. [271], Copyright 1996 American Institute of Physics.
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because of changes in the adsorption rate for O2, the effects due to
coadsorption of CO and atomic oxygen, the role of possible limited
diffusion of the adsorbates within the adlayer, and the possible
non-homogeneous distribution of adsorbates on the surface,
which may vary with varying coverage. In particular, chemisorbed
CO is known to inhibit the adsorption of O2, whereas the sticking
probability of CO is largely unaffected by adsorbed oxygen
[254,267,268]. It is also known that the interaction among ad-
sorbed oxygen atoms is attractive, a fact that leads to the forma-
tion of surface islands at coverages as low as 5% of a monolayer
and at surface temperatures as low as 300 K [22]. Typically, it has
been stated that CO adsorbs preferentially outside of the oxygen
surface islands, but at sufficiently high coverages the oxygen is-
lands may be compressed [267–269], and even form a mixed CO
(ads)þO(ads) phase [268,269]; transient measurements on oxy-
gen-presaturated surfaces have indicated that the activation en-
ergy for CO oxidation changes with coverage because of these
effects [22,259].

We have explored the kinetics of CO oxidation on Pt(111) in an
intermediate regime where these oxygen islands play a critical role
by using effusive molecular beams in several of the modalities
discussed in Section 2.2 (Fig. 21, top) [68,270,271]. Above 400 K,
the rate of CO2 production was found to be determined by the
impinging rate of the carbon monoxide molecules on the surface
as long as the CO:O2 ratio is low, but the CO steady-state coverage
was seen to increase and to poison the adsorption of oxygen and
the overall CO2 production as that CO:O2 ratio is increased
[68,270]. At the other end, below 300 K, no reaction is observed,
and the presence of preadsorbed atomic oxygen on the surface
does not significantly affect the initial sticking coefficient of CO but
only reduces its saturation coverage by less than half, which it
does by preferentially blocking the bridge sites [68]. In between,
however, the rate of surface recombination of CO with oxygen
competes with that of CO adsorption, giving raise to a fairly
complex overall dynamic behavior where the reaction rates not
only depend on the coverages of the reactants but also on how the
surface is prepared. Two kinetically distinct types of oxygen atoms
were identified between 300 and 400 K even though they all sit in
identical sites at the start of the reaction, and the isothermal re-
moval of the adsorbed oxygen by incoming CO molecules is in-
complete [68,271]. This was explained by a lowering in the reac-
tion activation barrier within the oxygen islands that form on the
surface (Fig. 21, bottom).

Similar experiments have been carried out on Pd(111). Some
common features were observed, but the CO poisoning typically
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observed on virgin surfaces could in this case be partially lifted by
modifying the surface via the addition of subsurface oxygen, to the
point of allowing for ambient CO oxidation [272–274]. A significant
time delay was also observed between the onset of oxygen ad-
sorption and that of CO adsorption and CO2 production. Even more
complex kinetics have been seen on Pd(110), where CO oxidation
exhibits an isothermal ‘light-off’ in which the rate autocatalytically
increases with time. This is believed to be due to the desorption of
CO, which releases extra sites for O2 dissociation and in turn re-
moves more CO (hence the self-acceleration) [275]. Finally, on
surfaces prone to reconstruction, the non-linearity of the rate of
that process on surface coverage can cause, under specific condi-
tions, chemical oscillations, both in time and in space [276–278].

4.2. H2þO2

Another well-studied reaction catalyzed by transition metals is
the oxidation of molecular hydrogen to produce water. This reac-
tion shares some common steps with the COþO2 process dis-
cussed above, in particular the dissociative adsorption of mole-
cular oxygen, but it offers additional complexity in the form of the
possible formation of an hydroxide surface intermediate as the
result of the sequential addition of atomic hydrogen to adsorbed
oxygen. In fact, many studies have focused on trying to answer this
specific mechanistic issue.

In one of the earliest reports on this reaction, the group of
Dumesic et al. used a steady-state molecular beam technique to
obtain kinetic data for the conversion of H2þO2 mixtures on
polycrystalline Pt that they found consistent with a Langmuir-
Hinshelwood mechanism involving a direct 2H(ads)þO(ads) re-
combination step to form H2O(g), with an activation energy of
�80 kJ/mol [279]. However, those authors could not rule out other
possible mechanisms. On Pt(111), Smith and Palmer measured
apparent reaction orders between 0.8 and 1 in O2 flux and be-
tween 1 and 2 in D2 flux, a result that led them to suggest a direct
reaction with O2(ads) [280]. However, they did not offer a detailed
mechanism that indicated the intervening elementary steps for
this process. Water formation was found to be activated, but, in-
terestingly, so was D2 adsorption under the reaction conditions. On
the basis of the kinetic parameters measured, the authors sug-
gested a mechanism involving an equilibrium between adsorbed
oxygen atoms, hydrogen atoms, and an adsorbed OH intermediate,
the latter with a short lifetime, and a rate-limiting step consisting
Fig. 22. Left: Schematics of an instrument with a multiple molecular beam configuratio
oxygen on Rh(111) [282]. In addition to continuous oxygen and modulated hydrogen bea
the surface coverages and linearize the reaction, to study its kinetics under steady state v
as a function of the beam fluxes of the reactants at 650 K. The sections running from the
at a constant hydrogen flux, whereas the second axis in the bottom plane is associated
reports the results in terms of water partial pressure). The kinetics of this reaction are qu
rapidly with H2 flux but then levels off, indicating a reaction order in H2 below one, wh
flux, the rate is not monotonic with O2 flux. Instead, as the O2 flux is increased, the rat
reaction order can be specified in terms of reactant pressures. Reproduced with permis
of a reaction between H(ads) and OH(ads) to form H2O(g). On the
other hand, Gdowski and Madix found that the rate of H2O for-
mation on Pt(S)-[9(111)� (100)] is second order in H(ads), which
precludes OH(ads) formation as the rate-limiting step and sug-
gests a quasi-equilibrium among O(ads), H(ads), and OH(ads)
surface species [281]. Nevertheless, neither a direct 2H(ads)þO
(ads)-H2O(g) recombination nor a disproportionation of OH(ads)
groups, 2OH(ads)-O(ads)þH2O(g), could be excluded. These au-
thors also determined that above 700 K a second parallel process
associated with oxygen atoms at the steps becomes operative.

Padowitz et al. designed a modulated molecular beam reactive-
scattering technique involving three beams, namely, a continuous
O2 source, a modulated H2/D2 beam, and a third low-flux H2/D2

beam (used to induce small perturbations on the steady state of
the reaction), to measure kinetic parameters around steady-state
conditions (Fig. 22, left) [282]. With this technique, the authors
were able to vary the surface oxygen coverage, use isotopic sub-
stitution, and linearize the HDO reaction. The reaction orders were
found to display a complex interdependence, as indicated by the
data in the right side of Fig. 22. They determined that, on Rh(111),
the formation of water takes place via sequential atomic-hydrogen
addition steps, with apparent activation energies of 1074 and
4074 kJ/mol for the OH(ads) and H2O(g) formation, respectively
[282]. This is perhaps the most comprehensive kinetic study
available for this reaction, and the one that contributes the most
convincing arguments for the determination of the reaction
mechanism.

The need to activate molecular hydrogen to produce water
becomes more evident on surfaces on which the dissociative ad-
sorption of hydrogen is itself activated. For instance, on a Cu(110)
surface predosed with oxygen, no water can be produced until the
normal component of the energy of the H2 beam reaches a value of
about 200 meV, at which point H2O is made via Langmuir-Hin-
shelwood kinetics [283]. The results from that study suggest that
the dissociative barrier for hydrogen adsorption is rate determin-
ing, and itself insensitive to oxygen coverage.

The water-formation reaction on palladium can be further
complicated by the ability of that metal to absorb atomic hydro-
gen. On Pd(111), Engel and Kuipers determined that the reaction
product, H2O, is emitted from the surface with a cosine distribu-
tion [284]. Under excess H2, large H2O phase lags were observed
even at high temperatures, indicating a Langmuir-Hinshelwood
mechanism and the presence of bulk diffusion effects. The rate-
n used for the study of water formation from the reaction between hydrogen and
ms, a third continuous beam of hydrogen or deuterium was incorporated to control
ia the induction of small transients. Right: Product (H2O) mass spectrometer signal
lower right to the upper left correspond to experiments with varying oxygen fluxes
with variations in hydrogen flux at constant oxygen flux (the third, vertical axis

ite complex: sections taken at constant O2 flux show that the reaction rate increases
ereas at constant high H2 flux the response to O2 flux is linear. Moreover, at low H2

e of water production first rises but then declines to zero. Consequently, no global
sion from Ref. [282], Copyright 1991 Elsevier Science Publishers B.V.



Fig. 23. Results from molecular beam experiments on the reaction of CO with NO
on Rh(100) studied with oriented NO molecules [290]. Top: CO2 partial pressure for
both extreme spatial orientations of the NO molecule, namely, with either the N
(open squares) or the O (solid circles) end oriented towards the surface, as a
function of time at a surface temperature of 393 K. Bottom: corresponding CO2

reaction asymmetry parameter, Ar, calculated from the raw data provided above, as
a function of time. The changes in orientation preference seen as a function of time
are interpreted as a switch in the dominant mechanism, from a direct Eley-Rideal
step at early times to an indirect surface reaction channel via a Langmuir Hin-
shelwood pathway later on. Reproduced with permission from Ref. [290], Copyright
1996 Elsevier Science B.V.
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determining step in that case was determined to be the formation
of OH(ads) from O(ads)þH(ads), a step with an activation energy
of 30 kJ/mole. With O2 in excess, however, the phase lag decreases
to zero at high temperatures, indicating that a high oxygen cov-
erage blocks H diffusion into the bulk, and that the hydrogen re-
servoir available for reaction at the surface is therefore decreased
by several orders of magnitude. This results in a drastic reduction
of the reaction rate that can be reversed by increasing the partial
pressure of H2.

Studies on the dynamics of the water-forming reaction have
also identified some surprising facts. In terms of the angular dis-
tribution of the desorbing products, the H2þO2 reaction on Pt(111)
shows similar characteristics to those seen in the oxidation of CO
in that there is a substantial amount of energy to be disposed of as
the final activation barrier is surmounted. However, whereas
peaked CO2 angular distributions were observed with CO, only
diffuse H2O distributions have been reported with H2

[280,284,285]. Moreover, the D2O molecules produced from
D2þO2 have been seen to desorb cold independently of the des-
orption angle, presumably because of losses to the surface due to
molecular diffusion [285].

4.3. COþNO

A third related system to the two discussed above is the re-
duction of nitrogen oxide by carbon monoxide. The main channel
for this chemistry on late transition metals is N–O bond dissocia-
tion, after which further conversion involves both the nitrogen and
oxygen atoms adsorbed on the surface. The removal of adsorbed
oxygen follows a reaction similar to that seen with COþO2 mix-
tures (discussed above), and is typically fast. Therefore, the key
chemistry defining the reactivity of the surface in this case is that
related to the nitrogen atoms. Typically, the main product is N2,
but in some cases small amounts of N2O have been seen as well
[286–288]. Most of the molecular beam research on this system
has been carried out on rhodium surfaces because that is the metal
of choice for the three-way catalyst, and therefore we will review
that work first. Some research has been performed on Pd and Pt as
well, as mentioned later, and that will be reviewed later. The re-
action is even feasible on Cu(110) surfaces [289].

Some aspects of the dynamics of this reaction have been
characterized with a supersonic molecular beam apparatus that
affords the control of the molecular orientation of the incoming
NO molecules. Experiments on CO-precovered Rh(100) surfaces
indicated a marked preference for CO2 production with N-end
collisions that cannot be explained solely by an orientation-de-
pendent sticking coefficient (Fig. 23) [290]. The authors inter-
preted their data in terms of a transition in the reaction me-
chanism from a direct Eley-Rideal step to an indirect surface re-
action channel via a Langmuir Hinshelwood pathway. A similar
N-ended reactivity preference was also detected on Pt(100), but in
that case the cosine angular distribution seen for the desorbing
CO2 suggested that neither direct nor precursor-mediated reaction
mechanism are probable [291]. An additional shift of the CO2 peak
as a function of NO translational energy was observed that could
be modeled by assuming an energy-dependent NO dissociation.
The authors concluded that the best mechanism that explains
their results is one where NO adsorption is dissociative and de-
pends on both the orientation and the momentum of the incoming
molecules. A large steric effect on the production of CO2 was seen
at high translational energies, justified by a second channel in-
volving orientation-dependent dissociative NO adsorption.

We have investigated the kinetics of this reaction extensively
on Rh(111) with the aid of an effusive molecular beam [13,292].
We found that the adsorption of NO is precursor mediated
(by previously adsorbed NO) at low temperatures, and that it is
not affected significantly by the presence of coadsorbed nitrogen
and/or oxygen atoms on the surface at any temperature below
900 K [293]. In the absence of CO, molecular nitrogen is produced
above 450 K, in a reaction controlled by the recombination of
atomic nitrogen below 600 K but with an order in nitrogen cov-
erage below unity, indicating slow diffusion of nitrogen atoms
across the surface prior to their recombination. A strong additional
effect due to lateral repulsions between nitrogen and/or oxygen
atoms was also inferred from the data. With COþNO beams, it was
determined that the maximum in reaction rate occurs between
450 and 900 K, the exact temperature depending on the NO:CO
beam ratio because of a synergistic behavior where the lost in
reactivity induced by increasing the CO concentration in the
beam is partly compensated by a higher surface temperature
[69,294,295]. The NOþCO conversion rate is directly proportional
to the coverage of atomic oxygen on the surface, but shows an
inverse relationship with nitrogen coverages in most cases.

The build-up of a critical coverage of atomic nitrogenwas found
to be necessary to trigger the nitrogen recombination step to N2

[65], causing a time delay between the start of the reaction and the
evolution of N2 [296]. This critical coverage of strongly-held ni-
trogen was determined to not depend in any significant way on
the composition of the beam, but to decrease with reaction tem-
perature, and to display an inverse correlation with the steady-
state reaction rate. In fact, two types of kinetically different ni-
trogen atoms were identified on the surface, with an additional



Fig. 24. Data from isotope-labeling molecular beam experiments with COþNO mixtures on Rh(111). Top, left: 14N14N,14N15N, and 15N15N TPD yield fractions as a function of
the fraction of 15N within the total surface atomic nitrogen measured in experiments such as that illustrated in Fig. 4 [66]. The filled symbols correspond to the data obtained
experimentally, whereas the open symbols come from a Monte Carlo simulation based on surface islanding; the lines, which correspond to the yields expected on statistical
grounds, do not fit the data. Top, right: Evolution of the 14N14N, 14N15N, and 15N15N production rates as a function of the time Δt a 14N-covered surface is exposed to a
15NOþCO beam (in the isotope-switching experiments described in Fig. 4) [58]. The original 14N is slowly replaced by new 15N, but only via the formation of 14N15N; no
14N14N is ever detected, indicating that molecular nitrogen must be produced via the formation of an N–NO intermediate. Bottom: Schematic depiction of the kinetic model
proposed to explain these results [297]. Two key features are worth highlighting from this model, namely: (1) the formation of nitrogen islands; and (2) the preferential
reaction of the N atoms at the edges of those islands with incoming NO molecules to form a N–NO surface intermediate. Adapted with permission from Ref. [66], Copyright
2001 American Chemical Society, Ref. [58], Copyright 2000 Elsevier Science B.V., and Ref. [297], Copyright 2002 American Chemical Society.
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small amount of adsorbed nitrogen present during catalysis that
desorb rapidly after the removal of the gas-phase reactants. The
NO reduction rate displays an approximately first-order depen-
dence on the coverage of these latter labile N atoms.

Isotope switching experiments led to the proposal of a model in
which the nitrogen atoms form surface islands and where only the
atoms at the perimeter of those islands are reactive [294]. This is
supported by the non-statistical distribution of the 14N and 15N in
the N2 produced in isotopic labeling experiments where 14N-dosed
surfaces were subsequently exposed to 15NOþCO gas mixtures for
varying times (Fig. 4): the yield of the mixed 14N15N isotopologue
were found to be significantly lower than that expected from
statistical considerations (Fig. 24, top-left panel) [66]. In addition,
the replacement of surface 14N by 15N upon switching the isotopic
nitrogen label in the incoming NO reactant (from 14NO to 15NO)
was determined to occur via the exclusive formation of 14N15N; no
14N14N was detected in these experiments (Fig. 24, top right). This
result provided direct kinetic evidence for a mechanism where the
production of molecular nitrogen involves the formation of an N–
NO intermediate (Fig. 24, bottom) [58,297,298]. Our interpretation
was supported and expanded by a series of theoretical studies
using Monte Carlo simulations [60,299–303].
Further corroboration of the formation of an N–NO intermediate

was acquired by studying the kinetics of N2O decomposition with
the same molecular beam approach [304]. Such decomposition was
determined to occur at temperatures as low as 120 K, to follow first
order kinetics, and to lead to the stoichiometric production of
N2(g) and atomic adsorbed oxygen. Steady-state reaction rates were
found to be limited by the rate of oxygen removal (with CO), not by
the decomposition of the N2O molecules. Curiously, lower rates and
total yields were observed with increasing reaction temperatures,
presumably because of the increased importance of N2O desorption
and surface mobility to the overall kinetics. In fact, it was seen that
after the rhodium surface is rendered inactive by N2O decomposi-
tion at high (520 K) temperatures, significant activity is still possible
at lower (350 K) temperatures [305]. Monte Carlo simulations
helped explain these observations by assuming that the surface
sites required for the activation of adsorbed N2O increase in size
with increasing reaction temperature.

Addition of oxygen to the reaction mixture inhibits both NO
reduction to N2 and CO2 production, not because of the con-
sumption of CO by the added O2 but because of poisoning toward
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CO adsorption by adsorbed atomic oxygen [38]. In fact, NO always
competes favorably against O2 for the consumption of CO. Opti-
mum reaction rates for the production of both N2 and CO2 are
reached at temperatures around 500–600 K and under conditions
leading to stoichiometric coverages of all reactants. An interesting
consequence of this conclusion is the fact that with CO-rich mix-
tures the addition of oxygen to the reaction mixture sometimes
facilitates rather than poisons NO reduction, presumably because
that helps in the removal of the excess CO from the surface. A
synergy was observed in terms of the reaction-rate maxima be-
tween temperature and beam composition, CO-richer mixtures
requiring higher temperatures to reach comparable reaction rates.
Finally, Bowker and coworkers found that there is a structure
sensitivity to the COþNO and N2O decomposition reactions, with
reaction rates on Rh(110) being much lower than on Rh(111) [306–
308]. The group of Matsushima has offered further support for the
structure sensitivity of the COþNO conversion in the form of an
angular dependence of the desorption of N2 that implies an in-
termediate N2O oriented along the [001] direction [19].

The reaction of CO with NO on palladium surfaces share many
of the features identified on rhodium. On Pd(111), for instance, NO
decomposition starts at 425 K, selectively produces N2 (although a
minor amount of N2O is also detected), and reaches maximum
rates between 475 and 500 K [309,310]. These conclusions all
mimic those reported on Rh(111). However, data from CO titration
experiments after NO dosing on Pd have identified some diffusion
of oxygen into the subsurface region and the start of surface oxi-
dation at Z475 K. Addition of O2 to the reaction mixture sup-
presses the reduction of N2 [311].

On Pd(110), thermal decomposition of NO starts around 440 K
and leads to the formation of molecular nitrogen and nitrous oxide
gas products [312]. This conversion leaves only oxygen adatoms on
the surface, which can be cleaned off by hydrogen or carbon
monoxide. At the low-temperature end more nitrous oxide is
produced than nitrogen, but this ratio falls with increasing tem-
perature until, above 600 K, there is a 100% selectivity toward the
production of nitrogen. The authors of that study suggested that
the change in selectivity observed relates to the low lifetime of
molecular NO on the surface, even if at such high temperatures the
reaction only occurs on a few sites, probably on defects. Angle-
resolved studies of the desorbing N2 yielded similar results to
those reported for Rh(110) and Rh(100) [19].

The structural dependence of the COþNO reaction can, in an
extreme, lead to non-linear kinetics, as with the other oxidation
reactions. On Pd(110), isothermal light-off due to autocatalysis is
seen, as with COþO2 (Section 4.1), starting at the onset of NO
dissociation, around 400 K [313]. Once NO dissociates into ad-
sorbed nitrogen and oxygen atoms, N2O production is immediate,
and accelerated by the creation of vacant sites for both NO and CO
adsorption, the latter removing additional O(ads) as CO2(g). On the
whole, the self-acceleration is proposed to take place following the
overall reaction 2NO(ads)þCO(g)þ*-N2O(g)þCO2(g)þ3*, which
produces more adsorption sites (*) for both CO and NO that it
consumes as it proceeds. On Pt(100), oscillations can be driven by
the interconversion between the native (1�1) and hexagonal-
reconstructed phases [174]. Two temperature regimes were iden-
tified: a main pathway related to the growth of (1�1) islands,
with an apparent reaction order of 4.1 in the local CO coverage on
the hexagonal phase, and a second high-temperature regime as-
sociated with the interconversion between the two surface
structures.

N2O decomposition by itself has been studied on a few other
surfaces. In a contrasting study of the steady-state N2O decom-
position on polycrystalline Pt versus Rh, a dependence of the rate
of the reaction on surface temperature was observed on the first
but not on the second metal, indicating a more prominent role of a
precursor-mediated pathway on Pt [314]. On Ni(100), two weakly
adsorbed species were identified below 200 K, on clean and oxy-
gen-covered sites. However, above 200 K, decomposition to
N2(g) and adsorbed oxygen atoms was found to dominate [315] .

4.4. Others

The kinetics of other simple reactions on transition metals have
also been studied with molecular beams and single-crystal sur-
faces, albeit with a lesser degree of detail. One example is the
thermal decomposition of ammonia. On polycrystalline W, data
from molecular beam studies have been explained by the forma-
tion of an NH(ads) intermediate and by the disproportionation of
that species with extra ammonia to yield N2 and H2 [316]. Ex-
periments with polycrystalline Pt at high temperatures detected
N2 produced in vibrationally excited states, with energies as high
as 2.4 eV [317], presumably originating from disproportionation of
two NH(ads) surface intermediates. In spite of the unique me-
chanistic interpretations put forward in these two examples,
however, a stepwise disproportionation is the accepted mechan-
ism in most cases. Evidence for such mechanism on Pt single
crystals include [318]: (1) an increase in the probability for de-
composition with increasing temperature, going from 500 to
800 K, followed by a decrease at higher temperatures; (2) a first-
order dependence in incident beam intensity; (3) a large phase lag
for the H2 and N2 product signals at lower temperatures; and (4) a
first-order dependence on incident beam intensity for the H2

signal phase lag and a higher-order dependence for the N2 signal
phase lag. A strong dependence of reactivity on surface structure
has also been identified: contrasting experiments on the flat Pt
(111) plane versus a Pt(557) stepped surface pointed to a large
enhancement in reactivity on the latter case [318]. On Pt(100),
dissociation was observed on the original (1�1) surface but not
on the hexagonal reconstructed phase [319].

Oxidation of ammonia with molecular oxygen can produce NO.
Two different kinetic channels for NO formation were observed on
Pt(111), both producing molecules cooler than the surface but each
with a different activation energy [320]. These two kinetic path-
ways were ascribed to reactions between atomic oxygen and ei-
ther N(ads) (slow) or NH(ads) (fast) on the surface. On Pt(100), N2

is the major product below 600 K, from recombination of N(ads)
produced by ammonia dehydrogenation, but NO dominates above
600 K because of a relative increase in the rate of its desorption
over that of its decomposition [321].

In the conversion of NOþH2þO2 mixtures on Pd(111), the
major products are N2 and H2O, but small amounts of NH3 and
N2O are also detected (Fig. 25) [39,322]. O2-rich compositions in-
hibit deNOx activity, but some NO reduction to N2 is possible as
long as the atomic oxygen from both O2 and NO decomposition
can be consumed by the hydrogen added to the mixture. NO was
proven to compete favorably against O2 for the consumption of H2

(as previously shown with CO on Rh, as discussed before), espe-
cially at temperatures below 550 K, and to produce N2 and H2O.
However, the formation of the latter appears to be the rate limiting
reaction. Again, the dissolution of oxygen into the palladium
subsurface plays an important role in the NO reduction catalysis
with this metal, enhancing reactivity and lowering the threshold
temperature to values near ambient temperatures [323].
5. Kinetics of reactions: More complex reactions

In this section we discuss molecular beam studies involving
more complex reactants and more elaborate surface chemistry.
The number of examples here is relatively small, a fact that
highlights the limited use of molecular beams in studies of the



Fig. 25. Comparison of kinetic results from experiments with NOþH2þO2 effusive
molecular beams, produced using a capillary array, on (a) a clean Pd(111) surface,
and (b) a Pd(111) surface modified by dissolving oxygen into the subsurface (SM-Pd
(111)). These experiments were designed to emulate the reactions that take place in
three-way automobile catalytic converters [323]. The surface temperature was
decreased in a stepwise manner to various values between 700 and 325 K during a
single kinetic run, as indicated by the labels in the figure. All products, namely, N2,
H2O, N2O, and NH3, are seen with both surfaces, but the addition of subsurface
oxygen enhances the overall reactivity and decreases the threshold temperature at
which the conversion starts. Reproduced with permission from Ref. [323], Copy-
right 2016 Académie des sciences.
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kinetics, rather than the dynamics, of complex chemical processes
involving surfaces reported in the literature to date. It should also
be noted that much of the advances discussed above in connection
with simple reactions was accomplished several decades ago. The
interest in this field appears to have waned in more recent times.
We will revisit this issue in the last section of our review.

5.1. Alcohol oxidations, organic acid conversions

Several molecular beam studies have been carried out on the
thermal decomposition of small oxygenated organic compounds
on late-transition metals, mostly to investigate the transient be-
havior versus exposure starting with clean surfaces. The most
common reactants probed in this category are alcohols such as
methanol and ethanol, aldehydes such as formaldehyde and
acetaldehyde, and organic acids such as formic acid and acetic
acid, and the most common metals researched have been Pd and
Pt. In many instances, the main observation has been the evolution
of decomposition products, most often CO and H2. This is, for in-
stance, what was reported by Steinbach and Spengler in an early
study with methanol on polycrystalline Ni [324], and also by the
Madix group with D2CO, CH3OD, and HCOOH on Pt(110) and with
D2CO on Pt(S)�[9(111)� (100)] [325]. In the latter case, the ki-
netics was determined to be rate limited by the desorption of the
products.

In other cases, more complex chemistry has been reported
during the decomposition of oxygenated organic molecules, and
more mechanistic details have been provided. For example, the
decomposition of HCOOH on Ni(110) was shown to lead to the
formation of H2 and CO2 as primary products, H2O and CO as
minority products, and surface carbon and oxygen [326,327]. Large
phase lags were measured in that system, suggesting the partici-
pation of a weakly-adsorbed state and of surface diffusion/mi-
gration steps in the reaction mechanism. On polycrystalline Pt, the
decomposition of HCOOH have been shown to exhibit a much
more complex behavior than on Pt(110), with the main CO2 and H2

products being accompanied by the evolution of a small amount of
CO, and, probably, some H2O [328]. An unusual transient high
activity was seen in that case, an observation that led the authors
to propose a five-step mechanism. An acetate surface intermediate
was suggested for the conversion of acetic acid on Rh(110), and
corroborated by other spectroscopic techniques [64].

Molecular beam studies of the reaction of DCOOD on poly-
crystalline Pt led to the proposal of the formation of a similar
surface formate intermediate [329]. The data, some of which are
shown in Fig. 26, illustrate the kinetic arguments made to inter-
pret this type of experiment. First, a maximum in reaction rate was
seen at about 550 K (Fig. 26, left). Because there is no equivalent
maximum in the phase shift data (Fig. 26, right), this must be at-
tributed to the adsorption step; with increasing temperature,
which decreases the lifetime of the molecular adsorption state,
molecular desorption prevails over the dissociative adsorption
step. Second, reaction orders could be extracted from these data.
The facts that the phase shifts for CO2 are independent of beam
intensity and that the product intensities are proportional to beam
intensities indicate a first order dependence of the rate on CO2

flux. In contrast, the square dependence of product intensity on
beam intensity and the inverse relationship between the phase
shift and the signal intensity for the case of D2 point to a second-
order rate law for that product. It was concluded that the de-
composition of DCOO is a monomolecular process, whereas the
desorption of D2 is a bimolecular step (via the recombination of
two D atoms).

The addition of isotope labeling to molecular beam experi-
ments is particularly useful with organic molecules, because it
affords the extraction of additional regional and steric details on
the surface steps associated with the conversion of those mole-
cules. The most common approach is to label specific positions
within the organic molecules with deuterium to determine their
ultimate fate, often in either the molecular hydrogen or water
products [50]. Alternatively, carbon and/or oxygen positions can be
tagged by using 13C or 18O, respectively, as in the case of the study
be the Yates group where they used mixtures of 13CH3

16OH and
12CH3

18OH to probe the possible scission of the C–O bond on Ni
(111) [330]. In the end, no isotopic scrambling was observed in
that case unless an adsorbed mixture of methanol isotopes was
activated by Arþ ion sputtering. Dehydrogenation was also re-
ported to be fast, and H2 production to be desorption limited.

Some molecular beam research has been directed at establishing
that the surface reactivity toward organic oxygenates can be mod-
ified by preadsorption of oxygen atoms. This has been reported on
Rh(110) [64], and is particularly critical on copper (and possibly
other coinage metals), where virtually no adsorption is possible on
the clean surface [50,97,331]. On oxygen-precovered Cu(110), for
instance, the surface chemistry of oxygenates can be rich. Reactivity
is only seen below certain coverages of atomic oxygen, however,
typically half of monolayer saturation, since oxygen saturation often
renders the surface inert again; only the oxygen sites at the short
sides of the oxygen islands that form on the (110) surfaces appear to
participate in these conversions [50,332]. The uniqueness of this
reaction site can lead to unusual kinetic behavior: for methanol on
oxygen-predosed Cu(110), for instance, the reaction rate is initially
low but accelerates in an autocatalytic fashion as vacancies are
created in the oxygen layer [332].

A more comprehensive molecular beam study of these systems
led to the conclusion that the conversion of alcohols on Cu(110)
surfaces predosed with intermediate coverages of atomic oxygen
typically display reactivity that can be grouped into three tem-
perature regimes [50,97,331]. At low temperatures, typically below
room temperature, adsorption is not followed by any surface re-
actions, and the uptake stops once saturation is reached. It is



Fig. 26. Results from modulated molecular beam experiments designed to study the thermal conversion of deuterated formic acid, DCOOD, on a polycrystalline Pt surface
[329]. Left: Signal intensities for both the reactant (DCOOD) and the products (CO2 and D2) as a function of surface temperature, measured as the temperature was ramped
either up (solid symbols) or down (open symbols). Conversion starts at 400 K, reaches a maximum at approximately 550 K, and slowly decreases at higher temperatures.
Right: Temperature dependence of the phase shifts of the reaction products, provided for three values of the beam flux (labeled S in the figure). The phase shifts are larger for
D2 than for CO2, and are sensitive to S for the first product but not for the second. These results were used to propose a mechanism where the decomposition of DCOO is
monomolecular but the desorption of D2 is bimolecular. Reproduced with permission from Ref. [329], Copyright 1977 Elsevier.
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important to note, however, that even in this regime an initial
dissociative step may take place where that alcoholic hydrogen is
transferred to an adsorbed oxygen atom to produce alkoxide and
hydroxyl surface species (hence the enhancement in adsorption on
surfaces predosed with oxygen compared to that seen on the clean
substrate). At intermediate temperatures, typically between 300
and 450 K, the alkoxide resulting from that initial activation un-
dergoes a β-hydride elimination step [333,334] to produce atomic
hydrogen, which recombines and is ejected into the gas phase as
H2, and an adsorbed aldehyde or ketone, which may desorb or
decompose further on the surface. Finally, at higher temperatures,
the stoichiometry changes, and no H2 is produced; all the hydro-
gen atoms extracted from the organic adsorbates recombine with
surface oxygen to produce water. The overall rate of that reaction
appears to be limited by the decomposition of the alkoxide
species.

The conversion of organic acids on Cu(110) was shown by
molecular beam research to share some common features with
that of alcohols. The studies by Bowker and coworkers have
identified some important mechanistic features [335–337], in-
cluding the following: (1) oxygen significantly increases the
sticking coefficient of the organic acids because of two effects, the
facilitation of the formation of weak precursors that can diffuse on
the surface until finding an active site, and the promotion of the
extraction of the acidic hydrogen to produce the conjugated base
(i.e., formate, acetate, etc.) and hydroxyl surface species; (2) fur-
ther hydrogenation of the hydroxyl species leads to the formation
of water, a channel that leads to the removal of surface oxygen
atoms; (3) the remaining oxygen (at initial coverages above 0.25
monolayers) remains on the surface (locally compressed into c
(6�2) structures, according to scanning tunneling microscopy –

STM– experiments); (4) further reactivity is seen at higher tem-
peratures, above 400 K, via the decomposition of the carboxylic
surface species, in the case of formic acid to yield CO2 and H2; and
(5) at even higher temperatures, above 500 K, H2 is no longer
produced, and the hydrogen atoms produced from dehydrogena-
tion of the organic fragments are scavenged by surface hydroxyl to
make water.

The kinetics of conversion of oxygenates has also been char-
acterized by Bowker and coworkers on Pd(110). Some similarities
with other surfaces have been seen [338], but, in addition, steady-
state conversion has been proven possible at high temperatures
because of the unique ability of Pd metal to dissolve carbon into
the bulk [339,340]. With alcohols and on oxygen-predosed sur-
faces, two pathways were identified, one that produces CO, CO2,
H2, and H2O, as on the other metals, and a second involving CO
bond scission. Indeed, methane production was observed with
ethanol and 2-propanol [341], and, in combination with COþH2,
from decomposition of acetaldehyde at intermediate temperatures
(300–400 K). However, in the latter case, the total dehydrogena-
tion channel was seen to dominate above 400 K, and to be sus-
tainable under steady-state conditions because of the continuous
dissolution of carbon into the palladium bulk [342]. The high-
temperature transition was also seen on Pd(111), but not with Pd
nanoparticles dispersed on a flat support, presumably because
those do not have the same capacity to absorb carbon [343].

Finally, a molecular beam experiment has been reported on Pd
(111) with C2H5OHþNOþO2 mixtures, to test the catalysis of au-
tomobile catalytic converters [344]. Maximum NO reduction to N2,
together with CO, CO2, and H2O emission, was observed between
500 and 600 K. Beam switching experiments were performed
between fuel-rich and fuel-lean compositions, as shown in Fig. 27,
to demonstrate that the NO reduction can be managed under net
oxidizing conditions [344]. It was found that nitrogen is only
produced transiently on the relatively clean Pd surface during
oxygen-rich condition, until the slow build up of surface oxygen
atoms kills the reaction.



Fig. 27. Typical raw kinetic data obtained from beam switching experiments for the reduction of NO with ethanol (EtOH) in the presence of O2 on Pd(111) at 600 K, in
another study aimed to characterize the scrubbing of exhaust gases from automobile engines [344]. In this example, the traces are shown for all the products observed,
namely, CO, CO2, H2O, and 15N2 (a), as well as for the reactants (O2, 15NO, EtOH) (b), as a function of time and the composition of the beam, which was switched between
EtOH:15N:O2 ratios of 1:1:0.5 (oxygen-lean, beam 1) and 1:1:3 (oxygen-rich, beam 2). The rate of molecular nitrogen production is high with the oxygen-lean beam, whereas
the oxidation products dominate with the oxygen-rich mixture. Moreover, the changes in reactivity are reversible. Reproduced with permission from Ref. [344], Copyright
2009 American Chemical Society.
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5.2. Olefin Hydrogenations and Isomerizations

Only a handful of experiments have been carried out using
molecular beams to characterize the hydrogenation of unsaturated
organic molecules. This may very well be because emulation of
such catalytic reactions under vacuum conditions has turned out
to be a difficult proposition [345]. With olefin hydrogenations, for
instance, it is well known that catalysis takes place not on pristine
surfaces but on surfaces covered with a layer of strongly-bonded
hydrocarbon fragments [346]. These species, alkylidynes in the
case of small olefins [159,347], form immediately during the up-
take under UHV at room temperature [348], and block sites for
further conversion [349]. Getting around this limitation has pro-
ven to be a challenge.

Our research on the chemistry of ethylene on Pt(111) single-
crystal surfaces illustrate the benefits and limitations of using
molecular beams for the study of olefin conversions [51,345,350–
353]. First, it needs to be acknowledged that, with mixtures of
olefins and hydrogen or deuterium, several simultaneous reactions
are possible, namely, molecular desorption, dehydrogenation to
alkylidynes, H-D exchange within the adsorbed molecules, and
hydrogenation to alkanes. Moreover, alkylidyne formation, ethy-
lidyne (Pt≡C–CH3) in the case of ethylene conversion, can only be
detected indirectly, via the desorption of molecular hydrogen [13].
Several steps are involved in that process [348,354], possibly in-
cluding a 1,2-H shift in ethylene to form an ethylidene (Pt¼CH–
CH3) intermediate and subsequent fast α-H elimination [355] and
H(ads)þH(ads) recombination reactions [356], and therefore
caution should be exerted when analyzing the molecular-beam H2

desorption kinetic data from this system [357]. The one thing that
is clear is that there is a delay between the adsorption of ethylene
and the production of hydrogen, indicative of the need for the
build-up of a critical coverage of hydrocarbons on the surface
before other reactions can take place. Also, a small amount of
ethane is formed during the decomposition of ethylene to ethyli-
dyne, although the yield of that product is low enough not to affect
the kinetics of the latter reaction in any significant way.

Fortunately, it has been determined that, at temperatures be-
low 240 K, the decomposition of ethylene is slow, a fact that has
afforded the investigation of the kinetics of the adsorption and
hydrogenation steps for ethylene on both clean and hydrogen-
covered surfaces independently. At 40 K, ethylene adsorption is in
an intrinsic-precursor π-bonded adsorption state, and the prob-
ability of sticking increases with coverage [358]. At 95 K, on the
other hand, bonding to the surface goes directly into the di-
s-bonded state, and the adsorption probability of ethylene re-
mains constant with increasing coverage for incident trajectories
with low parallel momentum but decreases with coverage at high
parallel momentum. It would seem that high parallel momentum
may contribute to an increased overall scattering probability from
a high-energy extrinsic precursor, resulting in a decreased net
adsorption probability at higher ethylene coverages [358]. A cer-
tain population of weakly-adsorbed species, which, as indicated
above, is know to be π bonded to the surface, can also be main-
tained at coverages near saturation by exposure of the platinum
substrate to a constant flux of ethylene molecules [51]. The pre-
sence of coadsorbed hydrogen reduces the total ethylene uptake
but increases the amount of π-bonded ethylene. The main con-
clusion from molecular beam studies of this reaction has been that
it is this π species that is essential for the hydrogenation of ethy-
lene: the kinetic reaction rate orders were determined to be
1.270.3 and 0.870.2 for the weakly-adsorbed ethylene and hy-
drogen surface coverages, respectively (Fig. 28) [51]. It was also
observed that the π-bonded ethylene can slowly exchange with
the second di-s state that forms first and bonds more strongly to
the surface [15,52,359]. This suggests an adsorption mechanism at



Fig. 28. Kinetic parameters extracted from effusive molecular beam experiments on the hydrogenation of ethylene on Pt(111) [345]. Shown are the linear correlations
established for the initial rate of ethane formation, R(C2H6)Init, as a function of the coverages of π-adsorbed ethylene (Θ(C2H4)Weak, a) and atomic hydrogen (Θ(H), b),
suggesting that the rate-limiting step may be the first of the two stepwise hydrogenations proposed in the well-known Horiuti-Polanyi mechanism to form an ethyl surface
intermediate [49,348]. Reproduced with permission from Ref. [345], Copyright 2013 the Owner Societies.
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high coverages via an initial interaction with the few metal atoms
left exposed by an imperfect monolayer followed by a collective
rearrangement of the neighboring molecules into a new com-
pressed layer. It is a scenario that may account for the behavior
seen during catalysis at atmospheric pressures.

A few molecular beam experiments have also been reported for
the adsorption and conversion of olefins on palladium single
crystals. Tysoe and Lambert showed that, on Pd(111), not only
dehydrogenation to H2 and self-hydrogenation to ethane can be
promoted, but also C–C bond formation reactions to make C4 and
C6 molecules [360]. A C4H4 metallocycle was later identified as the
intermediate for these products [361–363]. On Pd(110), ethylene
decomposition can be sustained under steady-state conditions
above 450 K, with continuous hydrogen evolution as C is deposited
onto the surface [364]. Studies with molecular beams made out of
mixtures of cis-2-butene and hydrogen on Pd(111) showed no
sustained hydrogenation but indicated steady-state conversion via
cis-trans isomerization and, when D2 was used, H-D exchange
[56]. All this was explained by the availability of surface deuterium
atoms for the latter processes but not for the former. On the other
hand, the subsurface D needed for the hydrogenation reaction
does not appear to be accessible in this system [365]. Freund and
coworkers have proposed that the deposition of surface carbon
may be a controlling factor in the ability for subsurface hydrogen
to diffuse out to the surface and to participate in the hydrogena-
tion reactions [57]. It should be noted that, in this, palladium is a
unique case because of its ability to dissolve hydrogen atoms into
the bulk, and that no similar behavior has been seen with other
transition metals [345].

5.3. Alkane high-temperature oxidations

The steady-state conversion of saturated hydrocarbons on
metal surfaces is more difficult to promote, given that those mo-
lecules are quite stable and difficult to activate. As discussed in
Section 3.3.3, it is possible to observe alkane activation using
molecular beams, but usually only if high translational energies or
other forms of molecular excitation are used. Nevertheless, alkanes
can be converted under catalytic conditions, and in a few instances
those reactions have been emulated with molecular beams under
UHV.

In one early example, King and coworkers characterized the
oxidation of methane on Pt(110) between 400 and 900 K using
mixed CH4þO2 beams [366]. The only reaction products detected
were H2, CO, and CO2; curiously, no H2O evolution was observed.
The authors also identified two kinetic regimes, with CO2 as the
main product at temperatures below 550 K and CO dominating
above 550 K. By contrast, in results from complementary non-
steady-state experiments where submonolayer coverages of CH
(ads) were first deposited by CH4 activation using a molecular
beam and oxidation was induced afterward by employing a second
O2 beam, CO2 and H2O were both seen to desorb at temperatures
as low as 330 K [367]. Hydrogen abstraction by the adsorbed
oxygen atoms was ruled out as a possible step for this reaction;
instead, the carbon dioxide was proposed to form via an initial CH
(ads)þO(ads)-CO(ads)þH(ads) step followed by oxidation of the
adsorbed CO with surface oxygen atoms.

In a separate study, it was shown that the partial oxidation of
small alkanes, i.e., ethane, propane and butane, mostly produce
syn gas (COþH2), but also ethylene at high temperatures, above
1000 K [368]; similar products were reported with ethylene [369].
Infrared emission spectra recorded from the desorbing species
showed that the CO produced is vibrationally excited but rota-
tionally cool, suggesting that the dynamics of CO formation in-
volve a reaction between surface carbon and oxygen atoms
without thermal accommodation on the surface. By seeding the



Fig. 29. Isothermal kinetic data for the conversion of a 1:1 isobutaneþO2 mixture,
fed using an effusive molecular beam, on a Rh(111) single-crystal surface at 1165 K
[373], in an experiment designed to probe short-contact-time catalysis at high
temperatures [588]. The evolution of the partial pressures of the reactants (oxygen
and isobutane) and products (hydrogen, carbon monoxide, water, and carbon di-
oxide), which can be used to extract reaction rates after proper analysis, are shown
as a function of time. H2, CO, and H2O, but not CO2, are produced, and they are
generated in the expected stoichiometric ratios; the first two with rapid kinetics
following the activation of the alkane, and water in a slower fashion, via the sec-
ondary formation of hydroxo surface intermediates. Highlighted in the figure is the
fact that these data can be used to obtain information about both the transient and
the steady-state kinetics of the reaction. Adapted with permission from Ref. [373],
Copyright 2010 American Chemical Society.
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alkane beam to provide additional kinetic energy, the steady-state
oxidation of methane and ethane on Pt and Rh foils was found to
lead to an enhancement in hydrogen production [370,371]. An
explanation was advanced where methoxy and ethoxy inter-
mediates may form on the surface. Threshold temperatures of
1000 and 800 K were measured for methane and ethane oxidation,
respectively. Rh was found to be less reactive than Pt, but to re-
quire lower oxygen fluxes to produce COþH2.

We have also studied the oxidation of alkanes, in our case of
methane, propane, isobutane, and hexane, on a Rh(111) surface
[13,14,372,373], by using an effusive beam in order to emulate the
conditions used in short-contact-time catalysis [374,375]. Typical
data from these experiments are shown in Fig. 29. Several me-
chanistic details were derived from our results, including the fol-
lowing: (1) the steady-state reaction follows a CnH2nþ2þn/2O2-

nCOþ(nþ1)H2 stoichiometry; (2) a competing minority channel is
indicated by the production of a small amount of water; (3) the
absence of any CO2 production argues against a water-shift reac-
tion; (4) the slow transient measured for the formation of water
highlights the secondary nature of the surface reaction responsible
for its production; (5) the mirroring spikes in the O2 and H2 traces
seen immediately after blocking and unblocking of the beam point
to the formation of other transient species on the surface; and
(6) both surface and subsurface atomic oxygen species form during
the reaction, but only the more labile surface intermediate is re-
levant to the catalysis, blocking Rh sites for alkane activation and
reacting to form CO and H2O.
6. Reactions on supported nanoparticles: Materials gap

The overwhelming majority of the kinetic work on reactions on
surfaces has been carried out on flat substrates. This is so in great
part because single crystals and other simple surfaces offer a un-
ique control of the nature of the surface sites. On the other hand,
many of the problems of interest involve rough surfaces, often in
the form of small nanoparticles dispersed on a second material.
This is particularly true in heterogeneous catalysis, on which much
of the reactivity work with molecular beams has been focused. It is
not always straightforward to extrapolate the information ac-
quired with experiments on flat surfaces to these more realistic
conditions, because nanoparticles not only display many planes
and defects but also may have different electronic properties, and
may interact with the support and even create new interfacial
sites. These potential discrepancies have been discussed ex-
tensively in the catalysis community, and are referred to as a
"materials gap" [345,376–379]. A few research groups have tried to
address the kinetic aspects of the materials gap using molecular
beams, as reviewed next.

6.1. CO oxidation

A reasonable body of work exists already on molecular beam
measurements of the kinetics of oxidation of carbon monoxide on
metal nanoparticles, specifically on Pd nanoparticles dispersed on
oxide supports. On alumina films, made via the oxidation of NiAl
(100) single-crystal surfaces, the kinetics of CO oxidation on large
and ordered Pd particles can in general be described by a homo-
geneous surface model. However, significant deviations have been
observed on small and defect-rich particles, which were initially
explained by the development of a small fraction of new sites for
weakly CO binding [380] but later ascribed to the inhibition of the
dissociative adsorption of O2 at high CO coverage on the basis of
results from transient CO2 production experiments induced by CO
beam switching [381]. Surface adsorbate diffusion was seen to
play a particularly important role in determining reaction rates on
large, but not on small, Pd nanoparticles [382]. An added com-
plication to the description of this kinetics due to the fast diffusion
of oxygen into the bulk was also identified [383,384].

Further research has been performed on Pd nanoparticles dis-
persed on thin Fe3O4 films grown on Pt(111) crystals. At low re-
action temperatures, below 450 K, CO oxidation was found to be
significantly slower on partially oxidized versus metallic Pd par-
ticles, presumably because of the weaker bond of CO on the former
surfaces [385]. At higher temperatures, however, Pd oxides can be
dynamically formed and decomposed, and can participate in the
CO oxidation process. As a consequence, two reaction regimes
have been identified as a function of oxygen coverage: a fast CO
oxidation on O-precovered metallic Pd, and a slow CO oxidation
involving reduction of the Pd oxide phase [386].

On lithographically-made Pd/SiO2 samples, experiments with
two CO and O2 separate beams were used to show that, under
conditions of limited oxygen mobility, the switching behavior
between the two kinetic regimes mentioned above is largely dri-
ven by the surface mobility of CO [387,388]. The macroscopically
observable bi-stability seen with large particles (Fig. 30) vanishes
with decreasing particle size because of a fluctuation-induced
transition between two kinetic reaction regimes, with a transition
rate controlled by both particle size and surface defects [389].

Interfacial sites at the boundary between the metal and the
support may play a unique role in catalysis. In one report, on the
oxidation of CO with O2 on Au nanoparticles dispersed on Mg
(100), the Henry group determined that oxygen does not dis-
sociate on the gold nanoparticles [390]. Instead, a reaction me-
chanism was proposed in which CO adsorbs on low-coordinated
gold atoms and reacts with oxygen adsorbed molecularly, possibly
at the Au/MgO interface.

In measurements of the CO oxidation rate on small size-se-
lected Pd and Au clusters supported on thin MgO films, the cluster
coverage was varied independently of the cluster size in order to
be able to change the ratio of the CO arriving at the surface via
direct versus diffusion flux (reverse spill-over) channels [391,392].
In the case of Pd, the change in reaction rate as a function of
cluster coverage was found to be different for Pd8 versus Pd30

clusters: for the small nanoparticles, the reaction probability was



Fig. 30. CO oxidation kinetics on nanolithographically prepared supported Pd
model catalysts, measured by using separate molecular beams for the CO and O2

reactants [388]. Shown are the measured reaction rates as a function of the beam
composition (in the form of CO fraction, xCO) for surface temperatures in the range
between 400 and 490 K. Especially noteworthy here is the hysteresis seen at
temperatures below 440 K, where the reaction is bistable. A general model of the
different events considered to interpret the kinetics of this system is included in
the bottom. Reproduced with permission from Ref. [388], Copyright 2005 American
Institute of Physics.

Fig. 31. Transient kinetics for the production of 13CO2 during the conversion of
13COþNO on a Pd/MgO model catalyst (with Pd nanoparticles of 2.8 nm in dia-
meter on average) at various temperatures and with various gas compositions, set
by adjusting the 13CO isotropic pressure and using a fixed pulsed NO beam. Three
sets of curves are shown, reflecting three types of behavior as a function of tem-
perature. Top: At low temperatures, the time to reach the steady state is long and
increases with decreasing 13CO pressure, because the reaction is limited by the
(high) total coverage. Center: At 257 °C, where the maximum activity is seen, a
transient peak is observed at high 13CO pressures. Bottom: In the high-temperature
regime, the time constant of the transient period becomes small and almost in-
dependent of the 13CO pressure. Reproduced with permission from Ref. [397],
Copyright 2002 IOP Publishing Ltd.
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determined to be independent of the source of the CO, whether
directly from the beam or via diffusion, whereas for larger clusters
the probability was established to be smaller for CO supplied by
reverse spill-over.

As mentioned above, the group of Henry and coworkers has
performed some molecular beam kinetic measurements on sur-
faces consisting of Pd clusters deposited on MgO(100). In a study
of the dependence of the rate of CO oxidation with O2 versus
particle size, an effect was observed that was explained in part by
spillover of CO from the support [393]. However, this could not
fully account for the large rates seen with small Pd clusters, a few
nanometers in diameter, in which case a second-strongly bound
CO adsorption state was identified below 500 K. The residence
time of that state was determined to be about 10 times that known
on single crystal surfaces, which was ascribed to adsorption on
edge sites [394]. Overall, all these reports point to the increase
complexity added to the description of the kinetics of even simple
reactions such as carbon monoxide oxidation when supported
nanoparticles are used as catalysts. It has already been
demonstrated that new factors need to be included in any inter-
pretation of the data, including variations in the electronic prop-
erties of the metal versus nanoparticle size, the large number of
defects present on the surface, the contribution of new metal-
oxide interfacial surface sites, and a different, generally increased,
ability of adsorbates to diffuse in and out of the bulk of the
nanoparticles.

6.2. NO reduction

With COþNO mixtures, Henry and coworkers determined that,
on Pd nanoparticles dispersed on MgO(100), CO2 and N2, and
sometimes a little of N2O, are all produced below 575 K [395,396].
In experiments using a molecular beam of CO and an isotropic
pressure of NO, the rate-limiting step for the reaction was de-
termined to be the dissociation of NO at low temperatures and the
adsorption of CO at high temperatures [396]. With a reverse ar-
rangement, with a molecular beam of NO plus an isotropic pres-
sure of CO, NO was seen to always dissociate between approxi-
mately 550 and 725 K. The steady-state reaction rate reached a
maximum that shifted to higher temperature with increasing CO
pressure and with decreasing particle size (Fig. 31). At higher
temperatures, on the other hand, the reaction was shown to be
limited by NO and CO adsorption; the medium-sized particles
appear to be the more active under those conditions as well.

In general, the authors of these studies concluded that the in-
trinsic activity of the metal depends not only on particle size but
also on particle shape: the medium-sized particles, which exhibit
mainly (111) facets, are more active than the largest particles,
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which primarily exhibit (100) planes [396,397]. In experiments
with well-defined small clusters, Pdn with n¼4, 8, or 30, N2 was
found to form at relatively low temperatures, about 400 to 450 K.
These values are at least 100 K below the temperature measured
with Pd single crystals, a change that affords the prevention of
poisoning by adsorbed nitrogen adatoms [398].

The kinetics of the decomposition of NO and its reduction by
CO have also been characterized on Pd particles dispersed on an
alumina film (made by oxidizing NiAl(110)) [17,28]. NO decom-
poses slowly on that surface at low (100 K) temperatures to form
various NxOy species, in a process initiated at oxide sites that in-
volves structural changes in the alumina support [399]. However,
above 300 K, decomposition on the Pd surfaces takes over. The
presence of strongly-bonded nitrogen in the vicinity of edge and
defect sites was also found to give rise to an enhanced dissociation
probability under conditions of high adsorbate coverages [400].

6.3. Decomposition of oxygenates

A couple of studies have been reported on the thermal de-
composition of oxygen-containing organic molecules on sup-
ported metal nanoparticles. In one, Bowker and coworkers looked
into the decomposition of formic acid on Pd/TiO2 [401]. On the
pure oxide surface, without any metal, only dehydration was seen,
with steady-state reaction becoming sustainable above 500 K.
Upon the addition of the Pd nanoparticles, however, dehy-
drogenation was seen to start at about 350 K.

On Pd/Al2O3, two competing decomposition pathways were
observed [402,403]. Dehydrogenation to CO dominates in this
case, but some C–O bond scission proceeds as well, albeit at a
much lower rate, leading to the deposition of carbon and hydro-
carbon species on the surface. On the basis of steady-state isotope
exchange experiments, it was determined that the rate of carbon
Fig. 32. Results from isothermal pulsed molecular beam experiments on the conversion
model catalysts [53]. Shown is the evolution of the reaction rates of the most important c
from H-D exchange and hydrogenation/deuteration (trans-2-butene-d1 and butane-d2, r
as a function of time. The data highlight the fact that, while on the clean surface onl
carbonaceous deposits steady-state conversion is seen for both isomerization and hydro
American Chemical Society.
deposition drops rapidly with increasing carbon coverage,
whereas the kinetics of dehydrogenation is hardly affected.

6.4. Hydrocarbon conversion

A couple of reports can be found in the literature on molecular-
beam kinetic measurements for the hydrogenation of olefins
promoted by supported metal particles. The most extensive study
in this category is that of the conversion of 2-butene with hy-
drogen on Fe2O3-supported Pd nanoparticles, characterized by the
Freund group. This is an interesting system, because hydrogena-
tion competes with double-bond migration, cis-trans isomeriza-
tion, and, if deuterium is used instead of hydrogen, H-D exchange
(Fig. 32) [404–406]. It was found that, on Pd nanoparticles, those
reactions may follow different mechanisms. The key, once again, is
that palladium is a unique metal, because it can absorb significant
amounts of hydrogen and also allows for carbon to diffuse into the
subsurface region [57].

Indeed, with cis- and trans-2-butenes, it was found that se-
lectivity toward cis-trans isomerization versus hydrogenation de-
pends critically on the nature of the carbonaceous deposits that are
typically present during reaction on real catalysts [53,407]. At low
temperatures, between 190 and 210 K, both reaction pathways were
found to proceed on the initially clean surface, faster with cis-2-
butene than with the trans isomer [54], but to quickly stop because
of poisoning by the carbonaceous layer that builds up on the sur-
face. Above 250 K, in contrast, a sustained catalytic activity for the
cis-trans isomerization, but not for the hydrogenation, becomes
viable; only if highly dehydrogenated carbonaceous fragments are
preadsorbed on the surface it is possible to sustain the hydro-
genation catalytically (Fig. 32). Remarkably, deposition of sub-
monolayer amounts of strongly dehydrogenated carbonaceous
species on the Pd particles results in a significant decrease of the
of cis-2-butene with D2 at 260 K on initially clean (a) and C-precovered (b) Pd/Fe3O4

ompounds involved, namely, the reactant (cis-2-butene), the two primary products
espectively), and the next two secondary products (cis-2-butene-d2 and butane-d3),
y sustained isomerization is possible (left panel), on the surface precovered with
genation reactions (right). Adapted with permission from Ref. [53], Copyright 2008



Fig. 33. 3D plots showing the spatial distribution of the CO (left) and CO2 (right) mass spectrometer signals over an oxidized Al(111) crystal decorated with eight Pd
peripheral spots surrounding one Au central spot (all indicated by black circles) during the oxidation of CO with O2 at 573 K. The experiments were carried out with a
scannable double-capillary probe where the reactants are fed through the outside stainless-steel nose (6 mm outside diameter) placed at a distance of 0.2 mm from the
surface and the products collected by the inner quartz capillary (0.9 mm outside diameter) positioned 0.05 mm inside the nose. The measured partial pressures, which are
color-coded according to the scale provided on the right of the figure, indicate high conversion of CO to CO2 only on the Pd nanoparticles (two of them, on the left side of the
sample, were quite thin and therefore not as reactive as the others). Reproduced with permission from Ref. [417], Copyright 2004 American Institute of Physics. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cis-trans isomerization rate for trans-2-butene, but does not affect
the rate of the cis-to-trans conversion.

Codeposited carbon was shown to assist the catalytic and
sustained hydrogenation of cis- and trans-2-butenes, both at si-
milar rates [54]. In addition, low-coordination sites were de-
termined to not show higher intrinsic activity for this catalysis.
Rather, they display a more effective replenishment of hydrogen
from the subsurface under steady-state reaction conditions once
they become covered with surface carbon [56]. In the case of the
uptake of methane on Pd nanoparticles supported on MgO(100),
sticking measurements with a beam directed at normal incidence
yielded values about twice as large as those seen on flat Pd(111)
surfaces (once the dispersion of the metal particles was taken into
account), suggesting an important role for either surface defects
on the nanoparticles or the support in this case as well [408].

Palladium shows unique behavior, as discussed above, and is
therefore not representative of other metals when it comes to the
promotion of olefin conversion reactions. The experiments from
the Freund group have yielded quite high reaction probabilities,
not typically matched by regular catalysts, not even those based on
Pd. Measurements with other metals will be necessary to better
understand these systems. We are aware of only one other study
in this area, that of the hydrogenation of ethylene on Ni, Pd and Pt
nanoparticles of between 1 and 1.5 nm in diameter dispersed on a
MgO(100) support [409,410]. Ni nanoparticles were seen to de-
activate readily at 300 K, whereas Pd particles are poisoned only
after pulsing the beam of the hydrocarbon reactant at 400 K; Pt
particles were found to retain hydrogenation activity even after
heating to 400 K. The hydrogenation turnover frequency, nor-
malized to the number of particles, was determined to follow the
trend Pt4Pd4Ni.
7. Low-probability reactions: Pressure gap

Another difficulty in emulating catalytic reactions is that the
low pressures used in UHV surface-science experiments are many
orders of magnitude lower than those encounter in typical cata-
lytic processes. This brings about changes that are not fully un-
derstood but that are known to go beyond simple collision
frequency effects. In any case, most catalytic reactions display
significantly low reaction probabilities, with one in a million or
less of the reactants colliding on the surface actually undergoing
chemical transformation, and such rare events are difficult to
probe with low molecular flows [345,411]. This problem is com-
monly referred to as a "pressure gap" [334,379,412,413]. A few
studies with molecular beams have addressed this issue. In fact,
some, in particular those related to combinatorial studies, are not
described specifically as molecular beam in nature, but still use
capillaries and other types of collimated gas streams; we include
them in our discussion below as well.

7.1. Single capillary nanoreactors

The simplest approach to the design of directional molecular
beams with the high fluxes associated with realistic catalytic
pressures is based on single small capillary tubes. The flow of
gases through such capillaries and the flux and angular spread of
the resulting beams may be difficult to estimate, but several stu-
dies have been carried out toward this goal [414,415], and, based
on such calculations, a few "nanoreactors" have been designed. In
those, the gas is fed to the surface at high fluxes through an ap-
propriate capillary tube, and the products sniff out via a second
capillary or another similar conduit and analyzed using mass
spectrometry (MS). Examples of this approach come from the
groups of Weinberg [416] and Chorkendorff [417,418], who de-
veloped setups with concentric capillaries where the outer tube
was used to feed the reaction mixture and the inner capillary
employed to extract the products for MS analysis. In the initial test
of the instrument developed by the latter group, the conversion of
COþO2 was probed on a surface comprised of Pd nanoparticles
dispersed on an Al2O3/Al(111) thin film. Kinetic runs could be
carried out at fluxes equivalent to pressures of up to 1 bar and
with a lateral resolution of better than 0.2 mm (Fig. 33).

These instruments have been used to study a number of cata-
lytic reactions. In one case, the dissociative sticking coefficient for
H2 was measured over Pd films deposited on sputtered highly-
ordered pyrolytic graphite (HOPG). That sticking probability was
found to be about 1.4 times higher on Pd hydride than on metallic
Pd but to display similar apparent desorption energies on both



Fig. 34. Distribution of the ethane isotopologues detected from the conversion of
D2þC2H4 mixtures on a Pt polycrystalline sample at room temperature [49,424].
The reactants were fed by using a single molecular beam with a constant total flux
of 3000 ML/s (monolayers per second), high enough to afford sustained steady-
state catalysis [411,425]. Data are reported for two different ethylene fluxes, cor-
responding to two different D2:C2H4 ratios, in order to highlight the two extreme
product distributions observed, namely, multiple H–D exchange and extensive
multideuterated ethane formation, all the way to C2D6, seen with deuterium-rich
mixtures (solid blue bars), and (predominantly) direct deuteration to dideuter-
oethane, which develops as the ethylene partial pressure is increased (hatched
red). Reproduced with permission from Ref. [424], Copyright 2016 the Owner
Societies.
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surfaces [419]. More extensive characterization of this reaction on
catalysts made out of Pt, Ru, and Rh nanoparticles of varying sizes
(between 2 and 5 nm) dispersed on a flat support indicated that
the rate of hydrogen exchange (between H2 and D2) at 1 bar is
higher on Ru and Rh than on Pt, and that it increases with particle
diameter for all the metals probed, although less so with Pt [420].
The exchange rate was also found to decrease dramatically with
the increase in carbon content that happens upon annealing of the
metal films at high temperatures [421]. The H2þD2 exchange re-
action was found to be faster on PtþRh alloys than on either metal
alone [422]. In another study, the influence of monoatomic steps
and defects on the methanation reaction with a 1 bar COþH2 gas
mixture was evaluated over a Ru(0,1,54) single crystal, which
contains one monoatomic step atom for each 27-atom-wide ter-
race [423]. By using selective site-poisoning with sulfur atoms, it
was determined that methanation takes place preferentially on
undercoordinated sites such as steps and kinks.

We have also experimented with this type of design. Our initial
setup was comprised of two concentric capillaries, with the inner
one used as the gas feeder and the outer as the sniffer [14,345].
That arrangement was later simplified to reach our current design,
where only one capillary tube is used, to generate a high-flux
beam, and where the scattered gas is analyzed by using a mass
spectrometer placed within the UHV chamber [424]. Both systems
were successfully employed to study the catalytic hydrogenation
of ethylene on a polished polycrystalline Pt disk [49,411,424,425].
Steady-state ethylene conversion with probabilities close to unity
could be achieved by using beams with ethylene fluxes equivalent
to pressures in the mTorr range and high (Z100) H2:C2H4 ratios
[411,425]. Additional spectroscopic data led to the suggestion that
such high reaction probabilities are possible because of the re-
moval of most of the ethylidyne layer known to form during
catalysis.

Using isotope labeling, it was also determined that multiple
H-D substitutions are possible, as expected based on the well-
known reversible stepwise mechanism proposed a long time ago
by Horiuti and Polanyi (Fig. 34) [49,424]. In fact, the ethane iso-
topologue distributions obtained in these experiments reflect a
much higher probability for the dehydrogenation of ethyl inter-
mediates back to the olefin, relative to the hydrogenation to
ethane, than typically seen in this catalysis. In addition, a second
mechanistic pathway was clearly identified responsible for most of
the dideuteroethane produced, with a linear dependence of the
yield on ethylene flux (Fig. 34). Based on the kinetic parameters
extracted from these studies versus deuterium and ethylene
fluxes, it was argued that the second route may be a "reverse"
Eley-Rideal step between gas-phase ethylene and two deuterium
atoms adsorbed on adjacent sites of the platinum surface.

In extended studies with H2þD2þC2H4 mixed beams, it was
found that the addition of ethylene to the H2þD2 beam leads to a
significant decrease in the probability for HD production but that
the reaction can still be sustained catalytically under the condi-
tions of our experiments [426]. Three kinetic regimes were iden-
tified with increasing partial pressure (or flux) of ethylene in the
reaction mixture. The first, seen for mixtures with less than
10 ppm of ethylene, shows a steady-state production of ethane
with kinetics similar to those reported from UHV studies, with a
rate law dependent linearly on both ethylene partial pressure and
hydrogen atom coverage. The surface is mainly covered with hy-
drogen, and ethane formation occurs primarily via a "reverse"
Eley-Rideal mechanism, as mentioned above. A second, inter-
mediate regime is seen for mixtures with up to about 1% of
ethylene. In that case, HD production is still relatively fast, albeit
the rate decreases slowly with increasing ethylene pressure, but
the surface is mostly covered with reversibly-adsorbed ethylene
(plus some ethylidyne, Pt3≡C–CH3), which partially blocks the
hydrogen uptake. The probability for ethane formation decreases
noticeably in this regime, and the reaction mechanism switches to
the stepwise hydrogen incorporation sequence proposed by Hor-
iuti and Polanyi many years ago. Finally, for reaction mixtures with
more than 1% of ethylene, the ethylidyne surface layer reaches
coverages close to saturation, and controls the HD and ethane
formation kinetics via site blocking; this latter regime is the one
operational in most catalytic runs. It was also shown that the re-
lative importance of the reversibly-adsorbed ethylene and irre-
versibly-adsorbed ethylidyne species to the reaction kinetics de-
pends on surface temperature, and that the ethylidyne layer can be
removed at temperatures around 500 K to restore the full catalytic
activity of the clean Pt surface.

7.2. Combinatorial systems

Kinetic probes based on capillary arrays have also been im-
plemented in connection with catalytic testing of solid surface in
high-throughput, or combinatorial, mode. In this application, ex-
periments are not carried out under UHV but rather in ambient
environments. Nevertheless, the setup is designed so that a gas
mixture is fed in high fluxes via a capillary tube directly to specific
spots within the solid, in a way similar to that of the high-flux
effusive molecular beam setups discussed in the previous section;
the products in this case are collected and analyzed with the aid of
a secondary capillary. Several capillary pairs are often arranged in
an array for multiple sampling in one go, using either multiple
mass spectrometers or a single unit and a gas distribution scheme.

This methodology has been used the most by Weinberg and
coworkers at Symyx [427]. They have published several patents
describing the evolution of their instrumentation [416,428,429].
Their first version consisted of concentric capillaries, as with the
other systems described in the preceding Section 7.1 (Fig. 35, top).
With it, the authors evaluated the relative activity of Rh-Pd-Pt-Cu
alloys toward CO oxidation as a function of composition [430], the



Fig. 35. Top: Schematic depiction of a scanning screening apparatus developed for
high-throughput (combinatorial) studies of the activity of flat surface catalysts
[432]. The instrument is comprised of three modular subsystems: the reaction
chamber (left), the mass spectrometer, for gas detection and analysis (right, top),
and a photothermal deflection (PTD) detector. The capillary sampling interface
shown in the center of the general diagram, depicted in more detail in the center of
the figure, is similar to that described in Fig. 33. Bottom: example of the type of
data obtained with this instrument: the production of ethylene from oxidative
dehydrogenation of ethane with O2 (N2:C2H6:O2¼5:4:1, PTotal¼760 Torr, Ts¼673 K)
is mapped for a combinatorial library consisting of molybdenum-vanadium-nio-
bium oxide films of varying compositions, having continuing gradients in V and
MoþNb content. "Hot" spots in these 3D plots were used to identify catalyst
composition prospects for secondary screening. Reproduced with permission from
Ref. [432], Copyright 1999 National Academy of Sciences of the United States of
America.
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performance of supported noble metals and perovskites for low-
temperature CO oxidation/light off in cold start automotive emis-
sions conditions, the reactivity of CoCr oxide catalysts for volatile
organic compound (VOC) removal, and the catalytic behavior of
mixed metal oxides for the selective gas-phase oxidation of pro-
pane to acrylic acid and acrylonitrile [431]. Much information on
catalytic trends versus surface composition has been derived from
such studies. For instance, in an investigation of the trends of
mixed Mo-V-Nb-O (Fig. 35, bottom) [432] and V–Al–Nb and Cr–Al–
Nb [433] metal oxide libraries toward the promotion of ethane
oxidative dehydrogenation to ethylene and CO2, the authors
learned that Nb does not affect the catalytic activity of the V–Al
oxides, as it does with Mo–V–Nb oxides.

With a second-generation instrument equipped with multiple
probes [434], the selective catalytic reduction of NO with NH3
mixtures was probed on supported vanadia systems as a function
of the nature and composition of the metal precursors, support,
and doping, and also on mixed-redox metal oxides and supported
base and noble metal systems [435]. The active hits, that is, those
showing high NO consumption and N2 production, were selected
for secondary screening. In another study, the methanation of CO
and CO2 was tested over zirconia- and ceria-supported noble and
base metal catalysts [436]. Ru, Rh, and Ni were found to promote
methanation, whereas Pt was seen to catalyze the reverse water-
gas-shift reaction. Methanation activity was also proven to be
enhanced by acidic and redox dopants, or suppressed by basic
dopants. Studies on the selective low-temperature CO oxidation
and VOC removal using mixed COþpropylene feeds revealed novel
RuCoCe formulations of the catalyst [437]. For the water–gas shift
reaction with real post-reformer feeds containing CO, CO2, H2O
and H2, a new synergistic PtFeCe ternary composition was dis-
covered [437].

Both a 16-channel reactor module and a 48-channel fixed bed
reactor workstation (comprised of three 16-channel modules)
were later developed where the microfluidic flow splitter con-
sisted of one central inlet and 16 identical concentric capillary
spirals that radiate out from the center to 16 individual outlets to
achieve uniform flow distribution among all reactor channels from
a common feed system. These systems have been used for a
number of studies, including selective oxidations, oxidative de-
hydrogenations, ammoxidations, acetoxylations, the conversion of
methanol to olefins, hydrogenations, isomerizations, the water-gas
shift reaction, and emissions abatement [438].

Recently, Gellman and coworkers have reported another var-
iant of the multiplexed capillary-tube based nanoreactor design
for high-throughput testing of solid samples with gradient com-
positions [439,440]. In their case, the pair of capillaries for gas
feeding and sample collection are square and adjacent to each
other, and are sealed against the surface by using an appropriate
gasket; the full setup was incorporated into a UHV chamber. To
date, this system has been used to test the activity of transition-
metal alloys toward the isotope scrambling of H2þD2 mixtures
[47]. It was determined, for instance, that the promotion of H-D
scrambling in Pd-Cu alloys decreases with increasing Cu content.
8. Non-catalytic applications

As can be concluded from our review so far, much of the mo-
lecular beam studies on the reactivity of gas mixtures on solid
surfaces have been geared to develop a better understanding of
specific catalytic system. Nevertheless, the technique is also
amenable to the investigation of other important processes. In
particular, there has been extensive interest in characterizing the
kinetics of surface etching and surface oxidation this way, as it
relates to microelectronic processing. There are also examples
available in the literature on the use of molecular beams for the
study of film deposition via chemical means. Together with mi-
crocalorimetry, molecular beams have been used to study the
energetics of oxide particle formation. Below we briefly survey all
this work.

8.1. Surface etching

8.1.1. Silicon surfaces
Several molecular beam studies have focused on etching pro-

cesses of semiconductor surfaces by gas-phase agents [441–443].
For instance, with Cl2, anisotropic etching of Si(100) surfaces was
demonstrated by taking advantage of the directionality of the
beam: the ratio of the etch rates in the vertical versus horizontal
directions was shown to be larger than 25 [444]. Silicon removal



Fig. 36. Left: Translational-energy dependence of the rate of etching of Si(100) surfaces with Cl2 at a surface temperature of 803 K, measured with a seeded supersonic beam
[447]. The values reported by the filled circles were obtained as a function of Cl2 concentration at a constant nozzle temperature of TN¼1183 K, whereas the open circles
indicate the dependence on TN at a constant Cl2/He mixing ratio. Reproduced with permission from Ref. [447], Copyright 1993 American Institute of Physics. Right: Similar
data from experiments with a hyperthermal atomic (instead of molecular) chlorine beam and a surface temperature of Ts¼130 K [446]. Reproduced with permission from
Ref. [446], Copyright 1994 American Institute of Physics. In both cases a threshold energy was identify for the start of the etching process. Importantly, though, the rates are
orders of magnitude faster, start at lower kinetic energies of the reactant, and occur at much lower surface temperatures with the atomic chlorine beam.
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was proven to be chemical in nature, not just the result of physical
sputtering (with SiCl4 being the main product [445,446]), and the
ratio of the etch rates for polycrystalline Si versus SiO2 surfaces
was shown to be larger than 1000. A kinetic energy threshold was
observed for the start of the etching (Fig. 36, left), but the etch rate
enhancement was not attributed to the formation of Cl radicals or
to vibrationally excited Cl2 molecules [447,448]. Two thermal
desorption processes were identified, with activation energies of
2.8 and 0.9 eV, corresponding to gas etching with collision-in-
duced desorption of weakly-bound SiCl4 and translational-energy-
induced etching, respectively [446,449].

The effect of surface structure on etching was investigated by
using pristine Si(100) and Si(111) wafers as well as a Si(100) sur-
face damaged by Arþ ion bombarded to create surface defects
[450]. Similar etch rates were measured on Si(100) and Si(111),
with the major products being SiCl4 at surface temperatures below
500 K and SiCl2 at surface temperatures above 600 K; some SiCl
was also detected above 1100 K. When the etch rate is reaction
limited, higher etch rate can be obtained with atomic chlorine
than with molecular chlorine, whereas in the adsorption limited
regime the etch rate is primarily determined by the surface tem-
perature. Higher translational excitation of both atomic and mo-
lecular chlorine results in higher etch rates, especially on defective
Si(100) surfaces.

Fluorine-containing etching agents have in general shown
higher activity than their chlorine counterparts. In an early mo-
lecular beam study, the etching of Si(100) wafers with hot SF6 was
shown to be enhanced by vibrational excitation of the incoming
molecules [451,452]. It has also been shown that, at low energies,
both XeF2 and F2 adsorb dissociatively and with high probability
but only on the dangling bonds of Si [453]. Using a He atom dif-
fraction technique, it was established that fluorination initially
creates a degree of disorder on the surface but that order is re-
stored once monolayer coverage is reached. After monolayer sa-
turation F2 ceases to react with the surface, whereas XeF2 con-
tinues to deposit fluorine by reacting with the Si–Si dimer and
with the lattice bonds. The dose dependence of the fluorine con-
tent was shown to not follow a single exponential behavior, but to
rather increase rapidly in the early stages of the uptake but much
more slowly thereafter [454]. This behavior was explained by the
rapid development of a monolayer of SiFx surface species in the
initial regime followed by the slow formation of a steady-state
multilayer of SiF–SiF2–SiF3 and SiF2–SiF3 chains. In terms of the
temperature dependence of the etching process, with XeF2 the
initial reaction probability initially decreases from 100% at 150 K to
20% around 400 K, possibly a reflection of a precursor-mediated
mechanism, but then increases again at temperatures above 600 K,
up to 45% at 900 K, presumably because of the desorption of SiF2
species [455]. At room temperature, the high etch rate of silicon
single-crystal surfaces with fluorine versus chlorine is due to the
higher rate of formation of volatile products with the former
etching agent [450].

Etching of silicon surfaces has also been studied by using atomic
chlorine and atomic fluorine beam sources. The dynamics of these
impinging atoms may be complex, possibly involving significant
multiple-bounce scattering and trapping desorption [456]. At high
temperatures the etching reactions are the same as with the mole-
cular species, at least with Cl2, but at lower temperatures the main
desorption product is SiCl2, with some SiCl4 or Si2Cl6 being formed as
well [457]. This atomic-Cl etching can be enhanced by increasing the
translational energy of the chlorine atoms (Fig. 36, right), and reaches
rates several hundred times greater than those possible with mole-
cular beam [458]. Atomic recombination of Cl, Br, and F atoms has
been shown to follow pseudo-first order kinetics, suggesting that a
two-step process is operational in which the first halogen atom ad-
sorbs into a relatively strongly-bonded chemisorbed state and the
second reacts with it either directly or after physisorbing onto the
halogenated surface [459].

Regarding Si etching with ClF3 beams, it has been reported that
those molecules are not, by themselves, capable of promoting si-
licon removal at room temperature [460]. Nevertheless, etch rates
of 40 mm/min or higher were measured even at room temperature
because of the formation of more reactive ClF3 clusters. Selectivity
for the etching of Si versus the removal of SiO2 or a photoresist
was estimated at a minimum rate ratio of 1:1000. Anisotropic
etching was seen as well, with an aspect ratio of 10 or higher fa-
voring the direction of the beam.

8.1.2. Gallium arsenide surfaces
With GaAs, the main product of chlorine etching is GaCl3. The



Fig. 37. Data from studies of the dry etching of GaAs(100) with Cl2 using modu-
lated supersonic molecular beams. Top: Dependence of the etching rate on surface
temperature, reported together with an identification of the main desorbing pro-
ducts. Bottom: Independent total absolute etching rates for Ga (open circles) and As
(solid squares). The wide variations seen in the gas composition of the ejected
products as a function of temperature (top panel) attest to the complex multi-
channel mechanism of the etching process, yet the data in the lower panel indicate
that etching is stoichiometric under all conditions. Reproduced with permission
from Ref. [463], Copyright 1993 Elsevier Science Publishers B.V.
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reaction was shown to be precursor mediated, and to not exhibit
any activation barriers for the desorption of the product [461,462].
The chlorine surface coverage during steady state was estimated to
be in the monolayer regime between 350 and 650 K, but close to
zero above 700 K [463]. Analysis of the angular distribution of
GaCl, which is ejected from the surface at higher temperatures
(T4650 K), points to two surface reaction channels: one where
accommodation and desorption of the incident Cl2 occurs readily,
and a second with delayed chemical conversion [464]. Other
products have been detected as well, including AsCl3, As4, and As2
[465], all ejected with close-to-cosine angular distributions but
with measurable time delays [443]. Nevertheless, the ratio of the
etching rates of Ga and As is independent of the surface tem-
perature and within the range expected from stoichiometry
(Fig. 37) [465]. The mode of As removal with Cl2 beams changes
with surface temperature, with surface diffusion becoming im-
portant at surface temperatures above 400 K [465]. Anisotropic
etching is also seen with GaAs, as with Si [466].

Etching with HCl instead of Cl2 shows similar reaction char-
acteristics, including the dominance of GaCl production, the cosine
angular distribution of the products, and the time delays men-
tioned above [467,468]. However, etching of GaAs with HC1, unlike
Cl2 (which etches GaAs at room temperature), does not lead to
measurable GaAs etching below 670 K [469]. Between 670 and
870 K some As2 desorbs with the main GaCl product, and above
850 K gas-phase Ga is also detected, in an etching regime limited
by As removal [469].
GaAs(001)�(2�4) etching with CH3Cl has been shown to

follow two reaction channels, as reported above for other systems:
a trapping/desorption pathway, dominant with low-energy beams,
and a direct inelastic scattering channel that develops for high
incident energies [470].

8.1.3. Others
Etching of a few other surfaces has been probed with the aid of

molecular beams. In one case, polycrystalline aluminum nitride
has been made to react with an effusive beam of XeF2 [471,472].
The reaction was shown to start at a surface temperature of 700 K
via the formation of AlF3(ads), and sustained desorption to begin
above Ts¼800 K, at which point N2 and AlF3 desorb from the
surface. The etching probability increases monotonically with
sample temperature until reaching a value of approximately half of
the incoming XeF2 by 920 K.

8.2. Surface oxidation

Surface oxidation is an integral part of microelectronic pro-
cessing, in particular to develop thin dielectric oxides on top of
semiconductor surfaces. Thin oxides usually form naturally, cer-
tainly on silicon surfaces, but a more controlled build up of such
layers is necessary for practical applications [473,474]. This can be
accomplished via exposure of the surface to either molecular
oxygen or to a form of activated oxygen such as atomic oxygen
(from plasmas) or ozone. Molecular beams have been used to
study some kinetic aspects of these processes.

8.2.1. Silicon surfaces
Exposure of silicon to molecular oxygen leads to a combination

of silicon oxide thin-film growth and etching. The initial sticking
and activation of O2 appears to be precursor-mediated with low-
energy beams [475], transitioning to direct adsorption as the in-
cident energy is increased [476,477]. The first mechanism is
structure sensitive, being twice as fast on the unreconstructed
(1�1) Si(111) surface compared to the well-known (7�7) re-
constructed phase that prevails at room temperature [478,479],
but that difference disappears at high beam energies, as the direct
dissociative adsorption pathway takes over [480,481]. Molecular
oxygen reacts with silicon surfaces, with both Si(100) and Si(111),
via two stable surface intermediates that are formed sequentially.
The second of those intermediates is identical to that formed by
the reaction with atomic oxygen, and leads to SiO desorption
above 1010 K (Fig. 38) [475,482,483]. The first intermediate, with
O2, has been proposed to consist of a peroxy radical or a peroxide
bridge [484].

Surface oxidation can be catalyzed by the addition of alkali
metals. Sticking coefficient measurements of O2 on Cs-predosed Si
(100) surfaces, using molecular beams, identified two different
kinds of cesium sites, and determined that the initial sticking
probability increases linearly with the coverage of each kind of
cesium site [485]. The data showed that the effect of cesium is
local, and that an oxygen-cesium bond is formed during the re-
action that passivates the cesium.

Silicon oxidation can also be carried out by using oxygen-atom
beams. In addition to the work by the Engstrom group cited above
[484,486], this has also been reported by Madix and Susu in a
study that indicated that etching with such atomic species is at
least one order of magnitude faster than with O2 [487]. Those
authors also found that the reactivity is independent of the or-
ientation of the crystal plane.

8.2.2. Germanium surfaces
Madix and Susu have reported lower reactivity on germanium



Fig. 38. Arrhenius plot of the reaction rate coefficients for the formation of SiO
(g) from reaction of a Si(100) surface with either atomic (open circles) or molecular
(solid symbols) oxygen as a function of surface temperature [486]. Two sets of data
are provided for the latter, for the slow (solid circles) and fast (solid squares) steps
identified in this study. Overall oxidation is faster with O2 that with O � , but some
oxygen dissociation followed by atomic-oxygen oxidation is also operational in the
former case. Reproduced with permission from Ref. [486], Copyright 1990 The
American Physical Society.
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surfaces, about 40% of that seen on silicon [487,488]. At low tem-
peratures the sticking coefficient decreases with temperature, the
signature of a precursor-mediated adsorption process [442], and an
increase in sticking at glancing angles of incidence is seen, con-
sistent with a rise in trapping probability [489]. On the other hand,
a direct adsorption channel becomes increasingly more efficient at
higher temperatures [490]. These observations are in many ways
qualitatively similar to those reported for the adsorption dynamics
of oxygen on silicon. On clean Ge(100), oxygen scatters primarily by
a direct inelastic mechanism, presumably on defect sites, but con-
siderable trapping occurs on oxygen-covered surfaces [490]. The
only species observed in the gas phase in this system has been GeO
(g), which desorbs with a cosine spatial distribution indicative of
full energy accommodation with the surface [489]. At low coverages
desorption was seen to follow first-order kinetics with an activation
energy of approximately 250 kJ/mol, whereas at higher coverages
zero-order kinetics prevails, with the same activation energy. These
results have been explained in terms of a model where GeO desorbs
mainly from oxygenated ledge sites; the transition to zero-order
desorption kinetics occurs once those sites are saturated. An inter-
mediate oxidation step analogous to that reported on silicon is
suspected in the reaction with germanium as well [491].

Nitrogen oxides can also be used as oxidants for these surfaces. In
fact, this has turned out to be an efficient way to etch semiconductor
surfaces, almost as good as by using molecular oxygen. On Ge(111),
for example, the reaction probability with NO was measured to be
about 1/4 of that with O2 [491]. A more recent molecular beam study
of the dynamics of the reaction of NO2 on Ge(111) highlighted some
deviations from a Boltzmann distribution in the desorbing NO pro-
duct, indicating rapid bond scission and NO ejection before any
significant energy accommodation with the surface can take place
[102].
8.3. Film deposition

Another type of surface reactions of importance in microelec-
tronics fabrication is that of the deposition of thin solid films. This
may be done by chemical means, by chemical vapor deposition
(CVD) or, as introduced more recently, by atomic layer deposition
(ALD) [492–494]. In these processes, a chosen precursor is made to
react with a second agent, a small molecule such as H2, NH3, or O2

that acts as a reducing, oxidizing, or ligand displacement agent.
The reactions are separated in time in ALD, but may involve the
same basic surface chemistry in both cases. The relevant steps
have in some cases been investigated using molecular beams, as
discussed below. Another more standard methodology for film
growth is molecular beam epitaxy (MBE), where the different
elements to be deposited on the surface are provided by beams of
vapors of the appropriate elements [495–497]. That technique falls
outside the bounds of this review, but a few selected examples of
such approach are also provided below.

8.3.1. Silicon surfaces
The deposition of silicon via the decomposition of silane or

disilane precursors has been one of the first CVD processes studied
with the aid of molecular beams. The initial research focused on
assessing the viability of this approach [442,498–504]. The reac-
tion was found to be second order in silane flux and to produce
traces of disilane when starting from silane, suggesting the for-
mation of an initial SiH3(ads) intermediate [498,499]. Based on
additional results using deuterium labeling, a second SiH2(ads)
intermediate was proposed [505], and a third SiH(ads) species was
later added to the picture as well [506].

Much of the more recent work on the characterization of the
kinetics of CVD processes with molecular beams has been carried
out by the Engstrom group [507]. In an early study with Si2H6 on Si
(100) and Si(111), they found that the probability for dissociative
adsorption depends linearly on the translational energy of the
incident beam [508], and in a cosine-square fashion as a function
of incident angle [509]. In addition, the reaction on the (111)
surface shows sensitivity to the surface reconstruction from a
(7�7) to a (1�1) lattice that occurs above 1100 K (Fig. 39)
[505,509]. It was concluded that both the dangling bond density
and the effective corrugation of the surface are important in de-
termining the reaction probability. Two reaction mechanisms were
identified: (1) a complete pyrolysis to form two adsorbed Si atoms
and gas-phase hydrogen, a step that increases in prominence with
increasing incident kinetic energy; and (2) a reaction forming one
adsorbed Si atom and gas-phase hydrogen and SiH4 (from a che-
misorbed intermediate) [510]. The relative prominence of these
two channels was found to be sensitive to the structure of the
surface: only complete pyrolysis was observed on the clean Si
(100)-(2�1) and Si(111)-(1�1) surfaces, whereas silane produc-
tion was also detected on the Si(111)-(7�7) surface and on the Si
(100)-(2�1) surface in the presence of a finite coverage of either
adsorbed hydrogen or phosphorus atoms.

With SiH4, the dependence of its sticking coefficient on in-
cident energy was estimated to be exponential [511]. On Si(100),
there is also a weak dependence on substrate temperature, and on
Si(111) an additional increase in sticking probability is observed in
connection with the reconstruction from the (7�7) to the (1�1)
phases. Experiments with SiD4 revealed a modest kinetic isotope
effect, a result inconsistent with activation via tunneling. Results
from comparative studies of the reaction probability with SiH4

versus Si2H6 on the Si(111)-(7�7) surface as a function of incident
kinetic energy suggested a similar decomposition mechanism for
the two molecules, namely, Si–H bond activation; SiH4(g) was
proposed to be formed via unimolecular thermal decomposition of
an adsorbed Si2H5(ads) species [510].



Fig. 39. Reaction probabilities for Si2H6 dissociative chemisorption on Si(111) as a
function of substrate temperature for two incident energies of the supersonic
molecular beam [508]. Higher reaction probabilities are seen with both higher ki-
netic energies and higher surface temperatures. Perhaps more strikingly, a sharp
transition is seen between approximately 1100 and 1140 K, ascribed to a significant
change in surface reactivity upon the removal of the well-known (7�7) re-
construction of the Si(111) surface [478,479]; the high-temperature, un-
reconstructed (1�1) phase has more silicon dangling bonds and is, consequently,
more reactive. Reproduced with permission from Ref. [508], Copyright 1993
American Institute of Physics.
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Epitaxial silicon thin-film deposition using Si2H6 has also been
explored on silicon oxide [512]. The incubation period associated
with polycrystalline Si deposition on SiO2 was found to decrease
with both increasing substrate temperature and increasing in-
cident beam kinetic energy. Other molecules have been deposited
as well. For instance, the deposition of SiC thin films on Si(100) has
been demonstrated by using high-energy (Ei¼2.0 eV) SiH3CH3

beams [512]. In another example, phosphine has been used to add
phosphorous to the surface. The initial probability of reaction for
PH3 on Si(111)-(7�7) was found to decrease with increasing
substrate temperature and with increasing kinetic energy of the
incident beam, a signature of precursor-mediated dissociation
[513]. It also increases sharply, by a factor of approximately 4 to 5,
upon transition from the reconstructed (7�7) to the un-
reconstructed (1�1) surfaces, and exhibits an autocatalytic be-
havior consistent with a mechanism in which submonolayer cov-
erages of P(ads) are capable of lifting the (7�7) reconstruction
[514]. The reaction probabilities of PH3, SiH4, and Si2H6 on Si(111)-
(7�7) all follow Langmuir kinetics assuming the blocking of two
sites per P adsorbed atom, and in the case of the silane it passes
through a maximum with increasing P(ads) coverage. Finally,
treatment of the Si(100) surface with atomic hydrogen appears to
cap the dangling bonds and to passivate the surface toward any
subsequent silane uptake [515].

8.3.2. Germanium surfaces
Similar experiments have been carried out with GeH4 and Ge2H6

on Ge(100) and Ge(111), to deposit germanium films. At sufficiently
large incident kinetic energies (EiZ1 eV) both germanium pre-
cursors were found to react by direct dissociative chemisorption,
with reaction probabilities increasing approximately exponentially
with increasing (scaled) incident kinetic energy [516]. At moderate
kinetic energies (Ei�0.4 eV), however, the reaction probability of
Ge2H6 on Ge(100) (but not on Ge(111)) decreases with either in-
creasing substrate temperature or incident kinetic energy, as ex-
pected for a precursor-mediated mechanism. Conversion of Ge2H6 on
either surface does not seem to involve a GeH4 intermediate. Similar
behavior was reported for the same precursors on Si(100) and Si(111)
substrates, except that the Si surfaces are much more reactive, by as
much as a factor of 10, than their Ge counterparts [517]. The Ge
hydrides were also found to be moderately more reactive, by a factor
of approximately 2, than the Si hydrides. The reactivity of �2
monolayers-thick Ge films grown on Si(100) were found to exhibit a
reactivity intermediate between Si(100) and Ge(100), whereas on Si
(111) the Ge epitaxial layer is less reactive than the pure surfaces of
either Si or Ge.

Nucleation of Si and Si1�xGex thin films on Si or SiO2 surfaces
using Si2H6 or GeH4 have been tested with molecular beams as
well [518]. The time associated with the start of the formation of
stable islands was found to depend strongly on both the kinetic
energy of the incident molecular precursors and the substrate
temperature, and, after island coalescence, the morphology of the
resulting thin films was determined to depend primarily on sub-
strate temperature, with smoother films being grown at substrate
temperatures below 875 K. Addition of atomic hydrogen, via a
separate coincidental beam, was shown to increase the incubation
time, especially at substrate temperatures below 900 K, suggesting
that hydrogen atoms adsorbed on the Si-like sites on SiO2 can
effectively block the nucleation of Si. The addition of Ge to the
surface increases the incubation time but lessens the effect of
hydrogen.

8.3.3. Gallium arsenide surfaces
For the growth of GaAs films, the most common precursors

used in chemical deposition processes are arsine (AsH3) for As and
one of the following compounds for Ga: trimethylgallium (TMGa,
(CH3)3Ga), triethylgallium (TEGa, (C2H5)3Ga), or diethylgallium
chloride (DEGaCl, (C2H5)2GaCl) [519,520]. This is a more complex
system because it requires two precursors, needs careful mon-
itoring of stoichiometry, and may show several different termi-
nation surfaces. Some molecular beam work has been designed to
address these and other kinetic issues [521–525]. For instance, by
monitoring the residence times and sticking coefficients using
time-resolved molecular beams, the adsorption of all three gallium
precursors on the As-rich GaAs(100)-c(2�8) surface was shown to
be precursor mediated [526]. In the same vein, the sticking of
TMGa on relaxed and reconstructed versions of GaAs (100), (110),
and (111) surfaces was estimated to proceed mostly through a
precursor as well (the possible exception being the GaAs(100)-
(1�6) surface, Fig. 40) [523,527,528].

With the gallium precursors, the trends observed for the
structure dependence of the depth of the energy well that de-
scribes the precursor state, estimated from the temperature de-
pendence of the surface residence time during scattering, was
explained in terms of the charge distribution in the relaxed or
reconstructed surface structures, whereas the energy barrier
height to chemisorption was interpreted as reflecting the stability
of those same structures. In this context, the higher suppression of
TMGa decomposition on the (2�2)-reconstructed GaAs(111)B
may be due to the absence of localized charge at the topmost As
atoms. It was speculated that it is the adsorbed methyl groups
rather than the surface Ga that play the key role in the inactivation
of a Ga-stabilized surface [529]. At least on GaAs(100), CH3 was
found to be the major reaction product, its desorption facilitated
by an arsine ambient; no CH4 or C2H6 desorption was detected
[530–532], but some GaCH3 was seen at high Ga coverages [533].
With TEGa the surface chemistry is quite similar: the products
include hydrogen and a small amount of ethyl radicals, even
though the desorption of ethylene, the product from β-hydride
elimination, becomes dominant [534], and As termination of the
surface facilitates decomposition [535]. The β-hydride elimination
channel has also been observed with triisobutylgallium and tri-
tertbutylgallium [536].

Less work seems to be available on the chemistry of the ar-
senic precursors. Besides arsine and As2 and As4 [530,531,537–
539], a few other compounds have been tested. At room tem-
perature, tertbutylarsine was found to chemisorb on the arsenic-
rich c(4�4) and gallium-rich (4�6) surfaces, but not on the
arsenic-rich (2�4) structure, of GaAs(001), presumably via a



Fig. 40. Time-of-arrival spectra for trimethylgallium scattered from (2�4) (a, top)
and (1�6) (b, bottom) reconstructed GaAs(100) surfaces at 546 K [523]. Also
shown are fits to two components, originating from direct scattering (no surface
residence time) and from molecules that spend a finite residence time on the
surface. For the less stable Ga-rich (1�6) surface the spectrum is well reproduced
by a single component, for scattering without surface residence, whereas on the
more stable (2�4) substrate a second delayed component is apparent. Reproduced
with permission from Ref. [523], Copyright 1997 Elsevier Science B.V.

F. Zaera / Surface Science Reports 72 (2017) 59–10496
precursor-mediated mechanism [540,541]. The angular depen-
dence of the reflected molecules was explained by trapping/
desorption and direct inelastic scattering processes. The adsorp-
tion energy estimated from the results of these experiments were
consistent with a model based on the surface reconstruction of
each surface.

8.3.4. Other Materials
Molecular beams have been used to test the deposition of other

materials, including semiconductors [495,496], semiconductor
oxides [497,542], ferroelectric materials [543,544], and other di-
electric materials [545]. In many of those studies the use of the
beams have just been the means to provide high fluxes of re-
actants, but in others the extra energy of supersonic beams have
been employed to promote deposition mechanisms not available
by normal thermal activation [442]. It is beyond the objective of
this review to provide a discussion of deposition technologies; our
focus here is on the use of molecular beams for the study of re-
action mechanisms on solid surfaces. Nevertheless, some of the
work in the area of molecular beam deposition has added to our
knowledge of the corresponding surface chemistry involved. Be-
low we provide a few examples.

As with GaAs deposition, other analogous III-V semiconductors
can be prepared by chemical means using triethyl complexes and
ammonia. On a GaN(0001)/AlN/6H–SiC composite substrate, TEGa
supersonic jets have been used to deposit homoepitaxial α-GaN
quasi-2D islands with irregular perimeters [546–548]. The growth
rate was shown to exhibit linear dependences on both TEGa and
NH3 fluxes, consistent with a Langmuir-Hinshelwood mechanism.
The Ga incorporation efficiency is lower with high-energy TEGa
beams, a result consistent with dissociative chemisorption.

Silicon carbide films have also been made using molecular
beams. In one case, hot C2H2 has been dosed on Si(100) for this
purpose [549]. The growth rate of the film was found to be pro-
portional to the beam flux under low beam-flux condition, but to
decrease at high temperatures because of carbon poisoning. The
kinetics of deposition is modified in complex ways because of a
preferential pyramidally-shaped corrosion along the (111) facet;
SiC was seen to form on the etched sites. With methylsilane, the
use of thermal beams leads to film growth only via reaction of out-
diffused silicon atoms with the incoming precursor species, a
process that is self limiting and stops after a few layers. At mod-
erately higher kinetic energies, on the other hand, a second
growth mechanism opens up that is not thickness-limited [550].
Complex morphological changes on the surface and preferential
etching were identified in this case as well.

A different application of molecular beams in this category is
for the deposition of organic layers, often also in connection with
microelectronics applications. The studies on the growth of pen-
tacene thin films provide an example of this work. The effect of
surface defects was characterized by using two Ag(111) surfaces
with different average step distances [551]. While the initial stage
of the growth was found to be similar on the two different surfaces
regardless of the pentacene kinetic energy and the substrate
temperature, the thicker films show different structural and
thermal properties. On SiO2, the rate of growth was seen to ac-
celerate at high incident-beam energies, moving from the sub-
monolayer to the multilayer regime because of molecular insertion
events into the topmost layer of the pentacene thin film [552].
These insertions were deemed possible on terrace sites but to be
more likely at step edges. With diindenoperylene (DIP) on SiO2,
the initial adsorption is precursor mediated, but after monolayer
saturation the adsorption probability increases, particularly at the
highest incident kinetic energies [553].

8.3.5. Atomic Layer Deposition (ALD)
Molecular beams have also been used to investigate the surface

chemistry of some of the precursors used in CVD and ALD de-
positions of different materials, including diffusion barriers and
metal interconnects. As an example of the first, we can cite our
own work on the reactivity of pentakis(dimethylamido)tantalum
(Ta[N(CH3)2]5, PDMAT), by itself and with ammonia as a co-re-
actant, on a Ta substrate [494,554]. The main desorbing species
detected include not only the expected dimethylamine, HN(CH3)2,
and the β-hydride elimination product, H2C¼NCH3 (which dis-
plays slower transient kinetics than the rest), but also H2, CH4,
C2H4, and HCN (Fig. 41). Thermal conversion on the surface was
found to start at 450 K. Addition of ammonia to the reaction
mixture was shown to lead to an enhancement in hydrogenation
to the amine at the expense of methane formation, but only at
temperatures above approximately 550 K. Isotope labeling was
used to establish that the hydrogenation of the amido groups in-
volves hydrogen atoms from the ammonia; methane formation, on
the other hand, occurs via intramolecular hydrogen transfer
instead.

In a related ALD study, on the deposition of TiN on SiO2 using
tetrakis(dimethylamido)titanium (Ti[N(CH3)2]4, TDMAT) and NH3,
the effect of surface modification with self-assembled monolayers
(SAMs) on the film deposition was tested [555,556]. On the bare
oxide surface, the reaction probability was found to vary only
weakly with either incident kinetic energy or the angle of in-
cidence of the molecular beam, in a behavior that could be de-
scribed as precursor-mediated [557]. For organic layers possessing
unreactive end groups such as methyl moieties, the thickness of
the film deposited per cycle is strongly attenuated, and growth is
in the form of islands nucleated around defects within the adlayer.
Because the reactivity decreases continuously with increasing in-
cident energy while increasing with increasing incidence angle, it
was proposed that the titanium precursor is first trapped on the
surface and then diffuses through the SAM until reacting with
residual hydroxyl surface groups at the SAM∕SiO2 interface. For
organic layers with reactive end groups such as �NH2 and �OH



Fig. 41. Typical isothermal kinetic curves from experiments with effusive mole-
cular beams of pentakis(dimethylamido)tantalum (PDMAT) and ammonia on a Ta
foil at 600 K [554]. The traces for the evolution of the partial pressures of all the
detectable products, namely, methane (CH4), hydrogen (H2), hydrogen cyanide
(HCN), N-methyl methyleneimine (CH2¼NCH3), and dimethylamine (HN(CH3)2),
are shown as a function of time during all stages of the experiment, which include
alternating exposures of the surface to PDMAT alone (t¼100–1200 s), PDMATþNH3

mixtures (t¼1200–2100 s), and NH3 alone (t¼2100–2700 s). Blocking and un-
blocking of the beam, indicated by the up- and down-pointing arrows, respectively,
was done periodically to check on the contributions from the steady-state reaction
to the signal and to study the transients right before and right after exposure of the
surface to the gases. Adapted with permission from Ref. [554], Copyright 2011
American Chemical Society.

Fig. 42. Intensity of the HCl molecules scattered from a 50 monolayer-thick (ML)
crystalline ice film grown on a Pt(111) surface exposed to a HCl effusive beam
impinging at 45°, as measured by using a King and Wells setup [562]. The flux
reflected by the clean Pt(111) at 300 K (black trace) is provided as reference, to
illustrate the profile expected from total scattering from the surface. Two other
traces are displayed, for HCl exposure at 60 (red trace) and 80 K (blue trace). In both
cases the signal does not change much right after the start of the exposure (t¼0 s),
indicating unit sticking probability, but the reflected flux increases sharply after 5 s
of exposure of the ice film at 80 K, indicating the point of saturation of the HCl
monolayer on ice. At 60 K, by contrast, HCl condenses, and the sticking coefficient
remains at unity even after long exposures. Reproduced with permission from Ref.
[562], Copyright 2011 American Chemical Society. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)
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growth is also attenuated, but to a lesser extent. The inhibition is
even less pronounced if the temperature is raised, a result that
suggests some degradation of the interfacial layer leading to the
exposure of new adsorption sites on the surface. A second direct
mechanism also opens up at sufficiently high incident energies.

There is also a report on a molecular beam study of the ALD of
copper films, used for interconnects, on TiN and SiO2 substrates
using hexafluroacetylacetonate copper(I) trimethylvinylsilane and
molecular hydrogen [558]. Film deposition starts at specific nu-
cleation centers. With the aid of electron microscopy, it was de-
termined that on SiO2 the Cu nuclei density reaches a maximum
near 5�1010 cm�2, nearly independently of substrate tempera-
ture, whereas on TiN surfaces the maximum nuclei density is
strongly dependent on temperature and varies by nearly two or-
ders of magnitude between approximately 425 and 535 K.

8.4. Others

Finally, we mention a few cases where molecular beams have
been used to study the chemistry of surface processes for appli-
cations other than catalysis of microelectronics processing. As with
the examples discussed in the previous Section, the beams can be
used as a tool for film deposition, or they can be employed to
characterize the ensuing the surface chemistry. In a few cases,
both elements are considered in the reported studies.

In one example, Kay and coworkers have used molecular beams
to both prepare ice films and characterize them in terms of their
porosity and their ability to adsob and/or absorb different gases
[559]. Below 110 K, the incident energy of the water molecules in
the beamwas found to have no effect on the structure of the initial
phase of the resulting ice film or on its crystallization kinetics. This
is still the case above 110 K, but under those circumstances the
surface temperature does matter, as when a crystalline ice tem-
plate is used. These results suggest that the crystallization of
amorphous solid water (ASW) requires the cooperative motion of
several water molecules. The condensation coefficient for N2 on
those films was found to be essentially unity until near saturation,
independent of the ASW film thickness, indicating that molecular
transport within the porous films is rapid [560]. By following the
uptake of N2 versus exposure, it was shown that the porosity of
the ice films can be controlled by tuning the angle of incidence of
the water molecules during deposition [561]. With HCl, the initial
sticking coefficient on the ice films was found to always be unity
below 60 K, but to diminish significantly once a monolayer builds
up on the surface at 80 K (Fig. 42) [562].

In a different type of application, Campbell and coworkers have
combined molecular beams with microcalorimetry to characterize
the energetics of the initial stages of deposition of metals on oxide
surfaces [563–565]. Sticking probabilities are usually quite high,
close to unity, but the heats of adsorption vary with coverage. For
instance, in the case of Pb deposition on NiAl(110) at 300 K, the
heat of adsorption starts at 249710 kJ/mol on the clean surface
but, because of the repulsive interactions between Pb adatoms,
decreases within the first layer until reaching the value of the heat
of sublimation of bulk Pb (195 kJ/mol) [566]. In contrast, Au de-
position on CeO2�x(111) thin films exhibits initial heats of ad-
sorption lower than the bulk heat of sublimation, displaying
variable values depending on the value of x (which reflects the
stoichiometry of the underlying oxide). This behavior was ex-
plained on the basis of the Au particles binding preferentially on
oxygen vacancies [567].

Similar studies have been performed on other systems, in-
cluding Cu/CeO2�x(111) [568,569] and Ag/F3O4(111) [570]. Some
important trends have been identified as a function of the nature
of both the oxide used as the substrate and the metal being de-
posited (Fig. 43) [571–573]. For instance, with late transition me-
tals, deposition on oxides typically leads to growth in the form of
3D nanoparticles. The number of clusters per unit area increases
initially with coverage but usually saturates after a few percent of



Fig. 43. Evolution of the heats of adsorption of several metals (Ag, Pb, Ca) on
single-crystal oxides (CeO1.9(111), MgO(100)) at 300 K as a function of metal cov-
erage, determined by using an instrument that combines microcalorimetric mea-
surements with molecular beam dosing (Fig. 5b) [573]. In the initial stages of the
uptake the values of the heats of adsorption vary with coverage, reflecting different
energy contributions from metal-metal versus metal-oxide bonding, but those
asymptotically approach the bulk heats of sublimation (indicated by the horizontal
lines) after the build up of multilayer films. Reproduced with permission from Ref.
[573], Copyright 2013 American Chemical Society.
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a monolayer, after which the clusters grow in size at nearly fixed
number density until they coalesce. In such cases, the heat of
metal adsorption typically starts out low and increases with cov-
erage as the cluster size grows. Overall, the strength of the at-
tachment to the oxide is dominated by the number of metal-metal
bonds as well as the strength of metal/oxide interfacial bonding.
9. Concluding remarks

In this review we have surveyed the use of molecular beams for
the study of the kinetics of chemical reactions on solid surfaces.
The main characteristic of molecular beams is their directionality,
a property that affords the design of experiments where surfaces
may be exposed to high fluxes of reactant gases while maintaining
the surrounding ultrahigh vacuum conditions used in modern
surface-science studies to exert control over the cleanliness of the
substrate and the operation of surface-sensitive techniques. In
combination with mass spectrometry detection, this makes mo-
lecular beams uniquely suited for the measurements of the rates of
surface reactions under both transient and steady-state conditions.
Virtually no other technique is available for the acquisition of this
type of information. Its isothermal nature makes the molecular
beam approach much more powerful from the kinetic point of
view than temperature-programmed desorption (TPD), a techni-
que more commonly used in surface-science laboratories.

The additional control over kinetic energy provided by super-
sonic beams, together with the external ways available to tune the
energetics of other degrees of freedom (vibrational, rotational)
within the reacting molecules in the beam, have been amply
exploited to look into the details of the dynamics of adsorption,
desorption, and surface conversion steps. This work has been
seminal in developing a detailed molecular-level picture of such
surface dynamics. It is thanks to the early molecular beam re-
search on adsorption of simple molecules that we now have a
fairly complete picture of the potential energy surfaces that
describe the interactions of molecules with solids and understand
the details of the transfer of energy between molecules from the
gas phase and surfaces that results in either adsorption or scat-
tering, elastically or, more often, inelastically. Chemisorption
through weakly-bonded precursor states, lateral diffusion across
the surface until adsorption on specific surface sites occurs, dif-
ferences in sticking probabilities between terraces and defects, and
the dynamics of bond activation in dissociative adsorption events,
are all now much better understood thanks to this type of mole-
cular beam investigations.

Bimolecular reactions on surfaces add another level of com-
plexity to the study of the dynamics and kinetics of surface pro-
cesses using molecular beams. In addition to understanding the
dynamics of adsorption and activation of each of the reactants, a
need arises to also explain how both reactants interact with each
other and how they convert into products. At the center of many of
the discussions in this case is the issue of where exactly the in-
teraction between the reactants takes place: on the surface, be-
tween two adsorbed species (the Langmuir-Hinshelwood me-
chanism), or at the interface, as an incoming gas molecule impacts
on a second species already adsorbed on the surface (an Eley-Ri-
deal pathway). Evidence from molecular beam experiments has
been indispensible to establish the overwhelming prevalence of
the first route as well as to identify the few exceptions where the
second takes place. Other mechanistic details of bimolecular re-
actions, especially when those involve multiple steps, have also
been elucidated in many instances with the aid of molecular
beams.

The level of complexity of the problems tackled with molecular
beams has increased over time. Studies on simple reactions such
as CO and H2 oxidations and NO reduction have been extended to
systems involving larger organic molecules such as alcohols, or-
ganic acids, olefins, and alkanes, among others. The main interest
driving these advances has been the desire to better understand
heterogeneous catalysis, and that has also required moving away
from the use of simple surfaces such as single crystals into more
representative models like nanoparticles dispersed on the surfaces
of the oxides typically used as catalyst supports. Another theme
that has received some consideration is the fact that most catalytic
reactions are not high-probability events, and are therefore not
easy to emulate unless molecular beams with high fluxes are used.
This issue, which is closely related to the so-called "pressure gap"
often discussed among researchers in the fields of surface science
and catalysis, has been tackled by a few groups already, but still
needs to be fully addressed.

Molecular beams have also found use in the study of other
problems of practical applications. In this review we have high-
lighted the extensive work that has been published on the mole-
cular beam characterization of reactions associated with the pro-
cessing of semiconductor surfaces for microelectronics manu-
facturing. Much understanding has been developed by using mo-
lecular beams in terms of the chemistry of etching and oxidation
of those surfaces as well as on the details of the deposition of thin
films by chemical means. A few other subjects have been ad-
dressed with molecular beams, although here the examples are
more limited.

On the whole, it can be said that molecular beams have played
a unique and invaluable role in the study of the dynamics and
chemical kinetics of reactions on solid surfaces. We owe much to
this type of research when it comes to a molecular-level under-
standing of surface interactions and reactions with gas-phase
molecules. On the other hand, it would seem that the golden era of
molecular beams in surface-science studies is in the past. Cer-
tainly, much of what has been discussed here relates to experi-
ments carried out several decades ago. It could be said, for in-
stance, that the picture that we have nowadays of the dynamics of
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adsorption processes relies heavily on studies carried out last
century. Some molecular beam work is still ongoing in this area,
but not nearly with the same intensity as in years past. It is worth
pausing and questioning why this may be.

One answer may very well be that we now have at least an
outline of the basic mechanisms associated with adsorption and
surface reaction steps, and therefore do not need to continue
working in this area with the same vigor as before. This may be
true for relatively simple systems, but certainly not for all cases.
There is always the possibility of addressing ever more complex
surface reaction. These may involve larger and more varied re-
actants, for instance, molecules that may potentially react by fol-
lowing a series of competitive parallel pathways. The complexity
of the surfaces may be increased as well, by adding several ele-
ments or a higher degree of topographic variety. Tackling bigger
challenges can be envision too, to, for instance, try to emulate
reactions in liquid-solid interfaces [574]. The frontiers of kinetic
studies in surface chemistry are still quite open.

It may be argued that molecular beam experiments are ex-
pensive; the cost may no longer be justifiable. Indeed, modern
surface-science instrumentation in general is costly, relatively so-
phisticated, and difficult to operate, but this is the case in other
fields as well. In the end, it comes down to balancing the cost with
the potential benefits. Our own biased assessment is that there are
still major fundamental questions in surface chemistry highly re-
levant to modern and important practical applications in need of
proper answers. Heterogeneous catalysis is evolving to address
more complex chemical systems with a higher degree of se-
lectivity, and new systems inspired on novel nanotechnologies are
being introduced to this end [575–579]. New applications in the
microelectronics industry such as film growth using chemical
means need to address new stringent topographic requirements
and the demand for selective surface chemistry to be used in
patterning [493,580–583]. Other areas, such as energy conversion
and storage, involve at their core central surface chemistry issues
[584]. Surface science in general, and molecular beams in parti-
cular, should be useful to address these new topics for years and
decades to come.

It should also be said that sophisticated supersonic beams with
particular excitation and angle-resolved detection schemes have
been crucial to extract dynamic information from adsorption and
desorption processes but are not required for most chemically-
oriented mechanistic studies. In fact, simpler effusive beam ar-
rangements may be better suited to address questions of stoi-
chiometry and selectivity in catalytic processes with complex
molecules, for instance. Perhaps something as simple and cheap as
a capillary-array based doser may be sufficient to investigate this
type of problems. We argue that, chemists at least, should think of
retaking this approach to address the problems evolving from the
new technologies associated with catalysis, microelectronics ap-
plications, energy processing, tribology, electrochemistry, and
other areas.

One does need to be aware of the limitations of molecular-
beam kinetic measurements, which include the requirement to
detect desorbing products; this means that they cannot directly
probe any process occurring on the solid surface. There is also the
issue of sensitivity: so far, it has been difficult to probe the kinetics
of low-probability reactions with molecular beams. In principle
mass spectrometry can detect quite low partial pressures of gases
and discriminate among different compounds by virtue of their
masses (or their cracking patterns in more complex cases [14]), but
in practice high partial pressures of background gases, scattering
of molecules from surfaces other than the ones being studied, and
interference among the cracking patterns of several reactants and
products, all reduce the sensitivity of these experiments to per-
haps 1% or so of total pressure [17]. This point is crucial, because
even so-called facile catalytic reactions typically exhibit reaction
probabilities on the order of one conversion per million collisions
or less [345]. Luckily, there may be some strategies available to
improve sensitivity, such as the use of more selective gas-phase
detection methods (e.g., laser ionization techniques), or the ap-
plication of time-resolved surface detection, even if these may
increase cost. On the whole, we believe that the benefits of the
knowledge that can be extracted from molecular beam experi-
ments vastly outweigh any shortcomings the technique may have.
More researches should engage in this type of work.
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