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Surface science under reaction conditions: CO
oxidation on Pt and Pd model catalysts

Matthijs A. van Spronsen, {22 Joost W. M. Frenken® and Irene M. N. Groot
Platinum and palladium are frequently used as catalytic materials, for example for the oxidation of CO.
This is one of the most widely studied reactions in the field of surface science. Although seemingly
uncomplicated, it remains an active and interesting topic, which is partially explained by the push to
conduct experiments on model systems under relevant reaction conditions. Recent developments in the
surface-science methodology have allowed obtaining chemical and structural information on the active
phase of model catalysts. Tools of the trade include near-ambient-pressure X-ray photoelectron
spectroscopy, high-pressure scanning tunneling microscopy, high-pressure surface X-ray diffraction,
and high-pressure vibrational spectroscopy. Interpretation is often aided by density functional theory in
combination with thermodynamic and kinetic modeling. In this review, results for the catalytic oxidation
of CO obtained by these techniques are compared. On several of the Pt and Pd surfaces, new structures
develop in excess O,. For Pt this requires a much larger excess of O, than for Pd. Most of these
structures also develop in pure O, and are identified as (surface) oxides. A large body of evidence
supports the conjecture that these oxides are more reactive than the corresponding O-covered metallic
surfaces under similar conditions, although still debated in the literature. An outlook on this developing
field, including directions that move away from CO oxidation towards more complex chemistry,
concludes this review.
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Fig. 1 Yearly number of published papers focused on CO oxidation over
Pt-group metals, based on the Web of Science database.

review” on this topic. The annual number of published papers
on this topic has been increasing steadily since the 1970s, as
can be seen from Fig. 1. Between 2000 and 2005, the rate of
newly appearing research papers increased by approximately a
factor of 2.5. These papers originated from two separate scientific
fields; from heterogeneous catalysis and from surface science.
The former traditionally focuses on how to synthesize and
characterize the most active catalysts, while trying to extract
details regarding the reaction mechanism, structure of the active
sites, etc. The latter, on the other hand, concentrates on model
catalysts, resembling one aspect of, but greatly simplifying, the
technical catalysts. Its aim is to derive the most detailed level
of understanding on the fundamentals of the interaction of
molecules with surfaces, including desorption, adsorption,
diffusion, reaction, and the possible modification of the com-
position and structure of the catalyst surface itself.

Almost concurrently with the increase in publications,
technological advancements started pushing the boundaries
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of analytical methods in surface science to enable operation
under chemical conditions. These methods include the integration
of a flow reactor with a scanning probe microscopy (SPM)
system,®® the application of differential pumping stages and
electrostatic lenses in near-ambient-pressure (NAP) X-ray photo-
electron spectroscopy (XPS),"' the use of high-pressure vibrational
spectroscopy,™ "> and X-ray diffraction setups.'*'> Simultaneously,
theoretical modeling has matured by taking the energies derived
from density functional theory (DFT) as input for thermodynamic
calculations.’® In this way, theoretical predictions can be made
regarding the most stable phase as a function of the reaction
conditions. Moreover, DFT can now be linked with microkinetic
models, e.g., kinetic Monte Carlo (kMC), and macroscopic gas flow
computations."”'® The combination of all these developments
leads to experiments and simulations closer to realistic catalytic
conditions, while still yielding very detailed information.

The reaction between CO and O, is seemingly straightforward.
This, together with the wealth of knowledge obtained from
studies performed under ultra-high vacuum (UHV) conditions,
makes CO oxidation a natural choice to study using state-of-the-
art high-pressure or (near) ambient-pressure techniques to obtain
insight into the active surface under reaction conditions, which
was unattainable under UHV conditions. The ultimate goal here
is to understand the active phase of the catalyst under chemical
conditions as close to realistic, catalytic applications as possible.

The focus of this review is on the application of newly developed
surface-science tools to CO oxidation on model catalysts, mainly
single-crystal and polycrystalline surfaces. Instead of starting by
summarizing the numerous of studies under UHV conditions, we
mainly restrict the discussion to studies at a pressure above 1 Pa
and temperatures at or above room temperature (RT). Prior UHV
(see, e.g., ref. 3 and 5 for reviews focused on the low-pressure
experiments) is included where it helps in the interpretation of the
elevated-pressure studies.

CO can be oxidized over Pt and Pd in several ways. In the
most simple form, both CO and O, adsorb onto the metallic
surface. The latter adsorbs dissociatively, after which O(ads) can
react with CO(ads) to form CO,. This reaction is an example of
the Langmuir-Hinshelwood (LH) mechanism and a maximum
rate is expected if 0co and Op are equal. The co-adsorption of
both reactants could lead to mixed phases or to segregated
islands with the reaction occurring at the interface in between.
Alternatively, via the Eley-Rideal (ER) mechanism, CO(g) hits
the surface and directly reacts with O(ads).

For an optimal reactivity via the LH mechanism, both
reactants need to be equally present on the surface. However,
the dissociative adsorption of O, is slightly more involved
compared to the adsorption of CO. It is believed to use both
physisorbed and precursor states."® After dissociation, the O
atoms are separated by two lattice constants on the Pt(111)
surface, thus requiring a large surface area to dissociatively
adsorb,?® whereas CO needs only a single free site to adsorb.
Therefore, in CO/O, mixtures, CO competes with O, for free
adsorption sites. The strong adsorption of CO can lead to dense
CO overlayers greatly decreasing the O, adsorption rate. This
results in very low CO oxidation activity and is referred to as

This journal is © The Royal Society of Chemistry 2017
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CO poisoning. This was most clearly demonstrated by Gland
and coworkers.”” In their work, no displacement of CO by
O(ads), i.e., complete poisoning of the surface, was observed
on a Pt(111) surface pre-saturated with CO. Even for po, as high
as 3 Pa, displacement occurred only after heating to 305 K to
thermally desorb some CO.

In specific cases, the active phase of the catalyst is formed
under reaction conditions due to exposure to one of the reactants.
For example, a noble metal catalyst can form an oxide surface under
O,rich conditions, which could be consumed by CO to form CO,
and an oxygen vacancy, O,. In a second step, the active surface is
restored by filling O, by O,(g). This mechanism is referred to as the
Mars-van Krevelen (MvK) mechanism.>* Instead of an O, in an
oxide lattice, it was proposed that volatile Pt(g) can be created by
the reaction of PtO, with CO.>* The oxide can be restored by the
reaction of Pt(g) with O, forming PtO,(g), which adsorbs on the
film. This mechanism can explain metal loss in a catalyst,
although the expected rate is very low.

In fact, a similar distinction can be made to the reaction on
the metallic surface. In a MvK-LH mechanism, CO initially
adsorbs on the surface of the oxide, while in a MvVK-ER mechanism
CO(g) reacts directly with the lattice oxygen.

The CO oxidation rate on Pt and Pd can be exceedingly high.
Above a certain threshold reactivity, one (or both) of the reactants is
completely depleted in the near-surface vicinity. The reaction is no
longer limited by any of the elementary processes on the surface,
but instead by gas-phase diffusion to the catalyst. This is known as
the mass-transfer limited (MTL) regime. The conditions under
which this occurs are strongly dependent on the sample and
reactor geometry.

2 Methodology
2.1 Surface characterization at high pressure

Since heterogeneous catalysis is an interface phenomenon, it is
crucial to obtain chemical and structural data on the catalytic
surface exposed to chemical conditions. The structure that the
surface adopts can depend strongly on the presence of the gas
phase and can require a certain degree of mobility to form. The
challenging aspect of surface science under reaction conditions
is to obtain surface sensitivity, without being influenced too
much by the high-pressure gas phase.

Surface X-ray diffraction (SXRD)*** is inherently sensitive to
the outer layers of a material. It exploits the change in the
diffraction pattern by the discontinuity of the bulk crystal
lattice, which is caused by the surface. This connects the Bragg
reflections, the diffraction spots originating from the bulk, via a
crystal truncation rod (CTR), which exclusively contains information
from the surface. Furthermore, surface sensitivity is enhanced by
using grazing incidence angles for the incoming photon flux. The
latest development in SXRD is to operate with an X-ray beam at
higher energy.™ This squeezes more of the Ewald sphere onto the
2D detector, thereby greatly enhancing the acquisition speed and
allowing the study of several structures over time simultaneously.

Several setups have been developed that combine a UHV
chamber and a high-pressure cell with Be walls as X-ray transparent

This journal is © The Royal Society of Chemistry 2017
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226 and flow-mode'*

windows. They consist of batch-mode
reactors.

Since the diffracted intensity scales with the electron density
in the material, SXRD is quite insensitive for low-Z atoms, such
as O or C. Additionally, as it is a diffraction technique, it requires
a certain degree of order in the structures under investigation.
Another import caveat of using (high-intensity) X-ray beams is the
possibility of overoxidation by artificially increasing the O, dis-
sociation rate. This has been ascribed to gas-phase O3 formation,
followed by O-assisted oxidation.®” Alternatively, emitted photo-
electrons can possibly dissociate (short-lived) O,(ads), as was
observed for physisorbed O, on Pt(111) at 30 K, which partially
oxidized the surface to PtO after X-ray irradiation."®

In the case of other photon-based techniques, the wavelength
determines the gas-phase sensitivity. For vibrational spectroscopy,
gas-phase absorption can completely obscure the signal originating
from the adsorbates. To selectively measure this signal either
sum-frequency generation (SFG) spectroscopy'’ or polarization-
modulated (PM) infrared reflectance spectroscopy (IRRAS)T is
required.>"? In SFG, two high-intensity lasers, one visible and
the other tunable infrared (IR), are focused on an overlapping
spot on the sample. This leads to the generation of an output
beam with the sum frequency of the two incoming lasers via a
second-order nonlinear process. However, this process is allowed
only when inversion symmetry is broken, as on a surface.

Different light polarizations interact differently with a surface,
which is the basis of PM IRRAS. Photons with their polarization
parallel to the plane of reflection, ie., p-polarization, interact
constructively with the surface. On the other hand, s-polarized
photons interact destructively with the surface and therefore
contribute no surface signal. In addition, the intensities of
both types of polarized photons are dependent on gas-phase
absorption, which means that the reflection of s-polarized light
exclusively yields gas-phase information, while the difference in
reflection between p- and s-polarized light contains surface-
specific information. Several systems have been realized that attach
a high-pressure cell for PM IRRAS>® or for SFG spectroscopy”*>°
to a UHV chamber.

Polarized light is also used in ellipsometry and related
techniques, such as ellipso-microscopy for surface imaging
(EMSI)**? and reflection anisotropy microscopy (RAM).** With
these techniques the dielectric function, especially local variations,
of the surface can be studied. These techniques are very surface
sensitive and principally without pressure restriction.

Electron-based techniques, such as XPS, experience the
greatest difficulty under high-pressure conditions, because of
the strong interaction between electrons and the gas phase.
Two strategies are adopted to minimize this interaction. Both
rely on decreasing the path length of the electrons through the
high-pressure gas, either by limiting the high-pressure conditions
to a small closed reactor cell with semi-transparent windows, or
by placing the sample close to a detector which uses several
stages of differential pumping. Both strategies have been used to

T Also abbreviated as IRAS or RAIRS, reflective absorption infrared spectroscopy.
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Fig. 2 Schematic drawing of the ReactorSTM, an example of a high-pressure flow cell integrated with an STM setup. In this system, the sample can be
exposed to a pressure and temperature of up to 600 kPa and 600 K, respectively, while the delicate parts of the microscope remain under UHV and at
much lower temperatures. Reproduced from ref. 7 with permission from the American Physical Society, copyright 2014.

extend the pressure range of XPS to NAP conditions of up to
several tens of hpa.>'%%>3%

The path between the sample and detector (or source) is
inherently very small in SPM techniques, rendering them
relatively insensitive to pressure. Several scanning tunneling
microscopy (STM) setups that allow scanning at high pressure
(HP) were developed.”?°** In most of the designs, the entire
chamber is filled to a certain pressure, in others just the
integrated reactor cell inside the microscope. The most difficult
part is to design a scan head that has sufficient thermal stability
to maintain atomic resolution under high pressures and at
elevated temperatures. Recently, a high-pressure STM system
(see Fig. 2) and a closely related high-pressure atomic force
microscopy (AFM) system, the ReactorSTM and the ReactorAFM,
were constructed, where the microscope is integrated with a
small flow reactor.®® To better relate the local information
obtained in scanning probe experiments to the information
obtained with averaging tools, such as SXRD, a small SPM head
has been realized that can be fitted onto an SXRD chamber (see
Fig. 3)."

To address the pressure gap from a theoretical point of view,
results from DFT, that describe the system on an electronic
(microscopic) level, can be linked to thermodynamics. With
this method it is possible to address large system sizes and to
compare the stability of different surface structures in contact
with the surrounding gas phase. The key result obtained in this
way is a surface phase diagram, providing insight into possible
surface structures over a wide range of temperature and pressure
conditions. The crucial quantities that determine the stability of
possible surface structures are the total energies of the extended
surfaces and of the involved gas phase molecules. For a detailed
overview of the combination of DFT with ab initio thermo-
dynamics, see ref. 45.

However, not only thermodynamics, but kinetics also play a
pivotal role in obtaining the complete picture of the structure of
a catalytic surface under reaction conditions. First-principles

4350 | Chem. Soc. Rev., 2017, 46, 4347-4374
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Fig. 3 Schematics of the addition of an SPM unit to the SXRD flow reactor
described in ref. 14. Reproduced from ref. 15 with permission from the
American Physical Society, copyright 2016.

kMC simulations are able to deliver this. The first part of this
method consists of a description of all elementary reaction
steps that constitute the total chemical reaction taking place.
The second part consists of the determination of the occurrence,
and therefore the relevance, of the individual elementary processes.
In kinetic Monte Carlo simulations a master equation is used
to coarse-grain the time evolution to the relevant rare-event
dynamics, explicitly considering the correlations, fluctuations,
and spatial distributions of the chemical species at the catalytic
surface. For a detailed overview of kinetic Monte Carlo simulations,
see ref. 45 and 46.

This journal is © The Royal Society of Chemistry 2017
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2.2 Gas-phase measurements

All these surface-sensitive techniques are generally combined
with measurements of the average gas-phase conditions. This
can be achieved in several ways. The most frequently employed
technique is quadrupole mass spectrometry (QMS). The QMS
equipment is housed inside a different chamber to ensure
operation under UHV conditions. First, the gas molecules are
ionized and reach the detector via a quadrupole mass filter, which
provides mass selectivity. The instrument measures different
masses as a function of time, of a fraction of the effluent of the
high-pressure environment that is leaked into the QMS chamber.

Instead of a quadrupole mass filter, gas chromatography
(GC) can be used to separate the gas-phase components. After
separation, a detector quantitatively measures the different
analytes, usually based on the change in thermal conductivity
with respect to the carrier gas. Separation by GC is slower than
by QMS, which reduces the time resolution.

Since the CO oxidation rate correlates directly with the
change in total pressure via

2CO + 0, — 2CO,

the reactivity can be straightforwardly evaluated by measuring
the pressure change. The type of pressure gauge typically used at
elevated pressures is based on the pressure-induced expansion
of a diaphragm, which is measured by the change in its piezo-
resistance or by a change in the capacitance between it and a
reference electrode.

In addition to the average gas composition, more information
can be abstracted by measuring the local gas composition. This
can be done with planar laser-induced fluorescence (PLIF), which
probes the fluorescence light emitted by excited molecules. The
energy of excitation is very specific for the molecule of interest.
Excitation is done using a laser beam of appropriate wavelength.
If not a beam but a light sheet is used, in combination with a 2D
detector, spatially resolved partial pressure information can be
collected. The application of this technique to operando catalysis
research is relatively new and has recently been reviewed by
Lundgren and coworkers.*”

2.3 Ex situ and titration experiments

A different experimental strategy is to separate the exposure to
reaction conditions from the surface measurements. In these
ex situ experiments, the model catalyst can be prepared under
UHV conditions, exposed to the reaction conditions, while
measuring the reactivity allows exploring the reaction kinetics,
concluded by characterization of the surface under UHV. This
approach does not guarantee to capture the active surface under
reaction conditions, but could provide information regarding
irreversible changes occurring during reaction conditions, such
as C deposition or segregation of bulk impurities.*®

In titration experiments the model catalyst is exposed to
high-pressure conditions to create, e.g., a type of oxide, while
the reaction is probed by CO titration. The latter part of the
experiments is performed in UHV allowing the use of a wide set
of characterization tools.

This journal is © The Royal Society of Chemistry 2017
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The separate parts of the ex situ or titration experiments are
usually conducted in different chambers. Ideally, the transfer
between the chambers does not lead to exposure of the sample
to air, because this would lead to additional uncertainty in
relating the different stages of the experiment, which could be
due to a possible reaction of the sample with oxygen, water
vapor, or hydrocarbons.

2.4 Additional experimental considerations

As CO oxidation can be very active, the gas conditions close to
the sample can strongly deviate from the average conditions in
the reactor. However, the gas phase in the vicinity of the sample
determines the surface structure and its reactivity. Under high
reactivity conditions, the experimental results are to some
extent determined by the properties of the reactor. One of the
most important aspects is whether the reactor is operated in
flow or batch mode. In the former mode, the reactor volume is
actively refreshed within a certain time interval determined by
the flow velocity of the gases and the reactor volume. In the
latter mode, mixing of the gas phase with a recirculation pump
can be used to reduce the difference between the gas phase
close to and far away from the sample. Under steady-state
conditions, the partial pressures of the reactants are time
independent in flow mode, whereas they are time sensitive in
batch mode.

The choice to use feedback controllers to stabilize experi-
mental parameters, such as the total pressure or temperature,
can complicate a direct comparison of the reactivity in different
experiments. For flow reactors, a back-pressure controller
probes the pressure of the reactor and adjusts a variable flow
restrictor to achieve the desired pressure, which effectively
increases the inlet pressure of the reactor. This leads to a
higher pressure of reactants and an increased reaction rate.
On the other hand, a controlled, constant temperature will
decrease the reaction rate of CO oxidation compared to opera-
tion at constant heating power, because it will decrease the
heating power when the sample is (partially) heated due to the
exothermic reaction. In some cases, the use of feedback loops
can lead to reaction oscillations."®

In this review, all units have been converted to the SI
standards (Pa, K, m, k] mol ') where needed. However, for
clarity, all energies are provided both in k] mol~" and in eV per
atom or molecule. Total pressures were obtained by adding up
the partial pressures of the reactants, excluding any diluents
such as He or Ar. In addition, the CO/O, ratio is given and is
defined as y :I;CTO, with y = 2 for a stoichiometric mixture.
Furthermore, vicinal or stepped surfaces are indicated by
their Miller indices as well as by the combination of the low-
Miller-index planes associated with their terrace and step
orientations.’® In the latter notation, the atoms forming the
base of the step are not considered as contributing to the
terrace. Finally, coverages are reported in monolayers (ML)
normalized to the number of atoms in the unreconstructed,
metallic surface and doses are reported in Langmuir (L), defined
as 1.3 x 107 ° hPas.

Chem. Soc. Rev., 2017, 46, 4347-4374 | 4351
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3 Platinum
3.1 Pt(111), CO adsorption

On the Pt(111) surface, CO(ads) structures at higher pressures
were recognized using STM by several research groups as
superstructures, resulting in moiré patterns (see for example
Fig. 4).' The study of Longwitz et al. is the most extensive.>®
They report that the exact properties of the moiré pattern
depended on pco, within the studied range of 10~ °-10® hPa.
The moiré lattice constant increases logarithmically with pco
up to roughly 1 hPa, above which it saturated at 1.2 nm. The
rotation of the moiré pattern with respect to the metal lattice
remained 30° up to a pco of 1 Pa, above which it decreased to
23°. The CO coverage showed a similar trend to the moiré lattice
constant, saturating at 0.67 ML for pco > 1 hPa. The proposed
structure at this pressure is commensurate and has a unit cell of
(/19 x |/19)R23.4°-13 CO (Fig. 4d), as derived from atomically
resolved images.”>”® The same structure was observed under
certain electrochemical conditions.>® Somorjai and coworkers™"
also observed a moiré pattern with a similar periodicity in a
mixture of 200 hPa CO and 67 hPa O, at RT, but with the moiré
pattern aligned to the substrate lattice. As atomic resolution
was lacking, the angles of small triangular islands were used as
reference, which should follow the main directions of the
Pt(111) surface.

The vibrational signatures of CO(ads) as measured by SFG
spectroscopy showed pronounced, but complex changes.>”
These mainly occurred between 1.3 and 931 hPa. At lower
pressures, the signature of atop-bonded CO(ads) dominated
the spectra, shifting from 2100 to 2105 cm ™ * at a pco of 1 hPa.
At higher pressures, it diminished, resulting in several new
features, one of which had a maximum at 2045 cm™*, besides a
strong increase of the total background. These changes were

Fig. 4 STM images, RT, 5.5 x 5.5 nm? [(a) 1072 hPa CO and (b) 958 hPa
COJ and ball models (c and d) of two examples of moiré patterns induced by
CO overlayers on Pt(111). (d) is a model of the saturation structure of CO(ads)/
Pt(111), the (/19 x \/19)R23.4°-13 CO structure. Reproduced from ref. 53 with
permission from the American Chemical Society, copyright 2004.
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explained as the possible formation of incommensurate structures
or as CO bonded to Pt steps or kinks. Although CO seems to
increase the mobility of Pt atoms at the step and induce the
formation of kink sites,**”% large-scale roughening of the Pt(111)
surface in CO was not observed at a pressure of around 100 kPa.>*
Furthermore, a sputtered Pt(111) surface was remarkably similar
to a well-annealed Pt(111) surface; however, it developed
these vibrational features at much higher pressures, above
200 hPa instead of 15.3 hPa.*® This favors the assignment to
incommensurate overlayers, which would probably be less stable
on a rougher surface.

This complex behavior was contradicted by a more recent
study by Freund and coworkers.®" After correcting the data for
the gas-phase IR absorption, the peak ascribed to CO adsorbed
on atop sites was found not to be suppressed. In fact, it
increased in intensity corresponding to a coverage of ~0.7 ML,
in perfect agreement with the STM data.”>> Also, no other
signatures were observed, except for a peak at 2085 cm™ " assigned
to CO co-adsorbed with H,O, but observed only below RT. The
experiments confirmed that bonding to Pt defect sites had no
significant influence; it only increased the peak width without
introducing peak shifts. Finally, both studies indicated that SFG
spectroscopy seems very insensitive to bridge-bonded CO.

3.2 Pt(111), CO oxidation

CO oxidation on Pt(111) has been the focus of several NAP XPS
studies. Schnadt et al. used a small flow cell to study this
reaction at a constant pressure of 0.15 hPa.*® Their experiment
started in a pure O, atmosphere at 430 K, in which a single,
asymmetric feature at a binding energy of 530.0 eV was observed.
This species disappeared after co-feeding CO (i = 0.11), while the
temperature was increased to 535 K. Two new XPS features
emerged at 531.0 and 532.6 eV, which were assigned to CO(ads)
on bridge and atop sites. At the highest temperature, the surface
switched back to O-covered, similar to the state in pure O,,
although with a lower O coverage. Under these conditions, the
QMS data showed typical signs of the MTL regime. The switch
from CO to O covered can be easily explained by an increasing
rate of CO desorption and oxidation at higher temperatures up to
the point where surface sites become available for extensive O,
dissociation. An Arrhenius plot derived from the QMS data shows
a superlinear behavior, indicating complex reaction kinetics. In
part, this can be explained by the constant-pressure condition of
this experiment. While the reaction decreased the total pressure,
a controller tried to stabilize the reactor pressure at 0.15 hPa. This
leads to a positive feedback between the reactivity and the partial
pressure of the reactants. From the limited number of data
points and the obscuring effect of the MTL regime, it is unclear
whether the reactivity of the O-covered surface was indeed higher.
It was at least reactive enough to maintain MTL conditions. Also,
from the uncertainty of the differences in core-level shifts and the
lack of information regarding the Pt core levels, the O-covered
surface cannot reliably be identified as either a (surface) oxide or
covered by O(ads).

The results by Schnadt et al. were supported by a later NAP
XPS study performed at 0.73 hPa with a mixture of y = 0.1.°>
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However, the XP spectra recorded in pure CO showed only one
peak attributed to adsorbed CO (532.6 eV). In addition, it was
much broader, compare the full width at half maximum
(FWHM) of 3.4 eV®® vs. 1.4 eV,*® and can be explained by a
convolution of CO adsorbed at several different binding sites.®>
The transition from CO-poisoned to O-rich (single feature at
530.2 eV) was observed between 400 and 450 K, in accordance
with the slightly more oxidizing condition.

In addition to synchrotron-based studies, a NAP XPS study
employing a lab-based X-ray source was recently published.®®
These sources provide X-rays with higher energy than typically
used for synchrotron XPS studies and thus have less surface
sensitivity. Also, the detection limit is higher (estimated at
0.15 ML®*) due to a lower photon flux. Interestingly, no adsorbates
were detected on the active catalyst surface under the probed
experimental conditions (y = 0.25-2, p = 0.1 & 1 hPa, and T'= 300 to
900-1018 K).

Two regimes were also observed under reaction conditions
on a (111)-rich Pt thin film,** studied using IRRAS and SXRD.
For the first, low-activity regime, the presence of CO(ads) was
confirmed by a vibrational feature at 2074 cm™ "' (batch mode,
initial mixture of y = 1.3 at 18.1 hPa and 680 K). The authors
argued that the metallic, low-active phase should be attributed
to a partially CO-poisoned surface with islands of O(ads). Their
main argument was based on the much lower reaction barrier
(45-61 k] mol " or 0.47-0.63 eV) for this surface than found for
the fully CO-poisoned surface. Completely poisoned, the
rate limiting step is CO desorption and structure-insensitive
barriers in the order of 110 k] mol~" or 1.14 eV were obtained
for a wide range of systems.®> For the surface with mixed
adsorbate islands, reactivity can occur at the boundaries between
the islands or, possibly, on O-rich islands with co-adsorbed CO
molecules. During this regime, the absence of an oxide was
inferred from SXRD. No direct proof of the presence of O(ads)
was given as it is not easily detectable either by IRRAS or by SXRD.

The low-activity regime abruptly switched to a higher activity
regime. In this regime, IRRAS showed that CO was not present
on the surface, which left the authors to conclude that the
surface was fully covered with O(ads). Although a smooth
transition between CO- and O-rich with decreasing y might
be expected, the sharp transition can be the result of the CO
oxidation reaction. At low O coverages, reactivity is low and CO
can only leave the surface by desorption. As the O coverage
increases, the reactivity increases and CO can leave the surface
as CO,. In addition, the exothermicity of the reaction can locally
raise the temperature of the surface stimulating CO desorption and
a further increase in O-coverage, reactivity, and heat production.

In the same study, a 2-nm-thick PtO, layer was prepared by
exposing the Pt(111)-rich film to 18.9 hPa O, at 600 K and it was
reported to be unstable in a mixture of y = 0.16 at 21.9 hPa and
430 K. It disappeared ‘“instantaneously”, on the order of a
single SXRD measurement (hundreds of seconds). In this
batch-mode experiment, CO immediately consumed the oxide,
leaving the Pt surface in the metallic state. Once most CO had
reacted, the catalyst switched to higher reactivity under the
more oxidizing conditions and simultaneously PtO, developed
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quickly. This experiment shows that PtO, is reactive for CO
oxidation. However, a direct comparison remains difficult due
to the relatively low acquisition rate of SXRD and due to the fact
that SXRD cannot exclude the coexistence of O(ads) and PtO,.

An operando study combining STM with QMS, performed
around 125 kPa,>* confirmed the existence of a higher reactivity
phase (see the arrow in Fig. 5). Before the transition (approxi-
mately at y = 0.08 and 423 K), no adsorbates, such as CO
superstructures, were observed, most likely indicating that the
surface was not CO-poisoned and covered with an adsorbate
configuration too dynamical to observe using STM (Fig. 5a). The
transition occurred at y = 0.02 (pco = 22 hPa) at a temperature of
418 K. Although no atomic resolution was obtained, several
interesting details were observed. The surface changed quickly
(Fig. 5b), within the time needed for a single STM scan line
(~1 s), to a rough structure of pits and protrusions (Fig. 5c)
with height differences irreconcilable with metallic Pt. Furthermore,
the STM images show that the full imaged area changed its
morphology. The newly developed structure had IV-characteristics
hinting at semiconductor behavior. Based on this and on the
changed height differences, the author proposed that the structure
was oxidic in nature. For the reverse change to the metallic state
(Fig. 5d), a slightly higher pco was needed. This can be explained
by the more active surface counter-effecting the increasing pco,
keeping the local gas conditions more oxidizing. This can be
inferred from the sharp spike in reactivity (Fig. 5, bottom panel).
The reactivity of the oxide was high and increasing due to the
increasing CO pressure up to a critical point at which the oxide
was no longer stable. After the reduction, the reactivity showed
a dip correlating with a switch to the less reactive O-rich
surface. The reactivity of the O-rich surface increased with CO
pressure to an optimal reactant ratio on the surface, according

0.1
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Fig. 5 STM images recorded (from bottom to top) at various stages of the
experiment, in which the CO and O, partial pressures were varied at 423 K
at a pressure of 125 hPa: (a) reduced metallic surface; (b) during the switch
to higher activity; (c) oxidized surface; (d) reduced surface after increasing
CO flow. The lower panel presents the QMS data. Reproduced from ref. 54
with permission from the author, copyright 2006.
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to LH kinetics (Fig. 5, bottom panel), after which it became
increasingly CO poisoned.

Under certain conditions and only in some measurements,
the direction of the hysteresis was the opposite and, simultaneously,
reaction oscillations were observed. The presence of these
oscillations depended on the history of the sample and could
perhaps be related to a certain required degree of roughness of
the surface. Alternatively, it could be driven by some impurity.
For Si, Yeates et al.®® established a relation between reaction
oscillations under high-pressure conditions on the Pt(111) surface
and Si segregation from the bulk. Si is a natural contaminant of Pt
and the presence of SiO, deactivates the surface.*®

The SXRD measurements by Ackermann® connect the higher
reactivity to the appearance of a structure with a (2 x 2)
periodicity (Fig. 6a). This was measured at 480-500 hPa O, after
adding a pulse of 130-150 hPa CO to a batch reactor with a
Pt(111) surface at 495-570 K, which reduced the surface to the
metallic state. While CO was being consumed, the surface
switched to the (2 x 2) structure and, later, evolved into o-PtO,
(upper panel, Fig. 6b), without affecting the CO oxidation reactivity
(lower panel, Fig. 6b). This could mean that the activities of both
the (2 x 2) structure and o-PtO, surpassed the MTL requirement.
Hypothetically, o-PtO, could be a spectator species, because less
active sites would be needed to maintain the MTL regime as more
CO is consumed. However, this would break down at a certain
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Fig. 6 Two sets of measurements in 480-500 hPa O, after a 130-150 hPa
CO pulse at 570 (a) and 495 K (b). Bottom panels present the QMS data. As
CO was depleted the reactivity switched to the higher activity regime.
Simultaneously, the surface roughened (decrease in Pt(111) CTR) and a
commensurate (2 x 2) structure developed. Later in time, PtO, appeared.
Reproduced from ref. 67 with permission from the author, copyright 2007.
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point when the full surface is oxidized, the point at which the
reaction would stop.

The oxide surface with the lowest free energy, the a-PtO,(0001)
surface, was found to be inert to CO oxidation based on DFT
calculations.®® CO adsorption on this surface is highly activated
(174-183 kJ mol ™" or 1.8-1.9 eV), after which the reaction barrier
is 48 k] mol " or 0.5 eV. Both the adsorption and the reaction
barrier are lowered if an oxygen vacancy is present. However,
the oxygen vacancy formation energy is quite high (161 kJ mol "
or 1.67 eV). Finally, diffusion of CO is also highly activated
(135 kJ mol™ " or 1.4 eV). However, a 3D PtO, cluster cannot
consist solely of (0001) surfaces.

The most stable surface orthogonal to the (0001) surface, the
(1010) surface, is active for CO oxidation. Adsorption of CO on
this surface is facile with a barrier of 9.6 kJ] mol " or 0.1 eV,
while the reaction with an oxidic O has a barrier of 29 k] mol™*
or 0.3 eV.

In addition, the three-phase boundary between gas/metal/
metal-oxide was found to be very reactive.®® CO adsorbed on the
metal phase can react with a barrier as low as 8 k] mol " or
0.08 eV. It reacts with an oxidic O atom on the edge of the oxide.
The barrier is much lower than that between CO(ads) and
O(ads) in the stable co-adsorption phase, p(2 x 2)-(O + CO).
The co-adsorption phase is stable at intermediate chemical
potentials for CO and O,.

For the PtO,(110) surface, CO can adsorb on a coordinatively
unsaturated Pt atom, after which it reacts almost barrierless
with an O bridge atom.”® The created vacancy serves as an
adsorption site for O,, which can directly react with CO to form
CO, and fill the vacancy. Direct dissociation of O, was found to
be unfeasible.

The exothermicity of CO oxidation was best demonstrated in
the work by Somorjai and coworkers.”” In their work, the
Pt(111) surface “ignited” at 553-794 K, increasing almost
linearly with pco. After ignition, the sample temperature rapidly
increased by 300 K and was self-sustained, i.e., the sample was
solely heated by the energy released by the reaction. Moreover,
above the ignition point (¥ = 0.4, 186 hPa, and 738 K), the
apparent reaction barrier decreased from 176 to 59 k] mol
or from 1.8 to 0.61 eV. Also, the order in CO and O, changed
from <0 and >0, respectively, to about 0.5 for both reactants.
Interestingly, characteristics of the MTL regime were not observed,
which could be related by the massive heat of formation of the
ignited sample, stimulating diffusion via convection. During
ignition, the vibration spectra changed drastically. Before ignition,
only atop-bonded CO was observed, disappearing after ignition.
Furthermore, broad, new features were observed after ignition, one
of which was assigned to CO bonded to oxidized Pt.

In a titration-type experiment, Kaya and coworkers studied
the reactivity of a pre-oxidized (13 hPa O,, 600 s, and cycled
between 300-800 K) Pt(111) surface with CO at 1 x 10> hPa.”*
To measure reactivity, heating beyond 350 K was required. The
oxide reacted without forming other oxide structures and the
reduced metallic surface became covered with CO(ads).

After re-oxidation (1 x 10~* hPa O,, 900 s, and 300 K) of a
partially reduced PtO, layer, a mixture of O(ads)/PtO, was obtained.
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A different mixture, 40/PtO,, was formed by annealing the clean
Pt(111) surface to 620 K in 0.7 hPa O,. The 40 structure represents a
surface oxide with every Pt atom surrounded by 4 O atoms.”” These
mixtures were exposed to CO and the order of reactivity was found
to be O(ads) > 40 > PtO,.

However, the results of this titration experiment at low CO
flux cannot directly be extrapolated to high temperature/pressure
conditions, due to orders of magnitude difference in the number
of CO molecules impinging on the surface. It was argued that the
reaction mechanism changes from LH to MvK on the oxide,””””"
which is expected to have a different dependence on the CO flux. It
does, however, provide another suggestion that Pt oxides are active
for CO oxidation.

3.3 Pt(110), CO adsorption and oxidation

The earliest in situ CO oxidation studies on Pt(110) were
performed around two decades ago, employing the optical
techniques RAM and EMSL’*”” Based on the contrast differences
in the obtained images, these studies showed that the surface was
covered with two types of structures. The measured intensities were
assigned based on a comparison to images obtained after exposing
the Pt(110) surface to pure gas atmospheres of CO and O,. The two
types of structures were identified as a CO-poisoned, inactive phase
and an O-rich, active phase. These phases separated into a complex
and time-dependent pattern with spiral wavefronts propagating over
the surface, as illustrated in Fig. 7. In addition to these complex
patterns, the exothermicity of the reaction increased the sample
temperature by tens of kelvin. The reported phenomena extended to
atmospheric pressure. These studies raise several interesting
questions related to the sensitivity of the contrast mechanism in
these optical techniques. How much does the signal intensity
change upon co-adsorption of CO onto these O-covered islands?
Would an oxide be distinguishable from an O-covered island?
How does the atomic-scale structure, involving reconstruction
and roughness, influence the contrast?

Several operando studies have focused on the structure of
the active phase under O,-rich conditions and reported the

Fig. 7 EMSI images showing the transition from a CO-populated (darker)
to an O-covered (brighter) Pt(110) surface, caused by a decrease in CO
pressure from 7 to 6 Pa at 550 K. Transition occurred via spiral waves.
Reproduced from ref. 76 with permission from Science, copyright 1995.
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presence of oxides. An incommensurate, strained PtO, film,
identified via its hexagonal X-ray diffraction pattern, was prepared
by Ackermann et al.?” in 500 hPa O, at 625 K. After formation, the
oxide was exposed to CO pulses at the same temperature. Every
pulse reduced the intensity of the oxide’s Bragg peak by ~25%,
after which it slowly recovered most of its intensity. At the same
time, CO, was produced and CO was consumed. The reactivity was
high with a turnover frequency (TOF) estimated at 3 x 10°
molecules per (site s) and within the MTL regime. The intensity
decrease was explained by an increased roughness in the oxide’s
structure due to the MvK mechanism. However, this roughness
could be expected to increase over time as more CO, is produced.
The observed trend showed the opposite behavior. The intensity
decreased instantaneously, followed by a slow recovery. An
alternative explanation could be that the CO pulse partially
reduced the incommensurate oxide to either an O(ads)-covered
surface or a different oxide (vide infia).

In addition to the incommensurate, hexagonal oxide, the
authors reported a commensurate oxide with a (1 x 2) periodicity
(Fig. 8a). The CTRs of this oxide show that its structure is
significantly different from the (1 x 2) missing-row reconstruction,
which is the termination of the adsorbate-free surface.”®*° The
presence of the diffraction peaks of this oxide was directly
correlated with the switch to a high-reactivity regime (Fig. 8b).
A possible, DFT-proposed structure of the commensurate oxide
is a lifted-row oxide incorporating carbonate ions (Fig. 8c). A
structure with a similar periodicity was observed using HP STM
after exposing a metallic, unreconstructed, CO-covered Pt(110)
surface to an O,-rich mixture (see Fig. 9).”*”

Only after consuming nearly all CO, the diffraction spots of
the incommensurate oxide developed (Fig. 8a). The formation
of this incommensurate oxide could explain the development
in roughness over time that was observed in an earlier HP STM
measurement.””

The experimental conditions in ref. 73 were reproduced
by Goodman and coworkers.®” They found a shift to higher
reactivity at higher temperature, i.e., 480 instead of 425 K. This
could originate from the temperature underestimation in the
setup used by Hendriksen et al.®” or due to the fact that gas
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Fig. 8 SXRD measurements (a) on Pt(110) in an O,-rich mixture at 625 K
plotted with the QMS data (b). After 9 minutes, the reactivity increased and
concurrently the commensurate oxide was observed. The DFT-based
model of this oxide is plotted in (c). After a time lag, the incommensurate
PtO, was also detected. Reproduced from ref. 27 with permission from the
American Physical Society, copyright 2005.
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Fig. 9 STM images (left panels) and ball models (right panels) showing the
transition from a clean (1 x 2) missing-row reconstructed surface (A) to a
rough, unreconstructed surface (B), followed by smoothening over time (C).
In O,-rich mixtures, the surface formed the (1 x 2) lifted-row surface oxide
(D), which roughened over time due to the MvK mechanism. Reduction
produced a rough (1 x 1) surface (E). Formation of the incommensurate
oxide (G) was not observed in the STM measurements. Reproduced from
ref. 74 with permission from Elsevier, copyright 2015.

conditions directly above the sample surface deviate from the
average conditions in the reactor. This concentration gradient
can differ substantially between a flow and a batch reactor.
Furthermore, Goodman and coworkers reported a gradual decrease
in CO coverage with increasing temperature. This was measured
using PM IRRAS for different CO/O, ratios at a pco of 10.6 hPa.
This suggests that the surface was gradually covered with O-rich
areas with possibly co-adsorbed CO. After the switch to high
reactivity, the surface was devoid of CO(ads). The temperature
of this switch was dependent on the CO/O, ratio, with more
CO-rich mixtures exhibiting this switch at higher temperatures.
After switching, the reactivity showed a transient increase in
reactivity, continued by a decrease to a steady state determined by
the MTL regime. The different explanations®® for this transient
“hyper” activity are discussed in the section focused on the Pd(100)
surface. Similar transient reactivity maxima (before decreasing to
the level dictated by the MTL regime) were also observed for the
Pt(111) surface at 0.1 and 1 hPa for y = 0.25 and y = 1.%

Oxidation of the Pt(110) surface with atomic O formed a
mixture of a chemisorbed overlayer and a surface oxide, visualized
by STM.®* Both were formed only after annealing the sample or
after dosing at 500 K. The chemisorption structure had a unit cell
of (12 x 2)220, with PtO,-like stripes along the closed-packed
rows. These stripes were expanded with respect to the Pt lattice.
This expansion of ~14% resulted in the ejection of 2 Pt atoms
every stripe of 10 atoms long. The ejected Pt atoms became
incorporated into adjacent stripes, leading to patches of a
2D structure, labeled as a surface oxide. The surface oxide is
metastable according to DFT calculations.

The (12 x 2)-220 structure is the most stable surface
termination for a wide range of conditions, based on the Pt(110)
surface phase diagram, derived from DFT calculations.®® Further-
more, it can be active for CO oxidation with barriers as low as
9.6-29 k] mol " or 0.1-0.3 eV. These values were derived by using a
similar, but much smaller structure with a (6 x 2) unit cell.
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Oxidation of the Pt(110) surface in 0.7 hPa O, between 300
and 473 K resulted in two O species on the surface,* one of
which was identified as chemisorbed O and the other was
argued to be a more oxidized species. The former was identified
as the (12 x 2)-220 structure and the latter as «-PtO, by
comparing the measured core-level shifts with those calculated
by DFT. Both species showed activity towards CO oxidation in
titration experiments at 270 K in 10~® hPa CO, the former being
more active by a factor of 1.6-1.7.

The CO-poisoned surface consists of a mixture of CO adsorbed
onto bridge and atop sites at RT as inferred from NAP XPS
measurements with y = 1 at 0.5 hPa.®® Bridge-bonded CO
desorbed around 373 K, leaving only CO bonded to atop sites.*"
Interestingly, this state was active above 393 K and exhibited an
additional feature in the C 1s region at a binding energy of
287.9 eV. Because no similar feature was observed in the O 1s
spectra, no O accumulated on the surface, although the C 1s
binding energy suggests that the deposited C was in a highly
oxidized form.

3.4 Pt(100), CO adsorption and oxidation

The atoms in the ideal Pt(100) surface have a lower coordination
number compared to those in a Pt(111) surface, 8 versus 9,
respectively. This makes the surface free energy of the (100)
surface higher than that of the Pt(111) surface. To lower its
surface free energy, the cubic Pt(100) surface exhibits a (111)-
like, hexagonal reconstruction when it is free from adsorbates.®”
Two different varieties of this hexagonal reconstruction exist,
the metastable and unrotated Pt(100)-hex, also referred to as
Pt(100)-(5 x 20), and the stable Pt(100)-hex-R0.7°. The hex
reconstructions are lifted by exposing them to low partial
pressures of CO and 0,.5*%° The complex and dynamic surface
termination leads to complicated behavior under CO reaction
conditions at low pressures, such as reaction oscillations and
wave patterns.’®®?

Nonlinear behavior extended to intermediate pressure ranges,
studied by Lauterbach and coworkers with EMSI at p = 8 Pa.”
Three differently behaving regimes were reported depending on
the temperature and y (Fig. 10a). Phase I was characterized by
large, stable oscillations in reactivity with reaction fronts
migrating over the surface upon transition from low to high
activity. These large-scale oscillations were not reported at
lower pressures and indicate that the majority of the active
sites synchronously switched in reactivity. This synchronization
can be established by the gas phase, i.e., a highly active site
depletes more CO, which decreases the poisoning effect of CO
for neighboring sites. Phase II did not show oscillations, but
exhibited complicated dynamic patterns on the surface (see
Fig. 10b and c). Immeasurably small oscillations on the boundaries
between the different patches could not be excluded. More recently,
it was argued based on an additional intensity level (darkest patches
in Fig. 10c) in the EMSI images that subsurface O was formed.*
Phase III was identified as having unstable reaction oscillations that
ceased after minutes in combination with adsorbate islands moving
in spatiotemporal patterns. No nonlinear features were observed for
parameters outside the regimes in Fig. 10. Although interesting, the
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Fig. 10 Diagram (a) of conditions probed in the intermediate pressure
regime of several Pa, for which nonlinear dynamics was observed. EMSI|
images (b and c) showing the complex pattern of adsorbate islands on the
surface and the formation of chemisorbed O (1 x 1.25 mm?, = 0.13, 8 Pa,
and 523 K). Reproduced from ref. 92 with permission from Wiley, copyright
2001 (a) and from ref. 93 with permission from Elsevier, copyright 2005
(b and c).

information contained in the images is rather limited, because
they only provide a contrast difference. From this contrast
difference, it is not very trivial to definitively derive structural
and/or chemical information.

In an earlier publication,” Lauterbach and coworkers
studied the CO oxidation kinetics at 9 Pa and 473 K with
% = 0.1 (phase II, Fig. 10a). After switching the CO flow on and
off, an oxygen species accumulated on the surface, as measured by
ex situ Auger electron spectroscopy (AES) measurements. This
unknown oxygen species, which could be some kind of subsurface
O, both decreased the total reactivity of the surface and the
susceptibility for CO poisoning. The surface was only deactivated
after cycling the reactants. Neither steady-state exposure nor pure
O, exposure led to this deactivation. This may be related to the
phase transition between a reconstructed and unreconstructed
surface. This produces roughness due to the density mismatch of
the two terminations. After exposure, no other contaminants were
observed.

The Pt(100) surface remains rather understudied under
realistic chemical conditions. In an operando STM study,> a
Pt(100) sample was exposed to CO, O,, and to mixtures thereof
at a pressure of 100-125 kPa at 365-423 K. Exposure of the
surface induced the lifting of the reconstruction and led to
square adatom islands, due to the higher density of the recon-
structed surface. Exposure to 116-125 kPa O, also resulted in
square islands, but with a much higher concentration and a
higher degree of disorder. These disordered islands showed
little evolution over time. Moreover, height histograms showed
several step heights incompatible with a metallic Pt(100) surface,
a first hint that the surface was oxidized.
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Starting in a pure CO atmosphere, the reaction kinetics
showed a peak in the CO, production when the O, concentration
was increased. This was explained by a surface that switched
from CO-poisoned to one covered with an optimal CO/O ratio. In
the increasingly O,-rich mixture, the reactivity decreased due to
lack of CO reaching the O-covered surface. However, very small
jumps to higher reactivity were apparent. Based on the similarity
to the Pt(111) and Pt(110) surfaces, vide supra, it was argued
that the surface had become oxidized. In this case, the oxidized
surface would be only slightly more active than the surface
covered with chemisorbed O. Furthermore, these jumps were
not consistently observed and could have depended on the
sample’s history, such as the developed roughness by the reaction
or remnant roughness induced by the polishing process. These
observations are supported by the kinetic measurements in the
pressure range of 0.1-800 hPa by Berlowitz et al.*® They concluded
that this surface does not form strongly bound oxides in almost
pure O, mixtures (y of 0.01 to pure O, at 101 kPa, 400-800 K and
1 hPa at 1150 K). Exposure to these conditions led to samples that
were at least as active as clean Pt(100) surfaces.

In addition to CO oxidation, CO can react via the Boudouard
reaction

2CO(ads) — CO,(g) + C(ads)

In fact, Somorjai and coworkers® showed that this surface
has a higher activity for the Boudouard reaction than the
stepped Pt(755), 5(111) x (100), and the Pt(111) surface
[Pt(100) > Pt(755) > Pt(111)]. Adsorption and desorption at
53 hPa of CO is reversible up to 450 K, above which (7 > 500 K)
the peak attributed to the CO stretch vibration attenuated in
the SFG spectra and was red-shifted by 30 cm . Also, AES
measurements showed significant C deposition. Based on the
vibrational-frequency shift, it was concluded that the surface
roughened, possibly via the formation of platinum carbonyls.’®
The driving force could be lateral repulsion of adsorbed CO
molecules. The roughened Pt surface could be the active phase
for the Boudouard reaction. The deposited C could act as a
stabilizer for the roughness and block sites for CO adsorption.

The higher Boudouard reactivity for the Pt(100) than for the
Pt(111) surface was confirmed by DFT calculations in which the
effect of the high CO pressure was modeled by compressing two
CO layers by fixed slabs of CO and Pt, respectively.”®

3.5 Vicinal and polycrystalline Pt surfaces, CO adsorption and
oxidation

Vicinal surfaces. Steps usually bind adsorbates more strongly,
which compensates for the higher surface energy of vicinal surfaces.
Under high gas pressure, this can change the nanoparticle’s shape
from showing only close-packed surfaces to one that is more round
with a considerable area of vicinal surfaces. This makes it important
to study the effect of a reactive environment on the stability of
vicinal surfaces. Also, the steps in a vicinal surface can represent
some of the behavior of facet edges on nanoparticles.

The (111) surface (of face-centered cubic (fcc) crystals) has
two distinct types of steps that differ in the microfacet that the
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step atoms form. The two kinds of steps form either a (111)-type
or a (100)-type facet. The (111) step was recently studied with a
combination of SXRD and QMS using a Pt(997), 8(111) x (111),
surface.”” The steps increased from single to double step
heights, when the sample was heated in a CO/O, mixture with
varying ratios at 10 hPa. This was previously also observed after
exposing the steps to O, under vacuum conditions.”®®°

At low temperature, the entire surface was assumed to be
CO-covered, leaving not enough neighboring adsorption sites
to facilitate O, dissociation. At higher temperature, the CO
coverage was lower due to increased desorption, enabling O,
dissociation. The adsorbed O is likely to first cover the steps.
The O-covered steps favor double-step heights. Simultaneously
with the step doubling, the CO, production increased stepwise.
Both the doubled step height and the increased reactivity can
be the result of the O adsorption on steps, or, as was suggested,””
the double steps themselves could be more reactive than mono-
atomic steps. A higher O, content lowered the temperature for the
transition from single to double steps.

The (111) steps in the Pt(332), 5(111) x (111), surface were
found to oxidize at an O, pressure of 1 x 10~° hPa, based on XPS
measurements supported by DFT calculations.”” The proposed
model consisted of 1D PtO, rows that formed on the steps
(Fig. 11). This state was labeled 40, because 4 O atoms surrounded
a single Pt atom. These oxide rows were reactive to CO(ads) and
DFT showed a barrier of 58 k] mol " or 0.60 eV, 11 k] mol™ " or
0.11 eV lower than the O(ads) on the terrace, although the O in
the former structure is more strongly bonded. However, it was
not determined whether indeed monoatomic steps were present
under the experimental conditions.

The (100) steps on the other hand behave remarkably
differently. No step doubling was observed with SXRD.'® In
fact, on the Pt(977), 7(111) x (100), surface, these steps were
unstable in either CO or O,-rich mixtures at 200 hPa. This
resulted in a surface that formed large facets. This contradicts
the naive view that stronger binding to steps by adsorbates can

b Eads=-0.89 eV
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Fig. 11 XP spectra (a) of the Pt 4f,,, region recorded after exposing the
Pt(332) and the Pt(111) surfaces to 500 L at 310 K. Models of low (b) and
higher (c) O coverage on Pt(332). Reproduced from ref. 72 with permission
from the American Physical Society, copyright 2005.
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always stabilize vicinal surfaces and shows that the precise
atomic configuration of the step is extremely important. The
steps were stable only close to stoichiometric ratios of CO and
0, and was maximum reactivity observed. The apparent activation
energies for (100)-stepped surfaces, the (977) and the (113), (111) x
(100), surfaces respectively, were determined to be 113'% and
100'°* k] mol ! or 1.17 and 1.04 eV.

The two types of steps behave differently in pure CO atmo-
spheres. Under high vacuum, CO induces doubling of the (100)
steps on Pt(755), 5(111) x (100).>® At pressures of around 1 hPa
at RT, the Pt(755) surface forms an extended array of triangular
clusters,”® which become ordered at slightly elevated temperatures
(350-360 K).>* The CO-induced wandering of (100) steps and their
doubling in height were confirmed by molecular dynamics (MD)
simulations.'”* The MD simulations revealed another interesting
property of the (100) steps of Pt(211), 2(111) x (100). At the high
temperatures of the simulations (1000 K), steps can shift along the
step direction and sink into the surface.

No CO-induced doubling was observed for the (111) steps on
Pt(332).>® Although for this surface, similar clusters were
observed around 1 hPa of CO, they did not uniformly cover
the surface and they were parallelogram-shaped.'

Polycrystalline surfaces. Two distinct CO adsorption sites
were found in an SFG study on a polycrystalline Pt foil in 1 hPa
CO and at 300-700 K.'®*'°® These were identified as step
(2057 + 5 cm™ ") and (111) terrace sites (2096 + 4 cm™ %), to
both of which CO bonded terminally. The steps sites were
populated preferentially, followed by the terrace sites, leading
to a gradually shifting vibrational frequency between the two
values. Under CO oxidation conditions (y = 0.5, 6 hPa, and
300-700 K), the CO(ads) coverage was considerably lower and
the lowest frequencies were not observed. Both observations
can be explained by O(ads) blocking CO adsorption on the
steps. At low temperatures, CO was adsorbed on the terraces
and O was adsorbed at the steps, but reactivity was very low,
thus indicating that O adsorbed on the steps was not reactive
for the oxidation of CO. Around 600 K, all CO desorbed and the
surface became very active, probably due to adsorption and
reaction of O(ads) on the terraces. Since no new features
appeared in the SFG spectra, it was concluded that the poly-
crystalline film did not restructure under reaction conditions.

Massive restructuring was observed on 50 pm polycrystalline
Pt wires in a flow of y = 0.09 at ~500 K for a few hours.'°” SEM
images recorded after the reaction showed triangular facets
of 100-500 nm, identified as both (111) and (100). This
faceting occurred only after exposing the wire to both reactants
simultaneously. The approximate composition in the outer
1 pm was determined to be PtO. These experiments show that
even at relatively low temperatures Pt atoms are very mobile.
This increased mobility can be caused by the binding to the
adsorbates.

Kinetic studies on these wires showed that up to ~550 K the
surface is reaction controlled with barriers of 140-210 k] mol™*
or 1.45-2.18 eV, indicating a CO-poisoned state. Above this
temperature, the reaction was diffusion limited. The reverse
transition to the reaction-controlled state occurred 50 K lower.
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3.6 CO oxidation over bulk Pt oxides

A specifically interesting type of titration experiments giving
insight into the possible reactivity of oxidized Pt-group metals
are performed after forming thick, bulk-like oxide layers.
Several methods are frequently employed to create these oxides,
e.g., DC magnetron sputtering in a reactive O, atmosphere.'*® A
Pt oxide film, containing both PtO, and Pt(OH),, with a thickness
of ~40 nm was deposited on various substrates by magnetron
sputtering. After deposition, it was exposed to either pure CO or to
a mixture of y = 0.43 at a total reactant pressure of 253 hPa. Under
both conditions, reactivity was observed above 440 K. In pure CO,
only a small spike in CO, production was observed, while in the
mixture, reactivity was sustained, although it decreased for 7 >
530 K. The fact that sustained reactivity was observed only in the
CO/O, mixture showed that the oxide was an active catalyst, not
just a reactant, and a MvK reaction mechanism was proposed. The
reactivity decrease at higher temperature was explained as partial
decomposition and reduction of the Pt oxide. The apparent
activation energies increased from 75 & 5 to 93 & 3 kJ mol ' or
from 0.78 £ 0.05 to 0.96 + 0.03 eV, which was comparable to the
value found for a polycrystalline Pt film (103 + 2 kJ mol " or
1.07 £ 0.02 eV), suggesting that the surface was CO-poisoned.
Interestingly, some CO, formation was observed on the reduced
surface in pure CO, indicating that the very rough, polycrystalline
Pt film was active for the Boudouard reaction.

3.7 Conspectus on Pt

The Pt(111) and Pt(110) surfaces can switch to higher reactivity
under O,-rich conditions. Under these conditions, signs of MTL
regime were observed. Simultaneously, both surfaces form a new
structure. For the Pt(111) surface, it is a (2 x 2) structure and for the
Pt(110) surface, itis a (1 x 2) structure. A possibility for the latter is a
lifted-row surface oxide, in which carbonate ions are an important
element. For the former, the Pt(111)}-(2 X 2), no atomic structure is
known. On both surfaces, PtO, formed after more CO was depleted.
The formation of this oxide had no influence on the reactivity, ie.,
the reactivity remained in the MTL regime. This could indicate that
PtO, is active, either via defects in the oxide or via the boundary
between the oxide and CO(ads) islands on reduced, metallic Pt.

For the Pt(100) surface, complex and dynamic patterns were
observed under reaction conditions. However, questions remain,
such as, is the active phase under O,-rich conditions chemisorbed
O on a metallic surface or a (surface) oxide? Although STM
provided an indication that it is a surface oxide, the atomic
structure remains completely unknown. Interestingly, the Pt(100)
surface is the most reactive surface for the Boudouard reaction.

For vicinal surfaces, the structure and stability is determined
by the type of steps. The (100) steps are the most unstable and
they are likely to facet and restructure.

4 Palladium

Compared to its 6™ period relative, palladium oxidizes more
readily and its oxides are more stable than those of Pt. Multiple
oxidic structures have been observed, ranging from surface
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oxides to bulk-like films. Additionally, the Pd oxides tend to
be stable at and below RT and can be studied under UHV,
leading to more titration-type studies on the activity of Pd
oxides. Therefore Pd, even more than Pt, has become the prime
showcase for novel in situ/operando surface-science techniques.
Most of these studies have focused on the Pd(100) surface,
which is discussed first, followed by the other surfaces.

4.1 Pd(100) and the ,/5 surface oxide, CO adsorption and
oxidation

Studies using the Pd(100) surface as model catalyst employed a wide
range of techniques, such as SXRD,'%™ SsTM,"* XPps,H6117:129
PLIF,"® and IR spectroscopy.®""® With X-ray diffraction, 3 different
oxides were identified under reaction conditions, depending on the
temperature and the CO/O, ratio.'* The first was characterized as a
surface oxide (Fig. 12) with a (/5 x /5)R27° unit cell, which can be
regarded as an altered, strained PdO(101) layer,""""**'*! and has an
O coverage of 0.8 ML"° (although a PdO(001)/Pd(100) structure has
been suggested as well'*?). The surface oxide contains boundaries
between translation domains, roughly every 4-5 nm (see arrows in
Fig. 12), which can be explained by the tensile stress in this structure
caused by the mismatch between the (\/5 x /5) and the PdO(101)
unit cells.”* The 2D nature of the surface oxide is concluded based
on its diffraction signature (Fig. 13, panel labeled a).

PdO(101)
[ 3
«Q
> yo©
g
F =
£ | 3.03A
£
3z
8

Fig. 12 STM image (a) of the (/5 x /5)R27° surface oxide on Pd(100) in
UHV. Arrows indicate domain boundaries. Ball model for this oxide (b).
Reproduced from ref. 121 with permission from Elsevier, copyright 2007.
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Fig. 13 Stability diagram of the Pd(100) surface under reaction conditions
for different y and T, measured using SXRD. Three different oxides (open
symbols) can be distinguished: 2D surface oxide (a), epitaxial PdO (b), and a
polycrystalline PdO (c), in addition to the reduced, metallic surface (lower
right, closed symbols). Reproduced from ref. 109 with permission from the
Royal Society of Chemistry, copyright 2011.

The second observed oxide was an epitaxial, but disordered
PdO layer with a thickness of 2-3 nm having PdO(101) planes
parallel to the Pd(100) surface (Fig. 13, panel labeled b). In
addition to PdO(101)IPd(100), several researchers proposed
PdO(001)IPd(100), both under O,-rich reaction conditions**
and in pure Q,.571?%124

This epitaxial film (thickness of 4-6.5 nm)"***** developed
above 1 hPa O, and 675 K. It consisted of small islands with
large fluctuations in height from island to island. Furthermore,
a strong kinetic limitation was observed to form the bulk oxide,
making the surface oxide stable up to ~575 K at 100 kPa O,. At
higher temperatures, the surface oxide disappeared and the
bulk oxide was formed."”* However, in a NAP XPS study, the
formation of bulk PdO was already observed above 473 K at
0.5 hPa 0,.'*°

The third observed oxide was a bulk-like PdO that lost
epitaxiality with the underlying surface. It appeared in the
SXRD measurements as a polycrystalline powder ring (Fig. 13,
panel labeled c).

By probing a wide range of conditions, a stability diagram
was established (Fig. 13). It shows that roughly below 500-550 K,
the Pd(100) surface was reduced. The surface oxide was stable at
higher T, most pronounced at >670 K, and relatively high y
(0.9-1.7), almost up to stoichiometry. While at low y, roughly
below 0.19, and approximately above 500-550 K, the polycrystalline
PdO was present, with higher order at more elevated temperatures.
The epitaxial PdAO was found at the center of the diagram.
Simultaneously with the appearance of any of the oxides (open
symbols, Fig. 13), the reactivity switched to the MTL regime.

Gustafson et al.'*® used high-energy SXRD to follow the
growth of both the surface oxide and the epitaxial bulk oxide
while changing the gas composition from y = 4 and p = 10 hPa
to y = 2 and p = 12 hPa at a constant temperature of 575 K.
Concurrently with the formation of the surface oxide (see line II,
Fig. 14), the reactivity increased, while the bulk oxide gradually
appeared. The epitaxial oxide had a thickness of 5 + 2 nm and
an island width of approximately 47 4+ 1 nm."*? It coexisted with
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Fig. 14 (a) Gas-phase information, while decreasing the CO pressure at
525 K. (b) Intensity of diffraction peaks of the surface oxide (green) and the
bulk oxide (black) on Pd(100), recorded with high-energy SXRD. Reproduced
from ref. 110 with permission from Science, copyright 2014.

the surface oxide thus showing a Stranski-Krastanov, i.e., layer-
plus-island, growth mode.

Additional structural information on the transition from a
reduced to an oxidized surface can be obtained from a reported
work combining HP STM and QMS."'* The surface changed
from smooth, metallic to rough with monoatomic islands after
the switch, which occurred at roughly y = 0.05, p = 125 kPa, and
T = 408 K. This fast switch happened on the order of a single
STM scan line (dashed line, Fig. 15a), typically around or below
1 s. Simultaneously, the reactivity increased by a factor of 1.5 to

Fig. 15 STM images (~125 kPa, 408-433 K, O,-rich mixtures) recorded
(a) during the transition from a reduced to an oxidized surface; (b) slightly
after; and (c) ~1 h after the transition. Reproduced from ref. 114 with
permission from Elsevier, copyright 2004.

This journal is © The Royal Society of Chemistry 2017
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the MTL regime, although the estimated TOF was rather low
[~10 molecules per (site s)]. The roughness increased over
time, resulting in a rough surface consisting of 4-16 nm grains
with a polycrystalline appearance (Fig. 15¢). The formation of
clusters on the onset of bulk oxidation was observed before
under UHV conditions using STM."'**
oxide reduced to a metallic surface with adatoms and vacancy
islands several atoms high/deep. The oxide reduced at a slightly
lower CO pressure than at which it was formed, i.e., reversed
from that observed on Pt. Also, under certain conditions,
spontaneous reaction oscillations were observed.

These oscillations were further investigated using SXRD and
a roughness-driven model was proposed (Fig. 16a)."** The basic
ingredients are the following: (a) the reaction on the oxide
induces the continuous formation of roughness due to local
reduction/oxidation via a MvK reaction mechanism; (b) the
roughness destabilizes the oxide more than it would destabilize
a CO-covered, metallic surface, because, for the metallic sur-
face, the CO adsorption energy onto defects is higher, partially
stabilizing a rough, metallic surface; (c) the rough oxide
switches to a rough, metallic surface above a critical roughness;

In CO-rich mixtures, the
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Fig. 16 (a) Model of the spontaneous reaction oscillations on Pd(100)

cycling through the surface phase diagram, plotted as a function of pco
and roughness. Evolution in time (b) of the FWHM of a metallic diffraction
peak (blue-colored regions) and that of the oxide (salmon-colored regions).
QMS signals of CO and CO; (c) as a function of time. Reproduced from
ref. 113 with permission from the Nature Publishing Group, copyright 2010.
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(d) due to the higher Pd mobility in the metallic state, the
surface smoothens over time; (e) the flat metallic surface
oxidizes and the cycle starts over. The most important aspect
of the measurements was the FWHM s of the metallic and oxidic
diffraction peaks (Fig. 16b), combined with the kinetic information
(Fig. 16¢c). The FWHM scales with the roughness. The roughness
development showed opposite behavior for the metal and oxide
phases, indicating an increasing roughness in the oxide phase and
a smoothening in the metallic phase. Recently, the oscillations
were re-examined (y = 0.046, p = 680 hPa, and T = 443 K) using
SXRD with a 2D detector and with a higher time resolution of
~1 5."° The 2D projection of the Bragg peak was fitted to reveal
more, complicated details. During the full oxidation-reduction
cycle, the in-plane lattice constant of the surface oxide expanded,
while the Bragg peak of the surface oxide slowly changed into
a powder ring. In other words, the strained surface oxide
transformed into relaxed polycrystalline PdO.

In addition to the full oxidation-reduction cycles, changes
on two different time scales were observed. The first were
random intensity drops, occurring predominantly at the end
of the oxidation phase (just before full reduction) and mostly
two drops per cycle. After the drop, the intensity recovered
quickly, indicating a re-growth of the oxide. The newly formed
oxide had slightly broader diffraction spots indicating a rougher
oxide film with smaller domains. Also, the Bragg peak rotated
more towards a powder ring. Finally, rapid oscillations with a
modest amplitude were detected, which had a time scale of ~15s.
During these, the intensity of the oxide Bragg peak momentarily
decreased, after which it recovered more slowly. These two faster
switches were explained by a partial reduction of the oxide film.
The partial reduction preferentially removed the epitaxial oxide
grains and was followed by local smoothening. During this partial
reduction, not enough surface area was reduced to globally change
the gas composition. This left the atmosphere highly oxidizing,
leading to re-oxidation in a more polycrystalline form.

CO-Titration experiments on oxidized Pd(100) surfaces are
somewhat conflicting. Zheng and Altman reported that the
oxidic structures were less reactive to CO and decomposed into
more reactive (2 x 2) chemisorption structures.'”” Also, the
decomposition rate decreased with increasing temperature,
which was attributed to a restricted CO lifetime on the oxides.
On the other hand, Fernandes et al. showed that the reduction
rate increased at higher temperature.'*® The /5 surface oxide
reacted with CO, forming coexisting regions of surface oxide and
metallic, CO-covered islands. Due to the low sticking probability
of CO on the surface oxide, CO oxidation was limited to the
boundary between these phases. This led to Avrami-Erofeev
kinetics, characterized by a slower induction period in which
the CO islands nucleated, probably at defect sites in the oxide.
This mechanism could be important for a working catalyst when
both CO-covered, metallic regions coexist with the surface oxide
as was suggested.'®®® Parallelly, the CO flux under reaction
conditions can be high enough to facilitate CO adsorption on
and reaction with O atoms in the surface oxide.

CO adsorption on Pd oxides was demonstrated by exposing
a pre-oxidized Pd(100) surface to 0.5 hPa CO at 393 K.'*°
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Fig. 17 XPS measurements on Pd(100) [Pd 3ds,, (a) and C 1s (b)] for
increasing pco at RT. Models of the COf(ads) layers for 0.5 ML (c) and
0.67 ML (d). Reproduced from ref. 129 with permission from the American
Chemical Society, copyright 2012.

CO adsorption induced a change in the core-level shift of the
Pd,.to1q atoms in the PdO(101) surface of the bulk oxide. They
shifted by 0.55 eV to higher binding energy, due to their
interaction with CO.

Kondoh and coworkers studied CO adsorption and oxidation
with NAP XPS, see Fig. 17a and b, and reported that CO adsorption
at 1.3 Pa and RT behaves similarly to lower temperature adsorption
under UHV."*® The proposed model for the CO(ads) layer has a unit
cell of p(3,/2 x \/2)R45° with a coverage of 0.67 ML and consists
of bridge-bonded CO (Fig. 17d). This CO-saturated surface
was the starting point to study CO oxidation (y = 0.1 and p =
0.29 hPa). After heating to 448 K, the CO coverage was reduced
and a p(22 x /2)R45° structure with a coverage of
0.5 ML was proposed (Fig. 17c). For both CO structures, reactivity
was low, thus both effectively blocked dissociative adsorption
of O,.

Above 463 K, the reactivity steeply increased and simultaneously
the XPS fingerprints of the /5 oxide were observed. Based on the
agreement with the expected 1/1 ratio of the two O species (see the
lower panel of Fig. 18a), it was excluded that large patches of O(ads)
were present. Under these conditions, the reactivity was not in the
MTL regime. In fact, it decreased with increasing temperature. This
can be explained by a negative apparent activation energy. In this
case, at higher temperature, the preference of CO desorption over
CO oxidation increases. This is supported by DFT calculations
predicting that the barrier for the reaction between CO(ads) and
an oxidic O is lower than the energy needed to desorb.'** "3
Alternatively, at higher temperature, the CO oxidation rate could
become too fast compared to the replenishment rate of O vacancies,
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Fig. 18 XPS measurements (a) on Pd(100) under CO oxidation conditions
for the O 1s region at ~483 K (lower panel) and at 643 K (upper panel). The
broad peak originated from Pd 3ps,, photoelectrons. (b) Model of the /5
surface oxide with the two different types of O atoms (reactive, 528.8 eV,
and inactive, 529.6 eV). Reproduced from ref. 129 with permission from
the American Chemical Society, copyright 2012.

leading to a partial decomposition of the surface oxide. This
would result in a lower concentration of available O and a lower
CO, production.'* This was proposed based on a decrease in
peak intensity corresponding to the upper O atoms in the /5
oxide, which were shown to be solely responsible for the
reactivity (yellow, Fig. 18a), when heated to 643 K. Simultaneously,
a peak associated with a slightly more reduced state developed in
the Pd 3ds/, spectrum. Although the reaction with CO does tend to
destabilize the surface oxide, it seems to contradict with the
predicted temperature behavior.”*" Using a kMC model, higher
stability of the surface oxide with increasing temperature was
predicted. Another explanation for the O decrease at higher
temperatures could be thermal decomposition. However, this
was excluded, because once the CO flow was stopped at constant
T, the surface oxidized further, forming PdO.">°

In a second NAP XPS study at slightly higher pressure
(0.7 instead of 0.30 hPa), the transition to higher reactivity
occurred around the same temperature.''” However, the limited
temperature range makes it difficult to conclude anything
regarding the relation between reactivity and temperature. After
decreasing the temperature, the surface returned to CO-covered
and poisoned with some small hysteresis, i.e., the reduction
occurred 35 K lower in temperature than the oxidation.

Lundgren and coworkers performed similar NAP XPS studies
in CO-richer mixtures of y equal to 0.25 and 1 at 0.67 hPa."'® In
the former mixture, the surface also switched from CO-covered
to the surface oxide, albeit at a higher activation temperature of
543 K. In the latter mixture, the surface behaved significantly
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differently. Above the activation temperature of 608 K, chemi-
sorbed O(ads) was the major surface species, and CO, was easily
measured in the gas phase using XPS. In addition to the ratio of
reactants, the activation temperature was also dependent on the
absolute pressure. In a mixture of y = 1, it shifted from 523 to
613 K upon increasing the pressure from 1.3 x 10~ to 1.3 hpa."*

The NAP XPS results were confirmed by an early IRRAS
study."®* The reported experiments were conducted in a temperature
range of 500-575 K, in a mixture of y =2 at 2 hPa. As expected, a high
CO coverage was measured, between 0.45 and 0.55 ML, and the
apparent activation energy (123 + 1 k] mol™ " or 1.28 + 0.01 eV) of
the reaction was nearly identical to the CO adsorption energy.
Furthermore, the reaction was found to be negative first order in
CO and positive first order in O,, leading to an independence
from the total pressure.

The strongest argument against the surface oxide as the
active phase on the Pd(100) surface is based on IRRAS measure-
ments by Goodman et al.®" In their work (T = 400-800 K and
p = 3-117 hPa), three different phases were identified. The first
was explained as a low temperature, CO-poisoned surface with
low reactivity. Upon heating the sample, this phase was followed
by a “hyperactive” transient phase, after which the TOF decreased
to a lower level, while being in the MTL regime, which lasted to the
highest probed temperatures. In the third regime, the surface
was believed to be deactivated by an oxide. In fact, the IRRAS
measurements showed CO adsorbed on oxidized sites at
2142 and 2087 cm ' for mixtures of y equal to 0.2 and 0.1. The
“hyperactive” regime was explained as a metallic surface covered
with O(ads), although no results were presented to support this
claim. Similar trends were obtained for the Pd(111) and Pd(110)
surfaces.

A peculiarity in the reactivity data led to fierce discussion,®?
namely this “hyperactive” phase was solely observed when the
sample changed from CO-poisoned to MT-limited, not in the
reversed direction. Therefore, it was argued by Van Rijn et al.®®
that the “hyperactive” phase was not related to a different surface
structure. Instead, it was attributed to a jump in reactivity, much
faster than the mixing properties of the reactor. In this case, the
catalyst switches instantaneously to the higher reactivity phase,
but with the surrounding gas atmosphere still nearly identical to
that during the CO-poisoned regime. This leads to a transient
peak in the TOF until CO depletion and diffusion to the surface
are in equilibrium again.

Furthermore, with SXRD it was confirmed that polycrystal-
line PdO formed under the conditions for which IRRAS showed
CO(ads) on oxidized Pd (y = 0.1-0.2). For CO-rich mixtures,
IRRAS did not reveal these features, while SXRD discovered the
presence of epitaxial PdO. The absence of CO(ads) on the latter
structure can be explained by either a higher reactivity or
weaker binding of CO, hence explaining the absence of any
CO in the IRRA spectra.®®

Chen et al.'*® continued these studies with an IRRAS setup
able to reach low wavenumbers, down to 450 cm ™, to probe the
metal oxide bonds in PdO. After oxidation of the Pd(100)
surface in 13 hPa O, at 700 K, two new IR features were
resolved, at 669 and 615 cm ™ *. At 450 K, this oxide was neither
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stable in pure CO at 2.6 hPa nor in a mixture of y = 1.5 at 60 hPa.
The decomposition rate showed similar behavior as reported in
ref. 128, with a slow initial rate followed by fast reduction.

Starting from a reduced surface, the oxide vibrational signatures
were not observed to develop under reaction conditions (y = 0.5,
60 hPa, and 525 K), not even after the surface switched to the state
of higher activity. This would suggest that PdO was not present on
the active Pd(100) surface. However, the reported IR frequencies
should most likely be assigned to bulk PdO. Since the IR signatures
of the surface oxide remain unknown, in terms of both frequency
and IR activity, it is unclear if these would deviate from those of
the bulk oxide and whether they would have been observable in
the operando IRRAS experiments.

A recent combined kMC/PLIF study further fuels the discussion
regarding the active sites on Pd(100) under reaction conditions."®
In this work, the activity of the Pd(100) surface was studied in a
mixture of y = 0.25 and at p = 90 hPa, from 500 to 650 K. The
reactivity was modeled with kMC either using the /5 surface oxide
or the reduced, metallic surface. The latter was found to reproduce
the reactivity of the model catalyst much better, although theory
predicts that the /5 surface oxide is the stable structure under
these conditions.”*® The kKMC model showed, furthermore, that
while the CO oxidation barrier is rate limiting for the reaction on
the metallic surface, the CO adsorption strength is limiting the
reactivity of the surface oxide. However, CO binding could be
much stronger if O vacancies are present in the surface oxide,"*?
which would increase the reactivity of the oxide. Alternatively,
reactions at the boundary between (metastable) CO(ads) islands
and the surface oxide®® could account for the reactivity observed in
the PLIF experiment.

PdO, theoretical considerations. The surface free energies of
the 5 different, low-index planes of PdO were calculated as a
function of the yo, and compared.'*® The PAO(100) surface (lower
ball model, Fig. 19) terminated with the surface composition of

PdO(101)

O,-poor limit O,-rich limit

Fig. 19 WuIff construction under O,-poor (left) and O,-rich (right) conditions,
based on the surface free energies derived from DFT. Insets show the only two
surfaces, (100) and (101), constituting the Wulff construction. The size of the
constructions is such that the (101) surface area is constant in both cases.
Reproduced from ref. 136 with permission from the American Physical Society,
copyright 2004.
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PdO, was found to have a much lower surface free energy than
the others. This surface was followed by the PdO(101) surface
(upper ball model, Fig. 19) with a PAO composition in the surface
layer. The relative stability of PdO(100) increases at higher O,
pressures, because it has a higher O concentration on the surface
compared to the bulk PAO composition. These two surfaces are
predicted to completely cover the Wulff construction of PdO. The
construction is expected to elongate with increasing O, pressure,
due to increasing stability of the PdO(100) surface (Fig. 19).
However, this Wulff construction is in variance with experi-
mentally grown PdO single crystals, which show large PdO(001)
and PdO(110) facets.™*”

Norskov and coworkers confirmed the stability of the PdO(100)
and PdO(101) surfaces and studied their interaction with CO."*>
The PdO(100) surface does not bind CO, and CO oxidation
proceeds via a MvK-ER mechanism. The PdO(101) surface, on
the other hand, binds CO strongly (141-142 kJ mol™" or 1.46-
1.47 eV)"**"* yiq the Pd;¢q atoms. Adsorption on atop and
bridge sites is degenerate, using the PBE functional,"**"*> but
atop sites are strongly preferred with the HSE functional.
This functional generally describes band gaps better than PBE,
which perhaps means it is more accurate for adsorption on band-
gap materials.”” In addition, PdO(101) binds O, even more
strongly than CO."** However, O, dissociation on PdO(101) is
endothermic, making a LH reaction between O(ads) and CO(ads)
quite unfavorable. The instability of O(ads)/PdO(101) makes
direct CO oxidation by O, also difficult. Instead, CO and O, if
reacting form carbonate. The barrier for the Mvk-LH reaction
between CO(ads) and oxidic O was determined to be 62-64 kJ mol
or 0.64-0.66 eV."*>'3° This barrier decreases to 54 kJ mol " or
0.56 eV for a saturated CO coverage."*> A MvK-ER reaction
was also considered but, although a similar barrier was found
(68 k] mol " or 0.7 eV),"** was not deemed viable, due to a low
pre-exponential factor. This, in turn, is related to the unfavorable
loss of entropy during the reaction. For the PdO(100) surface, the
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MvK-ER mechanism has a lower barrier, 23 k] mol ™" or 0.24 eV,
and, therefore, a higher pre-exponential factor.

Although PdO(100) is the lowest termination for bulk PdO,
Seriani et al. showed that PdO(101)/Pd(100) is the surface with
the lowest energy under O,-rich conditions."®® It benefits from
a good fit with the Pd(100) surface and relatively low surface
free energy. Other possibilities are less stable due to a large
mismatch with the Pd(100) surface, PdO(100)/Pd(100), or because
of the high surface free energy, PdO(001)/Pd(100). Interestingly,
CO binds more strongly to 2 layers of PAO(101)/Pd(100) than to a
single layer. This effect is reversed by thicker layers. This was
mainly attributed to the instability of the PdO(101) bilayer. This
instability results in Stranski-Krastanov growth, because at a
certain O chemical potential, the most stable structure switches
from a single layer PAO(101)/Pd(100) to an infinite number of
layers.

An extensive DFT/thermodynamic model predicts the surface
phase diagram, see Fig. 20."*° The surface was in equilibrium
with a gas phase of fixed composition, i.e., the reaction of CO
and O, was not allowed to occur. In the region of relevant
reaction conditions, indicated by the black bar, the /5 oxide is
predicted as the most stable structure, although a phase transition to
a CO-covered, reduced surface is in the near vicinity. Noteworthily,
no mixed CO(ads)/O(ads) phases are present, due to a stronger
O(ads)-CO(ads) repulsion compared to that between the separate
adsorbates.

Based on these calculations a kMC model was constructed
and calculations were performed for 101 kPa O, at 300, 400,
and 600 K."*! These simulations showed that the surface oxide
can also be kinetically stable under reaction conditions. At
higher temperatures, the surface oxide becomes even more
stable. The CO pressure needed to reduce the structure increases
from 10 kPa at 300 K by a factor of 10> at 600 K. At the highest
temperature, the reaction is limited by a low CO lifetime on the
oxide, due to a high desorption rate.

Po,(atm)
10°

1 10° 10"

(1 X 1)-CO bridge/ o255
Pd(100) w

(4v2 X V2)R45° ., Adg
COPd(100)

(32 X V2)R45° 3841
CO/Pd(100) %

(2v/2 x V2)R45° 3
CO/Pd(100)

clean Pd(100)

(2 X 2)-0/Pd(100)

surface oxide
+2CO bridge

surface oxide
+CO bridge

surface oxide
+0O bridge

PdO bulk

surface oxide

(V5 x V/5)R27°

Fig. 20 Surface phase diagram of the Pd(100) surface in equilibrium with the gas phase (with the restriction that CO cannot react with O,). The black bar
indicates relevant reaction conditions (101 kPa, 300-600 K). Ball models visualize the different structures (metallic Pd, blue; oxidized Pd, gray/light blue;
O, red; C, yellow). Reproduced from ref. 130 with permission from the American Physical Society, copyright 2007.
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The role of O vacancies. A reaction between CO(ads) and
oxidic O leads to an O vacancy, O,. On PdO(101), this shifts the
O, dissociation energy from endothermic to exothermic and a
modest barrier of 48-53 kJ mol ' or 0.50-0.55 eV was found."*?
Furthermore, filling a single vacancy leads to the formation of
an unstable, highly reactive O(ads) on the oxide surface.

Alternatively, the O content on the surface can be restored
by diffusion of O, to the subsurface sites.*® This effect is
counteracted by CO(ads) which has an increased adsorption
energy of 208-219 k] mol " or 2.16-2.27 eV in the presence of an
O, (¢f 141-142 kJ mol " or 1.46-1.47 eV for CO adsorbed without
the presence of an O,). Furthermore, CO diffusion is facile, in
addition to possible O, diffusion, with the latter experiencing a
higher barrier (23-36 vs. 102 kJ mol " or 0.24-0.38 vs. 1.06 €V).
Restoring oxygen on the PAO(100) surface is more problematic and
it was proposed to occur on metallic Pd after partial reduction."*>

4.2 Pd(111) and the ,/6 surface oxide, CO adsorption and
oxidation

Adsorption of CO on Pd(111) did not lead to dissociation or the
formation of carbonyls up to 1 hPa and 400 K."** The coverage
of CO(ads) increased with pressure to 0.69 + 0.02 ML at 1 hPa
and 300 K, without showing signs of saturation.*> Adsorption of
CO involves hollow, bridge, and atop sites and forms a mixture
of the three between 200 and 1000 hPa at 300 K.'*° In a
different set of experiments, the CO coverage was increased
by decreasing the surface temperature from 650 to 210 K at
600 hPa and from 700 to 175 K at 133 hPa. Adsorbed CO shifted
gradually from bridge sites to a mixture of 3-fold hollow and
atop sites, both with well-defined vibrational signatures.'*!
This was attributed to a phase transformation of the adsorbates
from c(4 x 2)-2CO to (2 x 2)-3CO. However, the expected ratio
between atop and bridge CO(ads) of 2/1 in the model of the (2 x 2}
3CO structure was not experimentally reproduced.®>*%4!

The Pd(111) surface oxidizes similarly to the Pd(100) surface,
except that a different surface oxide is formed. The structure and
composition of this surface oxide were elucidated by a powerful
combination of STM (see Fig. 21), SXRD, XPS, and DFT."** It has a

Fig. 21 (a) STM image (10 nm wide) of PdsO4 on Pd(111), UHV conditions.
(b) Ball model of the surface oxide, based on SXRD and DFT. Reproduced
from ref. 142 with permission from the American Physical Society, copy-
right 2002.
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composition of PdsO,, having a (v/6 x v/6) unit cell. Tt consists
of two types of Pd atoms, coordinated to 2 and 4 O atoms,
respectively, and two types of O atoms, coordinated to 3 and 4
Pd atoms, respectively.'** In addition, a bulk PdO can form,
terminated by a PdO(101) surface.'*?

A NAP XPS oxidation study showed that the binding energies
of O 1s and Pd 3d did not shift that much from that of O(ads)/
Pd(111), but the relative intensities of the different O and Pd
species changed significantly.'*® Three stages of oxidation were
identified, apart from O(ads)/Pd(111). The first was the PdsO,
surface oxide, stable up to ~4 x 10> hPa at a maximum
temperature of 700 K. This structure was characterized by two
O species, Osfoq at 529.0 eV and Oyoq at 529.7 eV with a
1/1 ratio, and two Pd species, Pd,.¢,1q at 336.2'**-336.3'* eV and
Pdy.¢o1q at 335.5 eV'*>'*° with a 1/4 ratio. The second stage was
the formation of a metastable ‘‘subsurface” oxide up to
0.4 hPa.'* This increased the Pd,.q:Pd,¢oq ratio to 1 and
increased the O/Pd ratio.

Subsurface O was also reported after exposure to 240 L O, at
temperatures of 600-873 K in UHV."*® This assignment was
based on its inertness to co-adsorbed CO. Furthermore, its
presence negatively influenced the CO oxidation rate under
UHV conditions by decreasing the sticking probability of both
reactants. However, the much higher flux of reactants impinging
under realistic conditions may mitigate this effect.

Finally, around 1 hPa, the third stage, a PdO bulk oxide
appeared.’*® In the XP spectra, Pd,¢,q shifted from 336.3 to
336.5 eV, similar to the binding energy of PdO/Pd(100)."*°
Simultaneously, Pd,.¢,q completely disappeared. In the O 1s
spectrum, Os.oq and Oyfo1q shifted by —0.1 eV and +0.1 eV,
respectively, with O, as the dominant species. This was
interpreted as an oxide with an O-terminated surface. The
activation energies for oxide formation were calculated to be
~60 k] mol™ or 0.62 eV and ~ 140 k] mol " or 1.45 eV for the
metastable subsurface oxide and the bulk PdO, respectively.

The formation of any subsurface oxide was contradicted by
SXRD measurements probing a maximum p of 100 hPa 0,.""’
They confirmed the formation of the Pd;0O, surface oxide, but
observed the growth of epitaxial PdO in different orientations
under conditions for which the subsurface oxide was observed
in ref. 145. This PdO was oriented such that both the PdO(100)
and PdO(101) surfaces were exposed.

Using NAP XPS, Toyoshima et al. investigated the oxidation
of Pd(111) and the oxidation of CO.""” Interpretation of the O 1s
XP spectra is challenging, because of the overlap with the Pd
3ps» peak and because of the wealth of different reported O
species. Six were reported after exposing the surface to 0.3 hPa
O, from RT to 773 K. They were assigned as chemisorbed
O(ads)/Pd(111), the two distinct O atoms in Pd;0,, chemisorbed
O(ads)/Pd;0,, subsurface O, as a precursor for bulk oxidation,
and, finally, bulk oxide. Several of these species supposedly have
identical binding energies.

However, two important conclusions can be drawn. (1) At
473 K, the Pd(111) surface was CO-poisoned, even under very
O,-rich conditions. Also, a non-reactive O species appeared,
attributed to subsurface O. (2) At 573 and 673 K, Pd;0, was
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observed and most likely covering the complete surface.
Concurrently, high activity was observed. This reactivity was
correlated with the presence of O3.¢,14, although this species has
an identical binding energy to O(ads)/Pd(111). The Ogfoq
in PdsO, appeared to be unreactive. Moreover, the surface
deactivated over time, which could be linked to the formation
of yet another O species. This deactivating species appeared
only when both CO and O, were present, but based on the C 1s
spectra, a carbonate species was excluded. It was tentatively
explained by an oxygen-deficient Pd oxide with O atoms
coordinated to even more Pd atoms. Based on the fact that
most O species were inert to CO, it was concluded that only the
Os.fo1a Of Pd504 was active, under the (relatively) low-pressure
conditions of this study (0.1-0.8 hPa).

Both the surface oxide and the PdO film can be created
under UHV by exposing a Pd(111) surface to an O beam.'*? This
stability makes it feasible to study their interaction with
CO using traditional surface-science techniques, for example,
titration experiments. Isothermal measurements with CO at
7 x 10~° hPa showed that the initial reactivity of PdO is about
7 times higher than the v/6 oxide at 450 K, being similar in
reactivity to O(ads). Upon continued CO exposure, the oxides
depleted, which led to increased reactivity for both structures.
The reactivity increase for the v/6 oxide was exponential and
more strongly time dependent. This can be explained by a
reaction that is being restricted to the interface between
CO(ads) islands on the metallic surface and patches of surface
oxide. The PdO layer had a linear, modest increase in reactivity,
thus indicating that the oxide/CO(ads) boundaries were active
in conjunction with an intrinsically active oxide. In addition, IRRA
spectra were obtained while pausing the isothermal titration
experiments by cooling the sample to 95 K and evacuating the
chamber after fixed time intervals. These showed the appearance
of a feature at 2090 cm ™, which was assigned to CO adsorbed on
top of Pd; ¢, q next to an O,. The increased adsorption strength of
this CO(ads) is expected to result in a higher CO coverage with an
increasing number of vacancies and can explain the observed
increase in reactivity of the oxides.

The high reactivity of PdO(101)/Pd(111) was confirmed with
temperature-programmed reaction spectroscopy (TPRS); after
CO(ads) saturation at 95 K, 71% of CO reacted, forming CO,
with remaining CO desorbing."*® Two main reaction pathways
were observed, at 330 and 520 K. Furthermore, IRRA spectra
recorded after increasingly higher annealing temperature indicated
that the low-temperature pathway involved a reaction between
CO(ads) and the pristine PdO(101) surface, resulting in O,. The
remaining CO shifted in adsorption site to atop sites on Pdj g in
the O, vicinity. The shift in CO adsorption site led to a broad peak at
2085 cm ™" and this CO reacted between 500 and 550 K.

Interestingly, above 400 K, the oxide was restored by O
diffusion from the bulk of the oxide, filling some of the O, at
the surface. After full depletion of the oxide, CO was bonded to
several sites not present on the (111) surface, such as small
clusters of undercoordinated Pd and (100) or (110) sites. This
indicates that the reduction of the oxides produced a rougher,
ill-defined surface.

4366 | Chem. Soc. Rev., 2017, 46, 4347-4374

View Article Online

Chem Soc Rev

Pco (atm)
-10 -5
I Y W 600K
I 1 1 | 1 1
10°10%5 1 10° 300K
0 = T
Qv
I
<
B
-0.5 Pds504 o I
(o) )
s O ) = h?
9 0.25 ML O - e=T"o
o -1 (@) s 3 L)
(U] (ad
3 o o i 3
: = B
-15 = =
™ Lo
(<) 8
25 2 -15 -1 05 0
Mg (eV)

Fig. 22 Phase diagram of the Pd(111) surface in equilibrium with CO and
O, derived from DFT calculations with thermodynamic corrections. Typical
reaction conditions are indicated by the white box. Reproduced from ref. 144
with permission from the American Chemical Society, copyright 2014.

The phase diagram for the Pd(111) surface termination,"**
see Fig. 22, shows a strong similarity to that for the Pd(100)
surface, see Fig. 20."*° Both show that mixed co-adsorption
phases of O(ads) and CO(ads) are not stable, because the CO-O
repulsion is larger than that of O-O and CO-CO. Furthermore,
the region in the phase diagrams of O(ads) is very narrow,
mostly limited in po,. In particular for the Pd(111) surface, the
boundary between CO(ads) and O(ads) is very short, thus
making possible coexisting islands of O(ads) and CO(ads)
unlikely for a wide range of conditions. For both surfaces, the
technological conditions (p = 101 kPa and T = 300-600 K) cover
a window (black bar, Fig. 20 and white box, Fig. 22) including a
phase transition between CO-covered, reduced Pd, and a surface
oxide. For Pd(111), this is the Pd;O, surface oxide and compared
to the v/5 oxide on Pd(100), this surface oxide seems to be more
susceptible to reduction under reaction conditions. Since the
window of reaction conditions is far away from the region where
O(ads) is stable, CO(ads) probably poisons the metallic phase.
This would mean that the active structures for CO oxidation are
Pd;0, and CO(ads) on metallic Pd(111), possibly coexisting.

On the Pd;0, surface, CO binds almost 100 k] mol~* or 1 eV
more weakly than on the Pd(111) surface."** CO binds most
strongly to the bridge between two Pd,.¢,q atoms. Weak binding
with O, is also predicted, making it unlikely that O, binds
dissociatively on the oxide and that CO oxidation occurs via a
LH mechanism of two adsorbed species. The reaction of
CO(ads) with an oxidic O atom has a barrier of 87 k] mol™* or
0.9 eV, which is higher than that for desorption, leading to very
small coverages and low reactivity at higher temperatures.
However, the direct reaction between CO(g) and the oxide via
an ER mechanism has a very low barrier (5 k] mol™* or 0.05 eV)
and a microkinetic model taking into account CO coverage and

This journal is © The Royal Society of Chemistry 2017
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differences in pre-exponential factors indicates that CO(g) is
43 times more reactive than CO(ads), although this was very
sensitive to the chosen GGA functional."**

4.3 Pd(110), CO adsorption and oxidation

The Pd(110) surface has received far less interest than the
Pd(100) and Pd(111) surfaces. Berlowitz at al. performed a
detailed and rather extensive kinetic analysis for the Pd(110)
surface in the pressure range of 0.1-800 hPa.*® The reaction
orders in O, and CO were 1.0 £ 0.1 and —1.0 £ 0.1, respectively,
down to y = 0.08 at 525 K. At lower y, under more oxidizing
conditions, the order became positive for CO, while becoming
negative for O,.

Deactivation was studied under O,-rich conditions (y = 0.09)
at different temperatures. The results were difficult to interpret.
At T > 475 K, no deactivation was observed, but below, the
activity decreased by a factor of 3-5 on the order of minutes.
The same amount of deactivation was reached by pre-oxidizing
the surface (1 hPa, 1100 K or 800 hPa, 800 K) and similar
temperature-programmed desorption profiles were obtained
after the reaction. Based on the similarity between the in situ
deactivated samples and those deactivated by pre-oxidation, it
was conjectured that an oxide formed that blocked active sites
for the reaction. It could be that the deactivation was not
observed above >475 K, because above this temperature the
oxide became more active than the reduced, CO-covered surface.

In accordance with the other Pd and Pt surfaces, the
reactivity was limited at high 5.''® At 525 K, in a batch reactor,
7 had to change from the initial value of 0.2 to 0.09, before the
transition to the reactive, MTL regime occurred and a transient
TOF of 4000 molecules per (site s) was observed, after which it
stabilized at 1400 molecules per (site s). The conditions during
this transition were very close to the critical points in the order
changes.*® Ex situ XPS measurements probing the coverage of
the active site unveiled that roughly 1 ML O was present.'*®

The depletion of CO in the vicinity of the surface, leading to
the MTL regime, was supported by a combined PLIF/QMS
study. It probed the gas phase under reaction conditions (flow
reactor, y = 1 and p = 53 hPa) both close and farther away from
the surface.'*® An ~80% and 20-30% decrease in CO pressure
was measured, respectively, with the latter in good agreement
with the QMS data. The transition temperature was shifted to
higher temperature, 638 K, due to the higher pco. Interestingly,
the CO, PLIF measurement showed also a transient maximum
before decreasing to the MTL plateau, comparable to that observed
by Goodman and coworkers.’"® However, the QMS data revealed
no such transient.

A NAP XPS study probed the Pd(110) surface in either pure
CO or pure O, and under reaction conditions."*® The adsorption
of CO at RT was studied between 10~7 and 0.1 hPa, but,
surprisingly no pressure dependence was found.

Oxygen chemisorption structures were found to be stable up
to 0.3 hPa at RT. The observed coverages agreed with the
structures (from low to high O, exposure) having unit cells of

c(2 x 4), (7 x v/3),and (9 x /3) (Fig. 23). After heating to 573 K,
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Fig. 23  Structural models of the two O(ads) chemisorption structures on
the Pd(110) surface. Reproduced from ref. 150 with permission from
Elsevier, copyright 2008.

a new Pd species was found at 336.3 eV attributed to PdO,
which seemed to coexist with chemisorbed O.

In agreement with ref. 118, the CO oxidation rate (y = 0.1 and
0.29 hPa) was small at low temperature. Between 438 and 473 K,
it steeply rose, after which it gradually decreased upon
increased heating to 593 K. The transition temperature was
rather low compared to that in ref. 118, which could be caused
by the lower partial pressure of CO. The decrease in reactivity with
temperature above the transition can be explained by a negative
apparent activation energy resulting from a lower barrier for the
reaction compared to the desorption of (probably) CO. Alternatively,
a decreasing sticking coefficient with temperature'*® leads to a
lower rate of adsorption compared to that of desorption. This will
decrease the adsorbate coverage and thus the reactivity.

Based on the XP spectra, Toyoshima et al. propose that
under reaction conditions O(ads) is the active species on the
surface.'*® They indicate that a full layer of the chemisorption
structure on Pd(110) had a coverage of almost 0.9 ML, which is
comparable to the coverages of the v/5 and /6 surface oxides
on the Pd(100) and Pd(111) surfaces, respectively. The Pd(110)
surface is able to adsorb as much O, without forming an oxide.
The largest difference is that these chemisorption structures
only have O coordinated to two Pd atoms and vice versa."®
Essentially, they consist of close-packed Pd rows, along which
the O adsorbs in a zigzag manner, as illustrated in Fig. 23. Due
to stress, these rows are slightly rotated with respect to the [110]
direction. Every 7™ or 9 Pd atom shifts somewhat to keep the
close-packed rows in registry with the underlying substrate,
resulting in (7 x v/3) and (9 x v/3) unit cells, respectively. DFT
calculations predict these chemisorption structures among the
lowest in energy at higher O, chemical potential.'>!

4.4 Vicinal and polycrystalline Pd surfaces, CO oxidation

Vicinal Pd surface under oxidizing and CO oxidation conditions.
Three different stages were identified in the high-temperature
(623 K) oxidation of the Pd(553), 4(111) x (111), surface, studied
using a combination of XPS, STM, SXRD, and DFT.">” First, up
to an O, pressure of 1 x 10~° hPa, O chemisorbed onto steps
starting with adsorption onto every second 3-fold hollow site in
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Fig. 24 Structural models of the Pd(553) surface for increasingly higher O
coverage, derived from operando SXRD measurements: (a)—(c) O(ads)
chemisorption onto steps and terraces; (d) faceting under O-rich reaction
conditions; (e) PdO(101)-like surface oxide covering the (332) facets;
(f) epitaxial PO on the (111) and (331) facets. Reproduced from ref. 153
with permission from the Royal Society of Chemistry, copyright 2016.

the upper edges of the steps (Fig. 24a). This was followed by
adsorption onto every second 3-fold hollow site at the lower part
of the steps, creating a zigzag pattern (Fig. 24b). Second, O
adsorbed onto the terraces (Fig. 24c), although less strongly
than onto the 3-fold hollow site on the upper step edge; the
adsorption energy decreased by 39 k] mol "' or 0.4 eV. After
chemisorption, there was a wide window where different surface
oxides were stable (10 °-1 hPa). To accommodate a surface
oxide, the surface underwent faceting, forming mainly (332),
5(111) x (111), facets, which resulted in a very modest increase
in terrace width, from 1.06 to 1.29 nm. Based on ex situ STM
images, the surface oxide was classified as a PdO(101) plane
with two unit cell repetitions per terrace and having the a axis
parallel to the steps. In this way, the lattice mismatch was
minimized to 0.06 nm. This was probably the driving force for
the faceting. Interestingly, PdO(101) on an extended (111) surface
was also observed in this orientation."*”

Several other facets were observed, some of which were
needed to keep the total inclination parallel to the (553) surface.
These were (110), basically bunched (111) steps, and (221),
3(111) x (111). Some (775), 6(111) x (111), facets were also
observed. On the (221) and (775) terraces, a surface oxide similar,
but distorted, to the one on the (332) facet was observed.
Furthermore, few larger (111) facets covered with the Pd;O,
surface oxide were found. Since a mixture of PdO(101)/Pd(332)
and Pd;0,/Pd(111) was observed, it is possible that the stability of
the two oxides is very similar. Alternatively, the formation of large
(111) facets could be kinetically limited at 623 K.
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The formation of bulk PdO was recognized between 1 and
100 hPa and simultaneously the (332) and (553) facets disappeared.
The PdO diffraction spots showed a 16° angle with the Pd(553)
surface, very close to the 15.9° angle between the PdO(201) surface
and the c axis of the PdO unit cell. Although the PdO(201) plane was
predicted to be parallel to the Pd(553) surface, the actual surface
termination of PdO could be different, ie., it could facet into, e.g.,
PdO(100) and PdO(101) surfaces. Since the terraces of the Pd(553)
surface are 0.1 nm, too small to house a PdO(201) unit cell (1.1 nm),
the formation of a rough, disordered oxide was proposed.

The behavior of Pd(553) under CO oxidation conditions was
studied with high-energy SXRD at 600 K.'** For y = 4 at 10 hPa,
no changes with respect to the surface under UHV was detected,
indicating that this surface is stable in a CO-rich atmosphere.
Furthermore, the CO, production was small. After changing the
atmosphere to (small) excess O, x = 1.9, the surface faceted. This
faceting was roughly similar to that observed in pure O,,'*
although the (110) and (221) facets were not detected. Instead
(331), 2(111) x (111), facets were found to compensate for the
(111) facets and the 5-atom wide terraces of the (332) facets
(Fig. 24d). Simultaneously, the CO, production was MTL. Based
on the agreement with the work of Westerstrém et al.," it was
proposed that a surface oxide was present (Fig. 24e). After
increasing the O, flow to reach y = 1, two orientations of epitaxial
bulk PdO were uncovered, namely with their (101) planes parallel
to the (331) and (111) facets (Fig. 24f). The CO, production
remained limited by the diffusion of CO to the surface and
constant, because the pco did not change. Faceting under
0,-rich conditions is consistent with HP STM observations.>*

The Pd(1 1 17), 8(100) x (111), surface was neither stable in
pure CO nor in an O,-rich mixture as imaged using STM at 50
and 125 kPa and 413-420 K.>* Under the former conditions, the
terraces and steps doubled in width/height. Under the latter
conditions, both were increased by a factor of 4-5 compared to
the clean Pd(1 1 17) surface under UHV. In an increasingly
CO-poorer mixture, the reactivity increased stepwise by a factor
of 1.6 at a nominal value of ¥ &~ 0.03. After this switch, the
surface became rough over time and covered with clusters of
4 £ 2 nm. Under certain conditions, spontaneous reaction
oscillations were observed on Pd(1 1 17), similarly to those on
the Pd(100) surface.

The Pd(112), 2(111) x (100), surface faceted already under
UHV at 673 K."* The faceted surface consisted of a mixture of
(113), (111) x (100), and (335), 3(111) x (100), as probed using
SXRD. Upon exposing to 6 x 10”7 hPa O,, the unordered mixture of
facets transformed into one which had the two facets alternating. A
corresponding doubling of the periodicity perpendicular to the
steps was observed. At higher pressures, the mixture first segregated
into large (113) and (335) facets, marked by tilting of the CTRs.
Second, at 1 x 10~ * hPa, the (335) facets transformed into (111)
facets and were covered with a structure that had some resemblance
to a PdgOg surface oxide. This surface oxide is structurally very
closely related to PdO(101) and was observed to form under these
conditions on an extended Pd(111) surface, albeit metastable as
predicted by DFT.'*® Finally, formation of epitaxial, bulk PdO
with a thickness of 5.6 nm was observed for pressures above 0.1 hPa.
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The measured surface orientations were (100) [or (101), which
has a similar diffraction pattern] and (001). Polycrystalline
PdO that lost epitaxiality with the surface was not seen under
these conditions. Given the similarities in the oxidation of
the Pd(112) and Pd(553) surfaces, similar behavior under CO
oxidation can be anticipated.

Recently, Lundgren and coworkers directly and elegantly
compared the effect of the two different steps found on vicinal
(111) surfaces (of fcc crystals) on the CO oxidation rate (y = 1
and p = 12 hPa)."® To this end, a curved single crystal was
studied with PLIF, yielding the local gas-phase composition,
see Fig. 25. The curvature was £15° around the (111) surface. In
this way, it was found that the transition from an inactive,
CO-poisoned surface to an active one was 6 K (578 K) lower for
B-type, or (111), steps than for A-type, or (100), steps. It was also
lower than that for the extended (111) surface. As this transition
is determined by the CO desorption rate, it was proposed that
the CO adsorption energy was lower for the stepped surfaces
than for the (111) surface. This counterintuitive assumption
was supported by DFT calculations that focused on the surface
stress. It was found that steps provide a facile mechanism to
reduce the stress naturally present in the (111) surface. This
makes narrow (111) terraces more inert to CO adsorption than
extended (111) surfaces. Moreover, it was found that the CO
adsorption energy exhibited a stronger coverage dependence
for the B-type steps, destabilizing CO at higher coverage, thus
explaining the lowest activation temperature. The appealing
aspect of this explanation is that, in this case, steps primarily

Height (mm)

Height (mm)

Fig. 25 Spatially resolved CO, PLIF measurements for a curved single
crystal of Pd. Central region of the sample is the (111) surface. To the left
are the A-type or (100) steps, as in the (112) surface. To the right are the
B-type or (111) steps, as in the (553) surface. The first sign of reactivity was
observed for the B-type steps (a). At slightly higher temperatures, the
A-type steps became active (b). Reproduced from ref. 156 with permission
from the American Chemical Society, copyright 2017.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Review Article

act to alter the activity of the terraces, instead of being active
sites themselves. However, given the ease with which vicinal Pd
surfaces undergo faceting, the complete explanation could be
more complex.

Polycrystalline Pd thin films. For a polycrystalline Pd film,
the metallic, reduced surface as well as the PdO-terminated
surface can be active enough to reach the MTL regime.*® A Pd
film was sputtered onto sapphire to a thickness of roughly 1 pym
and was studied using ellipsometry in a mixture of y = 0.4 at
p =35 hPa and T = 713 K. Interestingly, the initial oxidation of
the freshly prepared surface was harder than any subsequent
oxidation. This was attributed to an increased roughness after
the original oxidation. Apparently, this roughness was not
completely removed during the metallic phase. After several
oxidation-reduction cycles, the oxide was also stable at lower
temperatures and a somewhat higher reactivity was measured
for the oxide compared to the metallic surface. Under specific
conditions (y = 2, p = 30 hPa, and T = 597 K), even semi-
spontaneous reaction oscillations were observed. For these
oscillations to occur, a feedback loop was needed to achieve a
constant temperature. The corresponding ellipsometric changes
were minute compared to those during the oxidation-reduction
cycles. Using the optical properties of PdO, a thickness of 0.06 nm
was obtained. However, comparing this with the dimensions of
the PdO unit cell, it seems to be too small for a single layer
of PdO. Therefore, a more realistic interpretation may be that
the surface oscillated between predominantly covered with
chemisorbed O(ads) and CO(ads).

The possibility of an active surface covered with O(ads) was
also concluded based on IRRAS measurements on a Pd foil. For
the foil, similar results were obtained compared to single crystals.
The foil (0.1 mm thick) was studied under reaction conditions
(x = 0.5, p = 8-17 hPa, and T = 500 K) and, initially, CO(ads)
was observed and CO, formation was low. After substantial
CO depletion, the reactivity increased and CO(ads) became
undetectable, while the vibrational signature of Pd oxide was
also absent.'"®

4.5 Conspectus on Pd

Compared to Pt, the growth and stability of Pd oxides have been
characterized more thoroughly. For the Pd(100) surface, the v/5
surface oxide, epitaxial PdO, and polycrystalline PdO have been
observed under reaction conditions. Similar oxides form on the
Pd(111) surface, namely, a v/6 surface oxide and an epitaxial
PdO. NAP XPS showed the growth under reaction conditions.
An SXRD study on the CO oxidation on Pd(111) complementing
the NAP XPS would be desirable. No surface oxide forms on
Pd(110), instead an O(ads) structure with comparable O cover-
age develops. Vicinal Pd surfaces are not very stable and facet
under reaction conditions.

Simultaneously with the formation of Pd oxides, the reactivity
increases significantly. The oxidation of the Pd surfaces can be
aresult of the active catalyst depleting the gas phase of CO, thus
making the local environment highly oxidizing. The surface
oxidation can also be the origin of the higher reactivity by
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providing more reactive O atoms. Titration experiments showed
that Pd (surface) oxides are active for CO oxidation, but limited in
the CO adsorption strength. Under reaction conditions, defects
in the oxide, either intrinsic or created by the MvK reaction
mechanism, can bind CO much more strongly and may explain
the high reactivity of the oxides. To further answer this question,
higher time resolution in operando techniques will be needed in
combination with local, rapid gas phase-measurements. Elaborating
on this, it remains unclear how the reactivities of the different
oxides compare. This is partially caused by the obscuring effect
of the MTL regime.

5 Summary and outlook
Summary

Studies on CO oxidation under reaction conditions on Pt and
Pd model surfaces were reviewed. To a lesser extent CO adsorption
on and oxidation of these metals were also included. Commonly
used techniques included SXRD, XPS, IRRAS, STM, and/or DFT.

Adsorption of CO is characterized most extensively on
Pt(111) and leads to both incommensurate and commensurate
overlayers showing moiré patterns due to a mismatch with the
Pt lattice. The coverage saturates at 0.7 ML. As similar structures
can be prepared by cooling the sample and exposing it to low
pressures of CO under UHV, a pressure gap is not present.
Under CO oxidation conditions, the surface can form a (2 x 2)
reconstruction as well as a PtO, layer, both present during the
high-activity phase of the model catalyst, ie., in a large excess of
O,. The latter was also observed on the Pt(110) surface, developing
after the surface had formed a (1 x 2) lifted-row surface oxide.
Based on these experiments, it was suggested that the high activity
is related to the formation of (surface) oxides. The highest activity
of these oxides is observed just below the critical pco at which they
decompose. Under these conditions, they are similarly active as the
reduced metallic surface covered with an optimal CO/O ratio,
following LH kinetics. For Pt(100), similar kinetics were observed
together with roughening of the surface. For Pt(100), the proposed
oxide was not nearly as reactive as the most active LH state.
However, due to the nobility of Pt, the structural and chemical
properties of the (surface) oxides remain largely uncharacterized.

The surface oxides of Pd are more stable than those of Pt.
They form at lower pressures and can be studied under UHV. It
is well established that a (/5 x v/5)R27" surface oxide forms
on Pd(100), which is a modified version of a single PdO(101)
layer. On Pd(111), the (v/6 x v/6) structure has no analogy with
any of the surfaces of bulk PdO. At higher O, pressures, Pd
oxidizes to bulk PdO, both epitaxial and polycrystalline. The
precise orientation and registry of these PdO layers remain
unclear. All these oxides were reported in relation to higher
reactivity phases. For the conditions under which polycrystalline
PdO/Pd(100) was observed with SXRD, CO adsorption on oxidized
Pd was observed with IRRAS.

In several measurements, most notably in those by Goodman
and coworkers, an even higher reactivity phase was reported. This
“hyperactive” phase can be explained as a transient response of
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the gas phase to a rapid switch in activity, after which the TOF
decreased to the value corresponding to the MTL regime. An
alternative interpretation is that during this phase the most active
phase, O(ads)/Pd(100), is present, which deactivates somewhat to
the lesser reactive oxide.

In most of these studies, a discontinuous increase in reactivity
is witnessed. After this switch, the reaction rate is very high,
usually exceeding the gas-phase diffusion and a MTL regime is
obtained. This makes it impossible to probe the intrinsic rate of
the active surface. The high reactivity leads to very short lifetimes
of CO(ads) and, hence, very low CO(ads) coverages. This coverage
can easily be lower than the detection limits of techniques that
can probe CO, such as IR spectroscopy or XPS. Furthermore, XPS
is the only technique available at present that can measure O(ads)
under reaction conditions, albeit at much lower pressures.
However, for Pt, possible surface oxides are insufficiently described
and it is not very clear if the core-level shifts of these oxides differ
much from those of O(ads). This makes the distinction between
O(ads) and surface oxide difficult. More important is to realize that
all these structures are active enough to maintain the conditions
for the MTL regime. In this case, it could be more instructive
to focus on the stability of a particular structure under reaction
conditions.

Outlook

Since the various techniques available for high-pressure surface
science tend to be complementary, no single one of them can
be used to tell the complete story. Currently, the tools of the
trade are still being improved. Examples are the use of high-
energy X-rays and larger detectors in SXRD, the development of
the ReactorAFM to be able to study the structure and reactivity
of bulk oxides too insulating to study with STM,® or the
integration of X-ray scattering with SPM.'> However, there is
definitively a need for further instrument development, some
of which will be very challenging, such as the full closure of the
pressure gap in XPS. Some development should be more
straightforward and is directed at combining several techniques
to obtain different types of information on the same sample under
identical conditions. A very useful combination would be the
integration of vibration spectroscopy with SPM and/or with SXRD.

Now that many studies have been published using the low-
Miller-index planes and some using vicinal surfaces, the trend
is to move to more complex model catalysts. Examples are (1)
bimetallics, either in the form of a single-crystalline bulk alloy
or obtained by depositing small amounts onto a pure single
crystal; (2) inverse catalysts, in which the supporting oxide is
deposited on the metal; and (3) well-defined, mono-dispersed
nanoparticles. These studies are crucial to unveil whether the
phenomena observed on single crystals extend to materials
resembling more technical catalysts.

Finally, as these techniques gradually mature, the next
logical step would be to extend the chemistry. Even in automotive
catalysis, which is the traditional motivation to study CO oxidation,
several other reactions occur. For example, NO reduction by CO or
H,”*7>"7138 and NO oxidation when operated in excess 0,"° %
are very interesting. In particular for the latter reaction, in situ
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studies are needed. Other catalytic reactions that are extremely
promising to study in the context of fuel-related catalysis are, e.g.,
hydrodesulfurization for the treatment of fuels using MoS,-based
catalysts,"®* or Fischer-Tropsch synthesis for the production of
clean fuels from CO-H, mixtures using Fe or Co catalysts.'®>¢”
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