Chapter 3
Surface-Sensitive X-ray Diffraction Across
the Pressure Gap

Andreas Stierle, Johan Gustafson and Edvin Lundgren

Abstract In this chapter surface-sensitive X-ray diffraction is introduced as
an important crystallographic tool for the investigation of surfaces and nanostruc-
tures under high pressure reaction conditions and elevated temperatures which are
relevant for industrial catalysis. After the introduction surface-sensitive X-ray dif-
fraction methods are briefly explained and specialized instrumentation developed for
the in situ investigation of surfaces and nanostructures across the pressure gap is pre-
sented combined with simultaneous measurement of the concentrations of reactants
and products. In the following an overview of the experimental results is given: First
the (near)- ambient pressure oxidation of 3d, 4d, and 5d transition metals is discussed
which are relevant for oxidation catalysis. Afterwards catalytic reaction experiments
in batch mode are reported, followed by an overview of current research using a
flow reactor for surface-sensitive X-ray diffraction. Finally a perspective is given for
future research directions.

3.1 Introduction

Surface-sensitive X-ray diffraction methods were introduced as a surface character-
ization tool in the mid-eighties of the last century, when hard X-ray synchrotron
light from large particle accelerators became available for solid state physicists
[1-3]. The method portfolio comprises surface X-ray diffraction (SXRD), grazing
incidence X-ray diffraction (GIXRD), X-ray reflectometry (XRR), and grazing inci-
dence small angle X-ray scattering (GISAXS). Since then, the methods became
standard tools for the analysis of surface, interface and thin film structures. The
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main advantage of hard X-ray-based surface-sensitive diffraction techniques (photon
energy 10-100keV), as compared to electron-based surface characterization tools, is
that they can be routinely applied in situ, under any type of surrounding environment
at variable temperatures, especially during realistic gas pressures and compositions
relevant for heterogeneous catalysis. In addition, the X-ray diffraction experiments
are not hampered by insulating sample charging effects. Surface-sensitive X-ray dif-
fraction methods are especially suited for the investigation of catalytic reactions,
since they allow addressing the atomic structure of catalyst surfaces, which gives
important insight into reaction mechanisms. This deeper level of fundamental insight
into the surface structure of a working catalyst, as compared to X-ray powder diffrac-
tion or extended X-ray absorption fine structure (EXAFS) experiments, however, sets
constraints on the sample itself: For all surface-sensitive X-ray diffraction methods a
planar surface geometry is required; for crystallographic information single-crystal
surfaces, epitaxial nanoparticles or nanostructures are mandatory. The wide range
of temperatures and gas pressures accessible by surface-sensitive X-ray diffraction
allows a direct comparison of the experimental results with theoretical calculations
by ab initio density functional theory coupled to thermodynamics, as presented in
Chap. 7 of this book.

This chapter is organized as follows: In the first part the concept of surface-
sensitive X-ray diffraction methods is briefly introduced and novel sample environ-
ments for in situ experiments are described. In the second part, near-atmospheric
pressure oxidation experiments of 4d and 5d metal surfaces and nanoparticles are
discussed. The oxide phases are considered to be relevant as active phases for oxida-
tion catalysis such as CO oxidation. In the third part, in situ studies under batch reac-
tion conditions are discussed, which are complemented by operando studies under
flow conditions (fourth part).

3.2 Surface-Sensitive X-ray Diffraction as in situ Tool

Surface-sensitive X-ray diffraction techniques can be divided in four different sub-
methods, which allow to probe different properties of the surface. Surface X-ray dif-
fraction (SXRD) provides crystallographic information on the atomic structure and
composition of surfaces, interfaces, and nanoparticles [1, 3-5]. SXRD is comple-
mented by X-ray reflectivity sensitive to the total electron-density profile perpendic-
ular to the surface, containing information on roughness, layer thickness, nanoparti-
cle average height, and surface coverage [6, 7]. In grazing incidence X-ray diffrac-
tion the information depth probed can be changed from nm to pm by a variation
of the incident and the exit angle with respect to the surface [2, 8]. In addition, the
signal-to-noise ratio in diffraction experiments can be optimized by a grazing inci-
dence diffraction geometry. Finally, in grazing incidence small angle X-ray scattering
(GISAXS) experiments the lateral surface morphology is probed [9].
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Surface X-ray diffraction, grazing incidence X-ray diffraction, and grazing inci-
dence small angle scattering experiments are traditionally performed using syn-
chrotron radiation because of the required high brilliance of the X-ray beam to detect
the diffraction signal from single atomic layers or very small nanostructures. Practi-
cally all third-generation synchrotron radiation sources possess end stations, which
permit to perform SXRD, GIXRD and GISAXS experiments in combination with
customized user sample environments [10]. X-ray reflectivity measurements are rou-
tinely performed using X-ray lab sources and with the advent of higher-brilliance
micro-focus X-ray tubes also SXRD, GIXRD, and GISAXS experiments become
feasible in the lab, at least for high-Z materials.

3.2.1 Basics of Surface X-ray Diffraction

The principles of surface X-ray diffraction (SXRD) are based on the fact that X-
ray diffraction from a half-infinite crystal terminated by a surface (see Fig.3.1a),
is intrinsically sensitive to the atomistic structure of the surface. A real-space lat-
tice made up by lattice vectors a, b, ¢ is connected to the corresponding reciprocal
space vectors a*, b, ¢* by the Laue equations [11]. A 3D infinite crystal gives (in
kinematical approximation) rise to 6 function-like Bragg reflections (blue circles in
the reciprocal lattice in Fig. 3.1b). For a semi-infinite crystal, the Bragg reflections
are not represented by 6 functions any more and the so-called crystal truncation rods
(CTRs) arise because of the truncation of the crystal by the surface. They run perpen-
dicular to the crystal surface (HKL) plane through the Bragg reflections, as indicated
by the green lines in Fig. 3.1b. In case the overlayer exhibits a different periodicity,
additional surface rods arise (red dashed lines in Fig. 3.1b), which are sensitive to the
structure of the overlayer only. In case of a commensurate structure the CTRs carry
in addition information on the registry of the overlayer with respect to the substrate
and the interfacial structure.

In a scattering experiment the scattering vector ¢ is defined as ¢ = k; — k;, where
the incident and exit wave vectors of the elastically scattered X-rays are given by k; /,

respectively (|ki’f| = 27” with X-ray wavelength A). To probe the reciprocal lattice,
the Bragg condition ¢ = G has to be fulfilled, where G is a reciprocal lattice vector.
The experiment can in principle be realized by any type of diffractometer possess-
ing three independent degrees of freedom for the sample and detector stages. For
practical reasons, most of the surface diffraction experiments are carried out on six-
circle diffractometers in z-axis mode [1, 12]. Two out of the six circles are needed
to orient the surface normal of the sample along the rotation axis 6, see Fig.3.1c.
The third axis, kept fixed during the experiments, is the incident angle u. Typically,
small incident angles are chosen, to reduce background scattering from the bulk and
to increase the signal-to-background ratio. Note, that the surface sensitivity of the
technique does not depend on the actual value of the incident angle—the reciprocal
lattice of a two dimensional or half-infinite system is intrinsically surface sensitive.
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Fig. 3.1 a Truncated crystal with reconstructed adlayer. b Reciprocal lattice of the real space
structure in (a). ¢ Z-axis surface X-ray diffraction geometry

The intersection of the CTR with the Ewald sphere defines the direction of the dif-
fracted X-rays (wave vector k), which are collected by the detector rotating in 6 and
y. For crystallographic structure-factor measurements, the diffractometer is moved
to a specific (H, K, L) position and a € scan is performed. The amplitude of the
structure factor is obtained after integration of the 6 scans and applying standard
correction factors [5]. Alternatively, the structure factor can be collected using a
two-dimensional detector [13, 14].
The diffracted CTR intensity can be calculated in a straightforward way [3]:

1(q) < |F(g)]* - -8(Q - Gy (3.1)

2( L)

F(q) represents the structure factor of the unit cell, the second term is the CTR term,
depending on the continuous reciprocal-lattice coordinate L in units of c*. It diverges
at the positions of the bulk Bragg reflections at integer values of L. The third term
is a 6 function for the momentum transfer Q parallel to the surface, because in the
surface plane the Bragg condition Q) = G has to be fulfilled to observe scattered
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intensity (G represents the component of the reciprocal lattice vector in the surface
plane).

The following information can be obtained from a surface X-ray diffraction exper-
iment by a trial-and-error fit to the data or by the use of so-called ‘direct methods’,
based on phase-retrieval algorithms [15]: atomic positions, surface structure with
pm resolution, surface composition, surface and interface roughness, thermal vibra-
tion amplitudes, and the overlayer registry to the substrate. In general, all additional
experimental and theoretical information available is used as an input for the fit,
because in surface crystallography only a smaller number of structure factors can be
obtained from the experiment, as compared to a bulk crystal structure analysis for a
comparable number of atoms in the unit cell.

3.2.2 X-ray Reflectivity and Grazing Incidence Diffraction

A: X-ray Reflectivity

X-ray reflectivity is a standard technique to characterize layered structures with sub-
nm resolution. In specular reflectivity experiments, the reflected intensity is recorded
as a function of the incident angle u with respect to the surface in symmetric condi-
tion (4 =y, 6 = 0, see Fig. 3.1c). For small angles (below 1° for most materials at a
photon energy of 10 keV) total external reflection occurs and the Fresnel equations
can be applied to calculate the reflected intensity [16—18]. In off-specular reflectivity
experiments (4 # y, 6 = 0) an additional momentum transfer component is applied
parallel to the surface along the incident beam direction. The combination of both
techniques gives morphological information (independent of the crystallinity of the
sample) with 0.1 nm resolution on: layer thickness, total-layer electron density, inter-
facial mean square roughness perpendicular to the surface, and lateral interfacial
correlations [19] (height-height correlation function).

B: Grazing Incidence X-ray Diffraction

For small i and/or y (in the order of the critical angle e, for total external reflection)
and finite in-plane momentum transfer Q) (see Fig. 3.1b) the incident and the exit
beam undergo strong refraction effects and the diffracted intensity can no longer be
treated in kinematical approximation. The distorted-wave Born approximation has
to be used instead, which includes refraction effects of the incident and the exit beam
fully dynamically and the diffraction process itself in kinematic approximation. The
following general expression can be derived for the scattered intensity [2]:

1Q) ~ | TW* - 1T - SQ) . (3.2)

Here |T(u,y)| denotes the optical transmission function of the incident and exit
beam, respectively [20]. Note that (3.2) is symmetric in ¢ and y because of the reci-
procity of the X-ray light path. S(Q") denotes the kinematical structure factor which
depends on the momentum transfer Q' inside the material. S(Q") can describe any dif-
fraction process, like Bragg scattering from near-surface lattice planes, small angle
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scattering, or interstitial diffuse scattering. Most important for grazing-incidence dif-
fraction, the diffraction signal S(Q") can be obtained with a depth resolution from nm
to wm, depending on the choice of the incident and the exit angles u and y [2]. Over
the scattering depth, the component of the electrical wave field perpendicular to the
surface is exponentially damped. For SXRD and SAXS the grazing-incidence geom-
etry results in an improved signal-to-noise ratio.

C: Grazing Incidence Small Angle Scattering

For grazing incidence small angle X-ray scattering (GISAXS), an additional (small)
momentum transfer @ (6 # 0) is present. For GISAXS, Q| is much smaller than typ-
ical reciprocal-lattice vectors from atomic planes. From GISAXS experiments com-
bined information on nanoparticle size and distance distributions can be obtained [9].
In general, a quantitative analysis of GISAXS data is possible, but it is hampered by
the sometimes difficult deconvolution of the distance and the size information of the
nanostructures.

3.2.3 In situ and Operando Sample Environments

In this section the design of different in situ X-ray diffraction chambers is discussed,
which allow on the one hand preparation of surfaces and nanostructures under con-
trolled ultrahigh vacuum (UHV) conditions, and which are on the other hand com-
patible with atmospheric pressures thus bridging the pressure gap of 12 orders of
magnitude from 10~° mbar to 1 bar [21]. Two concepts are followed: For the first
the chamber is operated at pressures above 10~ mbar as batch reactor [22]. The sec-
ond type of chamber can be run as a true flow reactor from about 102 mbar (when
working with diluted gases) up to 1 bar [23].

Figure 3.2a shows a photograph of experimental equipment, available at beamline
IDO3 at the ESRF, that enables studies of model catalysts under higher pressures
of a gas or semi-realistic reaction conditions in a batch reactor using SXRD [22].
The batch reactor consists of a 360° 2-mm-thick beryllium window with a geome-
try that allows operation of the chamber under external pressure of the atmosphere
when the chamber is in vacuum and under internal pressure when the chamber is
pressurized. The beryllium window is almost transparent to hard X-rays due to its
low atomic number. The sample surfaces can be prepared in UHV with traditional
surface-science recipes such as ion sputtering, annealing, etc. The batch reactor can
be operated in a pressure range between 10~ mbar and 5 bar to study surface struc-
tures of the adsorbed gases and possible modifications of the substrates induced by
the surrounding gas. The sample can be heated by a ceramic heating plate and can
reach a temperature of 1000 °C under vacuum and ~550 °C under 1 bar of pressure.
The gas composition within the pressurized part of the chamber can be analyzed by
a mass spectrometer simultaneously as the sample surface is probed by the X-rays.
The chamber itself and its technical accessories are mounted onto a diffractometer to
perform diffraction experiments with large scattering angles, allowing for exploring
large regions of reciprocal space. Figure 3.2b shows the batch chamber in its high
pressure oxidation variant. The sample sits inside a free standing, X-ray transpar-
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Fig. 3.2 a UHV-to-atmospheric-pressure X-ray diffraction chamber for batch catalysis experi-
ments (adopted from [22]) b modified version of batch chamber for pure oxidation experiments ¢
UHV-to-atmospheric-pressure flow reaction chamber mounted on the heavy diffractometer at P09,
PETRA III (DESY). Inset schematic zoom of the reaction volume

ent 2-mm-thick Beryllium cylinder (a). The pressure is monitored from UHV up to
103 mbar by a cold cathode gauge (c) and up to 1 bar by two independent capacitive
pressure gauges (b). The chamber is pumped via a turbo molecular pump (d) which
can be isolated from the chamber by an angular valve. For controlled sample transfer
from a preparation chamber to the synchrotron beamline the chamber can be pumped
by an ion getter pump (e). Gases can be dosed through rough- and fine-adjustable
leak valves. On top of the chamber, an ion sputter gun for surface cleaning or an
evaporator can be mounted. The Al,O5-encapsulated Pt-wire heater allows sample
temperatures up to ~900 K. The samples are mounted onto inconel sample holders
and they can be brought into direct contact with a thermocouple for temperature con-
trol. A larger batch reactor (volume 5.5 1) for surface X-ray diffraction is discussed
in [24].
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For pure oxidation studies the batch chamber is a nice possibility to bridge the
pressure gap, as well as for relatively slow catalytic reactions. Technologically rele-
vant processes, however, take place under flow conditions with controlled gas mix-
tures. Therefore a UHV-compatible flow reaction chamber was developed at beam-
line ID03, ESREF, as pictured in Fig. 3.2c [23]. The chamber can be operated in two
different configurations: In the first, the top flange (1) is moved up to a position,
where the surrounding flanges carrying the sputter gun (2) and other auxiliary equip-
ment look at the sample position. In this configuration the sample surface can be
prepared in a routine way known from UHV surface-science studies. Also in this
setup, the sample can be heated up to 1200 K by a PBN-C heater with direct sample
mounting to the heater plate. A thermocouple can be attached directly to the sample.
The chamber is pumped by a turbo molecular pump (3) and a residual gas analyzer
(4) is attached to the system.

In the second configuration the top flange is moved down, thereby sealing off
the top part of the chamber with the Be dome (5) from the UHV part below by
a gasket-carrying piston inside the chamber. Two capillaries are connected to the
top part of the chamber, allowing to flow controlled gas mixtures, while performing
X-ray diffraction experiments. For the gas flow a computer controlled gas system is
used, which allows gas mixtures of several gases with individual flow control (up to
a total integrated flow of 200 ml/min), as well as total pressure control inside the
reaction volume from 1 mbar to 1.3 bar. The gas composition inside the reaction
volume can be detected by the mass spectrometer inside the UHV part of the cham-
ber by controlled leaking in from the reaction volume. Similar setups now exist at
the Nanolab at DESY, at the division of Synchrotron Radiation Research at Lund
University and beamline SIXS at SOLEIL.

3.3 Insitu Near-Atmospheric-Pressure Oxidation
of Transition Metal Surfaces and Nanoparticles

In catalytic oxidation reactions of 3d, 4d, and 5d catalyst materials such as Cu, Ag,
Pd, Rh, Ru, Pt, or Ir, it is frequently debated whether the oxide of the metal is the most
active phase [25, 26]. These noble metals are difficult to oxidize at low, near UHV
oxygen pressures, which explains why their interaction with oxygen has not been
well studied in the past by traditional surface science techniques. As a prerequisite
for reaction studies it is therefore important to investigate the oxidation behavior of
noble metals at (near-)atmospheric pressures. Recent results discussed here focused
on model systems such as low-index single-crystal surfaces. Increasing complexity
was introduced by the investigation of vicinal surfaces and epitaxial nanoparticles
with well-defined shape on single crystal oxide supports.
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3.3.1 Transition-Metal Low-Index Surfaces

3.3.1.1 Ocxidation of Low Index Ag

Silver is an important catalyst for several reactions, like ethylene epoxidation and
the partial oxidation of methanol to formaldehyde [27]. Both reactions take place at
atmospheric oxygen pressures and at temperatures from 500 to 900 K. The active
oxygen species has been a matter of debate in the literature for a long time and it
is still unclear up to date [28]. The interaction of oxygen with Ag(111) was stud-
ied by low-energy electron diffraction (LEED) already in the early seventies and a
p(4x4) LEED pattern was observed [29-33]. Based on previous LEED, X-ray pho-
toelecrton spectroscopy (XPS), and scanning tunneling microscopy (STM) investi-
gations in combination with density functional theory (DFT) calculations the p(4x4)
reconstruction was interpreted as an epitaxial Ag,O(111) layer, rotated by 30° with
respect to the hexagonal unit cell of the Ag(111) substrate. The SXRD measure-
ments together with new STM data disproved the Ag,O(111) layer model and gave
evidence for a different structural model based on nanometric Ag(111) triangles,
occupying faulted and unfaulted sites of the fcc stacking sequence [34, 35]. Oxygen
ions occupy the furrows in between the Ag triangles in line with a chemisorption-
induced reconstruction. The model is also supported by DFT calculations taking van
der Waals interactions between Ag atoms into account. Furtheron the formation of
epitaxial bulk oxide Ag,O(111) was observed after exposing the Ag(111) surface to
atmospheric oxygen pressures at 800 K and cooling to room temperature [36]. The
bulk oxide grows in coexistence with an ultrathin surface oxide layer, which very
likely exhibits a trilayer surface oxide structure.

The (100) surface was exposed to near-atmospheric oxygen pressures at 440 K

and it was studied by in situ SXRD [37]. A disordered form of a p(2\/§ X \/5)
missing row reconstruction could be observed in the in situ SXRD experiment at
10 mbar O, pressure and 440 K. The surface undergoes a reversible transforma-
tion to the missing-row-like structure by increasing and decreasing the oxygen pres-
sure. Under conditions, at which the missing row structure is observed, no evi-
dence for the formation of subsurface, interstitial oxygen was detected. An ordered

p(2\/§ X \/5) missing-row reconstruction was reported previously from low temper-
ature LEED and X-ray photoelectron diffraction experiments [38]. Similar oxygen-
induced order - disorder transitions were observed for the Cu(100) surface, as fol-
lowed by SXRD [39].

3.3.1.2 Low-Index Pd Surfaces

Pd exhibits a high reactivity for CO oxidation, which is one of the basic catalytic
reactions. As a prerequisite to CO oxidation under realistic reaction conditions, the
interaction of oxygen with Pd surfaces up to atmospheric pressures needs to be under-
stood. For Pd(100) and Pd(111) the formation of O-Pd-O trilayers is reported in the
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literature [40, 41]. Both have in common, that twofold and fourfold coordinated Pd
atoms coexist (note, that in bulk PdO the Pd atoms are fourfold coordinated). On
Pd(100) a surface oxide in a (\/g X \/g) arrangement is formed, which exhibits a
structure close to the (101) plane of PdO bulk oxide. One of the key questions of
today’s research in catalysis is whether chemisorbed oxygen or such surface oxide
layers play a role for catalytic processes or nanometric layers of bulk oxide PdO
instead [42—44]. Therefore, the stability of the surface oxide layers was studied as a
function of the oxygen chemical potential u [45-48]. Figure 3.3a shows the transi-
tion of the surface oxide to the bulk oxide for Pd(111) as a function of the oxygen

pressure at 673 K. The surface oxide forms a \/g X \/g—like overlayer with PdsO,
stoichiometry on Pd(111) [40], which gives rise to a distinct surface X-ray diffrac-
tion signal. The signal from the epitaxial PdO bulk oxide can be discriminated as
well. The results from such pressure- and temperature-dependent measurements are
summarized in the stability diagram in Fig.3.3b. The transition from the surface
covered with chemisorbed oxygen to the surface oxide can be described by a line of
constant oxygen chemical potential [48] of —1.24 eV, indicating local equilibrium.
On the contrary, the bulk oxide formation is kinetically hindered over a wide tem-
perature range and it does not take place below 500 K because the surface oxide is
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passivating the surface. At 973 K kinetic barriers are lifted and the bulk oxide forms
directly without the intermediate surface oxide. Similar in situ SXRD experiments
were performed on the Pd(110) surface, pointing towards a reduction of the kinetic
barriers for bulk oxide formation, as compared to Pd(100) and Pd(111) [49].

3.3.1.3 Oxidation of Low Index Rh Surfaces

Rh oxides involved in catalytic oxidation reactions typically form at oxygen pres-
sures of 1073 mbar and above at application-relevant temperatures. The Rh(100)
surface undergoes a transformation from a p(2x2) to a p(3x1) reconstruction with
increasing oxygen exposure. Close to the chemical potential for bulk oxide forma-
tion, a ¢(2x8) reconstruction is observed [50]. A detailed atomistic model of this
structure was determined by a combination of DFT calculations, surface X-ray dif-
fraction, LEED, high-resolution core-level spectroscopy (HRCLS), and STM [51].
The structural model is based on a hexagonal oxygen-Rh-oxygen trilayer, similar to
the trilayers formed on Pd(100) and Pd(111). The hexagonal layer is slightly dis-
torted to accommodate a c(2x8) structure and it forms in two domains rotated by
90°. Figure 3.4a shows the the structural model of the trilayer surface oxide which

Fig. 3.4 a Structural model
for the surface oxide layer on

the Rh (100) surface, b '
SXRD data showing the | >

transition from the Rh
surface oxide to Rh,05 bulk
oxide on Rh(111). Adopted

from [45] (b) 20

[UIT] @ surface oxygen @ oxide Rh
e interface oxygen L substrate Rh

hao_\-——ml

Intensity (10° counts/sec)

R
210! \
lw’
Clean .
.- o
-1.10 -1.00 -0.90 -0.80

H(r.l u)



70 A. Stierle et al.

is also observed on Rh(110) and Rh(111), pointing towards the high stability of this
structure [45, 52]. The transition of the surface oxide on Rh(111) to Rh,0O; bulk
oxide as a function of the oxygen pressure at 800K is illustrated in Fig.3.4b: In
scans with momentum transfer in the surface plane the surface oxide signal gives
rise to a reflection at H = 0.89 reciprocal lattice units at 10~! mbar, which shifts to
H = 0.91 for the Rh,O; bulk oxide at 10 mbar O, pressure [45].

3.3.1.4 Oxidation of Pt(111) and Ir(111)

Pt and Ir are important 5d transition-metal catalysts for CO oxidation [53, 54]. In
addition, Pt coatings are discussed as protective layers in aggressive chemical envi-
ronments, for example to protect the electrodes of sparkling plugs in cars and to
increase their lifetime. The oxidation of a Pt(111) single crystal and epitaxial, (111)-
oriented Pt films on a-Al,O; were studied by in situ surface X-ray diffraction at
near-atmospheric pressures [55]. The oxidation of the Pt(111) surface is kinetically
strongly hindered and an ultrathin a-PtO, layer forms at 910 K at 0.5 bar O, pressure.
A structural analysis reveals that the oxide consists of one a-PtO, unit cell, which is
compressed in the direction perpendicular to the surface and distorted in the surface
plane.

A detailed SXRD study of the oxidation of the Ir(111) surface gave evidence of
the formation of an O-Ir-O trilayer also for this system at 575 K in an intermediate
oxygen pressure regime up to 1 mbar O, pressure [56]. At higher temperatures the
formation of epitaxial bulk IrO, islands in different orientations with thicknesses in
the range of 5-10 nm was observed.

3.3.2 Oxidation of Vicinal 4d Transition-Metal Surfaces

Vicinal surfaces provide a very elegant way to mimic defects such as steps and cor-
ners between different nanoparticle facets, since the geometry of the defect can be
chosen over a wide range by the vicinal angle and orientation.

3.3.2.1 Pd and Rh Vicinal Surfaces

The oxidation of Pd(553) and Pd(112) vicinal surfaces was studied employing the
powerful combination of in situ surface X-ray diffraction, high resolution scanning
tunneling microscopy, and core level spectroscopy, together with DFT calculations
[57, 58]. The fcc(553) surface exhibits threefold coordination on terrace and step
sites whereas the (112) surface shows (100) type steps with fourfold symmetry. Both
the (553) and (112) Pd surfaces are found to be stable after preparation under UHV
conditions. At 600-700 K and 10~ mbar oxygen pressure the (553) surface trans-
forms into (332) facets, which are decorated by a surface oxide layer, exhibiting a
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12 times larger unit cell along the terraces as compared to the substrate resembling

the \/g trilayer forming on the Pd(100) surface. At pressures of 1 mbar epitaxial and
polycrystalline bulk oxide formation sets in. The epitaxial oxide islands are tilted
with respect to the substrate and grow in PdO(012) orientation. The morphology
of the Pd(112) surface is also strongly influenced by the oxidation conditions: At
673 K, upon exposure to oxygen at pressures from 2 X 1073 to 5 x 10~ mbar, the
(112) surface undergoes a massive rearrangement and (113)- and (335)-type facets
are formed. Further increase of the O, partial pressure leads to a new rearrangement
into (111)- and (113)-type facets. Bulk oxide formation is observed at 5 mbar O,
pressure and T = 523 K, which is below the bulk oxide formation temperature of
low-index (100) and (111) surfaces. This elucidates the role of steps towards lifting
of kinetic barriers for bulk oxide formation.

For comparison, the oxidation of the Rh(553) surface was investigated by SXRD
from UHV to near-atmospheric pressures [59]. At 380 °C and 10~° mbar O, pressure
the formation of (331) facets is observed along with an oxygen-induced restructuring
along the steps. At higher pressures above 10~ mbar and a temperature of 500 °C
the formation of the O-Rh-O trilayer surface oxide stabilizes larger (111) facets, in
line with the particular stability of this interface.

3.3.3 Nanoparticle Oxidation Across the Pressure Gap:
Pd, Rh and Pt Nanoparticles on MgO(100)
and MgAl,0,(100)

State of the art in situ structural studies of catalytic reactions are performed on pow-
der samples made up by sub-micron grains of supporting oxide particles covered
with nanometer-sized metal/alloy particles [60]. To obtain a deeper insight into the
basic processes occurring during chemical reactions on nanoparticles, one possible
approach is to replace the real catalyst by epitaxial nanoparticles with a well-defined
orientation relationship and size distribution, grown by physical vapor deposition
onto single crystal oxide supports [61]. Such a system allows operando X-ray stud-
ies under realistic pressures at elevated temperatures, giving detailed insight into
structural and morphological changes during the reaction. Fcc metals like Pd, Rh
and Pt grow on MgO(100) and MgAl,0,(100) in the (100) direction with truncated
octahedral shape exposing mainly (111)- and (100)-type facets under UHV condi-
tions.

Using reciprocal space mapping, Pd nanoparticles on MgO(100) with diameters
in the range of 5-9 nm were shown to form nanometer sized (112)-type facets under
1073 mbar oxygen exposure and 570 K, which is reversible under CO exposure [62].
In contrast, for Rh nanoparticles (100)- and (111)-type facets are stabilized under
similar conditions by the formation of a surface oxide trilayer O-Rh-O shell, which
was detected in corresponding X-ray diffraction line scans [63]. The Rh surface oxide
formation is accompanied by a nanoparticle shape change increasing the (100) sur-
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face area, which can be rationalized on the basis of the higher stability of the surface
oxide on the Rh(100) surface [64]. Also in this case, the shape change is found to be
reversible under CO exposure.

For the systematic investigation of size- and composition-dependent phenomena,
a novel approach was developed combining high-energy grazing incidence X-ray
diffraction with a combinatorial sample architecture. The size-dependent oxidation
of epitaxial Pd nanoparticles on MgO(100) was investigated in the regime from
4-24 nm, revealing that the formation of a polycrystalline passivation layer is only
observed for particle sizes above 9 nm [65]. For smaller particles the growth of epi-
taxial PdO is found instead (Fig. 3.5).

Alloying of Rh with Pd leads to a very different oxidation behavior: The
composition-dependent oxidation of Pd-Rh nanoparticles on MgAl,0,(100) in the
size regime 5—10 nm gave evidence for a preferential Rh oxide formation accompa-
nied by oxidation-induced Rh surface segregation [66]. Pd oxide formation was only
observed for pure Pd nanoparticles. For epitaxial Pt nanoparticles on MgO(100) the
formation of higher-index facets was observed after oxidation at 570 K in the pres-
sure regime of 1073 mbar to 0.5 bar, which was found to be non-reversible under
CO exposure in contrast to the Pd and Rh case [67]. The formation of epitaxial PtO,
and Pt;O, was observed, which was stable under vacuum annealing up to 923 K,
pointing to strong kinetic barriers for their reduction.
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3.4 Insitu Catalytic Studies Using Batch Reactors

In this chapter examples of in situ catalytic reactions using a batch reactor by com-
bining SXRD and mass spectrometry will be described. Here we will focus on Pt, Ru,
Pd, and Rh surfaces during CO oxidation reactions as well as the Ru surface during
HCI oxidation. As pioneering work it was demonstrated that the CO induced (2x1)
reconstruction on Ni(110) is at room temperature stable up to atmospheric pressures
[68]. The hydrogenation of butadiene over a Ni,Pd, 13(110) model catalyst was
investigated in batch mode [69], but this is not discussed in detail here. At the end of
the section, results on batch experiments of model nanoparticle catalysts on single
crystal oxide supports are presented.

3.4.1 CO Oxidation Over Pt

The first in situ SXRD CO-oxidation experiment using a batch reactor and a sin-
gle crystal surface as a model catalyst was presented in 2005 [70]. In this study, a
Pt(110) surface during CO oxidation at pressures up to 0.5 bar and temperatures up
to 350 °C was studied. Prior to the CO oxidation experiments, the initial oxidation
of the surface was investigated. At an oxygen pressure of 500 mbar and a sample
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Fig. 3.6 a Bottom left In-plane reciprocal space map of the Pt(110) substrate (open circles), with
the incommensurate, quasihexagonal oxide overlayer (only Pt atoms are shown, solid circles). Bot-
tom right The in-plane reciprocal space map of the (1X2), commensurate oxide overlayer (crosses).
The ball models show the real-space structures of the two oxides. b Simultaneously measured X-ray
diffraction intensity at (0, 1.42, 0.5) from the quasihexagonal oxide (top panel) and partial pressures
of CO, O,, and CO, (bottom panel). Separate CO pulses were admitted to the reactor, which was
initially filled with 500 mbar of O, at a temperature of 350 °C. The sharp peaks in P, are an artefact
due to the sudden increase of total pressure at each CO pulse. From [70]
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temperature of 350 °C, the formation of an incommensurate quasihexagonal a-PtO,
oxide layer was observed. The structure found is described in Fig.3.6. When CO
was introduced together with oxygen, the catalytic oxidation of the CO into CO,
could be observed. The experiment is shown in Fig. 3.6b, in which the intensity of
the oxide peak (top part) is probed simultaneously with the O, CO and CO, pressures
as a function of time. When the oxidized Pt surface is exposed to relatively moderate
amounts of CO (Fig. 3.6b, “a” to “c”), the oxide layer is roughened by the reaction,
but the surface remains oxidized and exhibits a high reaction rate. When exposed to
higher pressures of CO (Fig. 3.6b “d”), the oxide is completely reduced, as indicated
by the section termed metallic phase in Fig.3.6b. A simultaneous decrease in the
reactivity was observed. After point “d”, the CO is consumed in the batch reactor by
the oxidation into CO,, and the CO/O pressure ratio is continuously reduced, since
two CO molecules are consumed by one O, molecule. When the CO pressure is suf-
ficiently low, the surface re-oxidizes, which can be seen by the re-appearance of the
diffraction signal from the incommensurate a-PtO,. However, the reaction rate cal-
culated from the increase in the CO, signal increases sharply about 20 min before
the re-appearance of the oxide signal. Instead, a set of new diffraction peaks could
be detected simultaneously with the increase in reaction rate (not shown). These
peaks were found to correspond to a commensurate (1x2) surface structure. The
structure could only be observed under reaction conditions, any attempt to quench
the structure by cooling and evacuating the chamber resulted in the disappearance
of the diffraction spots. By structural measurements during the reaction combined
with DFT calculations, the commensurate structure shown in Fig. 3.6a (right) could
be proposed, which involves the presence of one carbonate ion per unit cell. These
observations show that in situ measurements under actual reaction conditions are
crucial for a meaningful investigation of the surface structure and chemical behavior
of this model catalyst. Clearly, the presence and role of the commensurate (1x2)-
layer could not have been found either in experiments under UHV or in so-called
pre- and post-reaction experiments.

3.4.2 Ru

3.4.2.1 CO Oxidation Over Ru

The oxidation and reduction of a Ru(0001) surface was investigated by He et al. [71]
paving the way for CO oxidation experiments over the Ru(0001) surface at realistic
conditions using SXRD. The catalytic CO oxidation over the Ru(0001) surface was
investigated in detail using the above batch reactor [72, 73]. In essence, the stud-
ies were conducted to compare the CO, production in the presence of the so-called
metallic phase and in the presence of an oxidized Ru(0001) surface, the RuO,(110)
surface.

In a first set of experiments the investigations were made under isothermal condi-
tions [71]. An example of the experiments is shown in Fig. 3.7. The temperature was
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Fig. 3.7 The activity of CO oxidation and the surface structure of the Ru(0001) surface during
isothermal conditions. The experiment starts with P(O,) = 70 mbar and P(CO) = 105 mbar at a
sample temperature of 275 °C. From the CO, partial pressure and a gas temperature of 25 °C the
TOF can be determined. The RuO,(110) can be identified after about 200 s in the repetitive I-scans
at h = 0.73. The appearance of the RuO,(110) reflection can be correlated to an increase in the
TOF. From [74]

kept constant at 275 °C with initial O, and CO partial gas pressures of 70 and 105
mbar, respectively. At the beginning of the experiment, the activity is low, but not
zero. Since twice as many CO molecules are consumed compared to O,, the environ-
ment becomes increasingly oxidizing, and after 200 s the surface transforms from
the metallic state into the RuO,(110) state, in conjunction with a significant increase
of the CO, production and turnover frequency (TOF). This observation indicates
that the presence of a RuO,(110) phase results in a more active phase than the non-
oxidized surface.

Similar experiments were done at different temperatures, and it was found that
the metallic and the RuO,(110) phase had an approximately equal TOF at 255 °C
but that the RuO,(110) phase had a higher TOF at 275 °C and higher temperatures.
Furthermore, a significant reaction-induced temperature increase of the sample was
observed at temperatures of 275 °C and higher. In a second set of experiments [72]
the effect of changing the temperature of the sample was investigated. Also in this
study it was concluded that the metallic and the RuO, (110) phases were almost equal
at temperatures below 245 °C while at higher temperatures the RuO,(110) was more
active.

3.4.2.2 HCI Oxidation Over Ru

The oxidation of hydrochloric acid (HCI) by oxygen (O,) into water (H,O) and chlo-
rine (Cl,), the so-called Deacon process [75], is an important reaction for the indus-
trial chlorine production. Recently, it was observed that RuO,-covered TiO, leads
to an efficient catalyst for the Deacon process [76]. Fundamental studies of the HCI
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interaction with the RuO,(110) surface have shown that Cl atoms replace the bridg-
ing oxygens in the top-most RuO,(110) layer [77], and that the oxidation of HCI into
H,0 and Cl, appears to follow the Langmuir-Hinshelwood (LH) mechanism along
the rows of under-coordinated Ru sites [74, 78], at least under UHV conditions. The
stability of the RuO,(110) during HCI oxidation at more realistic conditions was
studied [79] using in situ SXRD in a similar batch reactor as described above, the
difference being a replacement of the cylindrical X-ray Be window with a 1 mm thick
Al window, to avoid to brittle the Be due to high HCI exposures. It could be shown
that in pure HCI at a pressure of 1 mbar both the RuO,(110) and the RuO,(100) are
stable up to a temperature of 325 °C, but are reduced at temperatures above 325 °C.
By introducing oxygen, the thickness of the RuO,(110) and RuO,(100) films were
even observed to increase at temperatures as high as 345 °C at oxidizing reaction
conditions. By combining the SXRD data with online mass spectrometry the mean
turnover frequencies could be determined in the presence of the RuO,(110) and
RuO,(100) surfaces, indicating that the HCl-oxidation is structure insensitive.

3.4.3 CO Oxidation Over Rh

The CO oxidation over Rh catalysts has been studied for a long time under UHV
[80, 81] as well as under more realistic conditions [82]. However, very little is
reported on the surface structures of Rh model catalyst surfaces under more real-
istic pressure conditions.

The surface structure over Rh(111) and Rh(100) surfaces during CO oxidation
at elevated pressures and temperatures was studied by SXRD combined with mass
spectrometry using the batch reactor as described above [83, 84].

Previous oxidation experiments have shown that the same surface oxide forms
on Rh(111) [45], Rh(100) [51], and Rh(110) [52] surfaces as well as on vicinal Rh
surfaces [59, 85]. In addition, the same surface oxide has been found to form on
PtRh(100) [86] as well as on Rh nanoparticles [63, 87, 88]. The structure of the
trilayer surface oxide is shown in Fig. 3.8a.

Armed with the information from the oxidation studies, the expected reciprocal
space for the surface oxide on Rh(111) is shown in Fig. 3.8b. Using a point detec-
tor, the scan shown in Fig. 3.8c (left) across the surface oxide allows to detect the
presence of the surface oxide combined with online mass spectrometry at a constant
temperature of ~240 °C. The results are shown in Fig. 3.8d—g. In Fig. 3.8d the par-
tial pressures of O,, CO, and CO, are shown. Initially, a partial O, pressure of 300
mbar was introduced in the reactor, and at time t = 0 s 300 mbar of CO was added
to the reactor, starting the CO oxidation and the formation of CO,. The CO, partial
pressure is increasing linearly at the same time as the CO and O, are decreasing as
expected. After around 300 s a sharp increase in the CO, partial pressure is observed
in conjunction with sharp decreases of the O, and CO pressures. The CO, produc-
tion shown in Fig. 3.8e displays only a weak increase until t = 3300 s, when there
is a sudden strong increase of the CO, production. In Fig. 3.8f, the surface oxide
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Fig.3.8 aModel of the surface oxide found on all investigated Rh surface orientations, here shown
on top of a (111) surface. b Reciprocal space map for Rh(111), including the surface oxide as well
as the corundum-structured bulk oxide. ¢ Line scan along the red line in (b). d partial pressures of
0,, CO, and CO,. e CO, production as derived from (d). f consecutive SXRD scans along the red
line in (b), showing the presence or absence of the surface oxide. g sample temperature during the
experiment. From [83]

scans, as shown in Fig. 3.8c (left), are shown. When only oxygen is present at this
temperature, the surface oxide can be observed, but as soon as the CO is introduced
at t = 0 s, the diffraction from the surface oxide disappears. At around t = 3300 s,
the surface oxide peak re-appears, in conjunction with the sharp increase in CO,
production as observed using mass spectrometry. Finally, the sample temperature is
shown in Fig. 3.8g, showing that the temperature is decreasing due to the introduc-
tion of the CO at t = 0 s, a slow increase until t = 3300 s is observed, at which a
strong increase of the sample temperature is detected, indicating heating due to the
exothermic nature of the CO-oxidation reaction.

The slow increase of the CO, production from t = 0 s to t = 3300 s can be related
to a gradual decrease of the CO poisoning of the surface as the gas composition is
slowly changed in the reactor. At t = 3300 s, CO suddenly desorbs from the surface
and the reaction rapidly becomes mass-transfer-limited (MTL) instead of reaction-
limited. In fact, at this point almost all CO in the vicinity of the sample is converted
into CO, resulting in the sharp peak as observed in the mass spectrometry. The sur-
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face oxide is rapidly formed due to the excess oxygen in the vicinity of the sample and
the increased temperature. From these measurements, it is not possible to determine
the active phase, however, in the case of the PtRh(100) experiments [86], calcula-
tions showed that the most active phase was on the border between the Rh surface
oxide and the Pt surface underneath. An almost identical experiment was performed
for the Rh(100) surface, which showed that the general behavior in terms of surface
structure vs. reactivity was the same as for the Rh(111) surface.

3.4.4 Batch Reactor Studies of Nanoparticle Model Systems

A limited number of batch reaction studies on well-defined nanoparticles on single
crystal oxide supports combined with surface sensitive X-ray diffraction was per-
formed: In a systematic investigation the nanoparticle size dependence of the CO
oxidation turnover frequency was investigated for Au on TiO,(110) [89]. The high-
est reactivity was found for a particle diameter of 2.1 nm. In a batch reactor CO
oxidation experiment over Pd nanoparticles on MgO(100) with truncated octahedral
shape it was observed that carbon is dissolving into the Pd nanoparticles under reac-
tion conditions [90]. At the same time, the produced CO, was found to interact with
the MgO(100) substrate thereby leading to carbonate formation and a de-activation
of the catalyst.

3.5 Operando Studies Under Flow Conditions

This section will give a summary of the current state of research of X-ray diffraction
experiments using the flow setup described in Sect. 3.2.3. Again, almost all of these
studies concern CO oxidation over Pd, Rh, and Pt, but also include a study of methane
oxidation over Pd(100).

3.5.1 CO Oxidation Over Pd(100)

As discussed above, there is a debate going on concerning the active phase of Pd(100)
during catalytic CO oxidation in O, excess. The first use of the flow reactor at ID03
was also directed towards this debate [91, 92].

In[91], a set of measurements is discussed under conditions that were as similar as
possible to those used in [93] when a “hyper-active phase” between the CO-poisoned
metallic state and the mass-transfer-limited regime was identified. The results were
very closely reproduced, with the difference that there were no signs of any extra
active phase in between the metallic and mass-transfer-limited regimes. In [93] it
was concluded that the most active phase is metallic, covered by adsorbed oxygen,



3 Surface-Sensitive X-ray Diffraction Across the Pressure Gap 79

while the SXRD measurements in [91] clearly showed that the surface is oxidized
when the catalytic activity is high.

In a follow-up study the phase diagram of Pd(100) under different reaction con-
ditions was mapped out [92]. The clean sample was exposed to a flow of 50 ml,/min
(1 ml, is the number of molecules corresponding to 1 ml at standard pressure and
temperature) with different CO to O, ratios using Ar as a carrier gas at a total pres-
sure of 200 mbar. Simultaneously the surface phase was monitored in situ by SXRD.
Using a 2D detector, a common reflection of the PdO surface and bulk oxides was
monitored.

The resulting phase diagram is shown in Fig.3.9. The markers indicate more
exactly under which conditions the measurements were done, and whether the sur-
face is metallic (solid symbols) or oxidized (open symbols). To the right of the solid
zig-zag line, the surface is metallic and the catalytic activity is relatively low, but
increases with temperature. To the left of this line, the activity of the sample is high
enough for the measurements to be mass-transfer-limited, and SXRD always reveals
an oxide. The nature of this oxide, however, depends on the conditions. The conclu-
sion drawn from these measurements is that, as soon as the activity of the sample is
high enough to be mass-transfer-limited, the surface also exposes an oxide. Hence it
was argued that the oxide phases must be more active than the metallic surface.
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Fig. 3.9 Recorded diffraction signal as a function of the P(O,):P(CO) ratio and sample tempera-
ture. The total gas pressure in the reactor was kept constant at 200 mbar, the partial CO pressure
was kept constant at 10 mbar. Oxygen and argon were mixed in the flow to obtain the desired
0,:CO ratio. Open symbols denote the presence of an oxide, filled symbols denote that the surface
was metallic in nature. The thick black line indicates the boundary between the metallic and oxidic
phases. From [92]
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Another interesting phenomenon in catalysis are self-sustained reaction oscilla-
tions, which were studied during steady-state CO-oxidation over Pd(100) [94]. At a
sample temperature of 447 K and an incoming gas flow of 500 mbar O,, 25 mbar
CO, and 675 mbar Ar, the CO, production rate is found to oscillate spontaneously
between the MTL and very low activity. As above, operando SXRD reveals that
the surface is oxidized in the high-activity regime and metallic in the low-activity
regime. In addition, the authors have analyzed the width of the diffraction peaks and
correlate it to the roughness and number of steps at the surface. In the highly-active,
oxidized phase, the surface is found to get rougher and rougher, until the activity
switches. In the following low-activity metal phase, the surface smoothens again,
until the next switch to high activity. The authors therefore conclude that the oscil-
lations are controlled by the step density at the surface. A high number of steps sta-
bilizes the low-activity metal surface, while a smooth surface more easily oxidizes
into the high-activity phase.

3.5.2 CO Oxidation Over Rh(111)

Also CO oxidation over Rh(111) has been studied in the flow reactor [95, 96]. In
flows of different gas mixtures, around a stoichiometric mixture of CO and O,, the
Rh(111) sample was heated and cooled while the catalytic activity and the presence
of the surface oxide were monitored by mass spectrometry and SXRD, respectively.
The activity follows the sample temperature smoothly until a sample temperature
of between 200 and 250 °C. At this temperature, the experiments performed in an
excess of O, show a sudden jump into a highly active mass-transfer-limited regime,
while in a CO-rich gas flow, the activity continues to increase smoothly with the
temperature. The SXRD measurements reveal that the switch to the mass-transfer-
limited regime (in O, excess) coincides with the appearance of a surface oxide. The
surface-oxide signal does not grow to full strength immediately, which suggests a
combination of low coverage and small domains.

3.5.3 CO Oxidation Over Stepped Surfaces

The above discussion makes it very clear that surfaces change drastically with the
exposure to reaction gas mixtures. This is not less true for stepped surfaces, which are
used to investigate the effect of defects on catalytic reactions [97, 98]. Since CTRs
are always perpendicular to the surface, the appearance of new facets is revealed by
the appearance of CTRs in new directions. Figure 3.10 shows a map of reciprocal
space around the Pt(977) Bragg reflections at (H, K, L) = (16,0,5) and (18,0, 28)
[97]. Vertically from these Bragg reflections there are two CTRs revealing the overall
(553) orientation of the surface. In addition, there is one CTR connecting the Bragg
reflections, and hence leaning slightly. This CTR is perpendicular to the (111) facets
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Fig.3.10 a Side view of the (977) surface and representation of the A and C vectors in direct space.
C is perpendicular to the 997 planes and A has a length twice the step separation. b Diffracted
intensities in a portion of the plane (H,L) at K = 0 in reciprocal space. The H and L axes are
parallel to vectors A and C respectively. The intense red spot at (H, L) = (18, 28) arises from a
Bragg reflection from the bulk of the crystal. The diffuse intensity streak emanating from the Bragg
reflection, parallel to the L axis, is a crystal truncation rod (CTR) of the 977 surface plane. At (H,
L) = (16, 5) there is another Bragg reflection which tail is visible in the lower part of the figure.
Again, its associated diffraction rod from the stepped surface parallel to the L axis is noticeable.
In addition, an inclined diffuse intensity line connecting the two bulk Bragg reflections is visible.
It corresponds to a diffracted rod from (111) surface planes indicative of the existence of surface
(111)s facets. From [97]

that make up the terraces between the steps. For a perfect (977) surface, the (111)
CTR should cancel out, but there are always small variations in the terrace size,
such that for the clean surface a combination of (997) and (111) CTRs was found.
During this study, the evolution of the (111) and (997) facets is followed by line scans
revealing the intensity of the corresponding CTRs, while the reaction gas mixture is
varied. In a stoichiometric mixture of CO and O, the (977) facet becomes more
visible, while excess of either CO or O, causes rearrangements of the surface into
larger (111) facets. In order for the macroscopic surface orientation to remain in the
(977) direction, the growth of (111) facets must be accompanied by step bunching,
but the structure of the areas where the steps bunch together is unclear from the
present study.
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Similar observations were made for the Rh(553) surface [98]. Analogous to the
Pt(977) case above, in close to stoichiometric gas mixtures with slight CO excess, the
presence of (553) and (111) CTRs is reported, while larger excess of CO or excess
of O, both results in faceting of the surface. Here, the 2D maps make it possible to
find out what happens in the areas with increased step intensities. In CO excess the
formation of a CTR in the (110) direction is found, while O, excess results in new
(331) rods, showing that facets with the corresponding orientations are formed. In
addition, at large excess of O,, there is an extra rod in the (111) direction, showing
the formation of the surface oxide on the enlarged (111) terraces.

3.5.4 Methane Oxidation Over Pd(100)

Another example of the use of the 2D detector to identify the active phase of a
Pd(100) model catalyst is methane (CH,) oxidation [99]. In relatively low pressures
(P(CH,):P(0O,) = 0.1:0.5 mbar), the surface is always inactive in the oxide phase
and the activity starts when the temperature is high enough in order to transform the
surface into a metallic state. The 2D diffraction map of the oxide, both in the begin-
ning and in the end, shows a vertical extended reflection, which is indicative of an
ultrathin surface oxide.

At higher pressure (P(CH,):P(O,) = 6:16 mbar), however, there is an active
regime at lower temperatures where the surface is still oxidized, but the activity
drops before it increases again when the surface turns metallic. As the temperature
increases, the detector images evolve from a vertical line with rather smooth inten-
sity through a vertical line with intensity more and more concentrated in one spot, to
a strongly leaning line with a very strong maximum. This reflects the development
of the oxide from a surface oxide through an epitaxial bulk oxide into a polycrys-
talline oxide structure. Theoretical calculations have predicted that an oxide growing
on Pd(100) will expose PdO(101)-oriented surface facets, while PdO on its own (or
a thick enough film on Pd(100)) will expose (100) oriented facets. Hence the follow-
ing conclusions can be drawn from the measurements: They show the transformation
from a surface oxide to an epitaxial oxide exposing (101) facets, and finally the oxide
gets thick enough to lose its registry with the substrate, becomes polycrystalline and
exposes (100) facets. This would also explain the activity variations, as PdO(101)
exposes undercoordinated Pd atoms that are predicted to be the active sites, while
PdO(100) does not expose such sites.

3.5.5 The Use of Large 2D Detectors in Combination
with High X-ray Photon Energies

Finally, surface-sensitive X-ray diffraction is right now going through a revolution
with the use of large 2D detectors. As demonstrated in [100, 101], the combination
of high-energy X-rays (70-90 keV) and a large 2D detector makes it possible to col-
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Fig. 3.11 Insitu HESXRD data from the surface oxide on Pd(100) measured during CO oxidation
in a flow of 6 Torr CO and 3 Torr O, at a sample temperature of 600 K. a Top and side view of

the relevant oxygen-induced (\/g X \/E)R27° surface oxide structure. The structure is an O-Pd-O
trilayer corresponding to one PdO(101) plane. b All images collected during the rotational scan
combined into a single image, in which the CTRs and superlattice rods can be directly seen. ¢ and d
Extracted (dots) CTRs and superlattice rods from the rotational images as seen in (b), and calculated
structure factors (full lines). From [100]

lect from a single-crystal surface a large range of diffraction angles with a stationary
detector, and through a simple rotation of the sample, a 3D map of the reciprocal
space is acquired in about 15 min. The strength of the combination of high photon
energies with 2D detectors for the investigation of epitaxial nanoparticle model cat-
alyst systems was discussed in Sect. 3.3.3. As illustrated by Fig. 3.11 for the case of
the Pd(100) surface during CO oxidation, the resulting data can be represented in
several different ways in order to directly show the presence of different CTRs and
superstructure rods, and to extract data for quantitative surface-structure determina-
tions. These measurements are superior to conventional SXRD in the sense that they
speed up the measurements by several orders of magnitude. In conventional SXRD it
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is practically impossible to map out the reciprocal space in 3D, which means that it is
very easy to miss structures that are not expected. This is not the case with the large
2D detector. The large detector is also able to explore a higher fraction of the recip-
rocal space without rotating the sample, which improves the use of time-resolved
measurements. This is especially true for the combination with high-energy X-rays,
since the flatter Ewald sphere makes it easier to select an interesting area to cover.
Future experiments using high energies will enable the investigation of nanoparti-
cle model catalysts under flow reaction conditions [102], and the combination with
other techniques such as laser induced fluorescence or Fourier transform infrared
spectroscopy will shed new light on the open questions concerning the most active
phase of a catalyst under flow reaction conditions.
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