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Chapter 2

Instrumentation: high-pressure surface x-ray
diffraction

A versatile instrument for the in situ study of catalyst surfaces by surface x-ray
diffraction (SXRD) and grazing incidence small angle x-ray scattering (GISAXS)
in a 13 ml flow reactor combined with reaction product analysis by mass spec-
trometry has been developed. The instrument bridges the so-called ‘pressure gap’
and ‘materials gap’ at the same time, within one single experimental setup. It al-
lows for the preparation and study of catalytically active single crystal surfaces
and is also equipped with an evaporator for the deposition of thin, pure metal
films, necessary for the formation of small metal particles on oxide supports.
Reactions can be studied in flow mode and batch mode in a pressure range of
100-1200 mbar and temperatures up to 950 K. The setup provides a unique com-
bination of sample preparation, characterization and in situ experiments where
the structure and reactivity of both single crystals and supported nanoparticles
can be simultaneously determined.

Published as: Ultrahigh vacuum/high-pressure flow reactor for surface x-ray dif-
fraction and grazing incidence small angle x-ray scattering studies close to con-
ditions for industrial catalysis,
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H. Isern, E. de Kuyper, L. Petit, V. A. Sole, D. Wermeille, R. Felici, and J. W. M.
Frenken,

Review of Scientific Instruments 81, 014101 (2010).
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2.1 Introduction

Until the late 1990’s, direct experimental evidence on the working mechanisms
of heterogeneous catalysis at the molecular level was largely based on surface-
science studies under ultrahigh vacuum (UHV) and high vacuum conditions (<
10 mbar). UHV conditions provide electrons and ions long mean free paths
compared to ambient pressure conditions, allowing one to use electron- and ion-
based techniques, such as low energy electron diffraction and low energy ion
scattering. This approach has been very successful in acquiring understanding of
the fundamental interaction of molecules with single-crystalline surfaces for a
large variety of catalytic systems [12, 13].

In industrial catalysis however, the vast majority of interaction processes of
molecules with a surface happen at elevated temperatures and at high pressures
(>1 bar). This discrepancy is known as the pressure gap [14]. Furthermore, a
catalyst is usually not a macroscopic, low-index, single-crystal surface but very
often it consists of oxide-supported nanometer size particles. Hence structural
and electronic particle size effects and particle-support interactions likely influ-
ence the catalyst [15]. This last discrepancy is called the materials gap. There is a
growing body of evidence that one can often not simply extrapolate UHV results
to atmospheric pressures. The structure and morphology of the catalyst surface
at realistically high pressures and temperatures may differ significantly from the
situation at low pressures (and temperatures), which can lead to dramatic dif-
ferences in reaction mechanism and catalytic performance (efficiency and selec-
tivity). Recently a growing number of surface-science techniques, traditionally
developed for UHV, are being adapted to operate under ‘realistic’ reaction condi-
tions [16]. Notable examples of this development are high-pressure transmission
electron microscopy (TEM) [17], high-pressure scanning tunneling microscopy
(ReactorSTM) [18, 19], high-pressure x-ray photoelectron spectroscopy (XPS)
[20], and high-pressure SXRD [21, 22].

The weak interaction of x-rays with low-electron-density materials (gasses)
makes x-ray based techniques suitable for studying catalyst at realistic condi-
tions. This is reflected in the large number of x-ray absorption fine structure
(XAFS) and powder diffraction studies of catalysts. For studying catalytically
active surfaces under realistic conditions, SXRD [7, 8] and GISAXS [11] are ex-
tremely suitable. It can be called surprising that only a handful of setups suitable
for this type of research exist. The typical geometry for an SXRD type reactor is a
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vessel with transparent walls for x-rays (e.g. beryllium, aluminium) in which one
can introduce gas mixtures of different compositions. UHV is often required for
proper sample preparation, so these vessels are often quite big (>1 liter) and can,
apart from being used at high gas pressures, also be evacuated to pressures below
10 mbar. Another method frequently implemented is a UHV sample transfer
from a preparation setup to the reactor setup. All these designs have the major
disadvantage that the reactors are operated in batch mode, which implies that the
gas composition in the reactor changes over the course of a measurement. Never-
theless excellent results have been obtained in batch reactors [23-26]. A second
disadvantage of the transfer method is the necessary re-alignment of the sample
with respect to the x-ray beam in diffraction experiments after each transfer.

In this paper we introduce a novel reactor setup for use in conjunction with a
six circle diffractometer for SXRD/GISAXS experiments. It has been developed
within the framework of a collaboration between the Interface Physics Group at
Leiden University and the beamline staff at ID03, the surface diffraction beam-
line of the European Synchrotron Radiation Facility. The instrument bridges both
the pressure gap and the materials gap without introducing the two disadvan-
tages mentioned above (batch and realignment). It combines a small volume flow
reactor with sample preparation under UHV-conditions. Furthermore it enables
us to determine surface structure and morphology under reaction conditions by
SXRD or GISAXS and simultaneously measure the reaction kinetics by mass
spectrometry. Examples of reactions we would like to study are: CO oxidation on
Pt-group metals (both single crystals and nanoparticles) [12—14], NO reduction
on Pt-group metals [27], ethylene epoxidation on Ag nanoparticles [28], partial
methane oxidation [29], desulphurization [30], and the Fischer Tropsch reaction
[31]. We start by describing the requirements for such a setup and introduce the
general architecture of the instrument. The paper ends with a demonstration of
the performance of the instrument during CO oxidation experiments on Pd(111)
and Pd(100).

2.2 Design Specifications

The combination of several sample preparation techniques typically requires a
UHV chamber with a relatively large (>1 liter) volume. For the preparation of
both single-crystal surfaces and oxide-supported nanoparticles (NPs), the instru-
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ment has to combine facilities for ion bombardment, vacuum deposition and vac-
uum annealing. To guarantee sample cleanliness this preparation should be per-
formed in situ, without transport through the atmosphere prior to experiments.
Characterization of the sample at intermediate stages of preparation under UHV
conditions should be possible with x-rays.

For experiments under catalytic conditions the requirements are different. The
gas pressure around the sample needs to increase to the atmospheric pressure
regime, while the gas composition in the reactor is determined by mass spectrom-
etry simultaneously with the SXRD/GISAXS measurement. This experimental
approach allows one to correlate reaction kinetics with surface structure and mor-
phology.

Furthermore the partial pressures of the reactant gasses should be fully control-
lable and it should be possible to keep them constant in time. This is necessary
in order to map out the precise behaviour of a model catalyst as a function of
gas composition or as a function of time under constant gas and temperature
conditions. This implies that the instrument should have the character of a flow
reactor, rather than a batch reactor, in which the gas conditions would be chang-
ing continually. The characteristic refresh time of the reactor is determined by the
reactor-volume-to-gasflow ratio, whereas the chemical resolution in the gas de-
tection is determined by the sample-surface-to-gasflow ratio. For a given sample
size and chemical resolution one would thus like to make the volume of the reac-
tor small. This requirement obviously conflicts with the relatively large volume
that is required for the sample preparation.

The reactor wall material needs to be a low Z material, e.g. beryllium, alu-
minium, or Kapton, to allow the x-rays to pass through. When the reactor is
closed, no part of the setup, except for the beryllium window, is allowed to ex-
ceed the height of the sample, guaranteeing access to the full 2z hemisphere
of incoming and diffracted photons. Since the setup is intended to be used for
synchrotron based SXRD and GISAXS experiments, it should be designed to
fit and move on a six-circle diffractometer. To make optimal use of expensive
synchrotron beamtime a quick sample exchange mechanism is also required.
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2.3 Design

In this section, we discuss the general architecture of the new setup, the design of
its individual components, and the underlying considerations for specific design
choices.

2.3.1 UHV Chamber

The combination of all the mentioned requirements suggests a setup which com-
bines two compartments with a transport mechanism in between: a reactor part
and a UHV part. Typically one would transport the sample after preparation from
UHV to the reactor. For the x-ray diffraction experiments this would mean that
one would have to realign the sample after every preparation cycle. For experi-
ments at a synchrotron, this would imply an additional loss of valuable beamtime
with every preparation cycle, a very undesirable situation. Instead of using a sam-
ple transfer mechanism we chose to keep the sample fixed inside the setup and to
move the upper part of the setup around the sample. The design of the novel flow
setup is shown in Fig. 2.1. The chamber consist of two steel plates connect by
a bellow. The lower plate is mounted on a 5-axis positioning system that is part
of a six-circle diffractometer [32]. The lower plate holds the sample holder, the
quadrupole mass spectrometer (QMS) and the turbopump. The top plate holds
the ion gun and evaporator and can be translated vertically. If the bellow is com-
pletely extended as shown in Fig. 2.1a, the setup is in the sample preparation
configuration, in which the sample can be sputtered, annealed, and metal can be
deposited on the sample. After preparation, the top part of the chamber can be
lowered over the sample, as shown in Fig. 2.1b. This is achieved by compress-
ing the bellow between the top and bottom plates by means of a chain drive
mechanism, until the top flange lands on the sample holder support. In the latter
geometry, the small volume around the sample is fully separated from the UHV
in the remainder of the system, which consists of the compressed bellow and the
sample preparation tools. The upper part of this small reactor volume is defined
by a beryllium dome [33-35] with good transparency for the x-rays. The reactor
walls (top flange and dome) are actively cooled by a water flow through the top
flange as shown in Fig. 2.1a. This is done to prevent reactant gasses from react-
ing on and/or with the reactor walls at high temperatures. Both effects are highly
undesirable.
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Figure 2.1: a) Cut view of the setup in the UHV sample preparation geometry. b) Cut view of the
setup with closed reactor, 90° rotated with respect to the view of Fig. 2.1a. The beam is located
170 mm above the diffractometer sample stage surface. The labels denote: (1) turbo pump, (2)
quadrupole mass spectrometer, (3) manual UHV valve, (4) guiding rods for vertical movement
of top part of the chamber, (5) sample holder foot, (6) sample holder, (7) x-ray beam height, (8)
evaporator port, (9) water-cooled top flange, (10) 180°x 360° beryllium dome, (11) ion gun port,
(12) reactor gas exhaust line, (13) UHV leak valve, (14) Huber five-axis positioning system, (15)
cold cathode pressure gauge, (16) blind flange, (17) electromotor and drive shaft, (18) threaded
drive rods for vertical movement of top part of the chamber, (19) chain drive mechanism for vertical
movement, (20) gas entry line, (21) UHV vent valve, and (22) steel bellow.

The top flange seals the reactor from the UHV by a so-called V-seal®, that
is normally intended for use in jet engines, cryogenic applications, etc. [36].
The V-seals are made of a gold coated nickel alloy, they seal UHV tight (<
1070 mbar 1 s! He) and are re-usable up to 30 times. The gold coating protects
the seal from the reactants and guarantees its inertness. We prefer these V-seals
over traditional elastomer seals, as the latter ones can only be used up to typically
500 K and they contain materials that might either influence the reaction or be
influenced by the reactants.

Gasses are mixed in a gas system and transported to and from the reactor
by two capillaries coming from under the sample holder support. Gas analysis
was designed to be performed by dosing gas from the reactor exhaust pipe via
a leak valve into the UHV part of the chamber, which is equipped with a QMS.

10
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When the sample is in UHV the gas lines are closed with two Swagelok® manual
valves. The sample mounting plane of the standard sample holder is situated 4
mm above the top flange.

The setup is currently equipped with the following UHV components:

e Varian V-81-M turbomolecular pump with a pumping speed of 50 I/s for
N, and a compression ratio of 5 x 108 [37];

* Omicron EFM3 evaporator mounted under a 20° angle relative to the sam-
ple horizon [38];

* SPECS IQE 11/35 ion gun mounted under a 25° angle relative to the sam-
ple horizon [39];

* Arun Microelectronics cold cathode pressure gauge [40];
¢ MKS Instruments Micro Vision Plus QMS [41];

* Pfeiffer all metal regulating valve UDV 146. This valve is used for back-
filling the chamber for ion bombardment of the sample [42];

* Beryllium dome with a radius of 14 mm and a wall thickness of 0.4 mm
[33], or an aluminium dome with the same radius and a wall thickness of
1 mm.

Both the evaporator and the ion gun were slightly modified to minimize the
blocking of the x-ray beam due to parts of these devices that would otherwise
protrude above the sample surface.

2.3.2 Sample Holder

Figure 2.2a shows a cut view of the top part of the system, with the top flange in
its lower position, so that the sample holder is fully enclosed by the reactor part
of the setup. The x-ray beam height is shown in red. The sample holder is shown
in Fig. 2.2b. It is easily removable from the sample support, by unscrewing the
Be dome and pulling the holder out of the electrical connections, thus enabling
rapid sample exchange (see below).

The materials that make up both the reactor and the sample holder have been
chosen carefully not to be catalytically active. They can all withstand both oxy-
gen and hydrogen at a pressure of 1 bar and a sample temperature of 950 K. The

11
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Figure 2.2: a) Top part of the setup with the top flange in the lower position and with the sample
holder in the reactor part of the system. b) Sample holder. The labels denote: (1) beryllium dome,
(2) x-ray beam height, (3) water cooling channel, (4) V-seal between the reactor and the exter-
nal atmosphere, (5) alumina plate, (6) female electrical connection, (7) V-seal between UHV and
high pressure in the reactor, (8) electrical feedthroughs, (9) gas entry line, (10) tungsten rod, (11)
sample, (12) bora-electric heater, (13) heat shield, (14) alumina cylinder, (15) alumina plates, (16)
male electrical connections, (17) stainless steel clamps.

sample is heated by a graphite heating element embedded in boron nitride [43],
which is electrically and mechanically connected by two tungsten rods. These
rods are clamped with stainless steel clamps from underneath the holder. Fur-
ther electrical connection to the outside is made by two male/female connections
and a feedthrough. The temperature of the sample is measured by a type C ther-
mocouple (tungsten 95% rhenium 5% tungsten 74% rhenium 26%). Note, that
thermocouples containing Cu, Pt or Ni cannot be used. Pt is a highly active cata-
lyst for CO oxidation, Ni forms carbonyls with CO, resulting in Ni deposition on
the sample, and Cu is an active catalyst for methanol synthesis. The thermocou-
ple is either spot-welded to, or pressed against the sample by two clips mounted
on the heater (not shown in the figure). Unfortunately, feedthroughs are not avail-
able in thermocouple material (W, Re). Feedthroughs do exist of compensation
material, equivalent to a type C thermocouple. However, these contain Ni and
Cu, which cannot be tolerated. Therefore, we have chosen to equip the sample
holder support with stainless steels feedthroughs and calibrate the temperature
drop over the feedthroughs under various operating conditions of the reactor.

12
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The exposed hot parts of the heater are protected from oxidation by a layer of
BN coating (COMBAT® Boron Nitride Coatings [44]). The sample fixation is
chosen on a per-experiment basis. Usually Ta clips are used in oxidizing condi-
tions and Mo clips in hydrogen-rich conditions. Ta is more resistant to oxidation
than Mo, but will eventually also oxidise at high temperatures. Ta, however, forms
hydrides in hydrogen-rich conditions, whereas Mo does not.

2.3.3 Gas System

Figure 2.3 shows a schematic drawing of the gas system. It consists of four mass
flow controllers (Bronkhorst EL-FLOW, 50 ml, min™! [45])" calibrated for dif-
ferent gasses. The common output is connected to the reactor via a flexible UHV-
compatible PEEK (polyether ether ketone) tube (1.57 mm inner diameter, Sigma
Aldrich [46]). A pressure controller (Bronkhorst EL-PRESS, 1200 mbar [45]) is
mounted on the reactor exhaust. This geometry allows us to independently set
the reactor pressure, the gas composition and the total mass flow. The pressure
difference that is required to obtain a continuous flow of gas between the outlet
of the mass flow controllers and the inlet of the pressure controller is determined
by Poiseuille’s law, approximated for an isothermal ideal gas:

D' (P'—P;
- " Lo 2.1
256nL \ " P,

where @ is the volumetric flow rate, D is the pipe diameter, 1 is the dynamic
viscosity of the gas, L is the length of the pipe, and P; and P, are the inlet and
outlet pressures respectively. In Fig. 2.3 the flow resistance between the mass
flow controllers and the pressure controller is determined by the PEEK tube and
the stainless steel piping to and from the reactor. The pressure difference between
the mass flow controllers and the pressure controllers that is needed to maintain
a 50 ml, min’! flow of air through the reactor is calculated to be 10 mbar. This
makes that the pressure as measured at the pressure controller is nearly equal to
the gas pressure in the reactor.

The pressure controller can regulate the total pressure in the reactor from
100 mbar up to 1200 mbar. The flow controller can regulate the flow from 1 ml,
min™! up to 50 ml, min"'. In a binary mixture of pure gasses at a total flow of

*1 ml, min'! is defined as 1 ml at a gas temperature of 0 °C and a pressure of 1.013 bar

13
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Figure 2.3: Schematic drawing of the gas system. Black valves are closed, white valves are open.
In this typical configuration CO and O, are flowing through their respective controllers, while
Argon is bypassing on the left side via the lower controller. The final mixture flows through the
reactor and is pumped away by the exhaust system via a pressure controller and a scroll pump. The
gas composition in the reactor is analysed by mass spectrometry. Initially a bypass line with a leak
valve was designed to admit gas from the reactor to the UHV system with the mass spectrometer,
but in practice we make use of a direct, tunable leak at the seal between the reactor and the UHV,
symbolized here by the green arrow. A carbonyl trap is mounted optionally between the CO bottle
and the CO mass flow controller.

50 ml, min™!, the lowest composition of one of the gasses in the mixture is 2%.
That would for example be 1 ml, min"! of gas A mixed with 49 ml, min™!' of gas
B. Therefore the lowest attainable partial pressure of this gas in the reactor is 2
mbar (2% of the minimum total pressure). If necessary this value can be lowered
further by using bottles which contain mixtures of gas A and gas B.

The mass flow controllers, pressure controllers, the electric valves and also
the heater power supply are interfaced with SPEC, the beamline data acquisition
software package [47]. This enables us to perform fully automated scanning of
gas and temperature conditions and to use measurement macros with complex
variations in time of all parameters, including abrupt switching of gas conditions.

14
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All these manipulations are possible during x-ray scattering experiments, without
the need to interrupt the x-ray beam. Compared to the manual gas handling on
the previous batch reactor [21], this is a major improvement.

For many reactions, the catalytic conversion rate is determined by measuring
the partial pressure of the reaction product by use of the QMS, in combination
with accurate knowledge of the total pressure and flow in the reactor. Occasion-
ally, however, the reaction rate will be so low that the partial pressure of the
product gas is below the detection limit or below the background partial pressure
of this gas in the QMS. If this is the case, the flow can be interrupted to make
the reactor behave as a small batch reactor. One can then wait sufficiently long
to see the partial pressure of the product increase and determine the chemical
conversion rate from the rate of this increase.

2.4 Performance

The setup has been successfully tested in a number of experiments already. The
results of these experiments will be published elsewhere. Here, we briefly de-
scribe the performance of several key aspects of the design and provide one ex-
ample of the performance during an experiment.

2.4.1 UHV Chamber

The UHV chamber reaches a base pressure of 4 x 10~? mbar routinely after each
bake-out (24 hr at 120 °C) against the turbo-molecular pump. During reactivity
measurements the temperature of the reactor wall does not exceed 333 K while
the sample is at 875 K, due to the efficient water cooling on the reactor walls.

The part of the gas system that was designed to admit gas from the reactor
exhaust into the UHV chamber via a leak valve was never implemented. Instead,
we tune the electromotor that drives the top flange of the setup. With this, we can
regulate the leak via the V-seal into the UHYV, like in a leak valve. The chamber
pressure can be accurately set between 10~ mbar up to 10~ mbar. The small
leak allows for the analysis of the gas composition in the reactor with the QMS
mounted in the UHV part of the chamber. A leak directly at the reactor is ad-
vantageous, because it does not introduce additional time delays or convolution
effects in the detected gas composition.

15
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2.4.2 Sample holder

With the top flange in the lower position, samples can be exchanged very quickly,
e.g. within 30 min, effectively using the reactor as a load lock. In this way
costly synchrotron time can be used efficiently. The base pressure for UHV sam-
ple preparation after changing sample is usually increased from 10~° mbar to
10~8 mbar, because the reactor and the gas lines cannot be baked out separately.

A systematic error in the temperature reading of the thermocouple is made
because of the temperature difference over the stainless steel feedthroughs. This
systematic error was measured and carefully calibrated, resulting in an thermo-
couple temperature measurement accurate to within 3 K, by eliminating the sys-
tematic error.

Under UHV conditions the sample can be heated reliably up to 1500 K. In
oxidizing conditions with Ta clips the sample can be heated to 950 K. Preliminary
tests in which the sample was fixed to the heater by a BN coating show that the
sample can reach a temperature of 1100 K in oxidizing reaction conditions. In
this test the heat shield had to be removed from the sample holder as it was
significantly catalysing the oxidation of methane.

2.4.3 Gas system

The lower limit of the time constant of gas composition changes in the reactor at
a constant operating pressure and a constant total mass flow is given by:

T=—" 2.2)

where V is the reactor volume, P, is the pressure in the reactor, and F is the total
mass flow through the reactor. The time constant may be longer if there are dead
volumes in the reactor or the gas lines or if the gas line diameters are such that the
gas in the reactor diffuses into the gas inlet and gas outlet. The reactor volume as
drawn in Fig. 2.2 is calculated to be 13.3 ml. Figure 2.4 shows a decaying partial
Argon pressure with a time constant of 15.8 s. On the basis of the calculated
reactor volume one would expect a time constant of 12.4 s at the specified total
mass flow and total pressure. We ascribe the 3.4 s difference in measured and
calculated time constant to the fact that the gas in the reactor is not perfectly
mixed within the characteristic refresh time. That means that part of the volume
of the reactor is effectively ‘dead’, i.e. it is refreshed mainly by gas diffusion

16
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Figure 2.4: Exponential decay of the partial Ar pressure in the reactor measured by the QMS after
switching the gas flow from a total rate of 64.8 ml, min"! with 84.8% Ar to a flow of 59.8 ml, min!
containing 58.3% Ar, while keeping the total pressure constant at 1000 mbar. The time constant of
the exponential decay, 7, is determined by the fit (red line).

rather than flow or convection. The diffusion of reactor gas into the gas line is
negligible, as the flow speed in the gas lines is higher than the diffusion rates of
the gasses.

Similarly, the rate at which the total pressure in the reactor can change at con-
stant flow is given by the ratio of the total mass flow and the total gas system
volume, i.e. the volume of the complete system, from the mass flow controllers
to the pressure controller, including the reactor and the tubing. Figure 2.5 shows
the pressure evolution in time at two fixed total flows for three different pressure
jumps. From these measurements, the volume of the gas system is determined
to be 57.4 £ 0.6 ml. Since the intermixing of gas from the reactor into the inlet
and outlet was negligible, the only disadvantage of the relatively large volume of
the total gas system compared to the reactor is the introduction of a time delay
between setting a new gas composition (at constant total pressure) and arrival
of the gas in the reactor. At a total flow of 50 ml, min"! and a total pressure of
1000 mbar the time delay is 20+ 3 s.

The time delay in product gas detection is estimated as the time that CO,, pro-
duced at the sample during a CO oxidation experiment, needs to diffuse through

17
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Figure 2.5: Reactor pressure as a function of time for different flow and pressure settings, starting
from an evacuated reactor. The dashed green line, the dotted purple line and the dashed red line
show the pressure evolution for a total flow of 70.8 ml, min'! of Ar up to a total set pressure on
the pressure controller of 1000 mbar, 500 mbar and 100 mbar respectively. The solid purple line,
the dashed blue line and the solid green line show the evolution for a flow of 35.4 ml, min™' of Ar
and a total set pressure of 1000 mbar, 500 mbar and 100 mbar respectively.

the gas in the reactor to the V-seal. The diffusion length, L, is given by:
L=2+Dt, (2.3)

where D is the diffusion constant and ¢ is the elapsed time. This is calculated
ignoring convection and turbulence, which would mix the gasses in the reactor
more efficiently and therefore make the delay in product detection even smaller.
The diffusion constant of CO, through air at room temperature is 0.16 cm? s™!
[48]. Using above determined time constant for reactor refreshment of 15.8 s,
i.e. the average residence time of a molecule in the reactor, we find a diffusion
length of 3.1 cm. As the dimensions of the reactor are in the order of 3.2 cm we
can be sure that the products will be relatively well mixed, except for the dead
volumes in the sample holder, even in the absence of convection and turbulence.
Variations of the reaction rate that occur on a timescale faster than the average
residence time of a molecule in the reactor are averaged out in the gas detection.

18
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Figure 2.6: Photograph of the setup installed on the IDO03 six-circle diffractometer. The x-ray beam
enters from the left and photons scattered from the sample are collected in the detector (white
arrows). The setup is shown in the configuration with the reactor closed, like in Figure 2.1b.

2.4.4 First Experiment

Figure 2.6 shows a photograph of the setup mounted on the six-circle diffrac-
tometer [32] at the ID0O3 beamline at the ESRF. During the first test experiment,
a Pd(111) sample was mounted in the reactor and cleaned by cycles of 1000 V
Ar* ion bombardment and annealing up to 1150 K. The sample was first aligned
in UHYV, i.e. with the Be dome lowered over the sample, but without the reac-
tor closed on the seal. After this alignment, the reactor was fully closed and the
alignment of the sample was checked.

Figure 2.7a shows that the vertical position of the sample moves down by
27um as a result of the force applied on the sample holder support. Also a mi-
nor tilt of the crystal of 0.03° was observed. Figure 2.7b shows the variation in
vertical position of the sample upon heating. The vertical position of the sam-
ple moved up by 28 &+ 8 um, due to thermal expansion of the sample and sample
holder. The loss of intensity at 260 °C is caused by a slight accompanying tilt
of the crystal by 0.05°. After cooling down, the sample returned to its original,
aligned orientation. The alignment is remarkably stable and only modest refine-
ments are necessary when performing experiments over a large temperature range

19
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Figure 2.7: a) alignment of the vertical position of the sample surface with the detector at an anti
bragg position of a Pd(111) crystal truncation rod (CTR), with the sample in UHYV, .i.e. with the
reactor open (red) and with the sample in the closed reactor (black). b) alignment of the vertical
position of the sample surface on a surface peak at room temperature in UHV, before heating
(black) and after heating and cool-down (blue) and hot at 260 °C (red).

of several hundreds of degrees.

In a later stage a Pd(100) sample was mounted. The surface was cleaned by
cycles of 1000 V Ar* ion bombardment and annealing up to 1150 K. The surface
was subsequently oxidized in a mixture of 50% O, and 50% Ar at a total pressure
of 1200 mbar and a temperature of 456K. A bulk-like PdO structure, like the
one reported in ref. [49], was found to be present on the surface. The oxide was
reduced again by removing O, from and adding CO to, the mixture. Afterwards
a gas mixture was flown through the reactor containing 50% O, and variable
amounts of Ar and CO. The experiment was performed at a constant temperature
of 456 K and a total pressure of 1200 mbar. A typical example of the data that was
obtained in this experiment is shown in Fig. 2.8. A characteristic peak showing
the presence of the bulk-like PdO is monitored as a function of time while the
partial CO pressure in the reactor is varying and while the rate of CO; production
is measured simultaneously. The presence of a bulk-like oxide on the Pd(100)
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Figure 2.8: Simultaneous measurement of the intensity of a characteristic PdO diffraction peak
(top panel) and the CO, production (red line, middle panel) in a CO oxidation experiment on the
Pd(100) surface. The CO partial pressure was varied during this experiment (bottom panel), while a
compensating amount of inert Ar was mixed in. in this way, the total flow (50 mln/min), the partial
oxygen pressure (600 mbar), and the total pressure (1200 mbar) in the reactor were kept constant
during the experiment. The sample temperature was 456 K. A high value for the CO, production
rate can be observed simultaneous with the presence of the PdO signal (light blue regions).

surface is shown to correlate with a high CO, production rate. This result is in
full agreement with previous results obtained in SXRD and STM [50, 51].

The new setup has also been successfully used for GISAXS experiments on
oxide-supported Pd nanoparticles. The results of these experiments are shown in
Chapter 5.

2.5 Additional Possibilities

The flexible and open design of the new flow setup allows for the integration
of other surface sensitive techniques. The beryllium dome can be replaced by a
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Chapter 2 Instrumentation: high-pressure surface x-ray diffraction

custom shape made in any material that is transparent to x-rays and suitable as a
reactor wall. This opens the possibility to combine the x-ray scattering/diffraction
experiments with in situ AFM or IR spectroscopy. The setup, being easily trans-
portable, can in principle be used on other beamlines, specialized on other x-ray
techniques, for example EXAFS. The setup has become commercially available
from Leiden Probe Microscopy [52].
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