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ABSTRACT

We present a new high-pressure x-ray photoelectron spectroscopy system dedicated to probing catalytic reactions under realistic conditions
at pressures of multiple bars. The instrument builds around the novel concept of a “virtual cell” in which a gas flow onto the sample surface
creates a localized high-pressure pillow. This allows the instrument to be operated with a low pressure of a few millibar in the main chamber,
while simultaneously a local pressure exceeding 1 bar can be supplied at the sample surface. Synchrotron based hard x-ray excitation is used
to increase the electron mean free path in the gas region between sample and analyzer while grazing incidence <5○ close to total external
refection conditions enhances surface sensitivity. The aperture separating the high-pressure region from the differential pumping of the
electron spectrometer consists of multiple, evenly spaced, micrometer sized holes matching the footprint of the x-ray beam on the sample.
The resulting signal is highly dependent on the sample-to-aperture distance because photoemitted electrons are subject to strong scattering
in the gas phase. Therefore, high precision control of the sample-to-aperture distance is crucial. A fully integrated manipulator allows for
sample movement with step sizes of 10 nm between 0 and −5 mm with very low vibrational amplitude and also for sample heating up to
500 ○C under reaction conditions. We demonstrate the performance of this novel instrument with bulk 2p spectra of a copper single crystal at
He pressures of up to 2.5 bars and C1s spectra measured in gas mixtures of CO + H2 at pressures of up to 790 mbar. The capability to detect
emitted photoelectrons at several bars opens the prospect for studies of catalytic reactions under industrially relevant operando conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5109321., s

I. INTRODUCTION

The chemical industry converts raw materials into thou-
sands of different products1 and is therefore at the foundation
of our economy and a major contributor to the GPD in the
western world. It is estimated that nearly 90% of all chemical prod-
ucts rely on suitable catalysts that enhance the rate of chemical

reactions.2 Central to catalysis is the formation and breaking of
chemical bonds at catalytically active surfaces and interfaces. These
surfaces themselves can restructure due to the interaction with
the reacting gas. This results in a wealth of possible reaction
pathways with numerous intermediate and final products. The
enormous variety in applications for catalysis calls for a deeper
understanding of how catalytic materials facilitate the reaction
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processes such that highly active and selective catalysts can be
designed.

X-ray photoelectron spectroscopy (XPS) is one of the primary
tools to investigate chemical compositions of surfaces.3 The tech-
nique’s inherent surface sensitivity derives from the short mean free
path (MFP) of electrons inside materials of typically only a few
nanometers. Consequently, over the last 5 decades, XPS has been
used extensively to study interactions between molecules and sur-
faces.4,5 Well-controlled and systematic studies of single crystal sur-
faces under ultrahigh vacuum conditions (UHV) provided a wealth
of information.6,7 Classically, the application of XPS tomore realistic
systems, such as solid-liquid and solid-gas interfaces at high pres-
sures, is limited due to strong inelastic scattering of the photoemitted
electrons.8,9 However, most important heterogeneous catalytic reac-
tions occur at high pressures and temperatures. Furthermore, it is
not clear how easily we can transfer knowledge from UHV experi-
ments to real catalytic reactions. The challenge is to follow the chem-
ical bond formation and breaking, and catalyst restructuring while
the reaction takes place under realistic conditions, i.e., at pressure
of several bars in combination with temperatures of several hundred
degree Celsius.

Continuous technical improvements have extended XPS to the
use of synchrotron radiation4,5 and resulted in modern instruments
reaching into pressure regimes of several 10s of mbar.10–15 These
instruments often take advantage of a combination of differential
pumping and an electrostatic prelens section in electron spectrom-
eters.8,16–21 Apertures of several hundred micrometers in diameter
are used to limit the gas flow from the high-pressure region to
the differential pumping section of the analyzer. A pressure dif-
ference of several orders of magnitude is achieved between the
region surrounding the sample and the first differential pumping
stage.

The pressure distribution around the first aperture is not
homogeneous and decreases in close proximity to the aperture in
comparison to the chamber pressure, where the sample is located22,23

(see Sec. V C for further details). Assuming an infinitely thin wall
separating the interaction region from the differential pumped sec-
tions of the electron analyzer and molecular flow conditions, the
pressure profile close to the aperture follows a sigmoidal func-
tion P(x) ≙ 0.5P0(1 − x√

1+x2
), where P0 is the pressure in the

chamber and x the distance along the length axis of the aperture.
Analytical as well as numerical simulations resulted in a common
understanding that the distance between the sample and the front
cone needs to be at least 1 time the aperture diameter to have
90% of the chamber pressure and 2 times the aperture diameter
to have 99% of the chamber pressure at the position of the sam-
ple surface.22,24 Therefore, it is common practice to run the exper-
iment with sample-to-aperture distance of 1–2 times the aperture
diameter, while the sample is positioned in a chamber or an in
situ cell with gas-backfilling to the millibar regime, as commonly
implemented.

To date, two distinctly different sample environments have
been established. In the backfill- or exchangeable chamber approach,
the whole chamber is filled to the desired pressure conditions for
the sample.25–29 The advantage of this approach is that other tools
inside the experimental chamber like ion gun or evaporating sources
can easily access the sample. The disadvantages are that (i) depen-
dent upon the chamber volume, a large amount of gas is used to

fill the chamber and (ii) the chamber walls can contribute to con-
tamination of the experiment. Such disadvantages can be minimized
by the use of exchangeable chambers between different classes of
experiments.

In situ cells, consisting of small chambers placed inside the
main vacuum chamber, offer the advantage of a small volume with
reduced surface area where the resulting contaminations are reduced
and gas consumption is low.26,27,29–31 However, the cell design is
often complicated, as it needs to allow for loading and unloading
of samples in short time and for x-rays to enter. In both cases, the in
situ cells as well as backfill—or exchangeable chamber approach, the
pressure is limited to 1 bar as vacuum chambers are not designed to
handle overpressure.

More recent developments include the use of graphene and
Si membranes for electrochemical and gas-phase application32–37 as
well as hydrogen permeation membranes38 and also pulsed valves
for the creation of dynamic pressures.13,39 In the latter approach,
a highly collimated gas jet is pointed to the sample surface from
several millimeter distance. Pulsing the jet allows for studying the
pressure-time behavior of different systems.

Here, we describe an instrument specifically designed to per-
form catalytic measurements at pressures of several bars.We employ
an alternative to the classical cell approach, consisting of a “vir-
tual cell.” Scattering by the gas phase is reduced by decreasing the
sample-to-aperture distance to a few 10 s of μm. To facilitate this, gas
dosing is integrated into the front cone and directed directly onto the
sample leading to a very localized high-pressure pocket. The virtual
cell approach allows reaching local pressures of several bars while
keeping the chamber pressure in a relatively low-pressure regime.
The system was built for synchrotron and free electron laser mea-
surements and is currently situated at the hard x-ray beamline P22
at DESY (Hamburg, Germany).40,41 The instrument offers flexibility
toward fast transportation and adjustment to different beam heights.
Here, we specifically report on extensive effort put into the devel-
opment of new approaches in sample holder and sample manipu-
lator design, front cone design, positioning systems, as well as gas
handling system.

This instrument is opening a window to XPS studies in previ-
ously inaccessible pressure and temperature regimes and is expected
to give fundamentally new insights into the mechanisms govern-
ing industrially relevant catalytic reactions under more realistic
conditions.

II. SYSTEM OVERVIEW

The instrument follows a modular design with three main com-
ponents: (i) an electron analyzer (Scienta-Omicron, R4000-HiPP-
2), (ii) a main chamber, and (iii) a high precision hexapod for
alignment. An overview is shown in Fig. 1.

The analyzer has a standard configuration19,42 and is placed
in a horizontal geometry to match the E-vector of photons gen-
erated by a synchrotron undulator. The lens tables are optimized
for high transmission up to ∼9.3 keV, with little compromise for
kinetic energies below 200 eV. The energy resolution is determined
by the combination of 9 interchangeable slits (0.2–4mm, curved and
straight) and pass energies up to 200 eV. The radius of the central
trajectory through the analyzer hemisphere is 200 mm. The mul-
tichannel plate (MCP) detector captures a kinetic energy window
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FIG. 1. (a) A 3D CAD drawing of the system and (b) a photograph of the system
as installed at beamline P22 at PetraIII. The setup is dedicated to run under high-
pressure conditions and offers the flexibility to move to various x-ray sources such
as synchrotrons and free electron lasers.

of ∼8% of the pass energy and is imaged with a Basler scout CCD
camera.

Attached to the electron analyzer is a compact mu-metal vac-
uum chamber that includes a total of 28 ports. X-rays can enter the
vacuum chamber in three different ways. Two symmetrically ori-
ented ports at 90○ with respect to the electron analyzer lens axis allow
for incidence angles between ±5○. The symmetric arrangement gives
flexibility to position the instrument at different beamlines with ori-
entation of ±90○ with respect to the x-ray beam and also provides
the option for tandem operation in which the beam is passed to
instruments placed farther downstream. A third port, oriented at
55○ with respect to the analyzer lens axis, can be used with tra-
ditional front cone designs from Scienta-Omicron. Other ports of

the vacuum chamber are available for sample manipulation, Ar+ ion
sputtering, an electron gun (e-gun), H2 plasma cleaning, fast bake-
out through UV-light sources, gas dosing through backfilling of the
vacuum chamber, pumping, and provide some flexibility for other
setup extensions that demand electrical or liquid feedthroughs. For
increased stability, the sample manipulator is integrated into the
vacuum chamber.

A sample change typically takes 2 h and is conducted through
venting and opening a DN200 CF flange opposite of the electron
analyzer. This time includes venting, opening of the vacuum cham-
ber, exchanging the sample, closing the chamber, and pumping
down to about 10−6 mbar. The front cone of the electron analyzer
can be accessed through the same port.

The electron analyzer and vacuum chamber are mounted on
a hexapod system (Newport, custom design) optimized to meet the
instrument requirements. It allows for transport by crane and fork-
lift or by pushing on castor wheels. High-precision water levels
are permanently installed for prealigning of the instrument within
±20 μrad. The hexapod legs allow for precise manipulation of the
entire instrument within ±25 mm in the horizontal (X, Y) plane
and ±20 mm in the vertical (Z) direction, as well as rotation around
each individual axis of ±0.5○ in the tip and tilt (Rx and Ry) direc-
tion and ±5○ rotation in Rz. The resolution is 0.1 μm in the X,
Y, and Z directions, 2 μrad in rotation around Rz, and 1 μrad
around Rx and Ry. The overall extent of the instrument was cho-
sen in a delicate compromise between stability and space restric-
tions given by the beamline layout. The sample height is adjustable
between 1320 and 1600 mm above the floor level by use of spac-
ers of various sizes to match the beam height of different light
sources.

The overall design with a top heavy mass, however, results in
the system behaving like an inverted pendulum. The heavy weight
of ∼500 kg (analyzer and vacuum chamber) is positioned relatively
high above the ground, giving rise to low frequency vibrational res-
onances of the entire system. Therefore, the hexapod system has a
high rigidity and acts to reduce the vibrational amplitude. Addi-
tionally, a heavy bottom block shifts the center of mass below the
chamber, thereby stabilizing the whole system.

III. REACTION ENVIRONMENT

In order to reach into a regime where catalytic reactions can
be performed under realistic conditions of several bars, a novel
design of the reaction region was implemented. In the following,
we denote the volume in which the pressure is increased locally as
a high-pressure environment, noticing that one can vary the pres-
sure between UHV conditions and above 1 bar within this region.
The conceptual design does not constitute a pressure cell but instead
integrates into the front cone of the electron analyzer. In fact, a
gas outlet was integrated in the custom front cone as described
hereafter.

A. Front cone design

In the virtual cell design, a flow of premixed gases is directed
onto the sample surface to create a local high-pressure environ-
ment (Fig. 2). This concept is integrated into a redesigned elec-
tron analyzer front cone, which is fully interchangeable with the
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FIG. 2. The build-up of the high-pressure
environment is done by integrating a gas
feeding into the front cone of the elec-
tron analyzer as shown in (a). (b) and (c)
show the front cone with different magni-
fications. The gas is guided through the
adapted front cone and leaves the device
through a circular symmetrical channel.
(d) shows details around the virtual cell.
Positioning the sample in close proxim-
ity, a cushion of high pressures is formed
at the apex of the front cone at the sam-
ple surface. Grazing incidence x-rays are
used to excite the system and scatter
the photoelectrons into the electron ana-
lyzer.

standard model from Scienta-Omicron. The gas inlet [shown in
green in Fig. 2(b)] is connected with standard fittings. The circu-
lar gas outlet [shown in red in Figs. 2(c) and 2(d)] is machined from
a single titanium workpiece. It directs a gas flow onto the sample
and creates a circularly symmetric high-pressure gas cushion at the
sample surface. This cushion has an extension of ∼∅2.5 mm and
a variable thickness of about 0–100 μm, representing a local high-
pressure environment only (see also Sec. V C). We call this a virtual
cell as the gas molecules are not trapped.

The x-ray beam enters the high-pressure environment under
grazing incidence with respect to the sample [Fig. 2(d)]. Total reflec-
tion conditions at incidence angles of typically below ∼1○ increase
the surface sensitivity of the measurements.

A 70 μm-thin Ti foil separates the high-pressure environment
in the virtual cell from the first differential pumping stage of the
electron analyzer. The design of this foil is considered a key ele-
ment in the development of this instrument. The foil is perfo-
rated with micrometer-sized holes of equal diameter that allow high
electron transmission rates and simultaneously separate the high-
pressure environment from the vacuum system. Since photoelec-
trons also scatter at gas molecules within the holes, the foil thick-
ness was reduced as much as possible without affecting mechan-
ical stability. Such condition was obtained for a foil thickness of
70 μm.

B. Aperture design

Instead of using one single aperture, several evenly spaced aper-
tures, made by laser drilling, match the extended footprint of the
x-ray beam on the sample surface in grazing incidence. Figure 3
shows a light optical microscopy image of the front cone tip where
the gas outlet is seen as a white ring and the apertures are centered.
For the experiments, we produced a set of front cones with aperture
diameters of 10, 20, 30, 50, and 100 μm. In order to avoid cross talk
between individual apertures, the distance is chosen to be approxi-
mately 3 times the aperture diameter. This estimation is based on the
work by Gronych et al.43 However, recent simulations show that the
inter aperture distance can be reducedmuch further (see description
in Sec. V C).

C. Sample manipulation

The sample is mounted on a separate hexapod positioning sys-
tem (Symetrie, NanoPos) allowing for precise manipulation at the
measurement position with step sizes down to 10 nm in the X, Y, and
Z directions and 1 μrad in the Rx, Ry, and Rz directions, respectively.
The motion toward and away from the front cone is extended by a
linear translation stage (Newport, 9067-X-M) giving an additional
25.4 mm travel range. The manipulator was specifically designed
to match the application of high precision positioning and reduced
vibrational amplitude.

The virtual cell approach allows for simple manipulation of the
sample inside the vacuum, where sample positions associated with
sputtering, annealing, etc., can easily be reached.

D. Distance measurement

A calibrated long-distance microscope with working dis-
tance 184 mm enables the measurement of the sample-to-aperture
distance. It combines a telecentric lens (SILL TZM-CCS), with

FIG. 3. (a) Light optical microscopy image of the front cone apex. The gas can
exit the device through the ring-channel (white) creating a localized high-pressure
cushion at the sample surface. The photoelectrons enter the electron analyzer
through a set of micrometer-sized apertures arranged in line to match the foot-
print of x-rays on the sample surface. (b) Magnified view of the aperture array. In
this model, the laser-drilled apertures have a diameter of 10 μm and the distance
between the individual apertures is 45 μm.
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4×magnification and a DALSA Genie monochromatic camera with
a detector pixel size of 3.45 μm. Image contrast is enhanced by
a green light-emitting diode integrated in the camera objective.
Depending on lightning and alignment, a resolution of ∼3 μm is
currently achieved.

E. Sample heating

The instrument is designed for flat hat shaped single crystal
samples with laser heating from the backside. This allows XPS mea-
surements without interference by magnetic or electric fields even
in corrosive gas atmospheres. The temperature is measured using
nonmagnetic N-type thermocouples attached to the outer rim of
the sample. Ni-contaminations stemming from the thermocouples
could not be detected as verified by XPS and electron microscopy.

With a combination of liquid N2 cooling and laser heating,
controlled heat ramps of up to 3 ○C/s can be achieved in the entire
temperature range from −150 to +950 ○C.

As the reactive gases flow across the sample surface, the gas
will absorb energy and equilibrates with the sample temperature.
Under reaction conditions, temperatures of up to 500 ○C have been
reached.

F. Gas purity

The continuous feeding of gases at higher pressures forces
contaminating gas molecules, originating from the vacuum cham-
ber, out of the high-pressure environment. The contamination will
therefore only depend on the inevitable contamination from the
feed gas as shown by Johansson et al.44 The largest fraction of gas
molecules leaves the high-pressure environment to the side and
expands into the surrounding vacuum vessel where they are pumped
off.

IV. GAS FEEDING AND VACUUM SYSTEM

Gases need to be premixed in a predefined ratio before they
reach the high-pressure environment. For this purpose, we devel-
oped a gas mixing system capable of mixing 5 different gases simul-
taneously (see Fig. 4). Gases are supplied from gas cylinders and
enter the experimental hutch via several meters of piping. Inside
the hutch, the gas line pressure is stabilized to 5 bars at the point of
use (POU) panel. Bronkhorst mass flow controllers (type FS-201CV)
control the flow of each individual gas. The flow rate may be chosen
between 0.16 and 10 Ln/min with an accuracy of ±0.5% of the full
scale. Following the flow controllers, the gases are mixed in a small
volume chamber and then guided through flexible hoses into the gas
dosing system. Ni carbonyl formation during CO dosing is mini-
mized by Cu piping and a separate carbonyl trap placed as close as
possible to the instrument, right before the gasmixing system. Check
valves and pressure relief valves are used to provide the necessary gas
safety. In addition, we have implemented automatic software rou-
tines that shut off gas flow in case flammability limits are exceeded
for CO + O2 and for H2 + O2 mixtures.

Once the gas passed the interaction region, it expands into
the vacuum chamber and is pumped by the vacuum system of the
instrument.

This consists of a total of 7 Pfeiffer Hi-Pace 300 turbo pumps,
backed with a set of multistage root pumps (Kashyiama, NeoDry)

of different pumping capacities. In order to reach a high vacuum
regime, the main chamber is pumped with a tandem of turbo and
a backing pump connected in parallel. During high-pressure exper-
iments, where a large amount of gas flows through the system, the
turbo pump is by-passed and the chamber is pumped only with two
backing pumps, each with the capacity of 60 m3/min. At a pressure
exceeding 1 bar at the high-pressure environment, the pressure in
the main chamber reaches 5–10 mbar and the pressure at the detec-
tor is maintained below 5 × 10−6 mbar. The usage of a virtual cell
with basically zero volume allows switching of the gases at the sam-
ple quasi instantaneously with time scales that are only determined
by the mass flow controllers and the piping structure.

V. PRESSURE CALIBRATION

A. Method description

A precise determination of the pressure in the high-pressure
environment by direct measurement is complicated since it is gen-
erated only locally. It is not possible to introduce a physical pressure
gauge into the gap between sample and cone due to space restric-
tions. Here, we describe a method to measure the pressure via the
front cone aperture.

We continuously monitor the pressure in the first differential
pumping section of the analyzer as we backfill the main chamber.
Thus, a calibration curve is obtained which can be used to cal-
culate the pressure in the high-pressure environment in the main
chamber based on the first differential pumping stage gauge read-
ings. We are aiming for accurate determination of the pressure in
the high-pressure environment. Therefore, a gas type independent
piezogauge is placed in themain chamber for calibration. It is a com-
bined piezo/pirani gauge (Pfeiffer, RPT 200 PB). The piezogauge has
a full-scale accuracy of ±0.3%.

The change in the main chamber pressure results in a pres-
sure response in the first differential pumping section. This response
needs to be reproducible but not accurate. The pressure gauge in
the differential pumping stage is a wide-range digital Pirani/Bayard-
Alpert gauge (Pfeiffer, HPT 200 PB) with a repeatability of ±2%.
Calibration measurement must be carried out individually for dif-
ferent gases, since mobility and detection efficiencies are gas type
dependent. For pressures below 1 bar, the calibration is performed
by pressurizing the main vacuum chamber. For the calibration of
pressures above 1 bar, a dedicated pressure cell is attached to the
front cone. Examples of the obtained pressure calibration curves are
shown in Fig. 5.

The datasets for O2, obtained by backfilling the main chamber,
fit with the results from the pressure cell (blue circles). In fact, our
tests show that one can extrapolate the data collected for pressures
below 1 bar to higher values.

The change in the slope of the measurement for He corre-
sponds to the switching pressure of the Bayard-Alpert pressure
gauge in the first differential pumping stage. This effect is seen in
all gas-types but is more pronounced for light gases such as He
and H2.

As the pressure in the first differential pumping stage is depen-
dent on the type of the pumps, aperture size and possible clogging
of the micrometer sized holes, the pressure calibration is done in
connection with each experiment individually.
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FIG. 4. In the working environment, the gas cabinets are placed outside the experimental hutch and the gas is guided through 1/4 in. stainless steel pipes into the room. The
gas-mixing is done fully remotely with a PC situated in a control room using mass-flow controllers and LabView programs. During experiments, most of the gas is pumped
away through the main vacuum chamber (section 1) and only a little fraction leaves through the differential pumping of the electron analyzer (sections 2–5).

B. Flow regimes

The amount of molecules passing the aperture depends on the
gas flow regime. We ensure that both the calibration and the actual
measurements are done in the same flow regime, which can be

estimated using the Knudsen number Kn.23 Kn relates the typical
dimension L of a chamber or component with the MFP of the gas
molecules via Kn = MFP/L. If the MFP of a gas molecule is short
in comparison with the chamber’s characteristic dimension, the gas
is in the continuum flow regime, which is expressed as Kn < 1.
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FIG. 5. Pressure calibration curve: the pressure in the first differential pumping
stage of the electron analyzer is monitored as a dependence of pressure in before
the aperture. Below 1000 mbar, the pressurizing can be done in the main chamber,
at pressures exceeding 1000 mbar a pressure cell needs to be put on top of the
front cone. The pressure in the two regions fits well with each other.

At a typical pressure regime of 300 mbar at our sample, the MFP
for H2 is 3.8 × 10−7 m and for CO2 1.3 × 10−7 m. Relating this
to the sample-to-aperture distance which is on the order of the
diameter of the aperture, i.e., 30 μm, we get Kn = 0.013 for H2

and 0.004 for CO2. This indicates that the usage of the virtual
cell does not change the flow regime and supports the validity of
the measurement. It should be noted that common pressure dis-
tribution calculations assume flow conditions with Kn ≥ 1. There-
fore, previously presented calculations22,23 are not applicable for our
instrument; however, we assume that the general trends are still
valid. For example, Kahk et al.22 showed through numerical calcula-
tions that the sample-to-aperture distance can be reduced at higher
pressures.

C. Simulation results

Finite element simulations were performed to gain a better
understanding of the pressure build-up in the virtual cell design.
Particularly, questions around the homogeneity of pressure build-
up on the sample surface and the possible cross talk between the
individual apertures can only be addressed from a theoretical side.

Finite-element calculations are performed on a mesh that is
generated in the space between the frontcone and the sample. Due
to symmetry reasons, only 1/4 of the volume is simulated.

Figure 6(a) shows the calculated pressure distribution of the
volume that is occupied by the gas molecules. Cold (blue) col-
ors correspond to low pressure and hot (red) colors to high
pressure.

At the gas inlet, a feed of 4 l/min of N2 gas is assumed and a
pressure build-up is observed at the sample surface. At the outflow
[outer rim of the blue area in Fig. 6(a)], the calculation is constrained
to a pressure of 9 mbar and at the center of the individual apertures
a pressure of 1 × 10−3 mbar is assumed. These boundary conditions
have been carefully chosen in connection with earlier simulations.22

They correspond to a worst case scenario, and the experiment should
therefore be favorable. The zoomed image (center) shows details
around the apertures. The sample-to-aperture distance is fixed to
30 μm.

FIG. 6. Simulation of the pressure build-up in the virtual cell. (a) The pressure
is simulated in a 1/4 area of the gap between sample and front cone with a gap
distance of 30 μm and an aperture diameter of 30 μm. As the gas is fed with 4
l/min, the pressure is built up at the sample surface. Most of the gas is leaving
through the sides, expanding rapidly wherefore a fast pressure drop is noticed. (b)
Pressure as a function of distance and gas flow. 90% of the sample pressure is
reached already at a distance of 10.8 μm corresponding to 36% of the aperture
diameter.

The blue region represents the area where the gas expands
toward the side and a rapid pressure drop occurs. In Fig. 6(b), the
pressure is given as a function of distance from the aperture for three
different flows. We note that (i) for a flow of 4 l/min, the pressure
quickly increases in the direction of the sample surface. Already at a
distance of 10.8 μm from the aperture hole, 90% of the pressure at
the sample surface is reached. This corresponds to a distance of 36%
of the aperture diameter. 99% of the surface pressure is reached at
a distance of 18.1 μm corresponding to 60% of the aperture diam-
eter. A decrease in the flow from 4 to 1 l/min results only in a
minor change of 0.1 μm for the 90% threshold. These results have
major implications on how an experiment can be conducted for any
future high-pressure XPS applications. The quick adjustment of the
pressure in this pressure- and flow regime suggests that one can con-
duct XPS experiments at distances smaller than 1 times the aperture
diameter, which is preferred for the high-pressure XPS experiments
due to reduced electron scattering. Therefore, we believe that it
paves a way of conducting experiments at pressures exceeding 1 bar.
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(ii) The fast change in pressure parallel to the surface highlights
that the aperture-to-aperture distance can be reduced in future front
cone designs, thereby increasing the electron yield. (iii) The pres-
sure distribution on the sample surface is homogeneous and not
affected by the presence of apertures. (iv) The underlying assump-
tions of the calculations have been tested against variations of the
boundary conditions and show negligible influence on the pressure
distribution.

VI. RESULTS

The system performance was tested on single crystal Rh(111)
and Cu(211) surfaces in several synchrotron experiments. Rh(111)
was cleaned following standard recipes by repeated cycles of Ar+

ion sputtering at 3 keV and annealing in vacuum to 950 ○C at a
rate of 3 ○C/s. Cu(211) was likewise cleaned by sputter and anneal-
ing cycles. During the experiment, the crystal is aligned parallel to
the apex of the front cone using the long-distance microscope as
described in Sec. III D. Unless otherwise stated, a self-designed front
cone as described in Sec. III with an aperture diameter of 30 μm
was used. The experiments have been performed at beamline P22
of the Petra III ring at DESY, Hamburg, using the Si(111) crys-
tals in the monochromator and photon energies between 3.5 and
3.8 keV. In this energy regime, ∼1013 ph/s were provided with a
focus of ∼150 × 200 μm2 (horizontal × vertical) for the Rh experi-
ments and ∼20 × 50 μm2 for the Cu experiments. The photon energy
bandwidth provided by the beamline is ∼430 meV in this energy
regime.

A. Grazing incidence XPS

Grazing incidence XPS measurements are performed by rotat-
ing the whole instrument around the single crystal surface plane
while keeping the sample surface parallel to the front cone apex.
In order to determine the angle of incidence, a fluorescent screen
is positioned downstream of the instrument. A sample, half-cutting
the photon beam, partially reflects the light to the screen. The
splitting between the reflected and direct beam is a measure of
the angle of incidence and allows for a precise alignment of the
instrument.

Decreasing of the incidence angle below the critical angle of
total reflection results in enhanced surface sensitivity. Figure 7 shows
an example of Rh3d and O1s spectra taken at −100 ○C from a CO
covered surface of Rh(111) at 1○ and 0.3○ incidence angle, i.e., above
and below the critical angle of total reflection, respectively. The spec-
tra were normalized to the intensity of the Rh 3p1/2 component after
subtraction of the Shirley type background.

The O1s signal increased by a factor of 5 for the surface sensi-
tivemeasurement. The effect is mainly due to an intensity increase in
the CO signal, as the bulk signal is affected very little by the change
in angle. This demonstrates the surface sensitivity of grazing inci-
dence XPS, and the adsorbates on the surface can be detected despite
working with hard x-rays. The enhanced surface sensitivity by graz-
ing incidence XPS makes single-crystal and flat metal sample studies
favorable. However, we expect that industrial catalyst materials like
powders pressed into pellets also become accessible with the virtual
cell approach if the corrugation is below a few micrometer. For spe-
cial cases, like nanoparticles on single crystals, one expects to still

FIG. 7. Grazing incidence XP spectra of the O1s and Rh 3p1/2 region taken at 1
(black) and 0.3○ (red) grazing incidence angle on CO covered Rh(111). The peaks
have been background-subtracted and normalized to the same peak height of Rh
3p1/2. The photon energy was tuned to 3.7 keV. The sample was kept at −100 ○C
during the experiment.

be able to gain from grazing incidence due to the total reflection
condition of the below lying bulkmaterial in a similar fashion as per-
formed with larger molecules on surfaces described by Drube.45 The
instrument capabilities also open up the possibility of performing
x-ray standing wave experiments.46–48

B. High pressure XPS

First tests of high pressure performance of the instrument were
performed in helium. The electron MFP in this gas is longer as com-
pared to CO or CO2 allowing higher pressure regimes. However,
since He is scientifically less relevant, the discussion will turn sub-
sequently to more realistic systems using mixtures of CO and H2 as
well as CO and O2. Finally, we will show first results for adsorbate
carbon species under realistic conditions.

XP spectra were taken at a sample-to-aperture distance of 20–
30 μm. The pressure was adjusted by changing the gas flow and
calibrated as described in Sec. V. All spectra were acquired at room
temperature in sweep mode. Figure 8 shows core level signals of
Cu taken in He at a photon energy of 3750 eV. The analyzer was
operated at a pass energy of 100 eV and a curved slit of 0.8 mm
was chosen, which corresponds to an instrumental resolution of
200 meV. Systematically changing the pressure, we could measure
XP spectra at pressures above 2.5 bars. For better visibility, selected
spectra are also shown in Fig. 9 with different normalization. The
total integration time was below 15 min. In Fig. 8, all spectra have
been normalized to the same intensity at 2820 eV kinetic energy and
subsequently a Shirley type background was subtracted. In Fig. 9,
the data have been normalized to the peak intensity of the Cu 2p3/2
line and a fit was superimposed. The signal is composed of two par-
tially resolved peaks at the Cu 2p1/2 position, which vary in intensity.
The feature arising at the lower kinetic energy side denoted as (a)
gets relatively more pronounced with higher pressure. Applying a fit
with two Voigt components, one can observe a linear trend of the
fractional peak areas of feature (a) to feature (c), i.e., the Cu 2p3/2
component. At the highest pressure of 2560 mbar, feature (a) has
80% of the area of Cu 2p3/2. The feature can be understood in terms
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FIG. 8. Pressure-dependent Cu 2p core level measurement at a sample-to-front
cone distance of ∼20 μm and a grazing incidence angle of 1.3○. The datasets
were acquired at room temperature.

FIG. 9. Same dataset as in Fig. 8 but normalized to the same peak intensity of Cu
2p3/2. The additional feature at the low kinetic energy side of the Cu 2p1/2 is due to
electron energy loss processes exciting the He from the 1s2 to 1s1 2p1 state.

of an electron energy loss process where the electrons are inelasti-
cally scattered by the helium gas, where He gets excited from He
(1s2) to He (1s1 2p1) giving rise to a loss of 21.2 eV, as indicated in
Fig. 9.49

Performing a line-shape analysis of the Cu 2p3/2 peak, we do not
observe a spectral broadening as a function of pressure within the
error of the peak fitting routine. This indicates that the gas has minor
contribution to the peak shape except for the distinct loss features
and a general increase in background. This is in line with previous
APXPS measurements.42,50

Figure 10 shows the same region on Cu 2p but in a mixture
of H2 and CO at a ratio of 3:1. All data have been taken at room
temperature.

The red spectrum is taken in a submillibar regime and shows
two pronounced peaks corresponding to Cu 2p1/2 and Cu 2p3/2.
The black curve is measured at a total pressure of 750 mbar and
is enhanced by a factor of 45 for better visibility. In addition to
the Cu 2p states, two more features appear that are ∼12.8 and
8.5 eV distanced from the Cu 2p3/2. These features correspond to
the electron energy loss process from excitation of the H2 molecules
(12.8 eV) and CO molecules (8.5 eV) as can be verified by com-
parison to electron energy loss spectra (EELS).49,51 The integra-
tion time of the spectra taken at 750 mbar was 5 min, show-
ing the excellent performance of the instrument. Unlike in tradi-
tional XPS or APXPS, the EELS features that are presented here
are very pronounced due to the higher pressure. As the loss fea-
tures are characteristic for the gas type, it opens for the possibility
to follow the formation of reaction products in the gas phase with
XPS.

To complement this, spectra for the CO oxidation reaction on
a Rh single crystal were acquired, which is an important reaction
in car exhaust catalysis. The data show that the Rh 3d5/2 level can
be followed up to a pressure of 1280 mbar (see Fig. 11). For the
experiment, a grazing incidence angle of 0.8○ was used and the tem-
perature was kept at 150 ○C. Integration times are indicated in the
graph.

Next, we turn our focus to carbon species on top of surfaces.
Figure 12 shows C1s spectra taken on carbon contaminated Cu(211)

FIG. 10. Cu 2p XP spectra taken in a submillibar regime (red) and at 750 mbar
mixture of H2 and CO. The loss of 12.8 eV corresponds to the electron loss in
hydrogen, and the loss of 8.5 eV corresponds to the loss for CO. The data have
been taken at room temperature.
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FIG. 11. Rh 3d5/2 spectra taken in the gas mixture of He: CO: O2 at a ratio of 3:1:1.
The peak intensity is shown as a function of pressure at a constant temperature of
150 ○C.

FIG. 12. XP spectra of a carbon contaminated Cu(211) surface in a mixture of
H2:CO2 = 4:1 at 100 ○C. The peak at ∼294 eV corresponds to gas phase CO2.
The C1s signal at 285 eV is visible up to pressures of 790 mbar. The EELS feature
due to electron scattering is found ∼12 eV below.

under realistic conditions with gas mixtures of CO2:H2 = 1:4. The
CO2 gas phase peak appears at ∼294 eV. The feature between 295 and
300 eV is due to electron energy loss processes where electrons get
scattered mainly by H2 molecules in the gas phase. The C1s feature
at 285 eV is measured up to a pressure of 790 mbar with integration
times below 15 min. The spectra were taken at a grazing incidence
angle of 0.8○.

Expectedly, the investigation of surface adsorbates around the
C1s core level results in reduced count rates in comparison to spec-
troscopy on metallic bulk states. However, the usage of grazing
incidence x-rays allows for enhancement of the surface signal and
therefore allows us to study adsorbates on surfaces.

C. Temperature programmed techniques

A quadrupole mass spectrometer (Hiden, HAL/3F RC 301 PIC
system) positioned alternatively at the first, second, or third differ-
ential pumping stage of the electron analyzer was used to follow
the reaction products. This is exemplified using a Rh(111) single
crystal following the formation of CO2 from CO + 1/2O2. The exper-
iment was conducted in a mixture of He, CO, and O2 with the
ratio of He:O2:CO = 7.5:3.5:1 at a total pressure of ∼1.4 bars (see
Fig. 13). The front cone was self-designed as shown in Sec. III and
had aperture diameters of 10 μm. The sample-to-aperture distance
was about 20 μm, and the total gas flow was 2.4 ln/min. The tem-
perature was ramped following the dashed black line with 2.5 ○C/s–
500 ○C. As it reaches the reaction onset at 330 ○C, CO and O2 start
to get consumed and CO2 is formed. The variation in signal inten-
sity is best seen at t = 4 min on the O2 signal, which originates from
thermal expansion of the sample holder. As the sample thermally
expands, the sample to front cone gap narrows and the pressure
increases. This is counteracted by the hexapod positioning system
and the signal drops again (min. 4.5). This experiment opens for
combinedmeasurements of temperature programmed reactions and
XPS under realistic conditions up to 500 ○C probing the sample at
the same area.

FIG. 13. Mass spectrometry signal of m/z corresponding to CO (red), O2 (blue),
and CO2 (black) and left axis. The single crystal temperature (dashed black and
right axis) was ramped at a rate of 2.5 ○C/s.
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VII. CONCLUSION

We have developed a new high-pressure XPS instrument that
is dedicated to studies of catalytic reactions at pressures of multi-
ple bars. The instrument performance builds on a newly developed
virtual cell concept that allows pressure to be applied locally on
the sample surface. Utilizing a high precision manipulator, the gap
between front cone and sample can be controlled with micrometer
precision, hence providing fine control of the local pressure at the
surface. The use of hard x-rays enhances the MFP of electrons in the
gas atmosphere. Synchrotron based grazing incidence photoelectron
spectroscopy below the critical angle of reflection is used to enhance
the surface contribution to the signal. Differential pumping of the
analyzer is facilitated by an array of evenly spaced apertures aligned
to best capture the footprint of x-rays on the sample surface. This
allows spectra at 2.5 bar He pressure with integration times below
15 min to be accumulated. The virtual cell concept allows the sam-
ple to be freely manipulated inside the vacuum chamber. The feed-
ing gas is the sole contributor to contamination during gas experi-
ments. The use of a virtual cell with basically zero volume allows for
the exchange of gases quasi instantaneously. Our simulation results
show that for the presented pressure regimes presented here, one
can perform the experiment at sample-to-aperture distances below
1 times the aperture diameter with reduced scattering. At elevated
pressures, EELS features become pronounced allowing us to iden-
tify the gas type in front of the sample. The instruments’ capability
to perform XPS at pressures exceeding 1 bar and control the tem-
perature up to 500 ○C opens up for studies of industrially relevant
catalytic reactions.
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