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ABSTRACT

A proof of concept is shown for the design of a high pressure heterogeneous catalysis reaction cell suitable for surface sensitive x-ray diffraction
and x-ray reflectometry over planar samples using high energy synchrotron radiation in combination with mass spectrometry. This design
enables measurements in a pressure range from several tens to hundreds of bars for surface investigations under realistic industrial conditions

in heterogeneous catalysis or gaseous corrosion studies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098893

I. INTRODUCTION

Over the last few decades, the development of machinery that
combines the advantages of traditional surface science methods and
operando reaction conditions advanced rapidly. Tools such as ambi-
ent pressure x-ray photoelectron spectroscopy”’ and ambient pres-
sure scanning tunneling microscopy3 ° demonstrated in a variety
of successful experiments that it is possible to achieve an atomistic
understanding of the contributing surfaces and reaction mechanics
in non-vacuum conditions. Hard x-ray scattering can also address
the surface structure, is not hindered by non-vacuum conditions,
and can penetrate chamber walls.® Several sample environments
have been developed for surface sensitive x-ray diffraction” or high
pressure x-ray reflectivity.”'' In many cases, the industrially rele-
vant reaction pressures can be several orders of magnitude higher
than ambient pressure, e.g., the synthesis of methanol and hydro-
genation of CO; over Cu/ZnO/Al,O; catalysts utilize temperatures
of 470-520 K and pressures of 50 bars and above in industrial
plants.'” In order to completely overcome the pressure gap between
ultra-high vacuum and realistic reaction conditions for surface

science investigations, especially for catalysis under gas flow, new
instruments need to be created.

Fixed-bed cells utilizing powder samples have previously been
designed for the use of x-ray absorption spectroscopy and x-ray
diffraction measurements to obtain information of the structure
of the catalyst while simultaneously probing the gas environment
under operando conditions."””'* While certain knowledge can be
extracted from powder diffraction experiments, surface sensitive
x-ray diffraction is a more elaborate tool and better suited to achieve
a detailed understanding of the catalyst-surface interactions.'” It
utilizes single crystalline samples that can be covered with nanopar-
ticles and adlayers or be otherwise conditioned to mimic a specific
catalytic interplay.” Information about surface roughness, surface
reconstruction effects, and defects and the strain, size, orientation,
and lattice spacing of the nanoparticles or adlayers can be acquired
for the specific single crystal facet under investigation.” Addition-
ally, x-ray reflectometry can be performed in this measurement
geometry, which yields information about the layer thickness, inter-
face roughness, and the electron density profile at the surface, e.g.,
nanoparticle height and surface coverage.
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A variety of advancements in the combination of surface
sensitive x-ray diffraction with other experimental methods were
developed in the last few decades, such as ellipsometry,”’ x-ray
photoelectron spectrometry,’' surface optical reflectance and planar
laser induced fluorescence,”” or the use of electrochemically inte-
grated flow cells,” pioneering an intertwined understanding from
different points of view.

In this article, we present the design of a high pressure operando
reaction cell for high energy surface sensitive x-ray diffraction (HE-
SXRD) and x-ray reflectometry (XRR) on single crystalline samples,
thin films, and supported nanoparticles. Measurements were per-
formed utilizing pressures of up to 50 bars of Ar, H,, CO, and
CO; with sample temperatures of up to 600 K. While the pres-
sure and temperature limits of the capillary itself were not tested
in this proof-of-concept study, similar cell geometries point toward
pressure ranges of up to several hundred bars.”*

Il. SETUP DESIGN

The main concept of the instrument is based on a single crys-
talline Al,O3 capillary, which acts as both the gas pressure cell and
the window for hard x rays. This material was chosen as it has
proven to withstand pressures of up to 700 bars at 770 K** and is
sufficiently transmissive for a high energy synchrotron beam with,
e.g., hv =73 keV (see Fig. 1). With the utilized cell geometry, the
x-ray beam passes through 1 mm Al, O3 twice as the incident beam
and after reflection/diffraction from the sample, losing 15% of its
intensity due to absorption and scattering with the capillary. The
usage of, e.g., steel as a capillary material would decrease the x-ray
transmission through the cell significantly for photon energies below
100 keV and would, furthermore, lead to a high number of artifacts
originating from its polycrystalline domains. Rather than utilizing
an amorphous or polycrystalline cell material, which increases the
overall background in the detector images, the goal is to identify
and individually block the Bragg peaks that are diffracted off the
single crystalline capillary. Another important advantage is the low
thermal conductivity of oxide-based capillaries compared to metals,
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FIG. 1. The linear photoelectric x-ray attenuation coefficient u (left axis)?> and
transmission //1y through a 2 mm material (right axis) of Al,03 (black) as utilized
for the experimental reaction cell compared to steel (FeggCy, red).
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which enables the use of polymer ferrules as gaskets of the capillary
during measurements at elevated temperatures.

A. Reaction cell

The experimental design features three assemblies: the gas
supply system, the reaction cell assembly as well as the pressure reg-
ulator, and the gas analysis section. They are separated by flexible
tubing that allows the reaction cell assembly to be mounted on a
tower of goniometers and linear translators. The reaction cell itself
consists of a single crystalline Al O3 capillary with two inner diam-
eters of 2 and 4 mm, intersecting at the center of the capillaries’ full
length [Fig. 2(a)]. Thus, an edge is presented where a round ALO3
“crown spacer” [Fig. 2(c)] is introduced through the larger opening.
It serves three purposes as (1) it directs the gas flow around the sam-
ple, preventing the capillary to be clogged; (2) it accounts for the
transition angle at the intersection of the two inner diameters with
a phase at the bottom of the crown spacer, which prevents rocking
motions during the measurements; and (3) it is an inexpensive, eas-
ily exchangeable part to account for issues during the iterative design
optimization and to easily tune, e.g., the height of the sample inside
the reaction cell. This height is of importance as the Al,O3 capillary
usually has at the intersection of the two inner diameters a higher
impurity density, polycrystallinity, and other defects due to the man-
ufacturing process. A crown spacer and sample are introduced into
the capillary by sliding them subsequently onto the internal step
prior to mounting the capillary into the holding stage. The sample
was found to be placed sufficiently stable for all necessary angular
and translational movements of the goniometer stage in a grazing
incidence beam geometry as the gas flow additionally presses the
sample and crown spacer against the internal capillary step.

The sample geometry requires diameter Ds and height Hs that
fulfill \/HZ + D > D¢, with D¢ being the larger inner diameter of
the capillary in order to avoid flipping of the sample to its side. A
minimum height Hs of 1.0 mm for metal and 1.5 mm for oxide
samples is recommended if side slits are used for mounting in, e.g.,
UHYV systems in order to avoid bending or breaking of the sample
surface.

For the connection to the gas supply, Vespel® ferrules are uti-
lized to seal against the hot, high pressure, potentially corrosive, and

Q) amm
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FIG. 2. Reaction cell design. (a) Scheme of the capillary with two inner diameters of
2 and 4 mm, the crown spacer (green), and the single crystal sample. (b) Reaction
cell mounted in the holding stage. (c) Al,03 crown spacer in detail. Cylindrical Cu
(d) and ZnO (e) samples of 3.5 mm diameter.
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toxic gas feed. The top and bottom connections [Fig. 2(b)] can be
linearly translated to adjust for different capillary lengths and for
capillary mounting purposes. The rigidity of the frame against the
high pressures is ensured by connection screws (right side), which
are affixed after the mounting of the capillary. An excess flow valve
upstream and a check valve downstream from the capillary shut off
the gas supply in the case of capillary rupture.

A thermocouple can be introduced from the bottom of the cap-
illary frame through a Vespel ferrule sealed feedthrough, upward
inside the 2 mm inner diameter of the capillary contacting the
backside of the sample. If the sample is metallic, the thermo-
couple could be welded directly to the sample to allow for the
temperature measurement during the experiment. For insulating
samples, it is recommended to run a temperature calibration prior
to the experiment as the thermocouple may lose contact during
heating.

B. Gas supply system and gas analysis

The technical scheme of the gas handling system is depicted in
Fig. 3. In this configuration, it utilizes H», Ar, CO, and CO; as feed
gases as used in a wide variety of experiments, e.g., the water gas shift
reaction, methanol, or Fischer-Tropsch synthesis.

The Ar, H, and CO gas lines feature mass flow controllers
(Bronkhorst® EL-FLOW Select), while the CO; line utilizes a Corio-
lis mass flow controller (Bronkhorst mini CORI-FLOW) as required
by the low condensation pressure of about 50 bars at room temper-
ature (triple point at 31.0 °C and 73.9 bars). For precise operation,
the latter must be mounted on a vibration suppressing stand. The
CO gas supply requires the use of a carbonyl trap (CT; PALL Mini

pump bypass

ARTICLE scitation.orgljournal/rsi

GasKleen®) for which we utilized an active material gas purifier.
It is important to note that the carbonyl trap should be mounted
upstream from the H, and CO; supply lines to avoid degradation of
its active material. Two back pressure regulators (BPR; Bronkhorst
EL-PRESS) keep the reaction cell at the desired experimental pres-
sure while regulating the pressure in between them to 1 bars(g), from
which a sample gas stream is leaked trough a needle valve into the
quadrupole mass spectrometer (QMS) or gas chromatograph (GC).

For mass spectrometry, long dwell times of the gas feed on the
sample surface are needed to account for the small surface area of
single crystals compared to powder samples. Thus, a flow rate range
of 0.9-45 ml(n)/min for each individual mass flow controller was
chosen. The operation of the utilized mass flow controllers requires
differential pressures of minimum 13 bars(g) and maximum 40
bars(g). Thus, for pressures above 40 bars(g), either a step-wise
increase of the inlet and outlet pressure or a pre-pressurization from
the bypass gas supply is needed.

Bypasses and a vacuum pump were integrated to evacuate and
flush all gas lines in order to remove contamination and resid-
ual moisture. Depressurization to about ambient pressures via a
gradual relief valve bypassing the pump is necessary prior to its
operation.

C. Heating and temperature

To increase the sample temperature to the desired experimen-
tal conditions, an external heat gun is utilized that directs a flow of
hot air onto the capillary. In this proof-of-concept study, a Steinel®
HG 2320E heat gun with an attached metal cone to focus the air
flux was used, which was able to deliver hot air between 350 and
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FIG. 3. Technical scheme of the gas handling system (green square), the reaction cell assembly (red square) as well as the pressure regulator, and gas analysis section

(orange square) of the high pressure HE-SXRD experimental setup.
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FIG. 4. Infrared camera image of the capillary with a heat gun temperature of
Tqun = 820 K and 50 bars Ar at 45 mi(n)/min, achieving a sample temperature of
575 K.

920 K with an air flux of 150 or 500 l/min. It should be freestand-
ing and not mounted attached to the diffraction setup in order to
avoid the blockage of the x-ray beam pathway. The temperature of
the sample is rather influenced by the geometry of the heat gun
setup than by changes of the flow rate or pressure of the gas feed
inside the capillary. Thermal expansion effects that lead to the mis-
alignment of the sample surface with respect to the x-ray beam are
easy to adjust for although significant compared to the narrow beam
sizes of typically 2-3 ym for high energy grazing incidence XRD
experiments.”®

The length of the capillary plays an important role in the safety
concept of the experimental cell as the Vespel ferrules exhibit a max-
imum operation temperature of 620 K. In order to achieve sample
temperatures of 600 K and beyond, the Al,O3 capillary surpasses
the maximum operation temperature of the ferrules at the height of
the sample. With a distance of 4 cm to the ferrules, the low thermal
conductivity”’ of the Al, O3 capillary of 50 W m™" K" and the heat
exchange with the gas inside and outside of the capillary are suffi-
cient enough to achieve temperatures within the operation limits of
the ferrules, as shown in Fig. 4.

I1l. EXAMPLE MEASUREMENTS

Figure 5 displays high energy x-ray diffraction data of a Cu(110)
single crystal at room temperature and 30 bars H; after heating to
520 K under 30 bars H,. Figure 6 depicts Aq, , scans in reciprocal
space horizontally across the minima of the three crystal truncation
rods (CTRs)"" shown in Fig. 5. The acquisition of signal data at
these points in reciprocal space serves as a proof of concept that the
designed reaction cell is suitable for these kinds of measurements.
The presence of the signal indicates that the Cu(110) surface stays
atomically smooth at 30 bars H, exposure.

Besides the Cu CTRs on the detector, numerous intense arti-
facts are visible that arise from the Al,O3 capillary. The “random”
placement of these features arises due to the transmission twice
through the AL, O3 capillary wall although it also indicates that the
capillary was fairly polycrystalline at the height of the sample sur-
face. We are confident that the observed artifacts in the HE-GIXRD
images can be largely reduced by the use of a capillary of higher qual-
ity, i.e., larger grain sizes to a point where they can be individually
blocked by beam stops on the 2D detector. Since the unsatisfying
quality is a result of the fusing process of two separate capillaries,
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FIG. 5. High energy surface sensitive x-ray diffraction measurement of a Cu(110)
surface at room temperature and 30 bars H, after heating to 520 K under 30 bars
H, displayed in reciprocal space. The image shows the maximum pixel intensity
over arange of w = 20° around the (2,0) and (4,0) CTRs and around the (2,1) CTR
(red outlined inset). The white labels indicate the Cu Bragg peaks in surface coor-
dinates.8 An x-ray photon energy of hv = 67 keV with a grazing incidence angle
of 6; = 0.06° at 3.4 keV bandwidth and a Varex imaging XRD 4343CT detector?
were utilized. The green, magenta, and cyan arrows point at CTR intensity minima
for which line scans are depicted in Fig. 6.

this may be circumvented by alternatively boring holes with 2 and
4 mm inner diameters into a solid Al,Os cylinder. In addition, the
use of a higher crown spacer can offset the samples’ surface away
from the capillary region of poor quality.

3_
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FIG. 6. Agy, line scans in reciprocal space horizontally across the CTRs of the
Cu(110) sample at 30 bars H, and room temperature. The coordinates in the leg-
end correspond to h, k, and | values in Cu(110) surface coordinates, as depicted
in Fig. 5. The line scans were chosen at / = 0.05 and / = 1.05 to accommodate for
the influence of the sample horizon and signals originating from layer occupation
factors of the surface atoms that result in a local maximum at integer values of /.

-0.04
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IV. CONCLUSIONS

This study shows a proof of concept for an operando reaction
cell for surface sensitive high-energy grazing-incidence x-ray diffrac-
tion and reflectometry utilizing single crystal samples or samples
with mirror-like surfaces. The test measurements were performed
up to a maximum of 50 bars Ar and a sample temperature of 600 K,
yet higher values are expected to be achievable. The use of a gas sup-
ply system allows for the use of gas feeds containing mixtures of
Ar, H,, CO, and CO;. Once capillaries of satisfying crystal quality
have been obtained, stability stress tests will reveal which catalytic
systems, reactions, or surface mechanisms of interest come into
question to be studied in this conceptional setup. The first exper-
iments demonstrate that the surface signal from a Cu(110) single
crystal at 30 bars H, pressure can be extracted, despite the high back-
ground from the capillary. As the operational range of surface sci-
ence techniques extends to several tens to hundreds of bars, surface
studies of model systems under true industrial conditions become
feasible.
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