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Spectroscopic Reactor for Operando Investigations Made
by Additive Manufacturing for High-Pressure Catalysis

Applications

Mariam L. Schulte, Vera Truttmann, Lorena Baumgarten, Alexander G. Nicolai,
Diego A. Montalvo Beltran, Florian J. Summ, Christoph Kiener, Erisa Saraci,

and Jan-Dierk Grunwaldt*

Knowledge-based catalyst design requires the identification of
the active structure during reaction, i.e., by operando spectros-
copy, and at different conversion levels. However, for reactions
that run at elevated pressure, such as methanol, Fischer—
Tropsch, or ammonia synthesis, obtaining spectroscopic data
at realistic conditions remains a major challenge. In particular,
standard operando setups often fail to replicate the high-pressure,
high-conversion regimes relevant to industrial processes. This
requires specially designed reactors, and here, how additive
manufacturing enables the development of spectroscopic reac-
tors for operando studies of catalysts under high-pressure condi-
tions at different conversion levels up to equilibrium is reported.

1. Introduction

Heterogeneous catalysts for industrially relevant reactions, e.g.,
methanol, Fischer-Tropsch, and ammonia synthesis, exhibit very
dynamic structures that depend strongly on the present reaction
conditions."™ Given this structural sensitivity, monitoring of the
catalyst structure during reaction —operando- is crucial to allow
knowledge-based catalyst design for the development of more
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The reactor has two consecutive zones with independent temper-
ature control and individual catalyst loading. An X-ray-transpar-
ent window in the latter zone allows for spatially resolved
spectroscopic monitoring of the catalyst structure. A mobile setup
is constructed for operation at a synchrotron source, and the
functionality of the reactor is demonstrated in an operando
X-ray absorption spectroscopy study using a Cu/ZnO/ZrO, cata-
lyst during CO, hydrogenation to methanol. The dual-zone
design enabled simulation of an end-of-catalyst-bed environ-
ment, including condensation, which is highly critical for indus-
trial relevance yet difficult to realize in conventional operando
experiments.

efficient and stable catalysts.*® Due to the small volume of
spectroscopic cells/reactors and the often-necessary dilution for
spectroscopic investigations in transmission mode, operando spec-
troscopy studies often utilize only small amounts of catalysts.”'%!
This leads to conversions significantly lower than industrial levels,
which makes extrapolation to the real process difficult. " This issue
has recently been highlighted in ammonia decomposition/synthe-
sis catalysts, where high ammonia concentrations have caused
phase transformations, which could not be observed at lower lev-
els."? To reconcile reaction and spectroscopic constraints, this
study proposes placing a second catalyst bed composed of undi-
luted catalyst upstream, enabling high conversion and facilitating
structural observation in the subsequent, diluted catalyst bed. The
two-zone or two-reactor concept is employed in laboratory or
technical plants to investigate two or multistep reactions and emu-
late spatially varying reaction conditions.*'¥ An alternative con-
cept is the iso-potential operando reactor developed by Horn and
colleagues.® Many industrial processes, such as methanol synthe-
sis, are conducted under high pressure, posing significant chal-
lenges for spectroscopic analysis. X-ray absorption spectroscopy
(XAS) is a powerful tool which allows to monitor the catalyst struc-
ture under the required conditions.'>9

Designing spectroscopic cells for catalytic applications is com-
plex, as it requires meeting the demands of both the spectro-
scopic technique and the catalytic process.®' For the design
of XAS cells, the window materials need to be X-ray permeable.
Several materials can be used such as quartz, diamond, glassy
carbon, polyimide, and beryllium (Be).®'” The in situ boron
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nitride cell by Lytle et al."® which can be used with pressures up
to 100 bar, is the basis for many modern spectroscopic cells.'”
Although this design is sufficient for a range of applications,
one drawback for use in catalysis is the relatively large cell volume
which can lead to internal and external mass transport limita-
tions.”” The development of a plug-flow type reactor using
quartz capillaries was a strong improvement to be closer to lab-
oratory fixed-bed reactors and is often applied to study methanol
synthesis up to 20 bar.”>?® However, these pressures are still far
below the 50-100bar used in industry. By using fused-silica
capillaries, higher pressures can be achieved, as shown by
Martin et al.”® in an operando XRD study up to 50 bar, and by
Bansode et al.*” in an operando XAS study up to 200 bar. The
sample amount, often diluted for transmission experiments, is
limited in capillaries to only a few milligrams, which leads to
low conversion levels. Beside the use of capillaries, different
high-pressure cells were developed and applied. One approach
is the use of Be tube reactors, as shown by Bare et al.*" and Divins
et al.®? for experiments up to 40 bar. Be similar to Al has a high
stability, can withstand temperatures up to 1000°C and high
pressures (>1000 bar), and is X-ray permeable. It was used as win-
dow material for several spectroscopic cells for CO, hydrogena-
tion experiments up to 50 bar.'®*373>1 With the development of
these cells, the conditions that could be reached got closer to
the real-world scenarios, however, the gas conversion levels
are still often way below equilibrium conditions. The cell reported
here directly addresses this limitation through the implementa-
tion of a two-zone design concept. Currently, no operando XAS
reactor design simultaneously enables high conversion, opera-
tion under industrially relevant pressures, spatially resolved meas-
urements, and flexible thermal control—capabilities that are
essential for investigating a variety of effects on the catalyst
structure. Integrating such diverse functionalities into a single
component presents significant engineering challenges and
is time-intensive when relying on conventional manufacturing
techniques. Moreover, geometric constraints inherent to tradi-
tional fabrication methods limit design flexibility.

These limitations can be effectively addressed through addi-
tive manufacturing (AM), which offers enhanced design freedom
and the potential for rapid prototyping of complex reactor geom-
etries. AM, also known as “3D printing” or “rapid prototyping”,
has been strongly emerging in recent years and is, through its
versatility, being employed for a wide range of applications
including catalysis.*® AM shows many advantages: sophisticated
geometries, fast production, manifold selection of materials, and
smart design, which can lead to enhanced mass and heat
exchange, especially when speaking of microreactors.®”
Catalytic reactors fabricated using AM are often polymer—based
and used for organic reactions, electro— and photocatalysis, since
those processes do not require high temperature and pressure.>®
The technique can further be used for designing spectroscopic
cells as shown for photocatalysis by development of an operando
XAS cell on polymer basis.>? For emission control, which requires
high-temperature, AM can be used to fabricate and improve
ceramic monolith structures on which the catalyst is then
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coated."**" The use of metal-based AM enables even more
versatile applications in chemical engineering that are
highlighted in a recent article.*? Especially the laser-based pow-
der bed fusion technology, where each layer is punctually
welded/melted by a laser, is highly promising and can be used
for a variety of materials: 1) polymers, 2) metals and composites
such as steel, Ni- or Cu-alloys and a growing market of new
alloys, and 3) ceramics.®® It further allows to fabricate complex
structures, such as internal cooling channels which are not
accessible through conventional manufacturing. However,
limitations of the technique also exist, which are mainly the
1) required support structures depending on the desired geom-
etry and the 2) high surface roughness. The removal of structures
and polishing surfaces requires additional post-processing,
which can be expensive and time consuming.®® Nevertheless,
the design benefits of AM technology are being exploited in
several areas of chemical engineering, namely the design of
efficient heat exchangers including condensers with improved
functionality through thin channels and walls for improved
heat exchange, or the use of multimaterial printer as one
example 3749

Furthermore, open cell structures can be fabricated with AM,
which through their capillary effect can enhance the removal of
liquids in condensation reactor concepts.”! This strategy can in
some cases be used to shift the equilibrium to the product side to
achieve higher yields, which is a promising concept for the CO,-
based methanol synthesis, and several patents for condensation
reactor/concepts by Siemens AG were published.*®-*? One chal-
lenge is that at elevated pressures (above ~90 bar), liquid prod-
uct condensation can already occur at ~180 °C which is close to
the applied reaction temperature range (200-250°C) and may
also lead to condensation in the catalyst bed. This is critical since
high pressure and liquids create hydrothermal conditions that
might severely damage the catalyst structure.®* Investigations
of the catalyst structure under these conditions are thus espe-
cially crucial. By understanding the deactivation route, possible
reactivation treatments and optimal reaction operating parame-
ters can be elucidated.

In this work, we present the development of a spectroscopic
reactor, realizable by AM, with two zones with individual tem-
perature control and large X-ray transparent windows enabling
spatially-resolved measurements at pressures up to 90 bar. The
reactor allows performing operando XAS investigations for
industrially relevant reactions, and we investigated as an
example CO, hydrogenation to methanol using a Cu/ZnO/
ZrO, catalyst. Its dual catalyst bed configuration enables inves-
tigations under conditions out of the ordinary, naming enforced
condensation as one example. For the use at synchrotrons, a
dedicated experimental mobile setup was constructed. AM
made it possible to integrate several functions such as two
temperature zones, thermocouple positions close to the catalyst
bed, and channels for heating and cooling medium. This shows
the versatility of methods which can be further utilized for the
design of spectroscopic cells.
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2. Results and Discussion

2.1. Design of the Additively Manufactured Spectroscopic
Reactor

The aim was to design a spectroscopic cell for operando XAS
investigations which allows investigations of the catalyst struc-
ture at stress test conditions, e.g., high pressure, close to equilib-
rium conditions, with sufficient catalyst amount to produce
significant product amounts and during condensation of possi-
ble liquid products. As discussed above, AM is a versatile tech-
nology and strongly emerging in the last years.®® Through its
multifunctionality, AM can be utilized to design a spectroscopic
reactor with the demanding requirements stated above. The
first step of the reactor development was to identify boundary
conditions and requirements for the use as spectroscopic
reactor, from a catalysis, spectroscopy, and safety viewpoint
(Table 1).

After identifying the requirements for the catalytic process and
spectroscopy, the feasibility and limitations of AM were reviewed.
While AM allows for the realization of unique geometries and
designs tailored to specific needs, there are notable limitations:
1) Overhangs of less than 45° require supporting structures
from beneath. Upon removal, these structures can leave a rough
intersection surface, potentially compromising the functionality of
components such as seals. 2) Due to the higher surface roughness
of AM parts compared to traditional milling, additional post-
processing steps are necessary to achieve a smooth surface.
3) Significant material gradients can lead to warping of the surface,
which in turn can destabilize the pressure resistance of the
application.

The final reactor used for operando XAS experiments with its
specific features is visualized in Figure 1. A key feature of the
reactor is the two consecutive catalyst beds with independent
temperature control. The first catalyst bed (referred to as “upper
part”) can be filled with large amounts of undiluted catalyst to
achieve high CO, conversion and MeOH/water yields (Figure 1a).

By the top to bottom flow, the reaction mixture then reaches the
second catalyst bed (referred to as “window zone”), which is radi-
ated with X-rays (Figure 1a). The aim of this concept is to mimic
the end of a fixed bed reactor and study the effect of high prod-
uct concentration on the catalyst structure. By keeping the reac-
tion temperature in the upper part stable and decreasing the
temperature in the window zone, the catalyst degradation during
reaction can be further investigated by inducing condensation
inside the catalyst bed. A photograph of the final prototype is
shown in Figure 1b. The overall dimensions of the reactor are
~19 cm in length and a width of ~15 cm (Figure 1c). The upper
part for the first catalyst bed has a volume of ~7 mL and can be
filled with up to 10 g of undiluted catalyst. The feed gas enters the
catalyst bed from the top of the reactor. The window is vertically
divided by on open cell structure, which is manufactured in the
same AM process as the rest of the reactor. The connection
between upper part and window zone is filled with this porous
material. The porous filter enables gas and liquid to pass while
holding back the catalyst (sieve fraction 100-200 um) and the
used diluent (silicon carbide (SiC), 210 um), which stay in the
upper part. The quadratic window frame is 10 by 10 mm, its depth
is 1.5 mm, and the void volume results to ~0.07 mL. The diluted
catalyst (sieve fraction 100-200 um) in the window part is fixed by
porous structures, also made by AM (Figure 1c). For sealing of the
window zone, a stack of additively manufactured plates, graphite
discs (@ =29 mm, thickness, 1 mm), and X-ray transparent ber-
yllium (Be) discs (@ = 29 mm, thickness 1.5 mm) are used on each
side, as illustrated in Figure 1a. Note that Be needs to be handled
with care due to safety, especially, if oxidized. The stack was
secured in place with six screws and nuts. Due to the roughness
(Ra =~ 130 um) of the AM surface, the sealing graphite discs
require a minimal thickness of 300 um, as the high pressure from
the tightening fixture compresses the material. For precautionary
measures, the thickness in this study was increased to 1 mm. Both
local surface roughness and global surface warpage reduce the
constant pressure between the graphite and the reactor. Our
solution is to build a circular rise of 0.2 mm around the window

Table 1. Requirements considered for the design of the spectroscopic cell with AM.

Aspects Requirements

Condensation zone: The reactor needs a zone where a temperature gradient can be induced, to study the effects of condensation on the
catalyst structure. For this process, temperature control and monitoring are essential. Therefore, thermocouples should be inserted at several
positions and several heating, and cooling sources are needed.

Catalysis

Reaction: To achieve high conversion and sufficient MeOH yield, the reaction should be operated at pressures up to 150 bar. The connection
between X-ray window zone and the reactor, and from the AM parts to the rest of the setup needs pressure tight sealing.

Catalyst handling: Due to the thickness requirement for transmission experiments (max. thickness of 1.5 mm), only a small amount of catalyst

can be used in the X-ray window area. To achieve condensation, sufficient and realistic amounts of MeOH and water need to be formed during

the reaction. Therefore, a more concentrated catalyst sample has to be placed above the window zone. Furthermore, the filling and removing
process of the catalyst powder as well as its fixation needs to be considered in the design.

Spectroscopy X-ray window zone: In order to investigate the structure of the catalyst, a window area with an X-ray transparent material, e.g., Be needs to be
present. Furthermore, the investigated catalyst bed should not be thicker than 1.5 mm and has to be diluted to allow XAS experiments in
transmission mode.

Safety Materials: Materials should be suitable for the used gases (H, and CO,) as well as the formed products (CO, MeOH, H,0) and need to withstand
the used pressure (150 bar) and temperature (350 °C). Information on the compatibility is shown in Supporting Information, Section 1. All
hazards and potential risks need to be identified and safety measures installed for safe operation. Use extra caution when handling toxic

substances like Be and CO. If they can be substituted, less toxic materials/gases should be used.
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Figure 1. a) Schematic of the sealing concept of the reactor with X-ray transparent windows with 1.5 mm thickness, T mm thick graphite discs and plates
with heating channels, marked “upper catalyst reservoir” and “window zone”. b) Photograph of final spectroscopic reactor prototype. c) Front view technical
drawing of the reactor, heating (marked red) and cooling (marked blue) channels inside the reactor, further inset on the 3 x 3 matrix that was scanned
with X-rays during the experiment. d) Side view in technical drawing of the sealing concept.

to minimize the sealing contact area and thus increase the sealing
pressure (Figure 1d).

To enable studies at different temperature conditions, the
temperature of both catalyst beds can be independently con-
trolled. For the upper part, a heating sleeve is used. Note the max-
imum operational temperature of the device, in this case 450 °C.
To ensure the desired temperature is actually reached in the cat-
alyst bed, a thermocouple is placed inside a channel in the middle
of the upper part (Figure S2, Supporting Information). A second
thermocouple is mounted as safety feature at the heating sleeve
and shuts off the heating, if the temperature of the heating sleeve
reaches its maximum temperature. In the window zone, several
channels inside the reactor and the sealing plates can be filled
with either hot air for heating or a cooling liquid for creating tem-
perature gradients (Figure 1a shows channels in plates, Figure 1c
shows channels in reactor). Two different configurations were
tested in our experiments: In the first configuration (heating con-
figuration 1) the window zone was heated with hot air through

Chemistry—Methods 2025, 00, €202500105 (4 of 11)

channels inside the sealing plates (Figure 1a and Figure S1,
Supporting Information). Hot air was generated from a gas
blower (Leister LE mini sensor kit 800W) with a flow of
15 L min~" and connected to the plates. The hot air blower should
not be operated above 700 °C according to the manual, on a min-
imum of 15 L min~" flow of air. For inducing lower temperatures,
e.g., for condensation, a cooling liquid was dosed through a chan-
nel close to the window zone and opposite of the hot air
entrance. This configuration was used for the experiments shown
in this study. In the second configuration (heating configuration 2),
both channels inside the reactor close to the catalyst bed were
used. On one side, hot air was flowing to heat the window area.
On the opposite side, a cooling liquid was dosed. The latter con-
figuration enables a stronger temperature gradient formation
inside the catalyst bed and was applied in our recent study.”’
These two configurations are only two examples, there are other
configurations possible due to several channels in the reactor and
reactor plates. To monitor the temperature in the window zone,

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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thermocouples were placed in one-end-closed channels with
their tips close to the catalyst bed (Figure S2, Supporting
Information). The operational temperature of the reactor design
should not exceed 350 °C.

2.2. Installation at Synchrotron Radiation Source

The reactor was installed at the beamline by placement inside a
dedicated and self-built holder in between the ion chambers, with
the window zone placed at the same height as the X-ray beam
(Figure S3, Supporting Information). Furthermore, the holder
was located on a movable stage, allowing accurate positioning
of the window zone in the X-ray beam and enabling spatially—
resolved operando XAS measurements. The reactor installed at
the beamline P65 at the Deutsches Elektronen-Synchrotron
(DESY) is shown in Figure S3, Supporting Information. The reactor
was packed in heat insulating tape to reduce heat loss, except for
the windows (Figure S1b, Supporting Information). The 10 x 10 mm

window area allows tracking changes inside the catalyst bed (size
7.5 x 6 mm) in the window zone with spectroscopy (Figure 1¢, inset
window zone, marked with pink spots) in spatially-resolved man-
ner. Several positions of the bed can be monitored by using a beam
size of 0.3 mm (vertical) x 1.6 mm (horizontal). During the experi-
ments, a 3 X 3 matrix was scanned in order to examine the possible
influence of the induced temperature gradients on the catalyst
structure.

2.3. Mobile Setup Unit

To enable measurements at high pressure (>90 bar) and control
the different heating and cooling sources, as well as temperature
monitoring, a mobile setup unit was planned and built. A sche-
matic diagram of the setup is depicted in Figure 2a, and a pho-
tograph of the gas dosing unit is shown Figure 2b.

Gases (H, and N,) were dosed via high—-pressure mass flow
controllers (Bronkhorst), which are operable until 150 bar. For

a >
@ 0 check valve > §
> ©
X B P& ., <
M a CL2 pressure pressure flow s
il il calibrator
indicator indicator
cold trap
— | water
Cooling DL! § =
O =] |5
;|| pressurevalve
ISCO syringe P84 manual ball valve
pump X4 manual 3-way ball valve
— heated lines
(b) (c)
Figure 2. a) Schematic diagram of mobile operando setup for the use at synchrotron facilities and operating the additively manufactured reactor.
b) Photograph of the gas dosing unit. ¢) Picture of ISCO pump 260D with installed cooling.
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experiments performed at 40 bar, CO, was dosed as gas via a
mass flow controller (Bronkhorst). For experiments above
54 bar, no direct CO, from pressurized gas cylinders can be used
as CO, is present in liquid form. Therefore, liquid CO, was used for
experiments at 90 bar and can either be pressurized through a
compressor and then fed into a liquid flow controller
(CoriFlow, Bronkhorst) or be dosed using a syringe pump
(Teledyne ISCO 260D). In the latter case, the cylinder filled with
CO, and the respective pipes need to be cooled to 0°C to keep
CO, in liquid phase (Figure 2c). For the experiments described in
this study, CO, was dosed via mass flow controller at 40 bar. Two
additional mass flow controllers are implemented in this setup
(one was used for gaseous CO,), which would, e.g., allow experi-
ments with co-dosed CO. The pressure was controlled using a
back-pressure regulator (Swagelok) equipped with an electric
actuator (GULEX) for remote control. For safety reasons, overpres-
sure valves were installed, which open at 5 bar above the used
operation pressure. For pressure monitoring, two digital pressure
indicators were placed before and after the reactor. All lines con-
nected to the reactor were heated to 150 °C using heating lines
(HORST). The setup further allowed sampling of the formed liquid
products by condensing them after depressurization in a cooling
trap. The gas composition was analyzed using a mass spectrometer
(Omnistar GSC 320, Pfeiffer Vacuum) and a micro-gas chromato-
graph (Inficon Fusion Micro—-GC, PoraPLOT Q column, 10 m length
and 0.25 mm diameter with He carrier gas and a mole sieve col-
umn with 5 A, 0.25 mm diameter, 10 m length and Ar carrier gas).

2.4. Spectra Quality and Validation

The functionality and potential of the in situ/operando reactor and
setup were tested by examining a Cu/ZnO/ZrO, catalyst with hard
X-rays. The catalyst has a similar composition to industrial cata-
lysts and is highly active in CO,-based methanol synthesis. More
catalyst details can be found in our previous publication.”” In
short, the catalyst was prepared by continuous co-precipitation
and has a ratio of Cu:Zn:Zr = 63:29:8 (mol%). First, the spectra
quality recorded at room temperature and ambient pressure will
be discussed. This is important because, in order to compare the
catalyst state after different treatments independently of the

conditions applied during the reaction, XAS spectra were
recorded at room temperature after each reaction step. The spec-
tra recorded at the Cu K edge after reduction of the Cu/Zn0O/ZrO,
catalyst and a Cu foil are shown in Figure 3a. The catalyst spec-
trum matches with the main characteristics of the Cu foil, leading
to the conclusion that Cu is in the reduced state. From these spec-
tra the Fourier transformed extended X-ray absorption fine struc-
ture (EXAFS) part was extracted shown in Figure 3b. The catalyst
structure has the first shell maxima at the same position as the Cu
foil, however, at a lower intensity. This indicates that Cu in the
catalyst has a higher disorder, which is expected since from other
characterization techniques, nanostructured Cu is proposed.”
To further validate the spectra quality, a first shell fit on the
EXAFS part was conducted (Figure 3c and Table S1, Supporting
Information). The coordination number is 10.9 which is below the
coordination number of 12 present in a bulk Cu structure, con-
firming the nanostructured nature of the catalyst.

2.5. Temperature Programmed Reduction at Ambient
Pressure

The abovementioned Cu/ZnO/ZrO, catalyst is applied in CO,-
based methanol synthesis. Prior to reaction, the catalyst needs
to be activated via reduction at elevated temperatures, in this
case with 10% H,/N, to reduce CuO to Cu. Spectra recorded at
the Cu K during the reduction (i.e., while dosing reductive gases
and at elevated temperatures) are shown in Figure 4a. The
changes observed in the spectra can be assigned to the reduction
of CuO to Cu by comparison with a CuO reference and Cu foil.
Furthermore, with linear combination analysis (LCA), the concen-
tration profile during the reduction was investigated and is
displayed in Figure 4b. The main reduction starts when the
setpoint temperature of 220 °C is reached. The spectra recorded
at the Zn K edge during activation and their interpretation can be
found in the (Section 2, Figure S5, Supporting Information). The
initially present ZnO was not reduced to Zn as in the case for CuO,
nevertheless, small changes in the spectra were recorded. By
comparison with literature, we propose the possible formation
of oxygen vacancies in ZnO (see further details in Section 2,
Supporting Information).
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Figure 3. a) X-ray absorption near edge structure (XANES) recorded at Cu K edge of a reduced Cu/ZnO/ZrO, catalyst (blue) and Cu foil (dotted black),
b) the extracted EXAFS, and c) a first shell fit of the catalyst with more details in the Supporting Information (Table S1).
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Figure 4. a) XANES recorded at the Cu K edge during reduction (10%H,/N,,
220 °C with 2 Kmin~") of the Cu/Zn0O/ZrO, catalyst and Cu and CuO refer-
ences b) temperature and concentration profile, concentrations obtained
by LCA.

3. Operando XAS of Cu/ZnO/ZrO, during CO,
Hydrogenation and Condensation

After catalyst activation, CO, hydrogenation to methanol was car-
ried out (reac1) at 40 bar and 220 °C. Under these conditions, a
CO, conversion (Xco2) of =~21% was achieved with a 70%
MeOH selectivity (Sweon) during 1.5 h time on stream (Figure S6,
Supporting Information). Throughout the complete experiment,
no significant changes at the Cu K edge during the reaction states
were observed (see Figure S7, Supporting Information).
Therefore, only data recorded at Zn K edge is discussed in the
following. During reaction, a shoulder emerged at 9664 eV (see
Figure 5a) which indicates restructuring during reaction

—~
Y
-~
—~
O
-

conditions. To further exploit the dual catalyst bed configuration
with different temperature zones, the catalyst was investigated
during enforced condensation of the products. After the initial
reaction, the temperature in the window zone was decreased
by introducing a cooling liquid with varied temperatures (reac2 +
reac3) and additionally decreasing the temperature of the gas
blower. In the last step, the temperature in the window zone
was decreased to 40 °C with the aim to induce condensation (final).
In contrast to Cu, ZnO underwent strong restructuring during the
whole experiment (Figure 5a, recorded at the middle position (Pos.
5)). By comparing the reduced state (black) with the states after
reacl-reac3 (gray), an emerging shoulder at 9664 eV could be
observed. The final state exhibited a strong increase in the white
line, and the first maximum was shifted to lower energy. In earlier
investigations of the catalyst,”’ we identified three different ZnO,
species using multivariate curve resolution least square analysis
(MCR-ALS) during CO,-to-methanol synthesis
Figure 5b: A defective wurtzite-type ZnO structure, which was pres-
ent after the activation (green spectra), a dispersed dimeric ZnO,
species (pink spectra), and a ZnCO; structure (blue spectra). The
dispersed dimeric ZnO, species was observed during reaction with
high CO, conversion, resulting in large methanol and water con-
centrations. We observed ZnCO; formation upon condensation in
the catalyst bed. These spectra were used as references for LCA to
quantify the different reaction states in the herein reported study
(Figure 5c). After the first reaction (reac1), the main fraction stayed
in the initial w-ZnO state (96%), and 4% of disordered dimeric ZnO,
was detected. After introducing the cooling liquid (reac2 + reac3),
the dimeric ZnO, increased to 14% and w-ZnO decreased to 86%.
In the final state, the condensation led to formation of 80% ZnCO;
while 20% dimeric ZnO, remained. The in situ formation of ZnCO;
under condensation conditions may indicate restructuring path-
ways relevant to catalyst deactivation, particularly at the end of
industrial catalyst beds where water and methanol could con-
dense. This structural evolution of Zn under condensation is espe-
cially relevant for CO, hydrogenation plants, where liquid
byproduct accumulation at the catalyst bed outlet is known to
accelerate deactivation and complicate long-term stability.
Capturing this transition operando, rather than relying on ex situ

shown in
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Figure 5. a) XANES recorded at the Zn K edge after reduction (red), various reaction steps (reac1-reac3, final) and a ZnO reference, b) three components
resulted from MCR-ALS analysis in a previous study,” and c) fractions of the three components (ZnO, dimeric ZnO,, ZnCOs) obtained by LCA for the

different reaction steps.
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analysis, highlights the importance of studying structural dynamics
under realistic process conditions.

3.1. Spatially-Resolved Measurements

As shown in the inset in Figure 1c, an additional feature of the
reactor is the possibility to conduct spatially-resolved measure-
ments. During the experiment, a 3 x 3 matrix was scanned at dif-
ferent reaction steps at room temperature (Figure S4a,
Supporting Information). After reduction and the reaction steps
1-3, no differences between the 9 recorded positions were
observed (see Figure S8, Supporting Information). However, dur-
ing the final state, variations between the different positions were
observed and are shown in Figure 6a—c (each figure shows spec-
tra recorded in one column). By comparing the spectra at differ-
ent positions, a gradient in vertical direction could be revealed
(e.g., Figure 6a for Pos. 1,4,7). The spectra in the top row (Pos.
1-3) have a higher white line intensity which is decreasing in flow
direction (4-9). The changes were further quantified with LCA
analysis using the three references shown in Figure 5b. The
top row (Pos. 1-3) exhibited 100% ZnCOs (Figure 6d). In the mid-
dle row, the ZnCO; fraction decreased to 91% for Pos. 4 and 80%
for Pos. 6, with dimeric ZnO, being the other species. In the last
row, the amount of ZnCOs stayed similar for Pos. 8 and 9, while
for Pos. 7 an even lower amount of ZnCO; (72%) was found. The
spectra were not recorded in the order of the position name
(1-9), but in a manner to only move one motor at the same time.
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Therefore, we can exclude that the changes observed are a time
effect. One explanation for the vertical gradient could be that the
condensed products enter the top of the catalyst bed first. This
could explain the more severe changes at Pos. 1-3.

4, Conclusion

The application of AM using laser-based metal powder bed fusion
for designing the catalytic and spectroscopic reactor has been
presented in this work which allowed to integrate the following
essential features: 1) An X-ray transparent window zone for
monitoring the catalyst structure during reaction, also in a
spatially-resolved manner and 2) two consecutive catalyst beds
with independent controllable heating. The dual catalyst bed con-
figuration allows to simulate different positions of a fixed-bed reac-
tor depending on the amount of catalyst used in the upper part.
The reactor complements the recently developed concept
"Iso-potential operando spectroscopy" where the local gas envi-
ronment in a spatial-profile reactor at a certain position gets
transferred to a spectroscopic reactor, separating catalytic reac-
tor, and spectroscopic cell.'®**) In contrast to previous operando
setups, this design enables operando investigations of catalysts at
medium and high conversion levels and under condensation
conditions; scenarios that have remained experimentally inacces-
sible despite their industrial relevance. For the use at synchrotron
facilities, a mobile setup unit was constructed with a compact
design and remote-control capabilities for all critical reaction
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Figure 6. XANES recorded at 9 positions in 3 x 3 matrix at the final state at a) Pos. 1+ 4 + 7, b) Pos. 2 + 8 (Pos. 5 was unsuitable for data treatment),
c) Pos. 3+6+9, and d) LCA results of 8 different positions recorded during final state obtained with MCR-ALS components used above.
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parameters (temperature, gas flow, and pressure). The reactor
functionality was probed by operando XAS investigations in
CO,-based methanol synthesis. The new setup and cell allowed
to study the structure of a Cu/ZnO/ZrO, catalyst under high con-
version and enforced condensation conditions, mimicking cata-
lysts under high stress, which is typical for the end of a catalyst
bed if liquid by—products like water are formed. Restructuring of
ZnO could be observed with the formation of dispersed ZnO,
species and ZnCO; during condensation. These findings reinforce
the importance of studying catalyst deactivation mechanisms
under true end-of-bed conditions, where liquid product forma-
tion and thermal gradients may induce irreversible structural
changes. Furthermore, the large window area of 10 x 10 mm
enabled spatially-resolved measurements with the opportunity
to measure at 9 different positions. With this feature, gradients
along the catalyst bed can be tracked, as shown for the final
state, which exhibited a vertical gradient of the ZnCO;
concentration.

AM is a powerful tool and holds extensive potential, especially
in spectroscopy application where often small channels and
structures are necessary. In the future, metal-based AM should
be further utilized for designing catalytic reactors and spectro-
scopic cells, taking advantage of its customization capabilities.
This allows for more spectroscopic features and the combination
of complementary techniques. For example, the current design
can be slightly modified for operando X-ray diffraction studies.
Additionally, replacing the Be windows with materials like sap-
phire would enable visual tracking of condensation either by a
camera or the catalyst might be investigated by UV-vis/IR spec-
troscopy depending on the transmission properties of the mate-
rial. The dual catalyst bed concept with condensation zone can
further be applied to various other reactions, such as methana-
tion, Fischer-Tropsch reaction, and ammonia synthesis.
However, before adapting the concept to another reaction or
conditions, careful evaluation of the safety aspects in relation
to materials compatibility needs to be considered. Altogether,
the integration of AM with operando spectroscopy marks a deci-
sive step toward more realistic and flexible catalyst characteri-
zation platforms.

5. Experimental Section

The used Cu/ZnO/ZrO, (CZZ) catalyst in this study is described in
more detail in the following references with exsitu characteriza-
tion”*®" The operando experiment was conducted at DESY,
Hamburg, at beamline P65.°7 The first ion chamber was filled with
10% Ar in N, at 1020 mbar, the second one with 25% Ar in N, at
1020 mbar, and third with 100% Kr. The beam size was 0.3 mm (ver-
tical) x 1.6 mm (horizontal). The spectra were measured in transmis-
sion mode, with the reactor positioned between ionization chambers
1 and 2, and a Cu reference foil placed between ion chambers 2 and
3. During the experiment, both K edges were recorded in a single
scan (8.8-10.6 keV), using the Cu foil for alignment. The CZZ catalyst
was mixed with SiO, in a 1:9 ratio, pressed to achieve a sieve fraction
of 100-200 um, and 24 mg of this mixture was placed in the reactor
window zone. Approximately 1 g of undiluted catalyst (sieve fraction
100-200 um) was filled in the upper part of the reactor. The reactor
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was then mounted on a holder, which could be positioned on the
sample alignment stage between the ionization chambers. To man-
ufacture the high-pressure reactor system additively, the metal laser
powder bed fusion method, commonly known as “3D printing,” was
utilized on an EOS M290 single laser machine. The process involved
melting nickel-based superalloy powder (alloy 625, UNS N06625; W.
Nr. 2.4856) with particle sizes ranging from 10 to 45 microns using an
infrared laser with a maximum power of 400 W. Different laser modes
were applied to create both solid and porous metal sections. The
tightness of the completed assembly, including the AM-made parts,
the sealing system, and the fittings, was verified using a Helium leak
test, achieving a rate of 24-107' mbar Ls™". The pressure resistance
was confirmed through a water pressure test, successfully withstand-
ing an internal pressure of 350 bar without deformation. Prior to use
at the synchrotron, the assembly’s tightness was further tested with
150 bar nitrogen, showing no changes over a period of two hours. For
this experiment, heat configuration 1 (Figure S1, Supporting
Information) was used. The overall experimental procedure is shown
in Figure S4, Supporting Information. Prior to reaction, the catalyst
was activated via temperature programmed reduction at 220°C
(1h, ramp 2°Cmin~") in 10% H, in N,. After catalyst activation,
CO, hydrogenation to methanol was carried out using a reaction mix-
ture of 85% H,:CO, = 3.1 in N, at 220 °C and 40 bar. Gaseous CO, was
supplied via a Bronkhorst mass flow controller during this experi-
ment. For the following reaction, different temperatures of the cool-
ing liquid were used to achieve temperature variations in the window
zone. The temperature of the cooling liquid was decreased stepwise
with temperatures of 25, 10, and 0 °C during reac2, while —20 °C was
used for reac3. In the final reaction step (reac4), the temperature of
the cooling liquid was set to 25 °C. Additionally, the temperature of
the gas blower was first reduced to 200 °C, before final cooling to
25°C (final state). During the experiment, the temperature of the
upper part (Tyeeve), Of the outlet of the gas blower (Tgg), and inside
the window zone (T,_Ts) (see Figure S2, Supporting Information for
placement of the thermocouples) were recorded and are displayed in
Figure S4b, Supporting Information. During transient conditions, XAS
was recorded at one position (Pos 5, see Figure 1c). After several
steps, the reactor was cooled to room temperature for EXAFS scans,
and 9 positions in the catalyst bed were measured (3 x 3 point maps
through the rectangular window, see Figure 1c). The positions were
scanned in the following order: 7, 1, 2, 3, 6, 9, 8, 5, 4. All spectra were
energy corrected and normalized using the Fastosh software package
(version 1.0.7-pre-release).® Then, LCA was applied, using the same
software.

Supporting Information

Additional results can be found in the Supporting Information of
this article. The authors have cited additional references within
the Supporting Information.>*-¢"
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