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Abstract: In the frame of developing a sustainable
chemical industry, heterogeneously catalyzed CO, hy-
drogenation to methanol has attracted considerable
interest. However, the Cu—Zn based catalyst system
employed in this process is very dynamic, especially in
the presence of the products methanol and water.
Deactivation needs to be prevented, but its origin and
mechanism are hardly investigated at high conversion
where product condensation is possible. Here, we report
on the structural dynamics of a Cu/ZnO/ZrO, catalyst at
90 bar and 40% CO, conversion (at equilibrium con-
ditions), investigated in a dedicated metal-based spectro-
scopic cell specially fabricated using additive manufac-
turing. This particular reactor configuration aims to
mimic the high CO, conversion part of the catalyst bed
and can induce product condensation, which is moni-
tored by operando X-ray absorption spectroscopy. While
Cu remained mostly stable throughout the experiment,
Zn underwent strong restructuring. The chosen reaction
conditions, including the use of CO, as carbon source
and in situ product condensation, were selected to
provide insights under industrial conditions. This work is
highlighting the importance of spectroscopic investiga-
tions at high conversion levels, offering insights into
chemical transformations during deactivation, extending
the concept of spatially resolved studies, and thus
providing guidance for the design of more stable

catalysts.
J

Introduction

Methanol (MeOH) synthesis, conventionally starting from
synthesis gas (syngas, CO/H, and small amounts of CO,)
and employing the commonly used Cu/ZnO/Al,O; (CZA)
catalyst, has been vastly studied over the years.! Due to the
promising approach to valorize CO, to produce valuable
products like MeOH through hydrogenation using green
hydrogen, the CO,-to-MeOH reaction has gained increasing
interest.”! However, using CO, as feedstock imposes
challenges due to the unfavorable thermodynamics® and,
compared to CO-rich syngas, the higher amount of water
formed leads to deactivation of the industrial CZA catalyst,
e.g., by sintering and phase transformations.! The substitu-
tion of Al,O; with ZrO, leads to improved performance and
stability, making Cu/ZnO/ZrO, (CZZ) catalysts highly
promising candidates for CO,-to-MeOH synthesis.”” The
promotional effect of ZrO, is vividly debated and can be
attributed to its lower hydrophilicity,?***¢ enhanced CO,
adsorption,” the formation of the Cu-ZrO, interface® and
the particularly selective ZnO-ZrO, interface.”

The ternary CZZ catalyst exhibits four different possible
active interfaces: i) Cu-ZnO ii) Cu-ZrO, iii) ZnO-ZrO, and
iv) ternary Cu-ZnO-ZrO,. The Cu—Zn interface was widely
studied for the CZA catalyst, yet the active state is still
under debate."! Depending on the intensity of the reductive
treatment (e.g., H, partial pressure), the formation of a
Cu—Zn alloy or oxygen-deficient and defective ZnO, togeth-
er with morphological changes of the Cu particles, has been
observed.!'” Several studies have proposed the formation of
a graphitic ZnO,, overlayer after reduction,'! which can
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partially convert to ZnO nano-islands under reaction
conditions (e.g., syngas feed) that, under long time on
stream, can be further transformed to a dense polycrystalline
ZnO overlayer.'"” In addition to the Cu-ZnO interface and
the Cu—Zn (surface) alloy, Zn-formate has also been
proposed as an active species.””! Besides the Cu-ZnO
interface, interactions with ZrO, need to be considered for
CZZ catalysts. The ZnO-ZrO, interface exhibits high
selectivity towards methanol when applying ZnO-ZrO,
catalysts in CO,-to-MeOH synthesis.”’ When ZrO, is used as
the support, the formed ZnO, clusters or monodispersed Zn
on the ZrO, surface were suggested as active sites.'"¥ By
doping ZnO-ZrO, with Cu, a pronounced performance
increase in comparison to pure ZnO-ZrO, was observed,
attributed to the occurrence of low-nuclearity Cu—Zn
clusters.[””]

In addition to the manifold proposed active interfaces,
the nature of the active sites in Cu—Zn based catalysts is
highly dynamic and susceptible to changes during reaction
conditions.®! Tt is therefore crucial to investigate the
catalyst structure during reaction, i.e., operando, under
conditions as close to industrial ones as possible,[m] which, in
the case of methanol synthesis from CO, translates to
pressures between 50 and 100 bar, temperatures ranging
from 200 to 250°C, and water/MeOH formation.'” One
particularly suitable technique is X-ray absorption spectro-
scopy (XAS), which allows operando experiments at various
pressures and temperatures. For the investigation of meth-
anol synthesis by XAS, several spectroscopic cells and
reactors have been applied in the past: While quartz
capillary reactors generally allow experiments up to 20 bar,
a specific operando cell developed in our group enabled
investigations during methanol synthesis at 30 bar,'®! and
experiments at 40 bar are possible with Be tube reactors.!"!
Furthermore, Bansode etal.” could perform operando
XAS measurements during CO, hydrogenation on a CZA
catalyst at 200 bar and 260°C in a capillary reactor system.

However, due to the small volume of the cells/reactors
and the additional dilution required for spectroscopic
investigations in transmission mode, operando XAS studies
use only small amounts of catalysts. This results in differ-
ential conversions well below those used in industrial
reactors, rendering the spectroscopic data less representative
of the real-world scenarios. Although such studies have not
been conducted during methanol synthesis, the importance
of this aspect has been recently found to be critical, e.g. in
ammonia decomposition/synthesis catalysts, where phase
transformations have been observed at high ammonia
concentrations.?!! Differential conditions, i.e., low conver-
sion, are mostly chosen for kinetic investigations. Never-
theless, at high conversion, product concentrations are
enhanced, resulting in considerable water formation during
CO, hydrogenation, which is expected to be at the origin of
catalyst degradation®! and was observed in spatially re-
solved studies during CO, methanation.”” Therefore, ex-
periments at high conversion levels are crucial, especially
focusing on the end of a catalyst bed, where product
concentration is the highest. Previous studies, mainly
conducted at differential conversion, attributed deactivation
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to the loss of Cu-ZnO interfacial sites due to segregation,
restructuring and crystallization.”? A long-term stability
study revealed sintering of Cu and restructuring of ZnO into
an overlayer, as well as crystallization of ZnO as key
descriptors of the deactivation.''! The study used a nearly
identical CZZ catalyst to the one employed in this work.
Furthermore, restructuring of the Cu—Zn interface induced
by the presence of alcohol, e.g. MeOH, was proposed for a
CZA catalyst,” further highlighting the need for investiga-
tions with substantial product amounts.

When considering MeOH synthesis at elevated pressures
(above ca. 90 bar), condensation of liquid products can occur
already at high temperatures (180°C), which can be
exploited to shift the equilibrium to the product side, as
shown by different condensation reactor concepts.”! At
these pressures, condensed liquids lead to hydrothermal
conditions in the reactor that can potentially severely alter
the catalyst structure.™ In fact, operando studies of Cu—Zn
based catalysts, focusing on detailed elucidation of the
degradation process induced by condensed products with
spectroscopic reactors that provide sufficient product quan-
tities, are currently lacking.

Herein, we studied the catalyst structure of a highly
active CZZ catalyst using a custom-made reactor for
operando XAS during CO, hydrogenation to methanol up
to a maximum CO, conversion (40 %) and elevated pressure
(90 bar). The high conversion levels were achieved with the
concept of an additively manufactured spectroscopic reactor,
consisting of two consecutive catalyst beds in two independ-
ently controllable temperature zones. We investigated the
structure of the lower catalyst bed with XAS, which mimics
the conditions at the end of a fixed-bed reactor with
elevated product concentrations. In the first catalyst bed, up
to 2 g of catalyst enabled conversion up to the thermody-
namically limited conversion level, whereas in the second
part, 24 mg of CZZ catalyst diluted with SiO, was loaded to
allow optimal conditions for spectroscopy. By inducing
condensation of methanol and water in the catalyst bed via
an enforced temperature drop, we further aimed to study
deactivation phenomena in the catalyst structure. The over-
all goal was to gain insights into the restructuring of the
catalyst at high product concentrations and thus to provide a
basis for the knowledge-driven design of future methanol
catalysts.

Results and Discussion

Additively Manufactured Spectroscopic Reactor for High
Pressure Applications

High-pressure operando XAS experiments were performed
in a novel spectroscopic reactor made by additive manufac-
turing (AM), as depicted in Figure 1 (details cf. ESI, section
1). To monitor the catalyst structure, X-ray transparent
Beryllium windows with a field of view of 10x10 mm were
used (Figure 1a). In the sectional view (Figure 1b), all
features of the reactor are schematically displayed: The gas
mixture enters the reactor through the inlet and passes
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Figure 1. a) Front view of the additively manufactured reactor. b) Sectional view of the additively manufactured reactor with labeled components,
including a zoomed view of catalyst bed area (inset) showing marked X-ray positions.

through the first catalyst bed, which is filled with undiluted
catalyst positioned on top of a silicon carbide (SiC) bed to
achieve high conversion and productivity. This upper part of
the reactor (“upper zone”) is heated using a heating sleeve,
with temperature control provided via a thermocouple (type
K) placed in a sheath inside the catalyst bed. The mixture of
products and reactants then passes through the successive
second catalyst bed with diluted catalyst located in the X-ray
transparent part of the reactor (“window zone”). This zone
is heated through a channel with flowing hot air from a gas
blower (see Figure 1b). To introduce temperature gradients
within this catalyst bed, a cooling liquid can be fed through a
channel on the opposite site. With the two consecutive
catalyst beds, one can mimic the conditions at the end of a
fixed-bed reactor. In the first bed the temperature is kept at
235°C to continuously produce significant amounts of
products, which then pass through the second bed. The two
independently controlled temperature zones enabled us to
study potential catalyst deactivation by lowering the temper-
ature in the second catalyst bed to induce condensation. We
want to highlight that this multifunctionality was realized by
the advanced AM of the cell applied here (details, cf. ESI).
Moreover, the 10x10 mm window in the reactor allows
spatially resolved measurements and a grid of 3x3 positions
was scanned (Figure 1b, zoomed-in view, inset). The temper-
ature of the window zone can be recorded at 4 positions
with thermocouples placed close to the catalyst bed at the
X-ray window (see ESI, Figure S6a for details). For sealing
the X-ray windows, graphite and Be discs were used, similar
to our previously developed cell,™® allowing measurements
up to 150 bar and 300°C.

CO,-to-Methanol Synthesis with High Conversion

The AM spectroscopic reactor was employed in the CO,/H,-
to-MeOH reaction at 90 bar and at temperatures up to
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250°C using a new CZZ catalyst. CZZ production combines
continuous nucleation under kinetically controlled condi-
tions using a micromixer and subsequent batch aging of the
initial precipitate in 4 L stirred tank reactors. A total of
about 0.4 kg CZZ catalyst was produced in 4 subsequent
aging batches at a temperature of 55°C and a pH of 6.7
during aging, with a molar ratio of 62.7 % Cu, 29.5 % Zn and
7.8% Zr (mol%, after calcination) when starting from a
mixed metal nitrate solution of the ratio 60:30:10 mol %.
Further details on the production and characterization of
the CZZ can be found in the ESI (section 1 and Figs. S3—
S5). Previous studies have shown that similar continuous co-
precipitated CZZ catalysts are highly active in CO, hydro-
genation, even outperforming the industrial catalyst.**¢! For
the operando experiments in this study, the upper zone was
filled with 2 g of undiluted catalyst, whereas the window
zone contained 24 mg of diluted (1:5 with SiO,) catalyst. In
this configuration, the window part represents a high
conversion zone at the end of a catalyst bed, enabling the
study of the impact of a mixture of reactants and products
on the catalyst structure. The investigation consisted of an
activation step in H,/N,, followed by MeOH synthesis and a
final step of condensation induced by a temperature drop.
Afterwards, a reductive treatment was applied, with the
intention to study the degree of catalyst reactivation. The
detailed experimental procedures and applied data analyses
can be found in the ESI (section 1).

During the initial reaction phase (“reacl”; see ESI,
Figure S2), after catalyst activation (spectra during reduction
in ESI, section 2.3), CO, hydrogenation was operated at
90 bar and 235°C (Tgeeve), and H,:CO, (3:1, 85 % in N,).
This resulted in a CO, conversion in the range of 36 to 44 %
and a selectivity of 90 % (£+2 %) towards methanol during
1.5 h time on stream (TOS) (Figure 2a). The thermodynamic
equilibrium at the given conditions was calculated using
Aspen Plus. The simulations predict 39 % CO, conversion
and 90 % selectivity for CO, hydrogenation to MeOH, which
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Figure 2. a) CO, conversion (black, error estimation +2%) and MeOH selectivity (green, error estimation +£2 %) obtained during CO,
hydrogenation to MeOH (90 bar, 235°C, 85% H,:CO,=3:1 in N,, reacl, (further details see ESI). XANES (b) and EXAFS (c) spectra at the Zn K
edge of the CZZ catalyst after reduction (black line), after CO, hydrogenation to MeOH (reac1, orange line) and of the ZnO reference (black dotted

line).

agrees with the thermodynamic calculations carried out for
this reaction under similar conditions.” Comparison with
our experimental values clearly shows that the catalyst is
operating in equilibrium conditions. Calculating the catalytic
performance with Aspen at the same conditions at 10 bar
results in 15 % CO, conversion and 13 % MeOH selectivity,
which further underlines the importance to investigate at
high pressure conditions. A slight decrease in CO, con-
version from 42 % to 38 % was detected throughout 1.5h
TOS. One possible explanation for this behavior is the
stabilization period required to reach steady-state conditions
and/or slight deactivation of the undiluted catalyst. Struc-
tural changes in the upper catalyst bed may be caused by
local high temperatures and/or the formation of products
passing through the lower section of the bed, potentially
leading to further structural changes in the catalyst. The
mixture of products and reactants was then passed through
the second catalyst bed, which was monitored by XAS
(window zone). Throughout this experiment, no differences
were observed in spectra recorded in the 3x3 matrix (see
additional spectra in Figures S11-S12, ESI). The spectra
recorded at the Cu K edge and the corresponding analysis
can be found in ESI (sections S2.3 and S2.4). Only small
changes in the Cu—Cu scattering shell, possibly indicating
slight sintering, were observed during the whole experiment.
Given that XAS is a bulk-sensitive method and the catalyst
has high Cu loading, these findings only exclude changes in
the bulk structure, though minor changes on the surface
might not be detectable.

The X-ray absorption near edge structure (XANES)
spectra at the Zn K edge of the catalyst, recorded at room
temperature after reduction (red., black) and after reaction
at 90 bar (reacl, orange), are compared to a bulk ZnO
reference (black dotted line) in Figure 2b. Both catalyst
states show less pronounced features in comparison to the
bulk ZnO reference, indicating a more disordered structure.
At the beginning of the absorption edge, a shift to higher
energies after reaction was observed (Figure 2b, zoomed in),
which can be attributed to an increase in oxidation state.
The re-oxidation during reaction under CO, hydrogenation
conditions was also reported for other Cu—Zn based
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catalysts.'*1**1  Furthermore, the shoulder at 9664 eV
emerged under reaction conditions, indicating restructuring
of ZnO. Given that this catalyst is exposed to significant
concentrations of MeOH and water from conversion in the
catalyst bed above, the structural changes are most likely
induced by water and/or MeOH. An accelerated formation
of a ZnO, overlayer and restructuring was also found in the
presence of MeOH and water for a CZA catalyst.”® To
investigate the local environment, the extended X-ray
absorption fine structure (EXAFS) spectra at Zn K edge
were extracted (Figure 2¢). For both catalyst states, scatter-
ing contribution at distances of 1.6 A (Zn—0, not corrected
for the phase shift) and 2.9 A (Zn-O-Zn) are detected,
similar to the ZnO reference. The intensities of the
scattering, especially of the Zn-O-Zn contribution, are lower
compared to the ZnO bulk reference, which indicates an
increased structural disorder in the catalyst. After the
reaction, an increase in the first shell (Zn—O) is observed,
suggesting further oxygen atoms around Zn in the local
structure. This is in line with the energy shift observed in the
XANES and the proposed re-oxidation. The second shell
backscattering (Zn-O-Zn) decreased after reaction, indicat-
ing increased structural disorder, possibly caused by redis-
persion or restructuring into more amorphous species. A
CZZ catalyst investigated at slightly different reaction
conditions (H,/CO,/CO=4.3:1:1, p=60bar, TOS up to
935 h) showed an increase in the second shell (Zn-O—Zn)
suggesting sintering of ZnO." Hence, the presence of CO
seems to affect the catalyst structure additionally. For a Cu-
ZnZr catalyst (Cu/Zn/Zr ratio=2:1:7) prepared by double
flame spray pyrolysis (Cu in one flame, Zn+ Zr in the other
one), a decreased Zn-O-Zn backscattering was observed,
similar to our results.'"*! In that case, the decrease in the
scattering intensity was attributed to the formation of an
amorphous phase or redispersion of Zn. The spraying of the
Zn and Zr precursors in one flame led to a strong
interaction between ZnO and ZrO,, even resulting in the
formation of monodispersed Zn or ZnOj clusters.['*

To identify the possible Zn species present in our
investigation, multivariate curve resolution — alternating
least squares (MCR-ALS) analysis was performed on the
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entire experimental dataset (details on the procedure see
ESI, section 1). The evolution of individual spectral
components extracted by MCR-ALS is shown in Figure 3a,
and the components with the proposed assignment are
displayed in Figure 3b. As seen in Figure 3a, after switching
to the reaction conditions (reacl), the component attributed
to ZnO (marked in “green”, state after reduction) decreased
from 100 % to 75 %, while a second component (marked in
“pink”) increased from 0% to 25%. The corresponding
spectra (Figure 3b, pink) can be assigned to strongly
dispersed (monomeric, dimeric, wurtzite-like structure)
ZnO, species, which are usually observed in combination
with zeolites™ or silicates.*”! So far, analogous ZnO, species
have not been identified for the widely studied CZA
catalysts, which might indicate that they only form in the
presence of ZrO,. For systems containing ZrO,, i.e., mostly
as a support, the formation of small ZnO, clusters or highly
dispersed ZnO, has been reported earlier.'**! In compar-
ison to Zn-ZrO, compounds with proposed single Zn**
sites,™?! our spectra resemble more closely the dimeric
ZnO, species postulated by Zhao and colleagues®”! for a Zn-
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silicalite catalyst. Additionally, a theoretical XANES calcu-
lation of tetrahedral coordinated [Zn(OH),]*” species in
aqueous solution showed strong similarity with our exper-
imental XANES data.’” Thus, the hydrogenation of the
coordinated oxygen in ZnO to Zn-hydroxyl could yield the
dynamic species, which facilitates the dispersion of Zn on
the ZrO, surface.

ZnO Phase Transformation During Forced Condensation

To investigate the possible catalyst degradation by enforced
condensation, the average temperature inside the window
zone was lowered down to ~136°C (Tynaow T€ac2), whereas
the upper part was continuously heated to 235°C to produce
sufficient MeOH and water. Due to the present temperature
gradient (67°C (T)) to 206°C (T3;)), including temperatures
above the estimated dew point of 170°C,**! condensation
might have only partially occurred or not at all during this
state, which explains why no changes were observed during
this period. During cool-down to room temperature, and

25 -
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Figure 3. a) Fractions of components obtained by multivariate curve resolution — alternating least square (MCR-ALS) analysis (bottom graph), error
estimation £2%, recorded temperature of the upper part (T...) and average window zone temperature (Tyinow) (top graph), with the
corresponding CO, conversions (right y-axis) during the complete experiment (after reduction, reac1-3 and reactivation (reac4), see further details
ESI); b) Three obtained Zn K edge XANES of Zn-components from MCR-ALS analysis; c) XANES recorded at the Zn K edge after reduction (red),
after various reaction conditions at 90 bar (reacl-reac3), after H, treatment (final state) and the ZnO reference; d) EXAFS spectra at the Zn K edge
at the same stages as d); e) Photographs of catalyst powder in the X-ray window zone of the reactor as prepared (fresh) and after the experiment

with forced condensation (spent).
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possibly induced condensation, a third Zn component
emerged after 18 h TOS (Figure 3a, blue). The fraction of
this species then increased significantly during the cooling of
the whole reactor to ambient temperature and continued to
increase during the subsequent step (reac3), when the
average temperature in the window zone was ~95°C. The
attempt to restart the reaction (reac4) by directly heating
the lower part of the reactor again to 235°C (no depressuri-
zation step) led to a further increase of this component.
Additionally, a reductive treatment in H, did not reverse the
induced changes (region 5 in Figure 3a).

In the final state of the experiment, a yet unidentified
Zn species was most prominent (Figure 3b, blue, 74 % of all
Zn species) while 14 % were present as dimeric ZnO, (pink)
and 12 % as ZnO (green). This change is evident from the
experimentally obtained XANES spectra after reactions 1 to
3 and at the final state (Figure 3c), as discussed above. The
shoulder at 9664 eV, which emerged during reaction 1,
initially increased further during enforced condensation
(reac2, yellow, Figure 3c) and then disappeared (reac3 and
final state). Simultaneously for reac3 and final state, an
increase in the white line intensity and a more pronounced
shoulder at 9680 eV were observed (green and blue, Fig-
ure 3c). The strong increase in the white line intensity is
similar to [Zn(H,O)¢]*" reported during ZnO nanorod
formation from solution under hydrothermal conditions,?!
or Zn-formate, which was postulated as a component of a
CZA catalyst present during CO, hydrogenation.['"¥! How-
ever, the component detected here exhibits a pronounced
shoulder feature at 9680 eV, which is not present in either
[Zn(H,0)¢)*" or Zn-formate, but is characteristic for bulk
ZnO or ZnCO; as observed by comparison with the
references.

As in the hydrothermal ZnO rod synthesis reported,™ a
mixture of [Zn(H,0).]*" and ZnO, the latter exhibiting the
characteristic shoulder at 9680 eV, could be present. Since
Zn formate exhibits almost identical XANES features to
[Zn(H,0)¢]**, we cannot completely exclude that within the
isolated Zn component spectrum, a mixture of Zn formate,
Zn hydroxyl and bulk ZnO is present. Sintering of ZnO was
reported in several long-term deactivation studies. <1412
According to this hypothesis, strong intensities in Zn-O-Zn
shell scattering in EXAFS should be detected. However, the
extracted data (Figure 3d) show an overall decrease in the
Zn-O-Zn scattering contribution during the condensation
period, leading to a final state with barely distinguishable
higher shells. Therefore, we exclude the presence of
crystalline ZnO. Furthermore, MCR-ALS did not yield
meaningful spectral shapes with more than three compo-
nents, which leads to the conclusion that the third species
(Figure 3b, blue) is not a combination of several compo-
nents.

In a similar ZnO-doped ZrO, system investigated by
XRD and XAS, the formation of ZnO, clusters on the ZrO,
surface was observed, which resulted in an increase in the
white line intensity with simultaneous presence of the
characteristic shoulder at 9680 eV.'™! However, the ZrO,
amount in our sample is much lower (Zn:Zr=3:1).
Furthermore, there is still dimeric ZnO, present, which can
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be expected to be localized on the ZrO, surface. When
comparing the third component (Figure3b, blue) with
ZnCOj spectra from literature,” a similarity in the XANES
features and, in addition, with the extracted EXAFS part is
found. Similar to Zn formate and [Zn(H,O)¢]*", ZnCO,
features six octahedrally coordinated O atoms around Zn.
Therefore, a geometrical transformation from tetragonal
(ZnO) to octahedral (ZnCOs;) coordination occurs during
condensation, either through highly dispersed Zn species or
directly from ZnO. By closely examining the reactivation
treatment (reac4, heating under reaction conditions), we
first observed a significant increase in ZnCO;, followed by a
slight decrease. This indicates that ZnCO; was formed and
thereupon partially decomposed upon further heating.
During the increase in ZnCO;, fractions of dimeric ZnO,
species and ZnO decreased, followed by a slight increase.
We postulate that ZnCO; first decomposed to dispersed
ZnO, species, which then agglomerated to ZnO (indicated
by the delayed increase of ZnO). At a constant temperature
of 250°C, no further changes were observed, possibly due to
a shifted thermodynamic equilibrium at high CO, pressures
towards carbonate.’™ Therefore, formation of ZnCO; was
likely an irreversible structural alteration at the conditions
chosen in this experiment. However, it may be possible to
restore the ZnO phase after depressurization and complete
drying.

Note that changes were not only observed in the spectra,
but also the catalyst bed itself underwent changes in color
and texture (Figure3e). In particular, a change in the
catalyst color from brown to black was observed after the
testing procedure. Furthermore, the condensation process
led to the formation of clumps, thus affecting not only
atomic but also the macroscopic properties.

CO, conversion as a function of reaction time is plotted
in Figure 3a (orange dots). Since the upper zone is filled
with 2 g of catalyst and the window zone with only 24 mg of
diluted sample, the main conversion stems from the upper
zone. A decrease from 40% CO, conversion in the first
reaction (reacl) to 30% in reac2 was observed. As
mentioned earlier, initial deactivation due to high temper-
ature and possible condensation in the lower region of the
upper reactor part might be the cause. When the temper-
ature in the window zone during reac2 was decreased to
136°C, a further drop in the CO, conversion from 30 % to
22 % was observed. The lower temperature in the window
zone might have caused a decrease in the temperature in the
lower part of the upper zone, leading to lower activity.
Furthermore, back diffusion of condensed products might
also contribute to catalyst deactivation in the upper zone.
The dimeric ZnO, (formed during reacl) stayed stable
throughout this step (reac2), whereas the ZnO amount
slightly decreased, simultaneously with the formation of
ZnCO; species. Such an evolution can be explained by
partial transformation of ZnO to ZnCO;. Since the dimeric
ZnO, was not strongly affected under these conditions, it
suggests that this configuration is stable, yet possibly not the
active species. Decreasing the window zone temperature
further to 96°C (reac3) resulted in further lowering of CO,
conversion, ranging between 11 and 16 %. As mentioned
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above, this might be due to a temperature decrease also in
the upper part. With these process parameters, the restruc-
turing to ZnCOj; becomes more pronounced in the window
zone. Again, the increase in ZnCQO; was accompanied by a
decrease in the ZnO content. In contrast, dimeric ZnO,
showed no changes, which further strengthens the hypoth-
esis that the defective ZnO was transformed into ZnCO;.
After heating both the lower and the upper zones of the
reactor to 235°C, conversion to CO, was only partially
restored, reaching a maximum of 30%. This shows that
irreversible transformations also occur in the upper zone
(supported by visual inspection, changed granulate). During
heating to 235°C, the fraction of ZnCO; drastically in-
creased, with a strong decrease in the ZnO fraction.
Increasing the temperature with the condensed products
inside the catalyst bed led to distinct hydrothermal con-
ditions, which seem to promote the formation of ZnCO;
from ZnO. Holding the temperature (235°C) at reaction
conditions, with the aim to remove condensed products
from the catalyst bed, resulted in a slight decrease of dimeric
ZnO, species and a rise of ZnO. This suggests agglomer-
ation of the dimeric ZnO, to larger clusters and particles of
ZnO or ZnCO; under these conditions. After depressuriza-
tion and switching to reductive atmosphere (250°C, H,/N,),
a further decrease in dimeric ZnO, species was observed.
However, in this case, also an increase in ZnCQO; was noted,
indicating that the dimeric ZnO, species partially agglom-
erated with the widely present ZnCO; species. The selectiv-
ity to methanol stayed in the range of 87 % to 91 % during
the whole experiment and was not affected by the changes
observed in the catalyst structure (details in ESI, section
2.6).

A schematic summary of the proposed Zn components,
which are present during reduction, reaction, and forced
condensation, is depicted in Figure 4. After activation (Fig-
ure 4a), Cu is reduced (see spectra in Figure S7, ESI),
whereas ZnO stays mostly oxidized (wurtzite ZnO) while
forming some oxygen vacancies or a graphitic overlayer
(Figure S8, ESI), similar to the suggestion by Lunkenbein
et al."®? for a CZA and by Warmuth et al.''¥ for a CZZ
catalyst. During CO, hydrogenation to methanol at 90 bar,

a) Reduced

©@Cu @ Znin w-ZnO

® Zr O Znindim.ZnO,
@0 @ 2zninznCO,
@cC

75% ZnO *
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when exposed to high product concentrations from the
upper zone, the main Zn fraction in the window zone (75 %)
stays in the disordered ZnO state, whereas 25 % is present
as highly dispersed dimeric ZnO, (Figure 4b). By compar-
ison with literature regarding similar ZrO, containing
systems,'¥! we postulate that dispersed ZnO, species are
(preferably) stabilized in close contact with ZrO,. By
enforcing condensation inside the window zone of the
catalyst bed by lowering the temperature, strong restructur-
ing of Zn occurs leading to formation of a new main
component, attributed to ZnCO;, which makes up to 74 %
in the final state (Figure 4c). Only 12 % stays as disordered
(tetrahedral) ZnO, whereas 14 % of the Zn exist as dimeric
ZnO, species at the end of the experiment. The fraction of
dimeric ZnO, species stayed unchanged during the forced
condensation, underlining its stability at those conditions.
The formation of ZnCOQO; is accompanied by a decrease in
ZnO content, which leads to a geometrical change from a
tetrahedral coordinated Zn to an octahedral one. This
structural change cannot be reversed in the reactor by a
temperature increase to 250°C or under reducing conditions
(Hy/N,) at temperatures that do not lead to strong sintering
of Cu. ZnCO; derived from ZnO could be one pathway to
deactivation in the CZZ catalyst. Potentially, a full cycle of
unloading, drying, calcination, and subsequent reduction are
required to regenerate the catalyst.

In the CO,-to-MeOH process, similar amounts of water
and MeOH are formed concurrently. Therefore, operando
studies under realistic conditions reveal a combined effect of
these two reaction products. Nevertheless, based on literature
analysis, the influence of individual liquid products on the
catalyst stability can be discussed by considering studies
dealing with hydrothermal synthesis of ZnO-based nano-
structures in water and alcohol media. Typically, hydrothermal
transformations of various Zn precursors (most often, Zn*"
salts of inorganic and organic acids) to ZnO nanostructures are
performed in water-based media, and solvated Zn-hydroxyl
complexes (source of the “dispersed ZnO, species” XANES
spectrum) are deemed to be the mobile intermediate species.™!
However, hydrothermal transformations of Zn species have
also been reported in absolute alcohols, albeit with lower

Forced condensation

74% ZnCO; fy

Figure 4. Scheme of present Zn species after a) reduction, b) reaction conditions at 90 bar (reacl) with zoomed-in view of circled area (pink) which
shows the dimeric ZnO, species and c) forced condensation with circled area (pink) to highlight dimeric ZnO, species and zoomed-in view of the

ZnCO; species (blue).
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nucleation and crystal growth rates, resulting in smaller nano-
particles with more defects™ or even amorphous materials.*"
Hence, while water is probably the main reason for the catalyst
deactivation observed in this work, removal of water alone
would only slow down but not completely eliminate solvother-
mal transformations of Zn species. An advanced reactor design
which ensures complete separation of the condensed liquid
products from the catalyst bed would be required to fully
exclude the hydrothermal deactivation described in this work.

Zn spectra obtained at the same conditions (temper-
ature, gas composition) with varying catalyst amount and
pressure are compared (Figure S14, ESI) after reduction,
reaction conditions and decreased window zone temperature
(experimental details in section 1, ESI). With no additional
catalyst bed upstream, 8 % CO, conversion was achieved,
accompanied by only minor differences in the spectra
between the three different states. When filling the upper
catalyst bed with 1 g of undiluted catalyst and operated at
40 bar, 21 % CO, conversion was observed, and changes in
the spectra became more pronounced. By further increasing
pressure and catalyst amount (this study), we achieved
conversions close to equilibrium, leading to significant
restructuring of Zn. In Figure 5a these findings are further
quantified by linear combination analysis using the spectra
obtained from MCR-ALS as references after decreasing the
window zone temperature (see details in ESI, section 1), and
the corresponding XANES spectra shown in Figure Sb. The
fraction of dimeric ZnO, species (Figure 5a, pink) increases
from 6 % to 13 % up to 22 % with increasing CO, conversion
(recorded before inducing the lower temperature). Simulta-
neously the fraction of the defective ZnO structure (Fig-
ure 5a, green), which was present after reduction, decreases
with rising CO, consumption, starting from 89 % to 83 %,
eventually reaching 65% in this work. ZnCO; (Figure 5a,
dark blue) increases similar to the dimeric ZnO, species
with 3-5% below 21 % CO, conversion and 14 % in this
work as shown above.

This shows that it is important to study catalysts at high
conversions, which extends the concept of spatially resolved
studies along a catalyst bed®*” and offers an alternative to the

a) b)
. <
_____ l =
Q\980 E P S
- ~<a 3
560 -~ ZnO s
= Dimeric ZnO, Ee]
8401 * © —90 bar; = 8Y%
£ - ZnCO, g : Xcoz =8%
20 4 e N ——40 bar; X0, = 21%
o1 BE==2C B -----"71 g 90 bar; X¢q, = 40%
y y y " S 9660 9670 9680 9690
10 20 30 40 = ooty 1oy

Figure 5. a) Fractions obtained by linear combination analysis plotted
against CO, conversion obtained at CO, methanol synthesis (reacl) at
three different experiments: Xco, =8 %, m.,=0.03 g, 90 bar, black;
Xco2=21%, m,,=1 g, 40 bar, orange; this work: Xco,=40%, m =2 g,
90 bar, light blue with the corresponding Zn K XANES spectra shown in
(b) obtained after lowering temperature in window zone using a
cooling liquid (see further details ESI).

Angew. Chem. Int. Ed. 2025, 202423281 (8 of 10)

Research Article

Angewandte

intemationaldition’y) Chemie

recently proposed concept proposed by Horn’s group on iso-
potential reactors,”™ particularly useful for low-pressure
reactions.

Conclusion

In conclusion, we developed a high-pressure spectroscopic
reactor using additive manufacturing, which enabled oper-
ando XAS studies of a new CZZ catalyst during CO,
hydrogenation at 90 bar. AM laser metal powder bed
fabrication of the catalytic and spectroscopic reactor allowed
us to integrate key elements: The X-ray transparent window
zone for monitoring the catalyst structure during reaction,
and the two consecutive catalyst beds with independently
controllable temperatures (heating and cooling). This setup
enabled us to study the structure of the catalyst under high
conversion, mimicking conditions by catalysts under high
stress/conversion, typically observed at the end of a catalyst
bed, e.g. when by-products like water are formed. Further-
more, the different temperatures in each of the two catalyst
beds enabled investigations under enforced condensation
conditions. At elevated pressure (90 bar) methanol synthesis
conditions, with a substantial amount of catalyst (2 g) in the
upper zone, we achieved an equilibrium CO, conversion of
40 %, representing a realistic reaction environment. Under
these conditions, we observed the formation of dimeric
ZnO, species, which, by comparison with literature, we
concluded to be preferably located on ZrO,. This species
remained mostly stable throughout the experiment, even
during forced condensation, indicating that it is not the key
interface for catalytic activity. Condensation inside the
catalyst bed resulted in irreversible formation of ZnCO;
(reaching almost 75 % in the final state), while the amount
of defective ZnO simultaneously decreased (12% in the
final state). In comparison with experiments using lower
catalyst amount (without prior catalyst bed) and lower
pressures (1 g catalyst, 40 bar), the restructuring of Zn was
substantially more pronounced under these equilibrium
conditions. Therefore, this study shows the importance of
investigating the catalyst structure at relevant and high CO,
conversion with significant product amounts, especially for
the very dynamic Cu—Zn based catalyst system. This
emphasizes the need for further investigations in this
direction to fully elucidate its structural motif. These studies
further complement recent spatially resolved studies in
catalytic reactors. In the present setup we can control the
conversion in the first catalyst bed by adjusting the catalyst
amount and temperature, while monitoring its effect in the
second catalyst bed, which is ideal for X-ray spectroscopic
probing. Additionally, the proposed deactivation route
through ZnCO; provides a fundamental basis for future
catalyst development. Understanding how condensation
affects the catalyst structure can guide reactivation treat-
ments aimed at decomposing ZnCO; without inducing
sintering or segregation of the other components. In the
future, comparing these findings with those of an industrial
catalyst would provide important insights into the role of
ZrO,. Furthermore, the use of additive manufacturing for
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designing catalytic spectroscopic reactors demonstrates its
potential in advancing our understanding of catalyst dynam-
ics beyond what can be mimicked at low conversion levels.
This will also be an important future asset in other reactions,
like methanation, ammonia or Fischer-Tropsch synthesis, as
well as reforming reactions.

Supporting Information

Additional results and the experimental part can be found in
the Supporting Information of this article. The authors have
cited additional references within the Supporting
Information.®!
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Using an additively manufactured spec-
troscopic reactor to investigate the
structure of a Cu/ZnO/ZrO, catalyst
with operando X-ray absorption spec-

troscopy during CO, hydrogenation to
methanol at high conversion. Restructur-
ing of ZnO during high conversion and
condensation was observed.
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