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CO, hydrogenation to methanol (MeOH) is a key transformation
in the Power-to-liquid concept, which aims to store energy in
chemical energy carriers and chemicals. Cu/ZnO/ZrO, (CZZ)
shows great promise due to its enhanced stability in the
presence of water, a critical by-product when utilizing CO,-
based feedstocks. The structure-sensitivity of this reaction,
especially for particle sizes below 10nm and in three-
component systems, remains highly debated. Herein, we
systematically prepared a series of CZZ catalysts by flame spray
pyrolysis (FSP) to vary the crystallite size and to study its effect
on methanol synthesis in this three-component system. FSP
enabled us to maintain a fixed Cu/Zn/Zr ratio close to the

Introduction

The conversion of green hydrogen and CO, to form liquid
energy carriers, also known as Power-to-liquid (PtL) concept,
has garnered significant attention in recent years." In this
approach, energy produced from renewable sources is con-
verted into synthetic fuels and base chemicals, such as
methanol (MeOH), dimethylether (DME) or hydrocarbons, which
serve as substitutes for fossil resources.”” MeOH, in particular, is
a promising candidate due to its high energy density, its role as
a platform molecule for various chemicals, (e.g., acetic acid,
propylene or DME), and its existing large volume market.”
Conventionally, MeOH is produced by syngas (CO/H,) with small
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commercial composition (61/29/10 atomic ratio), while varying
the precursor feed rate. This resulted in variation in the
crystallinity. The characterization by X-ray diffraction and
electron microscopy revealed an increase in crystallite size with
rising feed rate for Cu and t-ZrO,, whereas ZnO remained
mostly unaffected. The testing of the materials in methanol
synthesis uncovered an increase in performance, higher space
time yield and MeOH selectivity, with decreasing crystallite size
for two (Cu, t-ZrO,) of its three components. The increased
selectivity with smaller sizes might be attributed to an increase
in interfacial sites.

amounts of CO, using a Cu/ZnO/ALLO; (CZA) catalyst™ under
reaction conditions of 50-100 bar and 200-300°C.”) CO and
CO, hydrogenation to MeOH (eq. 1 and 2) are exothermic and
favored at lower temperatures. However, due to kinetic
limitations the reaction has to be performed at elevated
temperatures and active catalysts are required.”

kJ
CO+2H, — CH;OH AHyog = —906—— (1)

kJ
CO,+3H, — CHOH+ H,0  AHygye = —495_—  (2)

The hydrogenation of CO, to MeOH, presents new challenges
when compared to conventional MeOH synthesis from syngas.
The less favorable thermodynamics of the CO,-based feed leads
to a maximum equilibrium MeOH yield of 18-58% (at 200°C
and 50-100 bar), which is substantially lower than 55-89 % yield
achievable with CO-based feed." Furthermore, the large water
amount formed in the reaction (eq. 2) accelerates the deactiva-
tion of the CZA catalyst due to the growth of Cu and ZnO
crystallites.” The utilization of ZrO,, which has less hydrophilic
properties compared to Al,O;, is well established and a higher
tolerance against water-induced deactivation is claimed.® A
deactivation study on a Cu/ZnO/ZrO, (CZZ) catalyst identified
Cu crystallite growth and ZnO restructuring as main reasons for
activity loss.”) However, the role of each component in this
active and selective ternary CZZ catalyst system remains a topic
of debate. A key question concerns the structure-sensitivity of
the reaction: How particle size, orientation, and shape influence
catalytic performance. Studying particle size influences for
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MeOH synthesis in this catalytic system must meet certain
criteria to yield relevant insights into industrially relevant
catalyst structures."” Most importantly, the elemental composi-
tion of the established CZA and CZZ systems closely adheres to
the ~60% Cu content, with ALLO; or ZrO, comprising only a
minor fraction of the catalyst."" Furthermore, the distributions
of the components has to be in close contact, since this is one
of the most crucial requirements for high activity and
selectivity."? Designing catalyst samples to investigate struc-
ture-sensitivity in CZZ catalysts is, therefore, challenging, since
conventional synthesis methods for varying particle size, e.g.,
(incipient) wetness impregnation, cannot meet the aforemen-
tioned criteria.

Flame spray pyrolysis (FSP) offers a viable synthesis method,
which is fast and reproducible.™ It allows precise tuning of
particle size, crystallinity, and morphology by varying different
parameters, such as precursor feed rate, solvent, and
concentration."” This method was employed to prepare highly
active binary systems and ternary systems (Cu—Zn based) for
MeOH and DME synthesis."”™ However, these catalysts often
have particle sizes exceeding 10 nm. Structure-sensitivity of the
CO-to-methanol reaction was found for Cu particles below
8 nm,"® whereas for CO, hydrogenation contradicting results
were reported, probably due to variations in reaction con-
ditions, catalyst compositions and supports used in different
studies."” Some studies reported an increase in activity with
increase in particle size,®'® in contrast to investigations that
found smaller particles are beneficial and lead to a higher active
surface area.'” Therefore, there is a need to expose particle size
dependencies, especially below 10 nm, using catalyst samples,
that closely resemble industrially relevant structures and
compositions.

Here, we aim to investigate the influence of FSP parameters
on the catalyst structure of the three different components in
CZZ catalysts with compositions close to those used industrially.
By varying the FSP feed rate during synthesis procedure and by
using the three-component system, we were able to vary the
crystallite sizes (3.5-6 nm), while maintaining a constant Cu/Zn/
Zr ratio across all catalysts. As next step the correlation of the
chemical/structural properties (as determined by H,-TPR, N,O-
titration, XRD, BET, ICP-OES, TGA, and TEM) with the catalytic
activity and selectivity in CO,-to-MeOH synthesis was explored.
In this way, we aimed at investigating the influence of different
crystallite sizes of all three components, resulting from FSP
parameter variation, on the performance in CO,-based MeOH
synthesis.

Results and Discussion
Catalyst Synthesis and Composition

A series of CZZ catalysts were prepared by FSP using different
feed rates ranging from 3 mL/min to 12 mL/min. An increase in
feed rate leads to more solvent combusted in the flame
resulting in a larger flame and higher combustion enthalpy (as
seen from right to left in Figure 1). In a larger flame the particles

Feed rates:
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Zr-org.
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Figure 1. Scheme of flame spray pyrolysis synthesis with varying precursor
feed rate and the influence on particle size.

have more time to agglomerate leading to a particle size
increase and more crystalline phases.”” In order to form
homogeneous particles via the gas-to-particle mechanism, the
combustion enthalpy density should be above 4.7 kJ/gg,.>"”
For all prepared catalysts, these requirements are fulfilled
(Table S2-S3, eq. ST, ESI). The as-prepared batches were split in
half. One half was kept as is and the other half was
subsequently calcined at 300°C to investigate possible organic
residues. The catalysts are named according to the used feed
rate and calcination state e.g. f8 was sprayed using an 8 mL/
min flow without calcination and f12-calc was sprayed with a
12 mL/min flow and calcined at 300°C.

The as-prepared catalysts were characterized by several
methods to gain insight to the catalyst composition (ICP-OES),
remaining organic residues (TGA), crystal structure and crystal-
lite size (XRD), distribution (STEM-EDX) as well as morphology
and particle size (TEM). The results are summarized in Figure 2.
All catalysts have a similar composition of 43 +1 wt.% Cu, 21+
1 wt.% Zn and 10+0.5 wt.% Zr, with the exception for catalyst
f3 which consists of 39+1 wt.% Cu, 19+1wt% Zn and 9+
0.5 wt.% Zr. The oxygen content was calculated according to
the metal amount (Table S6, ESI). The remaining residues vary
between 5-8 wt.% which could be due to moisture and/or
carbonates on the surface. For f3 remaining residues of 15 wt.%
indicate an incomplete combustion and remaining organic
residues in the catalyst. The calculated ratio of Cu/Zn/Zr for all
catalysts was 61/29/10, which is close to the intended ratio of
60/30/10. This ratio was chosen since ternary CZZ catalysts with
similar composition exhibited high activity in CO,-to-MeOH
synthesis.”" After calcination at 300°C, the composition of f5-
calc to f12-calc is similar to the uncalcined (f5-f12) samples. For
f3, an increase from 39 wt.% to 42 wt.% for Cu, 19 wt.% to
21 wt.% for Zn, and 9 wt.% to 10 wt.% for Zr was observed,
supporting the speculation that organic residues are present
and decompose below 300 °C for this sample.

The removal of residues was analyzed in more detail by
thermogravimetric analysis (TGA) in static synthetic air. All
catalysts, except for f3, show a weight loss of 4-6% in a
temperature range from 25°C to 800°C as shown in Figure 2a.
After 300°C, only 1% weight loss is detected until 800 °C. Since
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Figure 2. a) Weight loss as function of temperature determined by thermal gravimetric analysis of the as prepared catalysts b) X-ray diffraction patterns of as-
prepared catalysts c) HAADF-STEM image of the as-prepared f3-calc catalyst with EDX mapping of Cu (red), Zn (green), O (yellow) and Zr (blue) d-f) TEM
images of the catalysts f3-calc (d), f5 (e) and f12 (f) with particle size distribution of each catalyst obtained by particle counting.

calcined and uncalcined catalysts (feed rate 5-12 ml/min) show
a similar behavior, the presence of residues due to the synthesis
methods can be excluded under these preparation conditions.
Catalyst 3 shows a weight loss of total 17 % over the complete
temperature range with the major losses occurring below
300 °C. This further supports the conclusion that for this sample
uncombusted residues from the synthesis are present due to
the low combustion enthalpy and small flame. These residues
influence the surface and catalytic properties, and their amount
and nature of those residues will change during the catalytic
process. This prevents a correlation of observed performance
with structure through ex-situ characterization for this catalyst.
Therefore, the catalyst f3 has been excluded from further
discussions and the results can be found in ESI.

The crystal structure of the as-prepared catalysts was
investigated with XRD. In Figure 2b, the diffraction patterns
show broad reflections indicating small crystallite sizes and,
also, the presence of X-ray amorphous species. CuO, ZnO and
tetragonal ZrO, (t-ZrO,) phases were detected with no other
detectable ZrO, phases. The presence of t-ZrQ, is in line with
other synthesized ZrO, containing solid materials by FSP."**n22,
The main reflections of t-ZrO, can be found at 30.2° (111) and
50.2-50.8° (220/400). The incorporation of Cu or Zn into the
ZrO, lattice would lead to distortion and result in a shift of the
(111) reflection.™®* Since for all catalysts the reflection (ZrO,,
111) is located at 30.2°, the incorporation of Cu and Zn ions in
the ZrO, lattice may have only happened to a small, undetect-
able extent, if at all. In the range from 34.5° to 36.5° all
components have overlapping reflections: 34.5° and 36.3° for

ZnO, 35.6° for CuO and 34.6° and 35.3° for t-ZrO,. The main
reflection of CuO is found at 38.8° (double peak) and 48.8°. ZnO
has a main reflection at 31.8°. With increasing feed rate from 5
to f12 the reflections get sharper and more pronounced
indicating an increase in crystallite size and crystallinity due to
the longer residence time in the flame. For the samples
prepared at feed rates above 5 mL/min feed rate, no significant
changes can be seen in the XRD patterns after calcination,
which agrees with TGA results. For catalyst f3-calc, the CuO
reflection at 48.8° is sharper than for f5 and f8. This indicates
CuO agglomeration caused by the calcination and removal of
organic residues. Due to the nanocrystalline nature of the
materials meaningful Rietveld refinements of the oxidized
catalyst samples were not possible.

The spatial distribution of Cu, Zn, and Zr was investigated
by STEM-EDX for sample f3, f3-calc, f5 and f12. The presence of
CuO, ZnO and ZrO, in close contact in f3-calc sample is shown
in Figure 2c and was also true for the other investigated
catalysts (Figure S1, ESI). Furthermore, particle size distribution
was determined by particle counting for catalyst f3-calc, f5 and
f12 (Figure 2d-f, see sample f3 in Figure S1d, ESI). The particle
size distribution analysis from TEM images does not take into
consideration the chemical composition of the individual
catalyst particles. The results confirm XRD analysis observations,
indicating that particle size increase with increasing feed rate
from 5.4+ 1.3 nm to 7.8+ 1.8 nm. Note that these nanoparticles
aggregate into larger ones in all cases, but in the crystalline
structure of the 5-8 nm large nanoparticle is clearly visible in
the TEM images.



Reducibility and Surface Properties

The reducibility and surface properties were investigated and
summarized in Figure3 and TableS7, ESI. The reduction
behavior of the catalyst series was examined using H,-temper-
ature-programmed reduction (H,-TPR). During H,-TPR a broad
H, consumption peak between 140-160°C was observed for all
catalysts (Figure 3a) stemming from the reduction of Cu’" to
Cu®.¥ Similar reduction temperatures were found for other CZZ
catalysts.®*?'¥ The shoulders observed for some of the catalysts
could be either due to the presence of two different Cu
species® (finely dispersed CuO particles and larger bulk CuO),
or due to temperature fluctuations during the H,-TPR, where in
case the sample sample temperature exceeds the setpoint,
cooling is activated, leading to a shoulder. The latter mentioned
behavior was observed in the temperature profiles which are
shown in Figure S2, ESI.

After reduction, N,O-titration was used to determine the
active surface area (ASA). It is important to mention that this
method is often employed to determine the Cu surface
area.®>'92'd However, it is worth noting that this method
characterizes not only the Cu surface area, but also titrates
oxygen vacancies in the ZnO and other oxides, even if
performed at temperatures as low as 35°C.*! Therefore, this
surface is called ASA and is considered to include Cu surface
area and ZnO vacancies. For the catalyst series f5-f12, a
decrease in ASA from 30 m?/g to 22 m?*/g can be observed
(Figure 3b). The catalyst f3-calc exhibited an ASA of 19 m%/g.
This is in line with the XRD observation of Cu agglomeration
during the calcination process. Similar ASA were reported for
CZZ catalysts prepared by continuous co-precipitation ranging
from 10 to 27 m%g,*¥ and for a Cu/ZnO/Al,O; catalyst
prepared by FSP with 34 m%/g."*¥ The overall surface area and
pore volume of the as-prepared catalysts was investigated
using N, physisorption (Table S7, ESI). For f5 to f12, a decrease
in BET surface area from 110 m%g (f5) to 77 m*/g (f12) and in
the pore volume from 0.330 cm®/g (f5) to 0.287 cm®/g (f12) was
observed. For f3-calc, a surface area of 99 m*g and a pore
volume of 0.338 cm®/g were observed. The samples prepared
here, show structural properties in line with reported FSP and
co-precipitated samples, validating the effectiveness of our

approach in producing reliable catalysts with desirable struc-
tural characteristics.®'%92'%

The reduced and spent catalysts were examined with XRD
and the reflection patterns are depicted in Figure S3, ESI. The
main reflections of Cu can be found at 20=43.6° and over-
lapping with t-ZrO, at 26 =50.9°. For ZnO and t-ZrO,, the same
reflections as for the as-prepared samples can be detected.
Furthermore, some CuO can also be identified, resulting from
storing the samples under air prior the XRD measurements.” In
comparison to the as-prepared state more pronounced reflec-
tions can be observed, which indicate agglomeration and
crystallization during the reduction process. With Rietveld
refinement, the crystallite sizes of all components were
determined and displayed in Figure 3c (see details in Exper-
imental section and ESI, Table S8-514). For the catalysts f5-f12
an increase was observed in Cu crystallite size from 4.4 nm to
5.9 nm (blue bars) and also in t-ZrO, crystallite size from 2.6 nm
to 4.6 nm (black bars). The trend is less pronounced for ZnO
phases (orange bars). Interestingly Cu and t-ZrO, have similar
size (3-6 nm), whereas ZnO is nearly 2 times larger (8-9 nm),
with the exception for f3-calc which has a ZnO crystallite size of
4.2 nm. The Cu crystallite size of 5.5 nm for f3-calc is in line with
the previous discussed ASA. A similar study varying the FSP
feed rate with a Cu/ZrO, catalyst system obtained Cu crystallite
sizes of 12-17 nm, which are significantly larger than in our
study, probably due to the absence of ZnO, which improves the
Cu dispersion."® The variation in crystallite size of all three
components within an industrially relevant range enables for
the assessment of how the crystallite size influences catalytic
performance.

Catalytic Performance

The catalyst series was tested for CO,-to-MeOH synthesis at
40 bar and 235 °C with a ratio of H,:CO,=3:1. Besides CO (from
reverse water gas shift reaction), there were no other side
products detected. Three different weight hourly space veloc-
ities (WHSV=75000, 37500, and 18750 mL/g.-h) were em-
ployed (summarized in Table S15-517, ESI). Figure 4a shows the
correlation of CO, conversion (Xco,) to MeOH selectivity (Syeon)
for all space velocities. The catalytic data from all tested
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Figure 3. a) Reduction profiles obtained by H,-TPR b) active surface area (ASA) obtained by N,O-titration, error bars correspond to 42 m*g based on
measurement of reference material c) crystallite sizes for Cu, ZnO and t-ZrO, obtained from Rietveld refinement of the spent catalysts.
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samples fall on one linear correlation: The selectivity strongly
decreases with increasing conversion (from 63% Sy.on at @ Xcoz
of around 7% to 31% Syeon at 15% Xco,)- At high conversion
levels, the linear trend is less pronounced. This could be due to
near equilibrium conditions and undesired condensation of
MeOH and H,0. The shared overall trend in conversion-
selectivity indicates that all the active centers of the catalyst
series are part of the same family, which is expected due to the
similar elemental composition and preparation method. The
activity of catalyst series is comparable with a commercial CZA
catalyst. Reported space time yields (STY) of CZA catalysts for
CO,-based feed under industrial conditions are in the order of
0.4-0.8 kgyeon/Learh, Which is comparable to the yields for this
CZZ series, under similar conditions (high space velocities).™

Nevertheless, the samples showed performance differences,
that are relevant for industrial applications and provide insights
into the catalyst’s structure-performance dependency. Figure 4b
shows Xco, and Sy.on for all seven catalysts (WHSV = 75000),
with MeOH yield detailed in Table S15. For f5-f12, Xco,
decreases from 9.1% (f5) to 6.8% (f12), alongside a small
increase in Syeon from 55% (f5) to 57% (f12), leading to the
overall trend (Figure 4a) of decreasing Yy.on from 4.9% (f5) to
3.9% (f12). Some of these performance differences may be
directly attributed the conversion-selectivity dependence seen
in Figure 4a. Therefore, for a better comparison, selectivity at
9% iso-conversion (Xco,) will be compared. The values for this
conversion level were obtained through interpolation (Fig-
ure S4, ESI). At iso-conversion, methanol selectivity ranges from
48-55% (Figure S5). For an industrial process, a selectivity
change of 5% can have a substantial impact on operation costs.
To further investigate the intrinsic performance difference, we
compared the STY at 9% CO, conversion normalized to the
obtained ASA (Figure S6, S7 and Table S18, ESI) with selectivity
(Figure 4c). As stated above, the ASA includes Cu surface area
and ZnO oxygen vacancies and will be used as descriptor for
the active sites. Here, an overall trend of increasing selectivity
with increasing STY can observed. This indicates that the more
active catalyst is also more selective, which is a clear indication
for a structure-sensitive reaction. Therefore, we turn to the
structural information obtained from XRD.

Correlation of FSP Synthesis Parameters and Structural
Properties with Catalytic Performance

XRD showed that the crystallite sizes of the three components
evolve differently depending on the FSP synthesis conditions.
By plotting the MeOH selectivity and STY normalized by ASA
obtained at 9% CO, conversion against the different crystallite
sizes for Cu, ZnO and ZrO,, we aim to disentangle the size
effects (Figure 5). In Figure 5a and b, we examine the influence
of the Cu crystallite size within a size range of 4-6 nm. A drop
in activity for both MeOH and CO can be observed with
increasing Cu crystallite size. However, the decrease is more
pronounced for MeOH. This indicates that smaller Cu particles
are more active and more selective towards MeOH. This can be
confirmed when considering Figure 5b, which shows the
selectivity towards MeOH plotted against the Cu crystallite size.
However, the sample f8, with a Cu crystallite size of 4.9 nm is
escaping the trend in STY and selectivity. Thus, while there
might be a Cu size dependency favoring small Cu crystallites,
this outlier weakens the correlation between Cu size and
performance. The ZrO, crystallite size-performance dependency
is shown in Figure5c and d. Here, a more pronounced
correlation in decreased performance for MeOH with increasing
ZrO, crystallite size was found. Especially, considering the
trends seen for MeOH selectivity in Figure 5d, a clear trend
without outliers arises. Lastly, the ZnO crystallite size (Figure 5e
and f) shows no correlation with activity or selectivity leading to
the conclusion that their size has only a marginal influence on
the catalytic performance.

Our findings show that CZZ catalysts are structure-sensitive
in the industrially relevant composition range. However, these
dependencies are difficult to disentangle due to the over-
lapping influences of the multi-component catalyst. Our series
of flame-made CZZ catalysts showed that the chosen precursor
feed rate influences surface areas (BET- and Cu surface + ZnO
oxygen vacancies), pore volume, and overall particle sizes,
which in turn influences catalytic performance: For our data, the
best CZZ catalyst had small Cu crystallites (=4 nm), large ZnO
crystallites (=8 nm) and small ZrO, crystallites (~3 nm) (Fig-
ure 6). ZnO showed no size dependence, however the size was
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Figure 6. Schematic presentation of the influence of FSP parameter (feed
rate) on the catalyst structure and the impact of the crystallite sizes of all
three components of the Cu/Zn0O/ZrO, catalyst on CO,-to-methanol syn-
thesis.

rather similar for all catalysts with the exception of f3-calc. For
Cu and t-ZrO, an improvement in catalytic performance (activity
+ selectivity) with smaller crystallite size was observed,
however, this correlation is more pronounced for t-ZrO, in

comparison to Cu. The chosen synthesis method stirred the size
of Cu and t-ZrO, in the same direction, therefore the less
pronounced Cu dependencies might be caused by the stronger
effect of t-ZrO,. The change of STYy.on Normalized to ASA with
Cu and ZrO, size indicates that the reaction is structure-
sensitive.'”!

The size effects on Cu-based catalysts and the structure-
sensitivity of methanol synthesis are vividly discussed in
literature. A study of Van den Berg found structure-sensitivity
for particles below 8 nm for Cu particles on carbon supports for
CO-based MeOH synthesis."” The activity increased from small
nanoparticles (2 nm) to 8 nm and stabilized above that size.
They suggest that this can be explained by a geometrical effect.
The active step-edge sites are increasing with rising particle size
and reach their saturation at 8 nm. For CO,-to-MeOH there is
still an ongoing debate about the structure-sensitivity.'”’ For
10 wt.% Cu/SiO, catalysts in the size range from 4 to 36 nm a
similar trend as for Cu/C catalysts in CO-based MeOH synthesis
was observed, that the activity is lower for smaller Cu
particles."™ However, it is difficult to extrapolate the behavior of
supported binary systems (model systems) on more complex
ternary system.

For CZZ catalysts a linear relationship of particles above
10 nm with Cu surface area and CO, hydrogenation activity was
found by Dong and colleagues.”'” Arena et al. investigated Cu
nanoparticle sizes between 2nm and 32 nm with different
composition of Cu, Zn and Zr.®? They found an increase in
activity with increasing particle size. However, the composition
of Cu/Zn/Zr in their investigation is not comparable to our
system. Natesakhawat et al. observed the opposite behavior
with various CZZ catalyst partly with promoters of Ga and Y.'"”



They observed an increase in MeOH production rate with
increase of Cu surface area and they further reported decreas-
ing TOF with increasing Cu crystallite size. The above-
mentioned studies focused mainly on the Cu particle size.
However, in this synergistic system also the other components
(ZnO and ZrO,) play an important role.

An increase in activity for smaller ZrO, particles was found
by Fujiwara etal. on FSP-made Cu/ZrO, catalysts.™™ The
influence of the crystallinity and different ZrO, polymorphs was
investigated by several groups.®>'**?” So far, no consensus was
reached of which polymorph is most active. A few studies
postulate that amorphous ZrO, is more active due to the
weaker binding of MeOH which suppresses MeOH decomposi-
tion to CO and stronger interaction with Cu (for Cu/ZrO,
catalysts).””®9 At lower feed rate, we observed a decrease in
crystallinity for the samples which could also further explain in
addition to Cu—Zn interfacial sites the superior activity of those
catalysts. The reason for the higher selectivity cannot only be
explained by the higher amount of Cu—Zn synergy, since some
of those sites might also be active for the reverse water gas
shift reaction, depending on interaction intensity of those
sites.”® With small Cu and ZrO, also more Cu-ZrO,, ZnO-ZrO,
and Cu-ZnO-ZrO, sites are present in the catalyst. Especially the
Zn0O-ZrO, interface was found to be highly selective for CO,-to-
MeOH synthesis when applying ZnO-ZrO, solid solution cata-
lysts in this reaction.”” Furthermore, for those catalysts larger
ZnO, cluster in presence of ZrO, seem to be the reason for the
high selectivity towards MeOH.”” Our catalysts exhibit larger
ZnO particles and small ZrO, particles which could be beneficial
and might lead to the higher selectivity.

Conclusions

In this study, a series of CZZ catalysts were systematically
prepared, maintaining a similar Cu/Zn/Zr ratio comparable to
commercial catalysts while varying the feed rate from 3-12 mL/
min during flame spray pyrolysis. FSP presents a strategy to
synthesize such catalysts, with high metal content and small
crystallite sizes. We found that with increasing precursor feed
rate the crystallite sizes of Cu and t-ZrO, increased, whereas
ZnO crystallite size mostly stayed similar. The variation in
crystallite size across all components resulted in differences in
active and overall surface area, as well as pore volume. We
found an increase of CO, conversion from 6.8% (f12) to 9.1%
(f5), alongside an increase in MeOH selectivity (at X5, =9% for
all catalysts) from 49% (f12) to 55% (f5), with decreasing feed
rate. This trend further translated into augmented MeOH
formation rate (STYy.on Normalized to ASA). The correlation of
activity (STY/ASA) and selectivity with crystallite size across all
three components showed the beneficial influence of small Cu
and ZrO, crystallites, whereas the ZnO crystallite size exhibited
only a marginal influence. These findings support earlier
hypotheses that CO,-to-MeOH synthesis is a highly structure-
sensitive reaction, highlighting the influence of the particle size
on catalytic activity. The higher activity might be attributed to
the increased exposed Cu surface area and Cu—Zn interfacial

sites. Furthermore, the presence of small ZrO, particles lead to
an increase in ZnO-ZrO, sites, known for their high MeOH
selectivity. Our results underscore the profound impact even
slight alterations in particle size can exert on that catalytic
performance of industrial-like bulk CZZ. These findings guide
improved catalyst design for tackling the challenges associated
with hydrogenation to MeOH using CO, as feedstock.

Experimental Section

Catalyst Preparation

CZZ catalysts were prepared by dissolving cupric acetate mono-
hydrate (Fluka Chemie AG, >99%), zinc acetate dihydrate (Fluka
ChemieAG, >99%) and zirconium(lV) oxide 2-ethylhexanoate in
mineral spirits (Alfa Aesar, 6% Zr) in a 1:1 volumetric mixture of
MeOH (Merck, >99.8%) and 2-ethylhexanoic acid (EHA, Fluka
Chemie AG, >98%) (exact amounts in Table S1, ESI). The total
metal concentration of the solution was 0.2 mol/L with a metal
ratio of 60% Cu, 30% Zn and 10% Zr. First, the zinc precursor was
dissolved in MeOH, then Cu and Zr precursors as well as EHA were
added. A complete solvation of the solids was achieved by using an
ultrasonic bath (1 h). The precursor solution was fed with a syringe
pump (Legato210, KD Scientific) at flow rates of 3, 5, 8, and 12 mL/
min through a single nozzle into a premixed flame of CH, (0.75 L/
min) and O, (1.6 L/min) with a 5 L/min O, dispersion flow (3 bar).
The setup was designed according to Méadler and Pratsinis.?" A
fiberglass filter (Whatman GF 6, d =240 mm, Cytiva Europe GmbH)
was placed in ~50 cm distance before the lid in the combustion
chamber to collect the catalyst powder by using a vacuum pump
(Busch GmbH, R5). The cylinder lid was cooled with water during
operation. The obtained powders were removed by scraping the
filters with a spatula and sieved (<250 um) to remove filter
residues. One half of each catalyst sprayed at a specific flow rate
was subsequently calcined under static air at 300°C for 4 h with a
5°C/min heating ramp. The catalysts are named according to the
used feed rate and calcination state e.g. f8 was sprayed at 8 mL/
min without calcination and f12-calc was sprayed with 12 mL/min
and calcined at 300°C, respectively. The catalysts are named
indicating the value of the used feed rate and calcination treat-
ment.

Catalyst Characterization

The composition of the prepared catalysts (Cu, Zn, Zr) was
measured with inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) using an Agilent 725 spectrometer with a
plasma excitation of 40 MHz and 2 kW. The samples were dissolved
in a solution of hydrofluoric acid, nitric acid, and hydrochloric acid
under microwave irradiation of 600 W for 90 min in an Anton Paar
Multiwave 3000. For each catalyst two samples were analyzed and
the average value calculated.

With thermogravimetry analysis (TGA) the presence of organic
residues was investigated. Therefore, the samples were placed on a
crucible and heated in static synthetic air (Air Liquide, Alphagaz 1)
from 25°C to 800°C with a 5°C/min ramp using a Mettler Toledo
TGA2 LF/1100/833 apparatus.

Crystalline phases and crystallite sizes of the fresh, calcined, and
reduced catalyst were analyzed by X-Ray powder diffraction using a
PANalytical X'Pert PRO diffractometer with Cu Ko radiation (A=
1.5406 A) with a Ni filter. Diffraction patterns were recorded from
20=20° to 80° in 0.625° steps with 8 min/step. The patterns were



analyzed with the X'Pert HighScore software and Rietveld
refinements®? were performed with Topas software (v.6, Bruker
AXS).B A LaBg NIST 640b standard was used for the instrumental
profile, using a pseudo-Voigt Thompson-Cox Hasting peak shape.
The microstructure analysis was performed using double-Voigt
approach by Balzar implemented in Topas to derive crystallite size
and strain.?¥ For CuO the structure of Asbrink et al.®* was used, for
the Cu phase the structure from Shkvarina et al,®® for the ZnO
phase the structure of Kisi et al.®” and for t-ZrO, the structure from
Bondars et al.®®

The specific surface area of the catalysts was determined by N,-
physisorption at —196 °C using a BELSORP-mini Il (Rubotherm) and
calculated applying the Brunauer-Emmett-Teller (BET) method in
the p/p, range of 0.05-0.3 (typically 11 points). The catalyst samples
were heated for 1 h at 200 °C prior to the measurement.

The morphology of selected CZZ samples (f3, f3-calc, f5, f12) was
investigated by transmission electron microscopy (TEM). The
catalyst composition and metal distribution were evaluated by
Scanning-TEM energy dispersive X-ray spectroscopy (STEM-EDX).
The mean particle diameter was obtained by counting more than
100 particles from several bright-field TEM images with the Image)
software.

The reduction behavior was probed with H, temperature pro-
grammed reduction (TPR). 50 mg of the catalyst (200-300 um) was
dried at 150°C in Ar (50 mL/min) for 1h and cooled to room
temperature. Then the sample was heated to 300°C with a rate of
5°C/min while being reduced in 10% H, in Ar (50 mL/min). A
thermal conductivity detector (TCD) measured the H, consumption.
Data were recorded using a Micromeritics AutoChem Il 2920
analyser.

Subsequently, after TPR, the active surface area (ASA) was
determined with pulse N,O titration.” Prior to the experiment, the
surface was cleaned by flushing with He (50 mL/min) at 300°C for
1 h and then cooled to 35 °C under He flow. 1 mL pulses of 1% N,O
in He were dosed and the outlet gas composition was analyzed
with a mass spectrometer (Pfeiffer Vacuum Omnistar). The surface
area calculation assumed half monolayer oxygen coverage (Cu-
s:0ads=2:1) and a Cu surface atom density of 6.8:1072° m?%/
atom.*?

Catalyst Testing

The catalytic performance was tested in a laboratory setup with a
stainless steel fixed-bed tubular reactor (length 410 mm, 7 mm in
inner diameter and 3/8” outer diameter) and a split tube furnace
(HTM Reetz GmbH) (Scheme S1, ESI). The catalyst bed (length 3 cm)
consisted of ~0.35 g of the catalyst particles (300 um to 450 pum)
diluted in 1.05 g silicium carbide SiC (Carborundum 210 um, VWR
Chemicals) (Table S4, ESI). Above and below the catalyst bed the
reactor was filled with SiC (Carborundum 500 um, VWR Chemicals).
Two thermocouples were located at the inlet and outlet of the
catalyst bed for temperature control. Mass flow controllers (Bronk-
horst) were used for gas dosage and an on-line micro gas
chromatograph (u-GC) (Inficon Fusion Micro GC, PoraPLOT Q, 10 m
length and 0.25 mm diameter with carrier gas helium and a mole
sieve column with 5 A, 0.25 mm diameter, 10 m length and carrier
gas argon) was used for gas analysis. To prevent condensation of
products the gas pipes were heated to 150°C. A flow meter (Bios
DryCal definer 220 gas flow calibrator, MesalLabs) was used to
calibrate the gas flows.

Prior to the catalytic test, the catalysts were reduced in situ at
275°C (heating rate 5°C/min) for 1 h in a mixture of 10% H, in N,
(both Air Liquide, 99.9999%) at 1 bar. Subsequently, the reactor

was cooled to reaction temperature of 235°C and the gas
composition changed to 80% H,/CO, in N, (Air Liquide, CO,/N, mix
(50:50) 99.995%, H, 99.9999%). The reaction was carried out at
three different flow rates (Table S5, ESI). CO, conversion, MeOH
selectivity and yield, as well as space time yield (STY) and carbon
balance was calculated according equations $S2-S6 found in ESI.
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