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CO,-hydrogenation is a key route for producing renewable methanol, a carbon-neutral chemical and
energy carrier. As this reaction is highly structure-sensitive, many studies have focussed on understanding
the structure-activity relationships in typical Cu/ZnO based catalysts. In addition to ZnO, MgO has been
identified as a basic support that can further promote methanol synthesis activity. Flame spray pyrolysis
(FSP) is a versatile synthesis technique that enables to prepare nanocrystallne materials and to tune the
interaction and structure in multicompoenent systems by varying the flame spray configurations. In this
study, we explore the direct interaction of Cu, ZnO and MgO through variations of single and double flame
FSP configurations for Cu/MgO/ZnO model catalysts. The catalysts were characterized by ICP-OES, XRD,
STEM, N, physisorption, N,O titration, Raman spectroscopy, H,-TPR and operando XAS. The results
elucidate that varition of the flames in FSP allows tuning the metal-metal oxide interactions, as reflected by
differences in reduction behavior, surface area, phase composition, crystallite size and catalytic
performance during CO, hydrogenation to methanol. Notably, the single-flame catalyst exhibited the
highest methanol space-time yield despite its lower surface area and larger crystallites, indicating a
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particularly strong metal-metal oxide interaction. In contrast, the double-flame catalyst, with Zn introduced
separately from Cu-Mg, showed enhanced Zn reducibility and improved Cu stability under transient H-
DOI: 10.1039/d6cy00469¢ dropout conditions. These findings highlight the potential of FSP to tailor metal-support interactions and
suggest that separate Zn deposition can enhance catalyst stability while maintaining high methanol

rsc.li/catalysis productivity.

conditions of 50-100 bar and 200-350 °C.* The catalyst that
has been industrially widely applied and the focus of research

1. Introduction

Transforming renewable energy into chemical energy by
electrolysis of water and combining it with a carbon source
such as CO, is summarized under the term Power-to-X." The
resulting products can serve as replacement for chemicals
derived from fossil resources.”> An important molecule in this
aspect is methanol, which is produced at about 100 million
tons annually and the demand is expected to rise further in
future.> Currently, almost all methanol is produced from
fossil-derived syngas (e.g. from coal/natural gas, CO and H,
with 2-5% CO,) via net CO hydrogenation (eqn (1)) at
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for decades is Cu/ZnO/Al,0; (CZA).> The shift from fossil-
based syngas and CO heavy feed towards a CO,-based
feedstock introduces new challenges for the established
catalytic systems. CO, hydrogenation to methanol (eqn (2)) is
thermodynamically less favored and produces one mole water
per mole methanol, amplifying deactivation of the CZA
catalyst due to sintering of ZnO.® The competing reaction is
the reverse water-gas shift reaction, which leads to CO and
additional water formation (eqn (3)).

The importance of promoters for enhancing Cu-based
catalysts during methanol synthesis is well established. In
particular, ZnO and also MgO are recognized as highly
effective promoters that significantly increase the catalytic
activity of Cu towards methanol formation. While ZnO has
long been applied industrially, MgO has emerged as an
alternative promoter and in both cases, the promoting effect
is typically attributed to a synergistic metal-metal oxide
interaction, increasing the number of active Cu sites.
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CO +2 H, = CH;0H AH,ogx = -90.8 k] mol™* (1)
CO, + 3H, = CH;0H + HyO AH,0g¢ = -49.5 k] mol™  (2)
CO, + H, = CO + HyO AH,og¢ = +41.2 k] mol™* (3)

The beneficial role of Zn for the catalytic activity of Cu
catalysts during methanol synthesis is undisputed, although
the exact nature of the active Zn species remains debated.”°
Strong metal-support interactions (SMSI) are commonly
discussed as origin of the enhanced activity of Zn promoted
Cu catalysts''™* while others attribute this effect to a Cuzn
alloy."*'® Regardless of the exact species, the promoting
effect originates from a synergetic relationship between Cu
and Zn, where a high interfacial area is essential.'"” ZnO plays
both an electronic promoter role’® and a structural role as
spacer and support for the active Cu particles."*° Similarly,
MgO as basic support has been identified as an effective
promoter for methanol synthesis over Cu catalysts. Nielsen
et al”>* reported that Cu/MgO exhibits a higher methanol
formation rate during CO hydrogenation than unsupported
Cu, Cu/Al,O; and Cu/ZnO/Al,0;. They attributed this
promoting effect to a synergistic metal-support interaction,
where CO reacts with basic OH groups at the MgO surface,
resulting in a key reaction intermediate.”’ Moreover, lattice
oxygen in MgO is activated by charge transfer from Cu.>* Liu
et al.>® found that the presence of MgO increases turnover
rates, decreases the Cu particle size and therefore increases
metal-support interfacial area. The promoting roles of ZnO
and MgO can also act cooperatively. Pandey et al.>* reported
that incorporating MgO in a Cu/ZnO catalyst increases the
number of defective sites, enhances activity in CO
hydrogenation to methanol and improves the stability
compared to Cu/MgO alone. The strongest metal-support
interaction was observed for Cu on a mixed ZnO-MgO
support, where incorporation of 20% Mg influences particle
size, dispersion and surface area; all of which directly
affects the catalytic performance.”® Cu/MgO/ZnO catalyst
solve the problem, that detailed insight into metal-metal
oxide interactions is hindered partly due to the dominant
contribution of bulk ZnO, as pointed out by Dalebout
et al.>® X-ray absorption spectroscopy (XAS) is widely used to
study these catalysts in situ and operando, but its bulk
sensitivity makes Cu-Zn interface phenomena difficult to
isolate. To address this, a model system using co-
precipitated Cu/MgO has been utilized, where MgO replaces
bulk Zn0.>® Small amounts of Zn were precisely added onto
the catalytic surface by impregnation. This approach
suppresses interference from spectator ZnO during operando
experiments and allows direct investigation of metal-
promoter interactions.

In recent years, flame spray pyrolysis (FSP) has emerged as
fast and reproducible one-step preparation method for
nanostructured catalysts.>”>° In FSP, a precursor solution is
finely sprayed into a high-temperature flame, where it
undergoes rapid combustion, solvent evaporation, and
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precursor decomposition, forming highly supersaturated
vapor species.”” These species nucleate to primary oxide
particles, which then grow by coagulation and sintering
before being rapidly quenched.®® The intense flame
temperature promotes crystallinity, while the fast-cooling
preserves nanoscale particle sizes. In a single-flame
configuration, all precursors are mixed within one reaction
zone, leading to co-nucleation and early interaction of
different metal species, often resulting in strongly
agglomerated mixed-oxide particles with intimate interfaces.
In contrast, double-flame FSP spatially separates precursor
feeds into two intersecting flames; particles form individually
in each flame and only collide in the mixing zone, allowing
controlled hetero-agglomeration where particle interfaces
form later, reducing premature co-sintering and offering
greater control over composition and agglomerate
structure.® This dual-nozzle approach has been successfully
employed to engineer complex catalytic systems such as Pt-
FeO,/CeO, (ref. 28) and CoMo/Al,O; (ref. 29) by precisely
managing the contact between active component and
support. Variations in flame configuration such as feed rate,
precursor and solvents allow for easy tuning of relevant
catalysts properties such as surface area, particle size
distribution and synergetic effects.*>® These aspects make
FSP an ideal synthesis method to study catalysts for the
structure-sensitive methanol reaction. Recently, multiple
research groups have successfully synthesized Cu-based
catalysts using the FSP technique.**** Tada et al.** developed
flame-made CuO/ZrO, catalysts, varying the CuO particle size
while maintaining the size and morphology of ZrO,. Their
findings indicated that catalysts with smaller CuO particles
exhibited greater methanol selectivity at a given CO,
conversion compared to both catalysts with larger CuO
particles and commercial CuO/ZnO/Al,O;. They demonstrated
that the two-nozzle FSP method used in this contribution is a
promising synthetic procedure for highly active CO,
hydrogenation catalysts. Similarly, Ahmad et al.** successfully
employed FSP to prepare a Cu/ZnO/Al,O; catalyst for the
direct synthesis of dimethyl ether from syngas. Their study
highlighted several advantageous properties of the catalyst,
including a high Cu surface area, effective interaction
between Cu, ZnO and Al,O;, and the presence of small Cu
particles. These characteristics contributed to the catalysts
superior activity and product selectivity compared to
commercially available catalysts. Furthermore, Zhu et al.*®
compared flame-made Cu/ZnO, Cu/CeO,, and Cu/ZnO-CeO,
catalysts and identified the formation of Zn-decorated Cu
sites as explanation for enhanced methanol synthesis. Their
work further validated FSP as a promising method for
developing multicomponent catalysts for methanol synthesis.
Recently, a study by Schulte et al.’” showed that the catalyst
particle size of a flame-sprayed Cu/ZnO/ZrO, catalyst could
be tuned by variation of the precursor feed rate. These
studies clearly show the potential of FSP as a versatile tool
for the development of catalyst with specific morphology
and/or composition.
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Despite this progress, how the flame-spray pyrolysis (FSP)
configuration governs Cu—(Zn,Mg) interfacial proximity and
the resulting redox behavior under CO,-to-methanol
conditions remains unresolved. While metal-metal oxide
interactions have been demonstrated in FSP-prepared
systems, the combined promoting effects of ZnO and MgO
on Cu have not yet been systematically studied, despite their
known effect of enhancing methanol synthesis. Furthermore,
operando studies on FSP-derived catalysts are scarce, limiting
our understanding of how combustion-induced interactions
influence the catalyst properties (such as SMSI) under
relevant conditions. This is particularly important because a
simultaneous combustion of precursors in a joined flame is
expected to promote intimate mixing and strong metal-metal
oxide interactions. The degree of such synergistic interaction
could strongly influence the catalysts redox behavior and
stability under varying conditions.

This stability becomes especially critical under the
dynamic, non-steady-state operating conditions of interest to
Power-to-X processes, where fluctuations in renewable energy
can lead to transient hydrogen supply deficits (H,-dropouts).
During such dropouts in extreme cases, the sudden exposure
to an oxidizing, H,-depleted feed can induce severe structural
degradation and metal oxidation.*®*™*° Utilizing non-steady-
state forcing experiments such as a H,-dropouts serves as a
crucial stress test to uncover hidden dynamic phenomena
and evaluate how specific catalyst configurations can buffer
the interfacial redox potential and protect the active phase
from irreversible deactivation.*®"!

To address this knowledge gap, we investigated how the
flame configuration (single vs. double) modulates Cu/MgO/ZnO
contact/composite formation, which in controls
reducibility and redox resilience during operation and H,-
dropout through metal-support interaction, thereby impacting
methanol space-time yield (STY). To test this, we first run a
brief Zn-loading evaluation (5/10/15%) to identify an optimum,
then fixed the Zn content and systematically vary the flame
configuration and metal distribution (CuZn-Mg, CuMg-Zn,
Cu-MgZn), which resulted in a set of catalyst with distinct local
structures and catalytic performance. Comprehensive
characterization using ICP-OES, XRD, BET, SEM-EDX, STEM,
N,O chemisorption, Raman spectroscopy and operando XAS
was used with the aim to correlate composition, morphology
and electronic structure with catalytic behavior. This approach
is expected to give new insight into how synergetic promoter
effects from ZnO and MgO govern Cu-based methanol
synthesis from CO, under (dynamic) conditions.

turn

2. Experimental
2.1 Catalyst preparation

Cu/MgO/ZnO (CMZ) catalysts were prepared via flame spray
pyrolysis using either one or two nozzles. Cupric acetate
monohydrate (Fluka Chemie AG, >99%), magnesium acetate
tetrahydrate (VWR Chemicals) and zinc acetate dihydrate
(Fluka Chemie AG, >99%) were dissolved in a 1:1 volumetric
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mixture of methanol (Merck, >99.9%) and acetic acid (Merck,
>99%). The three metal precursors were either dissolved as
one solution (700 mL) or in two separate solutions (700 mL
each), as schematically shown in Fig. S1. A picture of the
setup is provided in Fig. S2 in SI. The atomic ratio of the
metals was varied between 65% Cu, 25% Mg and 10% Zn;
60% Cu, 25% Mg and 15% Zn or 69% Cu, 26% Mg and 5%
Zn. Using an ultrasonic bath for 2 h enabled a complete
dissolution of the solid precursors. The precursor solutions
were transferred into one or two separate 60 mL syringes,
depending on the flame configuration (SF: single flame, DF:
double flame). The solution(s) were dosed through one or
two nozzle(s) with a feed rate of 5 mL min " using a syringe
pump (Legato 210, KD Scientific). In case of the two-flame
configuration, the nozzles were tilted by an angle of 30°
towards each other, maintaining a distance of 14 cm between
the nozzles. Before dispensing the precursor solution(s), the
premixed feed of methane (0.75 L min™") and oxygen (1.6 L
min~") was ignited. An additional oxygen stream (5 L min")
was blended for enhanced dispersion of the precursor spray
with a backpressure of 3 bar. Each gas flow was regulated
using mass flow controllers (Bronkhorst). The obtained
powder was collected approximately at a distance of 50 cm to
the nozzle on a fiberglass filter (Whatman GF 6, diameter =
240 mm, Cytiva Europe GmbH) using a vacuum pump (Busch
GmbH, R5). Note that due to the formation of nanoparticles
appropriate safety precautions need to be undertaken.
Appropriate safety precautions include a well-closed fume
hood equipped with an efficient exhaust system with good
filtration, wearing appropriate personal protective equipment
(including respirators) and ensuring that all procedures are
carried out exclusively by trained and experienced personnel.
The powder was sieved with a 250 pm sieve to remove any
filter residues. Afterwards, the catalysts were calcined at 330
°C (5 K min") for 3 h in static air to exclude unburnt organic
residues.

2.2 Characterization

ICP-OES. The metal ratio of the prepared catalyst was
measured with inductively coupled plasma optical emissions
spectroscopy (ICP-OES) using an Agilent 725 spectrometer
with a plasma excitation of 40 MHz and 2 kW. For dissolving
the samples, a solution of nitric acid and hydrochloric acid
was added and the mixtures were treated with microwave
irradiation at 600 W for 90 minutes an Anton Paar Multiwave
3000. The average of two measurements were used for each
sample.

Ex situ XRD. All catalysts were characterized through ex
situ X-ray diffraction (XRD) analysis using a PANalytical X'Pert
PRO diffractometer. The powder catalyst was measured
within a 26 range of 5° to 120°, with increments of 0.017°
and a scanning speed of two steps per second. Analysis of
the obtained patterns was performed using X'Pert
HighScore software. The XRD measurements used Cu Ko
radiation with a wavelength of 0.154 nm, and Cu K
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radiation was filtered out using a nickel filter. Following
the subtraction of the Cu Ko radiation the resulting
diffraction patterns were compared to reference diffraction
patterns to identify and assign various metal phases. XRD
data analysis was performed via Rietveld refinement using
TOPAS software (v.6, Bruker AXS).”> A LaB6 standard was
used to determine the instrumental profile function, which
could be described using a pseudo-Voigt Thompson-Cox-
Hastings peak shape. The initial fitting of the LaB6
standard gave the u, v, w and x parameters for the peak
shape description, which were fixed for the sample pattern
refinement. The XRD patterns of the catalysts samples were
compared with references available in the inorganic crystal
structure database (ICSD, Table S4).***’ Crystallographic
information files (CIFs) were subsequently downloaded
from the ICSD and used as structure models for the fitting
of the XRD pattern. The lattice parameter, scale factor and
crystallite size depending on the profile broadening was
refined for each structure. The errors for each refinement
are given in the SI, section 1.2.

TGA. Thermogravimetry analysis (TGA) was performed to
identify and quantify potential organic residues present in
the unburnt precursors. The samples were placed in a
crucible and heated in static synthetic air (Air Liquide) from
25 °C to 800 °C with a 5 K min~" ramp using a Mettler Toledo
TGA2 LF/1100/833 apparatus.

TPR. H, temperature programmed reduction (TPR)
measurements were conducted with a Micromeritics
AutoChem II 2920 analyzer to analyze the reduction behavior
of the catalysts at varying temperatures. 100 mg of each
catalyst (sieve fraction 100-200 um) were dried at 330 °C (5 K
min™") in 10% O, in Ar (50 mL min™") for 30 min and cooled
to room temperature. The TPR profile was obtained by
heating the samples to 350 °C at a rate of 5 K min~" while
being reduced in 10% H, in Ar at 50 mL min'. The
consumption of H, was determined by analysis of the eluted
gas using an internal, duly calibrated thermal conductivity
detector (TCD) of the AutoChem analyzer.

N,-physisorption. The specific surface area of the catalysts
was assessed through N, physisorption at -196 °C using a
BELSORP-mini II (Rubotherm), with calculations performed
using the Brunauer-Emmett-Teller (BET) method in the P/P,
range of 0.05-0.3 using Belsorp adsorptions/desorptions data
analysis software. Prior to the measurement, the catalyst
samples were heated at 200 °C for 1 h.

N,O pulse chemisorption. An Altamira AMI-300 equipped
with a Thermal conductivity detector was used for the
combined TPR-N,O pulse chemisorption analytic. The AMI
300 equipment is equipped with four mass flow
controllers responsible for the relevant four inlets groups,
allowing thus a greater flexibility regarding the gas
mixtures: carrier (4 lines), treatment (4 lines), blend (2
lines) and aux(iliary) (2 lines). The chemisorption
equipment was piloted vie the proprietary steering
software (“AMI 300”) from the Altamira software package,
using dedicated experiment programs (.exp) whereas the
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evaluation of the TPR and N,O-pulsechemisorption profiles
was performed using the “AMI-Analysis” part of the
software package. TPR and N,O profiles suitable for
publication have been generated using the OriginPro 2022
software package (version 9.9.0.225). Ca. 100 mg of
catalyst were placed in a U-shaped quartz reactor and first
dried under argon at 120 °C (flow 30 mL min ",
temperature ramp 10 K min™", holding 30 min at 200 °C)
followed by cooling down to 50 °C under Ar flow (20 K
min"). The temperature was raised afterwards from 50 °C
to 250 °C at a rate of 1 K min ' (250 °C holding for 45
min) in a gas mixture containing 5 vol% H,/Ar (10 vol%
H,/Ar Air Liquide CRYSTAL gas mixture, flow 15 mL
min" diluted with pure Ar @ 15 mL min™'). The TCD
was calibrated before the experiment using the same
diluted 5% H,/Ar gas mixture (flow 30 mL min™, 5
pulses, volume of the loop 518 mL). The sample being yet
reduced and kept under Argon flow all the time, a rough
determination of the active surface of the Cu-containing
catalysts can be performed via N,O pulse chemisorption
according to the following reaction N,O + 2 “Cu” — N, +
Cu-O-Cu. The principle of the titration relies on a
controlled oxidation of the surface of the sample with a
mild oxidant (N,0), sending pulses of a definite volume
(again 518 mL) and quantifying the liberated N, via
evaluation of the cumulated TCD surfaces measured and
comparison with a definite commercial gas mixture (5
vol% Ny/helium Air Liquide CRYSTAL gas mixture). The
pulse chemisorption is actually performed using a gas
mixture of 5 vol% N,O in helium (using a 10 vol% N,O/
He Air Liquide CRYSTAL gas mixture - @ 15 mL min™" -
diluted with pure helium @ 15 mL min™). Prior to the
measurements, the system has to be thoroughly flushed
with pure helium (15 min, 30 mL min™ @ 50 °C). Once
in a steady state, the sample is submitted to 60 pulses of
N,O, alternating pure helium- (30 mL min™) and N,O/He
pulses. The liberated N, pulses measured with the TCD
show a typical “comb” pattern, the active surface being
gradually, mildly oxidized to completion. The relatively
high number of pulses combined with a low N,O loading
allows for a good precision of the measurement almost
similar to the reactive frontal chromatography (RFC)
method performed with continuous flow, a very low N,O
loading (1-2 vol% N,O in He) and typically a MS detector.
The TCD being with every measurement calibrated it is
easy to determine via the Altamira analysis software the
total amount of N, liberated and hence the oxidized
surface of the catalysts according to the equation: amount
absorbed/liberated in pmol = (P x V(measured))/(R x T)
with P in atm; V in pL; R = 0.08206 L atm K * mol™* and
T in K.

SEM-EDX. The morphology of the -catalysts after
calcination was examined wusing scanning electron
microscopy (SEM). Images were recorded using a Gemini
SEM 500 (Zeiss) at an acceleration voltage of 10 kV.
Subsequently, for evaluation of the catalysts composition and
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metal  distribution,  energy-dispersive = X-ray  (EDX)
spectroscopy was carried out using a X-MaxN detector
(Oxford) with an 80 mm? sensor active area.

HAADF-STEM-EDX. For imaging scanning transmission
electron microscopy was performed using a ThermoFischer
Themis 300 with a high-angle annular dark-field (HAADF)
detector. Elemental distribution was examined using EDX
spectroscopy with a ThermoFisher Scientific Super-X EDX
detector. For sample preparation, a standard Lacey carbon
grid with Cu mesh was used. To mitigate the C
contamination, plasma cleaning of the samples on the TEM
grid were performed using Ar-O plasma at 40% power, 30
scem, for 40 s.

Raman spectroscopy. For analysis of the phase
composition, ex situ and operando Raman spectroscopy was
measured. The instrument used was an inVia Raman
spectrometer (Renishaw), equipped with a frequency-doubled
Nd:YAG laser (532 nm, 100 mW) and an optical microscope
(Leica). For the ex situ measurements, the laser intensity was
set to 10%, using a 2400 lines mm™' grating and an
acquisition time of 60 s. The spectral range was 60-1320
em™". Per sample, 5 measurements were averaged. In case of
the operando measurements, the setup described for the XAS
measurements (see below) was used. In a borosilicate
capillary, about 10 mg of the calcined sample in the sieve
fraction 100-200 pum was stabilized with quartz wool. The
capillary was then attached to the setup and fixed above a
temperature-controlled gas blower. A fibre optics probe
(Renishaw) with a distance objective was used and the 532
nm laser with a diameter of ~70 um was focused on the
sample (Fig. S15). For the operando measurements, 50% laser
intensity was applied with an acquisition time of 60 s. A 2400
lines mm™" grating was used and the spectral range was 60~
1320 cm™'. The experimental protocol was as follows: The
catalyst was reduced in a 10% H, in N, gas flow (40 mL
min™") a heating rate of 5 K min™" until reaching 275 °C,
holding the temperature for 1 h. Afterwards, CO,
hydrogenation conditions were applied (230 °C, H,/CO, 3:1,
40 mL min™", 20 bar, WHSV 3 x 105 h™"). After 1 h under
reaction conditions, H, was replaced with the same
volumetric amount of He, mimicking a H,-dropout for 1 h.
Subsequently, CO, hydrogenation conditions were again
applied. Data treatment in terms of cosmic ray removal, noise
filtering, truncation and baseline subtraction for the
operando data and truncating, baseline subtraction and
averaging in case of the ex situ data was done using the
software WiRE4.4 (Renishaw).

Operando XAS. Operando X-ray absorption spectroscopy
(XAS) of the sample CMZ was performed at the BALDER
beamline at the MAX IV Laboratory synchrotron facility, Lund
University, Sweden,*® while the operando XAS experiments
for CM-Z were conducted at the ROCK Beamline at the
Synchrotron SOLEIL, Saint-Aubin, France.*>®® For each
experiment, a home-build high-pressure setup (Fig. S14) was
used. The desired gas flow rates were controlled through
MFCs and FlowDDE software (Bronkhorst) whereas

This journal is © The Royal Society of Chemistry 2026

Paper

electronical as well as pneumatic valves were controlled using
LabView. A continuous flow capillary reactor (borosilicate, 1.5
mm outer diameter 100 mm length, 0.05 mm wall thickness,
Hilgenberg) was filled with ~7 mg SiO,-diluted sample (sieve
fraction 50-100 pum, 1:6 SiO, dilution), held between two
layers of quartz glass wool and placed inside a furnace
(BALDER) or above a temperature-controlled gas blower
(ROCK). A thermocouple was positioned halfway into the
glass wool within the capillary. Spectra were recorded at the
Cu K edge (8979 eV) and the Zn K edge (9662 eV).

In case of CMZ, XAS data was collected at the BALDER
beamline, MAX 1V, in transmission mode with a beam size of
100 x 100 pm®. The liquid N, cooled double crystal (Si111)
monochromator (FMB Oxford, UK) was calibrated to the first
inflexion point of Cu-foil (8979 eV) for the Cu K edge data
collection, and to the first inflexion point of Zn-foil (9659 eV)
for the Zn K-edge data collections. Both edges were recorded
in alternating loops with 3 s per spectrum. The X-ray beam
passed though the horizontally positioned capillary reactor
and the spectra were collected by scanning 5 x 20 points
along the catalyst bed. Before the experiment, after the
reduction and after each feed and the H,-dropout, spectra
were recorded at room temperature for 10 minutes. The room
temperature spectra were averaged for both edges to yield a
single spectrum each. Data extraction, energy alignment and
normalization were performed using the script provided by
the beamline. Further data treatment outlined in the ESI was
conducted with Fastosh software package (version 1.08)>" and
the IFEFFIT* software package. For the reduction procedure,
the sample was heated to 275 °C in 20% H, in N, (40 mL
min™, 5 K min™, 1 h hold). Subsequently, reaction
conditions of a gas atmosphere consisting of H,/CO, (3:1) in
12% N, (40 mL min™"), 230 °C and 20 bar pressure were
applied. These conditions were kept for 1 h, before replacing
the H, with additional N, flow for 1 h. Afterwards, reaction
conditions as described before were again applied. The
experimental procedure is schematically shown in Fig. S18.
During all times, the gas hourly space velocity (WHSV) was
kept at 3 x 10° mL g, - h™". For gas analysis, a ThermoStar
GSD 320 mass spectrometer by Pfeiffer vacuum was used.
Between the different conditions, the reactor was allowed to
cool to room temperature with a rate of 25 K min™". In case
of stable conditions of the experimental procedure, no
gradient throughout the catalyst bed was detected. Therefore,
the scans acquired at 5 X 20 points could be merged for
better visualization and comparison of the datasets. At the
ROCK beamline, XAS data was collected for CM-Z in
transmission =~ mode. The double crystal (Si111)
monochromator was calibrated to the first inflexion point of
Cu-foil (8979 eV) and to the first inflexion point of Zn-foil
(9659 eV) for the Zn K edge. The X-ray beam passed though
the centre of the catalyst bed inside the horizontally
positioned capillary reactor. Spectra during temperature
ramps and elevated temperatures were recorded alternating
between the Cu and the Zn K edge with an acquisition of
each 120 s and a frequency of 2 Hz. Spectra at room
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temperature before the experiment, after the reduction and
after the experiment were recorded for 5 minutes for each
edge region. For each acquisition loop, the spectra were
averaged to yield one spectrum for each edge. The beamline
software was used for energy calibration, averaging,
background subtraction and normalization. The sets of
spectra recorded at room temperature were averaged to one
spectrum respectively for both Cu and Zn K edges. For the
experiments at the ROCK beamline, an O, trap (Restek,
Germany) was additionally integrated in parallel to the inlet
line to the reactor to ensure an oxygen-free inlet gas for one
stage of the experiment.”® The capillary reactor was
positioned between ionization chamber 0 and 1 and Cu and
Zn foil was attached in front of ionization chamber 2, to
measure beam absorption of the sample and reference foils
simultaneously. The catalyst was reduced in a 20% H, in N,
gas flow (40 mL min™") and a heating rate of 5 K min™ until
275 °C with 1 h holding time. For CO, hydrogenation
conditions, the temperature was decreased to 230 °C and the
gas was changed to a mixture of H,/CO, (3:1, 40 mL min™").
During the reaction, a pressure of 20 bar was applied and
throughout the whole experimental procedure, the WHSV
was kept at 3 x 105 h™. For the subsequent hydrogen
dropout experiments, system was depressurized and the inlet
gas was now led through the oxygen trap. The flow of H, was
exchanged by an additional N, flow. After 1 h, the oxygen trap
was bypassed for another hour. Finally, the pressure during
the dropout was increased to 20 bar. Between each change of
settings, the reactor was allowed to cool down to room
temperature at 25 K min' to record spectra at room
temperature. For gas analysis, an on-line micro gas
chromatograph (u-GC) (Inficon Fusion Micro GC, PoraPLOT
Q, 10 m length and 0.25 mm diameter with He as carrier gas
and a molecular sieve column with 5 A, 0.25 mm diameter,
10 m length and Ar as carrier gas) was used. The
experimental procedure is schematically shown in Fig. S18.

2.3 Catalytic testing

For catalytic activity tests, the catalyst powders were pressed
and fragmented using a mortar. The catalyst bed, positioned
in the centre of a stainless-steel tubular reactor, was held in
place by two layers of quartz wool. The catalyst bed consisted
of 0.40 g catalyst (sieve fraction 300-450 pm), diluted with
1.00 g of silicon carbide SiC (Carborundum, sieve fraction
0.210 mm, VWR Chemicals). The reactor was filled with SiC
(Carborundum 0.500 mm, VWR Chemicals) above and below
the catalyst bed (Fig. S9). A split tube furnace (HTM Reetz
GmbH) was employed to heat the reactor. The temperature
was recorded using thermocouples at the bottom and top of
the catalyst bed and inside the furnace. The reactor and
furnace were connected to laboratory setup (Fig. S10). The
setup allowed for operation at either ambient pressure or
pressures up to 30 bar using a back-pressure regulator
(Swagelok). The gases were dosed using mass flow controllers
(Swagelok) and a flow meter (Bios DryCal Definer 220 gas
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flow calibrator, MesaLabs) was connected to the exhaust pipe
to monitor the gas flow. For monitoring of the gas
composition at the outlet, an on-line p-GC (Agilent
Technologies 490 Micro GC) was used equipped with two
channels (CP-Pora PLOT U column, 10 m length with helium
as carrier gas and a CP-mole sieve column of 5 A, 10 m
length and argon as carrier gas). The gas pipes after the
reactor were heated to 120 °C to prevent condensation of
liquid products. For activation, the catalyst was initially
heated to 275 °C (heating ramp rate 5 K min™") for 1 h in a
gas mixture of 10% H, in N, (both gases from Air Liquide,
99.9999%) at atmospheric pressure and a WHSV of 30000
mL ge " h™. Following catalyst reduction, the temperature
was decreased to 230 °C and the gas feed was switched to
80% H,/CO, (in a 3:1 ratio) in N, (Air Liquide, 50:50 mix of
CO,/N,). The reaction was conducted at 30 bar and various
flow rates yielding a set of WHSV of 75 000, 37 500 and 22 500
mL gcat_1 h™'. Conditions were held for 1 h at each stage. A
schematic representation of this experimental process is
illustrated in Fig. S9. CO, conversion was calculated using N,
as an internal standard, as described in eqn (S1) in SI.
Space-time yield, methanol selectivity and carbon balance
were calculated using eqn (S2)—(S4) in SL

3. Results

3.1 Catalyst preparation and ex situ/in situ characterization

Two series of CuO/MgO/ZnO catalysts were prepared by
flame-spray pyrolysis. In the first series, the Zn amount was
varied between 5, 10 and 15 at% Zn respective to the total
metal content (Cu, Mg, Zn) and a brief comparison of the
three catalysts is provided in Fig. 1. These catalysts were
prepared using the double-flame FSP configuration, with Zn
in the second flame. Across 5/10/15% Zn containing samples,
ICP confirmed the targeted metal ratios (Fig. 1a). H,-TPR
evolves from a single broad event at 5% Zn (176 °C) to two-
step profiles at higher Zn (Fig. 1a). The two reduction events
occur at 141 °C and 204 °C for CM-Z10 and 152 °C and 195
°C for CM-Z15. The lower temperature signal for the 10 and
15% Zn loading could result from finely dispersed, highly
accessible Cu species which reduce more easily while the

a) H,-TPR b) CO,-hydrogenation to methanol
cM-Z15 195 °C 20 30
Cu: 62%
Mg: 24% 25 25
Zn: 14% 152 °C, ) (_/:
= =20 20 =
g S g
o [Cu: 64% [
B |Mg: 26% g15 152
Q |zn:10% g 2
e o S 10 L0
CcM-Z05 S gn
Cu: 68% Q :;

o
o

Mg: 27%
Zn: 5%

50 100 150 200 250 CcM-215

T/°C
Fig. 1 a) H,-TPR profiles (5 K min™, 10% H,/Ar, 50 mL min™) and b)
CO, conversion and STY for methanol during CO,-hydrogenation (230
°C, H,/CO; = 3:1, 30 bar, WHSV = 75000 mL geae * h™% 1 h hold).

CM-Z05 CM-Z10
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second reduction peak arises from bulk Cu reduction.”*® An
alternative explanation is the stepwise reduction of Cu*" —
Cu" — Cu’, in which the Cu” could be stabilized by a higher
Zn loading.’*® Raman spectroscopy exhibited bands
referring to CuO and ZnO.

Under CO,-hydrogenation conditions at 230 °C and 30
bar, CO, conversion levels were the same for CM-Z10 and
CM-Z15 (1.0%), while the 5% Zn loading lead to a lower
conversion (0.5%). Considering the methanol yield, 10% Zn
delivers the highest space-time yield (STY, 13.3 mmol MeOH
gca ' h™") of the three catalysts (12.3 and 11.6 mmol MeOH
gco ' h™' for CM-Z05 and CM-Z15, respectively, Fig. 1b). On
this basis, we fixed Zn at 10% and used FSP flame
configuration to tune Cu-Mg-Zn proximity. Single flame
(CMZ) co-sprays all precursors, whereas double flame
partitions them (CM-Z, CZ-M, C-MZ) (Fig. S1), enabling
controlled co-nucleation vs. late mixing. We note here that
the catalyst previously designated as CM-Z10 in the
compositional screening will from this point forward be
denoted simply as CM-Z. This shorthand emphasizes that
within this second set of catalysts, the elemental
composition remains constant at 10 at% Zn, while only the
flame spray configuration is varied. Aim of this design
strategy of a series of model catalysts was to elucidate the
impact of Cu-Mg, Cu-Zn and Mg-Zn interactions, targeting
systematic changes in reducibility and operando redox
stability that reinforce MeOH productivity. During single
flame synthesis, the solution contained all metal precursors,
while for the synthesis with two nozzles and flames, the
metal precursors where separately dissolved in two
solutions, which resulted in a set of three ways of
combining the precursor solutions (Table 1): Cu + Mg vs.
Zn, Cu + Zn vs. Mg and Cu vs. Mg + Zn. The catalysts
eventually obtained were named depending on the flame
configuration (CMZ, CM-Z, CZ-M and C-MZ). The Cu, Zn
and Mg precursors exhibit different decomposition
temperatures, which mark their final transition into the
corresponding metal oxides. An overview on the different
temperatures found in literature is presented in Table S1.
From reports, copper acetate monohydrate and zinc acetate
dihydrate exhibit a similar decomposition temperature
between 275 ©°C and 310 °C, depending on the
conditions.””®* Magnesium acetate tetrahydrate exhibits the
highest reported decomposition temperature (345 °C) for
the full oxidation towards MgO.®> The temperatures in a
methane/oxygen flame used during synthesis is expected to
reach temperatures exceeding 1500 °C, theoretically allowing

Table 1 Catalysts prepared by FSP in single flame (A) or double flame (A
+ B) to tune the direct interaction between Cu-Mg, Cu-Zn and Mg-Zn

Catalyst Cu/Mg/Zn atomic ratio Flame A Flame B
CMZ 65/25/10 Cu, Mg, Zn —
CM-Z 65/25/10 Cu, Mg Zn
CZ-M 65/25/10 Cu, Zn Mg
C-MZ 65/25/10 Cu Mg, Zn

This journal is © The Royal Society of Chemistry 2026
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all components to transform into the metal oxide.**
Relevant for the nucleation process and the mixing of
components is their “volatility” or stability, which can be
qualitatively assessed through information on melting point,
boiling point and vapor pressure of the metal oxides. CuO
exhibits the lowest stability among the produced metal
oxides and tends to decompose at high temperatures
(>1000 °C).°>°® Based on several reports on vaporization
and vapor pressure, ZnO is prone to sublimation at high
temperature above 1300 °C.*”°® Due to its higher thermal
stability and high vaporization temperature (1800 °C),*
MgO is assigned with the lowest volatility in the set of
metal oxides. Hence, it is assumed hat MgO solidifies first,
followed by ZnO and CuO, setting MgO as main support
structure. As reported by Samerjai et al.,’® the formation of
Mg,Zn,_,O nanocomposites was observed for single flame
synthesis. For combinations of Cu with Zn or Mg, no such
nanocomposites are reported in literature. As the nozzles in
the two-flame method were tilted by 30° toward each other,
the flames and the forming particles met relatively late.
This results in a shorter interaction time for the pyrolyzed
precursors and a reduced mixing prior to quenching.
Calcination of the sample resulted in an overall weight loss
of ca. 0.5% (Table S2) as unburned residues were eventually
combusted. Prior to activity test, the calcined catalysts were
characterized using various analytical methods. According to
ICP-OES, the aimed atomic metal ratios were achieved
(Table S3) with 65 + 1% Cu, 25 + 1% Mg and 10 + 1% Zn
relative to each other.

XRD patterns of the calcined catalysts reveal reflexes
assigned to CuO, MgO and ZnO (Fig. 2). In contrast to other
studies,”””> no clear shift in the reflexes is observed
compared to literature reports for MgO.*® Due to the missing
of a Mg free sample, shift originating from an incorporation
of Cu ions into the lattice cannot be excluded. Qualitatively,
all calcined samples contained the same metal oxides as the
diffraction could be assigned to crystalline CuO, MgO and

* CuO #MgO +ZnO

100000
* %
80000 - # + C-MZ calc
] * %
c
3 60000-
S # + CZ-M calc
2 * %
9 40000
s # o+ CM-Z calc
£ * %
20000 4
# o+ CMZ calc
0 : :
40 60 80
20/ °

Fig. 2 XRD patterns of the calcined CuO-ZnO-MgO catalysts (for the
abbreviations please refer to Table 1).
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Table 2 Crystalline phases and their fractions of the calcined catalysts as determined by Rietveld refinement. Details on the refinement results are given

in Sl section 1.2

Phase composition and crystallite sizes via Rietveld refinement/wt%

Calcined MgO/wt% MgO cryst. size/nm ZnO/wt% ZnO cryst. size/nm CuO/wt% CuO cryst. size/nm
CMZ 28.1 6 5.4 5 66.5 13
CM-Z 29.1 5 5.6 5 65.2 10
CZ-M 17.3 8 7.4 5 75.3 11
C-MZ 19.9 6 5.2 5 77.6 11

ZnO for all catalysts (Table S4). For a qualitative and
quantitative analysis of the crystalline phases, Rietveld
refinement of the XRD pattern was employed (Fig. S3 and S4,
Tables S5-S8). Crystalline ZnO/MgO mixed structures could
be excluded through comparison with literature.”*”®
Additionally, the crystallite size was determined for CuO
(Table 2).

When comparing the catalysts, the determined fraction of
crystalline CuO is higher for the cases in which Mg and Cu
were sprayed in separate flames (CZ-M and C-MZ). Thus, the
direct contact and interface with MgO during synthesis
impacts the crystallinity of Cu. The crystallite size of CuO
ranges from 10 nm for CM-Z to 13 nm for CMZ prepared by
single flame pyrolysis, while the ZnO crystallite size remained
unaffected by the flame configuration and accounted for 5
nm for all samples. The MgO crystallite size on the contrary
varied between the flame configurations, showing the largest
crystallites (8 nm) for CZ-M in which only Mg is sprayed
separately. CMZ and C-MZ exhibit the same MgO crystallite
size of 6 nm according to the Rietveld refinement and for
both samples, Zn and Mg were dosed in the same flame. This
demonstrates that the presence of Zn in the same flame
impacts the MgO crystallite size. Moreover, the results in
Table 2 show an inverse relationship between the CuO and
MgO phase fractions determined via the refinement: larger
MgO phase fractions correlate with lower CuO fractions and
vice versa. This furthermore amplifies the close interaction
and interdependency of the components.

With Raman spectroscopy, bands referring to CuO (275,
314, 605 cm),*7°7® and ZnO nanocrystallites (559
em )2 were clearly identified for all calcined catalysts
(Table S9). This will be discussed later together with the
Raman spectra recorded of the spent catalyst.

The spatial distribution of the elements was investigated
using STEM (Fig. S5-S7) and HAADF TEM (S8) with
corresponding EDX mappings. A homogeneous distribution
of the elements Cu, Mg, Zn and O could be confirmed for all
catalysts. From the HAADF-STEM-EDX images, all three metal
components seem to be superimposed for all probed
catalysts and no clear microstructural differences can be
observed within the selected but still representative areas.
Apart from imaging techniques, other characterization
methods revealed different properties or behaviors among
the set of catalyst.

The temperature-programmed reduction (TPR) with H,
revealed significant differences between the catalysts
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(Fig. 3a). The catalyst with the lowest Zn amount (5%, CM-
Z05) exhibits one broad signal, while all other catalysts show
two distinct reduction events. This might indicate that above
a certain Zn fraction, a Cu-Zn-Mg composite structure could
be formed, in which the catalyst components are strongly
interconnected. The development of such a composite
structure may give rise to the two reduction peaks observed
in the H,-TPR profiles. The lower temperature signal could
either result from finely dispersed, highly accessible Cu
species which reduce more easily”>® or from a stepwise
reduction of Cu®** — Cu® — Cu®.’**” Among the samples,
C-MZ reduces at the lowest temperature (main peak at 184
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Fig. 3 a) H,-TPR profiles of the catalysts. b) XANES spectra at the Cu
K edge and Zn K edge during TPR (20% H in N, 275 °C, 5 K min™) for
CMZ at the Balder Beamline at MAX IV and CM-Z at the ROCK
Beamline at Soleil Synchrotron.

This journal is © The Royal Society of Chemistry 2026



Catalysis Science & Technology

°C), similar to CM-Z05 (Fig. 1), followed by single-flame CMZ
(201 °C), CM-Z (204 °C) and CZ-M (208 °C). The reduction of Cu
in CMZ and CM-Z is clearly visible in the XANES spectra during
in situ TPR (20% H,/N,, 275 °C, 5 K min ™", Fig. 3b), evident by
the gradual change in energy of the absorption edge and shape
of the spectra over the course of the reduction step. In the
beginning, Cu is present in the fully oxidized state (CuO), while
upon TPR, a pre-edge shoulder and the double-peak typical for
metallic Cu evolve (Fig. 3b). In contrast, changes in the Zn
K-edge spectra are hardly visible. Quantification of reduced and
oxidized Cu and Zn states by linear combination analysis (LCA)
is discussed later in the operando XAS section. The broadening
of the reduction peak and its appearance at lower temperatures
for C-MZ (Fig. 3a) and CM-Z05 (Fig. 1a) suggests a wider
distribution of Cu environments, including particle size. In
contrast, a shift towards higher reduction temperature for
CMZ, CM-Z and CZ-M might indicate a stronger developed
composite, in which Cu is stronger interfering with Zn and Mg,
making it harder to reduce.” A partial reduction of Zn within a
CuZn alloy could not be determined in TPR due to possible
overlapping with H, consumption for the large Cu fraction.

The specific surface area was determined by Ny-
physisorption, revealing variation among the catalyst series
between 39 and 53 m” g""as provided in Table 3 (and Table S10
for the CM-Z catalyst with varying Zn%). Comparing single-
flame and double-flame configuration shows a smaller specific
surface area for the single-flame catalyst (39.4 m* g™'), which
again indicates larger particles. This observation is in line with
XRD refinement, for which larger crystallite sizes were found
for CMZ. Generally, the surface areas of the obtained catalysts
are lower compared to other flame-sprayed materials, especially
compared to Cu catalysts with a much higher Zn fraction.” In
contrast, the surface area is higher compared to other Cu/Mg
or Cu/Zn/Mg catalysts found in literature.*** According to
these reports, especially the incorporation of Mg was
responsible for higher surface area compared to unpromoted
Cu Cu or Cu/Zn catalysts.**** Furthermore, N,O-
Chemisorption was applied to determine the metallic surface
area (Cu® + Zn°) relevant for the reaction mechanism (Table 3).
These surface areas are larger than values provided for Cu/
ALO; and Cu/MgO catalysts in literature,”" keeping in mind
that the specificity of the chemisorption equipment and of the
programs used for the different measurements makes a direct
comparison for the metallic surfaces challenging. In line with

Table 3 N,-physisorption (BET, specific surface area) and N,O-
chemisorption (metallic surface area, Cu®+Zn°) of catalyst prepared by
FSP in the modes single flame (CMZ) and double flame

BET specific surface Metal surface

Catalyst area’/m” g™ area’/m? g
CMZ 39+1 13+1
CM-Z 53+1 21+1
CZ-M 41 +1 23 +1
C-MZ 49 +1 19+1

@ N,-physisorption. ? N,O-titration.
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the N,-physisiorption results, the single-flame synthesized
catalyst CMZ revealed a lower metallic surface area (13 m* g'),
which is significantly smaller than those measured for CM-Z
(21 m*> g™), CZM (23 m> g™') and C-ZM (19 m”> ¢™'). This
furthermore amplifies the assumption that single-flame
sprayed particles are larger compared to the double-flame
method and hence provide fewer Cu-ZnO or Cu-MgO
interfaces. However, differences in particle sizes could not be
confirmed with imaging techniques such as SEM and TEM.

3.2 Catalytic activity and characterization of spent catalysts

The CO, conversion (eqn (S1)) and space-time yield (STY,
eqn (S2)) of the various catalyst at the weight-hourly space
velocities of 22 000, 37 500 and 75 000 mL g, ' h™" at 230 °C,
30 bar, H,/CO, = 3:1 in N,, are depicted in Fig. 4. The error
bars originate from deviations within one hour of
measurement per space velocity. Schemes of the reactor and
setup and the experimental schedule are provided in Fig. S9-
S11. Table S11 contains the masses of catalyst and diluent
used for reaction. High methanol selectivity was achieved for
all catalysts (Table S12), reaching from ca. 80% for CZ-M at
37500 mL g ' h™" to 100% for all catalysts at the highest
space velocity while at the same time reaching a closed
carbon balance (Table S13). In general, the conversion of CO,
decreases with increasing space velocity due to lower
residence time, which can be observed in Fig. 4a. The CO,
conversion is similar for all catalysts especially at 22 000 mL
Zeae - h7%, ranging from 1.75 to 1.9%. In particular CMZ and
CM-Z reveal the same CO, conversion (1.77%) for the lowest
tested WHSV and similar conversions for the higher WHSV.
Apart from CZ-M, the STY of methanol for catalysts rises with
increasing WHSV, as a higher space velocity suppresses
secondary reactions (reverse water-gas shift, eqn (3)).*> Due
to the similarity of the selectivity values and to also account
for the varying CO, conversion, the space-time yield (STY)
was calculated, capturing the methanol production per time
unit normalized to the mass of catalyst. Among the catalysts,
the single-flame catalyst shows the highest STY (~29
mmolyeon Zeae - ™) together with double flame made C-MZ
(~29 mmolyeon geat * h™') and CM-Z (~26 mmolyeon gcu
h™). For the WHSV of 22000 and 37500 mL g ' h™", the
STY values for CMZ and CM-Z are very similar. The obtained
values for the methanol production (STY) for all catalysts are
in comparable or higher range compared to similar catalyst
reported in literature, from which most are prepared via
coprecipitation. A conclusive list of reference catalysts, the
respective composition and STY are provided in Table S14.
The literature reported STY ranges from 8 to 17 mmolyeon
Zeae - h7', which is in the same range or lower than the STY
achieved in our study for the lower and intermediate space
velocity.?>>#%¢ %8 For the highest space velocity, our CMZ
catalysts reach significantly higher values, reaching up to 29
mmolyeon Zear - h'. Interesting for CZ-M is the high
methanol yield of 15 mmolyeon Zcac - h™' at the lowest
WHSV (22.500 mL g., " h™). In the course of the experiment
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Fig. 4 a) CO,-conversion and b) space-time yield (STY) of methanol of the catalysts at 3 different weight hour space velocities (WHSV) during

CO,-hydrogenation conditions (230 °C, 80% H,/CO, (3:1) in N,, 30 bar).

the WHSV was increased, but contrary to the other catalysts,
the methanol yield decreased for CZ-M, implicating loss of
selectivity towards methanol. As typically, STY of methanol
increases with increasing WHSV, it is assumed that this
deactivation occurs due to the duration of the activity
measurement. This pronounced loss of methanol selectivity
over time leads to the conclusion that MgO indeed affects
the catalysts stability and long-term selectivity of CuZn
catalysts and that a pronounced integration of Mg during
the spraying is important to the catalyst stability. When
sprayed separately, Mg cannot fulfil its promoting role,
likely due to a more pronounced separation from the active
components and fewer shared interfaces. Interestingly, when
Mg is sprayed with Zn in the same flame and Cu in another
(C-ZM), no deactivation effect could be observed within the
experiments. This highlights the importance of bringing
MgO in direct contact with one of the active components
(Cu or Zn) in a joined flame. The spent catalysts were
investigated with XRD and Raman spectroscopy. The
Rietveld refinement of the XRD pattern revealed the
crystalline phases and their quantity of the catalysts
provided in Table 4. Based on the analysis, the crystalline
phases consisted of MgO, ZnO, CuO, Cu,O and metallic
copper. It should be noted, that the spent samples were
exposed to air after taken from the reactor. It is therefore
not surprising to find Cu partially oxidized with Cu,O (Cu")
being more common than CuO (Cu®") in all catalyst except
CM-Z. Furthermore, the crystallite size of Cu was

determined based on Rietveld method. The single-flame
catalyst exhibits the largest crystallite size for reduced Cu
(15 nm), while the largest CuO crystallite size is found for
C-MZ (19 nm). Overall, the Cu,O crystallite size is similar
for all catalysts. In case of ZnO, the crystallite size differs
for the catalyst in which Zn was sprayed separately (CM-Z,
10 nm), while it is the same for the rest of the catalysts
(7 nm). The crystallite size of MgO varied between 9 for
CMZ and CM-Z and 13 nm for C-MZ. Generally, the
crystallite sizes of the different components in the spent
samples vary mostly independent of the flame
configuration. Similar to the calcined samples, bands
referring to CuO and ZnO could be identified in the ex
situ Raman spectra of the spent catalyst (Fig. 5). All
Raman spectra show spectral features assigned to bending
vibration in CuO at 275 em™ (4,),”*”” two bands at 314
and 605 cm™' caused by symmetrical stretching of oxygen
in CuO (By)’*”” and a band at 1112 cm™' that is assigned
to disorder-induced double phonon band of Cu0.>*”® The
later band was shown to be enhanced by the
incorporation of MgO in Cu catalysts, demonstrating a
close interaction between CuO and MgO.> Interestingly,
the band at 605 cm™ is slightly more pronounced in the
spent samples compared to the fresh calcined samples.
The oxidic phases of Cu originate from the exposure to
air after the reaction. Moreover, Raman spectra of the
calcined and spent samples exhibit a band at 559 cm™’,
assigned to nanocrystalline Zn0.”™**

Table 4 Crystalline phases and phase fractions of the spent catalysts as determined by Rietveld refinement. Details on the refinement results are given

in Sl section 1.2

Phase composition and crystallite size via Rietveld refinement/wt%

Spent MgO/wt% Cryst. size/nm  ZnO/wt%

Cryst. size/nm  CuO/wt%

Cryst. size/nm Cu,O/wt% Cryst. size/nm Cu/wt% Cryst. size/nm

CMZ 20.6 9 3.8 7 5.4
CM-Z 17.8 9 1.4 10 20.3
CZ-M 20.2 10 2.9 7 9.2
C-MZ 15.6 13 3.8 7 1.5

Catal. Sci. Technol.

7 17.0 5 53.3 15
5 13.9 4 46.6 12
11 10.1 5 57.6 14
19 11.7 4 67.5 13
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Fig. 5 Raman spectra of the catalysts a) after calcination (calc) and b)
spent with the associated bands indicated as dotted lines and provided
as table (c).

In summary and despite the different surface areas, CMZ
(single-nozzle FSP) and CM-Z (double-nozzle FSP) perform
relatively similarly, especially at the lower space-velocities,
indicating that specific or active surface area is not the only
performance indicator on the catalyst activity, but rather sets
the interaction between the catalyst components CuO, ZnO
and MgO into focus. This assumption needs further
characterization of both Cu and Zn species during operating
conditions, which was done using XAS as described in the
following paragraph.

3.3 Operando spectroscopy during hydrogen-dropout
experiments

Operando Raman spectroscopy was performed on the whole
set of flame sprayed catalysts. As collected, Raman
spectroscopy mainly tracks gas-phase bands (H,, CO,) and
signals from the capillary overlap oxide bands, so the dataset
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mainly reflects gas-phase monitoring under pressure, and
can thus not be used to discuss the catalysts. A scheme of
the gas-dosing setup, the experimental procedure and the
operando spectra are provided in Fig. S12-16 in the SI.
Operando XAS was used to investigate the impact of the
spraying mode and on the resulting catalyst oxidation state
during TPR, CO, hydrogenation and H,-dropout for two
catalysts, CMZ (single flame) and CM-Z (double flame).
Details on the setup at the beamline, data analysis,
experimental schedule and gas phase analysis is provided in
the SI (Fig. S17-S22). According to linear combination fitting
with reference spectra of Cu foil, Cu,O and CuO, the
temperature-programmed reduction step shown in Fig. 3b
ultimately resulted in the complete reduction of Cu in CM-Z,
while ca. 13% of Cu in CMZ stayed in the Cu' state
(Table 5a). Interestingly, the two catalysts showed similar
reduction temperatures in lab H,-TPR, with CMZ exhibiting
broader signals. This broadening and the lower degree of
reduction in the XAS experiment for the single flame CMZ
could results from larger particles as already indicated by
larger CuO crystallite size found according to XRD analysis.
Upon reaction conditions, no changes for the Cu K edge
XANES spectra occur for double-flame CM-Z as Cu remains
in the reduced state (Fig. 6 and $23). For the single flame
sprayed CMZ, the fraction of Cu’ increased to 98% upon
applying reaction conditions, which could be explained by
the excess of the reducing agent H, in the reaction gas
mixture as the conversion is low (Fig. S20 and $22). As it can
be already qualitatively observed in Fig. 6 (after dropout), the
H,-dropouts lead to partial Cu re-oxidation towards Cu’
(26%) for the single-flame sprayed CMZ, whereas Cu in
double-flame sprayed CM-Z remains completely reduced
(Table 5a, Fig. S24 and S25). The partial re-oxidation of Cu in
CMZ induces changes in the XANES as in the pre-edge
feature at 8982 eV and the increased intensity of the first
main peak differs from Cu foil reference. At this point, it is
important to point out the different H,-dropout programs
applied for the two catalysts. While for CMZ the exchange of
H, with N, was rapid and immediately at 20 bar CO,/N,
mixture, CM-Z was first exposed to a H,-dropout at ambient
pressure for 30 minutes while an oxygen-trap was installed
before the line. The oxygen trap was installed to exclude
oxidation by possible traces of oxygen in CO, supply. As no
changes in the XANES were observed (Fig. 6), the oxygen-trap

Table 5 Linear-combination fitting results for CMZ and CM-Z spectra at (a) Cu and (b) Zn K edge at different states of the reaction protocol

a) b)

State Catalyst cu* cu* cu’ R-value of fit (Cu) Zn** Zn° R-value of fit (Zn)
Initial CMZ 1.00 0 0 3.0x107° 1.00 0 6x10°

CM-Z 1.00 0 0 9.6 x 1072 1.00 0 8§x10°
After TPR CMZ 0.01 0.13 0.87 1.6 x 1072 0.99 0.01 5x10°

CM-Z 0.01 0.01 0.98 3.0x107° 0.89 0.11 4%x107
After feed CMZ 0 0.07 0.93 3.0x107° 1.00 0 3x107°

CM-Z 0.01 0.01 0.98 4x107° 0.93 0.07 6x10°
After dropout CMZ 0.05 0.26 0.69 2x107° 1.00 0 6x107°

CM-Z 0.01 0 0.99 3%x107° 0.95 0.05 6x107°

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Comparison of the XANES region of CMZ and CM-Z at Cu K
edge and Zn K edge in initial state, after TPR at 275 °C in 10% Hy/N,,
WHSV of 3 x 10° h™* for 1 h, after feed of H,/CO, (3:1) in 10% N,
WHSV of 3 x 10° h™* at 20 bar for 1 h at 230 °C and after H,-dropout,
in which temperature, pressure and WHSV was kept but the flow of H,
flow was exchanged by N,. All spectra were recorded at room
temperature. References are Cu foil and CuO for the Cu K edge and
Zn foil and ZnO for Zn K edge spectra.

was bypassed for 30 minutes. Also, without oxygen-trap
attached to the inlet gas supply, the spectra did not show any
differences. Finally, the pressure of the CO,/N, atmosphere
in the setup and reactor was increased to 20 bar and
according to XANES overlapping with the Cu foil reference,
still no re-oxidation of the sample took place (Fig. S26). A
passivating effect of slowly increasing the CO, pressure to the
system cannot not be excluded, although it has never been
reported in literature.

LCA fitting was also applied for the spectra recorded at
the Zn K edge and the results are provided in Table 5b. In
the beginning, the Zn K-edge spectra of the catalysts and the
ZnO references exhibit the same Cu K edge energy, indicating
the fully oxidized state of Zn in both CMZ and CM-Z.
Differences become again visible through the degree of
reduction after TPR as the double-flame sprayed catalyst
exhibits a 11% reduction of Zn to metallic state while Zn in
the single-flame sprayed catalyst stays nearly unreduced (1%
Zn°). This calculation is in line with qualitative observations
of the Zn XANES spectra. As provided in Fig. 6, the position
of the Zn K edge for CM-Z (9660.9 eV) shifts towards lower
energies compared to the ZnO reference (9661.4 eV) and CMZ
(9661.4 eV), getting closer to the Zn K edge energy of Zn foil
(9658.6 €V). During reaction gas feed and H,-dropout, Zn
stays in completely oxidized state in case of the single flame
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sprayed catalyst CMZ, evident by the constant Zn K edge
energy and spectral features. The fraction of reduced Zn in
the double-flame sprayed CM-Z decreases upon feed
conditions and H,-dropout to 7 and 5%, respectively,
according to LCA (Table 5b). In summary, the double-flame
catalyst CM-Z shows generally a higher degree of reduction
for both Cu and Zn upon TPR procedure and stability of the
reduced phases during feed and H,-dropout. By contrast, the
single-flame sprayed CMZ exhibits significant re-oxidation
towards Cu’ during the dropout and generally no bulk
reduction of Zn according to LCA.

4. Discussion

FSP was successfully employed for the preparation of Cu-
Mg-Zn catalysts with the targeted metal ratios using different
flame configurations and thus allows to further develop this
method from earlier reports on FSP-derived methanol
catalysts.***® Despite different decomposition temperatures
of the precursors, all organic salts were burned to the
respective metal oxides. Co-spraying components modulates
CuO/MgO crystallite sizes (Rietveld). According to Rietveld
refinement of the diffraction patterns of the calcined
samples, both MgO and CuO crystallite sizes were sensitive
to flame configuration, indicating that the synthetic route
directly influences metal-metal oxide interactions. The
inverse relationship found between CuO and MgO phase
fractions further supports a strong Cu-Mg interdependence
in the FSP-derived materials, showing how flame co-spraying
controls component proximity and shared interfaces.

The reduction behavior, assessed by H,-TPR, strongly
depended on the degree of metal-support interaction
between Cu, Zn, and Mg oxide. The catalysts with lowest Zn
content (5%) displayed a single Cu reduction feature, while
higher Zn loadings or stronger Cu-Zn proximity produced
two-step reduction profiles. Such an influence of the
interaction between Cu and Zn has been reported earlier®°°
but demonstrates the ease of tuning the metal-support
interaction using the different modes of the FSP-synthesis.
These profiles suggest the coexistence of weaker bound,
easily reducible Cu species alongside Cu species intimately
associated with other oxides, which reduce at higher
temperatures. When CuO was synthesized in a separate flame
from MgO and ZnO, its lower reduction temperature
indicated lower interaction with the promoters alongside
fewer Cu-metal oxide interfaces. Co-spraying Cu with Mg
yielded the highest surface area. Interestingly, such a
stabilization is also found in other preparation methods
where calcination is used as last preparation step.**** These
findings demonstrate how component proximity governs
catalysts’ reducibility.

Fig. 7 summarizes the key findings of this study,
demonstrating how the spray parameter governs the mixing
of the catalyst components, therefore affecting its surface
area, activity and stability. The extent of mixing within the
components is indicated by hatched areas. Fig. 7

This journal is © The Royal Society of Chemistry 2026
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emphasizes that when combining all three precursors in
one flame (Fig. 7, right side), the surface area (indicated by
the lower blue bars) was significantly reduced, possibly
caused by the enhanced interaction of the Cu, Zn, Mg
components hindering a more dispersed structure. Despite
the lowest surface area, the single flame CMZ shows
similar CO, conversion and STY (upper blue bars in Fig. 7)
as the other catalysts, especially when comparing with CM-Z,
where Zn was sprayed separately. Possibly, the enhanced
proximity caused by the spraying in the same flame caused
enhanced Cu-MgO-ZnO interfaces and metal-support
interaction beneficial for catalytic activity. For the catalyst in
which the Cu-compound was sprayed separately, a deactivation
during the catalytic testing was observed, hinting towards a
lower interaction with the support of ZnO and MgO. Generally,
the space time yield (4-16 mmolyeon Zcu h"l) is comparable
or even higher than literature reports (section 3.2).>*** Raman
spectroscopy revealed a pronounced structural evolution
during operation, e.g.,, more pronounced CuO bands after
catalysis. Operando XAS further uncovered a different redox
dynamic: in CM-Z, where ZnO was introduced separately,
Zn was partially reduced during reaction, whereas in CMZ
strong metal mixing appeared to hinder Zn reduction.
Under H, dropout conditions, Zn in CM-Z readily
reoxidized while Cu remained stable, suggesting that
reduced Zn may act as a sacrificial species protecting Cu
from oxidation, similarly as reported for Fe-Ni-based
catalysts where Fe take the sacrificial role.' In CMZ
without reduced Zn, by contrast, Cu exhibited slight
reoxidation during the H,-dropout and therefore a lower
redox stability. The STY trends emphasized in Fig. 7 and
deactivation behavior (CZ-M) point to the importance of
bringing Mg into direct contact with at least one active
component during FSP, prescribing clear synthesis
guidelines for future FSP Cu-Zn-Mg MeOH catalysts.

This journal is © The Royal Society of Chemistry 2026
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Overall, interactions between Cu, Mg and Zn can be tuned
using FSP as preparation method and the results highlight
the importance of the right choice of co-feed precursors to
promote the metal-metal oxide interaction through shared
interfaces, activity and stability of the catalyst, as highlighted
by the hatched areas and arrows in Fig. 7. With the joined
combustion of all three components in one flame, a catalyst
with small surface area but pronounced metal-metal oxide
interaction can be obtained, leading to a high activity
respective to the catalyst surface. This preparation method of
simultaneous combustion of all precursors can be seen as a
one-step equivalent of the more common two-step co-
precipitation of Cu, Mg and Zn salts plus subsequent
calcination or as an alternative to a lengthy hydrothermal
synthesis.>**" Analogue to impregnation of a co-precipitated
structure,®® FSP can furthermore be used as one-step
preparation method, in which the particle formation of the
components can be separated from each other, allowing a
tailored catalyst design. As an outcome of the separation of
particle formation, when ZnO is sprayed “on top” of Cu-
MgO, its reducibility is enhanced according to XAS
experiments. This increases the stability of the Cu’ phase
during H,-dropout conditions. With the activity during CO,-
hydrogenation being close to the performance of CMZ, this
double flame configuration (CuMg + Zn) is preferred.

The collective observations underline the significant role
of MgO in determining catalyst structure and function, which
was declared in literature.”® MgO is indeed no inert support,
but strongly influences elemental dispersion, reducibility and
catalytic behavior. This is parallel of the promoting effects
known for Al,O; in conventional Cu-Zn-Al systems. Like
Al,O3, MgO can participate in mixed-phase formation with
Zn as reported by Samerjai et al.”® and appears to benefit
from close contact with Cu, enhancing methanol synthesis
activity. Just as mixed oxide phases like CuAl,O; are
reported,”® it is assumed that Cu is imbedded in a
composite-like structure with MgO and possibly even MgO
and ZnO. These findings highlight MgO as an active
structural and electronic promoter rather than a passive
support, offering design opportunities for next-generation
Cu-based CO, hydrogenation catalysts.

5. Conclusions

This study demonstrates that flame spray pyrolysis is a well-
suited method for preparing multicomponent systems and
enables precise control over Cu-Zn-Mg interactions with
tunable CuO (10-13 nm) and MgO (6-8 nm) crystallites
depending on flame -configuration. Co-spraying strongly
dictates catalyst structure and phase proximity, reducibility
and performance in CO, hydrogenation to methanol. By
varying flame configuration and precursor distribution, we
were able to tune metal mixing, crystallite size, and surface
area, revealing that co-spraying all components in a single
flame promotes the strongest metal-support interactions, as
indicated by the hatched area in Fig. 7. In terms of

Catal. Sci. Technol.
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reducibility, higher Zn shares and specific co-spray modes
yield two-step TPR profiles, while C-MZ reduces at the lowest
temperature. Although the CMZ configuration produced the
lowest surface area, it delivered a catalytic performance
comparable to the catalysts with higher surface areas,
indicating that optimized Cu-MgO interaction can
compensate for lower number of Cu’ sites. Operando
characterization further showed that these interactions
influence redox behavior, with partially reduced Zn
stabilizing Cu’ in systems where the metals were less
intimately mixed, with CM-Z maintaining Cu® under H,-
dropout, while CMZ partially re-oxidized to Cu’ (~26%).
Catalytic performance of CMZ and CM-Z deliver comparable
conversion/STY at relevant WHSV, with CZ-M showing
declining MeOH selectivity, underscoring that Mg must be
co-introduced with Cu or Zn for stability. While MgO is often
considered an inert support, these findings emphasized its
role as it as a key promoter. Its interactions with Cu and Zn
significantly impacted the material properties and catalytic
activity in CO, hydrogenation to methanol. Overall, the
results highlight the critical role of MgO and demonstrate
that rational control of metal-support interactions via FSP
offers a powerful alternative route for designing efficient,
stable methanol synthesis catalysts.
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