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A B S T R A C T

Methanol synthesis’ carbon footprint can be reduced using SynGas feeds from renewable power, but such feeds 
may strain catalysts due to impurities inherited from its production. Renewable sources include (biogas) py
rolysis, reforming, electrolysis, and shift reactions, whose possible poisons critically affect catalysis for future 
methanol production. In this work, Cu/ZnO/ZrO2 and Cu/ZnO/ZrO2/SiO2 catalysts were tested under simulated 
feed conditions containing impurities from hydrogen sources. Since methane impurities and trace oxygen are 
rarely studied yet highly relevant, solar-powered methane or biogas pyrolysis and alkaline electrolysis were 
considered as case studies for a wide-rainging, sustainable hydrogen supply. Catalysts were investigated across 
their lifetime: before and after initial reduction, and during varying times on stream. Results show Cu0 sintering 
strongly depends on the feed, whereas oxygen-containing feeds promote ZnO crystallization, reducing long-term 
performance. Incorporating silicon suppresses these effects, enabling more stable catalysts and supporting future 
use of solar-powered hydrogen feeds.

1. Introduction

Reaching a more sustainable production of platform chemicals im
plies a growing utilization of renewable sources necessary for the tran
sition of the chemical industry [1]. For instance, CO2 gained from point 
sources (e.g. coal power plants, cement plants, steel mills) or 
biogas-based sources delivering SynGas (e.g. gasification, pyrolysis, 
steam reforming) as well as hydrogen generated via solar-powered 
technologies (e.g. electrolysis, co-electrolyis with CO2 or together with 
water-gas shift reaction) can be fed into methanol (MeOH) production 
plants [2], hence reducing their carbon footprint. Typical industrial 
Cu/ZnO/Al2O3-based (CZA) catalysts mainly employed in methanol 
synthesis nowadays [3] exhibit limited performance with CO2-rich 
synthesis gas (SynGas) feeds. In particular, ZrO2-promoted (CZZ) ma
terials have been reported to combine comparable activity with higher 
stability at high CO2/CO feed ratios, nicely coping with higher amounts 
of co-generated water [4].

Working with renewable, versatile sources implies a profound un
derstanding of the role of potential H2 impurities on the course of 
methanol synthesis and catalyst lifetime. In the case Cu/Zn-based (CZ) 

catalyst materials, poisons such as sulfur and halide as well as Ni and Fe 
compounds have been reported to reduce both catalyst stability and - 
over the catalyst lifetime - the integral productivity significantly [5]. To 
ensure a long-time stability including sufficient performance, these 
impurities are generally removed by so-called guard beds or using other 
technologies 2d,6. In comparison, degradation of the performance via 
coking or oxidation (e.g. by O2 traces in the feed) are considered to be 
less likely due to the chosen process parameters [5,7]. However, their 
impact could be important in future scenarios of methanol production. 
An overview of possible deactivating pathways at typical methanol 
synthesis conditions is given in Table 1.

During the course of studies focusing on the deactivation mecha
nisms in the catalyst material, we could show recently that it is necessary 
to examine the material at critical points of the catalyst's lifetime (e.g. 
before reduction, after reduction, …) to gain an overview of the evo
lution of the catalysts' structure, morphology and porosity and also as a 
reference for the spent catalyst. Thereby, it was found that the main 
deactivation pathway for CZZ is sintering, which is accordance with 
literature about CZA 7a,f. In addition, it could be proven that 
re-oxidation of a spent CZZ catalyst (935 h Time on stream, ToS, further 
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details see Warmuth et al.) [7b] in air and a subsequent reduction step 
partly redisperse the Cu species, whereas ZnO coordination remains 
unaffected [7b].

Based on this, the hypothesis of this work is that the CZZ catalyst is 
likely to undergo different deactivation pathways if exposed to two 
exemplary hydrogen feeds (e.g. methane pyrolysis, equation (1) [9] and 
alkaline water electrolysis, equation (2) [10].

1 Methane pyrolysis [9] CH4 → C + 2H2 ΔH0 = 37.7 kJ mol− 1

2 Alkaline water electrolysis [10] 2H2O → O2 + 2H2 ΔH0 = 237.1 kJ mol− 1

These two different cases were considered to reflect possible sce
narios for hydrogen supply from solar-based sources, supported by 
literature data regarding related feeds with their respective impurities 
and their concentrations. These impurities were admixed to SynGas 
components (e. g. H2/CO/CO2, 2.125/1/1) and fed into the methanol 
synthesis reactor (Table 2, details in the experimental section).

In order to compare with a benchmark, a system using pure SynGas 
feeds, a recent study on deactivation phenomena on CZZ is considered 
[7b]. Catalyst materials used in this work were Cu/ZnO/ZrO2- (CZZ) and 
Cu/ZnO/ZrO2/SiO2-based (CZZSi) systems, evaluating the stability of 
the silicon-doped system in operation [15].

2. Results and discussion

2.1. First case: methane pyrolysis by concentrated solar power

In this case study, methane is co-fed with SynGas components for 
approx. 400 h ToS (denominated CZZCH4; 6.8 vol% CH4, details in 
experimental section). The expected influence of the impurity would be 
coking, which could eventually block pores and channels of the meth
anol catalyst, even though the chosen reaction temperature is not 
preferring buildup of coke [16]. Above a certain detection limit, carbon 
and hydrogen contents of the carbonaceous deposits in the spent catalyst 
materials can be determined using CHNS analysis (Table 3). As a com
parison, two samples of the same catalyst batch are activated similarly 
(e.g. reduced), one of these being only exposed to SynGas without 
methane (denominated CZZSynGas) while the second one is kept under 
argon at the respective methanol synthesis temperature (260 ◦C, 

denominated CZZAr) and not exposed to neither methane nor feed gas. 
Measurements included the detection of coking (Fourier-transformed 
infrared spectroscopy, FTIR), evalutation of porosity changes (N2 
physisorption) and sintering (X-ray absorption spectroscopy, XAS). 
Generally, no significant changes in overall composition and especially 
carbon content could be observed. Nevertheless, considering the accu
racy of the elemental analysis method, the error bar of carbon content 
analysis remains around 1 wt% [17], a small but relevant amount of 
carbon residues (e.g. < 1 wt%) in the catalyst cannot be ruled out. For 
this reason, surface analytics have to be considered as complementary 
analytical methods (e.g. FTIR, and N2 physisorption).

FTIR did not show any significant carbon species' absorption bands 
(SI: Fig. S1), strongly suggesting the absence of coking products. In 
addition, the difference of specific surface area measured in N2 phys
isorption (Fig. 1, compare SI: Fig. S2) is neglectable comparing the 
catalysts CZZCH4 or CZZAr to the reference data (CZZSynGas, Warmuth 
et al. [7b]/CZASynGas, Lunkenbein et al. [7a]) and indicates that no coke 
formation takes place in the material's pores. Interestingly, some 
changes in the surface area can be noticed comparing the catalysts 
investigated here. A sharp drop of the surface upon reduction (depicted 
as − 50 h–0 h ToS) is observable followed by a minor decrease in the 
following ToS period, which is a typical pattern reported in literature for 
CZZ materials. CZZAr also shows this behavior after 455 h ToS, sug
gesting that the main on-going deactivation process is a pure 
temperature-induced deactivation. It is conceivable that thermal treat
ment alone is responsible for the shrinking of the three-dimensional 
network, even without chemical side reactions able to degrade or clog 

Table 1 
Possible deactivation processes for CZ-based catalysts, their likelihood and 
prevention of those.

Deactivating 
process

Probability Counteraction Ref.

Coking Very low T < 300 ◦C/Introduce basic 
oxides into catalyst bed

5,6c, 
7c,d

Poisoning Low, if guard 
beds used

Guard beds 2d,5, 
7c,d

Sintering High Lowering temperature/Water 
removal

7a,b,8

Oxidation Low, if scrubbing Scrubbing/Using more 
reductive feeds

2d,6e, 
7c–g

Table 2 
Studied application cases for hydrogen supply in methanol synthesis and their 
respective impurities as well as the possible deactivation mechanism.

Application Casea Methane Pyrolysis Alkaline Water Electrolysis

Main Impurity (Reason) Methane 
(Unconverted)

Oxygen (Membrane 
Crossover)

Impurity Concentration 0-60 vol% 0–0.06 vol%
Possible Deactivation 

Mechanismb
Coking Oxidation/Reduction 

Shuttle [11]
Literature Duran et al. [12] Bacquart et al. [13] Ursua 

et al. [14]

a Possibly coupled with MeOH synthesis.
b Refer to chapter “Results and Discussion”.

Table 3 
CHNS analyses for catalysts exposed to different feeds, investigated after 
different ToS. Reprinted original data for CZZSynGas with permission from War
muth et al. Copyright 2024 American Chemical Society.

Denomination ToS (h) C (wt%) H (wt%) N (wt%) S (wt%)

CZZ before catalysis 0 0.7 0.3 <0.1 not found
CZZAr 50 not found 1.0 not found not found
CZZAr 455 not found 1.0 <0.1 not found
CZZSynGas [7b] 50 0.7 0.4 <0.1 <0.1
CZZCH4 50 not found 1.0 <0.1 not found
CZZCH4 455 not found 1.0 0.1 not found
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Fig. 1. Evolution of specific surface area of catalyst materials deactivated in 
different atmospheres. Calcined catalysts are denoted as − 50 h ToS for visi
bility. Red: SynGas (H2/CO/CO2 = 2.125:1:1), Green: Argon, Blue: SynGas with 
CH4 impurity, Black: CZA with typical SynGas as a reference. Lines are guide to 
the eye only. Reprinted original data for CZA with permission from Lunkenbein 
et al. Copyright 2015 John Wiley & Sons.
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the catalytic material (e.g. as shown for CZZAr). In more detail, sintering 
is a process mainly driven by heat and thus, it is also occurring in neutral 
gas feeds such as argon. This is an explanation of typical activity 
decrease observed for such catalyst systems, as reactant diffusion be
comes more limited, regardless of the gas feed.

To complement the morphologic information, relative particle size 
changes could be observed by XAS analysis by comparing the signal 
height of the respective scattering path (= coordination sphere). In 
contrast to the results from physisorption and the conclusion thereof 
both, CZZAr as well as CZZCH4 show a small or even no significant in
crease in Cu–Cu scattering with increasing operation period. This fact 
suggests a low sintering rate of Cu species, quantitatively described in 
the Cu–Cu coordination number (CN; Fig. 2a). The coordination for 
Cu–Cu in CZZSynGas is higher in comparison, indicating stronger sinter
ing for this feed composition. For ZnO, however, a similar sintering rate 
for all studied feeds (argon, SynGas, SynGas + CH4 impurity) is 
assumed, as XAS analysis is showing similar trends of CN for all three 
tested catalyst materials (Fig. 2b).

Introducing CH4 as purposeful feed impurity does not contribute to 
accelerated coking, contradicting the initial hypothesis. However, the 
relative influence of the temperature could be shown to be crucial for 
loss of porosity in all considered catalyst materials. In contrast, on the 
nanoscale, sintering of the Cu species is affected significantly by the 
respective gas feeds introduced (argon, SynGas, SynGas + CH4 impu
rity), with SynGas showing the strongest enhancing effect.

2.2. Second case: alkaline water electrolysis using renewable power

In this scenario, oxygen present in the system via a hypothetical 
membrane crossover, is supposed to be the main impurity. It is delivered 
with the main SynGas feed over approx. 400 h ToS (approx. 0.06 vol% 
O2 in H2, catalysts denominated as CZZO2/CZZSiO2) 2b,13,14. For 
assessing material changes, X-ray photoelectron spectroscopy (XPS, 
oxidation state), X-ray diffraction & XAS (XRD, crystallization & sin
tering) as well as chemisorption (active surface area & oxidation) are 
considered.

Under operating conditions, the partial pressure of oxygen varies 
depending on the gas feed. The total oxidation capability of the feed de
pends logically on the share of reductive species (e.g. H2, CO). As indicator 
of this overall reductive potential, the partial pressure fraction pO2/ 
pH2+CO, similar for all applied feeds in this work (Table 4) has to be used. 
According to literature, trace impurities of oxygen lead to enhanced sin
tering or segregation of a CZ-based catalyst by a redox shuttle between 
oxidized and reduced species (namely Cu0/Zn0 vs. CuO/ZnO) 7b,11,18. 
Thus, a more pronounced sintering mechanism can be logically expected 
for the catalyst materials (CZZO2/CZZSiO2) compared to CZZSynGas.

As oxidation and subsequent increased sintering are the most likely 
pathways of deactivation 7a,b, XAS alongside XPS and XRD were 
employed. Throughout the catalyst's operation at the chosen operating 
conditions with oxygen-containing feed, no overall change in metal 
oxidation state could be detected evaluating the recorded XRD, XAS and 
XPS measurements (SI: Figs. S4–7). At first glance, this may seem sur
prising as the catalyst material is prone to oxidation due to the presence 
of nanosized particles of the reduced metals, e.g. Cu0 and partly reduced 
ZnO (formation of Cu/Zn brass regions) 7b,20. The composition of the 
gas feed and its reductive capability strengthens the hypothesis of a 
redox shuttle, which can influence the particle growth and hence the 
catalyst's performance. In addition, the presence of oxygen traces 
alongside hydrogen will generate water (Kp ≈ 4*1042 at 260 ◦C) in the 
gas phase, thus enhancing an incidental hydrothermal sintering.

Using Rietveld refinement for the analysis of XRD measurements, Cu 
and ZnO crystallite sizes for CZZSynGas are observed to increase 
throughout the deactivation process up to 935 h ToS (Fig. 3a and b, 
green). In particular, results indicate sintering of Cu crystallites in CZZO2 
(red) as well as in CZZSiO2 (cyan), being however less pronounced than 
in the case of CZZSynGas. In comparison, the exposure to oxygen traces 
affects the crystallization of ZnO much stronger in the case of the pure 
CZZ derivatives (CZZO2) than in the case of the silicon-doped CZZ ma
terial (CZZSiO2), where the ZnO crystallite size remains similar over the 
whole deactivation period. In Fig. 3c and d, the increase of the relative 
crystallite sizes for Cu- and Zn-species is shown, the differences between 
CZZSynGas CZZO2 and CZZSiO2 being clearly visible.

A redispersion mechanism is already reported in literature for Cu 
[7b], in which air exposure after 1st reduction and a subsequent 2nd 
reduction reduces coordination number, indicating a particle size 
decrease. According to equation (3) and the literature, Cu oxidation is a 
two-step process, which is exothermic and reversible [21]. However, 
particle size is affected by exothermic reduction, as hotspot formation 
leads to sintering. Precisely, exact mechanisms of Cu oxidation with 
regard to particle morphology are complex and depend on many pa
rameters. 
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Fig. 2. (a) Cu and (b) Zn K edge-derived coordination numbers (Cu–Cu/Zn–O–Zn) of catalyst materials deactivated in different atmospheres over reaction time. Red: 
Typical SynGas, Green: Argon, Blue: SynGas with CH4 impurity. Lines are guide to the eye only.

Table 4 
Comparison of the fraction of partial pressures (e.g O2 in relation to H2 or H2 +

CO, respectively) at typical operation/reduction conditions (SynGas/H2 in N2).

Gas mixture pO2 [mbar]* pO2/pH2 pO2/pH2+CO

SynGas 29 2.8*10− 3 2.3*10− 3

SynGas + O2 640 6.27*10− 2 5.08*10− 2

5 vol% H2/N2 1 5.8*10− 3 5.8*10− 3

Ambient Air 212 4180 3483

**Assuming typical H2/CO background concentrations in ambient air [19].
* Accounting for impurities given by the supplier (see experimental section).
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In the mentioned literature mechanism of redispersion, for example, 
air contact is used to oxidize Cu. Therein pO2/pH2 in air has been 
significantly higher than in this work (e.g. 4180 vs. 6.27*10− 2, respec
tively; Table 4), leading to different expected oxidation mechanisms.

As the crystallite growth of Cu is repressed in trace oxygen in this 
work, the first assumption would be that this probably takes place via the 
mentioned redispersion pathway. Another more likely explanation is 
however the decrease of the mean reduced fraction of Cu in the material. 
This would, in parallel, decrease its mean mobility and thus its sintering 
behavior. In contrast, ZnO has been reported to exhibit oxygen vacancies 
under reducing conditions [22]. This material phase, better described as 
ZnO1-x (with x ≤ 1), is expected to rapidly re-oxidize in the presence of 
O2 impurities. Apparently, the interactions between the catalyst mate
rial and the feed gas clearly influence the catalyst material mainly by 
increasing the crystallization rate of ZnO (e.g. via alternating filling and 
inducing of oxygen vacancies).

Still, a similar crystallization of ZnO seems not to happen for 
CZZSiO2. A possible explication for the stability of this material towards 
O2 is also connected to the water management on the catalyst surface, 
with its formation being connected to an excess of H2 and CO2 in the feed 
gas. Water is known to accelerate hydrothermal sintering phenomena. In 
addition, the doping of CZZ material with silicon leads to the formation 
of a Si-stabilized phase. According to the literature dealing with CZA 
catalysts, this may lead to traces of a Zn2SiO4 phase or Si species being 
incorporated into the ZnO lattice (ZnO:Si) [15,23].

Coordination numbers, based on EXAFS analysis is employed to 

support these initial findings regarding particularly the particle size 
increase. Therein, only slight sintering of Cu/Zn species is proven, 
indicated by a rising coordination number, CN (SI: Fig. S5). For both Cu 
and Zn K-edge, this increase in CN is similar for all species (e. g. 
CZZSynGas, CZZO2, CZZSiO2). Overall, the tendencies of particle growth 
on the nanoscale (∕= crystallization rate) determined by XAS are irre
spective of oxygen exposure or catalyst material in the respective cases.

In order to evaluate the nature of the catalyst's surface more pre
cisely, chemisorption analytics were employed (e.g. H2-based 
temperature-programmed reduction; TPR, N2O titration). A standard 
analytic procedure usually reported for CZ catalysts consists in assessing 
first reducibility and course of the reduction of the catalysts via TPR (4) 
and then in evaluating the active surface of the catalyst via N2O chem
isorption (5). The evaluation of the minimal N2O amount necessary to 
oxidize the surface of the active catalyst particles is performed via pulse 
chemisorption.

4 H2-TPR CuO/ZnO/ZrO2 → Cu/ZnO1-x/ZrO2 + H2O
5 N2O titration Cu/ZnO1-x/ZrO2 + (1+x) N2O → Cu2O/ZnO/ZrO2 + (1+x) N2

In the initial TPR, CZZ and CZZSi are both reducible, as expected for 
metal oxide mixtures generated via calcination at 350 ◦C (Fig. 4). For the 
reduced and spent catalysts stored under argon, no significant H2 uptake 
is observed, as one would anticipate. Mild reoxidation with N2O pulses 
would expectedly only oxidize species with a high active surface and 
materials with finely dispersed morphology (e.g. Cu0, ZnO1-x), and 
would potentially show a decrease of the active Cu surface area upon 
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Fig. 3. Evolution of crystallite sizes obtained from Rietveld analysis of XRD different catalyst materials over ToS. a) Cu crystallite size, b) ZnO crystallite size, c) & d) 
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3 Copper oxidation ΔH0
1 = − 169 kJ mol− 1 

ΔH0
2 = − 12 kJ mol− 1
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deactivation and/or sintering.
Interestingly, N2O pulses did not reoxidize CZZSi species, as shown by 

the vey low measured dispersion and the resulting calculated Cu surface 
areas being nearly zero. Strong sintering phenomena happening more 
likely during the exothermic methanol synthesis contribute to lower the 
overall specific surface area (99 m2/g reduced to 71 m2/g after H2-TPR) 
leaving less fine surface ready for mild oxidation. The sintered surface of 
the spent catalyst is then more comparable to a Cu “sheet” displaying ZnO 
regions. However another scenario cannot be completely ruled out: In 
accordance with studies dealing with other reducible species in inert 
matrices [24], the catalyst material might undergo the formation of an 
inert layer over the reactive surface of Cu0 (and oxygen vacancies in ZnO, 
if any), thus preventing a subsequent oxidation via N2O pulses.

To summarize, the reduced mean mobility of Cu0 limits the negative 
sintering effects, caused by traces of O2 in the feed. On the other hand, 
crystallization of ZnO is enhanced by those O2 traces, revealing the 
sensitivity of ZnO1-x species to their surrounding atmosphere. In fact, Si 
promotion, prevents crystallization of ZnO species, assumedly by 
forming a Zn2SiO4 or ZnO:Si species. Forming those seems to be a key in 
hydrothermal and oxygen exposure stability, as shown above.

3. Conclusion

The presence of impurities in SynGas composition, produced from 
renewable H2 sources (e.g. CH4 pyrolysis or H2O electrolysis) can impact 
catalyst stability. In this work, the use of specific gas feeds in the 
methanol synthesis, ranging from pure argon to SynGas (CO2/CO/H2), 
with or without CH4 or O2 and the resulting structural changes were 
evaluated.

The comparison of catalysts exposed to typical conditions of the 
methanol synthesis, with or without argon as inert gas, reveals that 
sintering can merely happen via thermal stress, without intervention of 
reactive gases. Surprisingly, thermal stress alone reduces the pore vol
ume significantly and to the same extent as SynGas operation does. This 
implies that transport limitations are reigned by temperature-induced 
pore size changes. Working with SynGas atmosphere increases the 
share of sintering in the catalyst samples, depending on the respective 
gas composition (e.g. argon, pure SynGas, SynGas + CH4), whereas ZnO 
seems not to be directly influenced in its aggregation behaviour. In 
comparison, the nature of the gas phase influence directly the particle 
size within the Cu phase, confirming again the central role of Cu as 
active species in this catalysis. On the other hand, traces of methane 
have no influence on the morphology of the catalysts and do not lead to 
the formation of coke deposits with the described conditions as it has 
been suggested in the literature.

Oxygen as feed impurity contributes to counteract the sintering of 

Cu0, probably via the decrease of the mean fraction of reduced Cu. Still, 
it supports the crystallization of the ZnO phase within the catalyst ma
terials, which is the critical point for a long-term stability of the CZ(A) 
catalysts. A definite enrichment of CZZ with silicon (1 wt%) delivers 
materials with better long-time stability, probably due to the formation 
of “hydrothermal sintering resistant” Si-doped ZnO phases or/and of 
stable Zn2SiO4 regions within the CZZ materials as suggested in 
literature.

Based on these findings, the oxygen-sensitivity of different phases in 
the catalyst material will be addressed (e.g. ZnO1-x, ZrO2-x) in detail to 
understand activating and deactivating processes and consequently 
improve the CZZ catalyst materials to perform efficiently and stable in a 
wide range of feed impurities.

4. Experimental section

4.1. Continuous co-precipitation

The CZZ precursor materials are prepared by continuous co-precip
itation with subsequent aging. The details are described elsewhere [25]. 
In short, a solution of 117.42 g of copper(II)nitrate trihydrate (Cu 
(NO3)2⋅3H2O, Merck, Darmstadt, Germany, 99.5 %) 72.29 g of zinc ni
trate hexahydrate (Zn(NO3)2⋅6H2O, Alfa Aesar, Thermo Fischer, Kandel, 
Germany, 99 %) and the amount given in Table 5 of the respective 
promoting precursor (to yield CZZ/CZZSi) in 3 L of distilled water is 
mixed under high volume flow to a solution of 1.01 mol L− 1 NaHCO3 at 
55 ◦C. The suspension is transferred directly to a double-jacketed 5000 
mL glass vessel and aged at 55 ◦C until tipping point and 30 min beyond 
under stirring (1000 rpm). Following the aging period, the suspension is 
filtered and the solid residue is washed with distilled water. The solid is 
then dried and calcined in air at 350 ◦C with a heating ramp of 3 K/min 
for 4 h resulting in 30 g of CZZ metal oxide pre-catalyst with a compo
sition of 64/31/5 (Cu/Zn/Zr; mol%; normalized). It is known that this 
standardized catalyst converts feeds rich in CO2 and that performance is 
comparable to commercial ones in a wide range of conditions (30–60 
barg, 180–260 ◦C, CO2/COx = 0.04–1) 4b,8a,25a,26.
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Fig. 4. (a) H2-TPR profiles and (b) H2 uptake calculated from H2-TPR for CZZO2 and CZZSiO2 as well as Cu surface area from N2O pulse chemisorption.

Table 5 
Parameters of synthesis for CZA/CZZ/CZZSi and determined metal contents.

Precursor (in 
addition to Cu2+

and Zn2+)

Introduced 
Amount [g]

Aging 
Temperature 
[◦C]

Cu 
[mol 
%]

Zn 
[mol 
%]

Si 
[mol 
%]

Zr 
[mol 
%]

NaSiO3 solution 
(26 wt% SiO2) +
ZrO(NO3)2⋅6H2O

5.62 + 19.24 85 60 32 2 10

ZrO(NO3)2⋅6H2O 27.48 55 64 31 – 5
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4.2. Catalyst deactivation and anoxic sampling

The plant Parallel Catalyst Aging Setup (PaCAS) is used for sys
tematic catalyst deactivation and is described elsewhere [7b].

In short, initial reduction was performed at a pressure of 2.5 bar and 
5 vol-% H2 in 95 vol-% N2. The temperature program for the reduction is 
chosen as follows: 90 ◦C for 20 min and heating with ramp of 10 K/min 
at 220 ◦C, then holding this temperature for 60 min. After cooling the 
reactors down to ambient temperature under anoxic atmosphere 
(Argon). The catalyst ageing is performed with a gas feed containing 17 
vol-% H2, 4 vol-% CO, 4 vol-% CO2 and 75 vol-% N2 and cofeeding the 
respective impurity (see Table 6).

The inlet pressure and the pressure retention valve are set to 70 bar 
and 60 bar, respectively. After heating to 260 ◦C, the gas inlet is changed 
to the synthesis gas feed. To achieve a high dwell time, the catalyst mass- 
based volume flow is set to 5.00 LN/g*h to evenly age the catalyst. The 
flow rate (V̇2reactors) for both reactors is calculated as given in equation 
(3): 

V̇2r =
2ϑGHSV mcatalyst

60000
(3) 

After reaction, the reactors are cooled to ambient temperature at an 
argon flow rate of 100 mLN/min and the catalysts bed are transferred 
into a glovebox (MBraun) by maintaining the materials in the reactor 
blocks under argon atmosphere (99.9999 % pure Argon is used). All 
gases were used as received without additional drying of purification 
(99.999 % N2, 99.999 % H2, 99.995 % CO2, 99.97 % CO).

4.3. X-ray absorption spectroscopic experiments

The X-ray absorption spectroscopic (XAS) measurements were per
formed were performed at the beamline BM23 at the European Syn
chrotron Radiation Facility with a spectroscopic reaction cell reported in 
literature. on chamber I0 was filled with 1.570 bar N2 and ion chamber I1 
and I2 with 0.333 bar Ar, all complemented up to 2 bar with He. The 
samples were measured in transmission mode at the Cu and Zn K edges, 
placed between I0 and I1. Between I1 and I2, reference foils (Cu and Zn) 
[27] were placed and measured simultaneously with the catalyst sam
ples for energy scale alignment purposes.

The used beam size was 1.7 mm (horizontal) x 0.6 mm (vertical). 
Both K edges were recorded in one scan from 8.8 keV to 10.4 keV using 
the Cu foil for alignment. For the measurements, 5 mg of the catalyst and 
25 mg of dried hexagonal BN are mixed in the glovebox and filled into 
glass capillaries (Hilgenberg). Afterwards, the capillaries are molten to 
keep the samples under argon atmosphere to prevent oxidation.

For analysis of the XANES and EXAFS data Athena and Artemis- 
IFEFFIT/Demeter package (version 0.9.26) [28] is used. The data are 
calibrated using tabulated values for metallic reference foils (ECu,K =

8979 eV; EZn,K = 9659 eV). Afterwards, the cubic spline background is 
subtracted to eliminate the non-structural portion of absorption data 
and the spectra are normalized [29]. For the refinement, a k-range of 
3.0 Å− 1 to 9.5 Å− 1 for the Cu K-edge and 3.0 to 6.5 Å− 1 for Zn K-edge is 
used. The amplitude factors for (S0

2) for Cu and for Zn are set to 0.926 
and 0.626, respectively (determined from the fitting of the experimental 
data on references; additional parameters in SI: Table S1 & Table S2), 
and the coordination numbers for Cu in the first shell as well as the 

Zn–O–Zn shell were also evaluated.

4.4. X-ray photoelectron spectroscopy (XPS)

For XPS analysis, the system PHI 5000 VersaProbe II (ULVAC-PHI 
Inc.) with a monochromatic Al Kα, hν = 1486.7 eV, scanning microprobe 
X-ray source is used. Subsequent, the X-ray source power and the X-ray 
spot size diameter are adjusted to 30 W and 170 μm, respectively. By 
providing a pass energy of 187.85 eV of the analyser, survey scans are 
recorded. Areas of the elemental lines were determined after Shirley 
background subtraction within an error of ±10–20 %. Considering 
elemental sensitivity factors, asymmetry parameters and transmission 
function of the analyser, the relative atomic concentrations are calcu
lated. Narrow scans of the elemental lines are recorded at 23.5 eV pass 
energy, which yields an energy resolution of 0.69 eV FWHM at the Ag 
3d5/2 elemental line of pure silver. In addition, calibration of the binding 
energy scale of the spectrometer is achieved via using well-established 
binding energies of elemental lines of pure metals (monochromatic Al 
Kα: Cu 2p3/2 at 932.62 eV, Au 4f7/2 at 83.96 eV) [30]. The error of 
measured binding energies is estimated to be within ±0.2 eV.

For the XPS measurements 5 mg catalyst is deposited on an indium 
foil inside a glovebox. Then, the sample is put in a transfer vessel and 
moved into the XPS analysis chamber under anoxic atmosphere. The 
Fermi edges of the valence band prove that the samples are conductive 
and grounded. Furthermore, the measured binding energies of the 
elemental lines are compared to a reference database [31]. ULVAC-PHI 
MultiPak program, version 9.9 was used for the data analysis.

4.5. Combustion analysis for determination of light elements (CHNS)

CHNS analysis was used to investigate poisoning of a catalyst and is 
carried out by weighing the sample in tin boats and heating them 
(1100 ◦C) in the presence of O2 producing the product gases CO2, H2O, 
NO2, and SO2 [32]. This is followed by controlled reduction of NO2 to N2 
by passing the gas over Cu at 850 ◦C [32b]. Finally, the product gas is 
captured by a column and identified using a thermal conductivity de
tector [32a]. Here, a complete setup called vario EL cube from Elementar 
is used.

4.6. Inductive coupled plasma - optical emission spectroscopy (ICP-OES)

For the ICP-OES analysis of the CZZ catalyst, a hydrofluoric acid 
digestion of 20 mg sample is carried out, enabling the determination of 
Cu, Zn, Zr and poisons such as Fe or Ni (e.g. originating from the metal 
tubing). Digestion is performed with an Anton Paar Multiwave 3000 
microwave oven using HF (40 %) in Teflon™ vessels at 240 ◦C for 2h. 
Subsequent dilution is in 0.2 M HNO3 Suprapur. For analysis, an Agilent 
725 ICP-OES spectrometer with argon as plasma gas at 15 L/min and 
plasma stimulation at 40 MHz, 2 kW, is applied.

4.7. X-ray diffraction (XRD)

X-ray diffractograms were measured using a Panalytical X'Pert Pro X- 
ray diffractometer (Malvern Panalytical GmbH, Kassel, Germany) with 
Bragg-Brentano geometry and Cu Kα radiation with a Ni filter. In order to 
prevent oxidation of the samples, a special holder with PEEK cap has 
been used (Malvern Panalytical). The diffractograms are recorded in the 
range 5–80◦ over a period of 120 min. The reflections are evaluated 
using the QualX software (version 2.24) [33] and compared to refer
ences from the Crystallography Open Database (COD) [34]. To obtain 
the composition and particle size of the samples analyzed by XRD, 
Rietveld refinement is performed using the open-source program Profex 
5.0.2 from N. Döbelin [35].

Table 6 
Dosed impurities and their respective concentrations.

Denomination Impurity 
Source

Dosed to Concentration 
[vol%]

Absolute Error 
Sum [±vol%]

CZZO2 1 vol% O2 in 
N2

1*10− 2 (17 vol% H2 * 0.06 
vol% O2 within)

1*10− 3

CZZCH4 40 vol% CH4 

in N2

6.8 (17 vol% H2 * 40 vol% 
CH4 within)

8*10− 2
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4.8. N2-physisorption

N2 physisorption measurements [36] were carried out on Quan
tachrome NOVA 2000e and NOVA 3200e devices (Anton Paar GmbH, 
Graz, Austria) at 77 K to determine pore size and active catalyst surface 
area. Samples (250 mg, grain size 250–500 μm) were degassed for 12 h 
at 230 ◦C. Isotherms are evaluated with the Brunnauer–Emmett–Teller 
(BET) model [37] in the range of 0.05–0.1 p/p0 The pore size distribu
tions are calculated according to the Barret–Joyner–Halenda (BJH) 
method [38] using the desorption branch of the isotherm.

4.9. Chemisorption

For N2O chemisorption measurements, an Altamira AMI-300 
equipped with a Thermal Conductivity Detector was used for the com
bined TPR - N2O 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 operated via the 
proprietary control software (“AMI 300”) from the Altamira software 
package, using dedicated experiment programs (.exp) whereas the 
evaluation of the TPR and N2O-pulse chemisorption profiles was per
formed using the “AMI-Analysis” part of the software package. TPR and 
N2O profiles in this publication have been generated using the OriginPro 
2022 software package (version 9.9.0.225). The pretreatment of the 
samples and the experimental procedure were carried out using a 
specially developed method, which is partly based on a literature-known 
method for N2O pulse flow experiments [39]. 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 ◦C/min, holding 30 min 
at 200 ◦C) followed by cooling down to 50 ◦C under Ar flow (20 ◦C/min). 
The temperature was raised afterwards from 50 ◦C to 250 ◦C at a rate of 
1 ◦C/min (250 ◦C holding for 45min) in a gas mixture containing 5 vol% 
H2/Ar (10 vol% H2/Ar, flow 15 ml/min diluted with pure Ar @ 15 
ml/min). The TCD was calibrated before the experiment using the same 
diluted 5 % H2/Ar gas mixture (flow 30 ml/min, 5 pulses, volume of the 
loop 518 ml). After reduction, with the sample kept under Argon flow all 
the time, a rough determination of the active surface of the 
Cu-containing catalysts can be performed via N2O pulse chemisorption. 
The principle of the titration relies on a controlled oxidation of the 
surface of the sample with this mild oxidant, sending pulses of a defined 
volume (518 ml of 5 vol% N2O in He) and quantifying the liberated N2 
via evaluation of the recorded TCD profiles against a calibration gas 
mixture (5 vol% N2/Helium). The pulse chemisorption is actually per
formed using a gas mixture of 5 vol% N2O in Helium (using a 10 vol% 
N2O/He - @ 15 ml/min – diluted with pure helium @ 15 ml/min).
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ABBREVIATIONS

BET Brunnauer–Emmett–Teller
BJH Barret–Joyner–Halenda
CN Coordination number
CZ Cu/ZnO
CZA Cu/ZnO/Al2O3
CZZ Cu/ZnO/ZrO2
CZZSi Cu/ZnO/ZrO2/SiO2
EDXS energy-dispersive X-ray spectroscopy
EXAFS extended X-ray absorption fine structure
FTIR Fourier-transform infrared
GHSV gas hourly space velocity
HAADF STEM high-angle annular dark-field scanning transmission 

electron microscopy
MeOH Methanol
ICP OES Inductive coupled plasma - optical emission spectroscopy
LCA Linear combination analysis
PaCAS Parallel Catalyst Aging Setup
ToS Time on stream
H2 TPR H2 based temperature-programmed reduction
SEM scanning electron microscopy
SMSI strong metal support interaction
TPR temperature programmed reduction
XANES X-ray absorption near edge structure
XAS X ray absorption spectroscopy
XRD X ray diffraction
XPS X ray photoelectron spectroscopy
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Trunschke A, Schlögl R. Eur J Inorg Chem 2009;2009:1347–57. https://doi.org/ 
10.1002/ejic.200801216.d) Behrens M. J Catal 2009;267:24–9. https://doi.org/ 
10.1016/j.jcat.2009.07.009.e) Behrens M, Brennecke D, Girgsdies F, Kißner S, 
Trunschke A, Nasrudin N, Zakaria S, Idris NF, Hamid SBA, Kniep B, Fischer R, 
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[6] a) Hegen O, Salazar Gómez JI, Grünwald C, Rettke A, Sojka M, Klucken C, 
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Muhler M, Schlögl R, Ruland H. Chem Ing Tech 2020;92:1525–32. https://doi.org/ 
10.1002/cite.202000045.d) Girod K, Lohmann H, Schlüter S, Kaluza S. Processes 
2020;8. https://doi.org/10.3390/pr8121673.e) Nitsche T, Budt M, Apfel UP. 
Chem Ing Tech 2020;92:1559–66. https://doi.org/10.1002/cite.202000052.

[7] a) Lunkenbein T, Girgsdies F, Kandemir T, Thomas N, Behrens M, Schlögl R, 
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