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Herein, we present the production of either dimethyl ether
(DME), methyl formate (MF) or dimethoxymethane (DMM),
representing pivotal molecules for the green transformation of
fuels and chemical industry, by the non-oxidative gas-phase
conversion of methanol under the same reaction conditions.
The product selectivity is optimized by tailoring the acidic and
dehydrogenative sites of the bifunctional Cu/Hβ catalyst system
by varying the SiO2/Al2O3 ratio of the Hβ zeolite (25 and 520)
and the Cu loading (0.5 and 20 wt%). At 240 °C, >99% (DME),
74.5% (MF), and 77.3% (DMM) selectivity is achieved with the
respective catalysts 0.5%Cu/Hβ(25), 20%Cu/Hβ(520), and 0.5%
Cu/Hβ(520). High acidic site concentration catalyzes DME

formation, while the presence of Cu+ species is crucial for DMM
formation, and Cu0 species mainly catalyze MF formation. A
highly dynamic reaction behaviour is observed, when the
dehydrogenative functionality is dominant (i. e., in the produc-
tion of MF or DMM), presumably due to the dynamic nature of
the Cu oxidation state, which is in turn influenced by possible
by-products (H2 and H2O). While the catalytic activity in DME
synthesis over 0.5%Cu/Hβ(25) is remarkably stable over
1500 min TOS, the activity in MF and DMM production over
20%Cu/Hβ(520) and 0.5%Cu/Hβ(520), respectively, can be
successfully regenerated.

Introduction

In times of anthropogenic climate change and dwindling fossil
fuels, the transition towards renewable feedstocks is inevitable.
However, due to the fluctuating nature of renewable energy
sources, such as wind and solar power, the conversion and
storage of surplus energy from these renewable sources is
crucial.[1] The conversion of CO2 and green H2 to produce
methanol is considered as the pivotal reaction to transform
fuels and chemical industry to renewable feedstocks referring
to the “power-to-liquid” concept.[2] Methanol can be used as a
fuel itself or be transformed into other high-performing fuels.
Moreover, it is a base chemical used in the chemical industry
for the synthesis of a plethora of further important chemicals,
such as aldehydes, carboxylic acids, ethers etc.[3] When it comes

to fuels, short oxygenated carbon-containing compounds, such
as carbonates,[4] alcohols[5] and (poly)ethers,[6] have gained
increased interest as clean diesel additives or substitutes.[7] Due
to their high inherent oxygen content, significantly reduced
soot formation during combustion eliminates the diesel-typical
soot-NOx trade-off. There is a high research interest in the
production of these diesel additives and substitutes based on
renewable feedstocks, such as methanol, which can be
obtained from CO2 and green H2.

[8,9]

Among possible oxygenated fuels derived from methanol,
dimethyl ether (DME) is a highly interesting candidate. DME is a
non-toxic gas under ambient conditions but is liquid above
5 bar and has many applications as fuel.[10] It has similar
properties as liquefied petroleum gas (LPG) and can thus be
used as a sustainable LPG blend, and also as gas turbine fuel in
the power generation sector.[11] Due to its high cetane number
of >55, which is even higher compared to diesel (>51) and its
low auto-ignition properties,[10] it is a promising diesel sub-
stitute requiring only minor retrofitting of diesel engines.[12]

Moreover, it serves as a sustainable feedstock for the produc-
tion of olefins, from which polymers can be synthesized,
substituting the conventional petrochemical-derived
feedstocks.[13] Generally, DME synthesis occurs via methanol as
an intermediate, either in a one-step process starting from CO
or CO2 and H2 and direct conversion of methanol to DME in the
same reactor, or in a two-step process with two separate
reactors for methanol production and subsequent condensation
to DME.[14,15] Both pathways are employed in industry and for
the exothermic dehydration of methanol to DME, an acidic
catalyst is needed.[16] The by-product water acts as an inhibitor
for the dehydration of methanol since it interacts with the
protons of the acidic catalyst and thus competes with methanol
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for the active site.[15,17,18] Many solid acid catalysts have been
reported in methanol dehydration to DME, such as alumina,[19,20]

mixed oxides,[21] zeolites[22] (H-ZSM,[23–25] CHA,[26] mordenite,[27]

etc.), Al-SBA-15,[28] polymeric acids,[29] heteropoly acids[30] and
more. However, the current challenge upon using the solid acid
catalysts is to maintain high DME selectivity through suppress-
ing the formation of hydrocarbons, and to prevent deactivation
of the catalyst by water, DME, and coke.[18,23,31]

In addition to DME, methyl formate (MF) is a valuable base
chemical derived from methanol. MF is an important building
block in C1 chemistry as it decomposes to CO and methanol
and is thus a versatile process alternative to the toxic CO
building block.[32] According to Bertau et al., the overall
increasing industrial implementation of green, methanol-based
chemistry in the course of reducing CO2 emissions requires a
mastery of MF chemistry.[3] Other base chemicals that can be
synthesized from MF include formic acid, dimethylformamide
and other formamides, acetic acid, dimethyl carbonate, high
purity CO as well as medical drugs.[33] Moreover, MF itself can
be used as solvent, refrigerant (R611), blowing agent for
polymers, binder in foundry processes and as a bactericide.[34]

Similar to DME, it can also be used as oxygenated fuel and fuel
additive.[35] MF has also attracted a lot of interest recently as
green hydrogen carrier.[36] The major industrial production of
MF is based on liquid-phase methanol carbonylation with CO,
using a homogeneous sodium methoxide catalyst at 80 °C and
4.5 MPa.[3,37] Although 99% MF yield based on CO and methanol
can be achieved, major drawbacks of this process include no
catalyst recyclability, high raw material purity and a corrosion-
resistant reactor (i. e., due to the moisture sensitive, corrosive
and homogeneous nature of the sodium methoxide catalyst), as
well as the high operating pressure.[34] Another industrially
applied MF synthesis pathway is methanol dehydrogenation
with the formation of MF and H2 as valuable by-product using a
Cu-based catalyst (Mitsubishi Process).[38,39,40] However, as the
reaction is endothermic, this pathway suffers from low meth-
anol conversion due to the thermodynamic equilibrium
limitations, which pose the major challenges of the dehydro-
genative route. It is generally accepted that metallic Cu species
are the active sites for methanol dehydrogenation.[39–43] Yang
et al. performed mechanistic studies of methanol dehydrogen-
ation to MF over Cu-based catalyst and they found that
methanol is first dehydrogenated over Cu0 sites to
formaldehyde (FA).[41] MF is then formed by the reaction of FA
with surface methoxy species over Cu0 sites and not via the
Tishchenko mechanism (i. e., the dimerization of two FA
molecules). They also found that Cu+ species catalyze the
decomposition of FA into CO and H2. Hence, a catalyst with a
dominant dehydrogenative functionality, such as metallic Cu
species, is necessary for the selective dehydrogenation of
methanol to MF. Other synthesis pathways for MF production
are the oxidative dehydrogenation of methanol,[44] esterification
of methanol and formic acid,[45] hydrogenation-condensation of
CO2 with methanol,[46] photocatalytic[47] and electrocatalytic[48]

synthesis from methanol. Also very recently, the direct synthesis
of MF from CO2 and H2 (and methanol), based on homogeneous

Ru phosphine catalyst[49] as well as heterogeneous phosphine-
polymer-anchored Ru catalyst[50] were reported.

In addition to DME and MF, dimethoxymethane (DMM), the
shortest of the homologous oxymethylene ethers (OMEx) with
the general structure of H3C-O-(CH2-O)x-CH3, as well as OME3-5,
have recently gained high research interest as clean diesel
additives or substitutes as they eliminate the diesel-typical soot-
NOx trade-off.[7,51,52,53] While OME3-5 are the more promising
diesel substitutes due to their diesel-like physicochemical
properties (viscosity, cetane number, vapor pressure, etc.),[52,54]

DMM is more advantageous when used as a diesel additive
because of its more energy-efficient production.[6,53,55,56] Besides,
DMM is an important platform chemical to produce OME3-5.

[57]

DMM is currently applied as solvent in chemical industry and
serves as potential feedstock for concentrated FA production.[6]

The established synthetic pathways for DMM rely on the
oxidation of methanol with O2 to FA and subsequent acetaliza-
tion and condensation with two more methanol molecules.[6,9,58]

Very recently, Bai et al. reported a metal-free N,O-codoped
carbon catalyst for the oxidative dehydrogenation of methanol
to DMM with high DMM selectivity of 75% at low reaction
temperature (150 °C) and assigned the acidic and dehydrogen-
ative active sites to carboxylic acid and carbonyl groups of the
catalyst, respectively.[59] However, despite the good catalytic
performances and technological readiness of the oxidative
routes, the loss of valuable H2 as H2O causes low exergy
efficiency and high carbon footprint, being the major disadvant-
age of the established routes.[53,55,60] Besides CO2 reduction with
H2 to form DMM, which was recently published by Klanker-
mayer and co-workers,[61] the continuous gas-phase non-
oxidative dehydrogenation (NOD) of methanol to DMM, with
the formation of H2 instead of H2O, is a captivating route for
technical implementation.[6] Here, methanol is first dehydrogen-
ated without the presence of an oxidizing agent to FA and H2 in
an endothermic reaction. The subsequent exothermic acetaliza-
tion and condensation with methanol to DMM shift the reaction
equilibrium towards the product site.[62] Hence, for the one-step
NOD of methanol to DMM, a bifunctional catalyst with both
dehydrogenative and acidic functionality is required. Here, the
first catalyzes the methanol dehydrogenation to the intermedi-
ate FA, releasing H2, while the latter catalyzes the acetalization
of FA with methanol to form an intermediate hemiacetal, which
then condenses (also acid-catalyzed) with another methanol
molecule to form DMM.[6] However, both functionalities individ-
ually catalyze the formation of DME and MF, respectively. Only
few catalyst systems for the NOD of methanol to DMM in the
gas-phase have been reported so far.[62–65] Our group recently
designed a highly selective, bifunctional catalyst with dispersed
Cu nanoparticles supported on Si-rich Hβ zeolite.[62] In this
study, different zeolites (i. e., Hβ (BEA topology), HY (FAU
topology), and HZSM-5 (MFI topology)) were screened as
catalyst supports, showing that the product distribution highly
depends on the acidic strength and acidic site concentration of
the respective zeolite support. Of the tested zeolites, Hβ shows
the highest DMM selectivity compared to the other zeolites.
Based on that, in our next study, Hβ zeolite was dealuminated
in order to tailor its acidic sites.[63] Together with a low Cu
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loading of 1 wt% (catalyzing the methanol dehydrogenation to
FA), an optimal SiO2/Al2O3 ratio of 520 was found to be
beneficial for high DMM selectivity, mainly allowing acetaliza-
tion of FA with methanol. With the optimized bifunctional Cu/
Hβ catalyst, DMM selectivity increases to 81.5% with a
methanol conversion of 3.7% at 200 °C in 1500 min time on
stream (TOS), for which the evolution of both Lewis acidic sites
and an optimal ratio of Cu+/Cu0 sites are responsible. However,
the long induction time of 800 min, low catalyst stability (i. e., a
decrease in methanol conversion from 5.6% to 3.7% after
1500 min TOS), and low conversion when compared to the
calculated equilibrium conversion (7.6%) are the existing
challenges upon using the Cu/Hβ bifunctional catalyst.

As discussed above, the design of a highly active, selective
and stable catalyst remained a challenge for the synthesis of
DME, MF and DMM. Hence, herein, we present the production
of DME, MF and DMM under the same reaction conditions by
the non-oxidative gas-phase conversion of methanol over a
versatile Cu/Hβ catalyst with tailored acidic sites and dehydro-
genative properties (Scheme 1). For this, the Cu loading (0.5
and 20 wt%) and the SiO2/Al2O3 ratio of the Hβ zeolite (25 and
520) are tailored and the selectivity towards DME, MF and DMM
is investigated under similar reaction conditions. Catalyst
stability tests under extended time on stream are performed
and successful regeneration strategies are employed for the
deactivated catalysts. Moreover, possible structure-activity
relationships are proposed based on the catalyst character-
ization results obtained from XRD, N2-physisorption, ICP-OES,

H2-TPR, CO-DRIFTS, and pyridine adsorption FTIR (py-FTIR). The
goal of this work is therefore to gain deeper understanding on
this complex reaction network and shed light on tailoring active
sites for the formation of the different products over the Cu/Hβ
catalyst.

Results and Discussion

Catalyst Characterization

In our previous work, a correlation between the SiO2/Al2O3 ratio
of the Hβ zeolite support, the Cu loading and the corresponding
product selectivity in the non-oxidative methanol conversion
was observed.[63] Based on the trends observed in this previous
study, optimized SiO2/Al2O3 ratios and Cu loadings were chosen
for the bifunctional Cu/Hβ catalyst in the current study in order
to tailor the catalytic properties and the product selectivity.
Hence, in this study, Hβ(25) was used (obtained from
commercial NH4β by calcination) and dealuminated by acid
treatment to increase the SiO2/Al2O3 ratio to 520, according to
our previous report.[63] The parent Hβ(25) was loaded with
0.5 wt% Cu by incipient wetness impregnation (IWI), and the
dealuminated Hβ(520) was loaded with both 0.5 and 20 wt%
Cu. The materials are denoted as X%Cu/Hβ(Y), where X and Y
remark the Cu loading in wt% and the SiO2/Al2O3 ratio of the
zeolite, respectively.

Physicochemical properties of the Cu loaded zeolite samples
were first investigated by ICP-OES and N2-physisorption and the
obtained results are given in Table 1. The measured Cu loadings
by ICP-OES are close to the respective nominal loadings used
during the synthesis. The N2-physisorption isotherms (Figure S1,
SI) show a plateau at low partial pressures which is typical for
microporous materials (type I isotherm) with a narrow hysteresis
loop at higher partial pressures which presumably arises from
mesoporous cavities between the zeolite particles.[66] Besides,
the surface areas (SBET) of 0.5 wt% Cu loaded on either Hβ(25) or
Hβ(520) sample do not significantly differ (i. e., 544 and 555 m2/
g, respectively). But, the dealumination leads to an increased
mesopore volume of 0.62 mL/g for 0.5%Cu/Hβ(520) compared
to 0.53 mL/g of 0.5%Cu/Hβ(25), which is in line with Baranowski
et al.[67] When 20 wt% Cu are loaded on Hβ(520), the SBET

decreases to 430 m2/g which is accompanied by a significant
decrease in both micro- and mesopore volumes (i. e., 0.13 and
0.46 mL/g, respectively). Hence, due to the high Cu loading, the
pores of the zeolite are presumably partially blocked, resulting

Scheme 1. Overview of the gas-phase, non-oxidative methanol conversion
to the valuable products methyl formate (MF), dimethyl ether (DME), and
dimethoxymethane (DMM), which can be obtained under similar reaction
conditions by engineering the bifunctional Cu/Hβ catalyst system.

Table 1. Elemental composition and textural properties of the Cu/Hβ samples. The Cu loading is based on ICP-OES analysis. Based on N2-physisorption, the
surface area (SBET) is calculated by the BET method, and the micro-pore volume by the t-plot method. The acidic sites are quantified by means of pyridine
adsorption FTIR (py-FTIR).

Sample Cu loading
(wt%)

SBET

(m2/g)
Volume (mL/g) Acidic sites (μmol/g)

Total Micro-pore Meso-pore Brønsted sites Lewis sites Total acidic sites

0.5%Cu/Hβ(25) 0.44 544 0.69 0.16 0.53 115 67 182

0.5%Cu/Hβ(520) 0.54 555 0.76 0.14 0.62 n.d. 4 4

20%Cu/Hβ(520) 19.8 430 0.59 0.13 0.46 n.d. 33 33

Wiley VCH Mittwoch, 12.06.2024

2412 / 349152 [S. 262/271] 1

ChemCatChem 2024, 16, e202301704 (3 of 12) © 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH

ChemCatChem
Research Article
doi.org/10.1002/cctc.202301704

 18673899, 2024, 12, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202301704 by R
w

th A
achen U

niversity U
niversitätsbibliothek- 021000, W

iley O
nline L

ibrary on [21/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



in decreased accessible SBET and pore volume of the 20%Cu/
Hβ(520) catalyst.

The XRD patterns of Hβ(25) and Hβ(520) as well as the Cu
loaded Hβ samples are depicted in Figure S2, SI. No significant
structural change of Beta zeolite can be observed due to
dealumination, as was already discussed in our previous
work.[63] However, a slightly decreased intensity of the diffrac-
tion signals after Cu introduction and calcination of Hβ(520) can
be observed in this work, indicating a less crystalline structure
of Cu loaded Hβ(520). Yet, the intensity of the diffraction signals
might also be affected by a different amount of sample used
for the XRD measurements. In Figure 1-I, diffraction patterns are
shown for the calcined Cu loaded Hβ samples together with a
diffractogram of CuO which was simulated by VESTA based on
the CuO space group.[68] The samples with a low Cu loading of
0.5 wt% do not show any diffraction signals of Cu oxide species,
indicating either high dispersion of the Cu species or that the
Cu loading is below the detection limit. In contrast, high Cu
loading of 20 wt% results in intense diffraction signals of CuO
species, indicating the formation of large CuO particles on the
20%Cu/Hβ(520) sample.[69,70] To investigate reducibility of the
Cu loaded Hβ zeolite samples, H2-TPR measurements were
performed (Figure 1-III). The 20%Cu/Hβ(520) sample shows one
single reduction peak at 331 °C, which is typical for bulk CuO
with an instantaneous reduction of Cu2+!Cu0,[71] being in line
with the XRD results. Decreasing the Cu loading on the
dealuminated Hβ(520) to 0.5 wt% leads to the formation of two
well separated reduction peaks at 277 °C and 444 °C, respec-
tively. These reduction signals are known in literature as the
two consecutive reduction steps of Cu2+ to Cu+ (<350 °C) and
Cu+ to Cu0 (>350 °C), which is typical for highly dispersed CuO
species[71,72] and were also observed in our previous report for

1%Cu/Hβ(520).[63] The same 0.5 wt% Cu loading on the parent
Hβ(25) zeolite results in a broad, overlapped signal with two
peaks at 271 °C and 331 °C, respectively. This indicates a broad
distribution of the reduction of various CuO species, arising
from inhomogeneous dispersion and varying metal-support
interaction. In our previous work, similar results were observed
for 1%Cu/Hβ(25).[63] It is generally known in literature that the
closer two Cu2+ ions are present on a support, the smaller the
temperature difference of the two-reduction steps get.[70]

Hence, it can be concluded that the calcined 0.5%Cu/Hβ(520)
possesses highly dispersed Cu2+ species compared to the other
Cu/Hβ samples. In order to investigate the metal-support
interaction of the Cu/Hβ samples, H2-TPR of a physical mixture
of CuO and Hβ(520) with 20 wt% Cu was also used, showing a
broad reduction signal with a maximum at 325 °C. In compar-
ison to that, all Cu/Hβ samples prepared by impregnation show
reduction signals at higher temperatures, indicating a stronger
metal-support interaction due to the employed impregnation
method compared to simple physical mixing of CuO and Hβ
zeolite. Generally, based on the H2-TPR results obtained, all the
Cu/Hβ samples show significantly different reduction properties
depending both on the Cu loading as well as on the SiO2/Al2O3

ratio of the Hβ zeolite. And, this will lead to the formation of
different Cu species (Cu2+, Cu+ and Cu0) during the in situ
reduction and reaction. Since the obtained H2-TPR results of
20%Cu/Hβ(520) and 0.5%Cu/Hβ(520) show a significant differ-
ence, and it is known that the ratio of Cu+/Cu0 species formed
after reduction plays a crucial role for the product distribution
and activity in the NOD of methanol,[41,63] CO-DRIFTS measure-
ments were performed in order to investigate the Cu oxidation
state. CO-DRIFTS is a common technique to observe whether
Cu+ species are present on Cu/zeolite materials because CO

Figure 1. I) Powder XRD patterns of the calcined Cu/Hβ samples and the powder XRD pattern of CuO, which was simulated with VESTA based on the space
group of CuO;[68] II) CO-DRIFTS of Cu/Hβ(520) samples after in situ reduction treatment (450 °C, 3 h, 20 °C/min); III) H2-TPR results for the calcined Cu loaded Hβ
samples and a physical mixture of calcined CuO and calcined Hβ(520) with 20 wt% Cu. The H2 consumption was normalized to the amount of Cu and a
baseline correction was performed.; IV) Pyridine adsorption FTIR (py-FTIR) results of the calcined Cu/Hβ samples.
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adsorbs strongly on Cu+ at room temperature, while it is easily
desorbed from Cu0 during flushing and hardly adsorbs on
Cu2+.[73] Hence, in order to understand which Cu species are
present initially after the in situ reduction (at the start of the
reaction), 20%Cu/Hβ(520) and 0.5%Cu/Hβ(520) were reduced
in situ (in the DRIFTS cell), then cooled to 30 °C under N2, and
then CO adsorption was performed until saturation. After the
desorption of CO under N2 flow, it can be seen from Figure 1-II
that 0.5%Cu/Hβ(520) exhibits an intense signal at 2150 cm� 1,
which is typical for CO adsorbed on isolated Cu+ species,[74,75]

indicating isolated Cu+ species being initially present at the
start of the reaction (i. e., after the in situ reduction). Moreover, a
small shoulder at 2134 cm� 1 can be observed for this sample,
which typically represents the vibration of CO adsorbed on two
adjacent Cu+, indicating close proximity of those Cu+

species.[70,74,76] However, since this signal is very weak, the main
Cu+ species initially present after reduction are isolated Cu+

species. In contrast, 20%Cu/Hβ(520) does not show any CO
adsorption after the in situ reduction, indicating the presence of
only Cu0 on the surface of possible Cu particles (since the
presence of Cu2+ can be excluded due to the reduction
treatment). These results are in line with H2-TPR results which
show facilitated reduction of 20%Cu/Hβ(520) at lower reduction
temperatures compared to 0.5%Cu/Hβ(520) that rather pos-
sesses isolated Cu species which are harder to reduce compared
to bulk CuO. This could be attributed to the stronger metal-
support interaction formed over the 0.5%Cu/Hβ(520) compared
to 20%Cu/Hβ(520).

Furthermore, py-FTIR of the calcined Cu/Hβ samples was
measured to identify the type and concentration of acidic sites
and the obtained spectra are depicted in Figure 1-IV. Pyridine
adsorption over the 0.5%Cu/Hβ(25) sample results in vibration
bands at 1544 cm� 1 and 1636 cm� 1 corresponding to the
adsorption on Brønsted acidic sites, and at 1610 cm� 1 and
1454 cm� 1 corresponding to the adsorption on Lewis acidic
sites. Besides, the shoulders at 1597 cm� 1 and 1444 cm� 1

correspond to hydrogen-bonded pyridine on silanol groups of
the zeolite. The band at 1490 cm� 1 corresponds to the over-
lapping adsorption of pyridine on Brønsted and Lewis acidic
sites.[77] Accordingly, the Cu/Hβ(520) samples show a shift of the
pyridine vibration bound to a Lewis acidic site to 1450 cm� 1

and no vibrations corresponding to Brønsted acidic sites are
observed. The quantification of Brønsted acidic sites is based on
the integration of the band at 1544 cm� 1 (which is only present
for 0.5%Cu/Hβ(25)). The bands at 1454 cm-1 and 1450 cm� 1 for
Cu loaded Hβ(25) and Hβ(520), respectively, with the shoulder
at 1444 cm� 1, were deconvoluted into two components and the
respective bands at 1454 cm� 1 and 1450 cm� 1 were integrated
for Lewis acidic site quantification (see Figure S3, SI, as an
example for the deconvolution method employed). Table 1
summarizes the quantified amount of Brønsted and Lewis acidic
sites of the Cu/Hβ samples. The total amount of acidic sites
(both Brønsted and Lewis type), is highest for 0.5%Cu/Hβ(25)
with a total acidic site concentration of 182 μmol/g. This is
expected due to its low SiO2/Al2O3 ratio compared to Hβ(520),
as it is generally known that the amount of Al in the zeolite
framework corresponds with the amount of acidic sites.[78] Thus,

dealumination and subsequent Cu impregnation and calcina-
tion leads to a significant reduction of both Brønsted and Lewis
acidic sites, as has been previously reported.[63] The removal of
all detectable Brønsted acidic sites for the Cu loaded Hβ(520)
can be attributed to the dihydroxylation of any remaining
framework Al during the calcination process after Cu impregna-
tion, forming extra-framework Al species possessing Lewis
acidity.[79] Moreover, increased Cu loading on Hβ(520) of
20 wt% increases the Lewis acidic site concentration compared
to 0.5 wt% Cu loading (33 vs. 4 μmol/g, respectively). This
might originate from the increased amount of weakly Lewis
acidic Cu2+ species due to the high Cu loading.[80] Thus, the
acidity of the bifunctional Cu/Hβ catalyst does not only depend
on the SiO2/Al2O3 ratio of the Hβ zeolite, but also on the Cu
loading and possible Cu species formed. Our previous study
also shows that the concentration of Lewis acidic sites on 1%
Cu/Hβ(520) strongly depends on the catalyst treatment, such as
reduction or reaction, (besides the SiO2/Al2O3 of the Hβ
zeolite).[63] This suggests that also the Cu oxidation state has an
influence on the Lewis acidic sites and thus the acidic and
dehydrogenative sites of the bifunctional Cu/Hβ catalyst system
might be interdependent. All in all, based on the py-FTIR
measurements, it can be concluded that 0.5%Cu/Hβ(25)
exhibits by far the highest concentration of both Lewis and
Brønsted acidic sites, followed by a medium Lewis acidic site
concentration for 20%Cu/Hβ(520) and very low Lewis acidic site
concentration for 0.5%Cu/Hβ(520).

Catalytic Tests

The prepared Cu/Hβ materials were tested in the gas-phase,
non-oxidative conversion of methanol under the same reaction
conditions (240 °C, 1 atm, 14549 mL/h*gcat) in order to inves-
tigate the product selectivity depending on the dehydrogen-
ative and acidic properties of the catalysts. Figure 2 shows the
catalytic results for 0.5%Cu/Hβ(25), 0.5%Cu/Hβ(520), and 20%
Cu/Hβ(520) after 1500 min TOS. Low Cu loading and low SiO2/
Al2O3 ratio of the 0.5%Cu/Hβ(25) sample result in almost
exclusive formation of DME (>99% selectivity with the
formation of trace amounts of CH4 and short C2-C4 hydro-
carbons, Figure S5, and Table S1, SI) with a high methanol
conversion of 82.2%. Besides, no decrease in catalytic activity
(catalyst deactivation) could be observed during the 1500 min
TOS (Figure S4, SI). When Hβ(25) is used without Cu, DME
remains the main product with >99% selectivity and a slightly
lower methanol conversion of 80.9% with the formation of
trace amounts of CH4 and short C2-C4 hydrocarbons (Figure S6
and S7, SI). The remarkable activity, DME selectivity and stability
of 0.5%Cu/Hβ(25) make this catalyst system even superior
compared to the industrially used alumina-based catalysts[20,81,82]

and comparable to other zeolite-based catalysts.[16,24,83] When
the SiO2/Al2O3 ratio is increased to 520 by dealumination, DMM
becomes the main product with a selectivity of 77.3% and a
methanol conversion of 2.2% after 1500 min TOS. When the Cu
loading is increased further to 20 wt% on the dealuminated
Hβ(520), the main product is switched to MF with a selectivity
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of 74.5% and a methanol conversion of 15.1%. Since CO is
known to be the major side product in MF formation from
methanol dehydrogenation,[43] CO and CO2 were quantified by
an offline GC equipped with a TCD when using 20%Cu/Hβ(520)
as catalyst. However, for both CO2 and CO, only low amounts
(i. e., below 5% selectivity) are observed. In order to evaluate
the product formation in terms of the thermodynamic equili-
brium, the yields of DMM and MF are considered and compared
to the thermodynamic equilibrium yield under the assumption
of a 100% selective catalyst (Figure S8, SI for thermodynamic
equilibrium). Thus, the yield of DMM and MF of 1.7% and
11.2% correspond with 20.0% and 31.3% of the thermody-
namic equilibrium yield at 240 °C, respectively.[62] Furthermore,

to check whether the product distribution of MF and DMM is
affected by the methanol conversion, 20%Cu/Hβ(520) was
tested at a higher GHSV of 72572 mL/h*gcat (Figure S9, SI). After
1500 min TOS, at a methanol conversion of 1.7%, MF remains
the main product with a selectivity of 79.2%, while the
selectivity towards DMM is 20.0%.

Besides, both Cu/Hβ(520) samples show deactivation during
1500 min TOS (i. e., methanol conversion loss of 33% and 67%
for 0.5%Cu/Hβ(520) and 20%Cu/Hβ(520), respectively), and
induction times over 1500 min, indicating a highly dynamic
reaction course (Figure 3 a and b). The deactivation of Cu based
catalysts is often linked to carbon deposition on the catalyst,[84]

Cu particle sintering or changes of the Cu oxidation state during
the reaction.[76,85] However, since no organic residues were
observed on the spent Cu/Hβ catalyst in our previous studies
based on TG-MS and ATR-IR,[62] and the formation of hydro-
carbons (C�2) is not detected over 0.5%Cu/Hβ(520) and 20%
Cu/Hβ(520), carbon deposition can be excluded as a reason for
the catalyst deactivation. Hence, if the deactivation is mainly
caused due to a change in Cu oxidation state during the
reaction, the spent catalyst can be re-calcined and re-reduced
to regenerate the catalytic activity by restoring the initial Cu
oxidation state. Thus, after 1500 min TOS, the methanol feed
was stopped, the reactor was cooled to room temperature
under N2 flow and the catalyst was subsequently re-calcined
and re-reduced in situ. Figure 3 a) and b) show that for both
0.5%Cu/Hβ(520) and 20%Cu/Hβ(520), the overall catalytic
performance could be fully restored after the regeneration.
Similar catalytic performance as in the first run over a fresh
catalyst is obtained, suggesting the crucial role of the Cu
oxidation state for both product selectivity and methanol
conversion. Interestingly, both the MF and DME selectivity
decrease during the reaction course and then increase to the
initial values of the first run after the regeneration treatments.
This suggests that the Cu oxidation state affects both the acidic
and dehydrogenative functionality of the bifunctional Cu/Hβ

Figure 2. Screening of Cu/Hβ catalysts with varying SiO2/Al2O3 ratio and Cu
loading in the gas-phase, non-oxidative conversion of methanol. Reaction
conditions: 240 °C, 1 atm, GHSV=14549 mL/h*gcat., 0.1 g of catalyst diluted
with 0.9 g of SiC, n(CH3OH)/n(N2)=0.24, N2 flow rate=19.4 mL/min, in situ
reduction prior to reaction (450 °C, H2-flow=20 mL/min, 3 h). Results shown
after 1500 min TOS.

Figure 3. Catalytic results for the gas-phase, non-oxidative conversion of methanol over a) 0.5%Cu/Hβ(520) and b) 20%Cu/Hβ(520) including regeneration by
re-calcination and re-reduction after 1500 min TOS. Reaction conditions: 240 °C, 1 atm, GHSV=14549 mL/h*gcat., 0.1 g of catalyst diluted with 0.9 g of SiC,
n(CH3OH)/n(N2)=0.24, N2 flow rate=19.4 mL/min, in situ reduction prior to reaction (450 °C, H2-flow=20 mL/min, 3 h). Regeneration was performed by first
cooling the reactor down to room temperature under N2 flow after 1500 min TOS, which was followed by in situ re-calcination (450 °C, syn. air flow=20 mL/
min, 3.5 h) and re-reduction (450 °C, H2-flow=20 mL/min, 3 h).
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catalyst, which is in line with the dynamic changes of the Lewis
acidic site concentration depending on both the Cu loading
(Table 1) and the catalyst treatment and thus possibly the Cu
oxidation state as shown in our previous report.[63] Therefore,
combined with the characterization results, the catalyst regen-
eration experiments provide evidence into the role of the Cu
oxidation state and enable to draw possible structure-activity
relationships using the Cu oxidation state as a descriptor.

Potential of the Cu/Hβ Catalyst System

The performance of the Cu/Hβ catalyst system employed in this
work for the selective synthesis of DME, MF, and DMM is
compared to literature data. Table 2 lists the catalytic results
(i. e., selectivity (S), methanol conversion (X), stability of the
catalyst) as well as the reaction parameters employed in this
work and recent publications. Full DME selectivity, high
methanol conversion of >80% and high stability during
1500 min TOS over 0.5%Cu/Hβ(25) make this catalyst superior
to reported Al2O3-based catalysts[20,82] and comparable to other
zeolite-based materials.[83] In contrast, MF production over 20%
Cu/Hβ(520) catalyst is less selective and the catalyst is less
active compared to other Cu-based catalysts reported in
literature, but Wang et al.[86] and Jin et al.[87] used harsher
reaction conditions (i. e., higher temperature, and/or pressure).
Moreover, although the core-shell 7%Cu/SiO2 catalyst shows
superior selectivity and activity in the methanol dehydrogen-
ation to MF compared to the 20%Cu/Hβ(520) catalyst at similar

reaction conditions, the catalyst synthesis procedure of 20%Cu/
Hβ(520) employed in this work is faster and does not employ
organic substances compared to the Stöber synthesis employed
for the core-shell 7%Cu/SiO2 catalyst.[41] Next, DMM production
over 0.5%Cu/Hβ(520) results in the highest DMM selectivity
when compared to other published Cu-based catalysts at
similar reaction conditions.[63–65] Although the methanol con-
version of 0.5%Cu/Hβ(520) is comparably low, the successful
regeneration and the overall lowest reported metal loading
make the 0.5%Cu/Hβ(520) catalyst highly attractive compared
to other reported Cu-based catalysts for DMM production via
the NOD of methanol.

Structure-Activity Relationship

A possible structure-activity relationship of the tailored Cu/Hβ
catalysts is supposed based on the results of the catalytic tests
in combination with XRD, H2-TPR, CO-DRIFTS, and py-FTIR
results. High acidic site concentration of both Brønsted and
Lewis acidic sites as detected by py-FTIR seems to be
responsible for the exclusive formation of DME over 0.5%Cu/
Hβ(25) (Table 1 and Figure 1-IV). As depicted in Figure 2,
removing all detectable Brønsted acidic sites and significantly
decreasing the Lewis acidic site concentration after dealumina-
tion of Hβ(25) leads to significantly decreased DME selectivity of
10.4% over 0.5%Cu/Hβ(520) and 4.2% over 20%Cu/Hβ(520)
after 1500 min TOS as well as a switch of the main product to
either DMM or MF. Hence, the limited acidic sites present on

Table 2. Potential of the Cu/Hβ catalyst system compared to recent reported catalysts for the synthesis of DME, MF, or DMM, respectively, from methanol.
Hereby, S denotes the selectivity towards the respective main product and X denotes the methanol conversion.

Product Catalyst S X Stability Reaction parameters Ref.

DME 0.5%Cu/Hβ(25) >99% 82.2% Stable during 1500 min TOS 240 °C, 1 atm,
GHSV=14549 mL/h*gcat

(WHSV=3.8 gMeOH/h*gcat)

this work

MF 20%Cu/Hβ(520) 74.5% 15.1% Regeneration possible

DMM 0.5%Cu/Hβ(520) 77.3% 2.2% Regeneration possible

DME γ-Al2O3 >99% ~80% Deactivation 250 °C, 1 atm,
WHSV=3 h� 1

[20]

DME CuO-Fe2O3/Al2O3 100% 70% Deactivation 290 °C, 1 atm,
WHSV=1.3 h� 1

[82]

DME Nano-sized FER zeolite 99% 84% Stable during 1200 min TOS 240 °C, 1 atm,
WHSV=4 g/h*gcat

[83]

MF Core-shell 7%Cu/SiO2 83.8% 39.1% Regeneration possible 230 °C, 1 atm,
WHSV=4 h� 1

[41]

MF 20%Cu� Zn/SBA-15 88.1% 31.1% Slight deactivation during 6000 min TOS 300 °C, 20 bar,
LHSVMeOH =7.9 h� 1

[86]

MF 20%Cu/ZSM-5 (Si/Al=50) 88.3% 35.0% Stable during 600 min TOS 300 °C, 1 atm,
GHSV=12047 mL/h*gcat

[87][a]

DMM 3%Cu/ZrAl oxide 12.0 24.7% Stable during 1320 min TOS 200 °C, 1.7 atm,
WHSV=1.3 h� 1

[64]

DMM 1%Cu/Hβ(520) 59.7% 6.8% Deactivation 240 °C, 1 atm,
GHSV=14549 mL/h*gcat

[63]

DMM 3%Cu/sulfated-ZrO2 63.6% 6.4% Stable during 720 min TOS (200 °C) 250 °C, 1 atm,
GHSV=9628 mL/h*gcat

[65][a]

[a] Values for GHSV shown here were calculated from data given in the references.
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the Cu loaded Hβ(520) catalysts do not dominate the reaction
outcome which in turn leads to low DME selectivity. Previous
studies claim that the formation of an appropriate Cu+/Cu0 ratio
might be responsible for high DMM selectivity, and its evolution
during the reaction course causes long induction times for
DMM production.[62,63] Moreover, Cu0 is supposed to be the
active site for methanol dehydrogenation to MF,[39,86,87] while
Cu+ leads to FA decomposition into CO and H2.

[41] Therefore,
under these conditions, it can be assumed that the product
distribution over Cu/Hβ(520) catalysts is mainly controlled by
the Cu oxidation state formed, playing a key role in shaping the
product selectivity in the non-oxidative methanol conversion. It
needs to be added that, even though the Lewis acidic sites
concentration increases with increased Cu loading (i. e., from 4
to 33 μmol/g for 0.5 and 20 wt% Cu, respectively, Table 1), the
dehydrogenative functionality still outweighs the acidic func-
tionality of 20%Cu/Hβ(520) as can be observed from the high
MF selectivity compared to the DME selectivity in the catalytic
test (Figure 2 and Figure 3b). The dehydrogenative functionality
can thus be regarded as the dominant functionality on the 20%
Cu/Hβ(520) catalyst. Thus, based on XRD, CO-DRIFTS, and H2-
TPR results (Figure 1-I, -II, and -III), the possible dynamic
changes of the Cu oxidation state of 0.5%Cu/Hβ(520) and 20%
Cu/Hβ(520) during the reaction and regeneration are combined
with the respective product selectivity and schematically
represented in Figure 4. Considering 0.5%Cu/Hβ(520), CO-
DRIFTS and H2-TPR results suggest the presence of highly
dispersed Cu+ species at the start of the reaction. However, the
presence of Cu0 on the initial catalyst after the reduction cannot
be excluded as higher in situ reduction temperature was used
(450 °C). This is also in line with Kefirov et al. who investigated
ion-exchanged Cu-BEA and observed mainly Cu+ with some
Cu0 species after reduction at 450 °C based on CO-DRIFTS and
H2-TPR analysis.[88] A long induction time of >1500 min TOS
with an increase in DMM selectivity is then observed in the
reaction (Figure 3 a), presumably due to the evolution of an

appropriate ratio of Cu+/Cu0 species.[63,89] After the regeneration,
0.5%Cu/Hβ(520) regains very high activity with an initial
methanol conversion of 10.8% and MF being the main product
with a selectivity of 53.2%, while the selectivity towards DMM is
decreased to 5.7%. This might be explained by the possibly
high amount of Cu0 on the initial catalyst after the regeneration
due to the double reduction. However, after 200 min TOS, DMM
selectivity surpasses MF selectivity and further increases to
73.1% after 1500 min TOS, presumably due to the renewed
formation of the appropriate ratio of Cu+/Cu0 species resulting
from the re-oxidation of some of the Cu0 species to Cu+. Since
both H2 and H2O are the by-products of DMM formation from
methanol dehydrogenation, their reducing or oxidizing poten-
tial might be the reason for the dynamics of the Cu oxidation
state during the catalytic tests.

In contrast, when the Cu loading is increased to 20 wt%,
bulk Cu0 is suggested to be present on the initial catalyst after
in situ reduction (based on XRD, CO-DRIFTS and H2-TPR results),
which is known to mainly catalyzing the formation of
MF.[39,41,86,87] To check whether bulk Cu0 is sufficient for MF
production or if metal-support interaction plays a role for the
formation of MF, a physical mixture of CuO and Hβ(520) with
20 wt% Cu was tested as catalyst under the same pre-treatment
and reaction conditions (see Figure S10, SI). However, Cu
species in this mixture seem to be inactive since the catalytic
results do not differ significantly from Hβ(520) without CuO (i. e.,
high DME formation of ~80%, low methanol conversion of
0.7% after 1500 min TOS, see Figure S11, SI). Hence, the metal-
support interaction between Cu species and Hβ(520), arising
from the impregnation and calcination procedure when
compared to the physical mixture of CuO and Hβ(520), which is
also observed in H2-TPR by the shift towards higher reduction
temperatures (Figure 1-III), is necessary for the dehydrogenative
activity in methanol conversion. Considering the reaction
course over 20%Cu/Hβ(520) catalyst (Figure 3 b), an initial
increase in MF selectivity up to 80.4% can be observed until

Figure 4. Proposed dynamics of Cu oxidation state of 0.5%Cu/Hβ(520) and 20%Cu/Hβ(520) and main products formed due to pre-treatment and reaction
conditions. Herein, the Cu oxidation state dynamics is used as a descriptor since both the dehydrogenative and acidic functionality are affected by its change.
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530 min TOS, which then decreases for the benefits of
increasing DMM production, which reaches 16.0% selectivity
after 1500 min TOS. This is accompanied by a rapid deactivation
(i. e., methanol conversion loss from 45.7%!15.1%). This might
be explained by the gradual oxidation of Cu0 species to Cu+,
possibly due to water which is formed during the initial
production of DME, resulting in the increased formation of
DMM at the expense of MF formation (Figure 4). Cu-based
catalysts are known in literature for highly dynamic Cu
oxidation states, which in turn depend on the substrates and
products formed during a reaction, e.g. in the conversion of CO
with NO or N2O over Cu, Cu2O, and CuO catalysts,[90] the
photocatalytic H2 evolution over various Cu species supported
on Ti-based oxides,[91] or the electrochemical CO2 reduction to
ethylene over Cu-based electrodes.[92] In situ regeneration of
20%Cu/Hβ(520) restores the catalytic performance from the
beginning of the initial reaction (i. e., high methanol conversion
and MF as main product), suggesting reversibility of the
catalytic deactivation process and the dynamic reaction behav-
ior. This underlines the hypothesis that the Cu oxidation state
plays a crucial role in shaping both the product selectivity and
activity of the catalyst, since it can be assumed that the Cu+

species are reduced to Cu0 species during the regeneration of
the spent 20%Cu/Hβ(520) catalyst. However, to further verify
how the catalytic activity and selectivity in the NOD of
methanol depend on the Cu oxidation state, in situ or
in operando XAFS and/or XPS studies would be required.

Figure S12, SI shows that the reaction reaches a steady state
after 6000 min TOS with a selectivity towards MF and DMM of
48.3% and 42.6%, respectively, and a methanol conversion of
8.2%. This is especially interesting for a possible industrial
application, because although MF and DMM have to be
separated, the overall exergy efficiency of the dehydrogenative
process is improved due to the intrinsic low H2 consumption of
the non-oxidative pathway compared to established oxidative
routes for DMM production.[9,62]

Conclusions

In summary, we present that the product spectrum in the
continuous gas-phase non-oxidative conversion of methanol
can be shaped towards either of the valuable products DME,
MF, and DMM with over 75% selectivity under the same
reaction conditions (240 °C, 1 atm, 14549 mL/h/gcat). This is
possible by tailoring the bifunctional Cu/Hβ catalyst system
according to its acidic and dehydrogenative properties by
varying the SiO2/Al2O3 ratio of the Hβ zeolite and the Cu
loading, respectively. Very high DME selectivity (>99%) and
methanol conversion (82.2%), as well as high stability of the
catalyst are observed after 1500 min TOS when using 0.5%Cu/
Hβ(25) as catalyst. When the SiO2/Al2O3 ratio is increased to 520
via dealumination, DMM becomes the main product with a
selectivity of 77.3% and a methanol conversion of 2.2% after
1500 min TOS. Next, the main product can be switched towards
MF with a selectivity of 74.5% and a methanol conversion of
15.1% after 1500 min TOS, when the Cu loading on Hβ(520) is

increased to 20 wt%. Together with characterizations such as
XRD, H2-TPR, CO-DRIFTS and py-FTIR, possible structure-activity
relationships are proposed. A high concentration of acidic sites
(both Brønsted and Lewis type) of 0.5%Cu/Hβ(25) is responsible
for high DME formation from methanol condensation. When
the SiO2/Al2O3 ratio of the Hβ zeolite is increased to 520 by
dealumination, only a low Lewis acidic site concentration is
maintained and the acidic sites do not play a dominant role
anymore in shaping the product selectivity, since DME
formation is significantly diminished. Instead, the dehydrogen-
ative properties, linked to the Cu oxidation state, shape the
product selectivity towards either MF or DMM over the Cu/
Hβ(520) catalysts. The presence of Cu+ species on 0.5%Cu/
Hβ(520) seems to be crucial for high DMM formation and the
long induction time of >1500 min suggests a dynamic
evolution of an appropriate Cu+/Cu0 ratio, which is in line with
our previous results.[63] In contrast, solely Cu0 species facilitate
the formation of MF over 20%Cu/Hβ(520) via methanol
dehydrogenation, which is in line with literature.[39,41,86,87]

Deactivation of both 0.5%Cu/Hβ(520) and 20%Cu/Hβ(520) is
linked to changes of the Cu oxidation state, which could
successfully be restored after regeneration by an in situ re-
calcination and re-reduction procedure.

Finally, we believe this study provides insights into the
highly dynamic reaction network of the non-oxidative methanol
conversion over the bifunctional Cu/Hβ catalyst system and
suggests possible structure-activity relationships. This will in
turn help to facilitate the rational design of catalysts for the
conversion of methanol which is derived from sustainable
feedstocks such as CO2 and H2 into environmentally friendly
fuels and valuable chemicals such as DME, MF and DMM.

Experimental Section

Catalyst Preparation

Commercial NH4β zeolite (SiO2/Al2O3 =25, abcr) was first calcined
(550 °C, 10 °C/min, 5 h) in order to obtain Hβ zeolite. Hβ was then
dealuminated according to an optimized procedure published
earlier[63] by stirring 3 g of zeolite in 165 mL of 8 M HNO3 (65%,
CHEMSOLUTE®) at 80 °C and 500 rpm (under reflux) for 16 h. The
dealuminated Hβ was then washed with 4 L of deionized water
(until pH neutrality) and dried overnight at 110 °C. The Hβ supports
are referred to as Hβ(25) and Hβ(520), respectively, where the
number in brackets denotes the SiO2/Al2O3 ratio of the zeolites as
determined by ICP-OES in our previous work.[63] The introduction of
Cu on the Hβ zeolite supports was performed via incipient wetness
impregnation. For this, the appropriate amount of Cu(NO3)2 · 3 H2O
(99%, ACROS ORGANICS) was dissolved in 0.5 mL of deionized
water and added dropwise to 0.4 g of the respective Hβ support
and the resulting mixture was stirred manually. The sample was
then dried at 80 °C overnight, followed by calcination (450 °C with
5 °C/min for 3 h). The final catalysts are denoted as X%Cu/Hβ(Y),
where X is the Cu loading in wt%, and Y is the SiO2/Al2O3 ratio of
the zeolite.
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Catalyst Characterization

XRD measurements were performed on a D2 PHASER XE� T table-
top X-ray analyzer from Bruker. The powder samples were
measured in the 2θ range of 6–90 ° using Cu Kα radiation.

The Cu loading of the Cu/Hβ samples was determined by ICP-OES
and analyses were carried out at Kolbe micro labs.

The nitrogen adsorption and desorption isotherms of the calcined
Cu/Hβ catalysts were measured using a Quadrasorb SI unit from 3P
Instruments at -196 °C. Prior to the measurement, the samples were
degassed for 6 h in a FloVac degasser at 150 °C. The data was
evaluated by means of the QuadraWin software. The specific
surface area SBET was determined according to the Brunauer–
Emmett–Teller (BET) method in the p/p0 range of 0.05–0.2. The
micropore volume was quantified based on the t-plot model in the
p/p0 range of 0.2–0.4. The total pore volume was evaluated from
the adsorbed N2 volume at a p/p0 ratio of 0.95.

For the H2-TPR measurements, a ChemBet Pulsar TPR/TPD/TPO unit
from Quantachrome Instruments which is equipped with a thermal
conductivity detector (TCD) was employed. In a typical measure-
ment, 100 mg of catalyst were first treated under He flow (22.4 mL/
min) for 1 h at 150 °C to dry the sample, followed by a reduction in
a 5% H2/Ar flow (18.6 mL/min) in a temperature range of 50–600 °C
(5 °C/min).

CO-DRIFTS measurements were conducted on a Vertex 70 FT-IR
spectrometer with a commercial high-temperature vacuum diffuse
reflectance chamber as a sample cell equipped with ZnSe windows.
Prior to CO adsorption, the powder samples were reduced in situ
with a H2-flow of 20 mL/min at 450 °C (20 °C/min) for 3 h. Then, the
temperature was decreased to 30 °C under H2 flow, and after
reaching 30 °C, the flow was switched to N2 and a background
spectrum was collected. Subsequently, the sample was flushed with
a gas mixture of 5%CO/5%He/N2 to adsorb CO for 10 min until
saturation. The sample was then purged with N2 (20 mL/min) for
1 h and spectra were collected every 15 min to monitor the
removal of weakly adsorbed CO from the sample.

Py-FTIR analysis was performed to investigate the Lewis and
Brønsted acidic sites of the calcined Cu/Hβ catalysts, employing the
same spectrometer which was used for CO-DRIFTS with a self-made
stainless-steel transmission IR cell equipped with KBr windows. Thin
self-supporting sample wafers were pressed, for which 100 mg KBr
pellets were prepared with 15 mg catalyst of the samples with
0.5 wt% Cu loading, and 2.5 mg catalyst was used of the sample
with 20 wt% Cu loading, since the 20%Cu/Hβ(520) sample was
absorbing IR radiation and needed to be diluted. In a typical
measurement, the sample wafer was mounted to the transmission
cell, followed by degassing at 250 °C (5 °C/min) for 1 h under
vacuum (0.004 mbar). Then, the cell was cooled down to 80 °C and
a background spectrum of the degassed sample prior to pyridine
adsorption was recorded in a range of 8000–850 cm� 1 with an
optical resolution of 2 cm� 1. To investigate pyridine adsorption on
the sample, first, pyridine vapor (~4.2 mbar) was introduced to the
sample cell for 2 min at 80 °C and equilibrated for 30 min. Then,
weakly adsorbed pyridine was desorbed from the sample at 200 °C
(5 °C/min) under vacuum (0.004 mbar) for 30 min. Next, the cell was
cooled down to 80 °C and a spectrum was collected. Subtracting
the background spectrum (degassed sample prior to pyridine
adsorption) gives the final pyridine spectrum.

Catalytic Tests

The gas-phase NOD of methanol was performed in a continuous
flow fixed-bed reactor setup as described in our previous work.[62,63]

Typically, 100 mg of catalyst was diluted with 0.9 g of SiC (200–
450 mesh size) and loaded in the stainless steel tubular reactor. The
catalyst was first reduced in situ at 450 °C with a H2 flow of 20 mL/
min for 3 h and then cooled down to room temperature under H2

flow (10 mL/min). The reaction was performed at 240 °C and under
previously optimized reaction conditions (1 atm, GHSV=14549 mL/
h*gcat, n(CH3OH)/n(N2)=0.24 (V/V)).[62,63] For this, methanol (99.8%,
CHEMSOLUTE®) with a flow of 0.008 mL/min and N2 (19.4 mL/min)
were pre-mixed in an evaporation chamber prior to the reactor
inlet and introduced to the catalytic bed (the flow was stabilized for
1 h). All gas lines (inlet and outlet lines) and the evaporation
chamber were heated to 140 °C to keep methanol and the products
in the gas phase. The reaction products (DMM, MF, DME, CH4, FA)
and methanol were quantified using an online GC (Scion 456,
Bruker, equipped with FID) which is connected to the reactor outlet.
The gaseous products were also collected in gas bags and CO and
CO2 were quantified via an offline GC (Agilent HP 6890) and
potential C�2 hydrocarbons were analyzed via another offline GC
(Agilent 7890B). The selectivity to the respective products as well as
methanol conversion are calculated based on the following
equations.

SP ¼
NPP
Ni
� 100%

X ¼ 1 �
NCH3OHP
Ni

� �� �

� 100%

Here, SP denotes the selectivity towards the respective product P=

DME, MF, or DMM. NP is the concentration of carbon in either of the
products P=DME, MF or DMM; Ni is the carbon concentration of all
compounds in the outlet stream, X denotes methanol conversion,
and NCH3OH is the concentration of carbon in methanol. Typically,
the catalytic performance comparison is based on the selectivity
and methanol conversion after 1500 min TOS.
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