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For the first time, an Ag-based catalyst is used in the gas phase
non-oxidative dehydrogenation of methanol to
dimethoxymethane. Auto-reductive behaviour of Ag species is
observed, and the dynamic Ag oxidation state is identified as
descriptive for the dynamic reaction course. Stability and
regeneration tests robust properties of the Ag/Hpf
bifunctional catalyst.

reveal

Dimethoxymethane (DMM), the shortest of the homologous
oxymethylene ethers (OME,), with the general structure H;C-
0O-(CH,0),-CH3, has recently gained interest as a sustainable
diesel additive, requiring small engine modifications.'
Moreover, it bears the potential to be used as a green H,
carrier, similar to dimethyl ether (DME).> Using methanol as
an intermediate, DMM can be synthesized with carbon
neutrality from CO, and green H,.>* The continuous non-
oxidative dehydrogenation (NOD) of methanol to DMM in the
gas phase is a captivating route for technical implementation
(Scheme 1).> In this route, methanol is first dehydrogenated
to formaldehyde (FA) and H,, and in the same reactor, FA
directly reacts with methanol via acetalization and
condensation to DMM. Since the stoichiometrically released
H, is kept as a valuable by-product, potential H, circulation is
possible and significantly improves the exergy efficiency of
this process compared to established oxidative pathways.*°
For the selective production of DMM via the NOD of
methanol in one reactor, a bifunctional catalyst possessing
both dehydrogenative and acidic functionality is required.’
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However, both functionalities must be carefully balanced, as
each can also catalyze the formation of side products, i.e.,
DME formation via methanol condensation over acidic sites,
or methyl formate (MF) formation over dehydrogenative sites.
Our group recently reported a bifunctional Cu/Hf catalyst for
the NOD of methanol to DMM,”® which shows a high DMM
selectivity of 81.5% with a methanol conversion of 3.7% (i.e.,
50% of the calculated thermodynamic equilibrium
conversion) after 1500 min time on stream (TOS) at 200 °C.
The high DMM selectivity and catalytic activity are attributed
to the tailored dehydrogenative functionality provided by the
low Cu loading (1 wt%), catalyzing the methanol
dehydrogenation to FA. This is combined with a low amount
of weak Lewis acid (LA) sites, provided by the post-
synthetically dealuminated, Si-rich HB zeolite support (SiO,/
Al,O; ratio of 520), catalyzing the acetalization and
condensation of FA with methanol to form DMM.® Few other
groups have also reported Cu-based catalysts for the NOD of
methanol to DMM in the gas phase.'® However, besides the
thermodynamic limitations inherent to the NOD pathway
resulting in overall low DMM yields, challenges such as long
induction times, low stability, or selectivity occur when using
these Cu-based catalysts. To overcome these challenges, new
catalyst systems need to be developed. Besides Cu, Ag is a
well-known metal for the conversion of methanol to FA or
MF, both oxidative''® and dehydrogenative."*'* ¢ 1t
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Scheme 1 Non-oxidative dehydrogenation (NOD) of methanol to

DMM over a bifunctional Ag/HpB zeolite catalyst with potential H,
circulation.
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therefore seems reasonable to transfer the existing knowledge
of Ag-catalyzed methanol dehydrogenation to the NOD of
methanol to DMM, employing Ag as the dehydrogenative,
active metal. Very recently, the photocatalytic coupling of CO,
reduction and methanol oxidation to selectively produce DMM
was published using a Ag and W modified blue TiO, catalyst."”
However, Ag has not been used as dehydrogenative metal in
the gas-phase NOD of methanol to DMM so far. Hence, to set
the direction for disruptive innovation of catalyst development,
in the present study, we develop a bifunctional Ag-based
catalyst for the NOD of methanol to DMM in the gas-phase.
Here, Ag is used as dehydrogenative metal supported on our
previously optimized Si-rich HP zeolite.””® Parameters such as
Ag loading, reaction temperature as well as calcination and
reductive pre-treatments are varied. Based on characterization
results obtained by inductively coupled plasma atomic
emission spectroscopy (ICP-OES), N,-physisorption, powder
X-ray diffractometry (XRD), pair distribution function (PDF),
temperature programmed reduction with H, (H,-TPR), UV/vis
spectroscopy, X-ray photoelectron spectroscopy (XPS), and
thermogravimetry  (TG), a possible structure-activity
relationship is discussed. Stability and regeneration tests reveal
the good robustness of the Ag/HB catalyst for the NOD of
methanol to DMM.

Typically, Ag was loaded by incipient wetness impregnation
(IWT) on the previously optimized, dealuminated HB support
with a SiO,/Al,O; ratio of 520.”® ICP-OES results show that the
targeted Ag loadings of 1, 5, and 20 wt% are obtained (Table S1,
ESIt) and the catalysts are denoted as Agl/HP, Ag5/HB and
Ag20/Hp, respectively. The N,-physisorption isotherms (Fig. S1,
ESIT) of all materials exhibit a plateau at low partial pressures,
characteristic of microporous materials (type I isotherm).'®
Moreover, a decreasing specific surface area (Sggr) and pore
volume (both micro- and mesopore) are observed with
increasing Ag loading, which might be due to partial pore
blockage (Table S1, ESIt).

Powder XRD results (Fig. S2, ESI{) of the calcined Ag1/HpB
and Ag5/HP catalysts show solely reflexes attributed to the Hf
crystal structure and no visible reflexes for Ag species. In
contrast to this, the Ag20/Hp catalyst exhibits distinct reflexes
attributed to Ag°, and no reflexes for oxidic Ag species,"
suggesting that the AgNO; precursor decomposes during the
calcination step in air, forming Ag® species. This auto-
reductive behavior of Ag is also known and well discussed in
the literature.'"?">*

To confirm the formation of Ag° during calcination, in situ
PDF experiments were performed at the Diamond Light
Source, beamline I15-1. Results give insight into a bulk
AgNO; phase present in the precursor, which starts to
decompose at 160 °C in air and results in the later formation
of Ag® crystallites after ~70 min when the temperature
reaches 410 °C (Fig. S4, ESIt). Refinements of the PDF data
reveal a final Ag nanoparticle diameter of 11 nm at the end
of calcination. Together with the formation of these Ag
nanoparticles, a structural change appears in the signal of
the HP zeolite, indicated by the shift of two peaks from 2.63
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and 3.06 A to 2.78 and 3.21 A, respectively. To illustrate this,
the signal of the support structure was isolated by
subtracting the contribution of AgNO; and Ag for the
precursor and calcined data sets, respectively (Fig. S5, ESIt).
This structural change in the short-range order can be
explained by the incorporation of Ag" ions into the crystal
lattice of Hf zeolite during the calcination, as has been
observed by Dzwigaj et al. based on XRD studies.”?

The Ag nanoparticles undergo a sudden decrease in
diameter during later reduction after 15 min to 10 nm (Fig.
S4, ESL7 see the ESIT for a detailed interpretation of the PDF
data). After reductive treatment (Ag20/Hp-red) or usage in the
reaction (Ag20/HpB-spent), a broadening of the Ag® reflexes is
observed for Ag20/Hp in the powder XRD data (Fig. S3, ESIT).
PDF analysis of the total scattering data of the ex situ samples
(i.e., Ag20/Hf-red and Ag20/HB-spent, Fig. S6 and S7, ESIY})
are not suited for a quantitative particle size analysis.
However, a trend of decreasing Ag particle size can be
observed for samples before and after reduction and catalytic
reaction. This indicates restructuring of the Ag crystallites
under reductive or catalytic conditions.

Although Ag° crystallites are detected on the calcined
Ag20/Hp(520) catalyst in the XRD and PDF results, it is likely
that oxidized Ag species are also present on this catalyst.'"
Hence, Ag20/Hf-calc was analyzed via H,-TPR, and one
narrow reduction signal at 119 °C indicating the reduction of
Ag" to Ag® species is observed (Fig. S8, ESIt).'"**** Thus,
both Ag" and Ag® species coexist on the Ag20/HP catalyst after
calcination. According to the literature, the reduction of Ag"
on zeolite can occur by the following stoichiometry:*®

1
(AgT-Z-07) + S~ Ag’ + Z-OH (with Z = zeolite).

Hence, the reduction of Ag™ to Ag” with H, might also influence

the surface hydroxyl species on the zeolite. This, in turn, could
influence the acidic properties of the Ag/Hf catalyst, as it has
been observed for other Ag/zeolite systems by Chebbi et al.>" It
is noteworthy that in Ag/zeolite materials, Ag" auto-reduces to
Ag® at elevated temperatures even without a reducing agent,
being in line with the obtained XRD and PDF results. During
this process, Bronsted acid (BA) sites might be regenerated in
the presence of zeolitic water according to:***°

1
2(Ag"-2-07) + H0 — 2Ag" + -0, + 2Z-OH (with Z = zeolite).

Therefore, the observed dynamics of the Ag oxidation state are

expected to influence both the surface species and acidic centers
of the zeolite.

To investigate the Ag species present on the Ag20/Hf
catalyst and their evolution through different treatments
(calcination, reduction, reaction), UV/vis absorbance spectra
of the materials were recorded (Fig. S9, ESIt). The calcined
Ag20/HP catalyst exhibits signals at 204 nm and 245 nm,
which can be attributed to the charge transfer transition
between 4d'® and 4d°5s' levels of highly dispersed, isolated
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Ag" species in the zeolite.>*° The signal at 290 nm is typical
for Ag clusters, which are either positively charged (Ag,’") or
metallic (Ag,”).>>*” Besides, a weaker and broader signal at
400 nm is observed, which can be attributed to metallic Ag°
particles.”® After reduction, the bands at lower wavelengths
attributed to isolated Ag" and Ag clusters decrease in
intensity. At the same time, the intensity of the broad signal
at 380-415 nm increases significantly, indicating the
formation of metallic Ag. This suggests a migration of
isolated or clustered Ag species, a phenomenon also observed
by Baker et al. for Ag ion-exchanged Y zeolites after reduction
with H,.*> After the catalytic reaction, the intensity of the
absorbances assigned to the isolated Ag' species and Ag,
clusters increased slightly, which may suggest re-oxidation
and re-migration of Ag species during the reaction. The
reversible re-oxidation of Ag® to Ag" and its relocation within
the zeolite lattice is also reported in the literature.>**°

Furthermore, XPS analysis of the calcined, reduced, and
spent Ag20/Hp catalyst was performed to identify the surface
Ag oxidation state and its dynamic changes resulting from
the respective treatments. The detailed XPS Ag 3d and Ag
MNN regions are shown in Fig. S11, ESL} Since the binding
energy (BE) shifts of metallic silver vs. silver oxides are very
small (ie., within a 1.2 eV interval for the 3ds, BE),
comparing the Auger parameters (APs) is considered a more
reliable method to identify the presence of metallic or ionic
Ag species.*™*" While the AP for Ag20/Hp-calc is 724.3 eV, it
increases to 726.0 eV upon reduction and then decreases to
725.5 eV for Ag20/Hp-spent (Table S2, ESIT). Typically, an AP
of 726.0 eV is found for metallic Ag species, while 724.0 eV
indicates Ag ions.** Hence, it can be assumed that Ag20/Hp-
calc possesses mainly oxidized surface Ag species, while for
Ag20/HB-red, the surface Ag species are metallic. The
decrease in AP after the reaction (725.5 €V) suggests a partial
re-oxidation of surface Ag species, which is consistent with
the UV/vis results. Fonseca et al. also observed a gradual shift
in AP values (723.73, 724.08, and 725.26 eV) for Ag/zeolite
materials, depending on the acidity of the zeolites, and
attributed these changes to variations in the Ag valence
states.*

Based on the characterization results, it can be assumed
that the calcined Ag20/Hf catalyst possesses both isolated
Ag' species and Ag,, clusters (PDF, UV/vis, H,-TPR) as well as
Ag® crystallites (XRD, PDF). The latter are presumably covered
by an oxidic Ag surface layer (XPS, UV/vis). Upon reductive
treatment, the oxidized surface of these Ag® crystallites, along
with the isolated Ag" species and Ag, clusters, are mostly
reduced to metallic species (XPS, UV/vis). Furthermore, the
observed decrease in Ag crystallite size upon reduction
suggests restructuring of the Ag particles (PDF). In addition,
the reduction of Ag" to Ag® might potentially induce changes
in the surface hydroxyl species and acidic sites of the zeolite.
After the catalytic reaction, a further decrease in Ag crystallite
size is observed (XRD, PDF), and partial re-oxidation of the
surface Ag’ particles on the Ag20/HP catalyst occurs (XPS,
UV/vis spectra).

4382 | Catal. Sci. Technol., 2025, 15, 4380-4385
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Finally, the Ag/HP catalyst was tested in the gas-phase
NOD of methanol to DMM, and reaction parameters were
optimized. Unless otherwise specified, the Ag/Hf catalyst was
reduced in situ prior to the reaction. Furthermore, for a fair
comparison of the catalyst performance, we use the activity,
which is calculated based on methanol conversion (ranging
from 0.3-3.5% for the tested Ag/Hf catalysts and reaction
conditions). Preliminary testing of the Ag loading (Fig. S12,
ESIT) reveals that a high loading of 20 wt% is a reasonable
starting point for further optimization due to the relatively
high DMM selectivity (61.5%) and activity (0.49
mmolyeom,cony N+ Eear ) after 1500 min TOS. Compared to
the catalysts with low Ag loading, no induction phase is
observed with 20 wt% Ag. Earlier studies by Fan and
coworkers'*™® and Dong et al*® regarding the NOD of
methanol to FA using Ag-based catalysts also identified a
high Ag loading of 20 wt% as optimal. Hence, for further
catalytic tests, 20 wt% Ag loading is selected.

Next, the reaction temperature for the NOD of methanol
to DMM using the Ag20/Hf catalyst was varied between 200-
280 °C, and the results after 1500 min TOS are depicted in
Table 1 (reaction courses shown in Fig. S13, ESIf). The
catalytic activity increases linearly with the reaction
temperature from 0.49 to 4.07 MMOlyeom,conv N eat - This
is expected because of the endothermic nature of the first
reaction step (i.e., the NOD of methanol to FA). Moreover, the
DMM selectivity surpasses 70% at optimal reaction
temperatures of 220-240 ©°C. Outside this temperature
window, after 1500 min TOS, the MF formation increased
significantly (>32%), while the DME formation remains
relatively low, and reaches a maximum selectivity of 14.5% at
240 °C. Interestingly, no FA formation is detected even at
high reaction temperatures of 280 °C, which contrasts with
the established Cu/HB catalyst.””® Additionally, an increase in
induction time was observed with increasing reaction
temperatures, ie., 0, 600, and >1500 min at 200, 220, and
>240 °C. The reaction course becomes thus more dynamic
with increasing temperature, suggesting an in situ change of
the active sites of the Ag20/Hp catalyst, which will be further
explained below. For further catalytic tests, 240 °C is chosen
as reaction temperature, offering a compromise between high
DMM selectivity (73.6%) and high catalytic activity (2.04
Inrn()lMeOH,conv h_l gcat_l)-

Based on the XRD, PDF, H,-TPR, XPS, and UV/vis
spectroscopy results, which indicate the presence of both
oxidized and metallic Ag species on the calcined catalyst as
well as dynamic changes of the Ag oxidation state upon
reduction and reaction, the typically performed in situ
reduction prior to the reaction was skipped. Instead, the
catalytic test was performed using the calcined Ag20/Hf
catalyst (Fig. S14a, ESIf). While the initial DMM selectivity
over the calcined catalyst is slightly higher (49.8%) and the
DME selectivity is lower (39.2%) compared to the reduced
Ag20/HB (i.e.,, 40.2% and 46.1% for DMM and DME
selectivity, respectively), no significant difference in the
catalytic performance between the calcined and reduced

This journal is © The Royal Society of Chemistry 2025
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Table 1 Catalytic results for the NOD of methanol to DMM with varying reaction temperatures using Ag20/Hp. Reaction conditions: 1 atm, GHSV =
14549 mL ht gcafl, 0.1 g of catalyst diluted with 0.9 g of SiC, n(CHsOH)/n(N,) = 0.24, N, flow rate = 19.7 mL min%, in situ reduction prior to reaction
(450 °C, 3 h, H, flow rate = 20 mL min™), results given after 1500 min TOS. The equations and assumptions used for the calculations are given in the

ESI¥

T (°C) Activity (mmolyeom,cony N Zeat ) S(DME) (%) S(MF) (%) S(DMM) (%) Induction time (min)
200 0.49 6.1 32.4 61.5 0

220 1.30 7.1 15.3 77.6 600

240 2.04 14.5 11.8 73.6 >1500

280 4.07 12.1 37.2 50.3 >1500

catalyst can be observed after 1500 min TOS. This indicates
that the Ag20/Hf catalyst is a very robust system, as the
effects of different pre-treatments, such as calcination or
reduction, are balanced out during the catalytic reaction,
ultimately leading to a similar catalytic performance.

The reaction course under optimized parameters reveals a
33% decrease in catalytic activity after 1500 min TOS (Fig.
S13c, ESIf). A long-term experiment for 3600 min (Fig. 1)
shows that further deactivation of only 6.6% occurs after the
1500 min TOS. This indicates that the catalyst is stabilized
after completing the induction phase, which lasts until 2000
min TOS. Coke formation can be excluded as a possible
cause of the slight catalyst deactivation, based on TG analysis
showing no significant difference in mass loss between the
calcined and spent catalyst (Fig. S10, ESIT). However, since
dynamic changes of the Ag species and its surface oxidation
state upon reduction and reaction were observed based on
XRD, PDF, H,-TPR, XPS, and UV/vis spectroscopy, a
regeneration experiment was performed. For this, the Ag20/
Hp catalyst was in situ re-reduced after 3600 min TOS,
followed by a restart of the reaction (Fig. 1). Interestingly,
after the regeneration treatment, an induction phase similar
to the first reaction run is observed (i.e., decreasing DME
selectivity for the benefit of DMM formation). Eventually,
after an additional 1500 min TOS, a DMM selectivity of

Regeneraltion
90l * DME MF 4 DMM (450°C, 3 h,
H,-flow = 20 mL/min)

T
~

T
(]

Activity [mMOlyeon, conv/Ngcarl

Selectivity [%]
o
o
1

e

10 ‘-—ﬂ
0 T T T

0 1000 2000 3000

Time on stream [min]

40|00 50|00
Fig. 1 Long term catalytic test and regeneration of 20Ag/HB. Reaction
conditions: 240 °C, 1 atm, GHSV = 14549 mL h?* g, % 0.1 g of
catalyst diluted with 0.9 g of SiC, n(CH3sOH)/n(N;) = 0.24, N, flow rate
=19.7 mL min™%, in situ reduction prior to reaction (450 °C, H, flow
rate = 20 mL min™%, 3 h). After 3600 min TOS, the catalyst was in situ
regenerated by reduction, and the reaction was restarted
subsequently.

This journal is © The Royal Society of Chemistry 2025

73.0% with a catalytic activity of 1.69 mmolyieom,conv h™ gcat_1
is achieved, being very similar to the results obtained over
the fresh catalyst. This indicates that the induction phase
and the dynamic changes of the active sites are reversible.
The MF selectivity remains remarkably stable during the
reaction course, fluctuating by less than 3%. A similar and
stable MF selectivity is also observed for the calcined Ag20/
HP (Fig. S14a, ESIf). This strongly suggests that the
dehydrogenative functionality of the bifunctional Ag20/Hf
catalyst is very stable, regardless of catalyst pre-treatments or
the reaction conditions, and does not contribute to the
longer induction phase. In contrast, the acidic functionality,
catalyzing the acetalization and condensation reactions to
DMM or DME, appears to be influenced by such treatments,
as evidenced by the dynamic changes of the DME and DMM
formation. The dynamic changes of the Ag species and
surface oxidation state might thus be descriptive for the
dynamic reaction course by possibly influencing the acidity
of the Ag20/Hf catalyst. As discussed in the interpretation of
the H,-TPR results, the reduction of Ag* to Ag® with H, can
regenerate the BA sites on the zeolite.*"**>>?* This explains
the high DME selectivity observed directly after the reduction.
Interestingly, the initial DME selectivity of the reduced Ag20/
Hp is higher compared to the calcined catalyst (i.e., 46.1% vs.
39.2%, respectively), further supporting the hypothesis that
reduction of Ag" with H, enhances the acidic functionality.
During the reaction, partial re-oxidation of Ag® to Ag" species
is observed as evidenced by XPS and UV/vis spectroscopy
characterization. Jacobs et al observed that the redox
behaviour of highly dispersed Ag species in zeolites is
reversible, and the oxidation of Ag® to Ag" can lead to the
removal of BA sites due to dehydroxylation of the zeolite
surface.>® This might explain the decreasing DME selectivity
for the benefits of enhanced DMM selectivity during the
reaction. This is in line with our previous studies, where the
removal of BA sites and the presence of low amounts of weak
LA sites on the Cu/HP catalyst are beneficial for high DMM
selectivity, while DME formation is suppressed.”® Moreover,
dynamic changes of the LA site concentration upon
calcination, reduction, or after the reaction were observed for
the Cu/Hp catalyst,® suggesting that similar dynamics may
occur with the Ag/H catalyst. Furthermore, isolated Ag" ions
within the zeolite framework can possess LA character®® and
their mobility upon reduction or reaction conditions®*?°
may, in turn, influence the overall LA properties of the Ag20/

Catal. Sci. Technol., 2025, 15, 4380-4385 | 4383
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Hf catalyst. Interestingly, these dynamic changes appear to be
reversible, as the induction phase restarts after the
regeneration treatment. However, further in-depth analysis of
the in situ dynamics of the acid sites on the Ag20/Hp catalyst is
required and remains beyond the scope of the present study.

Conclusions

For the first time, an Ag-based bifunctional catalyst was
tested in the NOD of methanol to DMM in the gas phase.
During calcination, the decomposition and auto-reduction of
the AgNO; precursor to Ag® species is observed in in situ PDF
studies. After catalyst optimization (20 wt% Ag loading on a
previously optimized Hf zeolite support,”® 240 °C reaction
temperature, in situ reduction), a DMM selectivity of 73.6%
and an activity of 2.04 mmolyeomn,cony h™ gcm'1 is achieved
after 1500 min TOS. A dynamic reaction course exhibiting
decreasing DME selectivity for the benefit of increasing DMM
selectivity is observed. Based on the characterization (XRD,
PDF, H,-TPR, UV/vis-spectroscopy, XPS), the dynamic changes
of the Ag oxidation state can be used as a descriptor for the
dynamic changes of the product selectivity during the
reaction course. Stability and regeneration tests reveal the
reversibility of the induction phase and the robust
performance of the Ag/Hp bifunctional catalyst.
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