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A B S T R A C T

The direct oxidation of methane to methanol (DOMTM) remains challenging due to the low reactivity of methane 
and difficulties in achieving high activity and selectivity under mild conditions. In this work, Cu-ZSM-5 catalysts 
were systematically investigated using H2O2 as oxidant in water at 50 ◦C to establish quantitative structur
e–activity relationships. Comprehensive characterization of copper speciation, dispersion, acidity, and frame
work aluminum coordination was performed. Preservation of the MFI structure was confirmed by X-ray 
diffraction, while Brønsted and Lewis acid sites were quantified using pyridine adsorption, and framework and 
extra-framework aluminum coordination was determined by 27Al solid-state NMR. Copper dispersion, quantified 
by N2O oxidation–H2 reduction (TPR), along with UV–Vis diffuse reflectance spectroscopy and H2-TPR, indicated 
the presence of isolated Cu2+ species. Turnover frequency exhibited non-monotonic dependencies on Brønsted 
acid site density and BAS/LAS ratio. Methanol formation was maximized (productivity of 750 μmol g− 1 h− 1 with 
a selectivity of 49% to methanol) within Brønsted acid site densities of 0.58–0.96 μmol m− 2 and BAS/LAS ratios 
of 1.0–1.7, highlighting the synergistic effect of BAS-LAS pairs. These results demonstrate that high methanol 
productivity arises from a cooperative interplay between copper dispersion, acid site density, and BAS-LAS 
synergy. Rigorous quantification of all oxidation products (CH3OOH, CH3OH, HCHO, HCOOH, CO2) enabled 
accurate evaluation of catalytic performance under low-conversion conditions.

1. Introduction

Methane (CH4) is an abundant and relatively clean fossil energy 
source, present in natural gas with compositions reaching up to 80–90%, 
and in shale gas, where it is typically found together with ethane as a 
major component [1,2]. Compared with many other hydrocarbons, 
methane provides the highest heat of combustion (55.5 MJ kg− 1). 
Consequently, it has been widely utilized in industry and daily human 
activities, supplying a significant fraction of the current global energy 
demand [2]. However, the storage and transportation of natural gas 
remain major obstacles to its utilization due to an inherently low volu
metric energy density [3]. For this reason, extracted natural gas is 
usually stored and transported as liquefied natural gas (LNG), which 
requires cooling below its boiling point (≈ − 162 ◦C). This approach, 

however, has several major drawbacks, including high infrastructure 
costs and significant methane leakage, which is a potent greenhouse gas 
with a global warming potential (GWP) estimated to be 28–36 times 
higher than that of CO2 over a 100-year time horizon [2–4]. Given these 
limitations, converting methane into liquid products represents a more 
convenient and potentially economical alternative for storage and 
transportation.

Traditional industrial processes convert methane first into synthesis 
gas (a CO/H2 mixture), which is subsequently transformed into liquid 
hydrocarbons via the Fischer-Tropsch process. These routes are energy- 
intensive and involve multiple reaction steps [2,3]. Methane can also be 
directly pyrolyzed to olefins or aromatic hydrocarbons, or coupled to C2 
products at very high temperatures [5]. Among all direct conversion 
routes, the selective direct oxidation of methane to methanol (DOMTM, 
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Fig. 1a) remains a long-standing challenge in catalysis due to the high 
C–H bond strength of methane (439 kJ mol− 1) and its chemical inertness 
[6–8]. Nevertheless, continued investigation is justified, as this reaction 
is thermodynamically favorable under relatively mild conditions 
(Fig. 1b) and avoids energy-intensive intermediate steps [2].

Global methanol demand reached approximately 120 million tonnes 
in 2024 [9], with more than 60% consumed as a chemical feedstock for 
the production of olefins, formaldehyde, and acetic acid [4]. Methanol 
also contributes to the transportation fuel sector, both as a chemical 
intermediate, primarily for methyl tert-butyl ether production (~11%) 
and biodiesel synthesis (~3%), and additionally as a direct fuel or gas
oline blend (~11%) [4].

Significant effort has been devoted in the recent years to the DOMTM 
route, resulting in the exploration of a wide range of heterogeneous 
catalytic systems. Table S1 summarizes representative examples, 
grouped into broad catalyst families to enable a meaningful comparison 
of the strategies that have been pursued. Early studies focused on 
homogeneous-heterogenized metallophthalocyanine complexes sup
ported on zeolitic or siliceous matrices (CuPc, FePc, and CoPc on X, Y, 
and L zeolites; entries 1–6, Table S1). These systems represent attempts 
to mimic enzymatic active sites; however, they display negligible or very 
poor methanol formation, highlighting their inability to control the 
formation and reactivity of radical intermediates, such as hydroxyl and 
methyl radicals [4], under liquid-phase reaction conditions [9]. The 
immobilization of molecular iron complexes, exemplified by (FePct

Bu4)2N@SiO2 (entry 7, Table S1) [10], modestly improved stability but 

did not fundamentally overcome the limitations in activity or selectivity.
Later work was shifted toward isolated or clustered Fe- and Cu-based 

sites in microporous materials (entries 8–9, 16, 18–19, Table S1), such as 
Fe/silicalite-1 and Cu/silicalite-1 [11], Ag1-Cu1/ZSM-5 [12], 1Cu/2Zn- 
ZSM-5 [13], and Cu-ZSM-5 [14], as well as Cu-based species in meso
porous silicas (entries 10–11, Table S1), such as CuEtp@AlMSN30-ex 
[15] and CuEtp@MSN-TP [15]. As clearly illustrated in Fig. 1c, these 
catalysts achieve high methanol selectivities and, in some cases, high 
productivities. However, this performance is significantly associated 
with the use of H2O2 (either as a commercial reagent or generated in 
situ) rather than molecular oxygen. Consequently, the impressive pro
ductivity reported for these materials reflects peroxide-driven chemistry 
rather than a genuine progress toward selective O2-based methane 
oxidation.

A third family comprises noble-metal catalysts (Au [16,17], Pd [16], 
Au-Pd [16,18], Rh [19]) supported on carbon nanotubes or acidic zeo
lites and operates with molecular oxygen or O2/H2 mixtures (entries 
12–15, 20–21, Table S1). These materials are closer to the desired 
objective of using O2 directly; nevertheless, as Fig. 1c makes evident, 
they typically suffer from low methane conversion and only moderate 
methanol productivities, even when selectivity is acceptable. Therefore, 
the limitation here is not selectivity per se, but insufficient activation of 
methane under mild conditions. More recently, structurally well-defined 
iron-containing materials, such as the metal–organic framework DUT-5- 
Fe(OH)2 (entry 17, Table S1) [20], have been proposed as an alternative 
strategy, showing good selectivity but still requiring either elevated 

Fig. 1. (a) Reaction network of a typical DOMTM route. (b) Gibbs free energy changes for various reactions participating in CH4 oxidation. (c) Methanol pro
ductivity for different oxidants.
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temperatures (125 ◦C) or very long reaction times (up to 40 h).
Overall, it is observed through the comparison across catalysts that 

high methanol selectivity and high productivity are rarely achieved 
simultaneously, and, in those cases, this performance is achieved using 
H2O2 as the oxidant rather than molecular oxygen. Consequently, the 
simultaneous achievement of high activity, high selectivity, and the 
direct utilization of molecular oxygen remains an unresolved challenge 
in methane-to-methanol catalysis.

As shown in Fig. 1c, Cu-ZSM-5 was selected in this work as a 
representative model catalyst to systematically investigate the direct 
oxidation of methane to methanol. The MFI framework allows 
controlled variation of copper speciation, dispersion, acidity, and 
aluminum environment under relatively mild reaction conditions. The 
catalytic performance of Cu-ZSM-5 is known to depend on the nature, 
loading, dispersion, and reducibility of copper species, the method of 
metal incorporation, the density and balance of Brønsted and Lewis acid 
sites, and the spatial distribution and coordination of framework 
aluminum. However, these dependencies have typically been estab
lished through isolated or independent studies focusing on individual 
effects rather than through a comprehensive evaluation of all relevant 
parameters. Although numerous studies have addressed metal-modified 
ZSM-5 catalysts for liquid-phase methane oxidation [4,12,13,16], a 
systematic assessment integrating these interdependent factors remains 
lacking. Moreover, some reports in the literature provide incomplete 
quantification of oxidation products, particularly dissolved CO2 [21], 
which is frequently overlooked, limiting accurate assessment of product 
distribution.

This work aims to establish robust structure–activity relationships 
for DOMTM over Cu-ZSM-5 using a comprehensive experimental 
approach. Specifically, methane oxidation is carried out using H2O2 as 
the oxidant, water as the solvent, and Cu-ZSM-5 as the catalyst, using 
different methods of Cu incorporation. An integrated characterization 
strategy is applied, encompassing crystallinity and phase purity (XRD), 
morphology and elemental distribution (SEM-EDX, TEM), textural 
properties (N2 physisorption), acid site density (pyridine-FTIR), copper 
loading (EDX) and dispersion (TEM, N2O oxidation, H2-TPR), reduc
ibility (H2-TPR), copper speciation (UV–Vis-DRS and H2-TPR), and the 
coordination and spatial distribution of framework aluminum (27Al and 
29Si MAS NMR). Importantly, in this work, all products along the 
methane oxidation pathway (Fig. 1a), such as methyl hydroperoxide, 
methanol, and typical over-oxidation products (formaldehyde, formic 
acid, and CO2), are rigorously quantified using HPLC, 1H NMR, and 
potentiometric titration, with methane conversions reported even at 
very low levels. This comprehensive methodology provides new insights 
into the fundamental structure–activity relationships governing 
DOMTM over Cu-ZSM-5 and establishes a benchmark for future studies, 
addressing the frequent omission in mentioning that conversion is very 
low (often <1%) and not reporting in the literature data for by-products.

2. Materials and methods

2.1. Reagents

Commercial zeolites supplied by Zeolyst International were used as 
starting materials for catalyst synthesis. The selected zeolites possessed the 
MFI structure and were provided in the ammonium form: CBV 2314 (SiO2/ 
Al2O3 molar ratio = 23), CBV 3024E (SiO2/Al2O3 molar ratio = 30), CBV 
5524G (SiO2/Al2O3 molar ratio = 50), and CBV 8014 (SiO2/Al2O3 molar 
ratio = 80). Copper(II) nitrate trihydrate (Cu(NO3)2⋅3H2O, 98.0 wt%, Alfa 
Aesar) was used as the copper precursor. Methane (CH4, 99.995%, Woi
koski) and hydrogen peroxide solution (H2O2, 30 wt%, Sigma-Aldrich) 
were used as materials for the catalytic tests. For quantification using 
HPLC, formaldehyde solution (HCHO, 36 wt%, stabilized with ~10 wt% 
methanol, VWR Chemicals), formic acid (HCOOH, ≥ 98 wt%, Sigma- 
Aldrich), and methanol (CH3OH, HPLC grade, ≥ 99.9 wt%, Sigma- 
Aldrich) were employed as standards. For quantification by NMR, 

deuterium oxide (D2O, 99.8 atom% D, Thermo Scientific) and 3-trimethyl
silyl-1-propanesulfonic acid sodium salt (DSS, (CH3)3Si(CH2)3SO3Na, 
European Pharmacopoeia Reference Standard) were used. Sodium hy
droxide solution (0.1 mol L− 1 NaOH, carbonate-free, Fischer Chemical) 
was used to prepare the titrant agent (0.01 mol L− 1) in potentiometric 
titration. Other chemicals used during the experimental work were: sul
furic acid (H2SO4, 96%, Merck), helium (He, 99.996%, Linde), nitrous 
oxide (N2O, 0.5 mol% in He, Linde), argon (Ar, 99.999%, Linde), and 
hydrogen (H2, 5.24% in Ar, Woikoski).

2.2. Catalyst preparation

The H+ form of the zeolites was obtained via calcination of the NH4
+

form in static air, using a two-step process. Initially, the temperature 
increased from room temperature to 350◦C at a rate of 1.8 ◦C min− 1 and 
held for 4 h. Subsequently, the temperature was raised to 550 ◦C at 
1.7 ◦C min− 1 and maintained for 4 h. These materials were designated as 
ZSM-5-X, where X denotes the nominal SiO2/Al2O3 molar ratio (X = 23, 
30, 50, or 80).

Copper-modified ZSM-5 catalysts were synthesized using three 
distinct methods to prepare materials with a wide range of Cu loading: 
ion exchange (IE), wetness impregnation (WI), and evaporation 
impregnation method (EIM). For the ion exchange method (IE), a 0.02 
mol L− 1 aqueous solution of copper(II) nitrate trihydrate was prepared. 
The precursor solution (100 mL per gram of zeolite) was added to the 
NH4

+-form zeolite (5 g in a typical experiment). The resulting suspension 
was transferred to a 1000 mL flask, heated to 60 ◦C, and stirred at 300 
rpm for 24 h using a Rotavapor (Buchi Instrument R-114). After the 
synthesis was completed, the solid was recovered by filtration, washed 
with distilled water, and dried at 105 ◦C in static air overnight.

For the evaporation impregnation method (EIM), a copper loading of 
5 wt% was targeted. The appropriate amount of copper salt was dis
solved in distilled water (20 mL per g of zeolite), and the solution was 
added to the NH4

+-form zeolite (5 g in a typical experiment) in a 250 mL 
flask. The mixture was stirred at 300 rpm for 1 h at room temperature. 
The resulting solid was obtained by evaporating water, followed by 
drying at 105 ◦C.

For the wetness impregnation method (WI), the same amount of 
copper precursor was used as in the EIM method, under otherwise 
identical conditions. However, in this case, the solid was recovered by 
filtration and subsequently dried at 105 ◦C. Due to the filtration involved 
in this method, lower copper loading than the nominal 5 wt% is ex
pected, typically resulting in intermediate copper contents between 
those obtained by IE and EIM.

All Cu-based catalysts were calcined using the same two-step treat
ment described above for the H+-form zeolites. The final catalysts were 
denoted as Cu-ZSM-5-X-M, where X corresponds to the nominal SiO2/ 
Al2O3 molar ratio (X = 23, 30, 50, or 80), and M indicates the copper 
incorporation method (M = IE, EIM, or WI).

2.3. Catalyst characterization

The prepared catalysts were extensively characterized to investigate 
the crystalline structure by X-ray diffraction (XRD), textural properties 
(N2 physisorption), acidity (pyridine-FTIR), and framework composition 
(27Al and 29Si MAS NMR). The nature of copper species was examined by 
UV–Vis diffuse reflectance spectroscopy (DRS) and H2-TPR, while 
morphology and particle size were evaluated by TEM and SEM. Copper 
dispersion was estimated from TEM analysis and independently deter
mined by the N2O selective oxidation combined with temperature- 
programmed reduction (s-TPR), complemented by conventional H2- 
TPR measurements. Copper leaching was investigated by ICP-OES and 
XRF. Full experimental procedures, instrumental conditions, and 
calculation details are provided in Section 2 of the Supporting 
Information.
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2.4. Catalytic tests

The catalytic performance tests were carried out in a 300 mL high- 
pressure batch autoclave reactor (Parr Instrument Co., model TS-10/ 
350C, part No. 452HCTC; material: T316 stainless steel; maximum 
working pressure: 200 bar; serial No. 25043). To avoid undesired 
decomposition of hydrogen peroxide upon a contact with metal surfaces, 
a Teflon liner was used inside the autoclave. The effective reaction 
volume was estimated to be 218 mL, accounting for the Teflon liner 
volume (62 mL) and approximately 20 mL corresponding to the stirrer 
shaft and internal tubing.

The reactor was equipped with a mechanical stirrer (IKA Eurostar), 
an internal thermocouple, a cooled sampling valve, and an auxiliary 
cooling line to control the internal temperature of the system. The 
cooling system was connected to the sampling valve, maintaining the 
temperature below 10 ◦C during sampling to minimize volatilization 
losses of oxygenated products. The reaction was initiated by charging 
the Teflon liner with 70 mL of deionized water containing 0.5 mol L− 1 

H2O2 as the oxidant. Then, 150 mg of the catalyst was added to the 
solution. The autoclave was then properly assembled and sealed. 
Thereafter, the reactor was purged four times with N2, followed by four 
additional purges with CH4. After the purging steps, the system was 
pressurized with methane to an initial pressure of 30 bar at room tem
perature. Subsequently, the reactor was heated to the reaction temper
ature of 50 ◦C under the lowest speed of the stirrer (approx. 50 rpm). 
Once the setpoint temperature was reached, the stirring speed was 
immediately increased to 1000 rpm, marking the start time of the re
action. As the temperature stabilized, the internal pressure increased, 
reaching a final pressure of approximately 32.5 – 33 bar. Additionally, 
when the samples were collected at specific time intervals, they were 
filtered using 13 mm, 0.45 µm PVDF syringe filters to ensure the removal 
of catalyst particles prior to analysis by HPLC, NMR, and potentiometric 
titration. Catalytic tests were performed using a high stirring speed 
(1000 rpm) and small catalyst particles (<150 μm) to suppress external 
and internal mass transfer limitations, respectively.

2.5. Quantification of products

Liquid-phase products were quantified by HPLC using a Rezex™ 
ROA-Organic Acid H+ (8%) column on an Agilent 1100/1200 system 
with 0.005 mol L− 1 H2SO4 as the mobile phase and refractive index 
detection. Product identification was further confirmed by 1H NMR 
spectroscopy (Bruker 600 MHz) using D2O with DSS as an internal 
standard and solvent suppression to minimize water interference. Dis
solved CO2 in the aqueous phase was determined by potentiometric 
titration with standardized NaOH, subtracting the contribution of formic 
acid independently quantified by HPLC. Detailed experimental condi
tions, calibration data, representative chromatograms and spectra, and 
titration procedures are provided in Section 3 of the Supporting Infor
mation (Table S2, Figs. S1-S4).

Gas-phase products were analyzed during preliminary experiments 
by gas chromatography (HP 6890 series, TCD) using syringe samples 
collected from the reactor outlet after 4 h of reaction. CO was not 
detected, while CO2 was quantified in minor amounts (<2% of total 
carbon products, Fig. S5). Therefore, gas-phase analysis was not 
included in the routine quantification protocol. Liquid-phase samples 
were collected through a cooled sampling valve to near-ambient con
ditions before analysis, as stated in section 2.4. Under these conditions, 
and given the relatively high solubility of CO2 in water, most of the CO2 
remains dissolved in the liquid phase. CO2 was therefore quantified by 
potentiometric titration of the liquid phase.

The methane conversion to oxygenated products (XOP) and the 
selectivity to the oxygenated product (Si) were calculated from the HPLC 
results according to Eqs. (1)–(2), where the detected oxygenated were 
methyl hydroperoxide (CH3OOH), methanol (CH3OH), and formic acid 
(HCOOH). The number of moles of compound i (ni) was determined 

using multipoint calibration curves based on external standards 
(Fig. S1). 

XOP(%)=
moloxygenatedproducts

InitialmolCH4
×100=

nCH3OOH+nCH3OH+nHCOOH

nCH4 ,0
x100

(1) 

Si(%) =
ni

nCH3OOH + nCH3OH + nHCOOH
× 100 (2) 

The conversion of hydrogen peroxide (XH2O2 ) as the oxidizing agent 
was calculated using Eq. (3), where nH2O2 ,0 and nH2O2 ,t correspond to the 
initial and final (at time t) moles of H2O2, respectively⋅H2O2 was also 
monitored and quantified by HPLC. 

XH2O2 (%) =
nH2O2 ,0 − nH2O2 ,t

nH2O2 ,0
× 100 (3) 

Methanol productivity was calculated based on both the catalyst 
mass (mcat) and the copper mass (mCu), according to Eqs. (4) and (5), 
respectively. The copper mass was calculated using the Cu loading (wt. 
%) determined by SEM-EDX. 

ProdCH3OH
(
μmol g− 1

cat
)
=

nCH3OH

mcat
(4) 

ProdCH3OH
(
μmol mg− 1

Cu
)
=

nCH3OH

mCu
=

nCH3OH

mcat x Cu(wt.%)
(5) 

The total methane conversion (XT) and the selectivity to all products 
(Si,L) in the liquid phase (oxygenated compounds and CO2) were 
calculated using Eqs. (6) and (7), at a final reaction time of 4 h, unless 
otherwise specified. The results were obtained using potentiometric 
titration for the quantification of CO2 dissolved in the liquid phase, and 
NMR analysis, which allowed the quantification of formaldehyde (in the 
form of methanediol), since HPLC is not sensitive enough to detect 
formaldehyde at the concentrations used in this study. 

XT(%)=
(nCH3OOH +nCH3OH +nHCOOH)HPLC +(nHCHO)NMR +nCO2

nCH4 ,0
× 100

(6) 

Si, L(%) =
ni

nCH4 ,0 x XT
× 100 (7) 

The turnover frequency (TOF) for methanol in the direct oxidation of 
methane to methanol (DOMTM) was calculated based on the total 
acidity (TOFA) and the Cu dispersion (TOFD), according to Eqs. (8) and 
(9), respectively, where nCH3OH, Δt correspond to the produced moles of 
methanol after a time interval of Δt = 15 min, mcat is the catalyst mass, 
TA is the total acidity referred to the sum of Brønsted and Lewis acidity 
of the catalyst, nCu is the moles of Cu, and DCu,N2O is the surface copper 
dispersion calculated by the N2O oxidation method. 

TOFA =
nCH3OH, Δt

mcat x TA x Δt
(8) 

TOFD =
nCH3OH, Δt

nCu x DCu,N2O x Δt
(9) 

3. Results and discussion

3.1. Structural and morphological properties

The XRD patterns of the prepared catalysts are shown in Fig. 2. All 
samples exhibit the characteristic reflections of the MFI framework (PDF 
code: 04-008-8144), with peaks at 7.9◦, 9.1◦, 23.1◦, 23.3◦, 23.9◦, and 
24.4◦, assigned to the (101), (111), (332), (051), (303), and (133) 
planes, respectively [22]. Although the formation of CuO might be ex
pected after calcination, no distinct Cu-oxide reflections are observed. 
This absence is likely due to the low Cu loading (EDX, Table 1) and/or 
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the presence of highly dispersed Cu species with domains too small or 
too disordered to generate detectable diffraction peaks [23]. Previous 
reports indicate that CuO reflections in zeolite-supported systems are 
observable at higher Cu loadings (≈ 10–12 wt%) on zeolite Y, showing 
peaks at 35.5◦ and 38.9◦, assigned to the (200) and (002) planes [24]. 
These peaks are not visible in Fig. 2 because the maximum Cu content is 
only 4.1 wt% for Cu-ZSM-5-23-EIM (Table 1). On the other hand, the 
XRD patterns of the spent materials (Fig. S6) indicate that the zeolitic 
framework remained intact during the DOMTM reaction, as evidenced 
by the unchanged diffraction features of the fresh and spent samples. 
Although ICP-OES analysis showed a decrease in Cu content from 0.61 
wt% to 0.18 wt% between fresh and spent Cu-ZSM-5-30-WI (Table S3), 
this reduction cannot be attributed exclusively to Cu leaching, as the 
spent solid was dried at room temperature and was not treated before 
analysis. Therefore, it retained adsorbed water and reaction products 
that dilute the measured Cu weight fraction. XRF analysis of the post- 
reaction liquid phase confirmed that the Cu concentration in the solu
tion was minimal (<1% of total dissolved species, Table S4), indicating 
that Cu leaching under the studied reaction conditions is limited, 
although not entirely negligible. Notably, Si was identified as the major 
dissolved species among the detectable species (52.6 ± 2.4%, Table S4), 
suggesting partial dissolution of the ZSM-5 framework under the mildly 
acidic conditions generated during the reaction by formic acid.

SEM micrographs of the fresh catalysts (Fig. S7) provide information 
on the crystal size and crystalline morphology, generally revealing well- 
defined, anisotropic ZSM-5 crystals with a coffin-shaped morphology, 
consistent with crystal growth characteristics of the MFI framework. In 
addition to the dominant morphology, the samples exhibit morpholog
ical heterogeneity, including smaller rounded crystallites and plate-like 
crystallites arranged in stacked or intergrown domains, leading in some 
cases to pseudo-cubic aggregate-like features. The characteristic crystal 
dimensions observed by SEM are typically in the range of 100–200 nm, 
in agreement with previously reported values [25]. Overall, these ob
servations confirm the well-defined crystalline morphology of the syn
thesized catalysts. The SiO2/Al2O3 molar ratios calculated from the EDX 
data (Table S5) are in good agreement with the nominal values provided 

by the supplier for the parent ZSM-5 supports (23, 30, 50, and 80). 
Although EDX is inherently surface-sensitive and therefore not expected 
to reproduce bulk compositions with exact numerical accuracy, the 
measured ratios follow the correct trend and remain close to the nominal 
values across all samples.

3.2. Textural properties and Cu content

The N2 adsorption–desorption isotherms of the catalysts are shown in 
Fig. 3, while Table 1 presents an overview of the textural properties for all 
the catalysts. All the materials exhibited hybrid type I(a) and IV(a) iso
therms due to the presence of both micropores and mesopores, even in the 
pristine zeolites, demonstrating that the mesoporosity associated with 
the samples can be attributed to intrinsic features of the commercial 
material, as has been previously reported for MFI framework (H-CVB-80) 
[26], but also for other zeolitic frameworks like faujasite [27] and beta 
[28]. All the prepared materials exhibit a strong N2 adsorption at very low 
relative pressures (P/Po <0.001), typical of filling the micropores [29]. A 
small hysteresis at intermediate relative pressures (P/Po ~ 0.4 – 0.9) is 
observed in all samples, indicative of mesoporosity, although it is more 
pronounced for the high-silicon samples (Fig. 3c–d), which exhibited a 
lower fraction of microporosity than the catalysts supported on ZSM- 
5–23 and ZSM-5–30 (Table 1). Differences among Cu incorporation 
methods are also evident: EIM samples show slightly reduced adsorption 
(low surface areas, Table 1) due to partial blocking of micropores by Cu 
species, whereas WI and IE maintain higher accessibility.

The specific surface area was initially estimated using the Dubinin- 
Radushkevich (DR) method (Table S6), which is typically applied to 
microporous solids [23]. However, because the statistical thermody
namic fluctuation theory (STFT) is considered a more robust approach, 
free from the assumptions and limitations of the BET method, it was 
adopted as the primary method in this work [30]. Accordingly, the 
values reported in Table 1 were obtained using STFT. The deviation 
between the STFT and DR results ranged from 0% to 3%, whereas the 
differences relative to the BET areas (Table S6) were substantially larger, 
with deviations ranging from 2% to 35% across the samples.

Fig. 2. XRD patterns of catalysts based on (a) ZSM-5-23, (b) ZSM-5-30, (c) ZSM-5-50, and (d) ZSM-5-80.
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The introduction of Cu into the ZSM-5 framework produced struc
tural effects that varied significantly with both the Si/Al ratio and the 
incorporation method. The Cu contents determined by SEM-EDX are 
reported in Table 1. In general, the samples with the highest Cu loadings 
(4.1%, 3.6%, and 3.2%), prepared via the EIM route, exhibited the most 
systematic changes, characterized by clear reductions in surface area 
and micropore volume, with microporosity values reaching 100%, 
except for Cu-ZSM-5-80-EIM (83.2%). These observations indicate 
occupation or blockage of the microporous network by copper species. 
Catalysts prepared by WI showed a similar decreasing trend relative to 
their corresponding parent zeolites, although the textural losses were 
consistently smaller, in line with their lower Cu loadings (0.4%, 0.6%, 
and 0.5%).

In contrast, the IE samples with the lowest Cu loadings (0.6% and 
0.7% for Cu-ZSM-5-30-IE and Cu-ZSM-5-80-IE, respectively) did not 
follow the expected correlation between Cu content and porosity 
modification, instead exhibiting increases in the surface area relative to 
the parent zeolites. This behavior suggests that secondary processes 
inherent to the ion-exchange step, rather than copper incorporation it
self, dominated the textural response. Possible contributions include the 
removal of occluded species or loosely bound impurities from zeolitic 
pores during ion exchange, which can enhance accessible surface area 
by unblocking channels and exchanging cations with framework sites 
[31], as well as slight dealumination of framework Al during aqueous 
ion-exchange that alters acidity and textural parameters without full 
structural collapse [32]. In general, the microporosity of all catalysts 
remained high (>83%), although it tended to decrease slightly as the 
SiO2/Al2O3 molar ratio increased. On the other hand, the average pore 
size for all the fresh catalysts, in the microporosity region, was around 
0.6 nm (Fig. S8).

The N2 adsorption–desorption isotherms and pore size distributions 
of the spent catalysts (Fig. S9) show that the largest decrease in surface 
area was observed for Cu-ZSM-5–30-IE (− 10%), followed by Cu-ZSM-5- 
23-IE and Cu-ZSM-5-80-EIM, both with dSA = -4%, which is consistent 
with partial pore blockage by adsorbed species, as also reflected by the 
reduction in total pore volume (Table 1). In contrast, some catalysts 
exhibited a slight increase in the surface area after the reaction, likely 
due to the interactions with H2O2, which can remove surface residues or 
unblock micropores, in agreement with Kurniawan et al. [33] for zeolite 
13X. For certain samples, the observed variations fall within the 
experimental error (approximately |dSA| ≤ 3%). These textural changes 
are further consistent with the partial Si dissolution evidenced by XRF 
analysis of the post-reaction liquid phase (Table S4). However, the 

structure of the catalysts remained stable based on XRD (Fig. S6).

3.3. Aluminum coordination and accessible acidity

Although many studies are using catalytic systems for the direct 
oxidation of methane to methanol, employing zeolite-based materials 
[13,14,21], the acidity is most often treated as an implicit property 
rather than a systematically investigated parameter. In many cases, the 
presence of Brønsted or Lewis acid sites is inferred from framework 
composition or ion-exchange degree, without a consistent quantification 
or comparative analysis across catalyst series.

Only a limited number of reports have explicitly examined the role of 
specific acid site types. For example, in Cu-exchanged mordenite, the 
influence of Brønsted acid sites has been investigated, revealing a 
maximum methanol productivity of 118 μmol g− 1 for samples exhibiting 
the highest Brønsted acidity [34]. In this work, the surface acidity of the 
investigated catalysts based on Cu-ZSM-5, as one of the most promising 
catalysts for the DOMTM reaction, is systematically analyzed.

Pyridine-FTIR was used to quantify Brønsted and Lewis acidic sites 
from spectra of desorbed pyridine at increasing temperatures, as pre
sented in Fig. 4a for the Cu-ZSM-5-30-WI catalyst. As the desorption 
temperature increases, the intensity of both bands (Py-B and Py-L) de
creases, reflecting the strength distribution of the acid sites, with weaker 
sites desorbing at lower temperatures and stronger sites persisting at 
higher temperatures. Similar trends were observed for all catalysts. The 
parent ZSM-5 materials are dominated by Brønsted acidity (Fig. 4b, 
Table S7), with values of 483, 292, 179, and 144 μmol g− 1 representing 
91.1%, 84.6%, 68.6%, and 66.4% of total acidity for ZSM-5-23, ZSM-5- 
30, ZSM-5-50, and ZSM-5-80, respectively, and high BAS/LAS ratios 
(Fig. 4b) ranging in a decreasing trend from 10.3 (ZSM-5-23) to 2.0 
(ZSM-5-80). The incorporation of Cu leads to a marked increase in Lewis 
acidity, accompanied by a concomitant decrease in Brønsted acidity, 
drastically reducing the BAS/LAS ratio. For instance, in ZSM-5-23, Lewis 
acidity increases from 47 to 428–446 μmol g− 1 after Cu incorporation, 
while the BAS/LAS ratio drops from 10.3 to 1.0 (Cu-ZSM-5-23-IE) and 
0.5 (Cu-ZSM-5-23-EIM). Similar trends are observed in ZSM-5-30, where 
the total acidity increases from 345 μmol g− 1 to 520 μmol g− 1 after ion 
exchange (Cu-ZSM-5–30-IE), accompanied by a decrease in BAS/LAS 
from 5.5 to 1.2. Overall, the Cu-ZSM-5 catalysts exhibit total acidities in 
the range of 217 (ZSM-5-80) to 841 μmol g− 1 (Cu-ZSM-5-23-IE), domi
nated by Lewis contributions, consistent with the formation of coordi
nately unsaturated Cu centers and partial neutralization of protonated 
sites.

Table 1 
Textural properties of the prepared catalysts. Values for the spent catalysts are shown in parentheses.

Catalyst Cua (wt.%) SA (m2/g) dSAb (%) VMic (cm3 g− 1) VT (cm3 g− 1) Microporosityc (%)

ZSM-5-23 0.0 446 n.d 0.217 0.223 97.1
Cu-ZSM-5-23-IE 2.4 431 (413) − 4 0.210 (0.193) 0.218 (0.193) 96.1 (100.0)
Cu-ZSM-5-23-EIM 4.1 419 (413) − 1 0.186 (0.189) 0.186 (0.191) 100.0 (99.0)
ZSM-5-30 0.0 430 (472) 10 0.211 (0.228) 0.234 (0.242) 90.4 (94.1)
Cu-ZSM-5-30-IE 0.6 487 (438) − 10 0.239 (0.218) 0.255 (0.239) 93.5 (91.3)
Cu-ZSM-5-30-EIM 3.6 394 (400) 2 0.182 (0.193) 0.182 (0.199) 100.0 (97.2)
Cu-ZSM-5-30-WI 0.4 426 (443) 4 0.210 (0.215) 0.228 (0.234) 92.3 (91.8)
ZSM-5-50 0.0 458 n.d 0.225 0.250 90.1
Cu-ZSM-5-50-IE 0.9 432 (471) 9 0.207 (0.235) 0.227 (0.259) 91.3 (90.7)
Cu-ZSM-5-50-EIM 3.2 417 n.d 0.198 0.198 100.0
Cu-ZSM-5-50-WI 0.6 452 (451) − 0.3 0.222 (0.225) 0.244 (0.242) 91.0 (93.1)
ZSM-5-80 0.0 480 n.d 0.236 0.271 87.0
Cu-ZSM-5-80-IE 0.7 523 n.d 0.254 0.292 86.8
Cu-ZSM-5-80-EIM 3.2 439 (422) − 4 0.211 (0.210) 0.253 (0.233) 83.2 (89.9)
Cu-ZSM-5-80-WI 0.5 461 (459) − 0.4 0.225 (0.228) 0.260 (0.263) 86.4 (86.6)

SA: Surface area, VMic: Micropores volume, VT: Total pore volume.
a The weight percentage of Cu was determined by SEM-EDX (Table S5).
b dSA = (SASpent – SAFresh)/SAFresh.
c Microporosity = VMic/VT. n.d: not determined. Reaction conditions for the spent catalysts: 30 bar CH4 at room temperature, 0.5 mol L− 1 H2O2 in deionized 

water, 70 mL total volume, 150 mg catalyst, 50 ◦C, 1000 rpm.
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Fig. 4c and Table S7 show that strong Brønsted acidity dominates in 
the parent materials, representing the largest fraction of the total acidity 
with values of 71.9% and 75.8% corresponding to 381 and 262 μmol g− 1 

in ZSM-5–23 and ZSM-5–30, respectively. After Cu incorporation, this 
fraction decreases significantly, especially in samples prepared by 
evaporation impregnation method (EIM), where strong Brønsted acidity 
drops to 163 μmol g− 1 (Cu-ZSM-5–23-EIM) and 61 μmol g− 1 (Cu-ZSM- 
5–30-EIM). At the same time, a substantial increase in medium and 
strong Lewis sites is observed; for example, in Cu-ZSM-5-23-EIM, strong 
Lewis acidity reaches 226 μmol g− 1, while in Cu-ZSM-5-80-EIM it rea
ches 163 μmol g− 1, surpassing the corresponding strong Brønsted 
contribution (19 μmol g− 1). It is noteworthy that the catalysts prepared 
by ion exchange tend to retain a larger fraction of strong Brønsted sites, 
for instance: 328 μmol g− 1 in Cu-ZSM-5-23-IE vs. 381 μmol g− 1 in ZSM- 
5-23. In the case of Cu-ZSM-5-30-IE, the strong Brønsted acidity did not 
change regarding ZSM-5-30, with the same value of 262 μmol g− 1, while 
Cu-ZSM-5-50-IE slightly increased strong Brønsted acidity to 138 μmol 
g− 1 from 101 μmol g− 1 for ZSM-5-50. Overall, the EIM method favors 
predominantly strong Lewis acidity with BAS/LAS molar ratios (Fig. 4b, 
Table S7) of 0.5, 0.3, 0.2, and 0.1 for Cu-modified ZSM-5 with nominal 
SiO2/Al2O3 molar ratios corresponding to 23, 30, 50, and 80, 
respectively.

Fig. 4d presents the 27Al MAS NMR spectra of parent zeolites with 
different SiO2/Al2O3 molar ratios and selected Cu-ZSM-5 catalysts. The 
spectra are dominated by a signal at ~55 ppm assigned to tetrahedrally 
coordinated framework Al (AlIV), responsible for Brønsted acid sites (Al- 
OH-Si), while a weaker signal near 0 ppm corresponds to octahedrally 
coordinated extra-framework Al (AlVI) [35–37]. The absence of reso
nance around 30 ppm indicates absence of five-coordinated extra- 
framework Al [38]. On the other hand, the 29Si MAS NMR spectra 
(Fig. S10) show a main resonance between − 112 and − 115 ppm 
assigned to Q4 Si(OSi)4 units of the MFI framework, along with a 

shoulder at − 100 to − 105 ppm associated with Q3 Si(OSi)3OH species 
related to defects and silanol groups [35].

In zeolite-catalyzed reactions, it is often assumed that an increased 
population of AlVI species is directly associated with higher Lewis acidity 
[39,40]. Following this interpretation, a higher AlVI/AlIV ratio should 
correspond to a lower BAS/LAS ratio, implying an inverse relationship 
between these two descriptors. However, Fig. 4e shows the opposite 
tendency, as higher AlVI/AlIV values are accompanied by higher BAS/ 
LAS ratios, i.e., a positive trend is observed. Despite this apparent linear 
behavior, it would be incorrect to interpret this as a dependent or causal 
relationship. The AlVI/AlIV ratio derived from 27Al MAS NMR is a bulk 
structural descriptor that includes all octahedral Al species, regardless of 
accessibility, acidity, or chemical environment, whereas the BAS/LAS 
ratio obtained from pyridine-FTIR quantifies only pyridine-accessible 
surface acid sites [41]. Therefore, the positive trend in Fig. 4e reflects 
co-variation driven by framework perturbation, intrinsic dealumination, 
and Cu incorporation, rather than a direct structural-acidity correlation. 
This distinction is reinforced by the case of ZSM-5-30, which combines a 
relatively high AlVI/AlIV ratio (0.60) with a high BAS/LAS ratio (5.5), 
clearly demonstrating that octahedral Al content cannot be used as a 
quantitative predictor of measurable Lewis acidity.

Fig. 4e shows that ZSM-5-23 exhibits a high BAS/LAS ratio (10.3) 
together with a low AlVI/AlIV value (0.15), indicating that aluminum is 
predominantly preserved in tetrahedral framework positions and 
Brønsted acidity prevails. ZSM-5–30 shows more pronounced intrinsic 
dealumination, reflected in its higher AlVI/AlIV ratio, yet the BAS/LAS 
ratio remains high because a substantial fraction of extra-framework Al 
does not generate pyridine-accessible Lewis acid sites. Upon Cu incor
poration, the observed decrease in AlVI/AlIV is consistent with re- 
coordination of extra-framework Al into Cu–O–Al species rather than 
reinsertion into the framework [42]. It should be noted, however, that 
for the catalysts with the highest Cu loadings, particularly those 

Fig. 3. N2 adsorption–desorption isotherms of catalysts based on (a) ZSM-5-23, (b) ZSM-5-30, (c) ZSM-5-50, and (d) ZSM-5-80.
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prepared by EIM (AlVI/AlIV = 0.00, Fig. 4d), the complete disappearance 
of the octahedral Al signal may be influenced by the paramagnetic na
ture of Cu2+ species, which are known to strongly interact with nearby 
nuclei, accelerating relaxation and broadening NMR signals, thereby 
reducing the observable intensity of specific Al environments without 
necessarily indicating a true structural loss of those species [43]. In the 
more siliceous ZSM-5–50 and ZSM-5-80 samples, lower AlVI/AlIV ratios 
indicate more framework stability, and only minor changes occur after 
Cu addition. In conclusion, Fig. 4e should be interpreted as illustrating 
parallel but fundamentally distinct responses of structural Al 

coordination and surface acidity to composition and metal incorpora
tion, rather than a quantitative structural-acidity correlation.

3.4. Copper dispersion and reducibility

The dispersion and particle size of copper species on the ZSM-5 
catalysts were initially investigated by transmission electron micro
scopy (TEM). Representative micrographs and the corresponding Cu 
particle size distributions are shown in Fig. 5. A key and systematic 
observation is that the largest Cu particles are found exclusively in 

Fig. 4. A) Typical pyridine-adsorbed FTIR spectrum (Cu-ZSM-5-30-WI as an example), b) Total concentration of Brønsted and Lewis acid sites, and the Brønsted-to- 
Lewis molar ratios (BAS/LAS) for all the catalysts, c) Distribution of Brønsted (left bars) and Lewis (right bars) acid sites classified by strength (weak, medium, 
strong), calculated from pyridine-FTIR analysis. Measurements at 250 ◦C: weak + medium + strong; measurements at 350 ◦C: medium + strong; measurements at 
450 ◦C: strong, d) Solid-state 27Al MAS NMR spectra of parent zeolites with different SiO2/Al2O3 molar ratios and selected Cu-ZSM-5 catalysts, normalized to the 
intensity of the tetrahedral Al(IV) resonance at ~55 ppm, e) AlVI/AlIV ratio vs. BAS/LAS ratio for catalysts based on ZSM-5-23 (–■–), ZSM-5–30 (–●–), ZSM-5–50 
(–▴–), and ZSM-5-80 (–★–). The numbers in figure e correspond to the catalysts enumerated in the x-axis caption of figure c.
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Fig. 5. TEM micrographs and particle size distributions of a) Cu-ZSM-5-23-IE, b) Cu-ZSM-5-23-EIM, c) Cu-ZSM-5-30-EIM, d) Cu-ZSM-5-50-WI, e) Cu-ZSM-5-50-EIM, 
f) Cu-ZSM-5-80-WI, g) Cu-ZSM-5-80-EIM. The ruler sizes for the images are 200 nm (a, b, c, e) and 100 nm (d, f, g).
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catalysts based on ZSM-5-23. In particular, Cu-ZSM-5-23-IE (Fig. 5a) and 
Cu-ZSM-5-23-EIM (Fig. 5b) exhibit mean Cu particle sizes of approxi
mately 10–11 nm, which are significantly larger than those observed for 
catalysts with higher Si/Al ratios (Fig. 5c–g), regardless of the Cu 
introduction method, with mean sizes ranging from 4.6 to 8.8 nm. This 
behavior indicates that the zeolite framework composition plays a 
dominant role in governing Cu aggregation. Solid-state 27Al MAS NMR 
showed that the parent ZSM-5–23 zeolite contains a relatively high 
fraction of extra-framework aluminum (AlVI/AlIV = 0.15, Fig. 4d), which 
is largely removed upon Cu incorporation (AlVI/AlIV = 0.03 – 0.00, 
Fig. 4d), suggesting the formation of Cu–O-Al species as reported in the 
literature for Cu-exchanged mordenite [42], restoring a framework 
dominated by tetrahedral Al. This high density of accessible exchange 
sites in ZSM-5-23, combined with Cu loadings of 2.4–4.1 wt% (Table 1), 
leads to local saturation of anchoring positions during Cu introduction 
and promotes the formation of excess Cu species that agglomerate into 
the large particles observed by TEM. In contrast, ZSM-5 with higher Si/ 
Al ratios, despite comparable Cu loadings, exhibits predominantly small 
clusters as observed for Cu-ZSM-5-30-EIM (3.6 wt% Cu, Fig. 5c), Cu- 
ZSM-5-50-EIM (3.2 wt% Cu, Fig. 5e), and Cu-ZSM-5–80-EIM (3.2 wt% 
Cu, Fig. 5g) with mean Cu sizes of 5.8 nm, 8.8 nm, and 5.6 nm, 
respectively. Nevertheless, these values are still much larger than the 
average pore size (0.6 nm, Fig. S8).

Moreover, catalysts prepared by wetness impregnation with lower 
Cu loadings (Table 1) lead to relatively smaller particles, with mean Cu 
particle sizes of 6.5 nm for Cu-ZSM-5–50-WI (0.6 wt% Cu, Fig. 5d) and 
4.6 nm for Cu-ZSM-5-80-WI (0.5 wt% Cu, Fig. 5f). This behavior is in 
line with the trend observed for ZSM-5-23, demonstrating that higher 
framework Si/Al ratios favor lower Cu particle sizes. On the other hand, 
in several catalysts (Cu-ZSM-5-30-IE, Cu-ZSM-5-30-WI, and Cu-ZSM-5- 
80-IE) with Cu loadings below 0.7 wt% (Table 1), the direct identifica
tion of Cu nanoparticles is challenging, either because of the very small 
Cu particle size, the low metal loading, or the limited contrast between 
finely dispersed Cu species and the zeolitic support, as is observed in 
Fig. S11.

The Cu dispersion (%), DCu,TEM, calculated from the mean Cu particle 
sizes determined by TEM (dTEM), is presented in Table 2 for all the 
catalysts shown in Fig. 5. From Eq. (S1), it is evident that the dispersion 
is inversely proportional to dTEM, which explains why the highest 
dispersion (22.5%), observed for Cu-ZSM-5-80-WI, corresponded to the 
lowest dTEM (4.6 nm, Fig. 5f), whereas the lowest dispersions (9.7% and 
10.0%) were found for catalysts based on ZSM-5-23 with the highest 
dTEM. The other catalysts exhibited intermediate values, ranging from 
9.7% to 22.5%.

While DCu,TEM provides a geometric estimate based on particle size 
distributions, this approach assumes spherical particles and complete 
detectability by TEM. However, as discussed in the Supporting Infor
mation (Section 14), TEM may underestimate highly dispersed Cu spe
cies or ultrasmall Cu clusters due to limited contrast and sampling 
constraints. Therefore, to obtain a quantitative measure of the chemi
cally accessible Cu surface, dispersion was independently determined by 
N2O chemisorptive oxidation.

The s-TPR profiles of the Cu2O phase obtained after N2O oxidation 
(step 3) for selected catalysts are illustrated in Fig. 6a. The parent ZSM-5 
samples (ZSM-5–23 and ZSM-5–30) did not show H2 uptake over the 
entire temperature range, confirming the absence of reducible Cu spe
cies. In contrast, all Cu-containing catalysts, except Cu-ZSM-5–30-WI, 
exhibited distinct low-temperature H2 consumption peaks, typically in 
the range of 110–155 ◦C, which are attributed to the reduction of surface 
Cu2O species formed via selective oxidation of Cu0 by N2O, as reported 
in the literature [44]. For Cu-ZSM-5-23-IE, a sharp reduction peak 
centered at ca. 110 ◦C is observed, indicating the presence of easily 
reducible Cu2O species. A similar but slightly shifted peak appears for 
Cu-ZSM-5-23-EIM at 129 ◦C, suggesting somewhat stronger Cu-support 
interactions, or a broader distribution of Cu particles as observed by 
TEM (Fig. 5b), which showed a high standard deviation (3.6 nm), 
resulting in a very high coefficient of variation (34%). The catalyst 
prepared by EIM with a nominal SiO2/Al2O3 molar ratio of 30 exhibits a 
maximum peak at nearly the same temperature (126 ◦C); however, the 
dispersion values (DCu,N2O, Table 2) differ significantly, with values of 
0.9% and 2.2% for Cu-ZSM-5-23-EIM and Cu-ZSM-5-30-EIM, respec
tively. Interestingly, Cu-ZSM-5-30-IE and Cu-ZSM-5-50-IE, both pre
pared by ion-exchange, exhibit the strongest Cu-support interactions, as 
indicated by maximum peaks around 150 ◦C. However, the latter shows 
the lowest dispersion (0.5%), whereas the former exhibits the highest 
dispersion (4.6%), which is directly associated with the peak areas 
presented in Fig. 6a. Furthermore, a general trend toward higher Cu 
dispersion on ZSM-5–23 and ZSM-5-30 is observed at somewhat lower 
Cu loadings (Table 2). Overall, these dispersion values are consistent 
with those typically reported for Cu supported on silica, titania, and 
zirconia using this method, with values between 4.8% and 5.8% [44]. 
All dispersion values determined by the N2O oxidation method are 
approximately one order of magnitude lower than those estimated by 
TEM, highlighting the severe limitations of TEM for accurately deter
mining Cu dispersion, as previously discussed.

For comparative purposes, Cu dispersion was also estimated from H2 
consumption during conventional H2-TPR experiments, following Eq. 
(S4). Accordingly, the corresponding profiles are presented in Fig. 6b. As 

Table 2 
Copper dispersion of selected ZSM-5 catalysts determined by different methods.

Method Cu (wt.%) TEM N2O TPR

Catalyst dTEM (nm) DCu, TEM (%) H2 (mmol/g)a DCu, N2O (%) H2 (mmol/g)b DCu, TPR (%)

Cu-ZSM-5-23-IE 2.4 10.3 10.0 0.0024 1.3 0.397 1.2
Cu-ZSM-5-23-EIM 4.1 10.7 9.7 0.0029 0.9 0.391 1.5
Cu-ZSM-5-30-IE 0.6 np np 0.0022 4.6 0.038 11.2
Cu-ZSM-5-30-WI 0.4 np np nd nd 0.015 nc
Cu-ZSM-5-30-EIM 3.6 5.8 18.0 0.0062 2.2 0.357 3.5
Cu-ZSM-5-50-IE 0.9 na na 0.0004 0.5 0.011 6.9
Cu-ZSM-5-50-WI 0.6 6.5 15.9 na na na na
Cu-ZSM-5-50-EIM 3.2 8.8 11.8 na na na na
Cu-ZSM-5-80-WI 0.5 4.6 22.5 na na na na
Cu-ZSM-5-80-EIM 3.2 5.6 18.4 na na na na

dTEM is the average particle diameter from the particle size distributions (Fig. 5); DCu,TEM was calculated by Eq. (S1); DCu,N2O was calculated by Eq. (S2); DCu,TPR was 
calculated by Eq. (S4).
np: no particles observed in TEM (Fig. S11).
nd: no detectable signal for Cu-ZSM-5–30-WI (Fig. 6a).
nc: not calculated due to no detectable signal (nd).
na: not analyzed.

a H2 consumption from areas in Fig. 6a using Eq. (S3) (β = 15 ◦C min− 1).
b H2 consumption from areas in Fig. 6b using Eq. (S3) (β = 10 ◦C min− 1).
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expected, the parent ZSM-5 samples do not exhibit any detectable H2 
uptake, confirming the absence of reducible species. In contrast, all Cu- 
based catalysts display reduction features over a wide temperature 
range (≈ 120–600 ◦C), which are characteristic of multistep reduction 
processes involving Cu2+ → Cu+ → Cu0 transitions [45,46]. The 
reduction of two types of isolated Cu2+ species at the ion-exchange sites 
of zeolites, namely Cu2+-2Z and [Cu(OH)]+-Z (Z referring to zeolite), 
occurs at different temperatures due to their different stabilities in ze
olites. The reduction of the more stable Cu2+-2Z species to Cu+ has been 
reported to occur at ≈ 400 ◦C, whereas the less stable [Cu(OH)]+-Z 
species are reduced at ≈ 250 ◦C [46–48]. A further reduction peak of 
Cu+ to Cu0 has been reported at ≈ 360 ◦C [46]. Furthermore, the 

reduction of CuO nanoparticles in Cu-based zeolites is much easier than 
that of Cu cations, as they can be directly reduced to Cu0 at around 
300 ◦C [46,49]. Additionally, in some Cu-supported zeolites, a reduction 
peak at around 700–900 ◦C can be observed, which has been attributed 
to the reduction of Cu+ species at the ion-exchange sites. In this case, 
strong interactions between the zeolite framework and Cu+ species 
hinder the reduction process [46].

From Fig. 6b, the presence of [Cu(OH)]+-Z species is clearly observed 
in two catalysts with high Cu loadings, namely Cu-ZSM-5-23-IE and Cu- 
ZSM-5-30-EIM, as indicated by the maximum peak at ca. 280 ◦C. On the 
other hand, catalysts with Cu loadings below 1 wt% (Table 1), such as 
Cu-ZSM-5-30-IE, Cu-ZSM-5-30-WI, and Cu-ZSM-5-50-IE, exhibit only 

Fig. 6. S-tpr profiles of the cu2O phase obtained after N2O oxidation (step 3) (a) and H2-TPR profiles (b) for selected catalysts.
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one reduction feature, which is associated with the stable Cu2+-2Z 
species, with maximum peaks between 450 and 500 ◦C. Additionally, 
the Cu-ZSM-5-23-IE catalyst exhibits a sharp maximum peak around 
410 ◦C, which can also be associated with this stable species. These 
results are completely in agreement with the observations of Song et al. 
[50], confirming that in catalysts with low Si/Al ratios and low Cu 
loadings, Cu2+-2Z species predominate. The peak observed around 
370–380 ◦C in the catalysts prepared by EIM can be associated with an 
overlap of Cu2+-2Z species and CuO nanoparticles, which is consistent 
with the high Cu loadings of these catalysts (3.6 wt% and 4.1 wt%, 
Table 1). Additionally, the first peak observed at 100–150 ◦C for these 
two catalysts is attributed to the reduction of surface CuO clusters 
located on the external surface of the zeolite framework, as reported by 
Liu et al. for Cu/SAPO-34 catalysts [51].

The dispersion values derived from H2 consumption during con
ventional H2-TPR (DCu,TPR), shown in Table 2, are apparently compa
rable to those obtained by the N2O oxidation method (DCu,N2O), differing 
by less than a factor of two for all catalysts, as previously reported in the 
literature for Cu-supported catalysts [44], except for Cu-ZSM-5-50-IE. 
For this catalyst, the large discrepancy (0.5% vs. 6.9%) arises from the 
very low H2 consumption (0.011 mmol g− 1, Table 2), indicating a low 
concentration of reducible Cu species. Therefore, comparable dispersion 
values from both methods can only be expected when all Cu species are 
accessible and fully reduced to Cu0. Consequently, the N2O oxidation 
method provides the most reliable measure of Cu dispersion, as it 
selectively quantifies the true fraction of surface-accessible Cu.

3.5. Copper species

The UV–Vis–DRS spectra (Fig. 7) provide further insight into the 
nature and distribution of Cu species within the ZSM-5 framework and 
are fully consistent with the H2-TPR results. The parent ZSM-5-30 
sample exhibits high reflectance across the entire UV–visible region, 
confirming the absence of reducible metal species. Upon Cu introduc
tion, all Cu-ZSM-5 catalysts show strong absorption below 300 nm, 
which is attributed to ligand-to-metal charge transfer (LMCT) transitions 
associated with isolated Cu2+ ions located at ion-exchange sites [46,52].

For the low-Cu-loaded catalysts (Cu-ZSM-5-30-IE and Cu-ZSM-5-30- 
WI), the spectra are characterized by relatively narrow bands in the UV 
region (green zone, Fig. 7) together with a subtle shoulder centered at 
ca. 280 nm (yellow zone, Fig. 7). This feature is assigned to LMCT 
transitions of isolated Cu2+ species residing in slightly different and less 
symmetric coordination environments, reflecting a limited heterogene
ity within the population of framework-associated Cu2+ ions [46]. 
Notably, these two catalysts exhibit non-zero AlVI/AlIV ratios (0.13 and 
0.19, Fig. 4d), as determined by solid-state 27Al MAS NMR, indicating 
the presence of extra-framework Al species that can locally perturb the 
coordination environment of Cu2+ ions and give rise to the observed 
shoulder. In addition, a weak absorption band around 545 nm (cyan 

zone, Fig. 7) is observed for these samples, which is consistent with low- 
intensity d-d transitions of well-dispersed Cu2+ ions in strongly dis
torted, nearly square-planar coordination at ion-exchange sites [46,53]. 
Therefore, the predominance of isolated Cu2+-2Z species inferred from 
UV–Vis-DRS is fully consistent with the single high-temperature reduc
tion feature observed in H2-TPR profiles (450–500 ◦C), Fig. 6b.

In contrast, both Cu-ZSM-5-23-IE and Cu-ZSM-5-30-EIM exhibit 
broader absorption extending into the visible region (300–600 nm), 
together with a pronounced decrease in overall reflectance, evidencing a 
wider distribution of Cu coordination environments. For these catalysts, 
the absence of the ~280 nm shoulder indicates the lack of a well-defined 
population of isolated Cu2+ species in slightly distorted framework en
vironments, as can be correlated with AlVI/AlIV ratios lower than 0.03 
(Fig. 4d), indicating poor extra-framework Al species and a fundamen
tally different Cu–Al interaction compared with Cu-ZSM-5-30-IE and Cu- 
ZSM-5–30-WI. On the other hand, the broad visible bands are charac
teristic of contributions from less stable [Cu(OH)]+-Z species and small 
CuO-like domains or surface clusters, which generate stronger visible 
absorption and are more easily reduced at lower temperature in H2-TPR 
(appearance of peaks at ~280 ◦C and 100–150 ◦C, Fig. 6b) [46,54,55]. 
Overall, the UV–Vis-DRS results corroborate the TPR analysis, demon
strating that low Cu loadings favor isolated and stable Cu2+ species, 
whereas increasing Cu content leads to the formation of multiple Cu 
environments with reduced stability and lower dispersion.

3.6. Turnover frequency (TOF) as a descriptor of catalytic activity

The catalytic performance of the prepared Cu-modified zeolites was 
investigated in the direct oxidation of methane to methanol (DOMTM) 
using H2O2 as an oxidant and water as a green solvent, under mild 
temperature (50 ◦C). TOF, as a measure of the catalytic activity for the 
production of methanol, was calculated based on the total acidity (TOFA, 
Eq. (8)) and the Cu dispersion (TOFD, Eq. (9)). Those values have been 
correlated with the Cu dispersion (Fig. 8a and 8b), the Brønsted-to-Lewis 
(BAS/LAS) molar ratio (Fig. 8c and d, Fig. S12a), and the Brønsted acid 
site density (Fig. 8e and f, Fig. S12b). According to Fig. 8a, b, d, and f, the 
Cu-ZSM-5-30-IE catalyst exhibited the highest TOF values with values of 
TOFA = 3.3 h− 1 and TOFD = 399.6 h− 1, which exhibited the highest Cu 
dispersion (4.6%, Table 2). However, Fig. 8c and e showed that the Cu- 
ZSM-5-30-WI catalyst exhibited slightly higher TOFA value than Cu- 
ZSM-5-30-IE, with a value of 4.3 h− 1. However, the TOFD could not be 
determined for this catalyst (Table 2) because Cu dispersion could not be 
estimated from the s-TPR profile (Fig. 6a), as no detectable feature was 
observed. On the other hand, Fig. 8c and e reveal the existence of a 
maximum in TOFA as a function of both the BAS/LAS molar ratio and the 
Brønsted acid site density across the Cu-ZSM-5 catalyst series, which is 
essentially governed by the nominal SiO2/Al2O3 molar ratio.

The two highest TOFA values with the ZSM-5-30 series are reached at 
BAS/LAS = 1.2 and 1.7 for Cu-ZSM-5–30-IE (3.3 h− 1) and Cu-ZSM-5–30- 
WI (4.3 h− 1), respectively. In contrast, with the ZSM-5-23 series, the 
highest TOFA value is reached at BAS/LAS = 1.0 for Cu-ZSM-5-23-IE 
(0.9 h− 1). Regarding the Brønsted acid site density (Fig. 8e), the 
maximum values are reached at 0.58, 0.57, and 0.96 μmol m− 2 for Cu- 
ZSM-5–30-IE, Cu-ZSM-5-30-WI, and Cu-ZSM-5–23-IE, respectively. On 
the other hand, all ZSM-5-50 and ZSM-5-80 catalyst series exhibited 
very poor catalytic activity for producing methanol, as demonstrated in 
Figs. S12a and S12b. Although some of these materials displayed BAS/ 
LAS ratios within the range observed for the most active catalysts 
(1.0–1.7), all of them exhibited Brønsted acid site densities below the 
previously identified lower limit (0.58–0.96 μmol m− 2). Furthermore, 
because the BAS/LAS ratio and the AlVI/AlIV ratio vary concomitantly as 
a function of the framework zeolite composition and Cu loading 
(Fig. 4e), TOFA and TOFD exhibit similar trends when plotted as a 
function of the AlVI/AlIV ratio (Figs. S12c and S12d), reaching maximum 
values at 0.19 and 0.13 for Cu-ZSM-5-30-WI and Cu-ZSM-5-30-IE, 
respectively. Interestingly, TOFD as a function of BAS/LAS ratio Fig. 7. UV–Vis-DRS spectra of selected catalysts.
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(Fig. 8d) and the AlVI/AlIV ratio (Fig. SI2d) exhibits a positive linear 
trend that is nearly independent of the nominal SiO2/Al2O3 molar ratio.

For the first time, this work reports correlations between TOF values, 
calculated based on total acidity and Cu dispersion, and key physico
chemical descriptors of zeolitic catalysts, such as Cu dispersion, BAS/ 
LAS ratio, and Brønsted acid site density, as shown in Fig. 8. Because this 
type of plots has not been previously reported, direct benchmarking 
against the literature required calculating TOF using the conventional 
definition employed in the recent DOMTM studies, i.e., mol of oxygen
ated products per mol of metal per unit time (Fig. 9). Using this defi
nition, the catalysts prepared in this work exhibit performances 
comparable to those previously reported for the DOMTM route, with 
values of 16 h− 1 and 22 h− 1 for Cu-ZSM-5-30-IE and Cu-ZSM-5-3-WI, 
respectively, and CH3OH selectivities between 45 and 55%. In 
contrast, CuFe/ZSM-5-30 [11] reaches a methanol selectivity as high as 
85% at a TOF of 31 h− 1, while Cu(1.25)Fe/ZSM-5 [56] displays a higher 
activity (45 h− 1) at a selectivity of 78%. CuFe/ZSM-5-30 [11] was pre
pared via solid-state ion exchange using a ZSM-5 support with a SiO2/ 
Al2O3 molar ratio ≈ 30 and 2.5 wt% Fe, but the metal dispersion was not 
reported. In contrast, Cu(1.25)Fe/ZSM-5 [56] was prepared with equal 
Cu and Fe loadings (1.25 wt% each) on a ZSM-5 support with a lower 
SiO2/Al2O3 ratio of 23, yet dispersion data were again omitted. Cu-Fe 
(0.1/0.1)/ZSM-5 [8] achieves substantially higher activity (134 h− 1), 

but at the expense of CH3OH selectivity (27%). For comparison, Fe- 
based catalysts, including Fe/ZSM-5 [57], Fe/ZSM-5-23 [56], FeN4/ 

Fig. 8. Turnover frequency (TOF) of methanol in the DOMTM route over ZSM-5-based catalysts, calculated based on the (a, c, e) total acidity (TOFA) and (b, d, f) Cu 
dispersion (TOFD), as a function of (a, b) Cu dispersion, (c, d) BAS/LAS molar ratio, and (e, f) Brønsted acid site density. Reaction conditions: 30 bar CH4 at room 
temperature, 0.5 mol L− 1 H2O2 in deionized water, 70 mL total volume, 150 mg catalyst, 50 ◦C, 1000 rpm.

Fig. 9. Comparison of selectivity to CH3OH vs. turnover frequency (TOF, mol 
products/(mol metal × time)) for recent heterogeneous catalysts reported for 
the DOMTM route. CH4 conversions are generally below 1%.
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GN [58], and Fe-UiO-66 [59], typically display TOF values below 20 h− 1 

and methanol selectivities lower than 20%, confirming the competitive 
performance of the Cu-ZSM-5 catalysts investigated here.

Although Cu-Fe bimetallic catalysts outperform monometallic sys
tems in terms of activity, the objective of this study was not catalyst 
optimization but a systematic structure-performance analysis. In this 
context, Cu-ZSM-5 is an appropriate model catalyst, as it allows the ef
fects of acidity, metal dispersion, and acid site distribution to be isolated 
without the synergistic influence of metal–metal interactions. This 
approach enables a suitable interpretation of the catalytic trends gov
erning methanol formation in the DOMTM route.

3.7. Conversion of methane to oxygenated products

The methane conversion profiles toward oxygenated products 
(CH3OOH, CH3OH, and HCOOH), detected by HPLC up to 4 h, are 
presented in Fig. 10 for the catalyst families with nominal SiO2/Al2O3 
ratios of 23 (Fig. 10a) and 30 (Fig. 10b). The corresponding data for the 
higher SiO2/Al2O3 ratios (50 and 80) are presented in the Supporting 
Information (Fig. S13), as these materials exhibited significantly lower 
activity to methanol, consistent with the TOF analysis discussed in Fig. 8
and Fig. S12. Although conversion profiles are not commonly reported 
in studies on methane to methanol conversion due to the very low CH4 
conversion values, it is considered highly relevant to report all catalytic 
performance parameters in order to achieve a better understanding of 
this challenging route. The conversion profiles are strongly dependent 
on both the zeolite composition and the Cu introduction method due to 
different physicochemical properties such as dispersion, BAS/LAS, and 
Brønsted acid site density, as was previously discussed in the TOF 
measurements (Fig. 8, Fig. S12).

The ZSM-5-23 series (Fig. 10a) exhibits low activity, regardless of Cu 
incorporation, showing conversions of 0.10% and 0.12% after 4 h for the 
ZSM-5-23 support and Cu-ZSM-5-23-IE catalyst, respectively. In 
contrast, the Cu-ZSM-5-30 catalysts (Fig. 10b) prepared by ion-exchange 
and wetness impregnation display the highest conversions (0.39% and 
0.35%, respectively) among all the prepared catalysts, with a nearly 
linear increase in CH4 conversion over the reaction time. For higher 
SiO2/Al2O3 ratios (50 and 80), all Cu-containing catalysts exhibited poor 
activity (Figs. S13a and S13b), with the CH4 conversion after 4 h 
decreasing in the following order: Cu-ZSM-5-50-IE (0.12%) > Cu-ZSM- 
5–50-WI (0.11%) > Cu-ZSM-5–50-EIM (0.01%), and Cu-ZSM-5–80-IE 
(0.03%) = Cu-ZSM-5–80-WI (0.03%) > Cu-ZSM-5-80-EIM (0.01%). All 
these catalysts exhibited BAS/LAS ratios below 1.0 (Fig. 4b, Table S7). 
Those conversion values are lower than the CH4 conversions achieved 
with the parent zeolites, which reach 0.19% and 0.26% for ZSM-5-50 
and ZSM-5-80 (Fig. S13), respectively. This could be explained by the 
higher BAS/LAS ratios (2.2 and 2.0 for ZSM-5-50 and ZSM-5-80, 
respectively) observed within these catalyst families (Fig. 4b, 

Table S7), highlighting the critical role of the balance of Brønsted and 
Lewis acidity in the conversion of methane. Additionally, the reaction 
was conducted without a catalyst (blank) to demonstrate that the re
action showed negligible activity.

Furthermore, it is noteworthy that all the catalysts prepared by EIM 
(Fig. 10, Fig. S13), regardless of the nominal SiO2/Al2O3 ratio, remain 
essentially inactive for methane activation. This behavior is explained 
by the H2O2 conversion profiles (Fig. S14), which show very high values 
after 4 h, ranging from 60 to 87%. This is attributed to high Cu loadings 
(>3.2%) in these catalysts (Table 1, Fig. S14e), indicating that they 
strongly favor a competitive route in the liquid phase, such as the H2O2 
decomposition [60], rather than methane oxidation. Additionally, the 
large CuO nanoparticles located on the external surface of EIM catalysts 
(5.6–8.8 nm, Table 2 and Fig. 5) likely promote radical recombination 
before •OH species can reach the internal active sites, further hindering 
the reaction.

In conclusion, methane conversion to oxygenated products remains 
below 0.4% for all samples, excluding contributions from formaldehyde 
and CO2, reflecting the inherently low conversions reported by Ham
mond et al. [11] (0-0.7%). Thus, the total methane conversion is higher 
and will be discussed later. In this context, the values obtained in this 
work are comparable to those of state-of-the-art catalysts.

3.8. Product distribution

The selectivity to methyl hydroperoxide (CH3OOH) as a function of 
methane conversion (XOP) over ZSM-5–based catalysts is presented in 
Fig. 11 for catalyst series with SiO2/Al2O3 = 23 and 30, while the pro
files for the less active catalysts with higher SiO2/Al2O3 ratios are pro
vided in the Supporting Information (Fig. S15). Fig. 11 provides a clear 
mechanistic evidence that CH3OOH is a primary intermediate in the 
oxidation of methane to methanol, as represented in Fig. 1a. The trends 
showed very high CH3OOH selectivities, reaching values close to 100% 
at the beginning of the reaction, i.e., near-zero CH4 conversion, indi
cating that the initial C–H activation of methane in the presence of H2O2 
proceeds through the formation of the hydroperoxide species rather 
than directly yielding methanol or over-oxidized products (Fig. 1a). As 
the CH4 conversion increased, a monotonic decrease in CH3OOH 
selectivity was observed in all cases, independently of the Si/Al ratio and 
the catalyst preparation method, which is characteristic of an interme
diate that is progressively consumed as the reaction proceeds. This 
behavior is expected from the reaction network presented in Fig. 1a, in 
which the chemical reactivity of CH3OOH under the tested reaction 
conditions leads to methanol formation (Fig. 12) via O-O bond cleavage, 
as well as to further oxidation toward other oxygenated products.

The comparison between the parent ZSM-5 and the Cu-modified 
samples indicates that the presence of Cu species accelerates the con
version of CH3OOH, as reflected by the lower selectivities observed 

Fig. 10. Methane conversion to oxygenated products (XOP) in the DOMTM route with H2O2 as an oxidant over catalysts based on (a) ZSM-5-23, and (b) ZSM-5-30. 
Reaction conditions: 30 bar CH4 at room temperature, 0.5 mol L− 1 H2O2 in deionized water, 70 mL total volume, 150 mg catalyst, 50 ◦C, 1000 rpm.
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under isoconversion conditions, particularly for catalysts prepared by 
ion exchange or wetness impregnation. For example, for the two most 
active catalysts (Fig. 8), Cu-ZSM-5-30-IE and Cu-ZSM-5-30-WI, the 
selectivity to CH3OOH (Fig. 11b) at XOP = 0.1% is around 12% and 18%, 
respectively, whereas it is 30% for the ZSM-5-30 support. This pro
nounced loss of selectivity at relatively low conversions highlights the 
high activity of these catalysts not only for methane activation but also 
for CH3OOH conversion. As the reaction progresses to XOP = 0.35% 
(Fig. 11b), the selectivity further decreases slightly to around 7% for 
both Cu-ZSM-5–30 catalysts, indicating that the reaction rates at this 
point are very low compared to those of catalyst series with different 
SiO2/Al2O3 ratios of 30, where the reaction rates are faster up to XOP =

0.1% (Fig. 11a, S15a, and S15b). This is confirmed by the larger changes 
in selectivity observed in that conversion range.

The evolution of methanol selectivity as a function of the CH4 con
version (Fig. 12, Fig. S16) shows, similarly to CH3OOH (Fig. 11), that the 
product distribution is strongly governed by the interplay between Cu 
speciation and acidity, with Cu-modified catalysts systematically pro
moting overoxidation pathways rather than stabilizing CH3OH as a 
primary product. At isoconversion conditions, all Cu-ZSM-5 catalysts 
exhibit higher methanol selectivity than the parent zeolite, which con
firms the key role of Cu in the DOMTM to yield methanol as the target 
product; however, this selectivity rapidly vanishes as conversion in
creases, indicating that Cu species simultaneously promote methanol 

formation and strongly accelerate its subsequent oxidation to other 
products such as formaldehyde, formic acid, or CO2. Among the ZSM-5- 
23 catalysts (Fig. 12a), Cu-ZSM-5-23-IE clearly achieved the highest 
selectivity, ranging between 100 and 59% in a CH4 conversion range 
below 0.12%. Regarding the ZSM-5-30 catalysts (Fig. 12b), selectivities 
between 56–18% and 54–24% were observed for Cu-ZSM-5–30-WI and 
Cu-ZSM-5-30-IE, respectively, whereas the maximum selectivity 
reached with the ZSM-5-30 support was around 20%.

Fig. 13 shows the selectivity to formic acid (HCOOH) as a function of 
CH4 conversion to oxygenated products (XOP) for Cu-modified and 
parent ZSM-5 catalysts with SiO2/Al2O3 ratios of 23 (Fig. 13a) and 30 
(Fig. 13b), evidencing the progressive over-oxidation of primary 
oxygenate compounds such as CH3OOH (Fig. 11) and CH3OH (Fig. 12). 
The corresponding results for higher SiO2/Al2O3 ratios are presented in 
the Supporting Information (Fig. S17). In Fig. 13a, the parent zeolite 
(ZSM-5-23) exhibits a steep increase in HCOOH selectivity with 
increasing XOP, reaching values above 60%, which indicates extensive 
over-oxidation under highly acidic conditions, as also reported previ
ously in the literature [11]; Cu introduction moderates this trend, 
particularly for the IE sample, which shows lower selectivities at iso
conversion conditions, demonstrating partial suppression of over- 
oxidation pathways. In Fig. 13b, all catalysts display higher XOP 
values, and the systematic rise in HCOOH selectivity with conversion 
becomes clearer, confirming that once initial oxygenates are formed, 

Fig. 11. Selectivity to methyl hydroperoxide (CH3OOH) as a function of the CH4 conversion to oxygenated products (XOP) in the DOMTM route with H2O2 over 
catalysts based on (a) ZSM-5-23, and (b) ZSM-5-30. Reaction conditions: 30 bar CH4 at room temperature, 0.5 mol L− 1 H2O2 in deionized water, 70 mL total 
volume, 150 mg catalyst, 50 ◦C, 1000 rpm.

Fig. 12. Selectivity to methanol (CH3OH) as a function of the CH4 conversion to oxygenated products (XOP) in the DOMTM route with H2O2 over catalysts based on 
(a) ZSM-5-23, and (b) ZSM-5-30. Reaction conditions: 30 bar CH4 at room temperature, 0.5 mol L− 1 H2O2 in deionized water, 70 mL total volume, 150 mg catalyst, 
50 ◦C, 1000 rpm.

L.A. Gallego-Villada et al.                                                                                                                                                                                                                     Journal of Catalysis 459 (2026) 116924 

15 



secondary oxidation dominates, as illustrated in Fig. 1a. Selectivity to
ward HCOOH of about 86% can be reached at 0.26% conversion with 
ZSM-5-30, followed by Cu-ZSM-5-30-WI (65%) and Cu-ZSM-5-30-IE 
(62%) at the same conversion level.

Overall, the monotonic increase in HCOOH selectivity with CH4 
conversion across all catalyst families indicates that formic acid is not a 
primary product of methane activation but instead arises from consec
utive oxidation steps (Fig. 1a). Methane activation initially leads to 
methyl hydroperoxide (CH3OOH) formation, which acts as the main 
intermediate. Depending on the catalyst composition, CH3OOH un
dergoes further transformation either through rapid decomposition to 
CH3OH followed by additional oxidation, or through direct over- 
oxidation to HCOOH without significant methanol production, as in 
the observed case for the parent zeolites (Figs. S15-S17).

3.9. Methanol productivity over time

Across the ZSM-5 series, CH3OH productivity is strongly governed by 
both the zeolite composition (different nominal SiO2/Al2O3 ratio) and 
the Cu incorporation method. Only the most active catalysts for the 
CH3OH production are discussed here, whereas samples with higher 
SiO2/Al2O3 ratios are reported in Supporting Information (Fig. S18). For 
ZSM-5-23 (Fig. 14a), the parent material remains essentially inactive to 
activate methane and then produce methanol, with productivity below 
~60 μmol g− 1 after 4 h, whereas Cu-ZSM-5–23-IE shows a continuous 
and pronounced increase from 196 μmol g⁻1 at 15 min to 911 μmol g⁻1 at 
4 h, with no clear plateau, indicating sustained methane activation. Cu- 
ZSM-5-23-EIM remains nearly inactive (<41 μmol g− 1) over the entire 
time range. At SiO2/Al2O3 = 30 (Fig. 14b), Cu-modified catalysts pre
pared by IE and WI, outperform the parent ZSM-5-30, which plateaus at 

~115 μmol g⁻1 after 4 h; Cu-ZSM-5-30-IE exhibits the highest produc
tivity, rapidly reaching 620 μmol g⁻1 within 30 min and increasing to 
1102 μmol g⁻1 at 4 h, whereas Cu-ZSM-5–30-WI shows fast initial for
mation (506 μmol g⁻1 at 30 min) followed by stabilization around 
750–800 μmol g⁻1, indicating progressive over-oxidation, as shown in 
Fig. 13, where formic acid is produced with all the catalysts. The EIM 
method, as previously discussed, resulted in a catalyst (Cu-ZSM-5-30- 
EIM) that weakly activates methane, reaching a productivity of <90 
μmol g⁻1. This behavior for EIM catalysts was already explained by the 
fact that the H2O2 decomposition pathway (Fig. S14) is favored over CH4 
activation and subsequent oxidation with these catalysts.

When methanol productivity is compared on a time-normalized basis 
(μmol g⁻1h⁻1), the performance of the Cu-ZSM-5 catalysts can be rigor
ously positioned relative to reported systems (Table S1). The highest 
activity in this work occurs at short reaction times (1 h), with Cu-ZSM-5- 
30-IE reaching a productivity of 750 μmol g⁻1 h⁻1 (Fig. 14b), reflecting 
efficient methane activation under oxidation with H2O2. This produc
tivity surpasses most Cu- and Fe-based phthalocyanine catalysts sup
ported on faujasite-type zeolites, such as CuCl16Pc-Na-X (92 μmol g⁻1 

h⁻1), CuCl16Pc-Na-Y (57 μmol g⁻1 h⁻1), and FeCl16Pc-Na-X (135 μmol g⁻1 

h⁻1), all of them operating at long reaction times [9]. Furthermore, Cu- 
ZSM-5–30-IE surpasses the productivity reported with Fe/silicalite-1 
(560 μmol g⁻1 h⁻1) [11] and Pd-Au/CNTs (278 μmol g⁻1 h⁻1) [18], 
which are commonly cited as moderate-activity systems. Noble-metal 
zeolite catalysts exhibit slightly higher productivities, such as Au/ 
ZSM-5 (1000 μmol g⁻1 h⁻1) [16], Rh/ZSM-5 (1224 μmol g⁻1 h⁻1) [19], 
and Au/H-MOR (1300 μmol g⁻1 h⁻1) [17]. However, these systems 
operate typically at elevated temperatures (70–150 ◦C). Among the most 
active systems reported, such as Pd/ZSM-5 (5000 μmol g⁻1 h⁻1) [16] and 
AuPd/ZSM-5 (91600 μmol g⁻1 h⁻1) [16], substantially higher 

Fig. 13. Selectivity to formic acid (HCOOH) as a function of the CH4 conversion to oxygenated products (XOP) in the DOMTM route with H2O2 over catalysts based 
on (a) ZSM-5-23, and (b) ZSM-5-30. Reaction conditions: 30 bar CH4 at room temperature, 0.5 mol L− 1 H2O2 in deionized water, 70 mL total volume, 150 mg 
catalyst, 50 ◦C, 1000 rpm.

Fig. 14. Methanol productivity in the DOMTM route with H2O2 over catalysts based on (a) ZSM-5–23, and (b) ZSM-5-30. Reaction conditions: 30 bar CH4 at room 
temperature, 0.5 mol L− 1 H2O2 in deionized water, 70 mL total volume, 150 mg catalyst, 50 ◦C, 1000 rpm.
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productivities are achieved under conditions involving in situ H2O2 
formation. Importantly, the present study demonstrates that high 
methanol formation rates are obtained only when Cu dispersion is 
around 5%, Brønsted acid site density is intermediate (~0.5–0.7 μmol 
m⁻2), and BAS/LAS ratios are balanced (≈1–1.7). Taken together, these 
results show that the Cu–ZSM-5 catalysts developed here exhibit initial 
methanol formation rates comparable to those reported in the literature 
for H2O2-mediated systems (Table S1), while providing mechanistic 
insight into the metal–acid synergy driving the reaction.

3.10. Formation of formaldehyde and CO2

CO2 is typically overlooked in the literature on direct oxidation of 
methane to methanol, which significantly affects the reported product 
distribution [21]. Here, the production of formaldehyde and CO2 in the 
batch reactor was analyzed, as discussed in the Materials and Methods 
section, only after 4h of reaction, as shown in Fig. 15 for the most active 
catalysts, and Fig. S19 for the other materials. Therefore, the selectivity 
to all liquid-phase products is reported at 4 h under the tested condi
tions, and the total methane conversion can thus be calculated, as 
specified in Eq. (6). This total conversion is higher than the conversion 
to oxygenated products (XOP) reported in all previous sections. Fig. 15

and Fig. S19 show that selectivity is critically governed by zeolite acidity 
and the Cu incorporation method. Across all SiO2/Al2O3 ratios, the EIM 
method yielded catalysts with poor total conversions, below 0.07%. 
Regarding the other catalysts, Fig. 15a shows that the total CH4 con
version (XT) remains moderate (≈0.25–0.30%), while CO2 selectivity is 
considerably high, with values between 35 and 48%, the remainder 
corresponding to oxygenated products (CH3OOH + CH3OH + HCHO +
HCOOH). HCHO represented roughly 10–20% of the liquid products 
after 4 h, indicating that high acidity favors rapid over-oxidation, even 
when primary oxygenates such as CH3OOH and CH3OH are formed.

In Fig. 15b, the most balanced behavior is observed, with total 
conversion increasing to ≈0.45–0.73% (compared to XOP = 0.39% for 
Cu-ZSM-5–30-IE, Fig. 10b), while oxygenated selectivities reached 77%, 
71%, and 58% for Cu-ZSM-5–30-IE, ZSM-5-30, and Cu-ZSM-5-30-WI, 
respectively. CO2 formation is minimized to 23% with the ion- 
exchange catalyst, while HCHO selectivity is also minimized with this 
catalyst, with a value of 8.2%, equal to that of Cu-ZSM-5–30-WI.

Figs. S19a and S19b illustrate that the parent zeolites (ZSM-5-50 and 
ZSM-5-80) surpass the total conversion of the Cu-ZSM-5 catalysts, 
showing trends similar to those observed in Figs. S13a and 13b. This was 
attributed to the higher BAS/LAS ratios (2.0–2.2) of the parent zeolites 
compared to the Cu-modified counterparts (BAS/LAS < 1.0). These re
sults show that only the presence of Cu is not sufficient to effectively 
catalyze the reaction; rather, an appropriate balance of Brønsted and 
Lewis acid sites is required. Additionally, CO2 selectivity with these 
materials ranges between 31% and 41%. Interestingly, catalysts syn
thesized by ion-exchange produced the lowest CO2 selectivities among 
all tested catalysts, with values of 11% (Cu-ZSM-5-80-IE) and 18% (Cu- 
ZSM-5-50-IE); however, total CH4 conversions with these materials are 
very poor, below <0.23%.

3.11. A summary: Optimal windows for key descriptors in DOMTM

The importance of the BAS/LAS ratio, Brønsted acid site density, and 
isolated Cu2+ species has been explained throughout the text. Similar to 
the dependencies of TOF on different parameters (Fig. 8, Fig. S12), 
Fig. 16 and Fig. S20 present several correlations for all the catalysts 
evaluated in this work, clearly showing that Cu-ZSM-5-30-IE/WI are the 
most efficient catalysts for methanol production.

Fig. 16a demonstrates that the highest CH4 conversion at 4 h is 
achieved with the Cu-ZSM-5–30-IE catalyst, which exhibited the highest 
Cu dispersion (4.6%). In addition, the highest CH4 conversions (Fig. 16c, 
Fig. S20a) are obtained with materials exhibiting BAS/LAS ratios in the 
range of 1.2–2.2 (Cu-ZSM-5-30-WI > Cu-ZSM-5–30-IE > ZSM-5–80 >
ZSM-5–50), with the highest value of 0.73% for Cu-ZSM-5–30-WI. 
Notably, materials with BAS/LAS values outside this range exhibit 
conversions below 0.3%. Similarly, Fig. 16e and Fig. S20c show that the 
two highest CH4 conversions are obtained for Brønsted acid site densities 
of 0.57 and 0.58 μmol m− 2, corresponding to Cu-ZSM-5–30-WI and Cu- 
ZSM-5–30-IE, respectively.

Fig. 16b shows that CH3OH productivity at 4 h increases sharply with 
Cu dispersion only beyond ~1–2% dispersion, reaching maxima of 1102 
μmol g⁻1 for ion-exchanged samples with Cu dispersion around ~4–5%, 
whereas samples below ~1% dispersion display activity lower than 250 
μmol g⁻1, demonstrating that poorly dispersed Cu is largely inactive. 
Fig. 16d and Fig. S20b reveal a clear optimum in the BAS/LAS ratio 
centered at BAS/LAS ≈ 1–1.7, and that the productivity drops steeply at 
lower ratios (<0.5), where values remain below 250 μmol g⁻1, and also 
at high ratios (>3–5), where methanol formation collapses, confirming 
that both acid imbalance extremes are detrimental, and conversely, that 
methane oxidation is maximized only at an intermediate acid balance. 
Fig. 16f and Fig. S20d quantify this effect in terms of Brønsted acid site 
density, showing a pronounced maximum (749–1102 μmol g⁻1) at in
termediate BAS densities of ~0.5–0.7 μmol m⁻2, while lower densities 
(<0.3 μmol m⁻2) and higher densities (>0.9–1.1 μmol m⁻2) yield pro
ductivities typically below 300 μmol g⁻1. Similar trends were observed 

Fig. 15. Selectivity in the liquid phase of all products (oxygenated and CO2) 
and total methane conversion (XT) after 4 h in the DOMTM route with H2O2 
over catalysts based on (a) ZSM-5–23, and (b) ZSM-5-30. Reaction conditions: 
30 bar CH4 at room temperature, 0.5 mol L− 1 H2O2 in deionized water, 70 mL 
total volume, 150 mg catalyst, 50 ◦C, 1000 rpm.
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when productivity is reported per mass of copper (Fig. S21). These re
sults indicate that maximum CH3OH productivity is achieved only when 
well-dispersed Cu sites coexist with an adequately balanced acidity, 
which is obtained at an intermediate SiO2/Al2O3 ratio of 30.

The observed relationships support the existence of a synergistic 
effect between Brønsted acid sites (Al–OH–Si) and Lewis acid sites 
associated with isolated Cu2+ species. As demonstrated, catalysts con
taining mainly Brønsted acid sites (BAS/LAS > 10) or only Lewis acid 
sites (BAS/LAS → 0) show negligible methanol productivity (Fig. 16d 
and Fig. S20b), confirming that neither type of site alone is sufficient for 
effective synthesis of methanol. The activity in the direct oxidation of 
methane can thus be attributed to the presence of effective BAS–LAS 
pairs, where Brønsted sites from the zeolite framework operate in 
proximity to Lewis sites from isolated Cu2+, enabling methane activa
tion, controlled reaction with H2O2, and selective CH3OH formation.

The existence of an optimal SiO2/Al2O3 ratio (~30) for BAS-LAS 
cooperativity can be rationalized not only in terms of acid site concen
tration but also through the geometric proximity between Cu2+ species 
and neighboring Brønsted acid sites. Cu2+ exchange at 2Z sites requires 
two nearby framework Al atoms, meaning that the probability of 
forming such sites decreases as the Si/Al ratio increases due to Al dis
tribution constraints. At the same time, each Cu2+ replaces two H+, 

reducing the number of Brønsted acid sites and the formation of Lewis 
acid sites. Effective BAS-LAS cooperativity, therefore, depends on a 
balance: sufficient Al pairs to host Cu2+ (favoring low Si/Al), while 
retaining enough nearby, unexchanged H+ sites (favoring higher Si/Al).

At SiO2/Al2O3 = 23, the high Al density promotes Cu2+ exchange, 
but also leads to excessive consumption of Brønsted sites, disrupting the 
BAS/LAS balance. At higher ratios (50–80), Al pairs become too scarce, 
limiting Cu2+ incorporation and reducing overall Brønsted acidity below 
the required range. In contrast, SiO2/Al2O3 = 30 provides a suitable 
support where both sufficient Cu2+ sites and neighboring H+ sites 
coexist. Thus, the observed optimum likely reflects a balance between 
site proximity and site density, rather than a simple dependence on total 
acid concentration.

3.12. Reaction pathway

The nature of the active centers for methane to methanol conversion 
over Cu-supported zeolites has been more clearly established for gas- 
phase reactions than for liquid-phase. In particular, seminal work by 
Groothaert and co-workers [61–63] demonstrated that mono(μ-oxo) 
dicopper and bis(μ-oxo) dicopper complexes are the active sites for high- 
temperature, gas-phase methane oxidation. It should be noted, however, 

Fig. 16. Dependence of the total CH4 conversion at 4 h (a, c, e) and CH3OH productivity at 4 h (b, d, f) with Cu dispersion (a, b), BAS/LAS molar ratio (c, d), and 
Brønsted acid site density (e, f). Reaction conditions: 30 bar CH4 at room temperature, 0.5 mol L− 1 H2O2 in deionized water, 70 mL total volume, 150 mg catalyst, 
50 ◦C, 1000 rpm.
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that these studies employ a stepwise stoichiometric protocol involving 
sequential high-temperature catalyst activation (300–450 ◦C) in O2 or 
N2O, methane reaction, and methanol extraction, in which the active 
Cu-oxo site is consumed per cycle rather than continuously regenerated. 
This is fundamentally different from the liquid-phase catalytic condi
tions employed in the present work, in which H2O2 serves as a contin
uously available oxidant at 50 ◦C. In contrast, the identity of the active 
centers in the liquid-phase direct oxidation of methane to methanol 
(DOMTM) remains unresolved. This ambiguity arises from the structural 
complexity of Cu/zeolite systems, where different Cu species can be 
formed depending on the zeolite framework, the Cu introduction 
method, and post-synthesis thermal treatments [4]. A variety of Cu 
species have been identified using spectroscopic techniques, such as 
mononuclear Cu+, Cu2+, and [CuOH]+ species [4,64]. On this basis, 
Kulkarni et al. [65] proposed [CuIIOH]+ species located in 8-membered 
ring zeolites as the active sites, although this conclusion relied exclu
sively on DFT calculations. More recently, Sogukkanli et al. [66] sug
gested isolated Cu species as the active centers for the CO-assisted 
DOMTM route, while Gabrienko et al. [67] proposed that Cu2+ cations 
associated with framework Al-O-Si sites may exist as either isolated or 
paired species. Similarly, Meyet et al. [68] reported well-dispersed 
monomeric CuII species supported on alumina as active centers, 
although in a stepwise reaction sequence involving catalyst activation, 
methane reaction, and methanol extraction. Overall, despite significant 
progress, the identification of the true active sites under liquid-phase 
DOMTM conditions remains an open question.

In this work, based on the characterization of the most active catalyst 
(Cu-ZSM-5-30-IE), isolated Cu2+ species (Fig. 6b and Fig. 7), acting as 
Lewis acid sites in proximity to framework Brønsted acid sites, are 
proposed to form BAS–LAS pairs responsible for methane oxidation in 
the liquid phase. Accordingly, a confined radical-mediated reaction 
pathway is proposed (Fig. 17). In Step A, H2O2 is activated at the 
Brønsted acid site (Al-OH-Si), leading to reactive oxygen species, spe
cifically hydroxyl radicals (•OH) and hydroperoxyl radicals (•OOH), 
consistent with previous reports on the role of radical chemistry in the 
kinetics of methane oxidation [4,69,70]. In Step B, CH4 is activated 
within the neighboring BAS-LAS environment through hydrogen 
abstraction by •OH at the Cu2+ Lewis acid site, forming methyl radicals 
•CH3 and water. The methyl radicals rapidly react with •OOH to pro
duce methyl hydroperoxide (step C). This adsorbed intermediate gives 

place, within the zeolite channels, to radicals CH3O• and •OH, and then, 
hydrogen transfer yields methanol, which is released into the liquid 
phase, regenerating the BAS-LAS active pair for another cycle (step D).

In the parent ZSM-5 materials, which do not contain added Lewis 
acid sites, methane activation is proposed to occur via hydrogen 
abstraction by hydroxyl radicals generated from the homolytic cleavage 
of H2O2 at Brønsted acid sites within the confined channels [71,72]. The 
observed conversion is facilitated by the confinement and the density of 
acid sites, which stabilize radical intermediates sufficiently to allow 
partial oxidation, even in the absence of metal sites, although the lack of 
metal centers results in lower methanol selectivity compared to Cu-ZSM- 
5-30. Under H2O2-rich conditions, methanol undergoes consecutive 
oxidation (step E) to formaldehyde, formic acid, and CO2, accounting for 
the observed over-oxidation pathways and the associated selectivity 
losses at longer reaction times.

4. Conclusions

This work systematically investigated the direct oxidation of 
methane to methanol over Cu-ZSM-5 catalysts as a model system, using 
H2O2 as the oxidant under mild conditions (water as solvent, 50 ◦C), to 
establish robust structure–activity relationships that go beyond the 
isolated or qualitative correlations commonly reported in the literature. 
The roles of copper speciation and dispersion, total acidity, the balance 
between Brønsted and Lewis acid sites, the synergistic interaction of 
BAS-LAS pairs, and the framework aluminum environment were 
explored in a unified manner. The preservation of the zeolitic MFI 
framework in all prepared catalysts was confirmed by XRD and SEM. 
The concentration of Lewis and Brønsted acid sites was determined from 
pyridine-FTIR analyses. Copper dispersion was successfully evaluated 
using a combined N2O oxidation-H2-TPR approach, which yielded the 
most reliable estimate of accessible copper sites. UV–Vis-DRS and H2- 
TPR analyses consistently indicated that isolated Cu2+ species dominate 
under the studied conditions and are responsible for methanol formation 
along with the Brønsted acid sites (Al-OH-Si), supporting the plausible 
reaction pathway proposed.

Methanol formation exhibited a maximum in TOF within a narrow 
window of Brønsted acid site density (0.58–0.96 μmol m⁻2), corre
sponding to BAS/LAS molar ratios between approximately 1.0 and 1.7, 
depending on the framework aluminium content. The highest values 

Fig. 17. Plausible reaction pathway for the direct oxidation of methane to methanol over Cu-ZSM-5-30-IE using H2O2 as an oxidant and water as the solvent.
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were observed for Cu-ZSM-5-30 catalysts with BAS/LAS = 1.2 (IE) and 
1.7 (WI), and for Cu-ZSM-5-23-IE with BAS/LAS = 1.0, whereas cata
lysts outside this combined acidity-density window exhibited negligible 
activity. Importantly, several ZSM-5-50 and ZSM-5-80 materials dis
played BAS/LAS ratios within this range but failed to produce methanol 
due to insufficient Brønsted acid site densities, demonstrating that BAS/ 
LAS alone is not a reliable predictor of catalytic performance unless the 
acid site density and Cu species are simultaneously considered.

Copper dispersion positively influences TOFD, but high dispersion 
alone does not guarantee high activity when acidity is suboptimal. The 
most active catalyst, Cu-ZSM-5-30-IE, combines the highest measurable 
Cu dispersion with Brønsted acidity within the identified optimal range, 
emphasizing the cooperative role of metal dispersion, acid functionality, 
and the synergistic interaction of BAS-LAS pairs. Moreover, a linear 
correlation between TOFD and BAS/LAS was observed, largely inde
pendent of the nominal SiO2/Al2O3 ratio.

In this work, several contributions were made toward a more 
quantitative understanding of the direct oxidation of methane to 
methanol (DOMTM) over Cu-ZSM-5 catalysts: i) it is shown that the 
AlVI/AlIV ratio and the BAS/LAS molar ratio are not uniquely correlated 
in Cu-exchanged ZSM-5, indicating that copper incorporation and 
framework aluminum coordination modify acidity descriptors; ii) cop
per dispersion is quantified using a combined N2O oxidation and H2-TPR 
approach, providing a more reliable estimate of accessible copper sites 
than methods based on TEM and TPR alone; iii) turnover frequencies 
normalized by total acidity and copper dispersion are correlated with 
key physicochemical properties, such as Cu dispersion, BAS/LAS ratio, 
and Brønsted acid site density, revealing non monotonic structur
e–activity relationships; iv) characteristic ranges of BAS/LAS ratios and 
Brønsted acid site densities are identified as typical conditions for 
enhanced methanol productivity; v) based on the observed catalytic 
trends and copper speciation characterization, a plausible reaction 
pathway is proposed in which isolated Cu2+ species act as the active 
centers for methane activation, facilitated by the synergistic BAS-LAS 
pairs; and vi) rigorous quantification of all oxidation products is per
formed, including dissolved CO2 at conversions often below 1%.

Overall, this work establishes that high methanol productivity of 
750 μmol g− 1 h− 1, with a selectivity of 49%, in the DOMTM route over 
Cu-ZSM-5 catalysts using H2O2 as an oxidant arises from a specific 
balance between copper dispersion, Brønsted acid site density, the 
synergistic interaction of BAS-LAS pairs, and the framework aluminum 
environment, rather than from any single descriptor. The structur
e–activity relationships identified here provide a benchmark for evalu
ating zeolitic catalysts and underscore the necessity of comprehensive 
characterization and product analysis in low-conversion methane 
oxidation studies. Finally, although H2O2 is not economically practical 
as an oxidant at an industrial scale, because its cost currently exceeds the 
value of methanol, it remains an essential mechanistic probe for eluci
dating structure–activity relationships under mild conditions.
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Mononuclear Cu(II) Sites Supported on Al2O3: Structure of Active Sites from 
Electron Paramagnetic Resonance, 2021, https://doi.org/10.26434/ 
chemrxiv.13295879.v2.

[69] M.H. Ab Rahim, M.M. Forde, R.L. Jenkins, C. Hammond, Q. He, N. Dimitratos, J. 
A. Lopez-Sanchez, A.F. Carley, S.H. Taylor, D.J. Willock, D.M. Murphy, C.J. Kiely, 
G.J. Hutchings, Oxidation of methane to methanol with hydrogen peroxide using 
supported gold–palladium alloy nanoparticles, Angew. Chem. Int. Ed. 52 (2013) 
1280–1284, https://doi.org/10.1002/anie.201207717.

[70] F. Ni, T. Richards, L.R. Smith, D.J. Morgan, T.E. Davies, R.J. Lewis, G.J. Hutchings, 
Selective oxidation of methane to methanol via in situ H2O2 synthesis, ACS Org. 
Inorg. Au 3 (2023) 177–183, https://doi.org/10.1021/acsorginorgau.3c00001.

[71] M.H. Mahyuddin, A. Staykov, Y. Shiota, K. Yoshizawa, Direct conversion of 
methane to methanol by metal-exchanged ZSM-5 zeolite (metal = Fe, Co, Ni, Cu, 
ACS Catal. 6 (2016) 8321–8331, https://doi.org/10.1021/acscatal.6b01721.

[72] Á. Szécsényi, G. Li, J. Gascon, E.A. Pidko, Mechanistic complexity of methane 
oxidation with H2O2 by single-site Fe/ZSM-5 catalyst, ACS Catal. 8 (2018) 
7961–7972, https://doi.org/10.1021/acscatal.8b01672.

L.A. Gallego-Villada et al.                                                                                                                                                                                                                     Journal of Catalysis 459 (2026) 116924 

22 

https://doi.org/10.1016/j.cattod.2020.07.009
https://doi.org/10.1007/s10562-015-1664-7
https://doi.org/10.1007/s10562-015-1664-7
https://doi.org/10.1021/cs3007999
https://doi.org/10.1021/cs3007999
https://doi.org/10.1016/j.chempr.2018.05.006
https://doi.org/10.1016/j.chempr.2018.05.006
https://doi.org/10.1002/anie.202013807
https://doi.org/10.1002/anie.202013807
https://doi.org/10.1016/j.jcat.2024.115698
https://doi.org/10.1016/j.jcat.2024.115698
https://doi.org/10.1021/ja029684w
https://doi.org/10.1021/ja047158u
https://doi.org/10.1021/ja047158u
https://doi.org/10.1016/j.cattod.2005.09.028
https://doi.org/10.1039/C4SC02907K
https://doi.org/10.1039/C4SC02907K
https://doi.org/10.1021/acscatal.6b01895
https://doi.org/10.1039/D0GC03645E
https://doi.org/10.1039/D0GC03645E
https://doi.org/10.1002/chem.202403167
https://doi.org/10.26434/chemrxiv.13295879.v2
https://doi.org/10.26434/chemrxiv.13295879.v2
https://doi.org/10.1002/anie.201207717
https://doi.org/10.1021/acsorginorgau.3c00001
https://doi.org/10.1021/acscatal.6b01721
https://doi.org/10.1021/acscatal.8b01672

	Liquid-phase direct oxidation of methane to methanol: systematic study of copper speciation, dispersion, zeolite acidity, a ...
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Catalyst preparation
	2.3 Catalyst characterization
	2.4 Catalytic tests
	2.5 Quantification of products

	3 Results and discussion
	3.1 Structural and morphological properties
	3.2 Textural properties and Cu content
	3.3 Aluminum coordination and accessible acidity
	3.4 Copper dispersion and reducibility
	3.5 Copper species
	3.6 Turnover frequency (TOF) as a descriptor of catalytic activity
	3.7 Conversion of methane to oxygenated products
	3.8 Product distribution
	3.9 Methanol productivity over time
	3.10 Formation of formaldehyde and CO2
	3.11 A summary: Optimal windows for key descriptors in DOMTM
	3.12 Reaction pathway

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary material
	Data availability
	References


