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Abstract

The direct oxidation of methane to methanol (DOMTM) in the liquid phase was investigated using

a copper a-3,5-(di-tert-butyl)phenyl phthalocyanine (CuPc) supported on hierarchical ZSM-5 zeolites
prepared by alkaline desilication, with H,O; as an oxidant (50 °C, 30 bar CH4, 0.5 M H,O,). Catalysts with
varying Cu loadings (0.5 - 1.0 wt.%), framework compositions (SiO2/ALO3 = 23 and 30), and thermal
treatment (intact CuPc vs. calcined) were evaluated. Qualitative kinetic analysis was performed through
the quantification of the products over time (0-4 h) by HPLC, 'H NMR, and potentiometric titration. X-
ray absorption spectroscopy (XAS) established that the CuPc macrocycle remains structurally intact after
incorporation into the zeolite (Cu-N distance 1.94 A, coordination number ~4.4), while calcination leads
to complete macrocycle decomposition and formation of isolated Cu2*-2Z framework species, as
confirmed by XANES, UV-Vis-diffuse reflectance spectroscopy, and H>-TPR. Elemental mapping by
HAADF-STEM demonstrated that copper is homogeneously dispersed throughout the zeolite. Calcination
significantly improved catalytic performance. The catalyst | CuPc-ZSM-5-30-DS-Calc (Cu/Al molar ratio =
0.17) achieved a CH3OH productivity of 553 umol g.c! h-' and 47% selectivity at isoconversion (0.1%),
corresponding to a methanol yield of 4.3 molcHzon molcy!' h-!, surpassing many recent reported
phthalocyanine-based systems for DOMTM. An even higher methanol yield of 8.0 molcHson molcy ! h-!
was obtained over 0.5CuPc-ZSM-5-30-DS-Calc (Cu/Al molar ratio = 0.09). The Brensted to Lewis acid
site (BAS/LAS) ratio and Bregnsted acid site density were identified as key descriptors of CH3OH selectivity
2



and productivity. These findings establish that CuPc functions primarily as a precursor to well-dispersed
Cu?" active sites, and that copper speciation, zeolite acidity, and mesoporosity jointly govern methanol

selectivity in this reaction system.
Keywords:

Methane oxidation; Methanol; Copper phthalocyanine; Hierarchical ZSM-5; BAS/LAS ratio; Isolated Cu?*

species.

l. Introduction

Methane is the main component of natural gas and biogas and one of the most abundant carbon
resources. Despite this, its chemical utilization remains limited, since the dominant industrial route to
methanol requires methane reforming to synthesis gas, followed by methanol synthesis under high
temperature and pressure [|]. This two-step process is economically viable only on a large scale and is
therefore unsuitable for remote or small gas reserves [2]. The direct conversion of methane to methanol
(DOMTM) in a single catalytic step is therefore a long-standing goal in catalysis research. The main difficulty
is that, once methanol is formed, it reacts more readily with an oxidant than methane itself, therefore the
product is more easily lost to further oxidation than the starting material. The overall challenge can thus
be described as achieving selective oxidation of a very stable molecule while preventing overoxidation of
a less stable product [I]. In biological systems, this problem is solved by the enzyme methane
monooxygenase (MMO), which converts methane to methanol with high selectivity under mild conditions

by controlling the delivery of oxygen through its active site [3,4].

Copper-exchanged zeolites have been widely studied for the gas-phase selective oxidation of
methane to methanol, largely because their active sites are structurally similar to the copper center of
particulate MMO [5,6]. In the conventional stepwise procedure, the catalyst is first activated with O; or
N>O at high temperature to form reactive copper-oxo species, then cooled and exposed to methane, and
finally treated with steam to extract methanol [7]. This sequence is necessary because methanol binds
strongly to copper sites and cannot be desorbed thermally without further oxidation. DFT calculations
on Cu-mordenite indicated that the adsorption enthalpy of methanol at the active site is approximately -

103 k] mol, indicating that water is needed for product displacement [8].

The nature of the reactive species remains debated. DFT studies suggest that [Cu—O-Cu]?*
exhibits a lower barrier for C—H bond activation than [Cu—O—-O-Cu]?* species [8], while other studies
proposed that small Cus clusters can convert methane through a radical-type mechanism in which the
selectivity is sensitive to the oxygen coverage of the cluster [9]. Direct evidence for Cu' reduction to Cu
during methane exposure was obtained by operando XAS measurements, which also showed that a
considerable fraction of the copper in Cu-mordenite and Cu-chabazite does not take part in the catalytic

cycle [10]. The density of Bransted acid sites, rather than the total copper content, controls the formation
3



of active copper-oxo species, as these sites govern Cu?* exchange into the framework [11]. It was also
reported that CO; can replace O, in the reactivation step at 400 °C, although incomplete catalyst recovery
was observed due to insufficient water formation [12]. In summary, gas-phase methane to methanol
reaction over Cu-zeolites gives high methanol selectivity but requires high-temperature activation, gives
low conversion per cycle, and relies on a batch extraction step, all of which are important limitations from

a practical perspective.

In the liquid-phase systems, H,O; serves as an oxidant capable of generating hydroxyl radicals or
metal-oxo species at temperatures below 100 °C, eliminating the need for high-temperature pretreatment
[1]. Methanol dissolves directly into the aqueous medium, avoiding the strong adsorption that requires
steam extraction in gas-phase systems. However, selectivity is intrinsically constrained by mass transfer
due to the low solubility of methane in water under the reaction conditions used in this work,
subsequently dissolved methanol quickly reaches higher concentrations than dissolved methane. Since
HO- reacts more rapidly with methanol than with methane, overoxidation is unavoidable relying on the
catalyst design alone [3,13]. As a result, the products are formed in a consecutive sequence: methyl
hydroperoxide (CH3OOH) appears first, followed by methanol (CH3OH), formaldehyde (HCHO), formic
acid (HCOOH), and finally CO,. Because the selectivity to each intermediate depends on the degree of
conversion and not on the reaction time alone, comparing results reported at a fixed reaction time across
different catalyst systems is not meaningful unless the conversion is the same (isoconversion conditions)
[13]. Furthermore, distinguishing whether CH3OOH is a true intermediate on the way to CH3;OH or is
formed through a separate pathway requires concentration profiles over time rather than single-time
analysis, as previously reported in our work [13]. In many recent reports on DOMTM, both in the gas
phase, where the stepwise protocol inherently yields a single methanol value per cycle [10,11], and in the
liquid phase, where results are frequently reported at a fixed reaction time without kinetic profiles [14,15],
the temporal evolution of the product distribution is not tracked, limiting the mechanistic conclusions that

can be drawn about the reaction network.

A further limitation in many studies is the omission of CO; quantification. In aqueous systems,
dissolved CO; must be measured before degassing, typically by titration, yet this step is frequently omitted
[16,17]. When CO; is excluded from the product balance, the reported selectivity to methanol is
overestimated. In the present work, CO, selectivities between 22.7% and 45.3% were measured
depending on the catalyst. Reported CO; selectivities of 80—100% for unsupported copper and cobalt
phthalocyanines [18], and 19.6-64.4% for silica-supported iron phthalocyanine [14] further illustrate the

importance of complete carbon balances.

Metal phthalocyanines (MPc) represent artificial and structural relatives of biologically relevant
porphyrins, which are ubiquitous in all living organisms, responsible for several catalytic redox reactions
or transportation of dioxygen [19]. MPcs are popular as potential catalysts for industrial applications,

especially in oxidative C-H activation, not only because of the chemical analogy to porphyrins but also due
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to easy, reliable, and cost-efficient preparation in large quantities, as well as chemical and thermal stability
[20]. In the context of methane oxidation, mono- and bimetallic phthalocyanines with copper or iron have
been investigated, which represent proper examples to resemble the active site of soluble and particulate
MMO [14,16,18,21-23]. These systems display measurable methanol production, however CO,
quantification is often neglected. Additionally, the encapsulation of metal phthalocyanines in zeolites has
been proposed to prevent aggregation, a known deactivation pathway in both homogeneous and
supported systems [24,25]. As an alternative strategy, Lee et al. [26] demonstrated methane to methanol
conversion with tetracoordinated copper centers by utilizing ZIF-7 with benzimidazole coordination sites,
proposing a mechanism involving hydrogen abstraction by a Cu'-oxo species to form a methyl radical,
which then reacts to give the observed products [26]. Although filtration tests suggested heterogeneous
catalysis, the involvement of radical intermediates indicates that radical pathways are not fully suppressed.

CO; was not reported, and kinetic data were limited, preventing a complete assessment of selectivity.

In this work, a sterically hindered copper phthalocyanine with four 3,5-(di-tert-butyl)phenyl
substituents (CuPc) was synthesized and supported on hierarchical ZSM-5 prepared by alkaline
desilication. The bulky substituents enforce an intermolecular spacing of 7.4 A, as determined by single-
crystal X-ray diffraction, preventing T-TT stacking and ensuring isolated copper centers. Desilication was
necessary because the molecular dimensions of CuPc exceed the micropore size of microporous ZSM-5
(~0.55-0.60 nm). The Bronsted to Lewis acid site ratio (BAS/LAS) has been identified as a key descriptor
of methanol selectivity, with intermediate values (I-1.7) favoring methanol formation, whereas values
outside this range are associated with promoted overoxidation [I3]. However, its role cannot be
considered independently of copper speciation and framework composition, both of which also influence
activity and selectivity [5,6,13]. Several questions remain open: it has not been established whether CuPc
acts as an intact heterogeneous catalyst, as a source of dispersed copper species after thermal treatment,
or as a precursor to leached ions in solution; the stability of the macrocyclic ligand under prolonged H,O;
exposure has not been determined; and the specific effect of mesoporosity on selectivity has not been

separated from the effects of acidity and copper speciation.

To address these issues, the catalysts were prepared with varying Cu loadings (0.5-1.0 wt.%),
framework compositions (SiO2/Al,O3 = 23 and 30), and thermal treatments (non-calcined vs. calcined
CuPc). Reactions in the liquid phase were conducted at 50 °C under 30 bar CH4 using 0.5 M H,O, in 70
mL of water with 150 mg of catalyst and vigorous stirring (1000 rpm). The reaction products were
quantified over time (0-4 h) using HPLC, 'H NMR, and potentiometric titration to enable rigorous kinetic
analysis. The physicochemical properties of the prepared materials were thoroughly characterized by a
combination of conventional techniques such as N physisorption, XRD, FTIR, pyridine-FTIR, ICP-OES,
TGA, and H>-TPR, advanced spectroscopic methods such as 27Al solid-state NMR and UV-Vis diffuse
reflectance spectroscopy (DRS), and high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). The copper oxidation state and local coordination environment were

further probed by X-ray absorption spectroscopy (XAS) at the Cu K-edge.



To the best of our knowledge, this work reports for the first time a comprehensive qualitative
kinetic analysis of the liquid-phase DOMTM over CuPc-based catalysts, following the temporal evolution
of all oxygenated products over a 4 h reaction period and establishing explicit correlations between the
observed product distribution and key physicochemical properties of the catalyst including copper

speciation, zeolite acidity (BAS/LAS ratio and Brensted acid site density), and Cu/Al molar ratio.

2. Materials and Methods

The details of the reagents used in this work and the preparation of copper a-3,5-(di-tert-butyl)phenyl
phthalocyanine and the mesoporous zeolite supports can be found in Section | of the Supporting

Information.

2.2. Catalyst preparation

Copper a-3,5-(di-tert-butyl)phenyl phthalocyanine (CuPc, 4.79 wt.% Cu, CgHssCuNs) was
incorporated into the mesoporous ZSM-5 supports to obtain nominal Cu loadings of 0.5, 0.75, and | wt.%.
The procedure was adapted from that previously reported for anchoring metal phthalocyanines in faujasite
zeolite [25], using a solvent volume 20 times lower relative to the zeolite mass. For each preparation, the
required amount of CuPc (105 mg for 0.5 wt.% Cu, 157.5 mg for 0.75 wt.% Cu, and 210 mg for | wt.%
Cu) was dissolved in 20 mL of chloroform, selected due to its high solubility for CuPc. The solution was
sonicated for 10 min to ensure complete dissolution. Subsequently, | g of mesoporous ZSM-5 support
(ZSM-5-23-DS or ZSM-5-30-DS) was added to the solution in a 100 mL round-bottom flask, and the
suspension was stirred at 45 °C for 5 h to promote uniform deposition of CuPc onto the zeolite surface.
The solvent was then removed using a rotary evaporator. The resulting solid was recovered and dried
overnight at 105 °C. The materials were denoted as xCuPc-ZSM-5-X-DS, where x represents the nominal
Cu loading (0.5, 0.75, or | wt.%), and X corresponds to the nominal SiO2/Al,O3 molar ratio (X = 23 or
30).

After incorporation of CuPc, the catalysts were subjected to calcination in order to decompose
the organic macrocyclic ligand and generate dispersed copper species on the mesoporous zeolite surface.
Calcination was carried out using the same temperature program described in Section 1.2.2 of the

Supporting Information. The resulting materials were denoted as xCuPc—ZSM-5-X-DS-Calc.
2.3. Characterization of materials

Details regarding the characterization of copper a-3,5-(di-tert-butyl)phenyl phthalocyanine are
provided in Section 2 of the Supporting Information (Figs. SI1-S4). Additionally, details for the crystal, data
collection, refinement, and a depiction of the crystal lattice are provided in Section 3 of the Supporting

Information (Tables SI-S3, Figs. S5-S6). Crystallographic data were deposited with the Cambridge
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Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB2I1EZ, UK. These data can be
obtained free of charge upon providing the depository numbers CCDC 2541756.

The synthesized catalysts were extensively characterized using a wide range of techniques to
correlate their physicochemical properties with the observed catalytic performance. These techniques
include inductively coupled plasma optical emission spectroscopy (ICP-OES), N2 physisorption, X-ray
diffraction (XRD), Fourier transform infrared (FTIR), thermogravimetric analysis (TGA), pyridine-FTIR,
transmission electron microscopy (TEM), scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX), CHNS, solid-state NMR, UV-Vis diffuse reflectance spectroscopy (DRS),
hydrogen temperature-programmed reduction (H2-TPR), and N>O selective oxidation combined with H,-

TPR. The experimental details of these techniques can be found in Section 4 of the Supporting Information.

X-ray absorption spectra (XAS, in terms of XANES and EXAFS) at Cu K absorption edge were
recorded at the P64 beamline [27] of PETRA Ill synchrotron radiation source (DESY, Hamburg) in
transmission (using ionization chambers) and fluorescence (using Passivated Implanted Planar Silicon, PIPS,
diode) modes. The energy of the X-ray photons was selected by a Si (31 I) double-crystal monochromator,
and the beam size was set by means of slits to approx. | (vertical) x 2 (horizontal) mmz2. Higher harmonics
were suppressed by detuning the monochromator. The reference samples were measured as 13 mm

pellets diluted with cellulose, while the catalyst samples were placed as is in 4 mm thick powder holders.

X-ray absorption near-edge spectra (XANES) were normalized, and the extended X-ray
absorption fine structure spectra (EXAFS) background subtracted using the Athena program from the
IFEFFIT software package [28]. The k2-weighted EXAFS functions were Fourier transformed (FT) in the k
range of 2.5 — 12 A-! and multiplied by a Hanning window with a sill size of | A-l. The displayed FT EXAFS
spectra were not corrected for the phase shift. For the structure refinement amplitude reduction factor
of So? 0.88 was obtained by fitting the first shell of the CuPc reference spectrum. The first shell fits of the
EXAFS data were performed using Artemis [28] by a least square method in r-space between | and 2 A.
Coordination numbers (CN), interatomic distances (r), energy shift (6Eo), and mean square deviation of
interatomic distances (02) were refined during fitting. The absolute misfit between theory and experiment

was expressed by p.

2.4. Catalytic tests and quantification

Catalytic performance was evaluated in a high-pressure batch autoclave reactor (300 mL, Parr
Instrument Co., model TS-10/350C, T316 stainless steel, maximum working pressure: 200 bar). The
reactor was fitted with a Teflon liner to prevent undesired decomposition of hydrogen peroxide by the
stainless steel. Considering the Teflon liner volume (62 mL) and the displacement caused by the stirrer
shaft and internal tubing (~20 mL), the effective reaction volume was estimated at 218 mL. The reactor
was equipped with a mechanical stirrer (IKA Eurostar), an internal thermocouple, a cooled sampling valve,

and an internal cooling line for temperature control inside the reactor. The cooling system was connected
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to a cooling system that maintained the outlet temperature below 10°C during sampling, thereby

minimizing volatilization losses of oxygenated products.

Reactions were conducted by charging the Teflon liner with 70 mL of an aqueous solution
containing 0.5 mol L-' H,O,, using deionized water as the solvent, followed by the addition of 150 mg of
catalyst. After sealing, the reactor was purged with N, and subsequently with CH4 to eliminate residual
air. Methane was then introduced to an initial pressure of 30 bar at room temperature. The system was
heated to 50 °C under low stirring (=50 rpm). Upon reaching the setpoint temperature, the stirring rate
was increased to 1000 rpm, which was defined as time zero. Pressures between 32.5 and 33 bar were
achieved when the temperature stabilized. The liquid samples were taken periodically and filtered to
remove catalyst particles before the analysis by HPLC, NMR, and potentiometric titration. All the
experiments were performed at high stirring speed (1000 rpm) and with catalyst particles smaller than

50 um, aiming to minimize external and internal diffusion limitations, respectively.

Liquid products of the reaction were quantified using complementary analytical techniques,
following protocols previously reported by our group [I3]. Hydrogen peroxide and formic acid were
quantified by high-performance liquid chromatography (HPLC) using an Agilent |1100/1200 Series system
equipped with a Rezex™ ROA-Organic Acid H* (8%) column and refractive index detection. Analyses
were performed under isocratic conditions using dilute H,SO, as the mobile phase. More details can be

found elsewhere [13]. A typical chromatogram is shown in Supporting Information (Fig. S7).

In contrast, methanol (CH3OH), methyl hydroperoxide (CH3OOH), and formaldehyde (detected
as methanediol, CH,(OH),;) were quantified by 'H NMR spectroscopy (Bruker 600 MHz) using D,O
containing DSS as an internal standard and a solvent suppression sequence to minimize the water signal
interference. NMR was selected for these species due to its superior sensitivity and resolution compared
to HPLC. For a typical analysis, 0.6 mL of the reaction solution was mixed with 0.2 mL of D,O containing
0.024 wt.% DSS in an NMR tube designed for high MHz measurements (Class B glass, 5 mm outer
diameter, 4 mm inner diameter, 7 in length). The identified products were DSS (6 = 0.00 ppm), CH;OH
(6 = 3.34 ppm), CH3OOH (6 = 3.84 ppm), CH2(OH), (6 = 5.03 ppm), and HCOOH (& = 8.79 ppm). A

typical 'H NMR spectrum is shown in Supporting Information (Fig. S8).

Dissolved CO, was determined by potentiometric titration using a 0.0l mol L-' NaOH solution
in a TitroLine® 7000 system (S| Analytics). The equivalence point was identified from the first derivative
of the titration curve. Since formic acid was independently quantified by HPLC, its contribution to base
consumption was subtracted to isolate the CO; content. Detailed analytical parameters are provided in
our earlier publication [I3] and a typical potentiometric titration profile is shown in Supporting

Information (Fig. S9).



The methane conversion to oxygenated products (Xor) and the selectivity to the oxygenated
product (S) were calculated according to Egs. (1)-(2), where n; refers to the number of moles of

compound i in the liquid phase:

mol oxygenated products n +n +n +n
Xop (%) = STg. p <100 = CH3;00H CH3;0H HCHO HCOOHX 100 )
Initial mol CH, NcH,,0
nj
S;(%) = x100 (2)

Ncy,00H 1 NcH,0on T NHCHO T NHCOOH

The conversion of hydrogen peroxide (Xy,o,) Was calculated using Eq. (3), where ny,q, o and

Ny,0,, correspond to the initial and final (at time t) moles of H20,, respectively.

NH,0,,0 — NH,0,t

Xn,0, (%) = x 100 (3)

Ny,0,,0
Methanol productivity was calculated according to Eq. (4), where me is the catalyst mass:

NcH,0H

4

Prodcy,on(mmol ggap) =
cat

The total methane conversion (Xt) and the selectivity to all products (S; 1) in the liquid phase
(oxygenated compounds and CO,) were calculated using Egs. (5) and (6), at a final reaction time of 4 h,

unless otherwise specified, where n,yy, corresponds to the numerator of Eq. (1):

n +n n
X (%) = —28 ~ 924 100 = Xgp(%) + —2-x 100 (6)
Ncy,o0 NcH,o0
n;
Si1.(%) = —————x100 7)

Nch,,0 X X1
3. Results and discussion
3.1. Characterization of CuPc

Non-aggregating copper o-3,5-(di-tert-butyl)phenyl-substituted phthalocyanine (CuPc) was
synthesized by metalation of the ligand H;Pc-Windmill with CuCl,, following a previously reported
procedure [29]. NMR spectroscopic characterization of the paramagnetic CuPc was severely limited due
to the long electron spin relaxation time of copper(ll) [30-33], allowing assighment of only the protons
and carbon of the 3,5-(di-tert-butyl)phenyl substituent, while full structural and molecular characterization
was achieved by high-resolution mass spectrometry (HRMS), UV-Vis absorption spectroscopy, and single-
crystal X-ray diffraction (SC-XRD) (see Supporting Information). The crystal structure (Fig. |) confirms a
square-planar coordination geometry of the copper(ll) ion, and the intermolecular space is filled with
cocrystallized chloroform molecules, which are centered above the copper(ll) ion (Cu-CI: 3.3 A Fig. S6).
This indicates the potential of copper to interact with small molecules, like methane, and fixate them in

the second coordination sphere. The crystal lattice exhibits a slipped-stacked packing motif (Fig. S5) [34]
9



in which the bulky 3,5-(di-tert-butyl)phenyl substituents act as spacers, resulting in an intermolecular
distance of 7.4 A between adjacent phthalocyanine planes and thereby precluding m-m1-stacking. These
findings reveal that spatial separation between two CuPc molecules prevents the possibility of bi- or
multimetallic reaction centers after immobilization on a solid support (e.g. zeolites), which allows a direct

correlation between the number of molecules and the number of reaction centers.
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Fig. |. Molecular structure of copper a-3,5-(di-tert-butyl)phenyl phthalocyanine (Rinc = 3.5%). Thermal
ellipsoids of the major component are shown at the 50% probability level, and hydrogen atoms as well

as solvent molecules are omitted for clarity.
3.2. Catalyst characterization
3.2.1. Textural properties

The incorporation of CuPc into microporous supports is severely constrained by its large
molecular dimensions (1.47 nm x |.47 nm). Consequently, accommodation within the micropores of
conventional zeolites is not feasible, as illustrated in Fig. S10 for ZSM-5-23 and ZSM-5-30, which exhibit
pore dimensions (ca. 0.55-0.6 nm), significantly smaller than the molecular size of the phthalocyanine
complexes. To overcome this limitation, the microporous solids were desilicated to generate

mesoporosity, resulting in increased mesopore volumes and, consequently, higher total pore volumes
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(Table I), which enable anchoring of CuPc onto the desilicated supports. All the textural properties are

summarized in Table | for the parent, desilicated, CuPc-loaded, and calcined materials.

Table I. Textural properties and octahedral (AlOg)/tetrahedral (AlO4) aluminum ratio of the prepared

catalysts.
Vmic VT Mesoporosity=
Catalyst SA (m?/g) AIO(/AIO»
(cmig') (cmg!) (%)

ZSM-5-23 [13] 446 0.217 0.223 2.7 -

ZSM-5-30 [13] 430 0.211 0.234 9.6 -
ZSM-5-23-DS 430 0.201 0.263 23.6 0.30
ZSM-5-30-DS 445 0.205 0.325 36.7 0.21
0.5CuPc-ZSM-5-23-DS 429 0.203 0.280 27.3 0.30
0.5CuPc-ZSM-5-30-DS 385 0.181 0.273 337 0.20
0.75CuPc-ZSM-5-30-DS 415 0.192 0.296 35.1 0.32
| CuPc-ZSM-5-30-DS 379 0.179 0.269 335 0.33
0.5CuPc-ZSM-5-30-DS-Calc 441 0.204 0.321 36.4 0.24
| CuPc-ZSM-5-30-DS-Calc 482 0.220 0.360 38.9 0.15

SA: Surface area determined by the Statistical Thermodynamic Fluctuation Theory [35,36], Vmic:
Micropores volume, Vt: Total pore volume. 2 Mesoporosity = | — Vuid/V1. b Octahedral to tetrahedral

aluminum ratio (AlO¢/AlO4) was determined by 27Al MAS NMR.

The N, adsorption-desorption isotherms of the prepared catalysts are presented in Fig. 2a. Hybrid
type I(a)-1V(a) isotherms were observed for all materials, indicating the coexistence of microporosity and
mesoporosity, according to the IUPAC classification [37]. A pronounced Ny uptake at very low relative
pressures (P/P, < Ix10-5), characteristic of micropore filling, was observed for all the materials [38]. In
addition, a small hysteresis loop appearing at relative pressures of ca. 0.4 was observed, confirming the
presence of mesopores. A limited degree of mesoporosity (Table |) was detected in the parent zeolites,
with values of 2.7% and 9.6% for ZSM-5-23 and ZSM-5-30, respectively. This mesoporosity is reflected by
the presence of a narrow hysteresis loop in the isotherms (Fig. 2a). These observations indicate that the
mesoporosity observed in the samples arises from intrinsic features of the commercial materials. A similar
behavior has been previously reported for several zeolitic frameworks, such as MFI [13,39], faujasite [40],
and beta [41]. It is worth noting that CuPc by itself does not adsorb N, (Fig. SI'1), which indicates the
absence of associated textural properties. The desilicated materials exhibited mesoporosities (Table 1) of
23.6% and 36.7% for ZSM-5-23-DS and ZSM-5-30-DS, respectively, demonstrating the success of the

desilication procedure.

The parent zeolites exhibit specific surface areas of 446 and 430 m2 g-! (Table 1) for ZSM-5-23
and ZSM-5-30, respectively. After desilication, the surface areas remain in a similar range, indicating that
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the treatment mainly alters the pore size distribution rather than the surface area. Upon incorporation of
CuPc, a decrease in the surface area (Table |) is observed due to partial pore blocking by the bulky CuPc
molecules, which limits N, accessibility during physisorption measurements. Accordingly, the lowest
surface areas are obtained for |CuPc-ZSM-5-30-DS and 0.5CuPc-ZSM-5-30-DS, with values of 379 and

385 m2 g'!, respectively, corresponding to losses of approximately |3-15%.

In the calcined samples, the organic framework of the CuPc is decomposed, releasing CO,, H,O,
and NOx. After this treatment, the surface areas were comparable or even higher than that of the
desilicated support, reaching 441 and 482 m2 g-! (Table |) for 0.5CuPc-ZSM-5-30-DS-Calc and | CuPc-
ZSM-5-30-DS-Calc, respectively. Notably, the latter exceeds the surface area of the desilicated support
(445 m2 g!), which can be attributed to the formation of additional defects or secondary mesoporosity
during calcination. This interpretation is consistent with the observed increase in mesoporosity from

36.7% for ZSM-5-30-DS to 38.9% for | CuPc-ZSM-5-30-DS-Calc.

The pore size distributions (Fig. 2b) show that all catalysts based on desilicated supports exhibit a
well-defined mesoporous contribution with average pore diameters of ca. 3.5-4.0 nm, in addition to the
intrinsic microporosity of ZSM-5, characterized by average pore sizes of about 0.55-0.70 nm (Fig. S10).
Although the parent ZSM-5-23 zeolite displays an average mesopore size of ca. 3.8 nm, its mesopore
volume is negligible (0.006 cm3 g-'), corresponding to a very low mesoporosity (2.7%, Table I). These
results highlight the importance of desilication to generate accessible mesopores suitable for the

incorporation of CuPc species.
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Fig. 2. (a) N, adsorption-desorption isotherms; (b) Pore size distributions in the mesoporosity region
by the BJH method for the desorption branch; (c) XRD patterns. Numbers in parentheses in the label

of (a) indicate the offset, in cm3 STP g!, regarding ZSM-5-23.
3.2.2. Structural and morphological properties

The XRD patterns of the synthesized catalysts are presented in Fig. 2c. All samples display the
diffraction features characteristic of the MFI-type zeolite (PDF 04-008-8144), with reflections at 206 = 7.9°,
9.1°, 23.1°, 23.3°, 23.9°, and 24.4°, indexed to the (101), (111), (332), (051), (303), and (133) planes,
respectively [42]. The preservation of the characteristic MFI reflections and their sharpness indicates that
the crystalline order of the ZSM-5 framework is retained after incorporation of CuPc, with no evidence
of loss of crystallinity upon introduction of the copper complex. This is in line with the findings of Gedeon
et al. [24] regarding the synthesis of ZSM-5 containing copper phthalocyanine complexes, where it was
reported that the amount of complex trapped is much lower than the number of channel intersections,
without affecting the crystallinity of the supported catalysts. Although the formation of CuO species could
occur during high-temperature calcination, no additional diffraction peaks attributable to crystalline
copper oxides are detected in any of the calcined samples. This absence is most likely related to the low
Cu loading (<I| wt.%, Table 2) achieved from the use of CuPc complexes as precursors [43], as CuO
reflections are typically observed only at higher copper contents [44]. Consistently, FTIR spectra of the
supported catalysts (Fig. S12) were dominated by the characteristic MFI framework vibrations, with no
distinguishable CuPc-associated bands, attributed to the low copper loading relative to the inorganic

matrix.

SEM micrographs of | CuPc-ZSM-5-30-DS catalyst (Fig. 3a) and the corresponding calcined sample
reveal aggregated particles composed of irregular, plate-like, and blocky crystallites. Although features
characteristic of the MFI framework can still be recognized, the crystals do not appear as isolated, well-
faceted hexagonal prism-shaped units as has been reported for Cu-ZSM-5 catalysts using copper nitrate
as metal precursor [13]; instead, they form densely packed agglomerates with noticeable morphological
heterogeneity, attributed to the effect of the CuPc anchoring. The calcined sample exhibits a very similar

13



morphology, indicating that the calcination treatment does not induce significant changes in the particle
shape or the overall aggregation state. Therefore, no evidence of the crystal collapse is observed, as was

also concluded by XRD.
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Fig. 3. (a) SEM micrographs and (b) TEM micrographs of two fresh catalysts. Scale bar: 100 nm in all
cases. Orange ovals indicate regions where Cu nanoparticles with sizes ranging from 5 to 7 nm are

observed.

The SiO2/Al,O3; molar ratios calculated from the EDX data (Table S4) range from 24.9 to 27.3, in
line with the nominal ratio provided by the supplier for the parent zeolite. The Cu content in selected
catalysts was determined using ICP-OES (Table 2), confirming Cu incorporation close to the nominal
values with efficiencies between 74-82% relative to theoretical loadings (I and 0.5 wt.%). The standard
deviations were extremely low, resulting in coefficients of variation (CV) below 0.02%, indicating excellent

reproducibility and high precision of the bulk measurements.

Table 2. Copper content (wt.% Cu) by ICP-OES.

ICP-OES
Catalyst
’ (wir:'1 3/aal(l'lu) (wt.s‘;o)Cu) CV (%)
| CuPc-ZSM-5-30-DS 0.74 2.89E-05 0.0039
0.5CuPc-ZSM-5-30-DS-Calc 0.41 5.09E-05 0.0124
| CuPc-ZSM-5-30-DS-Calc 0.8l 4.25E-05 0.0053
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SD is the standard deviation; CV represents the coefficient of variation, calculated as the

standard deviation divided by the mean.

TEM micrographs of the catalysts (Fig. 3b) show that the | CuPc-ZSM-5-30-DS material does not
exhibit visible Cu nanoparticles, with the zeolite crystals appearing relatively uniform, blocky, and tens of
nanometers in size. These micrographs closely resemble those of the desilicated supports (Fig. SI3),
indicating that the visualization of CuPc-based materials by TEM is particularly challenging due to their
predominantly organic nature. Since the CuPc molecule is composed mostly of light atoms (C, N, H), it
provides very low electron-scattering contrast, making it difficult to distinguish from the background [45].
Additionally, CuPc is highly sensitive to electron beam damage, as reported by Murata et al [46]. In
contrast, the calcined sample clearly shows the formation of Cu nanoparticles, with sizes ranging from 5

to 7 nm (Fig. 3b).
3.2.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of the samples is presented in Fig. 4. Pure CuPc analyzed under
a N, atmosphere (Fig. 4a) shows a total mass loss of ca. 62% between 30 °C and 800 °C, leaving about
38% residue at 800 °C. This residue is attributed to carbonaceous material formed during pyrolysis, since
no oxygen is present to allow complete combustion. The main mass loss occurs between 500-600 °C and
is associated with decomposition of the phthalocyanine macrocycle and subsequent carbonization at
higher temperatures. In contrast, pure CuPc under an air atmosphere (Fig. 4a) shows almost complete
mass loss (96.3%), with only ~ 3.7% residue remaining at 800 °C, which corresponds to CuO formed after

total oxidation of the organic structure.

For the CuPc-supported ZSM-5 catalysts, measured under a N, atmosphere (Fig. 4b), three
temperature regions can be distinguished, summarized in Table 3. The mass loss between 30-200 °C (Am))
corresponds to adsorbed water or volatile compounds; the loss between 200-500 °C (Am,) corresponds
to primary decomposition of CuPc, while the loss between 500-800 °C (Am3) corresponds to secondary
pyrolysis. Am4 represents the total mass loss from 30 to 800 °C. Notice that the mass loss observed
between 200-800 °C (ACuPc, Table 3) is attributed to pyrolytic decomposition of the supported
macrocycle, which increases with CuPc loading. Compared to the fresh CuPc, the thermal events are
different in the supported catalysts, indicating strong interactions between CuPc and the support because,
while pure CuPc decomposes sharply (DTG curve) around 530-550 °C in either N; or air (Fig. 4a), the
CuPc-supported catalysts show broader and shifted DTG peaks (Fig. 4c), to lower temperatures, indicating
that the support accelerates decomposition and leads to more complex thermal behavior. For the calcined
catalysts, ACuPc was negligible within the experimental error, as the organic complex had been removed

before the TGA analyses.

The higher mass loss in the 30-200 °C region (Amy, Table 3) for ZSM-5-23-DS (6.00%) compared

to ZSM-5-30-DS (4.81%) indicates larger adsorption of physisorbed water, consistent with the higher
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hydrophilicity and higher acid site density, as evidenced in Table 4 (442 vs. 406 pmol g-'). The same clear

trend is observed for 0.5CuPc supported on those desilicated supports with Am; values of 6.65% and
5.73%, respectively.

CHNS analysis, presented in Table S5, was performed in one of the calcined samples, | CuPc-ZSM-
5-30-DS-Calc, confirming the complete removal of the organic macrocycle after calcination in air, as

evidenced by the absence of nitrogen and the negligible carbon content (< 0.16 wt.%), while the detected

hydrogen (0.7369 wt.%) can be attributed to adsorbed water or structural hydroxyl groups in the zeolite
framework rather than residual organic species.
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Fig. 4. (a) Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) for CuPc

analyzed under N; and air atmospheres; (b) Thermogravimetric analysis (TGA) and (c) derivative

thermogravimetry (DTG) for supports and CuPc-supported catalysts under N, atmosphere.
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Table 3. Mass loss distribution from TGA analysis under N, atmosphere.

Am, (%) Am; (%) Am; (%) A, (%)
Material ACuPc"(%)
30-200 °C 200-500 °C 500-800 °C 30-800 °C
CuPc® 7.10 39.13 50.09 96.32 -
CuPc 5.54 4.72 52.03 62.28 -
ZSM-5-23-DS 6.00 0.56 0.64 7.20 -
ZSM-5-30-DS 481 0.66 0.69 6.16 -
0.5CuPc-ZSM-5-23-DS 6.65 3.73 2.22 12.60 475
0.5CuPc-ZSM-5-30-DS 5.73 3.70 2.16 11.59 4.50
0.75CuPc-ZSM-5-30-DS 4.64 4.97 292 12.54 6.54
| CuPc-ZSM-5-30-DS 3.92 5.90 3.44 13.26 7.98
0.5CuPc-ZSM-5-30-DS-Calc 4.67 0.75 0.6l 6.04 0.0l
| CuPc-ZSM-5-30-DS-Calc 4.47 0.59 0.61 5.68 -0.15

2 Analysis carried out in an air atmosphere. ® ACuPc was calculated as the net mass loss in the 200-800
°C range, calculated by subtracting the mass loss of the desilicated support from that of the CuPc-

supported sample, e.g.: (ACUPC)sampie = (AM2 + AM3)sample - (AM2 + AM3)suppore.
3.2.4. Solid-state NMR

Fig. 5 presents the spectra of solid-state NMR of the prepared catalysts. Fig. 5a shows that all the
catalysts exhibited two well-defined 27Al resonances around 55-60 nm and O ppm, assigned to tetrahedral
framework Al (AlO4) and octahedral coordinated extra-framework Al (AlOg), respectively [47]. Five-
coordinated extra-framework Al was not observed due to the absence of resonance around 30 ppm, as
has been recently reported in our work for supported ZSM-5 catalysts, using copper nitrate as Cu
precursor [I3]. The gquantification of the AlO¢/AlO4 ratio was presented in Table |, showing values of
0.30 and 0.21 for ZSM-5-23-DS and ZSM-5-30-DS supports, respectively. For the CuPc-supported
catalysts with a nominal Cu loading of 0.5%, the AlO4/AlO4 ratio remained constant in both desilicated
supports. However, at higher Cu loadings, a significant increase in this ratio was observed. Specifically, for
the 0.75% and 1% Cu samples supported on ZSM-5-30-DS, the AlO¢/AlO; ratio reached values around
0.32 and 0.33, respectively, corresponding to an increase of about 50% relative to the support. Upon
calcination, the AlO¢/AIO4 ratio decreases markedly to 0.24 and 0.15 for the 0.5% and 1% Cu samples,
respectively. The stronger decrease observed at higher Cu content may be influenced by paramagnetic
Cu?* species formed during calcination. Paramagnetic centers are known to strongly interact with nearby
nuclei, accelerating relaxation and broadening NMR signals, which can reduce the observable intensity of

specific sites without necessarily indicating a true loss of those species [48,49].

It is noteworthy that, as demonstrated in our previous study [13], ZSM-5 materials with nearly

negligible extra-framework Al content (AlO¢/AlO4 = 0.03-0.07, corresponding to SiO,/Al,O3; = 50-80)
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exhibited very poor methanol productivity under identical reaction conditions. This observation

demonstrates that the presence of extra-framework Al species is not a limiting factor for catalytic

performance in this reaction system.
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Fig. 5. Solid-state MAS NMR spectra of the catalysts: (a) 27Al, (b) 2°Si, and (c) '3C.

Fig. 5b shows the 29Si MAS NMR spectra, which exhibit a main resonance around -1 10 ppm for all
the catalysts, assigned to Si(OSi)4 (Q%) in the zeolite framework. The spectra demonstrate that the ZSM-
5 framework remains intact after CuPc incorporation, with dominant Q* peaks. On the other hand, the
spectra are accompanied by a shoulder between -100 and -105 ppm attributed to Si(OSi)3sOH (Q?3) sites,
explained by silanol groups or defects [47]. Slight broadening of the Q3 signals upon CuPc loading may
reflect interactions between CuPc/Cu?* species and framework defect sites, while the calcined samples
show minor narrowing of Q3 consistent with dehydration and stabilization of the network. The 13C MAS
NMR spectrum of fresh CuPc (Fig. 5c) is in agreement with the '3C NMR data collected for the
characterization in CDClI;s solution (Fig. S3). The signals can be assigned to the a-3,5-(di-tert-butyl)phenyl
substituent (120 — 160 ppm: aromatic carbons, 30 ppm: methyl groups), whereas the paramagnetic nature

of Cu?* prevents the proper detection for the carbons of the phthalocyanine macrocycle (see section 3.1).
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The characteristic resonances of the a-3,5-(di-tert-butyl)phenyl substituent were used to confirm the

presence of CuPc in the supported catalysts with different copper loadings (0.5%, 0.75%, and 1%).
3.2.5. Acidity properties

The acidic properties of the catalysts, determined by pyridine-FTIR, are summarized in Table 4,
and the corresponding spectra are shown in Fig. SI4. Desilicated ZSM-5-23-DS and ZSM-5-30-DS exhibit
high total Brensted acidity with relatively low total Lewis acidity, resulting in Brensted/Lewis (BAS/LAS)
ratios of 10.8 and 6.6, respectively. The incorporation of 0.5 wt.% Cu into the ZSM-5-23-DS support
increased the total Lewis acidity from 38 to 53 umol g-! [50]. However, this trend was not observed for
ZSM-5-30-DS at Cu loadings of 0.5% and 0.75%, where total Lewis acidity remained similar to that of the
support. Conversely, | wt.% Cu in ZSM-5-30-DS resulted in a total Lewis acidity of 75 pumol g,

representing an increase of ca. 42% relative to the support.

Regarding Brensted acidity, 0.5CuPc-ZSM-5-23-DS did not show a significant change compared to
the support, while more pronounced decreases were observed for CuPc-modified ZSM-5-30-DS. The
total Brgnsted acidity decreased with increasing Cu loading, with values of 251 and 225 pmol g-!' for 0.5%
and 1% Cu, respectively. Consequently, the BAS/LAS ratio decreased after CuPc incorporation due to a
stronger reduction in concentration of medium and strong Brensted acid sites than the concurrent
increase in Lewis acidity, leading to a progressive decrease in the BAS/LAS ratio with increasing CuPc

loading.

It is noteworthy that for the CuPc-supported catalysts, medium and strong Brgnsted or Lewis
contributions cannot be individually quantified (Table 4) because pyridine-FTIR measurements were
limited to being performed at 450 °C to avoid thermal decomposition of CuPc, as demonstrated by TGA
analyses (Fig. 4b). Therefore, the reported values represent the combined contributions of medium and
strong acid sites. For the calcined materials, the total Lewis acidity significantly increased to 107 and 225
pumol g-', much higher than the corresponding values for the support and the CuPc-supported catalysts.
In contrast, total Brgnsted acidity decreased, resulting in the lowest BAS/LAS ratios of 1.5 and 0.9 for the
0.5CuPc and I CuPc calcined materials. These low ratios can be explained by the changes in the AI-OH-Si
bridging hydroxyl groups, which correspond to Brgnsted sites, because the thermal decomposition of
CuPc generates Cu species that can neutralize or replace the protons of these groups, converting some
Bronsted sites into Lewis sites [51]. Additionally, high-temperature calcination can induce partial
dealumination on the zeolite framework, directly reducing the number of AI-OH-Si sites, while the

formation of extra-framework species may block access to remaining sites [52].
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Table 4. Acidic properties of the catalysts.

Brgnsted acidity (umol g') Lewis acidity (umol g')  Total acidity

Catalyst BAS/LAS
W M S Total W M S Total (umolg?')

ZSM-5-23-DS 9 36 359 404 21 5 38 442 10.8
ZSM-5-30-DS 15 29 309 353 27 12 15 53 406 6.6
0.5CuPc-ZSM-5-23-DS 2 403* 405 26 27% 53 458 7.7
0.5CuPc-ZSM-5-30-DS 9 242% 251 26 25% 51 302 4.9
0.75CuPc-ZSM-5-30-DS 7 233* 240 16 30* 45 285 5.3
| CuPc-ZSM-5-30-DS 7 219% 225 34 40% 75 300 3.0
0.5CuPc-ZSM-5-30-DS-Calc | 32 129 162 49 26 33 107 270 1.5
| CuPc-ZSM-5-30-DS-Calc 64 13 130 207 106 41 78 225 432 0.9

Bronsted (BAS) and Lewis (LAS) acid sites concentration calculated from pyridine-FTIR analysis.
Measurements at 250 °C: weak (W) + medium (M) + strong (S); measurements at 350 °C:
medium (M) + strong (S); measurements at 450 °C: strong (S). * These values correspond to the

sum of the medium and strong contributions.
3.2.6. XANES and EXAFS

XANES and Fourier transformed (FT) EXAFS spectra of the catalysts are shown in Fig. 6. All
catalyst and reference samples, except the Cu® (Cu foil), display a small pre-edge peak at 8977 eV due to
I's — 3d transition, which can only occur in Cu?* [53]. Also, the position of the rising edge in the spectra
of the catalyst samples corresponds to that of the CuO and CuPc reference spectra. Hence, Cu oxidation

state in all Cu-ZSM-5 samples, before and after calcination, is +2.

XANES and EXAFS spectra of both non-calcined samples rather closely match the CuPc spectrum
(Fig. 6 and Fig. S15). The main, although small difference in the XANES region (Fig. 6a) is the shift to higher
energy and decrease in intensity of the edge feature at ca. 8985-8987 eV, attributed to Cu?* Is — 4p
transition with ligand to metal charge transfer (LMCT) [54,55]. This difference can stem from both
geometric distortion (mainly influences the intensity) and electronic interaction with the zeolite. Given a
ca. 10% increase in intensity of the first shell peak in the FT EXAFS data relative to the CuPc reference
(Table 5), interaction of the Cu species with O/OH from the zeolite (additional to the Cu-N coordination)
is rather likely. Hence, XAS confirms mostly unchanged CuPc local structure in the uncalcined CuPc-

supported ZSM-5 catalysts.

XANES spectra of the calcined samples (Fig. 6a, red and black curves) resemble typical spectra of
hydrated Cu?* ions coordinated with O/OH [56], which confirms the complete decomposition of the
phthalocyanine precursor and, at the same time, the absence of long-range ordering characteristic of e.g.
CuO. Small peaks between 2 and 3 A in the FT EXAFS spectra (Fig. 6b) might result from backscattering
on both Cu and Al/Si neighbors. EXAFS fitting was approached; however, models of Cu species with Cu-

Cu and Cu-Al/Si contacts (both via O) used earlier for dehydrated zeolites did not result in good fits.
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Indeed, when comparing spectra of dimeric Cu,Oy species coordinated to the zeolite framework reported
earlier [57], significant second shell backscattering is visible between 2 and 3 A (not corrected for the
phase shift), similar to the CuO reference spectrum. In the current case, the noticeable backscattering on
further shells is peaking above 3 Aandis probably a superposition of several scattering contributions from
the zeolite framework. In any case, long-range ordering, such as e.g., visible for the CuO and CuPc

reference spectra, is absent.

XANES spectra of the calcined 1% Cu sample show a small difference from the 0.5% Cu sample
with slightly higher intensity in the beginning of the rising edge region, lower white line intensity, and
higher intensity in the region between 9010-9020 eV, which are all characteristic of the CuO spectrum.
Hence, this difference may signify higher bulk-averaged nuclearity of Cu species, such as, e.g., presence of
a certain small fraction of Cu,O, dimeric species or even CuO clusters/nanoparticles, as observed in TEM

micrographs (Fig. 3b).

Table 5. A summary of first shell fits determined from the analysis of EXAFS spectra. The first shell fits
of the EXAFS data were performed using Artemis [28] by a least square method in r-space between |
and 2 A. The fits in r-space and back FT k-space (also called g-space) are displayed in Supporting

Information, section | 3.

0.5CuPc- ICuPc-ZSM- 0.5CuPc-ZSM- I CuPc-ZSM-
Sample / Edge CuPc

ZSM-5-30-DS 5-30-DS 5-30-DS-Calc 5-30-DS-Calc

Cu-O/N distance (A) 1.94+0.01 1.94+0.02 1.94+0.02 1.94+0.01 1.94+0.01

CN (O/N) 4% 4.4+0.4 4.4+0.5 4.0+0.2 3.9+0.2

o’ (107 AZ) 2.8+2.3 2.8%* 2.8%* 45+0.8 43+0.7

6Eo (eV) -0.5+2.9 -0.6+2.4 -0.4+2.6 -3.940.8 -3.710.7

p (%) 1.1 1.2 1.4 0.04 0.04

* Fixed to the tabulated value in order to determine the amplitude reduction factor Se? (0.8810.21).

** Values are fixed to the one determined from the CuPc fit to enable direct comparison of the CNs.
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Fig. 6. (a) Normalized Cu K edge XANES and (b) Fourier transformed EXAFS (in the k range 2.5 - 12
A-1, not corrected for the phase shift) spectra of selected catalysts and reference compounds. XANES
spectra of the uncalcined and calcined samples are plotted overlapping each other intentionally to

highlight the small differences.
3.2.7. Electronic properties and reducibility

The UV-Vis diffuse reflectance spectra (DRS) (Fig. 7a) clearly distinguish between the parent
zeolite, CuPc-containing samples, and the calcined materials. The ZSM-5-30-DS support shows high
reflectance across the visible region, with strong absorption only below 220 nm, which is attributed to
framework O2- — Si#*/Al#* charge-transfer transitions [13,58]. The spectrum of solid CuPc displays
similarities to UV-Vis absorption spectra in solution (Fig. S4) with typical features of phthalocyanines,
including a distinct Q-band in the 600-700 nm region and higher-energy m—TT* transitions extending from
~300-500 nm, with vibronic effects contributing to a broad absorption around 450-500 nm [59]. After
deposition onto desilicated ZSM-5 (0.5CuPc-ZSM-5-30-DS and | CuPc-ZSM-5-30-DS), the Q-band is still
visible but becomes broader and slightly shifted, and the 400-550 nm region shows stronger and wider
absorption. These changes indicate that the macrocycle remains largely intact but interacts strongly with

the zeolite support.

After calcination (0.5CuPc-ZSM-5-30-DS-Calc and |CuPc-ZSM-5-30-DS-Calc), the defined Q-
band disappears entirely and is replaced by broad, featureless absorption extending throughout the visible
range, accompanied by stronger absorption around 210 nm. Such spectral evolution is consistent with the

thermal decomposition of the CuPc macrocycle and the formation of inorganic copper species. This band
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is attributed to the ligand-to-metal charge transfer (LMCT) of lattice oxygen to isolated Cu?* species
[60,61], as was previously reported for Cu-ZSM-5 catalysts using copper nitrate as precursor [13]. The
absence of a band around 355 nm confirms that dimer [Cu,O,]2* species are not present [61], which is in

line with the findings by the XANES analyses.

To further discriminate between the two types of isolated Cu2* species that can occupy zeolitic
ion-exchange sites: Cu?2*-2Z and [Cu(OH)]*-Z, H,-TPR provides complementary information, as
demonstrated by Gao et al. [62]. The H,-TPR profile of 0.5CuPc—ZSM-5-30-DS-Calc (Fig. 7b) exhibits a
single, intense reduction peak at 520 °C, whereas the | CuPc-ZSM-5-30-DS-Calc (Fig. 7c) shows two small
reduction features at 144 °C and 269 °C, followed by the dominant high-temperature peak at 492 °C.
This strong reduction feature observed in both samples is characteristic of strongly stabilized Cu?* species
in exchange positions, typically assigned to Cu2*-2Z sites [61,62]. The intermediate peak at 269 °C in
| CuPc-ZSM-5-30-DS-Calc is consistent with more weakly stabilized and readily reducible Cu2* species,
commonly associated with isolated hydroxylated ions such as [Cu(OH)]*-Z [61,62], in agreement with
the XANES results (Fig. 6a). The lowest-temperature peak at 144 °C can be associated with CuO clusters
located on the external surface of the zeolite, as suggested by the TEM micrograph (Fig. 3b) and in line

with XANES analysis and the observations reported by Liu et al. [63] for Cu/SAPO-34 materials.

Based on quantitative Hy consumption, 0.5CuPc-ZSM-5-30-DS-Calc contains exclusively Cu2+-2Z
species, corresponding to a total hydrogen consumption of 8.6 pmol g-!. In contrast, |CuPc-ZSM-5-30-
DS-Calc exhibits a distribution of 6.5% CuO, 2.9% [Cu(OH)]*-Z, and 90.6% Cu2*-2Z species, with a total
hydrogen consumption of 13.8 pumol g-!. These results are consistent with the findings of Song et al. [64],
who reported that catalysts with low Cu loadings and low Si/Al ratios are dominated by Cu2*-2Z species.
Therefore, the catalytic behaviour of the calcined samples is consistent with the single-atom catalysis
(SAC) concept, in which each isolated Cu2* center is anchored in a zeolitic exchange position. It is
noteworthy that the Hy-TPR profiles of the non-calcined samples with CuPc (Fig. S16) did not exhibit any
interpretable signals because the CuPc is decomposed during the analysis at elevated temperatures (Fig.

3b), leading to overlapping decomposition and reduction events.
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Fig. 7. (a) UV-Vis-DRS spectra of selected catalysts and Hx-TPR profiles of (b) 0.5CuPc-ZSM-5-30-DS-
Calc and (c) | CuPc-ZSM-5-30-DS-Calc.

3.2.8. Elemental distribution and copper dispersion

HAADF-STEM imaging combined with EDS elemental mapping was employed to establish the
spatial distribution of copper (as s-TPR analyses did not provide reliable information due to the low Cu
loading, Fig. S17) and the organic constituents of CuPc across some selected materials. Before elemental
mapping, the beam sensitivity of the non-calcined and calcined catalysts was evaluated by acquiring
sequential HAADF-STEM images on the same sample area under minimal electron dose (first scan) and
after prolonged beam exposure during EDS map collection (Fig. 8 and Fig. S18). In the first scan images
(left figures), the zeolite crystal structure is clearly observed for both non-calcined and calcined samples

of 1CuPc-ZSM-5-30-DS (Fig. 8) and 0.5CuPc-ZSM-5-30-DS (Fig. S18), confirming that the initial imaging
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conditions preserve the structural integrity of the materials. After prolonged beam exposure (right
figures), beam-induced damage to the zeolite framework is observed in all samples, resulting in a loss of

the fine structural contrast observed in the first scan.

Notably, in the calcined catalysts (Fig. 8b and Fig. SI8b), prolonged beam exposure in the
transmission electron microscope leads to the appearance of very small, bright contrast features
distributed across the particle, which are attributed to the sintering of the initially well-dispersed Cu?*
species into nanometric copper clusters under electron beam irradiation. This observation constitutes
indirect evidence that copper was indeed present in the material as a highly dispersed species. In the non-
calcined samples (Fig. 8a and Fig. S18a), no analogous bright contrast features are observed after prolonged
exposure, consistent with the predominantly organic character of the Cu coordination environment in

the intact macrocycle.

a)

Fig. 8. HAADF-STEM images after the first scan (left) and after long beam exposure (right) of (a)
| CuPc-ZSM-5-30-DS and (b) 1 CuPc-ZSM-5-30-DS-Calc.

In the fresh CuPc material (Fig. 9a), the elemental maps of C, N, and Cu were uniformly
distributed, as expected. In the non-calcined | CuPc-ZSM-5-30-DS catalyst (Fig. 9b), C and N signals were
detected across the zeolite particle, providing direct evidence for the presence of the organic macrocycle
on the support surface. The Cu signal was not as strong as in the fresh CuPc, attributed to the low bulk
Cu content combined with the predominantly organic, electron beam-sensitive character of the supported
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CuPc. It is noteworthy that the Al and Si maps (not shown) exhibited a homogeneous distribution
attributed to the ZSM-5 framework, similar to what is presented for the calcined | CuPc-ZSM-5-30-DS
(Fig. 9¢). Cu was found to be uniformly distributed across the zeolite particle, with no evidence of spatially
defined Cu-enriched domains. The minor CuO population quantified by H,-TPR (6.5% of total Cu, Fig. 7c)
does not appear as a distinct domain in the map, consistent with its small fractional abundance. Similar

results were observed for the non-calcined and calcined 0.5CuPc-ZSM-5-30-DS samples shown in Figs.

S19-820, whereas the EDS spectra for all catalysts are displayed in Fig S21.

P, &
wdud

.

Fig. 9. HAADF-STEM images and elemental maps: (a) CuPc, (b) | CuPc-ZSM-5-30-DS, (c) | CuPc-ZSM-
5-30-DS-Calc.

3.3. Catalytic activity
3.3.1. Tuning the support

According to the large molecular size of CuPc, the synthesis of mesoporous zeolites was necessary
to enable its successful incorporation into the zeolite framework. Based on our previous findings [13], the
acidity strength and the BAS/LAS ratio play a fundamental role in the DOMTM reaction. The most active
catalysts for methanol production were obtained using ZSM-5 with SiO2/Al,O3; molar ratios of 23 and 30,

which represent suitable balances of acid sites, whereas materials with higher SiO,/Al,O3 ratios showed
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negligible methanol productivity. Therefore, in this work, these two supports were desilicated to obtain

mesoporous (hierarchical) zeolites suitable for the incorporation of CuPc.

Fig. 10a shows the CH4 conversion to oxygenated products (Xop) over the two desilicated
supports as a function of time. The initial rates for methane were not calculated because CO, was
quantified after the end of the reaction (4 h). Through the reaction time, ZSM-5-30-DS exhibits higher
conversion than ZSM-5-23-DS, reaching values of 0.21% and 0.12% after 4 h, respectively. These values
are comparable to those obtained with the corresponding purely microporous zeolites reported
elsewhere [13] under the same reaction conditions (0.25% and 0.11% for ZSM-5-30 and ZSM-5-23,
respectively). This behavior can be explained by the similar BAS/LAS ratios (Table 4 and [13]) in the
corresponding pairs of materials, with values between 10.3-10.8 for ZSM-5-23 and its desilicated
counterpart, and 5.5-6.6 for ZSM-5-30 and its desilicated counterpart. Additionally, ZSM-5-23-DS exhibits
somewhat of a deactivation behavior after 120 min, indicated by the slope decreasing 2.5-fold relative to
the 0-120 min range. The CH3OH productivity profiles (Fig. 10b) for both desilicated supports exhibited
that the higher conversion obtained with ZSM-5-30-DS is explained also in the production of more
methanol compared to ZSM-5-23-DS, achieving values of 196 pmol g-' and 86 pmol g-!, respectively, after
4 h. It is worth noting that the parent microporous ZSM-5-23 and ZSM-5-30 zeolites were previously
evaluated under identical reaction conditions in our systematic study [13], yielding CH3;OH productivities

of approximately 60 and |16 pmol g-! after 4 h, respectively.

The product distribution over ZSM-5-23-DS and ZSM-5-30-DS is shown in Figs. 10c and 10d,
respectively, displaying the selectivity profiles of methyl hydroperoxide (CH3;OOH), methanol (CH3;OH),
formaldehyde (HCHO), and formic acid (HCOOH), as typical identified products. It is noteworthy that
CO; was quantified only after 4 h, therefore it will be discussed later. At isoconversion conditions, e.g.,
0.1% Xop, the selectivity to CH3OH is barely 6% for ZSM-5-23-DS (Fig. 10c), which is lower than the 10%
observed for ZSM-5-30-DS (Fig. 10d). Additionally, from 0.1% Xop onward, the reaction over both
materials tends to significantly promote the HCOOH formation. Importantly, the product distribution
curves over ZSM-5-30-DS (Fig. 10d) exhibit clear trends, confirming that CH3OOH is the primary reaction
product, as previously discussed [3,13]. As the reaction progresses, CH3OOH is consumed to form
CH3;OH and over-oxidized products such as HCHO and HCOOH. Additionally, the presence of a
maximum in the HCHO selectivity profile is easily explained by the consecutive reaction sequence CH3;OH
— HCHO — HCOOH. In contrast, in the case of CH3;OH, the profile remains relatively stable compared
with that of HCHO, suggesting that the rates of CH3;OH formation and consumption become comparable

within the studied time range.
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Fig. 10. Effect of the desilicated supports: (a) Methane conversion to oxygenated products (Xor); (b)

CH3OH productivity; selectivity to oxygenated products as a function of Xop over (c) ZSM-5-23-DS,
and (d) ZSM-5-30-DS. Reaction conditions: 30 bar CH4, 0.5 mol L-! H,O,, water as solvent, 150 mg
of catalyst, 50 °C, 1000 rpm.

The molar concentration profiles of all oxygenated products as a function of reaction time for

each catalyst are provided in Fig. S22. The ratios between the initial and prolonged concentration changes

(AC) of the consecutive reactions (CH3OOH (1) - CH3;OH (2) - HCHO (3) - HCOOH (4)) were
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calculated from the molar concentration profiles reported in the Supporting Information (Figs. S23-526)
and are summarized in Table 6, providing insight into the evolution of the product distribution during the
reaction. The initial AC ratio of CH3;OH to CH30OOH (AC2/AC,) decreased with increasing acidity, giving
values of 0.5 and 0.4 for ZSM-5-30-DS and ZSM-5-23-DS, respectively, with total acidities of 406 and 442
pumol g! (Table 4). This trend was even higher after prolonged times, resulting in AC,/AC, values of 3.5
and 0.2, respectively. The more acidic support, ZSM-5-23-DS, showed the highest initial ratio of HCHO
to CH3;OH (AC3/AG,), with a value of 12.6, which is about six times higher than the corresponding
AC3/AC,; value observed for ZSM-5-30-DS. On the other hand, this catalyst exhibited an initial ratio of
HCOOH to HCHO (AC4/AG;) close to zero, while the ratio is much higher (4.5) after prolonged times,
suggesting an induction period in which HCOOH is not detected. This induction period can also be
rationalized from the AC4/AC; values for ZSM-5-30-DS, which is higher at prolonged time than at the

initial conditions.

Table 6. The ratio between the initial and prolonged concentration changes of different oxygenated

products from CHs4 with H,O; in the liquid phase.

ACCH.'{C)H/ACCHZC)OH ACHCHO/ACCH3OH ACHCOOH/ACHCHO
Catalyst (ACIAC) (AGHIACS) (ACJACs)
Initial (15-30  3-4h  Initial (15-30  3-4h  Initial (15-30  3-4 h
min) interval min) interval min) interval
ZSM-5-23-DS 04 02 12.6 12 20.06 45
ZSM-5-30-DS 05 3.5 2.1 33 0.9 47
0.5CuPc-ZSM-5-23- 0.3 1.6 236 -5 -0.02 -1.0
DS
0.5CuPe-Z5M-5-30- 08 7. 8.9 24 02 7.8
DS
0.75CuPe-Z5M-5-20¢ 6.3 12 -3 03 2.4 31.7
DS
| CuPc-ZSM-5-30-DS 0.4 08 0.7 42 12 28
0.5CuPc-ZSM-5-30-
DS Cale -6.8 23 0.7 14 -0.7 1.1
| CuPc-ZSM-5-30-
S cale 35 1.7 0.6 -0.8 0.0 18.9

The calculations of concentration change ratios (AC/AC;) were calculated as (Cj, 2 - Ci, u)/(C;, 2
- Cj, u) based on the concentration profiles shown in Figs. $23-526, where (t), t2) = (15 min, 30 min) for

initial conditions and (3 h, 4 h) for prolonged times.

In conclusion, the synthesis of ZSM-5-30-DS was successful as a suitable support for the CuPc
incorporation since the balance of acid sites did not change significantly, while the textural properties,
specifically the mesoporosity, increased significantly from 9.6% (ZSM-5-30) to 36.7% (ZSM-5-30-DS), as

was shown in Table |.

3.3.2. Effect of CuPc incorporation
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The effect of the incorporation of copper a-3,5-(di-tert-butyl)phenyl phthalocyanine into the
desilicated support was studied by incorporating a nominal 0.5 wt.% Cu into both supports. The CH4
conversion (Xop) profiles (Fig. 11a) show higher activity for 0.5CuPc-ZSM-5-30-DS compared with
0.5CuPc-ZSM-5-23-DS, consistent with the trends observed for the bare supports (Fig. 10a). The Xop
values after 4 h were 0.27% and 0.1 1%, respectively. Thus, the incorporation of 0.5CuPc into ZSM-5-30-
DS influences its activity positively, increasing Xop from 0.21% to 0.27%, whereas a negligible effect was
achieved in ZSM-5-23-DS, where Xop remained 0.11-0.12%. In terms of CH3OH productivity (Fig. | Ib),
0.5CuPc-ZSM-5-30-DS exhibited higher productivity than 0.5CuPc-ZSM-5-23-DS between 0-3 h, while

similar values between 34| and 374 pmol g-' were obtained after 4 h.

The product distribution over 0.5CuPc-ZSM-5-23-DS and 0.5CuPc-ZSM-5-30-DS is shown in Figs.
I lcand I 1d, respectively. At isoconversion conditions, e.g., 0.1% Xop, the selectivity to CH3OH is around
22-23% for both 0.5CuPc catalysts, much higher than the selectivity with ZSM-5-30-DS (10%),
demonstrating the key role of Cu for highly selective methane conversion to methanol, as reported by
Gabrienko et al. [5] and Zhu et al. [6]. Notice that the maximum selectivity to CH3OH is observed at low
CHys4 conversions, explained by the consecutive reactions network, while the maximum selectivity to
HCOOH was around 57% at 0.27% Xop for 0.5CuPc-ZSM-5-30-DS. With this catalyst, a clear difference
in the selectivity to CH3OH is observed compared with the bare support ZSM-5-30-DS, since it decreases
more rapidly as the reaction progresses, confirming that the presence of copper accelerates the over-

oxidation pathways.

Thus, the results can be rationalized based on the BAS/LAS ratio (Table 4), which has been
reported as a suitable kinetic descriptor in heterogeneous catalysis [65]. As shown above, 0.5CuPc-ZSM-
5-30-DS exhibits better performance than the support ZSM-5-30-DS, showing an approximately |.7-fold
increase in CH3OH productivity and a 2.2-fold increase in CH3OH selectivity after 4 h of reaction. This
catalyst exhibits a BAS/LAS ratio of 4.9, which is lower than that of ZSM-5-30-DS (6.6). This decreasing
trend is consistent with our previous findings, in which BAS/LAS ratios between |-1.7 were shown to
favor methanol formation over ZSM-5-based catalysts [13]. Furthermore, the low CHs conversion

observed with 0.5CuPc-ZSM-5-23-DS can also be explained by its higher BAS/LAS ratio of 7.7 (Table 4).

The initial AC ratio of CH30H to CH3;OOH (AC,/AC,, Table 6) for 0.5CuPc-ZSM-5-23-DS is even
lower than that of the support, with a value of 0.3, which is consistent with its highest total acidity among
the evaluated catalysts (458 pmol g!, Table 4). Furthermore, the trend observed for ZSM-5-23-DS
regarding AC3/AC; is also confirmed for 0.5CuPc-ZSM-5-23-DS, producing a value of 23.6, indicating a
strong preference of the two more acidic catalysts for formaldehyde formation (Figs. S23 and S$24). On
the other hand, 0.5CuPc-ZSM-5-30-DS displayed an initial AC2/AC, ratio of 0.76, while after prolonged
time, this reaches a value of -7.1, indicating that the concentration of CH3OH increased while the

concentration of CH3OOH decreased (Fig. S24a). As observed for the desilicated supports, the ratio of
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HCOOH to HCHO (AC4/AGC3) is significantly higher for prolonged than initial conditions (Table 6),

showing clearly the preference of HCOOH formation with time (Fig. S24c).
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Fig. 11. Effect of the CuPc incorporation: (a) Methane conversion to oxygenated products (Xor); (b)

CH3OH productivity; selectivity to oxygenated products as a function of Xop over (c) 0.5CuPc-ZSM-5-

23-D§, and (d) 0.5CuPc-ZSM-5-30-DS. Reaction conditions: 30 bar CH4, 0.5 mol L-! H,O,, water as
solvent, 150 mg of catalyst, 50 °C, 1000 rpm.

3.3.3. Effect of CuPc loading

As demonstrated above, the incorporation of CuPc into ZSM-5-30-DS enhances methanol
formation. Therefore, the effect of CuPc loading was investigated by varying the nominal Cu content to
0.5, 0.75, and 1.0 wt.%. The CH4 conversion profiles shown in Fig. |12a indicate that CH4 conversion is not
significantly affected by CuPc loading, reaching similar values of 0.25-0.26% after 4 h of reaction. A slightly
lower CHa4 conversion is observed at higher Cu loadings. The H,O, decomposition profiles (Fig. $27) do
not allow a clear conclusion regarding the influence of Cu content on H,O; decomposition. The similarity
of these profiles can be explained by the fact that the incorporation of CuPc at different loadings does not

significantly modify the textural properties of the catalysts (Table ), particularly the mesoporosity, which
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remains between 33.5% and 37.1 %. Furthermore, the BAS/LAS ratio alone does not appear to be sufficient
to explain the catalytic activity in these CuPc catalysts, since all materials share the same support (nominal
SiO,/AlLOs ratio of 30) and therefore a similar chemical environment. This observation is consistent with
previous studies highlighting that both the BAS/LAS balance and the Brensted acid site density must be

considered when analyzing catalytic performance [I3].

Similar CH4 conversion profiles suggest that methane activation is not strongly influenced by the
amount of Cu present in the catalyst. In contrast, differences are observed in CH3OH productivity (Fig.
I2b), and product selectivity (Figs. 12c-12d), indicating that CuPc mainly affects the distribution of
oxygenated products rather than the overall methane conversion. In particular, CH3OH productivity after

4 h increases from 341 pmol g-! for 0.5 wt.% Cu to 452-470 pmol g-! for 1.0 and 0.75 wt.% Cu, respectively.

At isoconversion conditions (Xop = 0.1%), the selectivity to CH3OH increases in the order 0.5
wt.% Cu < 0.75 wt.% Cu < | wt.% Cu, corresponding to values of 22%, 23%, and 25%, respectively. The
higher CH3OH productivity observed at higher Cu loadings (up to 1.33-fold for | wt.% Cu compared with
0.5 wt.% Cu) can be explained by the gradual decrease in the BAS/LAS ratio from 4.9 to 3.0. Overall, the
selectivity profiles follow similar trends for the three Cu loadings, as observed in Figs. | 1d and Figs. 12c-

12d.

The most pronounced effect of CuPc loading on product distribution is observed in the initial AC
ratio of HCHO to CH3OH (AC3/AC,, Table 6), which is significantly higher for 0.5CuPc (8.9) compared
to 0.75CuPc and | CuPc materials, which show values of -1.3 and -0.7, respectively. This behavior can be
explained by Fig. S25b, because for 0.5CuPc, the concentration of HCHO increases alongside CH3;OH,
whereas for the higher Cu loadings, HCHO concentration initially decreases while CH3OH continues to
increase. After prolonged reaction times, AC3/AC; becomes positive for all catalysts, indicating that HCHO
and CH;OH are continuously formed. Subsequently, HCOOH becomes the major product (Fig. S25c¢), as
supported by the high AC4/AC;3 values (Table 6).

During methane oxidation using CuPc-modified catalysts with H,O; as the oxidant, small amounts
of acetone and acetic acid were detected in the liquid phase (Fig. S8a). The formation of these C,-C;3
oxygenated species is unlikely to result directly from methane oxidation and instead suggests minor
oxidative degradation of the CuPc macrocycle under the tested reaction conditions [23]. The desilicated
supports did not exhibit these peaks in the 'H NMR spectrum, whereas both peaks at 2.08 and 2.22 ppm,
corresponding to acetic acid and acetone, were observed for all the catalysts containing CuPc, as shown
in Fig. S8a and quantified in Table S6. Additionally, decomposition/oxygenated (D/O) molar ratios range
between 0.027 and 0.039 (Table S6), confirming slight degradation of CuPc in these materials. These
results are consistent with the findings of Forde et al. [14], who reported that iron phthalocyanine-
supported silica can undergo degradation in the presence of H,O, during methane oxidation, producing
low molecular weight oxygenates. However, those catalysts produced significantly higher D/O values

around 0.2, corresponding to approximately seven-fold larger macrocycle decomposition than observed
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for our CuPc-supported materials, indicating higher stability of the catalysts studied in this work. This
conclusion is even more significant considering that the current system operates under more drastic
conditions, with a ratio of 4.29 mg catalyst per mmol H,O,, whereas Forde et al. worked with a value of

10. Consequently, the catalysts synthesized in this study are more robust.
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Fig. 12. Effect of the Cu loading using CuPc as precursor: (a) Methane conversion to oxygenated
products (Xor); (b) CH3OH productivity; selectivity to oxygenated products as a function of Xop over
(c) 0.75CuPc-ZSM-5-30-DS, and (d) | CuPc-ZSM-5-30-DS. The product distribution over 0.5CuPc-
ZSM-5-30-DS was presented in Fig. | |d. Reaction conditions: 30 bar CHs, 0.5 mol L' H,O,, water as
solvent, 150 mg of catalyst, 50 °C, 1000 rpm.

3.3.4. Effect of calcination

Calcination of CuPc-ZSM-5-30-DS catalysts has a subtle effect on the CH4 conversion to
oxygenated products (Xor) but a more meaningful influence on methanol production. Conversion values
remain largely unchanged, with both 0.5 and | wt.% Cu catalysts reaching around 0.24-0.25% after 4 h
(Fig. 13a), similar to the non-calcined catalysts (Fig. 12a). A slight decrease in CH4 conversion may be

related to the competitive decomposition of H,O,, which is favored over these catalysts, as shown in Fig.
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S27d. Nevertheless, the nearly unchanged conversion profiles indicate that methane activation is already
sufficient at lower Cu loadings when highly dispersed active species are present in the catalyst, as

previously reported for Cu-ZSM-5 catalysts prepared using copper nitrate as a precursor [13].

In contrast, CH3OH productivity (Fig. 13b) after 4 h increases for | wt.% Cu catalyst, reaching
666 pmol g' compared with 578 pmol g! for the 0.5 wt.% Cu catalyst. Both values significantly exceed
the productivity of 470 pmol g' obtained with 0.75CuPc-ZSM-5-30-DS. These results suggest that
calcination stabilizes methanol formation over the Cu2*-2Z species, previously identified as the main active
sites in the calcined materials. Considering the H, consumption associated with these Cu2*-2Z species
(high-temperature peak in Fig. 7), the higher CH3OH productivity may be related to a higher population
of accessible active sites. Accordingly, H> consumptions of 8.6 and 12.5 pmol Hy gac! correspond to

methanol productivities of 578 and 666 umol g-! for the 0.5 and | wt.% Cu catalysts, respectively.

The product distribution is also affected by calcination, as shown in Figs. 13c-13d. Under
isoconversion conditions, e.g., 0.1% Xop, CH3OH selectivity reaches 43% and 47% for the 0.5 and | wt.%
Cu catalysts, respectively. These values are significantly higher than the maximum selectivity of 25%
obtained with CuPc-modified catalysts without calcination (Fig. 12d). The enhanced CH3;OH selectivity is
also in line with the decreasing trend in the BAS/LAS ratio, with values of 1.5 and 0.9 (Table 4), respectively,

which is consistent with the BAS/LAS range of 1-1.7 previously reported for Cu-ZSM-5-catalysts [|3].

The initial AC ratio of CH30OH to CH3;OO0H (AC,/AC,, Table 6) for the most CH3OH selective
catalyst, | CuPc-ZSM-5-30-DS-Calc, is 3.5, indicating rapid formation of CH3OH. After prolonged reaction
times, AC,/AC, becomes negative, indicating that the CH3;OH concentration decreases while the
CH3;OO0H concentration continues to increase. For this catalyst, the initial ratio of HCHO to CH;OH
(AC3/AC,, Table 6) is significantly lower than that of the desilicated supports, reflecting a lower tendency
to form HCHO. As discussed previously, the formation of HCOOH is observed at longer reaction times,

as indicated by the high AC4/AC; values (Table 6) and Fig. S26c.

For the calcined materials, acetic acid was still detected (Fig. S8b) but only in trace amounts. As
reported in Table S6, the corresponding D/O value is 0.002. This very low formation of acetic acid can
likely be attributed to the presence of residual carbon remaining after calcination, as confirmed by CHNS

analysis (< 0.16 wt.%, Table S5).
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water as solvent, 150 mg of catalyst, 50 °C, 1000 rpm.

3.3.5. Quantification of dissolved CO,

Dissolved CO; in the liquid phase was quantified after 4 h of the reaction. This product is
frequently overlooked in the literature on the direct oxidation of methane to methanol, both in studies
using phthalocyanine catalysts [16] and copper salt precursors [17], which likely results in a biased
representation of the product distribution. Therefore, in this work, a particular attention is given to the
rigorous quantification of CO», since thermodynamic considerations indicate that its formation is highly

favorable under the reaction conditions [13].

Table 7 summarizes the selectivity toward CO,, which ranges from 22.7%, the lowest value,
obtained for ZSM-5-23-DS, to 45.3%, the highest value, observed for 0.5CuPc-ZSM-5-30-DS-Calc. Due
to this high selectivity to CO,, the total conversion (Xt) obtained with the calcined 0.5CuPc catalyst

reaches 0.46%, whereas the conversion associated exclusively with oxygenated products (Xop) is only
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0.25%. The results further indicate that CO; selectivities between 38.6% and 44.8% correlate with higher
Cu loadings in the materials (> 0.75 wt.% Cu), for both calcined and non-calcined catalysts, indicating
faster reaction rates along over-oxidation pathways. However, at the same conversion level (Xop = 0.1%),

the highest CH3OH selectivities are observed for calcined materials, with values in the range of 43-47%.

Our CO; selectivity values are comparable to those reported in the literature. For example, fresh
Cu- and Co-phthalocyanines yielded CO; selectivities of 80% and 100%, respectively, after 12 h of reaction
[18]. When Cu, Co, and Fe phthalocyanines are supported on different zeolite frameworks, CO;
selectivities range from | to 21.2% after 12 h of reaction, although direct comparison at the same CH4
conversion is difficult [18]. For Fe-phthalocyanines supported on SiO;, CO; selectivity ranges between
19.6% and 64.4 % after 20 h of the reaction [14], but with very low CH3OH productivity (12 pumol ge.r!
h-1). This highlights the superior catalytic performance of the catalysts developed in this work, particularly

considering the intrinsic formation of CO; as an over-oxidation product.

Table 7. Selectivity to all the products, CH4 conversion to oxygenated products (Xor), and total CH4

conversion (Xr). All values after 4 h of reaction.

Selectivity (%) Selectivit
y to
Xorb X< CH3;OH
Catalyst CH;00 CH:O HCH HCOO CO Oxyg. . . .
(%) (%) (%) at
H H o H 2 Products?
Xop =
0.1%
ZSM-5-23-DS 23.9 4.7 34.9 13.9 22.7 774 0.12 0.15 6
ZSM-5-30-DS 10.7 5.0 15.0 337 35.6 64.4 0.21 0.32 10
0.5CuPc-ZSM-5-23-DS 15.4 18.9 14.8 20.5 30.5 69.5 0.11 0.16 23
0.5CuPc-ZSM-5-30-DS 8.1 7.0 12.8 37.8 343 65.7 0.27 0.40 22
0.75CuPc-ZSM-5-30-DS 7.8 84 1.6 274 4438 55.2 0.25 0.46 23
| CuPc-ZSM-5-30-DS 8.0 83 14.0 268 429 57.1 0.25 0.45 25
0.5CuPc-ZSM-5-30-DsS-
6.8 10.3 10.8 268 453 54.7 0.25 0.46 43
Calc
| CuPc-ZSM-5-30-DS-
Cal 72 14.2 12.0 279 38.6 61.4 0.24 0.39 47
alc

a Oxygenated products correspond to the sum of CH;OOH + CH3;0H + HCHO + HCOOH.
b Xop was calculated according to Eq. (1).

¢ Xt was calculated according to Eq. (6).

3.3.6. Structure-activity relationships

Fig. 14 rationalizes the dependence of CH3OH productivity after | h of reaction and the selectivity
to CH3OH at an isoconversion level (Xop = 0.1%) on the acidic properties of the prepared catalysts,
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summarizing the main findings discussed previously. Fig. 14a exhibits a clear inverse relationship between
CH3OH productivity and BAS/LAS. At low BAS/LAS ratios (0.9-1.5), the calcined materials show the
highest productivity, with values of 553 and 513 pmol gac! h'. As BAS/LAS increases above 10,
productivity decreases sharply, dropping below 25 pmol ge.c! h-!. This trend indicates that a high relative
abundance of Brensted acid sites is unfavorable for methanol formation, which is fully consistent with the
previous findings [13]. Fig. 14b shows that the methanol selectivity follows a trend closely mirroring
productivity, reaching the highest selectivities of about 42-46%, whereas the CuPc-ZSM-5 catalysts show
intermediate selectivities of around 20-30%. The desilicated supports exhibit very low selectivity, typically

below 10%.

Figs. I4c and 14d show a clear negative correlation, as increasing the Bronsted acid site density
(total Bronsted acidity divided by the specific surface area) leads to lower methanol productivity and
selectivity. The desilicated supports, with the highest Bronsted acid site densities (0.8-0.94 pmol m-2),
exhibit very low methanol productivity, generally below 81 pmol gac! h-l, together with poor selectivity
(<10%). The calcined samples possess the lowest densities (0.35-0.43 umol m-2), showing the best catalytic
performance. These values are close to the previously identified optimal range of 0.58-0.96 umol m-2 for

Cu/ZSM-5 catalysts using copper nitrate as precursors [13].

Zhu et al. [6] recently demonstrated that tuning Cu/Al in Cu-Erionite materials is essential for
maximizing copper efficiency in gas phase oxidation of CH4 at 300 °C using oxygen pretreated Cu-catalyst
at 450 °C. In Fig. 14e, CH3OH productivity is plotted against the Cu/Al molar ratio (determined from ICP-
OES for Cu and EDX for Al, Table 2). The desilicated supports (Cu/Al = 0) exhibit very low productivity,
as expected, due to the crucial role of Cu in methanol formation. Upon Cu incorporation, productivity
increases significantly, with a slight increase for the calcined samples. In contrast, |CuPc-ZSM-5-30-DS,
although more active than the supports, does not reach the activity of the calcined materials. This higher

activity of the calcined materials is attributed to the presence of Cu2*-2Z species.

The current results in the liquid phase with H;O, demonstrate a very high methanol yield (Fig.
| 4f), calculated as moles of formed methanol per mol of Cu per hour, reaching values of 8.0 and 4.3 for
0.5CuPc-ZSM-5-30-DS-Calc and |CuPc-ZSM-5-30-DS-Calc, respectively. These values significantly
surpass the yields recently reported for Cu-Erionite materials in gas-phase CH4 oxidation [6], with a value

~0.32 at Cu/Al = 0.1, after three methanol extractions from the catalyst at 30 min.
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Fig. 14. Dependence of CH3OH productivity at | h (a, c, e), selectivity to CH3OH at Xop = 0.1% (b,
d), and CH3;OH yield at | h (f) with BAS/LAS ratio (a, b), Brensted acid site density (c, d), and Cu/Al

molar ratio (e, f). Reaction conditions: 30 bar CHs, 0.5 mol L-! H,O,, water as solvent, 150 mg of
catalyst, 50 °C, 1000 rpm. Catalysts: 1) ZSM-5-23-DS, 2) ZSM-5-30-DS, 3) 0.5CuPc-ZSM-5-23-DS, 4)
0.5CuPc-ZSM-5-30-DS, 5) 0.75CuPc-ZSM-5-30-DS, 6) | CuPc-ZSM-5-30-DS, 7) 0.5CuPc-ZSM-5-30-DS-
Calc, 8) 1CuPc-ZSM-5-30-DS-Calc. Dashed lines in Figs. a and b are included only to indicate the trend.

3.4. Benchmarking metallo-phthalocyanines for direct methane oxidation to methanol
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Table 8 summarizes representative catalytic systems reported for the direct oxidation of methane
to methanol and compares them with the catalysts presented in this work. Entries |-10 correspond to
early studies involving metal phthalocyanines (Cu, Co, Fe) encapsulated in zeolites, using tert-butyl
hydroperoxide (TBHP) and/or air as oxidant(s), tested at 0 °C, and in different solvents such as acetonitrile
(entries 1-7), acetic acid (entry 8), pyridine (entry 9), and water (entry 10) [I8]. The results show that
catalytic activity strongly depends on both the metal center and the zeolite support. For instance, CuCl,¢Pc
systems exhibited moderate activity when incorporated into Na-X or Na-Y zeolites (entries 2-3), whereas
very low CH3;OH productivity was obtained in K-L (entry 4). Changing the metal center also had a
pronounced effect: Co-based catalysts showed poor performance (entry 5), while FeCli¢Pc in Na-X
achieved higher CH3OH productivity (entry 6), reaching 135 pmol gcat-! h-!. In addition, the role of the
solvent was investigated using FeCl;¢Pc-Na-X (entries 7-10), showing that acetonitrile provided the best
results (entry 7), while strongly coordinating solvents such as pyridine (entry 9) severely suppressed the

reaction, giving only 2 umol gcat-! h-! of CH3;OH productivity.

Entries 11-20 show Fe-phthalocyanines supported on SiO; (entry |1) [14], graphite (entries 12-
16) [21], and carbon materials (entries 17-20) [16], tested in aqueous media using H,O; as oxidant. The
catalyst (FePctBu4),N@SiO; (entry |1) showed limited performance, with only 11.2% of selectivity to
methanol and productivity of 12 umol gcat-' h-'. FePc dimers supported on graphite or carbon materials,
tested in an acidic aqueous system using trifluoroacetic acid, exhibited selectivity to CH3OH between
4.9% and 52.5%, but overall productivity remained relatively low, reaching a maximum of I || pmol gcat-!
h-'at 100 °C. Increasing temperature enhanced productivity but generally led to a decline in CH3;OH
selectivity, indicating the occurrence of over-oxidation reactions or H,O, decomposition. Catalysts
supported on carbon materials (entries 17-20) showed particularly low activity, with productivities below

27 pmol gcat-! h-.

Entries 21-31 correspond to the ZSM-5-based catalysts developed in this work, evaluated using
H>O; in water at 50 °C and 30 bar CH4. The desilicated supports (entries 21-22) already showed
measurable activity, comparable to several previously reported systems, including those based on metal
phthalocyanines. In particular, ZSM-5-30-DS exhibited improved performance compared with ZSM-5-23-
DS. Upon incorporation of CuPc species into the zeolite framework (entries 23-26), catalytic performance
increased significantly, with CH3OH productivities of 147-274 umol gcat-! h-! and selectivities around 21-

27% after | h. These values are already comparable to or higher than many previously reported systems.

Further improvements were obtained after calcination of the CuPc catalysts (entries 27-31). Both
productivity and, more significantly, CH3OH selectivity increased, reaching 553 pmol gcat-! h-! and 46.5%
selectivity after | h of reaction. These improvements are attributed to the formation of Cu2+-2Z species,
which are considered the active sites, as discussed previously. Moreover, when the reaction time was
shortened to |5 min (entry 29), an even higher productivity of 1410 pumol gcat! h-! was obtained, while

maintaining a similar CH3OH selectivity of about 48%. In contrast, longer reaction times (entry 31)
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resulted in lower selectivity, which can be explained by methanol over-oxidation to formaldehyde, formic

acid, and CO..

Table 8. Benchmarking catalysts prepared using metallo-phthalocyanines as precursors and/or active

phases.
CH:3;OH
Selecti producti
Ent Oxida Temperatur Time Conditio vity to vity Refere
ry Catalyst nt Solvent e (°C) (h) ns CH:;O0 (umol nce
H (%) gcat!h-
))
| Cu(NO2)4Pc-Na-X 3.45 bar 0.0 0
2 CuCligPc-Na-X i'::’a?f 515 92
3 CuCl 6Pc-Na-Y 0.75 ’ 53.5 57
4 CuCli¢Pc-K-L TBHP - Acetonit ca"cal Sgt 10.7 5
5 CoClisPc-Na-X air rile . Syg 125 5
TBHP,
6 FeCli¢Pc-Na-X 52.6 135
¢ 0 PR [18]
solvent
7 Ace.tonlt CH4/TBH 617 85
rile P molar
Acetic ratio =
8 FeCli6Pc-Na-X TBHP acid 5:1,075¢g 63.0 94
Pyridine catalyst, 1.5 2
10 Water 9958 15.1 7
solvent
32 bar
CHg4, 54
I (FePctBu4):N@SiO» H202  Water 50 20 mg 1.2 12 [14]
catalyst, |
M H.0»
12 25 8 10 bar 525 12
13 40 8 CH4, 10 232 Il
14 FePc dimer/graphite H202  Water 80 | mg 19.4 8l [21]
15 100 | catalyst, 3 9.1 I
16 100 I mL total 6.2 84
FePc-dimer/Vulcan XC- volume,
17 7R 25 2 0189 M 8.6 27
FePc dimer/black for
18 pearls® 2000 25 2 entries 4.9 15
FePc dimer/acetylene 12-15, 17-
19 black 25 2 20, while 7. 14
H.02  Water 0.945 M [16]
for entry
FePc dimer/Ketjen 16,51
20 BlackEC-DJ600 25 2 mM of 10.5 17
trifluoroa
cetic acid
(TFA)
21 ZSM-5-23-DS | 6.1 25
22 ZSM-5-30-DS | 11.2 8l
23 0.5CuPc-ZSM-5-23-DS | 30b 21.5 147
24  0.5CuPc-ZSM-5-30-DS | cH ';‘;0 23.0 254
25  0.75CuPc¢-ZSM-5-30-DS | 4’t 70 24.6 244
26 1CuPc-ZSM-5-30-DS | Mt 26.7 274 This
H202 Water 50 mL total
0.5CuPc-ZSM-5-30-DS- work
27 | volume, 429 513
Calc 05 M
g |CuPe-ZSM-5-30-D5- | H20 46.5 553
Calc
29 1CuPe-ZSM-5-30-DS- 0.25 48.1 1410
Calc
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I CuPc-ZSM-5-30-DS-

30 0.5 495 94|
Calc

30 | CuPc-ZSM-5-30-DS- 4 23.2 166
Calc

3.5. Characterization of spent catalysts

The XRD diffraction patterns (Fig. 15a) show that the spent catalysts largely retain the
characteristic peaks of ZSM-5, indicating that the zeolite framework remains mostly intact after the
reaction, which was carried out in the liquid-phase under mild conditions (water as solvent, 50 °C, 0.5 M
H20:). The absence of new peaks suggests that bulk copper oxide was not formed, supporting that the
active Cu species likely remain intact after reaction. This conclusion is also consistent with the limited
CuPc degradation in the supported catalysts, as evidenced by the formation of small amounts of acetone

and acetic acid, as discussed previously (section 3.3.3, Table S6).

The N3 adsorption-desorption isotherms (Fig. 15b) indicate hybrid type 1(2)-IV(2) isotherms with
hysteresis, similar to those observed for the fresh catalysts (Fig. 2a). However, the specific surface areas
increased (Table S7), with dSA > 0 and the highest value observed for 0.5CuPc-ZSM-5-30-DS (29%). This
suggests that interactions with H,O, in the reaction medium may remove surface residues or unblock
micropores. Similar behavior was reported by Kurniawan et al. [66] for zeolite 13X, and was also observed
in our previous work using Cu-ZSM-5 catalysts prepared with copper nitrate as a precursor [I3]. This
interpretation is further supported by a slight increase in the total pore volume compared with the fresh
catalysts (Table |). The pore size distributions (Fig. |15c) show that all spent catalysts exhibit a well-defined
mesoporous region, like the fresh materials (Fig. 2b), with average pore sizes between 3.5 and 4.0 nm,

demonstrating the structural robustness of the catalysts.

TGA under N, atmosphere (Fig. 15d) shows higher mass losses compared with the fresh catalysts
(Fig. 4b), which can be attributed to adsorbed compounds remaining after the reaction, with values of
6.28% and 5.30% for 0.5CuPc-ZSM-5-23-DS and | CuPc-ZSM-5-30-DS, respectively. Interestingly, the total
mass loss at 800 °C for 0.5CuPc-ZSM-5-30-DS is | 1.1%, the same as that of the fresh material (Table 3).

For the spent catalysts (Fig. 15e), TEM images of |CuPc-ZSM-5-30-DS reveal the presence of
numerous small crystallites located near the external surface of larger zeolite particles (highlighted
regions). These features are not clearly observed in the fresh catalyst (Fig. 3b) and appear as small domains
with a crystalline contrast. Considering the organic nature of CuPc, which is typically not resolved by
TEM, these domains may correspond to small crystalline domains possibly associated with zeolite
fragments formed during the reaction under high pressure (30-33 bar). For the calcined sample, | CuPc-

ZSM-5-30-DS-Calc (Fig. 15e), the TEM image appears similar to that of the fresh catalyst (Fig. 3b).
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Fig. 15. Characterization of the spent catalysts: (a) XRD patterns; (b) N adsorption-desorption

isotherms; (c) Pore size distributions in the mesoporosity region by the BJH method for the desorption
branch; (d) thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG); (e) TEM
micrographs with scale bars of 100 nm (left) and 200 nm (right). Numbers in parentheses in the label of
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4. Conclusions

A non-aggregating copper o-3,5-(di-tert-butyl)phenyl phthalocyanine (CuPc) was synthesized,
characterized by single-crystal X-ray diffraction, and successfully incorporated into hierarchical ZSM-5
zeolites prepared by alkaline desilication. The macrocyclic structure was found to remain intact after
zeolite deposition, as established by XAS at the Cu K-edge (Cu—N distance 1.94 A, coordination number
~4.4), UV-Vis diffuse reflectance spectroscopy (DRS), and 3C solid-state NMR, with partial aggregation
of the macrocycle on the zeolite surface also being identified. Upon calcination, complete decomposition
of the macrocycle was confirmed, leading to the formation of isolated Cu2* framework species. H>-TPR
quantification established that the 0.5 wt.% calcined catalyst consists entirely of Cu2+-2Z sites, while the |
wt.% calcined catalyst contains a distribution of 90.6% Cu2+-2Z, 2.9% [Cu(OH)]*-Z, and 6.5% CuO
clusters. The absence of copper dimers was confirmed by both UV-Vis-DRS and EXAFS. Elemental
mapping by HAADF-STEM demonstrated that copper is homogeneously dispersed throughout the zeolite

in the calcined materials, with no evidence of bulk CuO aggregation at the Cu loadings studied.

In the liquid-phase direct oxidation of methane to methanol (50 °C, 30 bar CH4, 0.5 M H,0>), the
incorporation of CuPc increased methanol selectivity at isoconversion (Xop = 0.1%) from 10% over the
bare desilicated support to approximately 22—25% over the CuPc-loaded catalysts. Calcination further
improved performance by generating Cu2*-2Z active sites, reaching CH3OH productivity of 513-553 pmol
g h-! and selectivities of 43—47% at isoconversion, while methane conversion remained largely unchanged.
The Bronsted to Lewis acid site (BAS/LAS) ratio and the Bronsted acid site density were identified as the
primary descriptors of selectivity and productivity: BAS/LAS ratios (0.9-1.5) and surface densities (0.35—
0.43 pmol m<2), characteristic of the calcined catalysts, were associated with the highest methanol
formation rates. CO; selectivities of 22.7-45.3% were measured across the series by potentiometric
titration, confirming that its omission from the product balance, as is common practice in the literature

for DOMTM, leads to a systematic overestimation of methanol selectivity.

Among the desilicated supports, ZSM-5-23-DS exhibited deactivation behavior after 120 min,
evidenced by a 2.5-fold decrease in the slope of the methane conversion profile relative to the 0-120 min
range, whereas ZSM-5-30-DS maintained a stable activity profile throughout, justifying its selection as the
preferred support for CuPc incorporation. To the best of our knowledge, this work presents for the first
time a comprehensive qualitative kinetic analysis of liquid-phase DOMTM over CuPc-based catalysts,
tracking the evolution of all oxygenated products over 4 h and establishing explicit correlations between
the product distribution and key physicochemical properties of the catalyst. The H2O, conversion profiles
revealed relatively low oxidant conversion under the reaction conditions employed (< 20% after 4 h),
consistent with the mild temperature (50 °C) and the large excess of the oxidant relative to the CHj4

conversion achieved. This highlights H,O, utilization efficiency as a key challenge for future process
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development, with promising strategies including in situ H,O, generation from H; and O, and optimization

of the oxidant concentration.

The performance of the catalysts developed in this work was benchmarked against representative
phthalocyanine-based DOMTM systems reported in the literature, exhibiting substantially higher methanol
yields: the value of 8.0 molch,on molc,! h-! obtained over 0.5CuPc-ZSM-5-30-DS-Calc surpasses those
reported for Fe-phthalocyanine systems supported on SiO,, graphite, and conductive carbon, as well as
for early Cu-phthalocyanine systems in zeolites. This value also exceeds methanol yields reported for gas-
phase Cu-Erionite catalysts operated under more demanding conditions. The partial degradation of CuPc
under the reaction conditions, confirmed by the detection of acetone and acetic acid as minor byproducts,
was found to be approximately seven-fold lower than that reported for Fe-phthalocyanine/SiO; under
comparable conditions, indicating superior macrocycle stability. Nevertheless, the alternative strategy of
generating Cu2*-2Z active sites by controlled calcination of the phthalocyanine moiety reduced the amount
of byproducts and revealed the highest methanol productivity and selectivity. Taken together, these
findings establish that CuPc functions primarily as a precursor to well-dispersed, isolated Cu2* active sites
rather than as an intact biomimetic catalyst, and that copper speciation, zeolite acidity, and mesoporosity
jointly govern methanol selectivity in this liquid-phase reaction system. The resulting isolated Cu?* sites
are consistent with the single-atom catalysis (SAC) concept, in which each copper center operates
independently without cooperative Cu-Cu multinuclear reactivity, in contrast to the dinuclear and
trinuclear copper-oxo clusters active in the gas-phase systems, while methanol selectivity is simultaneously

governed by the BAS/LAS ratio.

Supporting Information

The Supporting Information includes details of the materials and methods; the characterization of
copper a-3,5-(di-tert-butyl)phenyl phthalocyanine; crystallographic details; description of catalyst
characterization; details of the quantification of liquid-phase products by HPLC, 'H NMR, and
potentiometric titration; pore size distributions of fresh catalysts; N, adsorption-desorption isotherms for
fresh CuPc; FTIR analysis; EDX analysis of selected catalysts; TEM images of selected catalysts; CHNS
analysis for a calcined catalyst; pyridine-FTIR spectra; EXAFS analysis; H>-TPR for CuPc-supported
catalysts; s-TPR for calcined materials; HAADF-STEM analysis; concentration profiles of oxygenated
products; H2O, conversion profiles; quantification of CuPc decomposition products such as acetone and

acetic acid; textural properties of the spent catalysts.
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Highlights

e Copper a-3,5-(di-tert-butyl)phenyl phthalocyanine (CuPc) acts as a Cu**-2Z precursor,
not an intact biomimetic catalyst.

e Isolated Cu**-2Z framework species identified as the selective active sites by XAS, UV-
Vis-DRS, and H,-TPR.

e BAS/LAS ratio and Brgnsted acid site density govern CH;OH selectivity and
productivity.

e CH;0H yield of 8.0 molcyzon mole, ™' h™' surpasses comparable metallophthalocyanines-
based systems.

e CO, quantified by potentiometric titration: selectivities reach up to 45%.
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