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The direct transformation of methane into C, oxygenates such as acetic acid selectively using molecular
oxygen (O,) is a significant challenge due to the chemical inertness of methane, the difficulty of
methane C—H bond activation/C-C bond coupling and the thermodynamically favored over-oxidation.
In this study, we have successfully developed a porous aluminium metal-organic framework (MOF)-
supported single-site mono-copper(i) hydroxyl catalyst [MIL-53(Al)-Cu(OH)], which is efficient in directly
oxidizing methane to acetic acid in water at 175 °C with a remarkable selectivity using only O,. This
heterogeneous catalyst achieved an exceptional acetic acid productivity of 11796 mmolch,co,m molcy !
h~!in 9.3% methane conversion with 95% selectivity in the liquid phase and can be reused at least 6
times. Our experiments, along with computational studies and spectroscopic analyses, suggest
a catalytic cycle involving the formation of a methyl radical ("CHs). The confinement of Cu-active sites
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Accepted 2nd January 2025 within the porous MIL-53(Al) MOF facilitates C—C bond coupling, resulting in the efficient formation of
acetic acid with excellent selectivity due to the internal mass transfer limitations. This work advances the

DOI: 10.1039/d4sc06281g development of efficient and chemoselective earth-abundant metal catalysts using MOFs for the direct
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Introduction

Acetic acid is a crucial commodity chemical in the industrial
sector, with a global market volume exceeding 19 million metric
tons.! It is used extensively as vinegar, an antiseptic, and
a solvent and also serves as a precursor in the production of
acetate esters, vinyl acetate monomers, and acetic anhydride.”™*
The industrial synthesis of acetic acid involves a three-step
process that is capital- and energy-intensive: (1) conversion of
coal or methane into synthesis gas (syngas) through steam
reforming of methane or coal gasification at high temperatures;
(2) catalytic conversion of syngas to methanol at elevated
temperatures; (3) subsequent rhodium or iridium catalyzed
carbonylation of methanol by the Monsanto or Cativa process to
yield acetic acid.>™ Direct conversion of methane to acetic acid
utilizing only O, would be both environmentally friendly and
economically advantageous. However, this process is extremely
challenging due to methane's chemical inertness caused by its
high C-H bond energy (104 kcal mol '), low polarizability, low
acidity (pK, ~ 50), and large HOMO-LUMO gap.'"**> Direct
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transformation of methane into value-added products under mild and eco-friendly conditions.

oxidation of methane to acetic acid also suffers from poor
productivity and selectivity due to the challenges associated
with simultaneous methane C-H bond activation/C-C bond
coupling and the over-oxidation of the acetic acid to produce CO
and CO,.

Several late-transition metal catalysts, such as Au/H-MOR
(Au nanoparticles dispersed on mordenite),"* Rh;/pMOF,*
and ZSM-5-supported-Rh,* Ru,'® and Ir'” have been developed,
which utilize toxic CO along with O, for the conversion of
methane to acetic acid. However, the use of toxic CO and
precious metals, along with poor selectivity and low productivity
of acetic acid, highlights the need for further advancements in
designing and synthesizing catalysts for the cost-effective and
environmentally sustainable production of acetic acid. Exam-
ples of catalysts enabling the conversion of methane to acetic
acid using only O, are rare.'®** Recent interest has focused on
metal-organic frameworks (MOFs) to develop catalysts for
direct methane oxidation to valuable products.**** MOFs, built
from metal-oxo cluster nodes interconnected by organic linkers,
have been used to develop well-defined earth-abundant metal
catalysts for chemoselective reactions owing to their crystalline
structure, tunable pore size, reticular synthesis, ease of post-
synthetic modification and active-site isolation.*’** Notably,
the post-synthetic metalation of MOFs' nodes allows the
development of highly electrophilic base-metal catalysts,
enabling methane activation via o-bond metathesis.?**”*® In
addition, the high surface area of MOFs prevents overoxidation
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Fig. 1 Development of the porous aluminium-MOF confined mono-
Cu(i) hydroxyl catalyst for the direct and selective oxidation of
methane to acetic acid utilizing only O, as the oxidant.

by adsorbing the reactive intermediates formed during the
catalysis. Moreover, the confined space within the MOF's
micropores enhances the local concentration of methane
around the active site and facilitates C-C coupling within the
pores (Fig. 1).

We recently reported a cerium UiO-MOF's node-supported
electrophilic copper(u) hydroxide catalyst, which activates
methane via c-bond metathesis and subsequently converts it to
acetic acid using only O, as the oxidant.” We envisioned that
developing MIL-53(Al) node supported Cu(i) hydroxyl species
would be more efficient in activating methane in a similar
manner due to the increased charge density of A" ions and two
additional oxygen atoms in the coordination sphere of the Cu**
ion. Moreover, the less sterically hindered Al-oxo nodes in MIL-
53(Al) would provide more accessible active copper centres
compared to the UiO-MOF analogues. Herein, we report the
development of a mono-copper(u) hydroxyl species confined
within the porous aluminium MOF, enabling direct methane
oxidation to acetic acid using O, at 175 °C. This process ach-
ieves a productivity of 11 796 mmolcy,co,x mole, ' h™*, with
a methane conversion of 9.3% and a selectivity of 95% in the
liquid phase.

Results and discussion
Synthesis and characterization of the MIL-53(Al)-Cu(OH) MOF

MIL-53(Al)-Cu(OH) was synthesized through a post-synthetic
modification of the aluminium hydroxyl nodes of the MIL-
53(Al) MOF, which has the chemical formula of [Al(OH)(BDC)]
(H,BDC = 1,4-benzenedicarboxylic acid). The synthesis
involved a solvothermal reaction of 1,4-benzenedicarboxylic
acid (H,bdc) and AICl;-6H,0 in dimethylformamide (DMF) at
120 °C for 2 days, resulting in the formation of MIL-53(Al) as
a white crystalline solid. In MIL-53(Al) MOF, AI** ions are
coordinated in an octahedral manner with p,-hydroxide and
1,4-benzenedicarboxylate (bdc>”) bridging linkers forming
a three-dimensional porous topology with rhombic chan-
nels.>*> The p,-OH of the SBUs was deprotonated using n-BulLi,
followed by a salt metathesis reaction of CuCl, in tetrahydro-
furan (THF) to yield MIL-53(Al)-CuCl as a yellowish-green solid.
Further treatment of MIL-53(Al)-CuCl with NaEt;BH in THF at
room temperature facilitated halide-hydride exchange at the Cu
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ion, resulting in MIL-53(Al)-CuH. This material, upon subse-
quent treatment with water transformed into MIL-53(Al)-
Cu(OH). Analysis by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) showed that MIL-53(Al)-Cu(OH)
has 24% copper loading with respect to n,-OH, resulting in the
chemical formula of AlOs,,CgHsCug 4. The similarity in the
powder X-ray diffraction (PXRD) patterns of MIL-53(Al)-CuCl,
MIL-53(Al)-Cu(OH) and MIL-53(Al) reveals that the crystallinity
and structure of the MIL-53(Al) MOF remained intact even after
post-synthetic metalation (Fig. 2a). MIL-53(Al)-Cu(OH) has
a BET surface area of 1263 m> g~ ' and a pore diameter of
0.60 nm (Fig. 2b and S4, ESIt). The slightly reduced surface area
of MIL-53(Al)-Cu(OH) compared to that of MIL-53(Al) (1386 m?>
g™') is ascribed to the presence of Cu(OH) species within the
MOF pores (Fig. 2b). The structure and stability of the MOF were
further examined by infrared spectroscopy (IR) and thermog-
ravimetric analysis (TGA), respectively (Fig. S2 and S3, ESIf).
Scanning electron microscopy (SEM) images showed that MIL-
53(Al)-Cu(OH) particles are nearly spherical, with an average
size of 200 nm (Fig. S5, ESIf). In the scanning electron
microscopy (SEM) energy-dispersive X-ray (EDX) mapping of
MIL-53(Al)-Cu(OH), it was observed that Al and Cu are
uniformly distributed throughout the MOF particles (Fig. S5,
ESIt).

The X-ray photoemission spectroscopy (XPS) spectrum of
MIL-53(Al)-Cu(OH) showed Cu 2p;, binding energies at
933.13 eV and 934.37 eV with satellite peaks at 941.05 eV,
943 eV, and 944.79 eV, indicating a +2-oxidation state of the
copper ion. In this XPS spectrum, the Cu 2p,,, binding energies
are centered at 952.92 eV and 954.41 eV, with satellite features at
961.52 eV, 962.96 eV and 965.49 eV, which is consistent with the
presence of Cu®" ions (Fig. 2c).*® The fitted Al 2p spectrum
displays four peaks at binding energies of 74.44 eV, 74.9 eV,
76.09 eV, and 78.1 eV (Fig. 2d). The peaks at 74.44 eV and
74.9 eV are assigned to the spin-orbit coupled components AI**
2ps; and AP 2p,,,, respectively. Additionally, the peaks at
76.09 eV and 78.1 eV are attributed to the Cu(u) (3ps;—3p1/2)
doublet.* The existence of Cu”>* ions was further supported by
X-ray absorption near edge structure (XANES) analysis, which
demonstrated the alignment of the K-edge energy of Cu ions in
MIL-53(Al)-Cu(OH) (8984.9 eV) with that of penta-coordinated
Cu** (Fig. 2e).5° The X-band electron paramagnetic resonance
(EPR) spectrum of MIL-53(Al)-Cu(OH) recorded at 298 K dis-
played g =2.31,4; =159.2 and g, = 2.07 with a poorly resolved
perpendicular component, corresponding to the square pyra-
midal geometry of Cu®" ions (Fig. 2f).***® Furthermore, fitting
the extended X-ray absorption fine structure (EXAFS) data with
the density functional theory (DFT) optimized structure of MIL-
53(Al)-Cu(OH)(OH,) (Fig. 2g) revealed that the Cu®" ion has
a distorted square pyramidal geometry, coordinating with one
H3-0~ (Cu-O", _o: 1.91 A), one hydroxide (Cu-Ooy: 1.88 A), two
neutral carboxylate oxygen atoms (Cu-Ocarboxylate: 1.95 A) and
one water molecule (Cu-Oy o 2.42 A) (Fig. 2i). The phase
uncorrected k*>-weighted Cu-EXAFS x(R) spectrum of MIL-53(Al)-
Cu(OH) lacked the Cu---Cu scattering feature at 2.14 A of Cu
foil, further confirming the absence of Cu nanoparticles in the
MIL-53(Al)-Cu(OH) MOF (Fig. 2h). The distinctive scattering

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) PXRD patterns of the simulated MIL-53(Al) MOF (black), pristine MIL-53(Al) MOF (red), MIL-53(Al)-CuCl MOF (blue), MIL-53(Al)-CuOH

MOF (green), MIL-53(Al)-Cu after run-2 (wine) and run-5 of catalysis (magenta). (b) N, sorption isotherms of MIL-53(Al) (black) and MIL-53(Al)-
Cu(OH) (red) measured at 77 K. (c) Cu 2p XPS spectra of MIL-53(Al)-Cu(OH) (top) and MIL-53(Al)-Cu after catalysis (bottom). (d) Al 2p XPS spectra
of MIL-53(Al)-Cu(OH) (top) and MIL-53(Al)-Cu after catalysis (bottom). (e) Cu K-edge XANES spectra of Cu-foil (grey), CuCl, (green), MIL-53(Al)-
Cu(OH) (blue) and MIL-53(Al)-Cu after catalysis (red). (f) X-band EPR spectra of MIL-53(Al)-Cu(OH) at 298 K. (g) EXAFS spectra and fits in R-space
at the Cu K-edge of MIL-53(Al)-Cu(OH) with the magnitude and real component of the Fourier transformation shown as solid and hollow
triangles in blue color, respectively. The fitting range in R-space is 1.1-3.8 A (within the grey line); (h) k?-weighted Cu-EXAFS x(R) spectra of MIL-
53(Al)-Cu(OH) (black), CuO (pink), Cu(OH), (blue), and Cu foil (red). (i) DFT optimized structure of MIL-53(Al)-Cu(OH)(OH,).

feature at 1.47 A in the same spectrum corresponds to Cu-O
scattering, similar to that observed in CuO and Cu(OH),
(Fig. 2h). In addition, the EXAFS data of MIL-53(Al)-Cu(OH) were
also fitted to its DFT model with 5-80% metallic Cu or 5-80%
CuO (Fig. S14, ESIY).

Significant discrepancies and elevated R-factors indicated
that no metallic Cu nanoparticles or CuO were present in MIL-
53(Al)-Cu(OH). The EXAFS analysis revealed that MIL-53(Al)-
Cu(OH) contains node-supported single-site monomeric
Cu"(OH) species, which have no Cu neighbours.

Catalytic performance for methane oxidation to acetic acid

MIL-53(Al)-Cu(OH) was tested as a heterogeneous catalyst for
methane conversion to acetic acid using O, as the oxidant. The
methane oxidation reactions were performed in a high-pressure

© 2025 The Author(s). Published by the Royal Society of Chemistry

batch reactor by varying the temperature, ratio of methane to O,
in the feed, solvents, and reaction time.

The liquid products were analyzed using a gas-chromato-
graph equipped with a mass spectrometry (MS) detector and
a flame-ionization detector (GC-FID), while the gas analysis was
performed using a GC-thermal conductivity detector (GC-TCD).
The quantification of liquid oxygenates was further confirmed
using a high performance liquid chromatograph (HPLC)
equipped with a refractive index detector. The reaction of
methane (30 bar) and O, (10 bar) in an aqueous suspension of
MIL-53(Al)-Cu(OH) (3.8 mg, 4.0 umol Cu) at 150 °C in 32 h
produced 1.15 mmol of CH3;CO,H as the primary product along
with minor quantities (9.5%) of methanol and ethanol in the
liquid phase. In this reaction, no formic acid or any other
oxygenated products were observed. Additionally, 0.032 mmol

Chem. Sci., 2025, 16, 2785-2795 | 2787
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of CO, were detected as a side product in the gas phase. The
reaction conditions were further optimized to get the highest
yield and selectivity of acetic acid.

Effect of solvent. Various polar and non-polar solvents were
tested to optimize the yield of acetic acid for MIL-53(Al)-Cu(OH)
catalyzed methane oxidation. Acetic acid was only formed in
water and the catalyst was inactive in other solvents such as
heptane, toluene, and THF (entries 22-24, Table S2, ESIT). This
result may be attributed to the role of water as one of the
reactants in the synthesis of acetic acid. Subsequently, we
conducted experiments to optimize the amount of water solvent
for maximizing the yield of acetic acid. 1.15 mmol of acetic acid
was achieved using 7 mL of water under the same reaction
conditions (150 °C, 30 bar CH,, 10 bar O,, and 32 h).

Effect of reaction temperature. To determine the minimum
temperature required to achieve maximum acetic acid yield in
methane oxidation using O,, the influence of temperature was
examined within the range of 100-200 °C with methane (30 bar)
and O, (10 bar) over 32 h (Fig. 3a). The yields of liquid products
increased as the temperature was raised from 100 to 175 °C
reaching a peak of 1.51 mmol of acetic acid at 175 °C. However,
when the temperature was further increased beyond 175 °C, the
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yield of acetic acid decreased significantly, with CO, as the
major product. This decline in the yield of acetic acid beyond
175 ©C is primarily attributed to the over-oxidation of methane
(Fig. 3a).

Effect of partial pressure of O, and methane. To optimize the
partial pressures of O, and methane, the total reaction vessel
pressure was maintained at a constant 40 bar, balanced with
nitrogen, to ensure accurate comparisons as different pressures
can influence methane solubility. The effect of O, partial pres-
sure on methane oxidation was investigated at 175 °C under
a mixture of CH, (30 bar) and varying partial pressures of O, (2-
10 bar) for 32 h. As illustrated in Fig. 3b, the optimal produc-
tivity of CH3CO,H (acetic acid) with MIL-53(Al)-Cu(OH) was
achieved at a Po, of 10 bar. The oxidation of methane to acetic
acid increased with higher partial pressures of O,, peaking at 10
bar of O, pressure (entries 8-11, Table S2, ESI}). At an elevated
O, pressure of 15 bar (entry 24, Table S3, ESIt), acetic acid
selectivity dropped to 38.3%, with CO, becoming the major
product. This suggests that higher O, pressures favor C-O bond
formation due to the increased reactivity of carbon-centered
radicals with molecular oxygen. Additionally, the methane
oxidation reactions were conducted at 175 °C for 32 h in
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(a) Effect of temperature on oxygenated product yields and selectivity of acetic acid. Reaction conditions: MIL-53(Al)-Cu(OH) (3.8 mg, 4.0

pmol), 30 bar CHy, 10 bar O,, 7 mL water and 32 h. (b) Effect of O, pressure on the oxygenated product yields and selectivity of acetic acid.
Reaction conditions: MIL-53(Al)-Cu(OH) (3.8 mg, 4.0 pmol), 30 bar CHy, 175 °C, 7 mL water and 32 h, balanced with N, to maintain a total
pressure of 40 bar. (c) Effect of CH,4 pressure on the oxygenated product yields and selectivity of acetic acid. Reaction conditions: MIL-53(Al)-
Cu(OH) (3.8 mg, 4.0 pmol), 10 bar O,, 175 °C, 7 mL water and 32 h, balanced with N, to maintain a total pressure of 40 bar. (d) Effect of time on the
oxygenated product yields and selectivity of acetic acid. Conditions: MIL-53(Al)-Cu(OH) (3.8 mg, 4.0 pmol), 30 bar CH,4, 10 bar O,, 7 mL water

and 175 °C.
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a mixture of 10 bar of O, and variable methane pressures to
examine the correlation between the pressure of methane and
the yield of acetic acid (Fig. 3c). It was observed that the yield of
acetic acid increased from 0.17 to 0.97 mmol as the methane
pressure was raised from 10 to 25 bar (entries 12-14, Table S2,
ESIT). The highest yield of 1.51 mmol of acetic acid was ach-
ieved at a methane pressure of 30 bar (Fig. 3c).

Effect of reaction time. The impact of reaction time on
methane oxidation was evaluated over a period of 1-50 h using
CH, (30 bar) and O, (10 bar) at 175 °C (Fig. 3d). The findings
indicated a direct relationship between the acetic acid yield and
reaction time within the 1-40 h range. Initially, no acetic acid
was detected within the first hour, but as the reaction time
increased, 0.18, 0.38, and 0.72 mmol of acetic acid were ob-
tained in 6, 12 and 24 h, respectively. The highest yield of
1.51 mmol of acetic acid was achieved at 32 h, with an
impressive 92% selectivity. Extending the reaction time to 40 h
resulted in a slight increase in acetic acid yield to 1.68 mmol,
although with reduced selectivity (84%). Further continuing the
reaction to 50 h resulted in a decrease in acetic acid yield to
1.61 mmol, along with an increase in CO,, which are thermo-
dynamically more favorable. This decline in product selectivity
can be attributed to the over-oxidation of liquid products due to
the prolonged reaction time. As a result, MIL-53(Al)-Cu(OH)
(3.8 mg, 4.0 umol Cu) exhibited an exceptionally high acetic acid
productivity of 377 472 mmolgy co,u Molg, ' under 30 bar of
methane and 10 bar of O, in 7 mL water at 175 °C for 32 h (entry
1, Table S471) achieving ~95% liquid selectivity and ~92%
overall carbon selectivity with a methane conversion of 9.3%. In
the reaction, 3.2 mmol of methane is oxidized by O, to yield
1.51 mmol of acetic acid, 0.048 mmol of CO, and 1.4 mmol of
H, (Table S5, ESIT). The total amount of carbon-containing
products obtained was 3.16 mmol, based on the consumption
of 3.2 mmol of methane, leading to a carbon balance of 98.75%
(Table S5, ESIt).

MIL-53(Al)-Cu(OH) is recyclable for at least six consecutive
cycles with consistent activity, giving a cumulative TON of 2204
(Fig. 4b). The percentages of leached Cu and Al after run-1 were
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0.06 and 0.05, respectively, and after run-5 they were 0.05 and
0.08, respectively (Table S6, ESIt). The robustness of the MOF
was confirmed by PXRD, XPS, and X-ray absorption studies
(XAS) and ICP-analysis of the used catalyst for selective methane
oxidation to acetic acid. MIL-53(Al)-Cu(OH) with a maximum
productivity of 420000 mmolcy,co,umolc, ' exceeds the
performance of all previously reported catalysts composed
solely of abundant metals for methane oxidation to CH;CO,H
(Table S13, ESIt).

Control experiments

Several controlled experiments were conducted to identify the
actual catalytic species responsible for MIL-53(Al)-Cu(OH)
catalyzed oxidation of methane to acetic acid. No acetic acid was
detected when the reaction was conducted without a catalyst or
without O, (entries 2 and 3, Table S2t). In addition, the catalytic
reaction under N, instead of CH, did not produce any carbon-
containing products, confirming CH, as the exclusive carbon
source for acetic acid formation (entry 11, Table S37). The
production of CH;CO,H at 175 °C via CH, oxidation using O,
was further confirmed using isotopically labeled *CH,. The
reaction  catalyzed by  MIL-53(Al)-Cu(OH) generated
3CH,"*CO,H, as verified by carbon-13 nuclear magnetic reso-
nance (**C NMR) spectroscopy and gas chromatography-mass
spectrometry (GC-MS) (Fig. S197). It is noteworthy that the
methane oxidation reaction ceased upon removal of the solid
MIL-53(Al)-Cu(OH) MOF from the reaction mixture, confirming
the embedding of the active catalytic species within the MOF
(Fig. S6, ESIt). Importantly, Cu(OH), and CuO proved to be
inactive for methane oxidation under identical reaction condi-
tions (entries 8 and 14, Table S3t1 or Fig. 5). Similarly, the
pristine MIL-53(Al) MOF, MIL-53(Al)-CuCl, MIL-53(Al) encap-
sulated Cu(0) nanoparticles [Cu@MIL-53(Al)], or alumina-
supported Cu(u) also failed to yield acetic acid under identical
reaction conditions and Cu-loading, underscoring that Cu(OH)
confined within the MIL-53(Al) MOF pores is the genuine
catalytic species for methane oxidation (entries 2, 4, 15, and 7,

(c) CH, + 0,, 175 °C, 32 h (blank reaction)

CH, + O, + MIL-53(Al)-Cu(OH) (room temperature, 32 h)

CH, + MIL-53(AI)-Cu(OH) (175 °C, 32 h)

CH, + O, + MIL-53(Al)-Cu(OH) (175 °C, 32 h)

Simulated DMPO-CH,
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Fig. 4
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Magnetic Field (Gauss)

(a) EXAFS spectra and fits in R-space at the Cu K-edge of MIL-53(Al)-Cu after catalysis with the magnitude and real component of the

Fourier transformation shown as solid and hollow triangles in green color, respectively. The fitting range in R-space is 1.1-3.8 A (within the grey
line). (b) Plot of productivity of acetic acid in various runs during recycling and reuse of the MIL-53(Al)-Cu(OH) catalyst for the methane oxidation
reaction. (c) X-band (9.85 GHz) EPR spectroscopic spin-trapping experiments. EPR spectrum from the DMPO spin-trapping experiment of
uncatalyzed methane oxidation by O, at 175 °C (black), MIL-53(Al)-Cu(OH)-catalyzed oxidation of methane by O, at room temperature (blue),
MIL-53(Al)-Cu(OH) catalyzed methane oxidation in the absence of O, at 175 °C (green), MIL-53(Al)-Cu(OH) catalyzed oxidation of CH,4 (30 bar)
by O, (10 bar) at 175 °C for 32 h (magenta), and simulated DMPO-CHj5 (red).
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Fig. 5 Comparison of the catalytic efficiency of MIL-53(Al)-Cu(OH)
with other materials in direct methane oxidation to acetic acid under
identical reaction conditions. Conditions: 30 bar CHy4, 10 bar O,, 175 °C
and 32 h.

Table S37 or Fig. 5). Moreover, the PXRD patterns of the MOF
recovered after catalysis showed no characteristic peak of Cu
nanoparticles at higher 26 angles (Fig. 2a).

To investigate the impact of pore sizes of the MIL-53(Al) MOF
on acetic acid selectivity, we synthesized isoreticular DUT-5(Al)-
Cu(OH), which has a larger pore size (0.78 nm) than MIL-53(Al)-
Cu(OH) (0.6 nm). Under identical reaction conditions and
equivalent Cu loading, DUT-5(Al)-Cu(OH) exhibited lower acetic
acid selectivity, producing only 0.08 mmol of acetic acid,
0.04 mmol of methanol, and a higher amount of CO, (0.9
mmol). These experiments suggest that the increased selectivity
for acetic acid associated with smaller pore sizes of MIL-53(Al)-
Cu(OH) is likely due to internal mass transfer limitation of the
product. The larger channels of DUT-5(Al) allow acetic acid
molecules to diffuse more easily, which can lead to their over-
oxidation. In contrast, the smaller pore size of MIL-53(Al)-
Cu(OH) restricts the diffusion of larger acetic acid molecules
(5.9 A), allowing only smaller molecules like methane (3.8 A) to
access the catalytic copper sites within the pores. This internal
mass transfer limitation effectively enhances the production of
acetic acid with excellent selectivity by preventing its over-
oxidation within the pores of MIL-53(Al)-Cu(OH). Thus, under
identical conditions with equivalent copper loading, MIL-53(Al)-
Cu(OH) demonstrates greater reactivity and selectivity for acetic
acid production compared to MIL-53(Al)-CuCl, Cu(OH),, CuO,
Al,O;-supported Cu(u), and DUT-5(Al)-Cu(OH). This emphasizes
the critical role of the MOF's node-supported single-site mono-
Cu"(OH) species confined within the uniform pores in chemo-
selective oxidation of methane.

Mechanistic exploration of MIL-53(Al)-Cu(OH) catalyzed
oxidation of methane to acetic acid

To investigate the mechanism for MIL-53(Al)-Cu(OH)-catalyzed
oxidation of methane to acetic acid, the oxidation state and
coordination environment of the MOF recovered after catalysis

2790 | Chem. Sci, 2025, 16, 2785-2795
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were analyzed. The XPS of recovered MIL-53(Al)-Cu confirmed
the +2 oxidation state of Cu ions in the MOF after catalysis
(Fig. 2c). The K-edge energy of 8985.6 eV for the recovered MOF
also showed that Cu is in a +2 oxidation state, with an octahe-
dral geometry (Fig. 2e).*® The prediction of the geometries can
be further established by the white line intensity. The K edge
energy is attributed to the transition from 1s - 4p,,, while the
transition from 1s - 4p, is associated with white line intensity.
The increase in axial coordination led to an increase in the
white line intensity of the recovered MOF. The EXAFS data of
the MOF recovered after catalysis fitted well with the DFT-
optimized model of MIL-53(Al)-Cu(OH)(OH,),, which suggests
that Cu in the MOF recovered after catalysis adopted a distorted
octahedral geometry (Fig. S13, ESIT).

Additionally, fitting the EXAFS spectra with the DFT model of
MIL-53(Al)-Cu(OH) containing 5-80% CuO or 5-80% metallic
Cu showed significant deviations and elevated R factors, indi-
cating the absence of any Cu nanoparticles or CuO within the
MOF post catalysis (Fig. S15, ESIT). These findings demonstrate
that Cu nanoparticles or CuO does not serve as the active
catalytic species in the oxidation of methane. Instead, they
highlight the pivotal role of single-site Cu(OH) species sup-
ported on the MOF nodes in driving the chemoselective oxida-
tion of methane.

Radical trap experiments were conducted to explore the
involvement of "OH or "CH; radicals in MIL-53(Al)-Cu(OH)
catalyzed oxidation of methane using O,. The rate of acetic acid
production remained unchanged in the presence of ‘OH scav-
engers such as Na,SOj; or tert-butanol (entries 5 and 20, Table
S31), eliminating the role of "OH in the conversion of methane
to acetic acid using O,. However, radical trapping experiments
conducted with a "‘CHj; scavenger, such as TEMPO (2,2,6,6-tet-
ramethylpiperidine 1-oxyl), showed a reduction in acetic acid
formation to 0.34 mmol (entry 22, Table S3t) under identical
reaction conditions, which indicates the involvement of ‘CH;
radicals in the reaction mechanism. The potential free radicals
generated during the reaction were captured using the spin-
trapping agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO). The
EPR spectrum of MIL-53(Al)-Cu(OH)-catalyzed methane oxida-
tion in the presence of O, and DMPO at ambient temperature
did not show any "CH; radicals (Fig. 4c). However, the super-
natant after catalysis by MIL-53(Al)-Cu(OH) at 175 °C with
DMPO revealed a six-line signal characteristic of the DMPO-CH;,
radical adduct, closely matching the simulated model (Fig. 4c
and Table S12, ESIt). In both cases, there were no ‘OH and H,0"
radicals detected, aligning with the observation that acetic acid
formation cannot be suppressed by ‘OH scavengers such as
Na,SO; or ¢t-butanol. These experiments suggest that the ‘CHj; is
involved in the CH, oxidation to acetic acid. No radical adduct
was observed in the absence of MIL-53(Al)-Cu(OH) (Fig. 4c),
indicating that CH, activation requires Cu-active sites. Impor-
tantly, no '‘CH; signal was observed when the reaction was
performed in the absence of O, at 175 °C, suggesting that the
methyl radical is only generated by the CH,-loaded MIL-53(Al)-
Cu(OH) MOF in the presence of O, at 175 °C.

Based on the above spectroscopic and experimental obser-
vations, we propose that MIL-53(Al)-Cu(OH) initially reacts with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The proposed catalytic cycle for MIL-53(Al)-Cu(OH) catalyzed
direct oxidation of methane to acetic acid using O5.

CH, to form MIL-53(Al)-Cu(CH;) (INT-1) and H,O via c-bond
metathesis between Cu-OH and C-H bonds (Fig. 6). Since the
direct insertion of triplet O, into the Cu-CH; bond of INT-1 is
spin-forbidden,*** we propose that INT-1 undergoes homolytic
cleavage at 175 °C, forming a Cu(i) species (INT-2) and a "CHj3
radical. INT-2 then reacts with O, to form a Cu-OO" species,
which undergoes spin crossover to generate Cu(m)-n>-peroxy
species (INT-3).°>%* In the next step, INT-3 participates in o-
bond metathesis with CH,, resulting in the formation of INT-4.
INT-4 rearranges to form INT-5, which undergoes o-bond
metathesis with CH,, producing INT-6. Subsequently, a previ-
ously generated "CH; radical abstracts a hydrogen from the
methoxy group of INT-6, yielding INT-7 and CH,. INT-7 then
rearranges to form INT-8, which undergoes B-hydride elimina-
tion, producing acetaldehyde and MIL-53(Al)-Cu-H (INT-9).
Hydrolysis of INT-9 regenerates MIL-53(Al)-Cu(OH), thus
completing the catalytic cycle (Fig. 6).

The acetaldehyde is subsequently oxidized by O, to form
acetic acid. In order to confirm the role of MIL-53(Al)-Cu(OH) in
the transformation of acetaldehyde to acetic acid, we conducted
an experiment where we oxidized acetaldehyde under 10 bar of
0, and 30 bar of N, at 175 °C in the presence or absence of the
MOF catalyst. The results of these reactions revealed that the
rate of oxidation of acetaldehyde to acetic acid remained
unchanged in both cases, ruling out the involvement of MIL-
53(Al)-Cu(OH) in the oxidation of acetaldehyde (entries 18 and
19, Table S3, ESIt). In addition, a small quantity of acetaldehyde
was detected in the GC-FID spectrum, when the reaction was
conducted for a shorter duration (18 h), which suggests that
acetaldehyde might be a potential reaction intermediate in the
methane to acetic acid conversion. Furthermore, the formation
of a stoichiometric amount of H, with respect to acetic acid
further supports the balanced chemical equation depicted in
Fig. 6. According to this equation, the MIL-53(Al)-Cu(OH)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalyzed reaction between methane and O, first produces
acetaldehyde, water and H,. Then, the in situ generated acetal-
dehyde is oxidized by O, to furnish acetic acid.

We then attempted to synthesize potential intermediates to
further support our proposed catalytic cycle. We synthesised
MIL-53(Al)-Cu(OC,H;) (INT-8), by treating MIL-53(Al)-CuH with
ethanol and tested its catalytic activity. Notably, MIL-53(Al)-
Cu(OH) and MIL-53(Al)-Cu(OC,Hs) show similar -catalytic
activities in the oxidation of methane to acetic acid under
identical reaction conditions, indicating MIL-53(Al)-Cu(OC,Hs)
as a potential intermediate and supporting our proposed cata-
Iytic cycle (entry 21, Table S3}). Furthermore, the reaction of
ethanol and O, also yields 0.35 mmol CH;CO,H under identical
reaction conditions in the presence of MIL-53(Al)-Cu(OH) (entry
12, Table S3t), suggesting that the small amount of ethanol
generated during the reaction is oxidized to acetic acid.

Several controlled experiments were carried out to assess the
involvement of in situ generated CO, CO,, and methanol as
potential intermediates in the formation of CH;CO,H. The
reaction between CH, and CO or CH, and CO, did not result in
the formation of CH;CO,H (entries 9 and 13, Table S31), ruling
out acetic acid production via methane carbonylation or the
reaction of methane with CO,. Additionally, the reaction
between methanol and CO also failed to produce any significant
amount of CH3zCO,H (entry 17, Table S37), excluding the
possibility of acetic acid formation through methanol
carbonylation.

Based on the above observations, we proposed that CH, is
oxidised to CH;CO,H in the presence of O, via the “CH; radical
pathway with ethanol and acetaldehyde as the key intermedi-
ates. To further explore the reaction mechanism and identify
the turnover-limiting step (TLS), the complete catalytic cycle
was examined through DFT calculations (Fig. 7). The DFT-
calculated energy profile diagram indicates that methane C-H
bond activation through o-bond metathesis has an energy
barrier of 35 keal mol %, while the formation of INT-1 from MIL-
53(Al)-Cu(OH) is endergonic by 13.3 kcal mol *. The subse-
quent homolytic cleavage of INT-1 to form INT-2 (Cu' species)
and a methyl radical is endergonic by 8.1 kcal mol™'. INT-2
reacts with O, to form a Cu-OO" species, which is exergonic
by 35.6 kcal mol™*, and this process is followed by a spin
crossover to form INT-3 (Cu(u1)-n>-peroxy species), with a barrier
of 6.8 kcal mol . INT-3 undergoes c-bond metathesis with CH,4
through TS-2, leading to the formation of INT-4 with an energy
barrier of 27.1 kcal mol™*. INT-4 rearranges to form INT-5,
which is exergonic by 4.2 kcal mol™!, and INT-5 undergoes
another o-bond metathesis via TS-3 to generate INT-6 with
a barrier of 26.4 keal mol~". The "CH; abstracts a hydrogen
atom from the methoxy group of INT-6, generating INT-7, which
is exergonic by 63.7 kcal mol~'. INT-7 then rearranges to form
INT-8, which is exergonic by 9 kcal mol™'. Finally, INT-8
undergoes beta hydride elimination via TS-4, which is exer-
gonic by 17.9 keal mol " to yield acetaldehyde and MIL-53(Al)-
CuH species (INT-9). MIL-53(Al)-CuH is then hydrolysed to
regenerate the catalyst MIL-53(Al)-Cu(OH), which is an exer-
gonic process by 3 kcal mol™". The energy profile diagram
reveals that methane C-H bond activation through o-bond
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Fig. 7 DFT calculated free energy diagram at 448 K for MIL-53(Al)-Cu(OH) catalyzed methane to acetaldehyde conversion.

metathesis presents the highest energy barrier in the catalytic
cycle, identifying it as the turnover-limiting step. As mentioned
earlier, no methyl radical was detected in the EPR spectrum of
a DMPO-loaded reaction mixture of methane (30 bar) and the
MIL-53(Al)-Cu(OH) catalyst in the absence of O,, despite the fact
that "CH3 is likely formed prior to the addition of O, as shown in
the catalytic cycle. The DFT calculated energy profile diagram
showed that the conversion of INT-1 to INT-2 is thermody-
namically uphill by 8.1 kcal mol ™. Therefore, the concentration
of "CH; remains very low in the absence of O,. However, during
the methane oxidation in the presence of O,, INT-2 rapidly
reacts with O, to form INT-3, which is highly exergonic (down-
hill by 39.2 keal mol ™). This mechanistic insight, supported by
DFT and experimental evidence, underscores the critical role of
O, in driving the reaction forward and aligns with the observed
catalytic behavior of the system.

Conclusions

In conclusion, we have developed a highly active single-site and
heterogeneous earth-abundant metal catalyst for direct
methane oxidation to acetic acid using only O,. The catalyst
displayed an outstanding productivity of 377 472 mmolcy,co,n
molc, ' and maintained 95% liquid selectivity over six
consecutive runs without any loss in activity. The catalytic
pathway of the MIL-53(Al)-Cu(OH) catalyst differs from that of
our previously reported cerium-UiO MOF node-supported cop-
per(u)-hydroxyl catalysts, [Ce-UiO-66-Cu(OH)].** In the case of
the Ce-UiO-66-Cu(OH) catalyst, the conversion of methane to
acetic acid occurs at 115 °C through a non-radical pathway,
where the carbonylation of methane with CO forms acetic acid.
This difference in mechanism can be attributed to the distinct
reaction temperatures. For the MIL-53(Al)-Cu(OH) catalyzed
transformation of methane to acetic acid, the homolytic
cleavage of the ‘Cu-CHj;’ species is likely favored at 175 °C;
however, this process does not occur under the operating
conditions of 115 °C used for the Ce-UiO-66-Cu(OH) catalyst.
Spectroscopic analyses and controlled experiments suggested

2792 | Chem. Sci, 2025, 16, 2785-2795

that the direct oxidation of methane to acetic acid occurs via
a catalytic cycle, where methane is first oxidized to acetaldehyde
mediated by MIL-53(Al)-Cu(OH), followed by the further
thermal oxidation of acetaldehyde to acetic acid by O,. This
research provides valuable insights for the development of
environmentally friendly heterogeneous catalysts using abun-
dant metals, enabling the efficient activation and partial C-H
methane oxidation to acetic acid under mild and eco-friendly
reaction conditions.

Experimental section
Synthesis of MIL-53(Al)-Cu(OH)

To synthesize the MIL-53(Al) MOF, 1,4-benzenedicarboxylic acid
(0.050 g, 0.301 mmol) and AICl;-6H,0 (0.048 g, 0.198 mmol)
were dissolved in 3 mL DMF. The mixture was then transferred
to a Teflon lined hydrothermal autoclave, sealed, and heated at
120 °C for 48 h. After cooling to room temperature, the resultant
white solid of the MIL-53(Al) MOF was collected and washed
several times with DMF, followed by THF. Inside a glovebox, 50
pL of n-BuLi (1.65 M in cyclohexane) was added to a slurry of
MIL-53(Al) (0.015 g) in 1 mL of THF and the mixture was slowly
stirred at room temperature for 1.5 h. The solid was washed
with THF several times and then treated with a THF solution of
CuCl, (0.042 g, 0.312 mmol). The mixture was stirred overnight
at room temperature. The resultant green solid of MIL-53(Al)-
CuCl was isolated by centrifugation and washed with THF.
Then, 40 pL of NaEt;BH (1 M in THF) was added dropwise to
a slurry of MIL-53(Al)-CuCl (0.016 g) in 1 mL of THF at room
temperature. After 1 h, dark violet solid MIL-53(Al)-CuH was
collected by centrifugation, followed by washing several times
with THF. The MOF was then immersed in water in a vial for 30
minutes to yield MIL-53(Al)-Cu(OH). ICP-OES analysis shows
a 24% copper loading relative to the p,-OH moiety, resulting in
an empirical formula of AlOs,,CsHsCuy,4 for MIL-53(Al)-
Cu(OH). The structure of the MOF was confirmed by PXRD and
the active Cu"'(OH) site was characterized by XPS, EPR, and X-
ray absorption spectroscopy (XAS).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MIL-53(Al)-Cu(OH) catalyzed methane oxidation

Catalytic methane oxidation was performed in a high-pressure
glass-lined batch reactor (100 mL, Amar Equipment) equipped
with a thermocouple. MIL-53(Al)-Cu(OH) as the catalyst was
added to the glass liner containing 7 mL of water. The reactor
was sealed and purged twice with CH,. The reactor was then
pressurized with CH, (30 bar) and O, (10 bar) and heated to the
desired temperature. After the specified reaction time, the
reactor was cooled to room temperature, and the products in
both the liquid and gaseous phases were analyzed using gas
chromatography.

Analysis and quantification of products

The liquid phase products from the catalytic reactions were
analyzed using an Agilent 8890 GC equipped with a flame
ionization detector (FID) and an Agilent 7890B GC with a mass
detector (Agilent 5977B GC/MSD). The post-reaction gas was
analyzed using an Agilent 8890 GC, equipped with a PoraPlot Q
column, a molecular sieves column, and a thermal conductivity
detector (TCD) (Section 3.2, ESIt). After 32 h, the reactor was
cooled to room temperature. The gas sample was collected and
analyzed using GC-TCD. Quantification of CH, and CO, was
achieved by measuring the amounts of each gas in the reactor's
headspace. The response factors were determined using
a standard analytical gas mixture. A 1 mL aliquot of the liquid
sample was transferred to a GC vial, and 5 pL of ethylene glycol
(internal standard) was added. This sample was then analyzed
by GC-FID/MS to identify and quantify the products in the
liquid phase. A 1 pL sample was injected into the GC, and
quantification was done using standard calibration curves.
Additionally, the liquid phase products were confirmed using
high-performance liquid chromatography (HPLC) with an Agi-
lent 1260 Infinity II liquid chromatograph equipped with
a refractive index detector (Agilent 1260 Infinity II). An Agilent
Hi-Plex H column (300 mm length, 7 mm internal diameter, and
8 pum particle size) was used, with 100% Milli-Q water as the
mobile phase. The chromatographic conditions included a flow
rate of 0.7 mL min~*, an injection volume of 100.0 pL, a column
oven and a detector temperature of 35.0 °C, and a total run time
of 45 minutes. The products in the case of HPLC were quanti-
fied using the calibration plot of 2-butanone as the internal
standard.
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