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Selective CH4-to-C, oxygenates conversion under mild conditions represents a
frontier challenge in catalysis science with promising commercial implications.
Herein, we report the successful and controlled construction of densely dis-
tributed O,-bridged Fe diatomic (Fe;-O,-Fe;) interfaces in carbon nitride
aerogel-supported Fe dual-atom catalysts (Fe-DAC/g-C5N,) for selective
methane oxidation to acetic acid (CH;COOH) in aqueous solution under mild
conditions. Experimental studies reveal that the Fe;-O,-Fe; atomic interfaces
with tailored coordination environments and precisely modulated Fe-Fe dis-

tance (2.92 + 0.05 A) and oxygen-bridged coordination environment syner-
gistically promote the activation and cleavage of C-H bond to form methyl
radicals (*CHs), carboxyl intermediates (<COOH), followed by selective C-C
coupling via a radical recombination pathway. This concerted mechanism
achieves unprecedented performance with near 100% selectivity and a
remarkable CH3COOH production rate of 0.79 mmol g., ' h™ under ambient
conditions. Notably, industrially relevant pressures (1.5 MPa CH,) elevate the
production rate to 1.67 mmol g.,.* h™ while maintaining >96% selectivity.

The selective conversion of methane (CH4)—a chemically inert yet
abundant component of natural gas and a potent greenhouse agent—
into value-added multicarbon products under mild conditions is an
ideal strategy to promote sustainable chemical synthesis and climate
change mitigation. Among potential targets, acetic acid (CH;COOH)
emerges as a strategic platform molecule for various industrial pro-
ducts (e.g., plastics, photographic films and textiles) and inter-
mediates in numerous chemical processes'™, accounting for about
80% of global vinyl acetate monomer production (key precursor to
adhesives/coatings), over 60% of cellulose acetate manufacturing
(essential for textiles/photographic films), and various important
agrochemical intermediates. This industrial ubiquity contrasts with
the absence of scalable catalytic routes for its direct synthesis from
CH,4 under mild conditions.

Efficient catalysts that can activate methane and promote the
following C-C coupling reaction are essential. Previous approaches to

CH, activation predominantly rely on homogeneous metal complexes
(e.g., Rh and Pd) and strongly acidic solutions, and suffer from low
reaction selectivity, corrosive environments accelerating the degra-
dation of reactors, and energy-intensive operation conditions™. Single-
atom catalysts have recently shown promise for CH, activation com-
pared to traditional catalysts; however, their dependency on exogen-
ous carbon donors (e.g., CO) to enable C—C coupling introduces
unsustainable process complexity”*. Despite extensive research, no
existing system concurrently addresses three benchmarks for indus-
trial viability, including the direct CH4-to-C, conversion without aux-
iliary carbon inputs, aqueous-phase operation under mild conditions
(T<100°C, P<3MPa), and over 95% selectivity toward a single
oxygenate®. This highlights the need for catalysts that can effectively
facilitate both methane activation and C-C coupling.

Recent advances in nanoconfined catalysis suggest spatial con-
finement could synergize reactant enrichment and transition-state
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a Design of Fe -O,-Fe, Atomic Interfaces
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Fig. 1| Design and reaction mechanism of Fe;-O,-Fe; atomic interfaces. a Design
of confined Fe;-O,-Fe; atomic interfaces. In the upper left illustration, the green,
gray, and blue spheres represent Fe, C, and N atoms, respectively. The Fe atoms are
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connected by brown sticks, representing carbonyl ligands. b Illustration of the
production process of C, oxygenates from CH,.

stabilization?®?. For instance, molecular catalysts with hydrophobic
cavities substituted with formyl/anthracenyl groups and Fe (ll) spe-
cies can hydroxylate CH, to methanol in aqueous media via a catch-
and-release mechanism*, while hydrophilic Fe (II)@ACN hydrogel
membranes can photocatalytically generate matched concentrations
of «OH and *CH; at the three-phase interface, leading to the pro-
duction of methanol and ethanol®*°**, However, due to the lack of
precise control over active sites, the activity for methane activation
and selectivity for C-C coupling still require significant improve-
ment. In particular, the direct oxidation of CH, to C,+ products in the
absence of other carbon sources has rarely been observed. However,
these systems exhibit two critical shortcomings, including the low
solubility of CH4 in water and its small diffusion coefficient, which
impedes the accumulation and coupling of intermediates such as
*CH; on the catalyst surface®*; and the uncontrolled radical
recombination pathways®**°. Fundamentally, the absence of atomic-
level control over multinuclear active sites impedes precise steering
of sequential C—H activation and C-C coupling—a prerequisite for
selective C, oxygenate formation.

Here, the coordination tailored Fe;-O,-Fe; atomic interface was
fabricated by precisely incorporating Fe;-O,-Fe; on C3N,4 to form Fe-
DAC/g-C5N, with a strong affinity for CH, through impregnation,
freeze-drying, and pyrolysis. This catalyst achieves nearly 100%
selectivity for the direct oxidation of CH4 to acetic acid without
additional carbon sources. This “capture-coupling” mechanism can
be understood as follows: the high CH, affinity of the C3N, aerogel
cavity enhances the local concentration of CH4 around the active
sites, while the distinctive Fe;-O,-Fe; centers facilitate the coupling
of CH,4 oxidation intermediates (*CH; and «COOH), as corroborated
by comprehensive characterization and theoretical calculations.

Results

Fabrication and characterization of Fe-DAC/g-C5N,

By developing a controlled fabrication strategy for carbon nitride
aerogel-supported Fe dual-atom catalysts (Fe-DAC/g-C5N,4), we suc-
cessfully constructed densely distributed Fe-DAC/g-C5N,4 with tailored
coordination geometry (Fig. 1a). These unique configurations exhibit

exceptional methane affinity, effectively concentrating CH, molecules
around active sites followed by efficent CH, activity, heterolytic C-H
cleavage, and C-C coupling (Fig. 1b). In brief, the Fe-DAC/g-C5N, was
constructed through a controlled two-step strategy, involving the first
self-assembly Fe,(CO)o/g-C3N, via an adsorption-freeze-drying proce-
dure (Fig. 2a and Supplementary Figs. S1 and 2). The anchoring of
Fe»(CO)o at nitrogen-rich cavities of C3N4 is driven by two com-
plementary factors: (1) electronic interaction between the lone-pair
electrons of cavity nitrogen atoms in C3N, and the d-orbitals of Fe
atoms in Fe,(CO)y, facilitating initial binding; (2) Steric constraints
imposed by the bulky carbonyl (CO) ligands surrounding each Fe
center. Crucially, the steric guidance arises because the maximum
cavity diameter in C3N4 (4.7 A) is smaller than the van der Waals dia-
meter of Fe,(CO)o (5.67 A). This forces the Fe,(CO)s molecule to adopt
a specific orientation where its CO ligands sterically “lock” against the
cavity edges, preventing aggregation and ensuring monodisperse
anchoring. The resulting Fe,(CO)o/g-C3N,4 exhibited a porous structure
(Fig. 2b-e) with multiscale pore sizes. These structures were well
maintained in the aerogel after pyrolysis (Fig. 2f-i), which resulted in
the lightweight (Fig. 2g) and mechanically robust (Fig. 2k-m) con-
taining 0.521 wt% Fe (Table S1). Furthermore, Fe-DAC/g-C3;N, exhibited
exceptional structural and chemical stability, retaining its porous
architecture (Fig. 2b-d, f-h) and elemental composition (Fig. 2i) post-
pyrolysis. The abundant nanoscale pores within the catalyst (Supple-
mentary Fig. S3), serving as confined reactors, facilitate the occurrence
of C-C coupling. The morphology and crystallinity (Supplementary
Figs. S4-7) of Fe-DAC/g-C3N4 were consistent with those of C3Ng,
suggesting the high mechanical stability of the samples*®*'. X-ray dif-
fraction (XRD) patterns of the Fe-DAC/g-C5N, reveal a prominent (002)
peak and smaller (100) peaks of g-CsN4**, while the absence of iron
metal or oxide peaks indicates the highly dispersed nature of the iron
species (Supplementary Fig. 6). The FTIR spectra of C3N, and Fe-DAC/
g-C3N, display peaks corresponding to -NH stretching vibration
modes at approximately 3180 cm™, C-N heterocycles in the wave-
length range of 1100-1650 cm™, and the breathing mode of tri-s-
triazine units at 810 cm™ (Supplementary Fig. S7)*>. Compared with
Fe,(CO)o, Fe-DAC/g-C5N, has no additional infrared features related to

Nature Communications | (2025)16:9161


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64248-7

Adsorb

.

Directional

and

X

Fig. 2| Synthesis and characterization of Fe-DAC/g-C3;N,. a Schematic diagram of
Fe-DAC/g-C3N, synthesis. The green, red, gray, and blue spheres represent Fe, O, C,
and N atoms, respectively. The Fe atoms are connected by brown sticks, repre-

senting carbonyl ligands. Low and high magnified SEM images of (b-d) Fe,(CO)o/g-
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C3N4 and (f-h) Fe-DAC/g-C3N4. HAADF-SEM images and corresponding EDX ele-
mental mapping for C, N, and O distribution in (e) Fe,(CO)o/g-C3N, and (i) Fe-DAC/
g-C5N4. g Photographs of 30 mg Fe-DAC/g-C5N,4 supported by soft setaria viridis.
k-m Compressibility testing of Fe-DAC/g-C3N,.

the dimeric iron complex, indicating the complete removal of organic
ligands during the immobilization process.

The aberration-corrected high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images (Fig. 3a-h)
reveal that numerous adjacent, paired bright spots (indicated by red
rectangles) distributed over the substrates, without any aggregates.
The random distribution of Fe atom pairs is related to the three-
dimensional structure of C3N4-gel. These paired bright spots can be
contributed to the atomically dispersed Fe atoms due to higher Z
contrast (M =56 for Fe, where M refers to the atomic mass) than that of

C3N4 (M =12 or 14). Fig. 3i-k shows clear views of the local coordina-
tion environment of Fe atoms in the sample, providing evidence for
the anchoring configurations of the Fe atoms on C3N,. Line profile
analysis of approximately 200 pairs of these bright spots yields an
average interatomic distance of 2.92 (+0.05 A, Fig. 31). This distance is
notably greater than the 2.53 A separation observed in the Fe,(CO)o
complex, further confirming the reconstruction of the iron dimers
resulting from the removal of organic ligands during synthesis. The
intensity surface maps (Fig. 3m, n) reveal the visual differentiation of
the Fe dimers in Fig. 3f, g, respectively. Energy-dispersive X-ray
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Fig. 3 | Visualization of Fe atoms. a-h Representative HAADF-STEM images of Fe-
DAC/g-C3N,, Fe dimers is marked in a red rectangle. i-k Different configurations of
the Fe, anchored on the C5N, structure. The yellow, gray, and blue spheres
represent Fe, C, and N atoms, respectively. I Statistical distribution of the Fe-Fe

- d

distance in the Fe dimers derived from the STEM images. The upper right illus-
tration shows a schematic of the C3N4 pore size. m, n 3D intensity surface plot and
intensity range shown for the dashed white regions of the image in (f, ).

o0 Geometric parameters of the Fe;-O,-Fe; atomic interface structure.

spectroscopy (EDX, Supplementary Fig. S8) result shows the uniform
distribution of elements across Fe-DAC/g-C3N,. As illustrated in
Figs. 30 and S9, the determined iron-dimer structure consists of two Fe
atoms bridged by two O atoms, with Fe-O bond lengths of approxi-
mately 1.99 A and an included angle (Fe-O-Fe) of 94.7°. The Fe-Fe dis-
tance in the Fe dimers is approximately 2.93 A.

The normalized Fe K-edge X-ray absorption near-edge structure
(XANES) spectra reveal that the absorption threshold of Fe-DAC/g-C3N4
located between FeO and Fe,Oj3 (Fig. 4a). Fitting analysis show that Fe
atoms in Fe-DAC/g-C5N, have an average valence state of +2.8, which is
higher than Fe in Fe,(CO)o (Fig. 4b). This is further supported by Fe 2P
X-ray photoelectron spectroscopy (XPS, Fig. S10). The wavelet trans-
forms (WT) plot of the Fe-DAC/g-CsN4 has a pronounced intensity
maximum at approximately 4.5 A™ (Fig. 4c), corresponding to Fe-N/O/C
bonds. The density center at approximately 7.0 A corresponding to

FeO suggests the formation of the Fe-O-Fe structure within the catalyst.
The coordination environments of Fe species were determined by
Fourier transform (FT) k*-weighted EXAFS spectral analysis and XPS
analysis. As shown in Fig. 4d, the Fe-DAC/g-C3N4 shows first-shell scat-
tering at 1.57 A in the R space (prior to phase correction), which is close
to the distances of 1.51 and 1.50 A for FeO and Fe,0, respectively. Based
on these observations, we tentatively attribute the primary scattering
pair at 157 A in the R-space spectrum of Fe-DAC/g-C5N, to Fe-N/O/C
coordination. The high-resolution N 1s XPS spectrum (Fig. 4e) of the
support shows three peaks at binding energies of 398.04, 400.4, and
401.1eV, corresponding to C-N=C, N-(C);, and N-H, respectively***.
Notably, an additional peak at approximately =399.4 eV is observed for
Fe-DAC/g-C3N,, which is indicative of Fe-N bonds.

The high-resolution O Is XPS spectrum (Fig. 4f) of Fe-DAC/g-C3N,
can be deconvoluted into H,0 (533.6 eV), adsorbed O (533.1eV), and

Nature Communications | (2025)16:9161


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64248-7

<
a ——Fe foil ——FeO b E
E1 A Fe,04\ —— Fe,(CO), Fe-DAC/g-C;N, —o
1 Fe-DAC/g-C;N
g 9-C3Ny ; ® Fe,O,
g CR
508 , >
-~ , : o 2
> /" [Fe foil 5« R*=0.999
‘B / c =
c04 ’ w ~
2 e Fe(CO
£ \ : Fe,0, ¢(CO),
| | __- TH2 7 ~ | Fe foil
00740~ 7140 7170 7200 T g 1 3 3
Energy(eV) Oxidation state
lw' Fe-"?"i'\ == Fe}?l e N 1s Fe-DAC/g-CsN,
": . -—', . .\.- =" ? F N )’vw‘
c 7" iFe-O-Fe = S0 4
S L FeUN i -reo| 5 S
g .- i I el S .
S| Aoy &
= - 2
= Fe,(CO)| ‘@
= c
% 2
= Fe-DAC/g-C:N,| £
— 1 2 3 4 5 402 400 398 396
R (A) Binding energy (eV)
f,__ O 1s Fe-DAC/g-C;N, g 8 — — Data
2 1 r == ===~ -—Fit
5 64 | | CN:
3 « | ! Fe-N=3.0
= ~ ' | Fe-0= 2.3
~ 24— ' | Fe-Fe=1.0
> 2 ! i
b= = ! 1
2 —2{ 1y !
£ :
£ ol -------
i 4 DI M) by |
536 534 532 530 528 0 1 2 3 4 5 6 4 -2 0 2 4 6
Binding energy (eV) R (A) Energy (eV)

Fig. 4 | Chemical and electronic structures of Fe Atoms in Fe-DAC/g-C3N,.

a XANES spectra for Fe-DAC/g-C3N4 with the reference materials Fe foil, FeO,
Fe,(CO)o and Fe,05. b Relationship between Fe k-edge absorption energy (Eo) and
oxidation state for Fe-DAC/g-C5N,, Fe foil, FeO, Fe,(CO)o and Fe,03. ¢ WT plots.
d k*>weighted Fourier transform spectra derived from EXAFS results of the Fe

k-edge for Fe-DAC/g-C3Ny, Fe foil, FeO, Fe,(CO)o, and Fe,0s. e, f High-resolution of
N Is (e) and O Is (f) XPS spectra of Fe-DAC/g-C3N4 and C3N4. g The EXAFS R-space
fitting results of Fe-DAC/g-C5N, spectra. h Charge-density difference of Fe-DAC/g-
C3N,. The yellow and blue regions represent electron accumulation and depletion,
respectively. i The PDOS of Fe 3d, O 2p, and N 2p in Fe-DAC/g-C5N,.

Fe-0 (531.6 €V)*. In contrast, Fe-O oxygen species are not detect-
able in C3N4. The C Is spectra (Fig. S11) for both the catalyst and the
support exhibit identical peak profiles, suggesting that Fe-C bonds
are either minimal or absent in the catalyst***%. These findings indi-
cate that Fe atoms are directly anchored to Fe-DAC/g-C3N, via Fe-N
bonds and form multiatom centers through Fe-O bonds. The Fe
coordination configurations in Fe-DAC/g-C3N, were then determined
by quantitative EXAFS curve fitting analysis (Fig. 4g, Supplementary
Fig. S12 and Table S2). The optimized fitting results reveal that Fe
atoms in Fe-DAC/g-C3N, are coordinated with two nitrogen (N)
atoms and two oxygen (O) atoms, with average bond distances of
approximately 1.95A for Fe-N and 1.93 A for Fe-0O. Additionally, a
contribution at 2.98 A corresponding to Fe-O-Fe is observed, with an
average coordination number (CN) of 1.0, which is indicative of an
Fe-O,-Fe site. Charge density analysis reveals that Fe atoms are
situated at the interface between regions of electron accumulation
and electron depletion (Fig. 4h), with charge transfer occurring
between Fe and C3N4. The corresponding electronic density of states
(DOS, Fig. 4i) for Fe-DAC/g-C3N, further elucidates the interactions
between Fe atoms and N and O atoms.

The catalytic performance of Fe-DAC/g-C3N,

Fe-DAC/g-C5N4 demonstrates an impressive selectivity of 96.4% for the
conversion of methane to acetic acid, achieving a yield of
1.67 mmol g.,.* h™* (Fig. 5a, b and Supplementary Fig. S13). Both C3N,
and C3N4-gel exhibited no catalytic activity towards CH,4 oxidation. To
demonstrate the unique benefits of diatomic sites, a direct comparison

between the diatomic Fe catalyst (FeDAC) and an analogous Fe single-
atom catalyst (FeSAC) under identical reaction conditions has been
conducted. Compared with Fe-DAC/g-C3N, samples, the Fe-SAC/g-
C3N, exhibits smaller reaction selectivity (only 13.1% CH3COOH) and
product vyielding rates (CH3;OH: 0.41mmolg. h™; CH;OO0H:
0.96 mmol g.,.'h™’; CH3;COOH :0.21molg.,'h™;, Supplementary
Figs. S14 and S15). These results demonstrate the unique benefits of
diatomic sites for CH, oxidation. Acetic acid selectivity is correlated
with the Fe content, with the Fe-DAC/g- C5N,4 containing 0.52 wt% Fe
exhibiting the optimal selectivity for acetic acid (Supplementary
Figs. S16 and S17). Fe-DAC/g-C3N, effectively suppresses overoxidation
of the products, as confirmed by the absence of CO, in the gas chro-
matography (GC) results (Supplementary Figs. S18-S21). The only
byproduct is methanol peroxide (CH;00H). Notably, typical bypro-
ducts such as formaldehyde and carbon monoxide, which are com-
monly associated with methane oxidation reactions, are absent. This
suggests a new reaction pathway on Fe-DAC/g-C3N, compared to tra-
ditional methane oxidation or CO-involved methane oxidation pro-
cesses (Supplementary Fig. $22)'84852 To elucidate the origin of the
reaction products, a control experiment employing isotopically
labeled *CH, was performed. The ®C nuclear magnetic resonance
(NMR) spectra reveal chemical shifts at 20.8 and 176.9 ppm, corre-
sponding to *CH;COOH (Fig. 5¢). When *CH, and H,0, coexisted, the
'H NMR spectra displayed two distinct peaks for CH;COOH (Supple-
mentary Fig. S23). While there are no products detected in control
experiments using pure argon, H,0,, or CH4 (Supplementary Fig. S24).
These confirms that CH;COOH is derived only from the conversion of
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Fig. 5 | Methane conversion performance and mechanism of Fe-DAC/g-C3;N,.
a Schematic representation of the oxidation of CH, to CH;COOH. The black, red,
and gray spheres represent C, O, and H atoms, respectively. b CH, Oxidation per-
formances on C3N4, C3N4-gel, Fe-SAC/g-C3N,, Fe,(CO)o, and Fe-DAC/g-C3N,. ¢ °C
NMR spectra of the liquid products for Fe-DAC/g-C3N,4. d Correlation between
product distribution and CH,4 pressure catalyzed by Fe-DAC/g-C3;N,. e Comparative
analysis of CH;COOH productivity and selectivity during the CH, oxidation

reaction (Please see Table S7 for samples represented by numbers in e). f Evolution
of product distribution and selectivity over Fe-DAC/g-C3N,4. g CH4 bubble contact
angles and water contact angles for C3N, and Fe-DAC/g-C3N,. h Detection of *OH
and +CHj; groups in various reaction systems. i Detection of *OOH groups in dif-
ferent reaction systems. j, k In situ DRIFTS spectra of Fe-DAC/g-C3N4 and Fe,(CO)q
under 1atm CHy at 20 °C. I Schematic illustration of Fe-DAC/g-C3N, for the con-
version of CH4 to CH;COOH.

CHy,, rather than from the environmental contaminants or impurities
within the catalyst.

The influence of various reaction conditions on the oxidation of
methane to acetic acid was systematically examined. As illustrated in
Fig. S25 and Table S4, the yield of CH;COOH (Ychscoon) exhibits a
strong dependence on temperature. Specifically, the Ycuscoon
increases from 1.67 mmol g.,.*h™ at 20°C to 2.14 mmol g.,, ' h™ at
80 °C. Concurrently, the Ycuzoon rises from 0.06 mmol g, ' h™ at
20 °C to 0.32 mmol g.,.* h™ at 80 °C. While higher temperatures pro-
mote the rapid formation of CH3;COOH, the more pronounced
increase in CH3;00H yield results in a decrease in selectivity for
CH5;COOH, from 96.4% at 20 °C to 87.1% at 80 °C. This indicates that
lower temperatures are more conducive to C-C coupling reactions
(leading to CH;COOH formation) compared to C-O coupling reactions
(resulting in CH3;00H formation). Figure S26 and Table S5

demonstrate the effects of varying H,0, amounts on CH4 oxidation
over the Fe-DAC/g-C5N, catalyst. Increasing the amount of H,0,
enhances the product yield; however, when the amount of H,0,
exceeds 3.0mL, the selectivity for CH3;COOH slightly declines.
Methane pressure is another critical factor influencing the reaction
performances. For Fe-DAC/g-C3N4, the Ycuscoon increases from
0.79 mmol g.,, *h™ at 0.5MPa CH, to 2.05 mmol g.,,*h™ at 2.0 MPa
CH,, with a selectivity consistently exceeding 94%. Notably, at 0.5 MPa
CH,4, only CH3COOH is observed, highlighting the exceptional per-
formance of Fe-DAC/g-C3N, (Fig. 5d, Supplementary Fig. S27 and
Table S6). As shown in Fig. S28, the rate dependence of CH;COOH
formation on CH, pressure follows a 0.68-order, which is lower than
the stoichiometric value (second-order), indicating that the Fe-DAC/g-
C3N, may be relatively saturated with CH,". In the context of CH,
oxidation to CH3;COOH, Fe-DAC/g-C3N, exhibits the highest selectivity
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for CH;COOH and outperforms most catalysts (Fig. 5e and Supple-
mentary Table S7).

The evolution of CH;COOH yield and selectivity over time at 20 °C
and 1.5 MPa (Fig. 5f and Supplementary Table S8) was next studied. As
the reaction time was prolonged, Ycnscoon gradually increased from
1.67mmol g, * at 1h to S5.11mmol g, " at 9h, while maintaining
consistent selectivity. Additionally, Supplementary Fig. S29 and
Table S9 shows that the Ycyscoon and selectivity of Fe-DAC/g-C3Ny
could be maintained over six operational cycles. Even after five con-
secutive cycles, the yield of CH;COOH remains at 1.67 mmol g, " h™,
with a selectivity of 96.0%. Inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) analysis of the spent catalyst reveals
negligible loss of Fe loading compared to the freshly-prepared catalyst
(Supplementary Table S1). The SEM images (Supplementary Fig. S30)
show that the morphology of Fe-DAC/g-C3N4 remains intact after sta-
bility testing, preserving its porous structure. AC-HAADF-STEM and
XAS analysis of the spent Fe-DAC/g-CsN, catalyst (Supplementary
Fig. S31) clearly confirms that Fe species retain their initial dispersion
without significant aggregation post-catalytic cycles. These results
demonstrate the excellent stability of Fe-DAC/g-C3N,.

The origin of the catalytic performance

More insights were paved into the origin of such high catalytic
performance of Fe-DAC/g-C5N, for conversion of CH, to C, pro-
ducts. The contact angle measurements (CA, Fig. 5g) of CH4 bubbles
on water and CH,/O, temperature-programmed desorption (TPD,
Supplementary Fig. S32) profiles were conducted. Compared with
C5N, (CA=105° T=30.4°C), Fe-DAC/g-C3N, exhibits a significantly
reduced CH4 CA of 60° and a considerably higher CH, desorption
temperature of 56.0 °C. These reveal the significantly improved CH,
affinity of Fe-DAC/g-C3N,. Besides, the water CA increases from 80°
for C3N,4 to 110° for Fe-DAC/g-C3N,, indicating that Fe-DAC/g-C5N4
can facilitate the desorption of hydrophilic species like CH;COOH,
thereby avoiding excessive oxidation (Supplementary Fig. S33).
Low-temperature O, TPD experiments further corroborate the dif-
ferential adsorption of oxygen species (e.g., *OH, *OOH) on Fe-DAC/
g-C3N,; compared with C5N,4. Figure S32 shows that the O, deso-
rption temperature slightly increases from C3N, to Fe-DAC/g-C3N,,
which is beneficial for the reaction of oxidizing species on the cat-
alyst surface. Moreover, compared to non-gel iron dual-atom cata-
lysts, the iron dual-atom gel catalyst exhibits a significantly larger
specific surface area and confined pores (Supplementary Fig. S3),
which enhance the CHg-affinitive restricted space. This results in an
increase in acetic acid selectivity on the Fe catalyst surface from
23.7% on Fey-C3N; to 96.4% on Fe-DAC/g-CsN, (Supplementary
Fig. S34). This highlights the unique selectivity of dual-atom Fe sites
within the CHy-affinitive confined space for the conversion of CH4 to
acetic acid.

The role of oxygen radicals in methane activation and the stabi-
lization of oxygenated species is well established. To explore the var-
iations in H,O, activation across C3N4, Fe;(CO)o, and Fe-DAC/g-C3N,,
we investigated the presence and behavior of radicals within these
catalytic systems and reaction solutions. The incorporation of
Fe,(CO)s and Fe-DAC/g-C3N, significantly enhances H,0O, activation
compared with C3N, alone (Fig. 5h, i), resulting in the formation of -OH
and -OOH radicals, which were successfully detected using 5,5-dime-
thyl-1-pyrroline N-oxide (DMPO). Notably, the Fe-DAC/g-C3N,4 system
shows a marked increase in the concentration of *OH and +OOH radi-
cals, which is consistent with the observed elevated yield of CH;COOH.
Furthermore, the detection of «CH; radicals following the selective
oxidation of CH,4 suggests that CH, is activated via a radical mechan-
ism. Remarkably, the filtrate separated from Fe-DAC/g-C3N, contains
negligible quantities of «CHs, *OH, and *OOH radicals, indicating that
these radicals are predominantly confined within the nanopores of Fe-
DAC/g-C3N, rather than being present in the solution. This

confinement of -CHs, *OH, and *OOH radicals within Fe-DAC/g-C3N4
enhances the collision frequency and improves the selectivity of the
oxidation products.

In situ diffuse reflectance infrared Fourier transform spectro-
scopy (DRIFTS) measurements further revealed the active species
involved in CH,4 activation and CH;COOH formation on Fe-DAC/g-
C3N4. Compared with the initial state, the introduction of H,0, and
CH4 (1atm) into Fe-DAC/g-C3N, results in the appearance of weak new
peaks at 3648, 3228, 1683, and 1508 cm™ (Fig. 5j), which are attributed
to adsorbed +OH, *OOH, and H,0,", respectively. Additionally, peaks
corresponding to +CH; (1457cm™), «CH;O (1088cm™), +CH,
(1473 cm™), COOH (1558, 1541, 1521, 1495cm™), and C-C (895 cm™)
were also identified*. With the increasing of the reaction time, peaks
associated with *CH3 and «COOH intensify significantly, which aligns
with the extended CH, oxidation reactions on Fe-DAC/g-C5N4. In-situ
infrared spectroscopy experiments under varying CH, pressures
(Supplementary Fig. 35) were conducted to further elucidate the
potential reaction intermediates and mechanism on the Fe-DAC/g-
C;3N,4 surface. At CH4 pressures <1.5MPa, the IR spectra exhibited
nearly identical features. However, when the CH,4 pressure increased to
2.5 or 3.5MPa, intensified adsorption of *CH; (1445cm™) and *CH,
(1470 cm™) on the catalyst surface was observed. This enhancement
facilitated the formation of *CH,OH (1016 cm™) and promoted cou-
pling between intermediates, consistent with the increased product
complexity at higher CH, pressures (Fig. 5d). These results indicate
that CH, is oxidized to *CH; by radicals generated from H,0, activa-
tion and that «CH; is further transformed into *OCH;, <CH, and
*COOH. In contrast, Fe,(CO)y exhibits not only weak peaks for «OCH;
and «COOH radicals but also a distinctive «CH,OH radical peak (Fig. 5k),
explaining the formation of CHOHCH,OH and the diversity of the
resulting products. In addition, despite the Fe-DAC/g-C5N, catalytic
system exhibiting remarkable selectivity for CH3COOH during CH,
conversion, in situ DRIFTS reveals no CO-related infrared peaks on the
Fe-DAC/g-C;5N, surface Supplementary Fig. S33). This finding empha-
sizes the efficient suppression of excessive product oxidation by the
hydrophobic Fe-DAC/g-C3N, catalyst and suggests that Fe-DAC/g-C3N,
operates through a catalytic mechanism that diverges significantly
from CO-involved pathways (Supplementary Fig. 22)*. To elucidate
the potential intermediate species in the reaction, we conducted
control experiments with various reactants, including methanol, for-
mic acid, and ethanol. In contrast to the experiments utilizing pure
CH,, the introduction of 10 puL of CH3OH significantly increases the
yields of CH3COOH and CH;00H while also leading to the emergence
of a novel product, HCOOH (Supplementary Figs. S35 and 36). This
observation suggests that *OCH; is a pivotal intermediate in the con-
version of CH, to CH;COOH. Notably, the addition of 10 pL of HCOOH
increases the yield of CH;COOH, along with enhancing the yields of
CH;00H (Supplementary Fig. S37). This indicates that the synthesis of
CH3COOH is likely driven by the coupling of the intermediates «CH;
and «COOH. Although ethanol addition elevates the acetic acid content
(Supplementary Fig. S38), no ethanol or ethanol oxidation products
are detected during pure CH, oxidation, implying that CH;COOH
formation on the Fe-DAC/g-C3N, surface arises from the coupling of
*CH; and «COOH.

These experimental results highlight the crucial role of Fe dual-
atom sites within the methane-accessible confined space in promoting
the conversion of CH, to CH3COOH. Compared to C5N4 nanosheets or
the previously reported Cu, catalysts, the porous channels in Fe-DAC/
g-C3N,4 nanosheets enhance the residence time and collision frequency
of CH4 molecules on the catalyst surface (Fig. 5I), thereby facilitating
C-C coupling. The proposed reaction pathway is illustrated in
Figs. 1 and 5. CH, is preferentially activated at Fe sites in the presence
of «OH/+O0H, yielding the Fe-CHj; intermediate. The methyl group can
interact with the O atom at the Fe-O,-Fe site to form the CH3Os inter-
mediate. This intermediate subsequently undergoes dehydrogenation
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through *OH/*OOH action, gradually converting into the Fe-O-COH
(COOH) intermediate. Following this, C-C coupling between the car-
bonyl and methyl groups at the Fe sites results in the formation of Fe-
CH3COOH. Importantly, the hypothesis that the methyl group can bind
with the O atom in Fe-O,-Fe to form the CH;0- intermediate is sup-
ported by the fact that the Fe-O bond length in Fe-O,-Fe approximates
the C-C bond length in acetic acid (1.54 A), thereby facilitating efficient
C-C coupling. Consequently, precise control over the catalyst’s active
site structure and the concentration of intermediates such as «CH; or
*OCHj; on the surface is crucial for enhancing the yield and selectivity
of CH;COOH.

Discussion

We have achieved the complete conversion of CH, to CH;COOH using
CH,4 as the sole carbon source by enhancing the adsorption and
accumulation of CH4 and its oxidative intermediates and by precisely
optimizing Fe dimer sites to facilitate methyl-carboxyl coupling.
Comparative experiments and in situ characterization have provided
robust evidence that the porous, hydrophobic surface of Fe-DAC/g-
C5N, significantly enhances CH, adsorption. In the presence of H,0,,
the Fe-O,-Fe sites effectively transform CH, into CH3, *OCHs;, and
*COOH intermediates, with the coupling of *CH; and *COOH being
pivotal for the formation of CH;COOH. This mechanism contrasts
sharply with the traditional CO insertion pathway. At a CH, pressure of
0.5 MPa, Fe-DAC/g-C3N, achieves complete selectivity for CH;COOH
conversion, with a yield of up to 0.79 mmol g.,. ' h™. Increasing the
CH,; pressure to 1L5MPa boosts the CH;COOH yield to
1.67 mmol g, * h™ while maintaining a selectivity of over 96%. Further
development of this strategy is expected to yield highly efficient and
selective catalytic processes, providing novel insights into the selective
synthesis of C,+ oxyorganic compounds from methane under mild
conditions.

Methods

Synthesis of the Fe-DAC/g-C5N, and C3N,4-gel

Fe,(CO)o-gel was synthesized by mixing C3Ny, Fe(CO)o, and KSCN in
aqueous solution, followed by directional freezing and freeze-drying.
2mg of Fe,(CO)y, 100 mg of C3N, and 25 mg of KSCN were ultra-
sonically dispersed in 50 ml of deionized water for 2 h. The mixture
was then directionally frozen in -15°C propylene glycol and subse-
quently transferred to a freeze-dryer for 48 h, yielding a pale yellow
Fe,(C0O)o-C3N4-gel. Finally, the Fe,(CO)o-C3N,4-gel was placed in a por-
celain boat within a tube furnace. The temperature was gradually
raised to 500 °C at a rate of 5 °C/min and maintained for 1 h under an
argon atmosphere. After cooling to room temperature, it was washed
three times with deionized water and dried in a vacuum oven at 60 °C
to obtain the Fe-DAC/g-C3N, (0.52 wt%). The preparation process for
the 0.15 wt% and 1.1 wt% samples is identical to that of Fe-DAC/g-C3N,
(0.52 wt%), with the only difference being the variation in the amounts
of C3N4, which are 400 mg and 40 mg, respectively. The KSCN can
serve both as a binder to promote the formation of a compacted three-
dimensional C3N4 network, and as a pore-forming agent to form por-
ous C3N, gel as aresult of releasing gases during pyrolysis process. The
synthesis of C3N4-gel is like that of Fe-DAC/g-C5N4, except that
Fe,(CO)o is missing.

Synthesis of the Fe-SAC/g-C3N,

5mg of FeCl,, 100 mg of C3N,4, and 25 mg of KSCN were sonicated in
50 mL of deionized water for 2 h. The resulting mixture was then
directionally frozen in -15°C propylene glycol and subsequently
transferred to a freeze dryer for 48 h, yielding a yellow gel. Finally, the
gel was placed in a porcelain crucible inside a tubular furnace, where
the temperature was gradually increased to 500 °C at a rate of 5 °C/min
and held for 1h under an argon atmosphere, resulting in Fe-SAC/
g‘C3N4.

Synthesis of the Fe,-C3N,

Disperse 2 mg of Fe,(CO)y and 100 mg of C3N, ultrasonically in 50 mL
of deionized water for 2 h. Afterward, separate by centrifugation, dry
(60 °C, in air), and calcine (1 h at 500 °C in Ar) to obtain Fe,-C3Nj.

Catalyst characterization

Scanning electron microscopy (SEM) measurements were performed
on a FEI Apreo SEM. Transmission electron microscope (TEM),
aberration-correction high-angle annular dark-field scanning TEM (AC-
HAADF-STEM) and Energy dispersive spectrometer (EDS) elemental
mapping images were recorded on FEI Spectra aberration-corrected
TEM at 200 kV and a Talos F200X TEM at 100 kV. The metal loadings of
the catalysts were detected by an inductively coupled plasma atomic
emission spectrometer (ICP-AES, Thermo ICAP 6300). IR spectra were
recorded with a Bruker Invenio S spectrometer with a resolution of
4 cm™, and each spectrum is an average of 64 scans. The X-ray pho-
toelectron spectra (XPS) were recorded on an ESCALab-250 X pho-
toelectron spectrometer using an Al Ka source (1486.6 eV). Electron
paramagnetic resonance measurements were performed at room
temperature using a Bruker EMX-10/12 EPR spectrometer operated in
the X-band frequency using the following parameters: microwave
frequency of 9.8 GZ, microwave power of 20 mW, modulation fre-
quency of 100 kHz, and a 10 dB attenuator. O,-TPD measurements
were carried out using the AutoChem I 2920 with a flowing 5% O,/He
stream (50 ml/min) at —60 °C. The samples were pretreated with Ar at
150 °C for 1 h to remove the adsorbed gaseous impurities before the
TPD test. The X-ray absorption spectroscopy experiments at the Fe K
edge were conducted on the IW1B beamline of the Beijing Synchrotron
Radiation Facility (BSRF). Fe foil FeO, and Fe,O5 were used as reference
samples. All spectra were recorded in transmission mode at room
temperature. We used IFEFFIT software to calibrate the energy scale,
correct the background signal, and normalize the intensity.

The sample for in situ IR spectroscopy was loaded into a diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) cell
(Harrick Scientific Products, Praying MantisTM). The cell was con-
nected to a flow system that allows recording of spectra while gases
pass through and around the sample. The samples in IR cell were
pretreated at 200 °C for 1h and then cooled down to 20 °C in flowing
Ar (30 mL/min). The infrared spectrum at this moment serves as the
background. Subsequently, CH, and H,O, were introduced into the
gas stream while the time-resolved reflectance spectra were collected.

Pressurized in-situ infrared spectroscopy experiments were per-
formed on a Thermo Nicolet IS50 FT-IR spectrometer equipped with a
pressure-resistant in situ infrared diffuse reflectance cell (Hefei In Situ
Technology Co., Ltd., China). Transmission spectra were collected
throughout the experiment. The sample was first loaded into the cell,
heated to 150 °C under 50 sccm Ar flow, held for 1h, then cooled to
room temperature. Background spectra were acquired after thermal
pretreatment. CH4 was then introduced to bubble through H,0,, car-
rying the vapor into the reaction chamber until reaching target pres-
sure. Reaction spectra were collected after 30 min.

Catalytic reactions

Methane conversion was tested in a 50 ml stainless-steel autoclave. For
a typical run, 5 mg catalyst, 2 ml H,0,, and 9 ml deionized water were
added into an autoclave. This was then flushed with argon 3 times and
pressurized to 1.5MPa CH,. The reaction mixture was stirred at an
optimized speed of 1000 rpm to promote mass transfer and heated to
the desired reaction temperature (typically 20 °C) at a ramp rate of
10 °C/min for a fixed reaction time (typically 1 h). After reaction, the
autoclave was immediately cooled to a temperature below 10 °C in an
ice bath to minimize the loss of volatile products. The gas product was
directly detected by GC and then the liquid product was filtered for the
subsequent analysis. For isotopic reaction, 299% “C-enriched CH,4, was
used to trace the source of carbon in the products.
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The reusability test of the catalyst was evaluated as follows. After

the first reaction cycle, the catalyst (5 mg) was washed with deionized
water and centrifuged several times, and then the sample was dried
overnight at room temperature in a vacuum desiccator. This dried
sample was subsequently evaluated under the same reaction condi-
tions to obtain the performance of second cycle of the catalyst. The
remaining cycles were carried out in the same way; more than 6
reaction cycles were repeated.

Data availability

The raw data generated in this study are provided in the Supplemen-
tary Information. All data are available from the corresponding author
upon request.
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