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Figure 1 State-of-the-art indirect and direct processes for converting methane to oxygenates [5] (color online).

ymal, Electric, Phot,
b Energy ic

v H atom abstraction

Bl 2 iR S & rp R bR C-HE T R LR (4% i R )

A 4
\ - M-C o bond formation '
CATALYST
C-| H activation

Figure 2 The mechanism of C—H bond cleavage of methane at low-temperature reaction systems [6] (color online).
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Table 1 Comparison of selective methane oxidation performance under mild conditions of different catalysts

. . C1 oxygenated product  Selectivity _1
Catalysts Reaction conditions yield (mmol g,l hfl) (%) TOF (h") Ref.
Ag,—Cu,/ZSM-5 hetero-SAC Cat: 22 mg; P: 3 MPa CH,; T: 70°C; £ 30 min; H,0, 40.23 81 234.2 [37]
Pd,0,@ZSM-5 Cat: 22 mg; P: 3 MPa CH,; T: 70°C; ¢ 30 min; H,0, 9.24 98.62 3.19 [38]
Cat: 100 mg; P: 2 MPa CH,+0.5 MPa CO+0.5 MPa O,;
Au/H-MOR T2 150°C; £: 60 min: H,0 1.30 75.3 0.47 [39]
0.4 wt%Fe-HZ5-TF Cat: 27 mg; P: 3.05 MPa CH; T: 75°C; 109.40 / 1566.1  [40]
t: 25 min; H,0,
Ru/SZ Cat: 30 mg; P: 3 MPa CH,; T: 70°C; £ 60 min; H,0, 0.61 93% 80 [41]
1 wt%Cr/TiO, Cat: 10 mg; P: 3 MPa CH,; T: 50°C; ¢ 60 min; H,0, 4.39 / / [42]
. Cat: 10 mg; P: 1 MPa (70 pmol CH,); T: 70°C;
0,
0.33 wt% FeO,/TiO, £ 180 min; H,0, 0.35 90 / [43]
Ru,/Ui0-66 Cat: 5mg; P: 3 MPa CHy; T: 60°C; ¢ 15 min; H,0, 3.70 100 185.4 [44]
UiO-66(2.5TFA)-Fe Cat: 25 mg; P: 3 MPa CH,; T: 50°C; £ 60 min; H,0, 4.80 97.9 / [45]
. Cat: 10 mg; P: 2 MPa CH,+0.2 MPa O,; T: 30°C;
Cu-W-TiO, £ 120 min; H,0 17.25 97.1 / [46]
FeN,/GN-2.7 Cat: 50 mg; P: 2 MPa CHy; T: 20°C; # 600 min; H,0, 0.11 93.7 0.47 [47]
1.0%Cu-SAs/C3N, Cat: 30 mg; P: 3 MPa CH,; T: 25°C; #: 120 min; H,O, 1.75 95 11 [48]
Cu,@C;Ny-D Cat: 10 mg; P: 3 MPa CHy; T: 50°C; £ 30 min; H,0, 4.88 / 83 [49]
SAs 0.29 wt%Rh-CeO, NW Cat: 10 mg; P: 3 MPa CHy; T: 50°C; # 60 min; H,0, 3.57 93.9 / [50]
. Cat: 10 mg; P: 2.5 MPa CH,+ 0.5 MPa O,; T: 50C; ¢:
Ruy g5Cuyg 1sNLs/Si0,-300 60 min; H,0, 3.24 93.8 / [51]
Cat: 20 mg; P: 2 MPa CH,+0.4 MPa O,+0.5 MPa CO;
0, - -
0.5 wt% Rh-ZSM-5 T2 150°C: £ 60 min: H,0 13.93 / / [52]
0.03 wt% Fe/ZSM-5(66)  Cat: 20 mg; P: 3 MPa CHy; T: 80°C; #: 30 min; H,O, 421.00 91 84, 200 [53]
0.1%Fe/ZSM-5 Cat: 300 mg; P: 3 MPa CHy; T: 50°C; #: 30 min; H,0, 6.98 97 / [54]
Cu-Fe(2/0.1)/ZSM-5 Cat: 300 mg; P: 3 MPa CHy; T: 50°C; #: 30 min; H,0, 770 80 / [55]
0.34 wt% Cu,/ZSM-5 SAC Cat: 28 mg; P: 3 MPa CH,; T: 50°C; £ 30 min; H,0, 9.6 99 / [56]
Cat: 10 mg; P: CH,+O,~1 MPa; T: 25°C,
PMOF-RuFe(OH) £ 1200 min; H,0 8.81 100 / [57]
CwZIF-7 Cat: 20 mg; P: 2.85 MPa CH,; T: 50°C; #: 240 min; 015 12.06 / [58]
H,0,
0.1 wt% AwZnO Cat: 10 mg; P: 2 MPa CH4+0.1 MPa O,; T: 25°C; 125 95 / [59]
t: 120 min; H,O
. Cat: 10 mg; P: 2 MPa CH,+0.1 MPa O,; T: 25C,;
0,
3.2%Ag/TiO,{001} £ 240 min: H,0 4.8 80 / [60]
Cat: 50 mg; P: 2.5 MPa Ar+1 MPa CH,+0.5 MPa O,; T:
Cu,@C3N, 50°C: £: 120 min: H,0 2.80 98 / [61]
1 wt%AuPd/TiO, Cat: 10 mg; P: 3.05 MPa CH,; T: 70°C; #: 30 min; H,0, 0.14 90 49 [62]
0.3 wt%Rh/ZrO, SAC  Cat: 150 mg; P: 3 MPa CH,; T: 70°C; ¢: 60 min; H,O, 0.04 78.4 / [63]
Ru;;Cu NSs Cat: 10 mg; P: 3 MPa CH,; T: 25°C; £ 30 min; H,0, 0.08 99 97.3 [64]
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Figure 3 (a) Reaction pathway of methane conversion to CH;OH, CH;00H, HOCH,0OO0H, and HCOOH (the energy of reaction initiation was set as
0 eV) as well as reactants (black), intermediates (blue), products (green and red), and the activation energy of each step (unit, eV). (b) Atomic structural
model of the FeN4 structure embedded in graphene. Four nitrogen atoms substitute four carbon atoms in the graphene matrix, so that the FeN, structure
is well-confined in the two-dimensional plane of graphene [47] (color online).
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Figure 4 (a) Top (upper) and side (lower) views of optimized geometric structures of the oxidation processes of FeN, center to O-FeN,~O structure
by H,0, on perfect FeN, catalyst. The free energy profiles of the oxidation processes of FeN, centers to O-FeN,—O structures in H,0O, solution on (b)
FeN, catalysts with various vacancies and (c) various doped FeN, catalysts. Note that the values for perfect FeN, catalyst are also shown in (b) and (c)
for comparison. The complete free energy profiles of methane conversion to C1 oxygenates on (d) oxidized P-O/FeN, [89] (color online).
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Figure 5 (a) SEM, (b) TEM, (c) AC-HAADF-STEM image of the Cu-SAs/C;N, catalyst. The representative Cu single atoms are highlighted in red
cycles. (d) Element mapping images of the Cu-SAs/C;N, catalyst [48] (color online).
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B 6 (a) Fe/Cu-N-CHI#ill % ¥ife; Fe/Cu-N-CJ(b)SEMAI(c, d)HRTEMEZ; (e) C, N, FefICus1i HAADF-STEMAIEDS &
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Figure 6 (a) Formation procedure of Fe/Cu—N-C; (b) SEM and (c, d) HRTEM images of Fe/Cu-N-C; (¢) HAADF-STEM and EDS mapping
displaying the distribution of C, N, Fe, and Cu; (f, g) AC-HAADF-STEM and enlarged images of Fe/Cu—-N-C; (h) EELS analysis of Fe/Cu-N-C; (i)
statistical results of the distance between the Cu/Fe dual-metal sites; (j) the intensity distributions corresponding to areas 1 and 2 in Figure 6(g) [97]

(color online).
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Figure 7 (a) TEM image of the SAs Rh—CeO, NWs. (b) AC-HAADF/
STEM image in temperature color of the SAs Rh-CeO, NWs. The
isolated Rh atoms are marked with black circles. (c) The intensity
profile recorded from the line in panel (b). The scale bars in (a) and (b)
are 100 and 2 nm, respectively [50] (color online).
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Figure 8 Schematic illustration of DMC on SAs Rh-CeO, NWs. (a)
Scheme of DMC on SAs Rh-CeO, NWs in the presence of H,0,; (b)
reaction paths of DMC on SAs Rh-CeO, NWs [50] (color online).
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Figure 9 (a) HAADF-STEM image of 1 wt% Cr/TiO,. The red circles show single Cr atoms in the matrix of TiO,. (b) STEM image and energy-
dispersive spectroscopy mapping images of (c) O, (d) Ti, and (e) Cr for 1 wt% Cr/TiO, [42] (color online).
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Figure 10 (a) HAADF-STEM and (b) EDS mapping images of the
0.3wt% RhW/ZrO, catalyst. (c¢) HAADF-STEM and (d) EDS mapping
images of the 0.3 wt% Rh/ZrO, catalyst after methane to methanol
reaction [63] (color online).
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Figure 11 AC-HAADF-STEM images of the 0.05Ru/SZ (a), 0.1Ru/
SZ (b) and 0.3Ru/SZ catalysts (c). (d) Reaction mechanism for the
DMC over the Ru/SZ SACs [41] (color online).
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Figure 12 (a) Yield plot of methane selective oxidation of Cl
products at single-nuclear iron active sites. (b) Schematic illustration
of the proposed radical-driven pathway for the selective oxidation of
methane on mononuclear Fe active sites. The yellow circles highlight
the generation of Fe-OH from high-valence Fe=O by abstracting H
from the reaction intermediates [40] (color online).
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Figure 13 The optimized structure of Cu atom located in a six-membered ring (6MR). Two framework Si** ions are substituted by two AP’ and the
4-fold coordinated Cu’* could be formed, denoted as Cu,—O, hereinafter. The Si and O atoms that are not in the 6-membered ring are displayed as lines
with the respective colors of gold and red. The types of Si, Al, Cu atoms in the 6-membered ring are displayed in the corresponding colors of blue, grey,
green. (c) Calculated activation free energies AG” of C-H bond breaking of CH, and CH;OH. For each free energy barrier, AH' , TAS, AGiol denote
the enthalpy, entropy, and solvation free energy contribution to the free energy barrier. AG*SUI was calculated with reference to 1 mol L™ CH;0H
solution, corresponding to the partial pressure of gaseous CH;OH of 0.01 bar. Ag,,, responds to the pressure and concentration effect on the free energy

barrier when the reaction proceeded to thirty minutes at 323 K: 30 bar CH,, 100 pmol CH;0H/10 mL H,O at 50°C [56] (color online).
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Figure 14 (a, b) Schematic of potential Pd-based oxide species formed in pores of ZSM-5. (c¢) Proposed mechanism for the conversion of CH, to
methanol based on the optimized structural model representing the active site Pd;O, anchored on the micropores of ZSM-5 [38] (color online).
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Figure 15 High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and corresponding elemental maps of
(a) Ag;—Cu,/ZSM-5 hetero-SAC (single atom catalyst). Geometry structure of Ag,—Cu,;/ZSM-5 hetero-SAC. (b) Only the local optimized structure of
v-8MR/ZSM-5 is shown here (c). The Gibbs free energy profile of direct oxidation of methane (DOM) over Ag,—Cu,/ZSM-5 hetero-SAC (single atom
catalyst) catalyst with the geometry structures of key transition states in three stages (d) [37] (color online).
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Figure 16 Design and synthesis of the PMOF-RuFe(OH) catalyst and the flow reactor for photo-oxidation of CH4 to CH;OH. (a) View of the
structure of PMOF-RuFe(OH) incorporating mono-iron hydroxyl, [Ru"(bpy)z(bpydc)] and [PW9V3O40]6_ species within the pore of UiO-67. Labelling
scheme: C, grey; O, red; H, white; N, blue; Fe, green; V, orange; W, dark grey; P, purple;{Zr,} cluster, blue polyhedral; [RuI (bpy),(bpydc)] (PS), gold.
(b) Schematic showing synergic catalysis in PMOF—RuFe(OH) for selective photo-activation of the C—H bond in CH, to CH;OH in the presence of
oxygen and water. hv, irradiation. (¢) View of the continuous-flow apparatus for photocatalytic conversion of CH, to CH;OH over PMOF-RuFe(OH).
The wavelength of light used is 400~780 nm [57] (color online).
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Figure 17 Coordinatively unsaturated mono-copper(Il) hydroxyl catalyst supported by cerium-MOF nodes for direct conversion of methane to acetic
acid in water using molecular oxygen as the oxidant [139] (color online).
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Figure 18 Scheme of the reaction pathway for direct methane
oxidation catalyzed by UiO-66(TFA)-Fe [45] (color online).
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Figure 19 (a) Schematic diagram of TOF value and oxidation product selectivity of CH, on Ru,/UiO-66 catalyst. (b) Representative SEM images of

different Ru/UiO-66 catalysts [44] (color online).
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Figure 20 (A) Schematic diagram of a photocatalytic reaction on a
semiconductor particle [153]. (B) Band gap and band position of typical
semiconductor photocatalysts and relative redox potential of methane
photocatalytic conversion. Abbreviations: NHE, standard hydrogen
electrode; CB, conduction band; VB, valence band [147] (color online).
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Figure 21 (a) Proposed photocatalytic mechanism for CH, oxidation by O, on the {001} facets of TiO,. (b) Theoretical calculation for the formation
of oxygen vacancy and the adsorption of O, on {001} and {101} facets of TiO,. Red balls represent oxygen atoms, and blue balls represent titanium

atoms [60] (color online).
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Figure 22 (a) Scheme illustration of synthetic route. Characterization of the Cu-dimer precursor, [Cu,(bpy),(#-0x)]Cl, complex, using FT-IR (b) and
UV-vis DRS (c). (d) Comparison of FTIR spectra for Cu,@C;N, and g-C;N,. (e-g) Representative HAADF-STEM images of Cu,@C;N,, with the
insets showing line-scanning intensity profiles of Cu dimers. (h) Statistical distribution of the Cu—Cu distance in the Cu dimers derived from the STEM
images. (i) The simulated structure model of dicopper-oxo center and geometric parameters of the dicopper-oxo center determined for Cu,@C;N, [61]

(color online).
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Figure 23 (a) Simulated pathways for the reaction between CH, with H,0, on the Cu,@C;Nj catalysts, with the middle inset illustrating the electron
distribution of the CH, molecule being activated on the bridging oxygen site. Energy barriers are also given for the associated molecular
transformations. (b) The DFT-calculated free energy diagram for the Cu,@C;N, catalyzed partial oxidation of CH, with H,O,. Three stages consisting
of H,0, activation, CH, activation and methyl oxygenates formation are distinguished with different colors [61] (color online).
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Figure 24 (a) HAADF-STEM image of Au,/BP nanosheets. (b) Magnified HAADF-STEM image with color-coded intensity. This image shows the
region marked by dash box in (a). (¢) XANES spectrum and (d) EXAFS spectrum of Au;/BP nanosheets. Au foil and Au,0; were used as the
references. (d) Structural model of Au,/BP nanosheets. Violet and yellow spheres represent for P and Au atoms, respectively. (¢) Schematic illustration
of oxygen activation on BP nanosheets. (f) Reaction path for partial oxidation of methane over Au,;/BP nanosheets under light irradiation. Yellow,
violet, pink, red, gray, and white spheres represent Au, surface P, subsurface P, O, C, and H atoms, respectively [179] (color online).
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Research progress in single-atom catalysts for the selective oxidation of
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Abstract: Single-atom catalysts exhibit significant advantages in terms of exceptional atomic utilization and tunable
coordination environments. The unique atomic structure of the material enhances the reaction rate of methane under
mild conditions by inducing electrostatic polarization in C—H bonds, leading to a significant reduction in activation
energy. Additionally, it stabilizes intermediates and prevents excessive oxidation of reaction products. In this review, we
critically summariz the recent advancements in single-atom catalyst research for the direct selective oxidation of
methane to C1-C2 oxygenates under low temperature-liquid-phase conditions. In particular, the design and preparation
methods of atomically dispersed active site catalysts on different supports (carbon-based materials, molecular sieves,
metal oxides, metal-organic frameworks), the reaction mechanism of activated methane, and the structure-activity
relationship between the support and the catalytic performance were discussed. Finally, the advantages and challenges of
various atomic-level-dispersed catalysts for the selective oxidation of methane are briefly discussed, and the
development of single-atom catalysts is prospected.

Keywords: single-atom catalysts, selective oxidation of methane, carbon-based materials, molecular sieves, metal
oxides, metal-organic frameworks
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