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S1. Catalyst preparation

H-ZSM-5 (Si/Al=60) zeolite was obtained from Nankai University Catalyst Co., Ltd. Fe (NOs);-9H,0 was
purchased from Alfa Aesar. H,0,(30%) and D,O were purchased from Sinopharm Chemical Reagent Co., Ltd.
Methanol, and formic acid were obtained from Aladdin. Sodium 3-(trimethylsilyl)-1-propanesulfonate (DSS) was

purchased from Tokyo Chemical Industry Co., Ltd.

S2. Catalytic performance evaluation

The specific oxygenates productivity based on per gram catalyst (mmol/g.,), Yield (mmol/(g.h)), and
oxygenates selectivity (%) were gedsgiatad et fpldelwing equations (1-3):

Productivity (mmol/ gcﬁ)n(oxygenatedgﬁ‘oducts) 1)
. K g X t
Yield (mmol/(geah)) n(oxXygenated products) @
= x 100%
Oxygenates selectivity (%) n(total products) (3)

Where the n(oxygenated products) represented the production of oxygenated products (mmol), n(total
products) represented the production of total products including CO, (mmol), g., represented the mass of the

catalyst (g), t represented the reaction time (h).

S3. Computational methods.

All the DFT calculations were performed using the quickstep part of the CP2K software.!-> With the framework
of the Gaussian plane wave method, CP2K used Gaussian-type orbital functions to represent the Kohn-Sham matrix.?
An auxiliary plane wave basis was also used to represent the electron density, where the cutoff of the density was
500 Ry. Pseudopotentials of Goedecker, Teter, and Hutter (GTH),*® and MOLOPT basis sets were adopted.” To
overcome the deficiency of GGA and describe the van der Waals (vdW) interaction accurately, the empirical
dispersion van der Waals correction of Grimme’s DFT-D3 model was also adopted to describe the weak interaction
between FeOx species and zeolite. The energy cutoff was set to be 500 eV. The Brillouin-zone integration was
sampled at the I'-point only due to the large size of the simulation cell. The MFI zeolite has a unit cell of SigsO192
containing 12 distinct T sites, which could be substituted by Al partly. The Al pairs was embedded in the intersection
of the sine and straight channels of ZSM-5 model in the place of two Si atoms (B-6MR),%? and a proton was bonded
to an adjacent oxygen atom forming the bridging Al-(OH)-Si connection type to balance the charge and consequently

generate a Bronsted acid site.

In the construction of the highly dispersed Fe(Ill) species in Fe-Z5-540N we considered that the average Fe-O
coordination in the EXAFS fit is 5.9+0.5 and might eventually be converted a-Fe(IV)=0. By reference to the work
of Edward et al.8 the structure of a-Fe(Ill)(Or),-OH anchored by Al pairs, a macrocyclic ligand similar to the B-6MR
of a zeolite, was modeled. The average bond length of Fe-O (2.1 A) in the optimized models were close to the
EXAFS fit (2.02+0.01 A).In the construction of the highly dispersed Fe(1I) site we took into account that the average
coordination of Fe-O2 in the EXAFS fit of Fe-Z5-800N is 4.2+0.5, and based on some previously reported structures
of a-Fe(I),!% 1! we therefore constructed o-Fe(II)(Og), that interacts directly with the Al pair, where the average
bond length of Fe-O (2.065 A) is close to that of Fe-02 (2.06+0.04 A) in the results of the EXAFS fit.
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Fig. S1 (a) XRD patterns of catalysts. (b) Crystal phase content of catalysts, ZSM-5 as a reference.
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Fig. S2 N, adsorption-desorption isotherms of catalysts.




Fig. S3 Wavelet transform spectra. (a)Fe-Z5-540A. (b)Fe-Z5-800A.
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Fig. S4. Fe K-edge EXAFS and curve fit of Fe-Z5-800N using one Fe-O path, show in R-space (FT magnitude and

imaginary ~ component) and k-space. The data are k’-weighted and not phase-corrected.



-~ Fe-Z5-800N

. ~®  Fe-Z5-800N
54 m— Fillling

— Fitting

FT(x(k)*K)

0 1 2 3 4 5 0 2 4 6 8 0 12
(R+a)lA kA

Fig. S5 Fe K-edge EXAFS and curve fit of Fe-Z5-800N using Fe-O1, Fe-O2, and Fe-Fe path, show in R-space (FT

magnitude and imaginary component) and k-space. The data are k3-weighted and not phase-corrected.
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Fig. S6 Fe K-edge XANES spectra of Fe-Z5-540A and Fe-Z5-800A.
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Fig. S7 Acid properties of the catalysts. (a) NH;-TPD. (b) Py-IR.
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Fig. S8 FTIR spectra of catalysts with different calcination temperatures.
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Fig. S9 Raman spectra of catalysts with different calcination temperatures.
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Fig. S10 A direct detection device for the analysis of exhaust during the calcination of Fe-Z5.
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Fig. S11 Single-pulse 2’Al MAS NMR of Fe-Z5-800N and Fe-Z5-900N.
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Fig. S12 Al 2p XPS spectra of Fe-Z5 with different calcination temperatures in N,.
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Fig. S13 XAS spectra of Fe species in Fe-Z5. (a) FT-EXAFS spectra, shown in R-space. The data are k3-weighted
and not phase-corrected. (b) FT-EXAFS spectra, shown in k-space. The data are k3-weighted and not phase-

corrected.
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Fig. $14 The model of MFI(a) and 2AI-MFI(b).
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Fig. S15 Catalytic performance of Fe-Z5-800N with different Fe loadings in the same zeolite (Si/Al=60). Reaction

condition: 10 mg catalyst, 20 bar CHy, 10 mL H,0, aqueous solution (0.5M), 1h reaction time, and 50 °C reaction
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Fig. S16 UV-Vis spectra for different Fe loading.
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Fig. S17 EXAFS spectra for different Fe loading.
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Fig. S18 Catalytic performance of Fe-Z5-800N at 1h, 0.5h and after preactivated 0.5h. Reaction condition: 10 mg
catalyst, 20 bar CHy, 10 mL H,0O, aqueous solution (3M), 1h reaction time, and 50 °C reaction temperature.
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Table S1. Summary of the textural parameters of catalysts.

Catalysts Fe loading (wt.%)* Surface area (m2g)P Pore volume (cm3g)P

ZSM 0.04 379.0 0.19
Fe-Z5-540N 0.3 345.3 0.19
Fe-Z5-700N 0.3 343.6 0.18
Fe-Z5-800N 0.31 307.7 0.18
Fe-Z5-900N 0.3 298.6 0.18
Fe-Z5-540A 0.29 302.5 0.17
Fe-Z5-800A 0.29 283.4 0.16

3 Determined by ICP-OES.

b Measured by N, physisorption analysis. The surface area was obtained using the Brunauer-
Emmett-Teller (BET) method. Pore volume was calculated by the amount of N, adsorbed at P/P, of
0.99.
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Table S2. Fe K-edge EXAFS curve fitting parameters?

Sample Path R (A) CN o? (A2 AE, (eV) R-factor (%)
Fe-Fel 2.46+0.01 gb 0.005+0.001

Fe foil -1.28+0.01 0.38
Fe-Fe2 2.84+0.01 6P 0.00620.001
Fe-O1 1.94+0.02 3¢ 0.003+0.001

Fe,04 Fe-02 2.11+0.01 3¢ 0.004+0.001 | 0.22+0.01 0.90
Fe-Fe 2.97+0.07 6° 0.007+0.002
Fe-O14 1.934+0.05 5.5+0.6 0.007£0.006

Fe-Z5-900N -5.31+0.03 0.67
Fe-024 2.00+0.06 2.0+0.7 0.033+0.014
Fe-O14 1.91£0.05 2.1+0.8 0.007+0.002

Fe-Z5-800N -0.61+0.03 1.20
Fe-024 2.06+0.04 4.240.5 0.013+0.016

Fe-Z5-800N Fe-O 2.010.02 6.5+0.7 0.013+0.002 | 1.41+0.09 1.80
Fe-O 2.00+0.01 6.3+0.6 0.006¢

Fe-Z5-700N -0.33+0.05 0.93
Fe-Fe 2.99+0.02 2.1£0.1 0.01440.016
Fe-O 2.02+0.01 5.940.5 0.01340.001

Fe-Z5-540N -0.05+0.07 0.85
Fe-Fe 2.98+0.02 2.440.1 0.015+0.016

a R, distance between the absorber and backscatter atoms; CN, coordination number; o2, Debye-
Waller factor to account for both thermal and structural disorder; AE,, inner potential correction; R-
factor indicates the goodness of the fit; Sy> was fixed as 0.78 from Fe foil.

®This coordination numbers were constrained as CN (Fe-Fel) =8 and CN (Fe-Fe2) =6 based on the
crystal structure of metal Fe.

¢ These coordination numbers were constrained as CN (Fe-O1) =3, CN (Fe-O2) =3 and CN (Fe-Fe)
=6 based on the crystal structure of Fe,Os.

4 The distances for the Fe-O1 path were from the crystal structure of the Fe,O; file, and the Fe-O2
path was from the crystal structure of the Al,FeOy file. The fitted paths for the rest of the samples
were taken from the crystal structure of the Fe,O; file.

¢ This Debye-Waller factor was constrained as 0.006 for decreasing the correlation.
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Table S3. Catalytic performance of various catalysts for methane conversion. [2]

Temperature  Pressure H,0, CH;0H CH;00H HCOOH CO, Yield Oxygenates
Entry catalysts
(°C) (bar) (mol/L) (mmol/gc,) (mmol/gca) (mmol/gc,) (mmol/gc,) (mmol/(gcyeh)) Selectivity (%)
1 Z5 50 20 0.5 25 0.1 13.2 0 15.8 100
2 Fe-Z5-540A 50 20 0.5 4.5 0.7 27.3 0.9 325 97.3
3 Fe-Z5-540N 50 20 0.5 3.6 0 30.3 0.6 339 98.3
4 Fe-Z5-700N 50 20 0.5 3.8 0.1 33.8 1.8 377 95.4
5 Fe-Z5-800N 50 20 0.5 5.1 0 39.1 4.1 442 91.5
6 Fe-Z5-900N 50 20 0.5 3.9 0 31.2 5.2 35.1 87.1
7 Fe-Z5-800A 50 20 0.5 23 0.1 10.2 0 12.6 100
8 Fe-Z5-800N 50 20 1.5 384 0.8 277.6 19.7 316.8 94.1
9 Fe-Z5-800N 50 20 3 42.5 1.9 374.7 45.0 419.1 90.3
10 Fe-Z5-800N 50 20 5 15.7 1.2 248.9 90.0 265.8 74.7
a Reactions conditions note listed: 10 mL H,0,, 10 mg catalysts, and lh reaction time.

23



Table S4. Comparison of Fe-Z5-800N with various catalysts reported for methane conversion.

H,0, Pressure Time Yield Oxygenates
Catalysts selectivity Ref
(mol/L) /Temperature (h) (mmol/(gcyh)) %)
(V]
Cu/Fe-ZSM-5 0.5 30.5 bar/50 °C 0.5 14.02 85 12
Fe/ZSM-5 0.277 31 bar/50 °C 1 17.2 86 13
Fe-HZ5-TF 0.5 30.5 bar/75°C 0.25 109.4 94.3 14
Fe-MFI 2.7 30 bar/80 °C 2 19.4 100 15
FeNy/GN 5 20 bar/25 °C 10 0.25 94 16
MIL-53(AlFe) 0.5 30.5 bar/60 °C 4 5.0 80 17
Ag;-Cuy/ZSM-5 0.489 30 bar/70 °C 0.5 46.4 93.4 18
Cu,/ZSM-5 0.51 30 bar/50 °C 0.5 9.6 99 o
Cu,/ZSM-5 0.51 30 bar/70 °C 0.5 24, 96
Cr/ZSM-5 0.5-4 30 bar/70 °C 0.5 21.1 99.8 20
Fe-ZIF-8 0.5 30 bar/50 °C 0.5 2.3 97 21
AuPd colloid 0.1 30 bar/50 °C 0.5 53.6 88 22
CuPdO,/CuO 0.5 30 bar/50 °C 1 4.07 93.9 23
Rh,/ZrO, 0.5 30 bar/70 °C 0.5 0.08 78.4 24
0.5mL
H202
Cr/TiO, 30 bar/50 °C 1 44 100 2
9.5 mL
H,0
Rul/Uio-66 0.5 30 bar/60 °C 0.25 3.7 ~100 26
2 mL
H202
Ce-Uio-Co(OH) 30 bar/80 °C 20 109.5 100 7
8 mL
H,0
0.03 wt%Fe/ZSM-5 5 30bar/80 °C 0.5 421 94 2
0.03 wt%Fe/ZSM-5 5 30bar/80 °C 1 209.3 87.5
0.5 mL
H202
VO-rich TiO, 30bar/70 °C 1 1.36 92.5 2
9.5 mL
H,O
This
Fe-Z5-800N 3 20 bar/50 °C 1 419.1 90.3
work
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Table S5. The proportion of Fe species at corresponding Fe 2p binding energy over the catalysts

with different calcination temperatures.

Area (P) Normalized
Sample Name Peak BE (eV)? | FWHM (eV)® Atomic (%)
CPS.eV® Chi squared
Fe?" 2ps3) 709.94 2.88 586.3
26.79
Fe?™ 2p1 722.74 2.88 303.7
Fe3™ 2psp 712.07 3.17 1054.27
73.21
Fe-Z5- Fe’™ 2p1p 725.04 3.17 545.65 0306
540N Fe?t 2p;), satellite peak 714.92 3.37 435.33 .
Fe3t 2p;), satellite peak 718.15 3.37 315.74 )
Fe?t 2py, satellite peak 727.7 3.37 270.05
Fe3t 2py ), satellite peak 731.83 3.85 283.45
Fe?t 2p3p 710.20 2.94 586.24
30.83
Fe?* 2pip 722.74 2.94 303.67
Fe3* 2psp, 712.37 3.17 865.29
69.17
Fe-Z5- Fe3™ 2pip 725.04 3.17 447.84 0412
700N Fe?" 2ps, satellite peak 714.92 3.37 435.33 .
Fe>" 2ps, satellite peak 718.15 3.37 315.74 ;
Fe?" 2py, satellite peak 728.08 3.37 250.8
Fe>" 2py, satellite peak 731.89 3.85 237.55
Fe?t 2psp, 710.24 2.48 871.43
4321
Fe? 2pip 723.42 2.48 451.4
Fe3t 2psp 712.27 2.69 753.5
56.79
Fe-Z5- Fet 2pip 725.56 2.69 389.98 0316
800N Fe?t 2p;), satellite peak 714.89 3.32 627.14 '
Fe3* 2ps, satellite peak 717.75 3.27 421.7 )
Fe?" 2py, satellite peak 728.02 2.96 318.92
Fe** 2py, satellite peak 731.52 3.37 275.27
Fe?" 2ps3) 710.04 2.10 141.38
26.28
Fe?™ 2p1 723.00 2.10 73.23
Fe¥* 2ps) 711.52 2.02 261.01
73.72
Fe-Z5- Fe’™ 2p1p 724.99 2.01 135.09
0.342
900N Fe?t 2p;), satellite peak 713.98 3.08 177.12
Fe3t 2p;), satellite peak 717.87 3.12 202.69 )
Fe?t 2py, satellite peak 727.72 2.84 112.5
Fe3t 2py, satellite peak 731.27 227 121.94

*Binding Energy (BE): Fe 2p,,=Fe 2p3,+13.10 (+0.7/-0.3)
bFull width at half maxima (FWHM): Fe 2p;,=Fe 2ps;. Due to the presence of multiple splitting

peaks and shock-excitation peaks resulting in broadening of the spectral peaks, the main peak

parameter was set in the interval of 0.5:3.5 and the satellite peaks in the interval of 0.5:4.

¢Area: The ratio of Fe 2p,; to Fe 2ps; is approximately 1/2.

9Normalized Chi-square: the difference between the fitted and actual date.
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Table S6. Acid properties of the samples.?

Acidity amount (mmol/g) ° BAS and LAS
Catalysts
Weak Strong Total BAS/LAS¢ BAS/LAS!¢
Fe-Z5-540N 1.49 0.34 1.83 2.04 0.095
Fe-Z5-700N 1.46 0.45 1.91 1.78 1.76
Fe-Z5-800N 1.62 0.42 2.04 0.82 1.47
Fe-Z5-900N 1.00 0.22 1.22 0.048 0.057

3 The acid amount was obtained directly from the NH;-TPD test process by instrumental calibration
curve and integrating the corresponding desorption peaks. BAS and LAS were obtained from the
Py-IR test with the following equations.

Kpas % Igas X R?

CBAS = T X 1000
Kjps X I 46 X R?

CLAS = T X 1000

BAS _ Cpas

LAS ~ Cpp6

Where the Cgas or Cpas represented the mass of the relative amount of strong BAS or LAS (umol/g),
Kgas or Ky as represented the absorption coefficient of BAS or LAS, 1.88 and 1.42, respectively.
Ipas or I a5 represented the peak area of BAS or LAS, R represented the diameter of the tablet, W
represented the weight of the tablet (in mg), and R was 1.3 cm.

b Determined by NH;-TPD.

¢ Obtained by Py-IR (200 °C).

4 Obtained by Py-IR (350 °C).
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Table S7. Fitting results of 27A1 MAS NMR.

Relative | Relative
. Total
Chemical | Peak peak peak
Sample . peak AlY(%)c | COD(R?)¢
shifts(ppm) | area area area
area
(%)* (%)"
48.3 0.16 13.61
44.15
54.3 0.36 30.54
75 AlY 1.189 100 0.9994
56.2 0.61 50.93
55.85
62.8 0.059 4.92
49.9 0.071 6.42
39.87
75- 54.6 0.37 33.45
AIY 1.106 93.02 0.9995
540N 56.8 0.57 51.54
60.13
62.5 0.095 8.59
AlY 36.2 0.045 6.46 -
49.6 0.19 27.26
75- 61.69
S00N | APV 533 0.24 0.697 34.43 54.84 0.9987
56.7 0.16 22.96
31.86
60.1 0.062 8.90
49.4 0.084 7.96
Fe- 42.36
54.6 0.36 34.40
75- | AV 1.054 88.65 0.9995
56.7 0.42 39.59
540N 57.64
60.0 0.19 18.05
AlY 37.4 0.040 5.36 -
Fe- 48.6 0.13 17.43
65.69
75- AV 53.8 0.36 0.746 48.26 59.38 0.9990
800N 57.1 0.14 18.77
28.96
61.1 0.076 10.19

aThe proportions of various peaks were obtained by dividing their deconvolution area by the total
area of the signals in the range of 30-70 ppm.

YFor ZSM-5, the resonance peaks at 45-50 and 53-55 ppm are related to Al located at the
intersection channels, respectively, whereas the peaks at 56—60 and 60—65 ppm correspond to Al
settled at the straight and/or sinusoidal channel, respectively.

°AlV(%) represents the percentages of Al atoms in the framework, obtained by dividing the total
area of the sample at 40-70 ppm by the total area of the Z5 in the range of 40-70 ppm.

dCOD (coefficient of determination), R2.
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