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Experimental Section

Synthesis of catalysts

Preparation of Pd,/TS-1. The modified adsorption methods we recently developed were used to prepare the single
atoms of TS-1-supported Pd via finely tuning the adsorption parameters in the aqueous solution.!'3] TS-1 (SiO,/TiO, = 30,
the Brunauer—-Emmett-Teller (BET) surface area of ca. 400 m?/g; XFNANO Chemical Co.) was dispersed in deionized
water (18.2 MQ cm™"). The pH of the Pd precursor (Pd(NO;), 2H,0; Sinopharm Chemical Reagent Co., China) was finely
tuned from 4.5 to 3.2. The diluted Pd precursors were pumped into the TS-1 suspension at approximately 0.2 mL/min under
stirring. After aging for 2 h at room temperature, the sample was centrifuged and washed five times with deionized water;
then, it was dried at 40 °C in vacuum to obtain Pd;/TS-1 catalyst. The actual loading of Pd (0.95 wt.%) was measured via
inductively coupled plasma optical emission spectrometer (ICP-OES).

Preparation of Pd;/TS-1@CN. Pd;/TS-1 coated with nitrogen-doped carbon layers was obtained via dopamine
pyrolyzation.[*3] Typically, 200 mg of as-prepared Pd,/TS-1 was stirred in concentrated dopamine-containing (mass ratio
of dopamine to catalyst: 1:400-1:0.5) tris-buffer solution (100 mL, 10 mM; pH 8.8) for 12 h. The suspension was separated
via centrifugation, washed with deionized water three times and ethanol one time, and dried at 40 °C in vacuum. The
obtained sample was subjected to annealing treatment at 750 °C in Ar flow for 4 h at a heating rate of 2 °C min!. The
resulting samples were named on the basis of the mass ratio of dopamine to catalyst. For example, the synthesized catalyst
was denoted as Pd;/TS-1@CN (1:100) when the mass ratio was 1:100.

Preparation of Pd/TS-1 NP. The Pd nano particle catalyst (Pd/TS-1 NP) was prepared by deposition-precipitation.[®]
Typically, TS-1 was dispersed in 100 mL deionized water, tuning the pH of solution to 9.0 by NaOH (purchased from
Aladdin) and taking corresponding content Pd(NO;),-2H,0O in 20mL deionized water to prepare metal precursor solution.
Next, the diluted Pd precursors were pumped into TS-1 suspension at a speed of ~ 0.2 mL/min under stirring. At the same
time, the solution of TS-1 was heated to 80 °C. After aging for 2 h at 80 °C, the sample was centrifuged and washed, finally
dried at 60 °C in an oven overnight and calcined at 550 °C for 3 h in 5 % H,. The dispersion status of Pd species is

characterized by TEM and in situ CO-DRIFTs, which is detailedly discussed in Figure S8 and S9.

Evaluation of catalytic performance

The DOM was performed in a 210-mL Teflon-coated stainless-steel autoclave. The catalyst (20 mg) was dispersed in
20-mL deionized water. The charged autoclave was sealed and purged three times with CH, gas. It was then pressurized to
a desired value with CHy, H,, and O, gas (28 bar of CHy, 1.2 bar of H,, 6 bar of O, and 4.8 bar of Ar). The solution was
cooled to the desired reaction temperature (15 °C), where a thermocouple was directly inserted into the solution to measure
the temperature. Regarding the safe operation of experiments, such a low reaction temperature (15 °C) decreases the safety
concern of using a mixture of H, and O, in the reaction system. Once the temperature reached the set value, the solution
was vigorously stirred at ca. 1,200 rpm for a certain time (1 h). After the reaction, the reaction gas was analyzed via gas
chromatography (GC, propark T column) equipped with a methanizer unit and FID detector. Only O, and CH,4 could be
detected in a typical GC of gas mixture after the DOM (Figure S56; the detection limit of CO, is 1-2 ppm). The oxygenates
in the liquid were analyzed based on 'H NMR spectra using Bruker 400 MHz NMR. 3-(trimethylsilyl)-1-propanesulfonic
acid sodium salt (DSS, purchased from TCI) was used as a calibration standard. The solvent suppression technique was
used to suppress the dominant H,O signal during NMR measurement. Moreover, 0.7 mL of the product solution was mixed
with 0.1 mL D,O (with 0.1012 pmol DSS) in the tube. The "H NMR spectra of liquid products over Pd,/TS-1@CN (1:100)
after the DOM are shown in Figure S57. The identified oxygenated products in liquid were dissolved methane (5 = 0.17
ppm), acetic acid (6 = 2.07 ppm), methanol (3 = 3.34 ppm), methyl hydroperoxide (6 = 3.86 ppm), methanediol (6 = 5.04
ppm), and formic acid (8 = 8.28 ppm). To accurately quantify the products, their standard curves were established
respectively (Figure S58). Methanediol (CH,(OH),), a product of the hydration of formaldehyde, was obtained from the
diluted commercial aqueous solution of formaldehyde. Methyl hydroperoxide (CH;0OH) was prepared in the lab using the
method reported by Davies et al.[”}

The number of products was calculated based on their standard curves. The detailed calculation method is as follows:

the peak area ratio of product to standard substance (4,4-dimethyl-4-silapentane-1-sulfonic acid, DSS) was obtained based



on the "H NMR spectrum. The ratio of product to standard substance (DSS) in the tube was calculated based on the standard
curve. The quantity ratio of the aforementioned substances was multiplied by the quantity ratio of DSS substances in the
tube (0.1012 pmol) to obtain the amount of the product in the tube. Finally, the number of products in the solution after the
DOM was obtained by multiplying the corresponding proportional coefficient.

The mass yields of catalysts and the selectivity of methanol were calculated using the following equations:

Yields of product (umolegcat - 1¢h - 1)
Products (umol)

= . 1
Catalyst (g)*Time (h) m
Selectivity of liquid product (%)
3 Total liquid products (umol) )

* Total carbonaceous products (umol)’

In the cycling tests, 20 mg of catalysts from a total of 200 mg were used for the catalytic methane oxidation. After
each cycling measurement reaction, a parallel experiment was conducted using the rest of the catalysts under identical
reaction conditions. Then, all the catalysts were mixed, washed, collected, and dried at 40 °C for 12 h in vacuum to remove
any organic chemicals adsorbed on catalysts. Then, 20 mg of catalysts were used from the collected samples for the next

recycling experiment.

Catalyst characterization

X-ray diffraction (XRD) analysis was carried out on a Bruker D8 focus diffraction spectrometer using Cu Ka radiation
with a scanning angle (2 theta) of 5-80 © at a speed of 2 °/min, operated at 40 kV and 40 mA.

The metal loadings of the catalysts were measured by inductively coupled plasma optical emission spectroscopy (ICP-
OES) on an optima 730 instrument (AGILENT ICP-OES 730).

The in-situ Hy-pulse experiments on catalyst samples were conducted on an auto-controlled flow reactor system (TP-
5076, Tianjin Xianquan Instrument Co., Ltd, China) equipped with a thermal conductivity detector (TCD). The reaction
temperature of in-situ Hy-pulse experiments is 15 °C and the volume of each pulse of H; is 1 ml (42.3 pumol). The molar
quantity calculation is calculated according to the following gas law:
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n

In the following gas law, n is the molars (mol); P is the pressure of H, (Pa); V is the volume of H, (m?); R is molar
gas constant (J/(mol*K)); T is temperature (K).

UV-Visible (UV-Vis) spectra of the catalysts were recorded on UV-3600 plus (SHIMADZU) in the diffuse reflectance
(DR) mode at room temperature. The baseline was corrected using BaSOy, as a reference material. Samples were scanned
from 300 to 800 nm at a scan rate of 120 nm/min. The intensity of the UV-vis DR spectra was presented in the form of the
Kubelka-Munk function.

High resolution transmission electron microscopy (HR-TEM) images were collected on a JEM-2100 transmission
electron microscope (JEOL, Japan) with an acceleration voltage of 200 kV.

Nitrogen adsorption-desorption isotherms were measured at -196 °C on an ASAP 2460 analyzer (Micromeritics Co.
Ltd.). Before the measurement, the sample was degassed at 120 °C for 24 h under vacuum to remove moisture and
impurities. The Brumauer Emmett Teller (BET) method was used to calculate the specific surface areas and pore sizes of
samples.

Raman spectroscopy was performed on a Renishaw Invia + Reflex Raman spectrometer with a CCD detector, and the
wavelength of the excitation line was 514 nm.

X-ray photoelectron spectra (XPS) were carried out on a Thermo ESCALAB 250Xi spectrometer using Al-Ka
radiation source. The binding energies were calibrated using C1s peak of contaminant carbon (Binding Energy = 284.8 eV)
as an internal standard. Pd K-edge XAFS analyses were performed with Si (311) crystal monochromators at the BL14W
Beam line at the Shanghai Synchrotron Radiation Facility (SSRF) (Shanghai, China). Before the analysis at the beamline,
samples were placed into aluminum sample holders and sealed using Kapton tape film. The XAFS spectra were recorded

at room temperature using a 4-channel Silicon Drift Detector (SDD) Bruker 5040.



Pd K-edge extended X-ray absorption fine structure (EXAFS) spectra were recorded in fluorescence mode. Negligible
changes in the line-shape and peak position of Pd K-edge XANES spectra were observed between two scans taken for a
specific sample. The XAFS spectra of these standard samples were recorded in transmission mode. The spectra were
processed and analyzed by the software codes Athena and Artemis.

Electron paramagnetic resonance (EPR) measurements were performed on a Bruker EMX plus model spectrometer
operating at the X-band frequency at 298 K, with an operating frequency of 9.85 GHz and a microwave power of 2 mW.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra of chemisorbed CO were recorded in an in-situ diffuse
reflectance cell on a Nicolet iS50 spectrometer (Thermo Scientific). Each spectrum was collected for 64 scans at a resolution
of 4 cm™!. The temperature was tested at room temperature for CO chemisorption. After collecting a background spectrum
of the sample under the Ar gas, the cell was switched to 1 vol.% CO/Ar mixed gas for CO adsorption for 1 h, followed by
purging with the Ar gas. The collected spectra were subtracted from the sample background spectra in Ar gas to obtain the
spectra for chemisorbed CO.

5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin-trapping electron paramagnetic resonance (EPR) experiments were
conducted on a Bruker Emxplus spectrometer at 15 °C. For extra H,O, sample, 20 mg catalyst, 0.2 mL DMPO (50 mg/mL)
and 20 mL 0.5 M H,0, solution were added into a 210 ml autoclave and stirred at 1200 rpm for 10 min. For in-situ H,0,
sample, 20 mg catalyst, 0.2 mL DMPO (50 mg/mL), 20 mL D.I. H,O solution was added into a 210 ml autoclave and
pressurized with 12 bar H, and O,, then stirred at 1200 rpm for 10 min.

In the isotopic tracer experiments, 20 mg catalyst was dispersed in 20 mL deionized water (H,'°0). 80 labelled O, (>
99 %) was used in the co-reaction with CH4 and H,. The reactions were performed at 15 °C for 1h with an initial partial
pressure of 28 bar, 6 bar and 6 bar for CH,, O, and H,, respectively. 30 labelled HO (> 99 %) was alternatively used to
verify the participation of the oxygen atom from H,O in the co-reactions with '°O, under the same conditions. After the
reaction, the liquid oxygenates (such as CH;OH) were measured by Pegasus HRT+4D (LECO, USA). The isotopic tracer
experiment of '3C is similar. 20 mg catalyst was dispersed in 10 mL deionized water. '3C labelled CH, (= 99 %) was used
in the reaction with O,, H, and Ar. The reactions were performed at 15 °C for 2 h with an initial partial pressure of 2 bar, 6
bar, 1.2 bar and 30.8 bar for '*CHy, O,, H, and Ar, respectively. After the reaction, the liquid oxygenates (such as CH;OH)
were measured by Pegasus HRT+4D (LECO, USA) and '*C NMR spectra using Bruker 400 MHz NMR.

The laser-induced fluorescence (LIF) spectrum was used to further detect surface adsorbed *OH*. The «OH* radicals
adsorbed on the Pd;/TS-1@CN surface after the treatment of H,+O, were detected by monitoring the LIF on the A-X
transition. The *OH* radicals were excited by the A?Z*(v'=1)«X?T1(v=0) transition around 282 nm, and the fluorescence
of the A2Z*(v'=1)—XII(v"=1) transition around 310 nm was collected on a photomultiplier tube through two quartz glass
lenses and a monochromator. The signals were detected by a photo-luminescence spectrometer (FS5, Edinburgh, UK).

Diffuse reflectance infrared Fourier transform spectra (DRIFTs) of reactive gas (H,, O,, and CH,4) were recorded in
an in-situ diffuse reflectance cell on a Nicolet iS50 spectrometer (Thermo Scientific). Each spectrum was collected for 64
scans at a resolution of 4 cm™!. The sample was pretreated in the cell with a flowing Ar gas at 120 °C for 30 min. The
temperature was then cooled down to 15 °C and connected to a gas chamber that permitted the adjustment of the gas
pressure into the cell. After collecting a background spectrum of the sample under the Ar gas, for DRIFTs with H, and O,
as probe molecules, the cell was switched to 99.9 vol.% O, and 99.9 vol.% H, gas for H, and O, adsorption and reaction
for 30 min to obtain the in-situ FT-IR spectrum. The collected spectra were subtracted from the sample background spectra
in Ar gas to obtain the spectra for chemisorbed various hydroxyl species. For H,-O,-CH, DRIFTs, after adsorption and
reaction of H, and O, for 30 min, the gas pipeline is directly switched to 99.9 vol.% CH,4 for CH, adsorption and reaction
for 30 min to obtain the in-situ FT-IR spectrum. For pure CH,-DRIFTs, after the cell cooling down to 15 °C, the 99.9 vol.%
CHy is directly introduced to sample cell for CH, adsorption for 30 min to obtain the in-situ FT-IR spectrum without the
adsorption of H, and O,.

Theoretical calculation methods and model construction
To disclose the mechanism of the DOM catalyzed by Pd;/TS-1@CN, the periodic density functional theory

calculations were performed using the Vienna Ab-initio simulation package.®! The projector augmented wave method was



used to describe the interaction between atomic nuclei and electrons. The cutoff energy of the plane wave was set to 450
eV.’I The van der Waals interaction in zeolite was described in the DFT-D3(BJ) scheme,!!” and the generalized gradient
approximation PBE functional was used to describe the exchange correlation.''] The convergence criterion value was set
to 0.05 eV/A for the maximal force of all the relaxed atoms. The constraint minimization method was used to determine
the transition state with the same force convergence criterion.l'”! The vibrational frequency analysis was further performed
based on harmonic oscillator approximation to confirm the TS with one imaginary vibrational frequency and the
corresponding vibrational mode along the reaction coordination. The Gibbs free energy calculation details (including zero-
point energy, internal energy, and entropy contribution) can be found in our previous work.['3] In particular, the molecular
entropy confined in the TS-1 zeolite pore lost 38% compared to the free gas molecule.['Y] Accordingly, the value of lost

molecular entropy was used to correct the small molecule entropy of TS-1 zeolite.
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Fig. S1 The price of H,O,, CH;0H, H, and O,. The price derived from the references!!'>-
18] respectively.

The price of H,0O, is approximately 20.4 USD per kilomole, which is similar to that
of the product, methanol (21 USD per kilomole). Alternatively, the price of H, is
approximately 3 USD per kilomole, and O, is approximately 1.9 USD per kilomole,
which is much cheaper and more economically valuable than using H,O,.[15-18]



Fig. S2 HAADF-STEM images of fresh Pd,/TS-1 (a-b).

The single Pd atoms can be directly visualized on TS-1 for Pd;/TS-1 from the
HAADF-STEM images, indicating that the palladium species are atomically dispersed
on TS-1.
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Fig. S3 HAADF-STEM images of fresh Pd;/TS-1@CN (1:100) (a-f).

The single Pd atoms (red circles) can be directly detected on fresh Pd;/TS-1@CN
(1:100), indicating that coating thin carbon layers did not change the dispersion of Pd
species supported on TS-1. Furthermore, the thickness of carbon layers on Pd;/TS-1
(1:100) is around 3 (~1.8 nm) layers!'®! as confirmed by HAADF-STEM.
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Fig. S4 The UV-Vis DR spectra of Pd,/TS-1, Pd;/TS-1@CN (1:100) and Pd,/TS-
1@CN (1:5).

The thickness of N-doped carbon layers can be precisely controlled by tuning the
mass ratio of dopamine to catalyst. As confirmed by the gradual color change from light
yellow to black (inset) and the UV-Vis DR spectra, the characteristic O-Ti electron
transfer (peak centered at 340 nm) in TS-1 support gradually turns invisible compared
with that of Pd;/TS-1 when the mass ratio gradually increases.[?(]
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Fig. SS X-ray photoelectron spectroscopy of Pd;/TS-1 and Pd,/TS-1@CN (1:100).
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X-ray photoelectron spectroscopy (XPS) revealed the presence of N 1s signal at
~400 eV in Pd;/TS-1@CN (1:100) compared with Pd;/TS-1, suggesting that N element
exists in the coated carbon layers.[?!2%]
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Fig. S6 Comparison of FT-IR spectra for Pd,/TS-1 and Pd,/TS-1@CN (1:100).

The FT-IR spectra of Pd;/TS-1@CN (1:100) exhibited the characteristic stretching
vibration modes of the C-N group at around 1,227 cm™!, clearly indicating that the
coated carbon layers are doped with N element.!?3] In addition, the typical absorption
peaks of both Pd;/TS-1 and Pd;/TS-1@CN (1:100) associated with the symmetric
stretching vibration v (Si-O-Si) at 801 cm™!, the asymmetric stretching vibration v,
(Si-O-Si) at 1,105 cm™! and the Si-OH stretching vibration at 973 cm™! were found.[?4

11



CK
NK
oK
SiK
PdL
K

C:N=8.6

Fig. S7 Energy- dlsperswe X-ray spectroscopy of Pdl/TS 1@CN (1: 100)

Pd p, n
i W -
39 52 65 s 91 104 17 130
Mass Atomic
Element Fraction Fraction Intensity Eror%  Kratic z R A F

763 1201 2100 2747 00151 10764 09508 01620 10000
112 140 280 3328 00027 1.0540 os700 01919 1.0000
56.85 6554 558.30 1051 01621 1.0326 09809 02763 1.0000
2903 19.16 1380.70 482 02129 08304 10289 07728 10038
083 o4 17 5843 00047 0.7007 12422 10379 10293
458 1T 11550 1882 00373 0803 10884 09839 10360

The energy-dispersive X-ray spectroscopy clearly confirms that the ratio of

nitrogen-to-carbon is 1:8.6.
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Fig. S8 TEM images of Pd/TS-1 NP (a-d) wherein the cycles marked the nanoparticle
site.

It can be observed the aggregated Pd (red circles) suggesting that Pd atoms in
Pd/TS-1 NP are in the form of nanoparticles. The average size of Pd particles is 2.3 +
0.5 nm.
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Fig. S9 CO-DRIFTs of Pd/TS-1 NP.

According to the CO-DRIFTs, the Pd/TS-1 NP exhibits linear (centered at 2,095
cm!) and bridge CO adsorption (centered at 1,961 cm'') on Pd nanoparticles!>],
indicating that the Pd species are in the form of nanoparticles.
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Fig. S10 The electron paramagnetic resonance data of Pd;/TS-1@CN (1:100) and
Pd;/TS-1@CN (1:5).

The enhanced electron paramagnetic resonance (EPR) signal (g=2.002) associated
with the unpaired electron on the carbon atoms of the aromatic rings within I1-bonded
nanosheets confirms the presence of more vacancy defects in Pd;/TS-1@CN (1:5)
compared with that in Pd;/TS-1@CN (1:100)26], which guarantees better accessibility
of reactants to the active sites.[?’]
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Fig. S11 HAADF-STEM images of used Pd;/TS-1 (after 5 cycles) (a-b) and
corresponding statistical analysis on particle size (c).

The size distribution of Pd particles is acquired by using the software to count the

number and gauge the size of nano particles. The average size of Pd nanoparticles on
the used Pd;/TS-1 1s 10.2 + 3.3 nm.
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Fig. S12 HAADF-STEM images of used Pdl/TS-l@C 1 :100) (after 30 cycles) (a-c).

The single Pd atoms (red circles) can still be directly detected on used Pd;/TS-
1@CN (1:100), indicating that the strategy of coating thin carbon layers significantly
enhanced the stability of single Pd atoms anchored on TS-1. In addition, the thickness
of carbon layer (~ 1.8 nm) on used Pd,/TS-1@CN (1:100) is almost unchanged
compared with the fresh sample (~ 1.8 nm), which also confirms the excellent stability
of the carbon layers coated on Pd;/TS-1.
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Fig. S13 Wavelet transform (WT) analysis of the Pd K-edge EXAFS oscillations of
Pd,/TS-1 (a), Pd{/TS-1@CN (1:100) (b), Pd foil (c), and PdO (d).

In order to reveal the local coordination of Pd species in Pd;/TS-1 and Pd,/TS-
1@CN (1:100) more clearly, the wavelet transform (WT) of the Pd K-edge EXAFS
oscillations is analyzed. No intensity maximum related to Pd-Pd (10.0 A") or Pd-O-Pd
(9.5 A1) coordination can be observed in both Pd;/TS-1 and Pd,/TS-1@CN (1:100)
compared with that of the reference Pd foil and PdO samples, which confirms that Pd
atoms are atomically dispersed on both Pd;/TS-1 and Pd;/TS-1@CN (1:100) and is in
agreement with the HAADF-STEM results. The WT contour plots of Pd;/TS-1@CN
(1:100) (6.2 A1) present a lower center of gravity compared with that of Pd,/TS-1 (6.5
A7), indicating that part of the O ligands coordinated with Pd atom are changed into N
ligands. These results clearly demonstrate that the thin N-doped carbon layers coated
on Pd;/TS-1 have significantly modulated the local coordination environment of single
Pd atoms.
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Fig. S14 EXAFS fitting curve for Pd;/TS-1 and the corresponding valence state of Pd
atom via Bader charge analysis.

For Pd,;/TS-1 sample, two model active sites have been compared since each Pd
atom is coordinated with three oxygen atoms as verified by EXAFS data, but only the
HO-Pd,-0O, is the most reliable reaction site (R-factor=0.017), which secures that the
fitting results are reliable and enable to accurately demonstrate the local structure of
isolated Pd atoms in the Pd;/TS-1. The detailed fitting data reveals that Pd atoms are
coordinated with one hydroxyl oxygen (Ooy) and two framework oxygens (Opym),
respectively. In addition, the R-factors of O-Pd;-O, (0.053) model that fitted original
EXAFS data are obviously higher than that of HO-Pd;-O, model (R-factor=0.017),
which further confirms that the HO-Pd;-O, is the most reliable reaction site.

Furthermore, the Bader charges of Pd* in Pd,O and Pd*" in PdO are respectively
+0.41|e| and +0.89|e| (Table S6). The Bader charge analysis shows that the charges in
HO-Pd;-O, and O-Pd;-O, are +0.44|e| and +0.88|e|, respectively, which indicates the
oxidation state of Pd in HO-Pd;-O, is Pd" and the oxidation state of Pd in O-Pd;-O, is
Pd?**. Combined with the XANES and XPS data, the oxidation state of Pd species in
HO-Pd,-O, configuration is more reasonable. These results provide solid evidence that
the HO-Pd;-O, configuration as the active site of the Pd,/TS-1 catalyst is reliable.
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(b)

Fig. S15 The geometric configuration of Pd;-O3 in Pd;/TS-1. The vertical view of (a)
and the front view of (b).

The bond length of single Pd atom and hydroxyl oxygen (Pd-Ogp) is 2.12 A and

the average bond length of single Pd atom and framework oxygen (Pd-Ogy) is 2.00 A
as shown in Table S4.
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Fig. S16 Comparison of diffuse reflectance infrared Fourier transform spectra for

Pd,/TS-1 and TS-1.
As confirmed by FT-IR spectra for Pd;/TS-1 and TS-1, the peak centered at

approximately 3,650 cm™! is associated with Pd-OH in Pd;/TS-11?%]) indicating the
configuration of the Pd center in Pd,/TS-1 is HO-Pd;-O, rather than O-Pd;-O,.
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Fig. S17 EXAFS fitting curve for Pd;/TS-1@CN (1:100) by using the models of N;-
Pdl-Oz, Nz-Pd1-01, Nl-Pdl-Ol and Nz-Pdl-Oz.

Based on the XANES analysis of C, N and O species, the single Pd atoms on
Pd;/TS-1@CN (1:100) are both coordinated with O and N ligands. Furthermore, several
model active sites have been searched by DFT optimized but only the N;-Pd;-O; is the
most reliable reaction site (R-factor=0.009), where the isolated Pd atoms are
coordinated with two framework oxygen atom of TS-1 and one pyrrole nitrogen atoms
of N-C coating. In addition, the R-factors of N,-Pd;-O; (0.078), N;-Pd;-O, (0.135) and
N,-Pd;-O; (0.112) models are obviously higher than that of N;-Pd;-O, model (R-
factor=0.009), which further confirms that the N;-Pd;-O, is the most reliable reaction

site.
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Fig. S18 The optimized structures of N,-Pd;-O;, N;-Pd;-O,, N;-Pd;-O; and N,-Pd;-O,
with the valence state of Pd atom.

The analysis of CO-DRIFTs, HAADF-STEM, EXAFS, and WT data of the
Pd,/TS-1@C catalyst indicates that the active site has a mononuclear structure. Once
the TS-1 structure is optimized, we investigate the potential mononuclear Pd active
sites, including N;-Pd;-O,, N,-Pd;-O, N;-Pd;-O; and N,-Pd;-O,. The detailed EXAFS
fitting data verifies that each Pd atom is coordinated with one nitrogen atom and two
framework oxygen atoms. We find that the detailed bond length and coordination
structure of the modeled N;-Pd;-O, species in the active site fit the EXAFS data well,
which confirms the accuracy of the built active-site model of the Pd;/TS-1@CN catalyst
for DFT simulation. The valence state of the Pd; atoms of Pd;/TS-1@CN is close to the
Pd*, consistent with XANES and XPS characterization. These provide reliable evidence
to model the active site of the Pd;/TS-1@CN catalyst. The Bader charge analysis shows
that the charges in N,-Pd-O;, N;-Pd-O,, N-Pd-O, and N,-Pd-O, are +0.83|e|, +0.45]e|,
+0.41le|, and +0.89]e|, respectively. According to the reference Bader charges of Pd* in
Pd,0 and Pd** in PdO (Table S6), the valence states of Pd atom correspond to +2, +1,
+1, and +2, respectively.
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(b)

Fig. S19 The geometric configuration of N;-Pd;-O, in Pd,/TS-1@CN (1:100). The
vertical view (a) and the front view (b).

The bond length of single Pd atom and pyrrole nitrogen (Pd-N) is 2.06 A and the

average bond length of Pd and framework oxygen (Pd-Ogy) is 2.02 A as verified by the
EXAFS fitting data (Table S5).
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Fig. S20 XPS spectra of Pd 3d for Pd,/TS-1 and Pd;/TS-1@CN (1:100).

For Pd;/TS-1 sample, there is one peak centered at 337.1 eV in the Pd 3ds,,
slightly higher than that of metallic Pd species (335.6 €V) and lower than that of Pd**
species (338.6 €V), which is in line with the XANES data.[**-3!] For Pd;/TS-1@CN
(1:100), there is one peak centered at 337.5 eV in the Pd 3ds), signal, around 0.4 eV
higher than that of Pd,/TS-1, which indicates that the valence state of the single Pd

atoms is increased after coating N-doped carbon layers and corroborates the XANES
data.3?]
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Fig. S21 XPS spectra of Pd;/TS-1@CN (1:100) fresh and Pd,/TS-1@CN (1:100) used
(after 30 cycles) (a); XPS spectra of Pd;/TS-1 fresh and Pd;/TS-1 used (after 5 cycles)

(b).

The wvalence state of metal atom 1is determined by its coordination
environment.[3334] The XPS data over Pd;/TS-1@CN (1:100) used for 30 cycles exhibit
that there is no shifting for the binding energy of Pd 3d orbit compared with the fresh
catalyst (both of 337.5 eV for Pds),), indicating the valence state of the Pd species is
unchanged after the DOM reaction. By contrast, the XPS spectra over Pd,/TS-1 after 5
cycles show that the binding energy of Pd 3d decreased by 1.5 eV compared with the
fresh catalyst and the peak centered at 335.6 eV of Pds), is assigned to the metallic Pd
speciesB336], suggesting that the Pd species clustered to nanoparticles after the DOM
reaction. These results demonstrate that coating thin carbon layers could significantly
enhance the stability of single Pd atoms supported on TS-1, which is consistent with
the results of HAADF-STEM.
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Fig. S22 CO-DRIFTs of fresh and used Pd;/TS-1@CN (1:100) (a); CO-DRIFTs of
fresh and used Pd,/TS-1 (b).

For CO adsorption over used Pd;/TS-1@CN (1:100) samples (after 5, 24, 30
cycles, respectively), there is only one peak (2,103 = 1 cm!) associated with CO linear
adsorption on the isolated Pd sites (Pd;-CO).I>37] Besides, no bridge-adsorbed CO
peaks under 2,000 cm™! are observed on all used Pd;/TS-1@CN (1:100) samples, which
suggests that the single Pd atoms are stably anchored on the support during the DOM
reaction.[>37] However, the reference Pd;/TS-1 catalyst after 5 cycles shows linear
(centered at 2,098 ¢cm) and bridge CO adsorption (centered at 1,960 cm'!) on Pd
nanoparticles[?], indicating that the Pd species are not stable under the DOM reaction

condition.
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Fig. S23 The mean squared displacement of Pd atom at Pd,/TS-1 and Pd,/TS-1@CN.

The stability of Pd; center was measured by Mean Squared Displacement (MSD),
which is the deviation between the instantaneous position and the initial position of the
particle as it evolves over time as follows:

N
MSD(1) :%Zhi(t) . (0)P#(a)

The MSD analysis was performed based on the 1 ns molecular dynamics (MD)
simulation within the canonical (NVT) ensemble by the Nose-Hoover thermostat
method at 15 °C. The COMPASS force field was used. After 1 ns MD, the MSD of the
Pd atom on Pd;/TS-1 is up to 11,000 A2 which is remarkably greater than that of
Pd,/TS-1@CN (970 A2). The calculation results show that the stability of the Pd single
atom coated with ultra-thin N-doped carbon is significantly improved.
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Fig. S24 The desorption energies of active sites [Pd]*/TS-1, [PdOH] */TS-1, and
[PA]*/TS-1@CN anchored over the ZSM-5 zeolite framework.

The DFT calculations also show that the desorption energy of Pd species away
from the TS-1 skeleton is evidently lower than that of [Pd]*/TS-1@CN site (2.66 eV),
which indicates that the N;-Pd;-O, configuration enhances the stability of single atom
Pd sites in the pore distribution of TS-1 zeolite.
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Fig. S25 The PDOS of 4d orbital of Pd atom in Pd,/TS-1 (a) and Pd;/TS-1@CN (1:100)
(b).

The PDOS analysis of Pd atoms in the active centers of Pd,/TS-1 and Pd,/TS-
1@CN (1:100) reveal that the PDOS of Pd 4d orbital is broadened after coating the
ultrathin N-doped carbon layer. Moreover, the change of 4d PDOS around Fermi level
suggests that the Pd-N bonding interaction significantly modifies the electronic
structure of Pd atoms.
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Fig. S26 In-situ H; pulse of Pd,/TS-1 (a), Pd;/TS-1@CN (1:100) (b), and TS-1 (c). Test
temperature: 15 °C; the mass of catalysts is 100 mg; the volume of each pulse of H; is
1 ml (42.3 umol).

The hydrogen consumption is calculated by integrating the residual hydrogen
signal after each pulse. All samples used the fifth pulse signal as the reference value
and the first four pulse signals as the calculated value to calculate hydrogen
consumption. The consumption of H, on Pd;/TS-1@CN (1:100) is 0.107 umol/g, which
is 17.8 times lower than that of Pd;/TS-1 (1.917 umol/g) and similar with that of pure
TS-1 (0.109 pmol/g) as shown in Fig. 3d in the main manuscript.
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Fig. S27 Reaction cycles of DOM over Pd;/TS-1@CN (1:100). Reaction Condition: 20

mg catalysts dispersed in 20 ml D. I. H,O, 15 °C with 28 bar CH,4, 6 bar O, and 6 bar
H, for 1 h.

There is no considerable loss of the catalytic yield (9,204 + 220 pmoleg., '*h™!)
even under a higher concentration of H, for at least 30 cycles, indicate that the N;-Pd;-
O, site considerably enhances the stability of Pd active sites and correspondingly

maintains the excellent catalytic capability of the DOM using molecular oxygen at 15
°C.
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Fig. S28 Reaction cycles of DOM over Pd,/TS-1@CN (1:400) (a), Pd;/TS-1@CN
(1:300) (b) and Pd;/TS-1@CN (1:200) (c). Reaction Condition: 20 mg catalysts
dispersed in 20 ml D. 1. H,O, 15 °C with 28 bar CHy, 6 bar O,, 1.2 bar H, and 4.8 bar
Ar for 1 h.

By tuning the mass ratio of dopamine to catalyst, the influence of the thickness of
N-doped carbon layers on the catalytic performance is investigated. The stability testing
results indicate that the over-thin N-doped carbon layers (mass ratio < 1:100) cannot
efficiently enhance the stability.
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Fig. S29 CO-DRIFTs of the used Pd;/TS-1@CN catalysts with different mass ratios of
dopamine to catalyst after 5 cycles.

For CO-DRIFTs of the used Pd;/TS-1@CN (1:200, 1:300 and 1:400) and Pd;/TS-
1 catalysts, the presence of bridged CO-adsorption peak centered at 1,960 cm™! indicates
that the atomically dispersed Pd species were agglomerated to nanoparticles under the
reaction conditions.[?’] Alternatively, the absence of any bridged CO-adsorption peak
over Pd;/TS-1@CN (1:100) indicates that the Pd single atoms are still atomically
dispersed on the TS-1. Those results confirm that the over-thin N-doped carbon layers
cannot efficiently enhance the catalytic stability of atomically dispersed Pd species.
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Fig. S30 The comparison experiment of H,+O, and CH4+H,+0O,. Reaction Condition
(H,+05): 20 mg Pd;/TS-1@CN (1:100) dispersed in 20 ml D.I. H,O, 15 °C with 32.8
bar Ar, 6 bar O, and 1.2 bar H, for 1 h. Reaction Condition (CH4+H,+0,): 20 mg
catalysts dispersed in 20 ml D.I. H,O, 15 °C with 28 bar CHy4, 6 bar O,, 1.2 bar H, and

4.8 bar Ar for 1 h.

No any products of liquid oxygenates are observed in the liquid after DOM when
CH, is removed from the reaction atmosphere, suggesting that the source of carbon in
products such as methanol comes from CH, rather than N-doped carbon layers.
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Fig. S31 13C NMR spectra of the oxygenates produced with 3CH, +Hy+ O, + Ar as
the feed gas (a) and mass spectrum of the CH;OH from the conversion of 3CH, + H,
+ O, + Ar and CH4 + H, + O, + Ar (b). Reaction Condition: 20 mg catalysts dispersed

in 10 mL D. I. H,0, 15 “C with 2 bar 3CH,4 or CHy, 6 bar O,, 1.2 bar H, and 30.8 bar
Ar for 2 h.

In order to track the carbon source in the produced oxygenates, the isotopic
experiments were conducted by using '*CHy as the feed gas for DOM. As shown in Fig.
31a, it can be observed four signals at 49, 65, 82 and 167 ppm in *C NMR spectrum,
which were attributed to 3CH;0H, '*CH300H, BCH,(OH), and H!3COOH,
respectively. It confirms that the oxygenates products indeed originated from CH,4
conversion. In addition, mass spectrum also exhibits that the oxygenated products
containing 3C, e.g., BCH3;0H (Fig. 31b), can be detected after the DOM when using
13CH, as the carbon source. Those results confirm that the carbon source in the formed
oxygenates products are originated from CHy.
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Fig. S32 The influence of reaction condition on DOM over Pd;/TS-1@CN (1:100).
Productivity of Pd;/TS-1@CN (1:100) for DOM on different H, pressure (a); O,
pressure (b); CH,4 pressure (¢) and reaction temperature (d). Reaction Condition (a): 20
mg catalysts, 20 ml H,O, 15 °C, 6 bar O, and 28 bar CH, for 1 h. Reaction Condition
(b): 20 mg catalysts, 20 ml H,0, 15 °C, 6 bar H, and 28 bar CH4 for 1 h. Reaction
Condition (¢): 20 mg catalysts, 20 ml H,O, 15 °C, 6 bar O, and 6 bar H, for 1 h. Reaction
Condition (d): 20 mg catalysts, 20 ml H,O, 15 °C, 6 bar H,, 6 bar O, and 28 bar CH,4
for 1 h.

The effect of reaction conditions on activity and selectivity for DOM over Pd;/TS-
1@CN (1:100) has been investigated. First, as the H, pressure decreases from 6 to 0
bar, the yield of liquid oxygenates decreases sharply from 9,214 pmoleg.,'*h’! (6 bar)
t0 4,556 umoleg.,'*h-! (4 bar), 1,643 pmoleg.,'*h’! (2 bar) and 0 umoleg.,'*h-! (0 bar),
suggesting that low H, pressure would significantly inhibit the conversion of methane
to liquid oxygenates. Meanwhile, as the O, pressure decreases from 6 to 0 bar, the yield
of liquid oxygenates decreases from 9,214 umoleg.,'*h-! (6 bar) to 5,824 umoleg .
leh'! (4 bar), 2,966 pmoleg.,'*h! (2 bar) and 0 umoleg.,'*h-! (0 bar), suggesting that
low O, pressure would also inhibit the conversion of methane to liquid oxygenates.
Interestingly, the yield decrease of liquid oxygenates caused by the decrease of H,
pressure is more significantly than that of the decrease of O, pressure, indicating that
the effect of H, pressure on DOM is more significant than that of the O, pressure. The
DFT calculations further reveal the significant discrepancy of H, and O, partial
pressures on the yield of liquid oxygenates. After the O, molecules readily adsorb onto
the mononuclear Pd site with a free adsorption energy of -1.12 eV, the O,* is
preferentially hydrogenated via a non-Horiuti—Polanyi mechanism, i.e., the direct
hydrogenation by the molecular hydrogen to produce HOO* and H* ([Pd(OOH)(H)]".
At this step, the rate-determining step for the formation of active hydroxyl oxygen
species is the hydrogenation process (0.91 eV) rather than the oxygen adsorption
process (-1.12 eV). Thus, the effect of H, pressure causes huge influence for DOM than
that of O, pressure (details discussed in DFT section, Fig. 6a in the main manuscript).

37



Afterwards, it can be seen that the output and selectivity of liquid oxygenates increases
proportionally with the increase of methane pressure, indicating high methane pressure
benefits the high yield and selectivity of liquid oxygenates. Moreover, as the reaction
temperatures increase from 10 to 25 °C, the yield of liquid oxygenates enhances from
7,126 to 9,214 umoleg.'*h’!, suggesting that high temperatures promote the
conversion of methane to oxygenates.

38



700
600 -
= Il CH,(OH),
oF 400- Il CH,00H
2 B CH,0H
= 300
g
"§ 200 -
=¥
100 4
0 T T
CH,+H, CH,+0, CH,+H,+0,

Fig. S33 The comparison experiment of CH4+H, CH4+0, and CH4+H,+0,. Reaction
Condition (CH4+H3): 20 mg Pd,/TS-1@CN (1:100) dispersed in 20 ml D.I. H,0, 15 °C
with 28 bar CHy, 10.8 bar Ar and 1.2 bar H, for 1 h. Reaction Condition (CH4+05): 20
mg Pd;/TS-1@CN (1:100) dispersed in 20 ml D.I. H,O, 15 °C with 28 bar CHy, 6 bar
O, and 6 bar Ar for 1 h. Reaction Condition (CH4+H,+0,): 20 mg Pd,/TS-1@CN
(1:100) dispersed in 20 ml D.I. H,O, 15 °C with 28 bar CHy, 6 bar O,, 1.2 bar H; and
4.8 bar Ar for 1 h.

No any products of liquid oxygenates could be observed in the liquid after DOM
when H; or O, are removed from the reaction atmosphere, suggesting that the source
of oxygen in product comes from O,, and H, is an essential auxiliary agent for the
production of reactive oxygen species.
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Fig. S34 GC-MS analysis of the raw liquid solution and the corresponding mass
spectrum of CH;OH products by using 1O, and H,'20.

GC-MS analysis confirms that only the oxygenated products contained '°O such

as CH30H can be detected after DOM when using H,'#0, indicating that oxygen atoms
in H,O do not participate in DOM reaction in our catalyst system.
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Fig. S35 Concentration of H,O, detected via UV-Vis spectrum (a) and standard curve
for H,O, quantification (b). The ordinate (Y) represents the content of H,O, and the
abscissa (X) represents the absorbance at 400 nm.

H,0, is observed in the liquid by a potassium titanium oxalate method as reported
after the DOM.B83% Due to the high concentration of H,O, present in the system, the
reaction solution is diluted 40 times with D.I. water in order to achieve the requisite
detection range of a standard curve. Then 4 mL solution was taken from the reactor
with an injector topped with a 4 um filter at given time intervals, and then, mixed with
I mL of 0.02 M potassium titanium (IV) oxalate solution. The solution then changed
from transparent to yellow due to the formation of a titanium (IV) - peroxide complex
(TiO,*") by H,0, and potassium titanium (IV) oxalate. The formation of TiO,*" is as
follows and absorbs with a A, of about 400 nm. The absorbance at 400 nm was used
to determine the concentration of HO, and monitored by a UV-Vis spectrometer (UV-
9010, Pushi Inc, Beijing, China). By reacting with potassium titanium oxalate to

develop color, it was detected at a concentration of 49.8 3.3 mM.
H,S0,

H,0, + K, TiO(C,04),22H,0 —  TiO,%* (a yellow titanium (IV) - peroxide complex).
(5)

41



—_
-]
N
2 3
[a-]
=
o]
=

K-M Intensity (a.u.)

30 min
T

—
3660 3640

Wavenumber (cm™) Wavenumber (cm™)

Fig. S36 The peak of Pd-OH species under in-situ H+O, DRIFTs on Pd;/TS-1@CN
(1:100) after the correction of baseline (a); on Pd;/TS-1 after the correction of baseline

(b).

The concentration of the surface hydroxyl species adsorbed on the isolated Pd sites
is estimated by integrating the peak area of the Pd-OH peak. The Pd-OH concentration
on Pd;/TS-1@CN estimated based on integrating the peak area of Pd-OH species
constantly increases and stay constant with the reaction time is further extended after
53 min (Fig. S36a), while Pd-OH on Pd;/TS-1 considerably decreases after 18 min
(Fig. S36b). These results reveal that the stability of surface hydroxyl species on
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Pd,/TS-1@CN is considerably higher than that on Pd;/TS-1.
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Fig. S37 EPR spectra of hydroxyl radicals trapped by 5, 5’-Dimethyl-1-pyrroline N-
oxide (DMPO) of Pd,/TS-1@CN (1:100) through different atmosphere/oxidant.

As shown in Fig. S37, the 1:2:2:1 quartet signals with the hyperfine splitting
constants measured as Ay = 14.9 G were clearly observed and attributed to the «OH
species.[*) The absence of six prominent characteristic signals with the hyperfine
splitting constants measured as Ay = 10.6 G ruled out the presence of *OOH
species.[4%41] To identify whether the free hydroxyl radicals (*OH) formed by the
dissociation of H,0, in the reaction medium are the active oxygen species for DOM,
the electron paramagnetic resonance (EPR) spectra are conducted. By calculating the
total integral area of the quadruple splitting peak of EPR, the concentration of *OH
when H,0, is used as oxidant is estimated ~43 times higher than that using H, and O,.
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Fig. S38 EPR spectra of hydroxyl radicals trapped by 5, 5’-Dimethyl-1-pyrroline N-
oxide (DMPO) of Pd;/TS-1@CN (1:100) through different conditions (a) and
comparison experiments of the yield of liquid oxygenates for addition of *OH scavenger
and without *OH scavenger (b).

To identify whether the free hydroxyl radicals (*OH) is the reactive oxygen species
for the DOM in our reaction system, Na,S and ascorbic acid were added to conduct
quenching experiments of free *OH for DOM.[*2! Before adding the free *OH
scavengers in the solution, the 1:2:2:1 quartet signals with the hyperfine splitting
constants measured as Ay = 14.9 G were clearly observed, which is attributed to the
free *OH species. [0 After adding the free *OH scavengers, there are no aforementioned
signals associated with the free *OH, which indicates that free *OH is quenched.

However, the yield of the C1 liquid oxygenates products after adding Na,S (598 +
68.9 umoleg.,; '*h’!) and ascorbic acid (604 + 26.1 pmoleg., '*h-") as the free *OH
scavenger is similar to that without adding the free *OH scavenger (606 + 44.6
umoleg.,. '*h!). These results indicate that the free *OH species existing in the solution
are not the reactive oxygen species for the DOM.
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Fig. S39 The consumption for externally added H,O, and in-situ H,+O,.

The consumption of externally added H,O, is ~3 times higher than that of the in-
situ produced reactive oxygen species by H, and O,, which further indicates that

externally added H,0O, is easy to self-decompose at the active site rather than to activate
methane.
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Fig. S40 The comparison on the bond activation energy of C-H and O-H bond for DOM
over Pd;/TS-1@CN (1:100).

The DFT calculation reveals that although methane could be intrinsically activated
at active sites [Pd(OH),]"/TS-1@C by using H,0O, as oxidant, regarding the limited
number of active sites, the competition reaction between methane and hydrogen
peroxide oxidation must exist. DFT calculations show that the C-H bond activation free
energy barrier (G, = 0.92 eV) of CHy4 is much higher than the O-H bond activation free
energy barrier (G, = 0.52 eV) of H,O, at the active site, indicating the self-
decomposition process of H,O, at the active site is easy.
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1@CN site at 288 K (a) with the geometry structures of the corresponding transition
states and intermediate states (b).

The hydrogen bonding enables to stick the H,O, molecule on [Pd(OH),]"/TS-
1@CN (IM2) with the adsorption energy of -0.33 eV. The hydrogen atom could be
readily abstracted from H,0, by the «OH* at [Pd(OH),]"/TS-1@CN to generate *OOH
and [Pd(OH)(H,0)]"/TS-1@CN (IM3) via a radical-like mechanism, which only needs
to overcome a free energy barrier of 0.52 eV (TS1). It requires a free energy barrier of
0.61 eV (TS2) for the subsequent oxidative dehydrogenation of *OOH to produce O,.
Finally, the [Pd]"/TS-1@CN is regenerated after the desorption of H,O. Those results
confirm that the self-decomposition of H,O, would easily occur rather than to form
stable reactive oxygen species for DOM when the H,O, is directly used as oxidant.
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Fig. S42 The impact of vacancies on DOM. XPS of O s for TS-1, TS-1@CN and
Pd1/TS-1@CN (a); The electron paramagnetic resonance of TS-1, TS-1@CN and
Pdl/TS-1@CN (b) and the yield of liquid oxygenates over TS-1, TS-1@CN and
Pd1/TS-1@CN (c).

To explore the oxygen vacancies in Pd;/TS-1@CN catalyst, the XPS of O 1s for
TS-1, TS-1@CN and Pd,/TS-1@CN were conducted analyzed. As shown in Fig. S42a,
only one peak at 533.8 eV associated with the lattice oxygen is observed but the peak
at around 531.0 eV associated with the oxygen vacancies is barely observed on the TS-
1141 which indicates that the oxygen vacancies is barely present in TS-1. Our DFT
simulation results also confirm the above experimental result that the formation energy
of oxygen vacancy in TS-1 is 5.98 eV, which suggests it is difficult to form oxygen
vacancies in TS-1144l, Similarly, the XPS results for TS-1@CN and Pd;/TS-1@CN
show that the peaks at 531.0 eV associated with the chemisorbed oxygen species at
oxygen vacancies are negligiblel*+*] which also suggests the oxygen vacancies are
barely present in TS-1@CN and Pd,/TS-1@CN samples.

Alternatively, our electron paramagnetic resonance (EPR) results confirm that
there are significant carbon vacancies. The significant ERP signal (g=2.002) associated
with the unpaired electron on the carbon atoms of the aromatic rings within I1-bonded
nanosheets 26! confirms the presence of more vacancies in both TS-1@CN and Pd,/TS-
1@CN compared with that in TS-1 (Fig. S42b). Therefore, for the specific Pd,/TS-
1@CN catalyst, the vacancies are mainly originated from the carbon defects rather than
the oxygen vacancies.

To identify the impact of the carbon defects on the direct oxidation of methane
(DOM), the DOM was conducted on TS-1 and TS-1@CN but the liquid oxygenates
were not detected (Fig. S42c¢), which suggests the carbon defects in TS-1@CN do not
activate CH4. However, the yield of liquid oxygenates on the Pd;/TS-1@CN is as high

as 606 + 44.6 umol- g.,'-h!. These results indicate that the carbon vacancies do not
play a dominant role in DOM.
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Fig. S43 The impact of Pd, active sites and surface hydroxyl groups on oxidation of
methane. The yield of liquid oxygenates on Pd, active sites and surface hydroxyl groups
(a); the in-situ CH4-DRIFTs of the partial enlarged view of v y region without H, and
O, co-adsorption on Pd;/TS-1@CN (1:100) (b) and after H, and O, co-adsorption on
Pd,/TS-1@CN (1:100) (c).

In addition, to identify the impact of the Pd; active sites and surface hydroxyl
groups on the DOM, the DOM reaction of CH4+H,+0O, and sole CH4 over Pd,/TS-
1@CN (1:100) was conducted. The DOM reaction of CH4+H,+0O; over Pd,/TS-1@CN
(1:100) was to identify the impact of surface hydroxyl groups formed by H,+O, Pd;/TS-
1@CN (1:100) while sole CH4 over Pd/TS-1@CN (1:100) was to identify the impact
of Pd, active sites. As shown in Fig. S43a, the liquid oxygenates of sole CH4 over
Pd,/TS-1@CN (1:100) were not detected, suggesting that the Pd; active sites do not
play a dominant role in generating the surface active oxygen species to drive the DOM.
Moreover, to further verify the origin of reactive oxygen species for the DOM, in-situ
FT-IR was probed. For the in-situ CH4-DRIFTs on Pd;/TS-1@CN (1:100) (Fig. S43b),
when only CHy is introduced without H, and O,, the C-H bond stretching vibration peak
of methane exhibits no redshift. When CH4 was introduced after the co-adsorption of
H, and O, (Fig. S43c¢), the peak of the C-H stretch vibration of methane is gradually
redshifted from 3,017 to 3,015 cm™!. These results indicate that the C-H bond of CH,4
is activated by the surface hydroxyl species on Pd sites rather than the Pd; sites during
the DOM.
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Fig. S44 The in-situ H,+O, DRIFTs on Pd,/TS-1.
For H, and O, DRIFTs on Pd;/TS-1, the surface hydroxyl species adsorbed on

isolated Pd sites are also observed(?3: 46481 which indicates that the H, and O, form
reactive oxygen species and explains the excellent initial catalytic activity.
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Fig. S45 The in-situ H,+O, DRIFTs on Pd/TS-1 NP (a) and the integrated area of Pd-
OH (b).

For H, and O, DRIFTs on Pd/TS-1 NP as shown in Fig. S45a, only H,O peak
cantered at 3,245 cm! can be observed!*%%, and the surface hydroxyl species adsorbed
on Pd particles are barely observed. The integrated IR absorbance of a particular
vibrational mode is well known to be proportional to the number of adsorbed species
and can thus be used as a quantitative measure for the reaction progress.l>!->21 Hence,
the concentration of surface hydroxyl species adsorbed on Pd sites is estimated by
integrating the peak area of Pd-OH peak. The concentration of surface hydroxyl species

is estimated to be zero as shown in Fig. S45b, which explains the poor initial catalytic
activity for DOM.
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Fig. S46 Reaction pathways for methane activation on the Pd;/TS-1@CN.

Fig. S46 presents the models for key intermediate species confined in the channels
of the Pd,/TS-1@CN.
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Fig. S47 Gibbs free energy profiles of oxygen activation at [Pd]*/TS-1@CN site at 288
K with the geometry structures of the corresponding transition states and intermediate
states.

Initially, an O, molecule can readily adsorb onto the mononuclear Pd site,
generating the [PdO,]* (IM1) site with a strong free adsorption energy of -1.13 eV. The
0-O bond of O, is strengthened to 1.34 A, implying the formation of superoxide.!**]
However, it is formidable for O, to capture more electrons from Pd atom to boost O-O
bond activation to generate O,>* or assist the O-O bond breaking towards the
generation of O**. The O-O bond activation of O, at the [PdO,]" site requires
overcoming a free energy barrier of 1.89 eV. Therefore, it is necessary to introduce H,
to assist oxygen activation, which is consistent with the experimental results.
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Fig. S48 Gibbs free energy profiles of direct activation of methane by oxygen at
[PAO,]/TS-1@CN site at 288 K with the geometry structures of the corresponding
transition states and intermediate states.

Initially, an O, molecule can readily adsorb onto the mononuclear Pd site,
generating the [PdO,]" (IM1) site with the formation of superoxide. The direct
activation of methane by O,* as an active oxygen species is difficult and needs to be

overcome a free energy barrier of 1.72 eV, which is consistent with the experimental
results.
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Fig. S49 Gibbs free energy profiles of hydrogen migration of hydroxyl groups at
[PA(OH),]*/TS-1@CN site at 288 K with the geometry structures of the corresponding
transition states and intermediate states.

After the pre-activation of the reaction site generated [Pd(OH),]" site, then two
OH* on Pd atoms are stable and the H migration between the hydroxyl groups is
difficult, which needs to overcome a free energy barrier of 1.47 eV.
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Fig. S50 Gibbs free energy profiles of H, and O, activation at [PAOH]*/TS-1 site at 288
K with the geometry structures of the corresponding transition states (a) and
intermediate states (b).

Oxygen adsorbs on the Pd atom of [PAOH]", forming [PAOH(O,)]" (IM2) with an
adsorption energy of -0.52 eV. The OH* at [PdAOH(O,)]* readily abstracts the hydrogen
atom from H,, resulting in [PdH(O,)(H,O)]" (IM3), which requires overcoming a free
energy barrier of 1.01 eV (TS1). The desorption of H,O is an endothermic process with
an energy requirement of 0.58 eV. Facilitating hydrogen transfer in [PdH(O,)]* (IM4)
to produce OOH* requires overcoming a free energy barrier of 1.15 eV (TS2). H,
dissociates at the [PAOOH]" (IM5) site, requiring overcoming a 0.53 eV free energy
barrier, resulting in [PdH(H,0,)]* (IM6) formation. Finally, the dissociation of the O-
O bond in H,O, requires overcoming a 0.47 eV energy barrier, generating OH* at the
[PAH(OH),]" (IM7) site. Although the OH* adsorbed on Pd can activate methane, the
H adsorbed on Pd is easier to migrate to OH*, only requiring overcome a 0.55 eV free
energy barrier (TS5). The desorption energy of H,O is 0.63 eV.
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Fig. S51 Gibbs free energy profiles of H, and O, activation at Pd-cluster site at 288 K
with the geometry structures of the corresponding transition states (a) and intermediate
states (b).

Oxygen adsorbs onto the Pd atom, forming an intermediate (IM2) with a binding
energy of -1.22 eV. Subsequently, H, adsorbs onto the Pd atom, resulting in an
intermediate (IM3) with a binding energy of -0.56 eV. H; readily dissociates, leading
to the formation of H atoms on the Pd-cluster surface, requiring overcoming a free
energy barrier of 0.31 eV (TSI). The migration of the H atom to O, necessitates
overcoming a free energy barrier of 1.48 eV (TS2), resulting in OOH* formation. The
subsequent hydrogenation of OOH* to H,O,* requires overcoming a free energy barrier
of 0.55 eV (TS3). Favorably, H,O, could easily be dissociated to 20H* with a free
energy barrier of 0.33 eV (TS4). Importantly, the facile proton transfer (G, = 0.51 eV,
TS5) enables the elimination of the OH*.
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Fig. S52 Gibbs free energy profiles of H, and O, activation at Pd(111) surface at 288
K with the geometry structures of the corresponding transition states (a) and
intermediate states (b).

Oxygen adsorbs onto the Pd atom, forming an intermediate (IM2) with a binding
energy of -1.05 eV. Subsequently, H, adsorbs onto the Pd atom, resulting in an
intermediate (IM3) with a binding energy of -0.33 eV. Then, the dehydrogenation of
H, to O, only needs to overcome the 0.21 eV free energy barrier (TS1), resulting in
OOH*(IM4) formation. The subsequent hydrogenation of OOH* to H,O,* requires
overcoming a free energy barrier of 0.71 eV (TS2). The H,O,* could be readily
dissociated into 20H* with a negligible free energy barrier of 0.03 eV (TS3). It is
possible to convert two OH* to O* and H,0, which needs to overcome a free energy
barrier of 0.96 eV (TS4).
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Fig. S53 The free energy barrier of H migration between two hydroxyl groups on
Pd,/TS-1@CN, Pd,/TS-1, Pd (111) surface, and Pd-cluster.

The free energy barrier of H migration between two hydroxyl groups to form H,O
on single Pd site of Pd;/TS-1@CN, Pd,/TS-1, Pd (111) surface and Pd-cluster is further
calculated. The free energy barrier of two surface adsorbed hydroxyl species coupling
into H,O* and O* on the Pd,/TS-1 (0.55 ¢V), Pd cluster (0.96 e¢V), and the Pd (111)
surface (0.51 eV) is much lower than that on Pd;/TS-1@CN (1.47 eV). Those results
indicate that the formed surface adsorbed hydroxyl species enable to stably adsorb on
Pd,/TS-1@CN.
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Fig. S54 The laser-induced-fluorescence spectra of *OH* species on Pd;/TS-1@CN
(1:100). Excitation at 282 nm (a) and Fluorescence detected at 310 nm (b).

It has been reported that the «<OH* radicals on catalyst surface can be excited by
the A?X*(v'=1)«X?I1(v=0) transition at around 282 nm, and the fluorescence of the
A2ZH(v'=1)—>X2TI(v'"=1) transition at around 310 nm can be collected.’*33] Therefore,
the laser-induced fluorescence (LIF) spectra were used to detect the surface *OH*
species. As shown in Fig. S54, the surface *OH" species were clearly detected from the
Pd;/TS-1@CN surface after the treatment of H,+O, by the LIF spectra on the A-X
transition of *OH*. The signals at 282 nm and 310 nm associated with the excitation
and fluorescence of surface *OH* can be clearly observed. Alternatively, no OH-LIF
signals can be observed when the sample was not treated by H,+O,, which suggests no
surface *OH* is formed. Those results clearly confirm the presence of surface *OH*
generated by H, and O, on Pd;/TS-1@CN (1:100).
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Fig. S55 The time-varying product distribution of DOM.

The selectivity of a single product such as methanol or HCOOH can be enhanced
by tuning the reaction time. When the reaction time was shortened to 15 mins, the
selectivity of methanol can reach 93.5% in all products. When the reaction time is
prolonged to 10 h, the selectivity of formic acid is increased to 55.6% from 9.0 % at 1
h. Our DFT calculation results show that the methane was firstly converted to methanol,
and then the methanol was further oxidized to methanediol and finally to formic acid
dominated by surface hydroxyl groups, which verified our above results.

As the reaction time further prolongs, the productivity of Cl oxygenates is
increased to 3,398 pmoleg., '*h-! at 10 h from 606 umoleg., '*h-! at 1 h but the total
selectivity of oxygenated species remains 100%, which indicates that the Pd;/TS-
1@CN (1:100) possesses long-term stability. Furthermore, the yield of methanediol
accumulates approximately 5 times to 1,048 umoleg., 'sh’! at 10 h from 200
umoleg.,. '*h'! at 1 h and formic acid gradually accumulate approximately 34 times to
1,887 umoleg ., '*h'! at 10 h from 55 umoleg., '*h'! at 1 h with the extension of reaction
time, while the yield of methanol exhibits a slight increase to 443 umoleg.,; '*h'! at 10
h from 329 pmoleg., 'sh"! at 1 h. These results indicates that the product generation
process is from methanol to methanediol and finally to formic acid, which is in line
with the DFT calculation as shown in manuscript Fig. 6.
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Fig. S56 (a) A typical chromatogram of Pd/TS-1@CN (1: 106) after DOM. (b)
Standard curve for CO, quantification. The ordinate (Y) represents the content of CO,
and the abscissa (X) represents the peak area of CO, in the chromatogram.

Only CHy (9.8 min) could be detected in GC from gas mixture after DOM and

there is no any CO, peak (20.1 min) observed in the spectrum (the detection limit of
CO; is 1~2 ppm).
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Fig. S57 Typical 'H NMR of liquid mixtures over Pd;/TS-1@CN (1:100). Reaction
conditions: 20 mg catalysts dispersed in 20 ml D.I. H,O, 15 °C with 28 bar CHy, 6 bar

O, and 6 bar H, for 1 h.

All 'TH NMR data were calibrated by phase correction and baseline before
quantitative calculation of products for the DOM.
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methanol, (b) methyl hydroperoxide, (c)
methanediol, (d) formic acid and (e) acetic acid for calculating liquid product after

3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) was used as a
calibration standard to build standard curves. The X-axis represents the peak area ratio
of the product vs DSS (Aproduet:Apss) in the 'H NMR spectrum. The Y-axis represents
the amount of the product vs DSS (npequet:nipss). The R-square of standard curves are
all higher than 0.99, indicating the degree of fitting is reliable.
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Table S1. Catalytic performance of the most promising catalysts in the DOM
reported in literature recently.

Yieldof ~ Selectivity
C Loading PO t T Liquid of Liquid Stability Oxidant/
Catalyst nghtlr.lg/ Oxygenates Oxygenate Atmospher Notes
Potential ] .
W) ban () (o) WOy (el
Pd,/TS-1@CN None 0.94* 282 1 15 9423 100 30 H,+0, v’{(l)l;;
Pdy/TS-1@CN None 094+ 28 1 15 647 100 30 Hy+0, v{(‘)‘r'i
Fe-ferrierite None 0.95 1 1 25 75 - 1 0, Ref [30]
Au/In,0; Xe lamp 0.10%* 20¢ 3 25 1983 97.6 3 0, Ref 171
Aunpy/In, 03 Xe lamp 2.42% 20¢ 3 25 2067 91 3 0, Ref 7]
Ag/TiOxqo1 Xe lamp 3.2 204 2 25 5400 90 - 0, Ref 58]
Au-Co0,/TiO, Xe lamp 1(Au) 204 2 25 2540 95 5 0, Ref B
Aug,Cuq 15-ZnO Xe lamp 0.2(Au) 19¢ 2 25 8900 79 5 0, Ref [60]
q-BivO, Hg lamp - 0f 3 25 766 52 5 0, Ref (6]
Defecgg&?z (H- e lamp ; 1o 125 3620 93.1 5 0, Ref (62
90% A-TiO, Xe lamp - 208 3 25 8090 98 5 O, Ref [63]
Pd-def-1n,04 LED 0.083* 19¢ 3 25 2995 99 5 0O, Ref [40]
Auy;3/c-WO; Xe lamp 0.3 19¢ 24 25 300 100 5 0, Ref [64]
0.1 wt% Au/ZnO Xe lamp 0.1 204 2 25 13145 954 5 0, Ref [63]
Cu-def-WO, LED 0.029%* 19¢ 2 25 2490 96.5 5 0, Ref [66]
ER-MoS, None - 0.1b 24 25 1.69 99 10 0, Ref [67]
Cu, @C;3N,4 Xe lamp 0.35 10i 1 50 4897 98 5 0, Ref 23]
Au,/BP Xe lamp 0.20%* 30i 2 90 113.5 99 10 0, Ref [68]
Ce-UiO-Cu(OH) None 5.36* 30K 40 115 8378 96 - O, Ref [6]
Rug It s0,/CuO None 1(1:1) 3! 3150 450 100 5 0, Ref [70]
IrO,/Cu0O None 0.9(Ir)* 20m 3 150 680 - 5 0, Ref ["1]
Cu/ZIF-8 None 20 1n 6 200 0.13 68 1 0, Ref [72]
Au-ZSM-5 None 0.5 23.2° 1 240 24 73 3 0, Ref [73]
PMOF-RuFe(OH)  Xelamp  2.6(Fe) 05 2 25 3485 100 10 0+H,0  Refl™
As-prepared Ir None 3.06* 194 3 150 3682.2 67.5 5 CO+0, Ref 7]
H,-treated Ir None 3.06 194 3 150 3300 62 1 CO+0, Ref [73]
Ir;Cu,Pdy -ZSM-5 None 1.39(Ir)* 20" 1 150 1270 85 4 CO+0, Ref [76]
Rh,/ZSM-5 None 0.5 20r 1 150 2721 100 - CO+0, Ref [77]
1.0Rh/TiO,/Cu?* None 1 23s 1 150 5200 99 4 CO+0O, Ref [78]
Au/H-MOR None 0.46* 20t 1 150 1377 80 5 CO+0, Ref [
Rh/ZSM-5 None 0.1 10v 1 150 8786 100 - CO+0, Ref 1801
Rh;/PMOF Xe lamp 5.05%* 15v 3 150 28333 78 7 CO+0, Ref 811
(PUNPW)/TiO, Pllagr'nie 0.5 oY 4 20 2 10.2 3 CO+H,0  Ref®
Fe-BN/ZSM-5 None 0.31* 24x 6 50 350 82 4 CO+H,0, Ref [83]
AuPd/TiO, None 5(1:1) 30.5 0.5 2 53 83.0 - H,+0O, Ref [41]
Pd/CsPMA None 0.25(Pd) 20y 0.08 25 67.4 100 5 H,+0O, Ref [42]
AuPd/TiO, None 5(1:1) 30.5 0.5 50 116 83.3 - H,+0O, Ref [41]
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AuPd@ZSM-5-C16 None 5 0'(148 0.5 70 4600
PdoAu; NWs None 100 20f 05 70 2890
PdCu/Z-5 None 0. lt(Pd) 24~ 1 120 1630
AC-Coy/PCNgoy Xe lamp 4.01* 8 6 25 296
ZnO/Fe,03 Xe lamp 6(Fe) 1 1.5 25 119.3
W-SA-PCN-7.5 Xe lamp 0.47* 5 5 25 991
Fe-N-C SAC 1.6 Vrue 1.45* 1 05 25 191.3#
TiIOyRUO/V:05s 2.0 Vewg '6(;/205 11 25 306
Rh/ZnO 2.2 VruE 0.58%* 1 - 25 928
NiO/Ni 1.4 Vrur 3.02% 1 1 25 32
Z1r0,-NT/Co304 1.6 Vyue - 1 12 25 7106
Cu/AlL,O;@NH,BF, 2.0 Vrye 1 1 25 3641
Ga,0; Xe lamp - 1 40 355
Au-Pd colloid None 100 30 0.5 23 8600
FeO,/TiO, Xe lamp 0.33* - 3 25 350
FeN,/GN None 2.7* 20 10 25 240
Fe/ZSM-5(66) None 0.03* 30 05 25 7250
ZnO nanosheets Xe lamp - 1 1 50 2210
Cu-F e(2/(;. 1)/ZSM- None 0.1 3*(Fe) 30 05 50 9200
Cu,/ZSM-5 None 0.34* 30 0.5 50 8400
Cu-Fe/ZSM-5 None 2.5 (Fe) 30.5 0.5 50 8200
Fe/ZSM-5 None 2.5 30.5 0.5 50 820
Au-Pd/TiO, None 1(1:1) 30,5 05 50 500
Pd,/ZSM-5 None 0.01 30 0.5 50 7600
Ui0-66-H None - 30 0.5 50 364
Cr/TiO, None 1 30 1 50 4390
Rh,/CeO, NWs None 0.29* 5 1 50 7000
Pd;»5Cuyg 75s0/C None 1(1:3) 5 1 50 2400
0.75FeCA800-4 None 0.1(Fe) 1 1.5 50 13.2
0.72Ru,/Ui0-66 None 0.72* 30 0.25 60 3703
MIL-53(Fe,Al) None 0.3 30.5 2 60 3900
Rh,/ZrO, None 0.3* 30 0.5 70 760

100
99
95

98

100
100
100

100

100
100
100
100
95
93
90
94
99
90.7

96

99
85
83
85
96
100
93
93
82
100
100
76
78

10

10
20

24(h)t
24(h)t
10(h)t
25(h)¢
10

A U N W W

H,+0,
H,+0,
H,+0,

H,0
H,0
H,0
H,0

H,O

H,O
H,O
H,O
H,O
H,O
H,0,
H,0,
H,0,
H,0,
H,0,

H202

H,0,
H,0,
H,0,
H,0,
H,0,
H,0,
H,0,
H,0,
H,0,
H,0,
H,0,
H,0,
H,0,

Ref 84
Ref 185)
Ref 186)

Ref [87]
Ref [88]
Ref 8]
Ref [%0]

Ref P11

Ref [2]
Ref [93]
Ref 94
Ref %]
Ref 1%¢]
Ref 1¥7]
Ref [%8]
Ref [
Ref [100]
Ref [101]

Ref [102]

Ref [103]
Ref [104]
Ref [104]
Ref [105]
Ref [106]
Ref [107]
Ref [108]
Ref [109]
Ref [110]
Ref [111]
Ref [112]
Ref [113]
Ref [114]

*: The actual loading of metal measured by ICP.
©: Pressure of methane.

#: The yield calculated on the basis of the overall catalyst weight.
£: Time (hours) is denoted as the stability of current density during the DOM.

a: Gas mixture contains 6 bar H,, 6 bar O,, 28 bar CHj.

b: Gas mixture contains 1.2 bar H,, 6 bar O,, 28 bar CH, and 4.8 bar Ar, which is out

of the explosive limits of CH4/H,/O, mixtures system (Table S7).

c¢: Gas mixture contains 10 bar O,, 20 bar CH,.
d: Gas mixture contains 1 bar O,, 20 bar CH,.
e: Gas mixture contains 1 bar O,, 19 bar CHy.
f: Gas mixture contains 10 bar O,, 10 bar CHy.
g: Gas mixture contains 5 bar O,, 20 bar CH,.
h: Gas mixture contains 1 bar O,, 0.1 bar CH,.
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i: Feed gas at 3.0 MPa with 1.0 MPa CHg, 0.5 MPa O, 1.5MPa N,.

Jj: Gas mixture contains 3 bar O,, 30 bar CH,.

k: Gas mixture contains 6 bar O,, 30 bar CHy.

1: Gas mixture contains 1 bar air, 3 bar CHy.

m: Gas mixture contains 1 bar air, 20 bar CHy.

n: Gas mixture contains 1 bar O,, 1 bar CHy.

o: Gas mixture contains 1 bar O,, 23.2 bar CH,.

p: Gas mixture contains 0.5 bar O,, 0.5 bar CHj.

q: Gas mixture contains 4 bar O,, 5 bar CO, 19 bar CH,.

r: Gas mixture contains 2 bar O,, 5 bar CO, 20 bar CH,.

s: Gas mixture contains 3 bar O,, 5 bar CO, 23 bar CHy,.

t: Gas mixture contains 5 bar O,, 5 bar CO, 20 bar CHy.

u: Gas mixture contains 2 bar O,, 5 bar CO, 10 bar CHy.

v: Gas mixture contains 4 bar O,, 5 bar CO, 15 bar CH,.

w: Gas mixture contains 2 bar CO, 8 bar CH,.

x: Gas mixture contains 1 bar N,, 5 bar CO, 24 bar CH,.

y: Feed gas at 4.0 MPa with 0.4 MPa H,, 0.03 MPa O,, 1.0 MPa CHy4, 2.57 MPa N,.

z: Feed gas at 3.0 MPa with 0.099 MPa H,, 0.198 MPa O,, 0.048 MPa CHy, 1.851 MPa
Ar, 0.804 MPa He.

n: Gas mixture contains 3 bar O,, 8 bar H,, 24 bar CHj,.
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Table S2. The Sggr and pore volume of different catalysts.

Sample Sger (M?/g) Viore (cm*/g)
Pd,/TS-1 388.2 0.272
Pd;/TS-1@CN (1:100) 386.2 0.268
Pd;/TS-1@CN (1:5) 355.8 0.221
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Table S3. Actual Pd loading of before and after used Pd,/TS-1 samples.

Samples Pd content* (w. t.%)
Pd,/TS-1 fresh 0.95
Pd;/TS-1 used 0.95

*: The data was used to determinate the actual loading of metal by ICP-OES.
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Table S4. EXAFS fitting results for Pd,/TS-1.

Sample Path CN. R (A) 0% (A?) AE (eV) R-factor
Pd-Oon 1.0 2.12 0.00073
Pd,/TS-1 1.33 0.017
Pd-Opm 2.0 2.00 0.00177

CN. is the coordination number; R is interatomic distance (the bond length between
central atoms and surrounding coordination atoms); o? is Debye-Waller factor (a
measure of thermal and static disorder in absorber-scatterer distances); AE is edge-
energy shift (the difference between the zero kinetic energy value of the sample and
that of the theoretical model). R factor is used to value the goodness of the fitting.
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Table S5. EXAFS fitting results for Pd,/TS-1@CN (1:100).

Sample Path CN. R (A) c% (A?) AE (eV) R-factor
Pd-N 1.0 2.06 0.00072
Pd,/TS-1@CN (1:100) 1.20 0.009
Pd-Opym 2.0 2.02 0.00013

CN. is the coordination number; R is interatomic distance (the bond length between
central atoms and surrounding coordination atoms); o is Debye-Waller factor (a
measure of thermal and static disorder in absorber-scatterer distances); AE is edge-
energy shift (the difference between the zero kinetic energy value of the sample and
that of the theoretical model). R factor is used to value the goodness of the fitting.
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Table S6. Bader charge analysis of Pd cation at different sites.

Site Bader charge of Pd (Je|) Valence state
Pd,/TS-1 +0.38 +1
Pd;/TS-1@CN +0.52 +1
Pd,O bulk +0.41 +1
PdO bulk +0.89 +2

We performed the Bader charge analysis to identify the valence state of the
palladium cations in the key intermediates with reference to the Bader charges of Pd*
in bulk Pd,O, Pd?*" in bulk PdO.
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Table S7. The explosive limits of CH,/H,/O, mixtures system.

Explosive limits of sole Explosive limits of

Gas Pressure Concentration component in air Concentration of flammable mixtures system
(bar) (%) gas mixtures (%)
LFL (%) UFL (%) LFL i (%)  UFLyix (%)
H, 1.2 3 4 75.6
CH,4 28 70 5.3 15
73 5.23 15.51

0, 6 15 / /

Ar 4.8 12 / /

The reaction condition of DOM over the synthesized Pd;/TS-1@CN catalysts has
been changed at 70% CH,, 15% O,, 3% H,, 12% Ar with a total pressure of 4 MPa
which is out of the explosive limits of CH4/H,/O, mixtures system. The lower
flammability limit (LFL) and the upper flammability limit (UFL) for mixture gas is
measured as:

LFL . = (6)

Y
LFL,

i=1
LFL; is the lower flammable limit for component i1 (in volume%) of component 1
in fuel and air, y; is the mole fraction of component 1 on a combustible basis, and n is
the number of combustible species.
Similarly
1
UFL, . = %)

mix
n
Vi

UFL,

i=1

The calculated explosion zone is 5.23%-15.51% and the flammability gas in our

system is 73% which is not in the explosion zone. Meanwhile, 3% H, also allows the
H; concentration to fall within the explosion limit range of H,/O,.
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Table S8. Intensity of hydroxyl radicals signal in EPR data.

Intensity of hydroxyl ) S
Catalyst radical signal (a. u.)* Totaéalnlie)nsny Norr&al:lz?tlon
a b c d o T
Added-H,0, 497 1033 959 484 2973 ~49
In situ Hy+O, 11 20 21 10 62 1

*: The signal intensity of hydroxyl radical is determined by the area of the integral
peak.

The amount of hydroxyl radical species from in situ H+O, sample is defined as
“1”. The amount of hydroxyl radical species produced by dissociating hydrogen
peroxide of the additionally added H,O, is ~49 times higher than that of the in situ
H,+0O, sample.
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Table S9. The free energy barrier of activation of CH,4 in the micropores of TS-1
solution at 288 K.

Elementary steps AG* (eV)
CH, + *OH* — *CH; + H,O 0.92
CH, + OH* — *CH; + H,0 1.49
CH,4 + *OH — *CH; + H,0O 1.34

The Bader charge analysis (Table S10, ESIT) reveals that the two surface adsorbed
hydroxyl species formed from H, and O, on Pd;/TS-1@CN can be classified as one
hydroxyl radical (*OH*) and one hydroxyl anion (OH *) at [Pd(OH),]*. The activities
of two hydroxyl species adsorbed on the surface and free hydroxyl radicals (free *OH)
to activate methane C-H bonds were calculated and compared.
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Table S10. Bader charge analysis of oxygen species at different sites.

Site Bader charge of O (Je|) Oxygen species
[PAOH]*/TS-1 -1.08 OH-*
[PdH(OH),]*/TS-1 -0.86, -1.02 *OH*, OH*
[PdO,]*/TS-1@CN -0.66 O
[PA(OH),]*/TS-1@CN -0.63, -1.01 *OH*, OH*
[Pd(OH)(H,0)]*/TS-1@CN -0.95 OH*
[(OH),]-Pdctuster -1.09, -1.27 OH-*, OH*
[(OH),]-Pd(111) -1.01,-1.02 OH-*, OH-*
Free «OH -0.60 *OH
Hy0, -0.62 0/0,>
H,O -1.12 0k

According to the recent work!! 151171 the formal charge of the oxygen species could
be identified based on the reference Bader charges of the O/0O,% in H,0, (-0.62 |e|) and
the O? in H,O (-1.12 |e|). The Bader charge of the key site of Pd;/TS-1@CN was
calculated, and the charge of the key oxygen species was listed from the above table,
further indicating the state of the adsorbed hydroxyl group.
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