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Supplementary Figure 1 | Morphology of BP and Aui/BP nanosheets. (a) TEM image of BP
nanosheets. (b) TEM image of Aui/BP nanosheets.

S2



Thickness (nm)

0 20 40 60 80 100 120
Position (nm)

o

Thickness (nm)

0 20 40 60 8 100 120
Position (nm)

Supplementary Figure 2 | Morphology of BP and Aui/BP nanosheets. (a) AFM image and (b)
height profile of BP nanosheets. (c) AFM image and (d) height profile of Aui/BP nanosheets.
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Supplementary Figure 3 | HAADF-STEM images of Aui/BP nanosheets.
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Supplementary Figure 4 | Characterizations of Au NPs/BP nanosheets. (a) TEM image of Au
NPs/BP nanosheets. (b) HAADF-STEM image of Au NPs/BP nanosheets. (c) HAADF-STEM

image of an individual Au nanoparticle. (d) Size distribution diagram of Au NPs/BP nanosheets.
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Supplementary Figure 5 | XRD patterns of BP and Aui/BP nanosheets.

S6



Au,/BP nanosheets

Intensity (a.u.)

BP nanosheets

300 350 400 450 500 550 600

Wavenumber (cm™)

Supplementary Figure 6 | Raman spectra of BP and Aui/BP nanosheets.
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Supplementary Table 1 | EXAFS fitting results of Aui/BP nanosheets before and after

catalytic tests.

Au-P Au-Au
Sample D. W. AEg (eV)
R (A) CN R (A) CN
Au foil - - 2.86+0.01 12.0 0.008+0.001 4.0+0.5
Aui/BP nanosheets | 2.33+0.01 | 2.0+0.1 - - 6.8+1.7
0.008 (Au)

Aui/BP nanosheets

o 2.44+0.02 | 2.6+0.3 - - 0.003 (P) 17.442.8
after 10 in-situ cycles

R, distance between absorber and backscatter atoms; CN, coordination number; D. W,

Debye-Waller factor; AEo, inner potential correction to account for the difference in the inner

potential between the sample and the reference compound.
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Supplementary Figure 7 | High-resolution ClI 2p XPS spectrum of Aui/BP nanosheets.

S9



a 0.90 b
— BP nanosheets —— BP nanosheets
Au,/BP nanosheets —— Au,/BP nanosheets
0.854
[0
2
8 £
5 0.80- 3
172 ~
Q
<
0.754
0.70 T T T T T
300 600 900 1200 1500 1800 1 2 3 4
Wavelength (nm) Energy (eV)
O BP nanosheets g d — BP nanosheets
o Au,/BP nanosheets 0 Au,/BP nanosheets
34 é
£ B El
£ # s
s ¢ >
o $ ‘@
5 C
~ Q
2 1 = ‘
\ Fermi Level
-0.35V 1 v :
) -0.35V N\ 1elev o
il s 1.35 eV '
-0.45 -0.40 -0.35 0.30 0.25 5 4 3 2 1 0
E (V vs. RHE) Binding Energy (eV)
e pH=7
35 -1.0
Y -049V
& 045V - L 05
45 0.0
> 1.45eV Taaey S
~ 50 L0.5 o
g &
s 55 ve  F10 7,
L ooy ¢ 0.96V =
w >
-6.0 BP nanosheets Au,/BP nanosheets 1.5
-6.5 2.0
-7.0 -2.5

Supplementary Figure 8 | Band structures of BP and Aui/BP nanosheets. (a) UV-vis-NIR

absorption spectra and (b) the corresponding Tauc plots of BP and Aui/BP nanosheets. (c)
Mott-Schottky plots of BP and Aui/BP nanosheets. (d) Valence XPS spectra of BP and Aui/BP

nanosheets. (e) Band structures of BP and Aui/BP nanosheets.
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Supplementary Figure 9 | Characterizations of Pti/BP, Rhi1/BP, and Pdi/BP nanosheets.
TEM images of (a) Pti/BP, (b) Rh1/BP, and (c) Pd:/BP nanosheets. HAADF-STEM images of (d)
Pt1/BP, (e) Rhi/BP, and (f) Pd1/BP nanosheets. Magnified HAADF-STEM images of (g) Pt1/BP,
(h) Rh1/BP, and (i) Pd1/BP nanosheets.
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Supplementary Figure 10 | Characterizations of Pt NPs/BP, Rh NPs/BP, and Pd NPs/BP

nanosheets. TEM images of (a) Pt NPs/BP, (b) Rh NPs/BP, and (c) Pd NPs/BP nanosheets.
Particle size distribution diagrams of (d) Pt NPs/BP, (e) Rh NPs/BP, and (f) Pd NPs/BP

nanosheets.
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Supplementary Figure 11 | DRIFTS spectra of different catalysts using CO as a probe

molecule.
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Supplementary Table 2 | Assignment of DRIFTS peaks in Supplementary Figure 10.

] Wavenumber  Literature value
Catalyst Surface species Reference
(cm™) (cm™)
Linear Pt-(CO) 2056 2020
Pt NPs/BP _
Bridge Pt-(CO) 1845 1850 S1
Pt./BP Linear Pt-(CO) 2092 2088
Rh-(CO): 2091, 2022 2116, 2049
Rh NPs/BP Linear Rh-(CO) 2058 2082 -
Bridge Rh-(CO) 1853 1885
Rh1/BP Rh-(CO): 2089, 2023 2116, 2049
Pd NPs/BP Bridge Pd-(CO) 1894 1978 S3
Pd:/BP Linear Pd-(CO) 2051 2030 S4
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Supplementary Figure 12 | Spectrum of the incident light source.
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Supplementary Figure 13 | Comparison of the catalytic performance of different BP
nanosheets based catalysts. Reaction conditions: 200 mg catalyst, 30 bar CH4, 3.0 bar O, 20
mL water, 90 <C, 2 h, light power 1.2 W, irradiation area 3.14 cm™,
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Supplementary Table 3 | Comparison of catalytic performance reported in this work and

representative results from published works.

Catalyst Reaction conditions Catalytic Activity é\g Ieet ;?\:%I, Reference
30 bar CHg, 3 bar O3 56
Auy/BP 90 °C, Under ' >99% This work
irradiation MOl etrano/ MOl au/h
Atmospheric CHa
O.33meta|Wt.% H202 - 0
FeO,/TiO, Room temperature 5.95 MOl methanol/MOlre/N >90% S5
Under irradiation
50 bar CHy4, 10 bar CO 2.71
0 - ' ' -
0.10 Wt%RN/ZSM-5 8 bar O, 150 °C molcrsor/molry/h S6
. 20 bar CH4, 5 bar CO ~1.31
0 ' 0,
0.6 wt% RN/TIO: 2 bar O, 150 °C MOl methanot/MOlg/h 100% 52
3.0 MPa
3.3% H2/6.6% 0,/1.6% ~13.9 0
AUPIIZSM-5-Cis "1 /61706 Ar26.8%  molcrsor/molauealh 92% St
He, 70 °C
. 30 bar CHa, 2.303 0
Au-Pd colloids 5 bar Oy, H,0,, 70 °C MOlchHzoH/MOlmetarh 92% S8
Atmospheric CH4
Cu-0.5/PCN No extra oxidant ~0.31 i 39
Room temperature MOl methanol/MOlcu/h
Under irradiation
. 3 MPa CHa, ~0.65 £ A0
UiO-66(2.5TFA)-Fe Ho02, 50 °C molerson/moled/h 5.4% S10
15 bar CHg4, 5 bar O,
AUO_75/ZHO 30°C ~18.0 mO|CH30H/mO|Au/h 99.1% S11
Under irradiation
FeN4/GN-2.7 az'\(")zazg'jé ~0.47 MOlmetrano/Molge/h i S12
0.13 wt %
AuPd/Rutile TiO; 3@'?"";&%“ 6.8 molcrson/molmew/h  9.3% s13
(800 °C treated) 222
0,
0.3 wt% Rh/Zl‘Oz Zﬁégga;ocg:‘l ~1.25 moICHgoH/moth/h 64.1% S14
Atmospheric CH4
BiVO4-V205 No e)_ft;(a) (O)éldant 3.3 Um0|c|-|30|-|/gcat/h 100% S15

Under irradiation
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Supplementary Figure 14 | Time courses for partial oxidation of methane over Aui/BP
nanosheets at (a) 50 °C, (b) 60 °C, (c) 70 °C, (d) 80 °C, and (e) 90 °C. Reaction conditions: 200

mg catalyst, 30 bar CHa, 3 bar O, full spectrum light, irradiation area 3.14 cm™
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Supplementary Figure 15 | Catalytic performance of supernate after one reaction cycle,
HAUCIz-H3PO4, and Au(OH)s-HsPO4 aqueous solution. After a 2-h reaction over Aui/BP
nanonsheets, the catalysts were removed by centrifugation. After the centrifugation, we collected
the supernate as the catalyst for an additional 2-h reaction under the same conditions. The
HAUCI4-H3PO4 and Au(OH)3-H3PO4 experiments were conducted with a total amount of Au of
0.4 mg and P of 200 mg.
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Supplementary Figure 16 | Wavelength-dependent apparent quantum yields (AQY) of
methanol for Aui/BP nanosheets under the irradiation of various monochromatic lights.

Error bars represent standard deviation from three independent measurements.
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Supplementary Figure 17 | Influence of CH4 and O partial pressure. (a) Product yields over
Aui1/BP nanosheets under different CH4 pressures. Reaction conditions: 200 mg catalyst, 20 mL
water, 3 bar Oz, 90 T, light power 1.2 W, irradiation area 3.14 cm, 2 h. (b) Product yields over
Aui/BP nanosheets under different O pressures. Reaction conditions: 200 mg catalyst, 20 mL
water, 30 bar CHg4, 90 <TC, light power 1.2 W, irradiation area 3.14 cm™, 2 h.
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Supplementary Figure 18 | Influence of water amount and stirring rate. (a) Product yields
over Aui/BP nanosheets under different water amount. Reaction conditions: 200 mg catalyst, 30
bar CHa, 3 bar Oz, 90 T, full spectrum light, light power 1.2 W, irradiation area 3.14 cm=, 2 h.
(b) Product yields over Aui/BP nanosheets under different stirring rate. Reaction conditions: 200
mg catalyst, 20 mL H20, 30 bar CH4, 3 bar Oz, 90 <C, full spectrum light, light power 1.2 W,
irradiation area 3.14 cm™, 2 h.
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Supplementary Figure 19 | Characterization of Aui/BP nanosheets after 10 in-situ cycles in
comparison with the fresh catalyst. (a) HAADF-STEM image of Aui/BP nanosheets after 10
in-situ cycles. (b) XANES spectrum and (c) EXAFS spectrum of Aui/BP nanosheets after 10

in-situ cycles. Au foil, Au2O3z, and fresh Aui/BP nanosheets were used as the references. For each
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cycle, the catalytic reaction was operated under 33 bar (CH4:02 = 10:1) at 90 °C for 2 h.
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Supplementary Table 4 | Assignment of in-situ DRIFTS peaks observed in this study.

Surface Calculated Experimental Literature
. 1 1 1 Reference

species wavenumber (cm™) wavenumber (cm™) value (cm™)

P-O-P 820 911 891 s16
P=0 1183 1246 1286

P-OH 3561, 3267 3350 3734 S17
CHs* - 3015, 1304 3015, 1304 S9
CHs* 1408 1456 1457 S8
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Supplementary Figure 20 | Isotope labeling DRIFTS spectra. (a) In-situ DRIFTS spectra of
BP nanosheets purged by 1 bar of '°0, or 80, at 90 °C under light irradiation. (b) In-situ
DRIFTS spectra of BP nanosheets purged by 1 bar of *60,/H,*0, 80,/H,*0, or 80,/H,®0 at
90 °C under light irradiation. Background spectra were acquired after flowing under 1 bar of N
with the rate of 20 sccm at 150 °C for 0.5 h, followed by cooling to 90 °C.
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Supplementary Figure 21 | Quasi-situ XPS studies of Aui/BP nanosheets. Quasi-situ XPS
spectra of (a) O 1s and (b) Au 4f for Aui/BP nanosheets after the treatment with O2/H.O in the
dark or under light irradiation (1.2 W) at 90 °C in comparison with those without any treatment.
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Supplementary Figure 22 | *H solid NMR spectrum of Aui/BP nanosheets pre-treated with
O2/H20 under light irradiation (1.2 W) at 90 °C. Au(OH)3z was used as the references.
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Supplementary Figure 23 | Adsorption configuration of two O atoms on Aui/BP nanosheets.
Yellow, violet, pink, and red spheres represent Au, surface P, subsurface P, and O atoms,

respectively.
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Reaction Coordinates
Supplementary Figure 24 | (a) Configurations and (b) reaction path of oxygen activation

under light irradiation. Violet, pink, red, and white spheres represent Au, surface P, subsurface

P, O, and H atoms, respectively.
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Supplementary Figure 25 | In-situ DRIFTS spectra of pre-treated Aui/BP nanosheets
purged by 1 bar of CH4 at 90 °C in the dark. Pre-treatment: Catalysts were purged by 1 bar of
02/H20 at 90 °C for 0.5 h under light irradiation, followed by 1 bar of N2 at 150 °C for 0.5 h.
Afterwards, the catalysts were purged by 1 bar of CH4 at 25 °C for 0.5 h to obtain background

spectra.
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Supplementary Figure 26 | CH4-TPSR studies of Aui/BP nanosheets. TPSR-MS profiles of
Au1/BP nanosheets after the pre-treatment (a, b) in the dark and (c, d) under light irradiation. For
pre-treatment, the catalyst was dispersed in H2'®O within a vial under Oz at 90 °C for 0.5 h,

followed by being dried in vacuum oven.
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Reaction Coordinates

Supplementary Figure 27 | (a) Configurations and (b) reaction path for CH4 oxidation in
the dark after O2 activation in the dark. For each configuration, the top image shows the top
view, while the bottom image shows the side view. Yellow, violet, pink, red, grey, and white
spheres represent Au, surface P, subsurface P, O, C, and H atoms, respectively. In configuration 11,
the distance between the O atom in P-OH and the C atom in CHs* is 3.477 A, while that between
the O atom in P-OH and the Au atom is 3.147 A
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Supplementary Table 5 | Reaction energy of CH4 activation over all possible active sites on

AuU/BP nanosheets.

Reaction Reaction Energy
CH4 + 2P — P-CH3z + P-H 2.08
CH4 +2P=0 — P-O-CH3 + P-OH 2.28
CH4+P=0O+P — P-O-CHs + P-H 2.59
CH4 +P=0O + P — P-CH3z + P-OH 1.78
CH4 + P-OH — P-CHs + H20 0.31
CHs + P-OH — CH3OH + HP 1.26
CH4+P=0 — CH30H + + P 0.96
CH4 + P=0O + P-OH — P-O-CHs3 + H.O + P 0.82
CHs+Au+P — Au-CHsz + P-H 0.62
CH4+Au+ P — P-CH3z + Au-H 0.34
CH4 + Au + P=O — Au-CH3s + P-OH 0.32
CH4 + Au + P=O — P-O-CH3s + Au-H 0.84
CH4 + Au + P-OH — Au-H + CH30H -0.48
CH4 + Au + P-OH — Au-CHs + H20 -1.14
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Supplementary Figure 28 | (a) Configurations and (b) reaction path for CH4 oxidation in
the dark after Oz activation under light irradiation. For each configuration, the top image
shows the top view, while the bottom image shows the side view. Yellow, violet, pink, red, grey,

and white spheres represent Au, surface P, subsurface P, O, C, and H atoms, respectively.

S34



1.5
a | &) O O Lo 0C Co b
g U (€9 U@ «Q «® T
SO Y99 B4 B¢ e B4y 0 B > TS
g v g k(:(./ Q Q9 > 054
U) 2 .
u(k 5% o Ce 0C od| 5 A .
c %
w  00- . CH3-AU
G ;
CH/* TS CH,-Au = *
& 9 S o CH,
?\/ \t\’ o _% -0.5
Ox O ’ O o
Q -1.04
O U0 Ul 00 G o G 15

Reaction Coordinates

Supplementary Figure 29 | (a) Configurations and (b) reaction path for partial oxidation of
methane by P=0O species over Aui/BP nanosheets. For each configuration, the top image
shows the top view, while the bottom image shows the side view. Yellow, violet, pink, red, grey,

and white spheres represent Au, surface P, subsurface P, O, C, and H atoms, respectively.
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Supplementary Figure 30 | Reaction energy of methane dehydrogenation over Aui/BP

nanosheets.
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Supplementary Figure 31 | Calculated energy barriers for methanol oxidation. (a) Reaction
path of methanol oxidation by P-OH and P=O species. (b) Configurations of intermediates
during methanol oxidation by P-OH species. (b) Configurations of intermediates during
methanol oxidation by P=0 species. For each configuration, the top image shows the top view,
while the bottom image shows the side view. Yellow, violet, pink, red, grey, and white spheres

represent Au, surface P, subsurface P, O, C, and H atoms, respectively.
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