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1. Supplementary Methods

Chemicals and POPs synthesis
Chemicals

5,10,15,20-Tetrakis(4-aminophenyl)-21H,23H-porphyrin (TAPP, 97%, Alfa
Aesar), 5,5'.5"-(benzene-1,3,5-triyl)tripicolinaldehyde (TTPD, 97%, Alfa Aesar),
acetonitrile (MeCN, 99%, Keshi), MoCls (99.6%, Aladdin), ethanol (99.7%, Keshi),
triethanolamine (TEOA, 99%, Aladdin), Cu(OAc),'H.O (98%, Macklin), tris(2,2'-
bipyridyl)  ruthenium(Il)  chloride hexahydrate (98%, Macklin), 1,3,5-
trimethylbenzene (98%, Aladdin), Co(NO)s-6H,0 (98 %, Alfa Aesar), methanol (99%,
Keshi), 1,4-dioxane (99.7%, Damas-beta), Ni(OAc),'4H,O (99%, Macklin),
tetrahydrofuran (THF, 99%, Deen reagent), 2,2'-bipyridine ( 99%, J&K Chemical),
Zn(NO)3-6H,0 (99%, Aladdin), and Nafion D520 dispersion solution (DuPont) were
used as received. Ar gas (99.99 vol%) and CO; gas (99.999 vol%,) were purchased
from Xinxiang Yuxin Gas Manufacturing Co. Ltd.
Synthesis of Por-POP-Mo

Por-POP (10.00 mg), MoCl;s (30.00 mg, 0.11 mmol), and 2,2'-bipyridine (17.18
mg, 0.11 mmol) were added to acetonitrile solution under a nitrogen atmosphere. The
reaction mixture was refluxed at 95 °C for 24 h. After centrifugation, the resultant
powder was washed several times with acetonitrile and methanol successively to
ensure the removal of residual metal ions. Finally, the product was dried at 80 °C
under vacuum for 12 h. The content of Mo atom was 13.2 wt% as determined by
inductively coupled plasma—mass spectrometry.
Materials characterization

Field emission scanning electron microscope (FESEM) images were obtained on
JEOL JSM-6390L. Fourier transform infrared (FTIR) spectra were recorded on a
Perking Elmer Spectrum 400F spectroscopy. CO, adsorption isotherms were
measured at 25 °C by using a Quantachrome Autosorb-iQ adsorption analyzer after
degassing at 200 °C for 12 h. X-ray diffraction (XRD) patterns of all sample powders

were measured by a X’Pert3 Powder Advance diffractometer with monochromatized
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Cu Ka radiation operating at 45 kV and 40 mA. Transmission electron microscope
(TEM) images and energy-dispersive X-ray spectra (EDS) were acquired using a
JEM-ARMB3O00F electron microscope at 200 kV. The N adsorption and desorption
isotherms were determined at -196 °C by a Quantachrome Autosorb-iQ adsorption
analyzer after degassing at 200 °C for 8 h. The Brunauer-Emmet-Teller (BET) and
nonlocal density functional theory (NLDFT) models were used to determine specific
surface areas and pore size distributions. The inductively coupled plasma-mass
spectrum (ICP-MS) of metal elements was recorded on the Agilent 7700 spectroscopy.
Thermogravimetric analysis (TGA) was measured from 25 to 600 °C under N
atmosphere with a heating rate of 10 °C min? using a NETZSCH STA449C thermal
analyzer.

The steady-state photoluminescence (PL) spectra and PL decay spectra were
measured by a FLS980 Fluorescence Spectrometer (UK). Electrochemical tests were
performed by a CHI 660E electrochemical working station (Shanghai). Solid-state
UV-vis diffuse reflectance spectra of the samples were collected on a Perkin Elmer
Lambda 950 spectroscopy (USA) using BaSOq as the reference. X-ray photoelectron
spectroscopy (XPS) analysis was performed using the Thermo Scientific K-Alpha
electron energy spectrometer with Al Ko (1486.6 eV) radiation as the X-ray excitation
source and all XPS data were corrected by standard C 1s peak (284.6 e¢V). The quasi-
in-situ XPS spectra were recorded using a Thermo Fisher SCIENTIFIC ESCALAB
250 (USA) spectrometer. X-ray absorption fine structure (XAFS) spectra (Cu K-edge
and Mo K-edge) were collected at the 1 W1B station in Beijing Synchrotron Radiation
Facility (BSRF) operated at 2.5 GeV with a maximum current of 250 mA.
Photoelectrochemical measurements

The photoelectrochemical measurements were carried out with a standard three-
electrode system by a Gamry CHI 660E electrochemical workstation. For the three-
electrode system, the saturated Ag/AgCl electrode, Pt mesh (1.0x1.0 cm?), and the
photocatalysts modified indium tin oxide (ITO) glass were used as the reference

electrode, counter electrode, and working electrode, respectively. For the preparation
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of working electrode, 5.00 mg of the as-prepared photocatalyst and 15 L of Nafion
solution were dispersed in 85 L ethanol, and sonicated for 30 min. Then, the 100 L
photocatalyst colloid was spread evenly on the surface of ITO conductive glass
(1.0x1.0 cm?). After drying in the air at room temperature, the working electrode was
stored in petri dishes for related tests. The photoelectric test was carried out in 0.500
M aqueous sodium sulfate solution under light illumination or dark, and 300 W Xe
lamp (cut 420 nm) was used as a light source. Mott-Schottky (M-S) plots were
determined at the frequencies of 200, 500 and 800 Hz, respectively, and EIS
measurements were performed in the frequency range from 10 kHz to 0.1 Hz.
Apparent quantum efficiency of C,Hg

The apparent quantum efficiency (AQE) was measured under the same
photocatalytic reaction conditions irradiated by different wavelengths of light
produced from bandpass filters (including 420, 450, 500, 520, 550, 600 and 630 nm)
for 2h. The light intensity was detected by a Newport 91150-2000 optical power
meter (USA Newport Corporation). The AQE values were calculated according to the
below equation * 5

AQE (%)= (number of reacted electrons /number of incident photons) x100%

=((nXNyXhxc)/(SXPxAxt))x100% (S3)

where Na is Avogadro's constant (6.022x10% mol™), n is the molar number of the
C:Hs, h is the Planck’s constant (6.63>1073* m? kg s?), S is the irradiation area (cm?),
c is the speed of light (3x<10® ms™?), P is irradiation intensity (W cm2), A is the
wavelength of the light source, and t is irradiation time (s), respectively. Note that the
apparent quantum efficiency calculations described above did not consider the
catalyst amount and the transparency of the photocatalytic reactor.
Computational Methods

The DFT calculations were performed using the Vienna ab initio simulation
package (VASP). The generalized gradient approximation (GGA) with the Perdew—
Burke-Emzerhof (PBE) functional ¢ was employed to describe the exchange

correlation energy. Projector augmented wave (PAW) methods 7 were used for the
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pseudopotentials. The energy cutoff for the plane wave basis was set to be 500 eV,
and the convergence criterion of geometry relaxation was 0.02 eV/A in force. For
geometric optimization, the energy convergence criterion was set to 1 x 107 eV.
Meanwhile, the electronic structures of the optimized structures along reaction
pathway were also calculated through Gaussian 09 program, where the (U)PBEIPBE
hybrid functional ® was adopted, and the 6-311G** basis set was used for C, H, O and
N atoms, the Lanl2DZ basis set was used for Cu and Mo atoms. The free energy
diagram for the CO, photoreduction pathway was calculated through the VASPKIT
tool based on the equation (AG = AE + AEZPE — TAS), where AE, AEZPE, and TAS
represent the calculated electronic energy, zero-point energy, and entropy

contribution, respectively.
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2. Supplementary Figures 1-39
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Supplementary Figure 1 FTIR spectra. a CuPor. b CuPor-POP and CuPor-POP-
Mo. ¢ Por-POP and Por-POP-Mo. d 2,2’-bipyridine and POPs.
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Supple mentary Figure 2 Solid state '*C NMR spectra. a CuPor-POP. b Por-POP-
Mo. ¢ CuPor-POP-Mo.
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Supplementary Figure 3 PXRD. Powder XRD patterns of CuPor-POP, Por-POP-Mo
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and CuPor-POP-Mo.
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Supplementary Figure 4 Calculated non-local density functional theory
(NLDFT) model for CuPor-POP, Por-POP-Mo, and CuPor-POP-Mo. a N,

adsorption-desorption isotherms. b Pore size distribution.
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Supple mentary Figure 5 CO; adsorption of all the POPs. CO, adsorption capacity
of CuPor-POP, Por-POP-Mo, and CuPor-POP-Mo at 25 °C.
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Supplementary Figure 6 TGA. TGA curves of all the samples under the Argon gas.
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Supplementary Figure 7 SEM images. SEM images of CuPor-POP, Por-POP-Mo,
and CuPor-POP-Mo.
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Supplementary Figure 8 TEM images. TEM images of CuPor-POP-Mo.
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Supple mentary Figure 9 TEM images and energy-dispersive X-ray spectrum

(EDS) mapping of CuPor-POP. Carbon mapped in red, Nitrogen mapped in green
and copper mapped in yellow.
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Supplementary Figure 10 TEM images and energy-dispersive X-ray spectrum
(EDS) mapping of Por-POP-Mo. Nitrogen mapped in green, carbon mapped in red
and molybdenum mapped in purple.
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Supplementary Figure 11 TEM images and energy-dispersive X-ray spectrum
(EDS) mapping of CuPor-POP-Mo. Nitrogen mapped in green, molybdenum
mapped in purple, carbon mapped inred and copper mapped in yellow.
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Supplementary Figure 12 XPS survey spectrum for CuPor-POP, Por-POP and
CuPor. a-b XPS survey spectrum for CuPor-POP and Por-POP. ¢ High-resolution
XPS spectrum for N 1s of Por-POP. d-e High-resolution XPS spectrum for N 1s and
Cu 2p of CuPor.
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Supplementary Figure 13 '"H NMR spectrum. 'H NMR spectrum of Por and CuPor.
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Supple mentary Figure 14 XPS survey spectrum for Por-POP-Mo and CuPor-
POP-Mo. a-b XPS survey spectrum for Por-POP-Mo and CuPor-POP-Mo. c-d High-
resolution XPS spectrum ¢ of N 1s, and d of Mo 3d for Por-POP-Mo.
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Supplementary Figure 15 WT-EXAFS spectrum in discriminating radial
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Supple mentary Figure 16 WT-EXAFS spectra in discriminating radial distance
and k-space resolution of the standard sample. a MoOs. b Mo foil. ¢ MoO,. d

CuPor-POP-Mo.
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Supple mentary Figure 17 EXFAS fitting curves for CuPor-POP-Mo. a in Cu k-
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Supple mentary Figure 18 Solid-state UV-vis diffuse reflectance spectra. Solid-
state UV-vis diffuse reflectance spectra of CuPor-POP, Por-POP-Mo and CuPor-POP-
Mo.
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Supplementary Figure 19 Tauc plots of all the samples derived from solid-state

UV-vis diffuse reflectance spectra in Supple mentary Figure 18. a CuPor-POP. b
Por-POP-Mo. ¢ CuPor-POP-Mo.
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Supple mentary Figure 20 Mott-Schottky plots at different frequencies (200, 500,
and 800 Hz). a CuPor-POP. b Por-POP-Mo. ¢ CuPor-POP-Mo.
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Supple mentary Figure 21 XPS valance band spectra. a CuPor-POP. b Por-POP-
Mo. ¢ CuPor-POP-Mo.
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Supple mentary Figure 22 Band structures. Band structures of CuPor-POP, Por-
POP-Mo and CuPor-POP-Mo for CO, photoreduction.
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Supple mentary Figure 23 GC analysis. Linear GC calibration plots a CO. b C,Ha. ¢
C:;He. d CHa. e Ha. The corresponding retention time based on the GC profile of the
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Supple mentary Figure 24 "H-NMR spectra of POPs in the liquid products after 4
h. d-DMSO was used as the internal standard.
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Supple mentary Figure 25 Dependence of catalyst mass-loading on photocatalytic
C,Hs production within 4 h. The error bars for C,Hg evolution uncertainty represent
the standard deviation based on three independent measurements of each sample.
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Supple mentary Figure 26 AQE of C;Hg production catalyzed by CuPor-POP-Mo
at different wavelengths and the related visible spectrum. The error bars for C;Hs
evolution uncertainty represent the standard deviation based on three independent
measurements of each sample.
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Supple mentary Figure 27 TEM images and corresponding elemental mapping
after photocatalysis. TEM images and corresponding elemental mapping of CuPor-
POP-Mo after the 4" cycle of the photocatalytic tests.
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Supple mentary Figure 28 Che mical stability of CuPor-POP-Mo before and after
4 cycles CO; photoreduction process. a XRD patterns. b FTIR spectra. ¢-d High-
resolution XPS spectra of CuPor-POP-Mo before and after 4 cycles of the CO-
photoreduction process.
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Supplementary Figure 29 Photoresponsive current density analyst. Transient
photocurrent density under Xenon lamp (=420 nm) irradiation for all the samples.

S32



a1000

600 -

_ZH(Q)

400 -

200

CuPor-POP

—a— Por-POP-Mo
800 == CuPor-POP-Mo

150

Rs

Supplementary Figure

VN K\/h
CPE
>—r

300

Rct

450

600 750

CPE2

— e

30 Nyquist plots of all the samples based on
electrochemical impedance spectroscopy (EIS) measurements. a CuPor-POP, Por-
POP-Mo and CuPor-POP-Mo. b The related equivalent circuit.

S33



a CuPor-POP
@ Por-POP-Mo
@ CuPor-POP-Mo
=
© o
N o
> w_ @
‘@ %&o .
S ® o o
(O]
c "
= Q
d °
P 9
)

525 550 575 600 625 650
b Wavelength (nm)

100004 CuPor-POP Tayg=2.85 Ns
] o Por-POP-Mo  1,,,=3.65ns
o CuPor-POP-Mo  1,,,=3.82 ns

0 10 20 30 40 50
Time (ns)
Supplementary Figure 31 Steady-state PL spectra and PL decay spectra of all

samples. a Steady-state PL spectra of CuPor-POP, Por-POP-Mo and CuPor-POP-Mo.
b PL decay spectra of CuPor-POP, Por-POP-Mo and CuPor-POP-Mo.
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Supple mentary Figure 32 Steady-state PL spectra and PL decay spectra of all
sample in reaction system. a Steady-state PL spectra of [Ru(bpy)s]Cl. (red), CuPor-
POP+[Ru(bpy)3]Cl; (yellow), Por-POP-Mo+[Ru(bpy)3]Cl; (orange) and CuPor-POP-
Mo+[Ru(bpy)s]Cl; (dark red). b Steady-state PL decay spectra of [Ru(bpy)3]Clz) with
(CuPor-POP, Por-POP-Mo or CuPor-POP-Mo) and without catalyst (only [Ru
(bpy)s]CLy).
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Supple mentary Figure 33 Quasi-in situ XPS spectra. a C 1s, b N 1s and ¢ Cl 2p

before and after light irradiation.
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Supple mentary Figure 34 In situ ATR-FTIR spectra. In situ ATR-FTIR spectra of

CuPor-POP for the detection of intermediates during CO, photoreduction.
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Supple mentary Figure 35 In situ ATR-FTIR spectra. In situ ATR-FTIR spectra of

Por-POP-Mo for the detection of intermediates during CO, photoreduction.
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Supple mentary Figure 36 In situ ATR-FTIR spectra. In situ ATR-FTIR spectra of

CuPor-POP-Mo for the detection of intermediates during CO» photoreduction.
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Supple mentary Figure 37 In situ ATR-FTIR spectra. In situ ATR-FTIR spectra of

CuPor-POP-Mo for the detection of intermediates during *CO, photoreduction.

S38



CuPor-POP

N
0.00 N
N -4.79
S, Pl — ""--'5%..._____ -6.20
; -6.54 AG:-0.26
2
> Por-POP-Mo
o -,
® |0.00 \\
c
\
L \
@ . -6.20
ql_) \\ -8.27 -7.44 -8.42 f”
L - - ~” 0G222
_8 CuPor-POP-Mo
_Q I-
O [ooo N
\
\
\ -6.20
N\ -7.95 -7.51 -7.05 ____-
- —-—--p - ——--"" /\G: 085
CO,(9) *CO, *COOH *CO CO (9)

Supplementary Figure 38 The reaction Gibbs free energy change. Gibbs free
energy profile of CuPor-POP, Por-POP-Mo and CuPor-POP-Mo.
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Supple mentary Figure 39 The intermediates of C;Hs pathway. The intermediates
of C;Hg pathway over a Por-POP-Mo and b CuPor-POP-Mo.
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3. Supplementary Tables 1-5

Supplementary Table 1. EXAFS fitting results of CuPor-POP-Mo?

Sample Shell CN R(A) o¥(A?) AEq(eV) R factor

CuPor-POP-Mo Cu-N 4 2.02+0.01 0.009 +0.002 1.25%*1.74 0.018
CuPor-POP-Mo Mo-N 4 2.12+0.01  0.012+0.003  5.67 £2.25 0.019

& CN = coordination number, R = interatomic distance (the bond length between
central atoms and surrounding coordination atoms) based on fitting results, AEo =
inner potential correction, 62 = Debye-Waller factor, and the R factor is used to value
the goodness of fit. Fourier transformed kxyx(k) in the R-space using the ARTEMIS
module of IFEFFIT S¢>=0.912 for Cu and S¢?=0.1 for Mo.

Supplementary Table 2. The content of each element in CuPor-POP-Mo
determined from XPS

CuPor-POP-Mo C N Cu Mo
Atom (%) 92.95 5.71 0.56 0.78
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Supple mentary Table 3. Performance comparison of CO,RR to C,Hg catalyzed by
various photocatalysts

Production rate for

Photocatalyst Catalytic condition Light Product C,Hs (umol g hr) selectivity Reference
300 W Xe lamp H,, CO
CuPor-POP-Mo T[ES(@' '\)AﬁglNéHzg' (420-780 nm) C,H, 4725 87.4% This work
PY)sl- O 300 MWem?  CyH,
Cu SAS/CNP TEOA, H,0 300 W Xe lamp  COCH, 616.6 3% 9
(Full spectrum) C,Hg
300 W Xe lamp  CO,CH, 0 3
Au,/RP KHCO,+HCI, H,0 (Full spectrum) CoH, 1.32 96%
. 300 W Xe lamp 10
300 W Xe lamp
(Full spectrum), CO,CH, 1
AUu/ZnO NSs H,0 light intensity CHe 27 36
595 mW)
CO,H,
0.7AW/ZNnSn(OH), H,0 300 WXe lamp "y, 0.7 21 12
(Full spectrum) C.H
26
300 W Xe lamp  CO,CH,
TEOA, MeCN, H,0
MoS,@COF ’ » 2 (420-780 nm) C,H, 56.2 83.8 13
[Ru(bpy)s]Cl, 6H,0 CHs
300 W Xe lamp  CO,CH, 1
Cu-CuTCPP/g-C;N, TEA, H,0 (360-800 nm) CoHe 18.5 44
300 W Xe lamp CH, i
CUy oov—Pto 350-BT H,0 (>400 nm) CH. 25 4.7
. i 300 W Xe lamp CO,CH, 16
Au@Biy,0,7Br,-700 H,0 (Full spectrum) CoH, 29.3 65
300 W Xe lamp COCH
Pt1/ZnNiTi-LDHs-E H,O, 0.2MPa (380-800 nm) C,H 4 29.8 20.5 v
500 mwcm2 2176
COH,,
Au@TIOX-Co(650) H,0 300 W Xe lamp  Th 58.7 25 18
(Full' spectrum) C.H
26
300 W Xe lamp co
Au-CeO, H,0 (Full spectrum) c H’ 1.1 65.3 19
394 mwem?2 26
. 300 W Xe lamp  CO,CH,
CoAINi1CuNP TEOA, H,0 (>420 nm) CHe 25.3 27.4 20
300 W Xe lamp
CABB,,/Ui0-66 e‘gy'oafEtaAte' (>420 nm) Cg'ﬁH“ 13 8.8 2
2= 230 mWem2 2''6
300 W Xe lamp co
NiSe,/g-C5N, NaOH solution (Full spectrum) c H’ 46.1 97.5 2
415 mwem?2 2e
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Supple mentary Table 4. Apparent quantum efficiency (AQE) of CuPor-POP-Mo at

different wavelengths

Wavelengths (nm) Intensity (mW cm?) AQE (%)
420 15.6 0.530
450 16.0 0.550
520 18.0 0.230
550 19.2 0.140
600 21.3 0.027
630 22.1 0.026

Supple mentary Table 5. Average temperature, sunlight intensity and production rate

of C;He during the outdoor tests for photocatalytic CO, reduction to CoHe

Production rate of

Day Temperature (°C) Light intensity (mW cm?) CoH, (umol £ 1)
1 26 51.2 283.3
2 21 47.6 195.5
3 23 48.8 239.2
4 17 36.1 163
5 21 48.1 213
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