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Section 1. Experimental section

1.1. Materials and Methods

All chemicals were purchased from Aladdin without any pre-treatment. The purity of Ar and
CO; was 99.999%. The purity of all solvents was analytically pure. Fourier transform infrared
(FTIR) spectroscopic was obtained using KBr pellets on a Perkin-Elmer Spectrum Two
spectrophotometer. Powder X-ray diffraction (PXRD) patterns were recorded using a Bruker D8
ADVANCE diffractometer with Cu Ko radiation (A=1.54056 A).  Thermogravimetric (TG)
analysis was performed using a Perkin Elmer TGA7 instrument. X-ray photoelectron spectroscopy
(XPS) measurement was conducted with an Axis Ultra X-ray photoelectron spectroscope equipped
with monochromatic Al Ka (1486.7 eV) radiation. UV-visible diffuse reflectivity spectroscopy
was performed on a UV-2600 instrument. Steady-state photoluminescence (PL) and time-resolved
photoluminescence (TRPL) spectroscopy were recorded using an Edinburgh FLS980
spectrometer. Scanning electron microscopy (SEM) images were acquired on a ZEISS Gemini 300
scanning electron microscope. CO, gas adsorption was tested by Microtrac Belsorp-HP at 25°C.
Crystal data was collected using a Bruker D8 VENTURE PHOTON II diffractometer with a
graphite-monochromate Mo Ka (A = 0.71073 A) radiation source in a 150 K cooled nitrogen
stream. The SHELXT structure solver was used for structure determination, and the SHELXL
refinement package in Olex 2 was used for full matrix least squares refinement on F? data.
Elemental analyses (C, H, N) were conducted using Elementary Vario MICRO analyzer.
Quantitative analyses of all elements were performed using a PerkinElmer Optima 2100 DV
inductively coupled plasma (ICP) optical-emission spectrometer. Electrochemical measurements
were conducted using a CHI 760E electrochemical workstation. The products of Isotope-labeled
experiments were analyzed with Agilent Gas chromatography-mass spectrometry (GC-9890Plus-
5977C GC/MSD). Capillary column (Plot) was used for gas chromatography. The ion source
temperature of 5977C GC/MSD was 230°C. The ionization energy was 70 eV. The collection mode
of mass spectrum was Select ion monitoring mode (SIM).

Fig. S1. The synthetic route of {PV4},
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1.2 Photocatalytic reaction

The photocatalytic CO, reduction reaction was conducted in a 50 mL closed quartz reactor (Fig.
S2). During the experiment, the as-prepared catalyst ({PV4},, 10 mg), photosensitizer
([Ru(bpy);Cl,-6H,0, 0.01 mmol), acetonitrile (15 mL), and triethanolamine (TEOA, 0.5 mL) were
dispersed in the quartz reactor. High-purity CO, gas was pumped into the reactor for 30 minutes.
During the reaction, the products were injected into the gas chromatography (GC-9890Plus)

through the injection needle for subsequent quantitative analysis. Reaction rate(RS), Electron
consumption rate (R,), selectivity (S) and Apparent Quantum Yield (AQY) of photocatalytic CO,
reduction reaction were calculated by the following equations (eq.1-4):

ng

R =—"
Comt (eq. 1)

Rs Rl
S = —=
Ry ReoKy+ Repaly (g, 3)
2.4 % 10%
AQY =""" " " x100%
IAZ (eq.-4)

where Rs is the reaction rate (umol - h'l- g-1), ¢ is the reaction time (h), m is the catalyst content
(g), n is the yield of reduced products (umol). R, is the electron consumption rate (umol - h'! - g
), R.,, Rcpy are the reaction rate of CO and CHy (umol - h'l- g 1), K, K, are the number of electrons
transferred by different products (K;=2; K,=8). S is the selectivity of the target product, Rs is the
reaction rate of the target product, R, is the electron consumption rate of the target product. vis

the reaction rate (mol-s™"), / is the optical power density (W-m—2), 4 is illumination area
(m?2), 4 iSincident wavelength (nm).
The calculation formula of the band gap energy
(ahv)¥/m=B(hv-E;) (eq. 5)

o is the absorption coefficient, Zis the constant, /vis the photon energy, /1is the Planck
constant (4.13x101> eV-s) , vis the incident photon frequency, E, is band gap energ.

1.2 Electrochemical measurements
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All electrochemical measurements were performed in CHI 760e, the sample modified FTO
glass (1 cmx2 cm), Ag/AgCl electrode and Pt sheet electrode were used as the working electrode,
reference  electrode and  counter electrode. The  electrolyte  solution  was
0.5 mol-L~! KHCOj3 aqueous solution. The Mott-Schottky plots were measured over an alternating
current (AC) frequency of 1,000 Hz, 2000 Hz and 3000 Hz at -0.6V vs. NHE. The LSV tests were
performed under visible light conditions, and the required gases (CO, and Ar) were pumped into

the electrolyte solution for 30min before test.

Fig. S2. The picture of photocatalytic reaction device

Synthesis of sample modified FTO glass.

The as-synthesized crystals 2 mg were grinded to powder and then dispersed in 2 mL of solvent
(1900 pL EtOH and 100 pL 0.5% Nafion) by ultrasonication to form a homogeneous ink.
Subsequently, 400 uL of the ink was covered onto FTO glass and dried in room temperature for
LSV or Mott—Schottky measurements.

Section 2. Crystallographic data for {PV,},

The Crystallographic data for {PV,}, was shown in Table S1, the structure was solved by
direct methods with SHELXS-201420 and refined by full-matrix least—squares techniques by
the SHELXL—-2014 program.

Table S1. Crystal Data and Structure Refinements for C¢H;57CsN14Na,09,P,Vy

Compound 1
Formula CesHi57CsN14Na,Og,P, Vg
Formula weight 3266.63
Temperature (K) 298
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Crystal system
Space group
a(A)

b(A)

c(A)

V(A3)

VA

Pealc (g/cm?)

p (mm- 1)

F (000)
Crystal size (mm?)
Index ranges

Reflections collected
Data/restraints/parameters
GOF on F?

RI,wR2 [I>=20 ()]
RI,wR?2 [all data]

orthorhombic

Pban

21.613 (10)

29.212 (10)

11.966 (4)

7555 (5)

2

1.098

0.803

2490.0

0.18 x0.16 x 0.15
-25<h<25

-34<k<34

-14<i<14

48770

6727/6/302

0.992

R1=10.0491, wR2 =0.1285
R1=0.0902, wR2 =0.1526

R;= Z||Fo|_|FC||/Z|Fo|1 WR; = {Z[W(FOZ_FCZ)Z]/Z[W(FOZ)Z]}1/2

Table S2. Partial bond length (A) and bond Angle (°) of {PV 4},.

Bond Length Bond Length Bond Length
V1-01 1.596 (3) P1-04 1.537(3) V1-08 2.377(3)
P1-02 1.544 (3) V2-04 1.975 (3) V1-010 2.025 (3)
V1-02 2.002 (3) V2-05 1.610 (3) V2-010 2.003 (3)
V1-03 2.049 (3) V1-06 2.004 (3) V2-011 2.024 (3)
V2-N2 2.292 (3) V2-N1 2.135 (3) P1-0O2 1.544 (3)
P1-O4 1.537 (3) V2-N1 3.546 (3)

Bond Angel Bond Angel Bond Angel
P1-02-v1  119.82(15) oO2-vi-010 101.03)  04-v2-011 162.89(13)
P1-04-v2  129.87(17)  03-V1-08 99.5(3) 05-V2-N1  93.31(15)
04-P1-02  109.02(14)  06-v1-03  154.1(3) 05-V2-N2  165.12(15)
01-v1-02 102.06 (14)  06-v1-08 80.0 (3) 05-V2-04  101.17 (14)
01-v1-03  99.50(15) 06-vi-010  80.4(3) 05-Vv2-010  104.30 (14)
O1-V1-06  98.94(15) 010-v1-03  89.3(3) 05-V2-011  95.40(16)
O1-v1-08 177.83(14) 010-v1-08 1548(3)  0O10-v2-N1  162.38(13)
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01-v1-010 100.72(15)  N1-V2-N2 103.5 (3) 010-v2-N2  90.09 (12)
02-vi-03  8330(11)  04-v2-N1 103.4(3)  010-v2-011 89.33(14)
02-V1-06 15899 (13)  04-v2-N2 101.7(4)  O11-v2-N1  88.45(13)
02-V1-08  79.84(10) 04-v2-010  60.4(4) 011-v2-N2  80.80(12)

Table S3. The BVS calculation results of V and P atoms in {PV,},.

Atom BVS Atom BVS Atom BVS

V1 3.97 V2 4.05 P1 4.69

Table S4. The BVS calculation results of O atoms in {PV,},.

Atom BVS Atom BVS Atom BVS
01 1.66 05 1.60 09 1.45
02 1.71 06 2.03 010 1.91

O1W 0.43 o7 1.42 011 1.83
03 0.57 08 1.90 012 1.43

Section 3. Photocatalysis experiment and characterization.

Table S5. Optimize experimental results.

Catalyst (mg) Ph?;?rsf(ﬁiltlzer ;fﬁglgiegc} EE)CO The selectivity of CO
a 5 0.01 3487.1 76.44%
b 8 0.01 5625.4 81.27%
c 10 0.01 9113.9 87.61%
d 12 0.01 1107.2 84.94%
e 10 0.005 2214.5 67.32%
f 10 0.008 4396.1 78.16%
g 10 0.01 9113.9 87.61%
h 10 0.012 1168.5 85.26%

Table S6. Optimize experimental results.

The yield of CO (umol g h'l)

Catalyst ({PV,}>,)

TEOA Na,S0O; H,0 Triethylamine

10 mg 9113.9 3783.1 743.7 7978.6
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Table S7. Reaction rate comparison of recently reported semiconductor photocatalysts
for CO; reduction.

Generation
Bond photosensitizer Rate of CO References
(umol /g-h)
This work [Ru(bpy);]Cl, 9113.9
SiW ,@CdMOF [Ru(bpy);]Cl, 320 !
PW,@CdMOF 271
SiC-W 5049 11.96 2
Cu/BiOCl 6.375 3
phosphorus/Bi,MoQOg 18.2 4
CNAx 12.58 >
g-C3Ny Re(bpy-COOH) 22.44 6
ZnS—CdSe@Co/N-C 2.67 7
Nay[Ru(bpy);]:2Mn'ls| [Ru(bpy);]Cl, 0.4%106 8
PsMo06O,5(OH)g]>-20
H,0
NENU-606 [Ru(bpy)3]Cl, 2*10-6 ?
g-C3Ny 4.81 10
AuPd/3DOM-TiO, 14.0 1
Bis0,Cl1 27.15 12
Zn0/ZnWO0,/g-C3N, 13.19 13
CoSA-N,/C [Ru(bpy);]Cl, 10110 14
BaTiO; [Ru(bpy);]Cl, 5493 15
Fe-soc-MOFs 557300 16
Fe(tmhd); 682 17
Iny 05 630 18
Ru-UiO-67 BIH 426.05 19
CoP [Ru(bpy);]Cl, 68100 20
CoySs [Ru(bpy);]Cl, 35000 21

Table. S8. The time-resolved photoluminescence (TRPL) of {PV,},
The time-resolved photoluminescence (TRPL) spectroscopy of {PV,}, could be well fitted to

the bi-exponential model:
The bi-exponential model of {PV,}, and PS:
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I, =Aexp ( —Ti) + A,exp ( —TL)
1 2 (eq. S6)

The formula for the average decay life:

Alr% + Az‘rg
favg AT+ AT, (eq. S7)
where [, is the PL intensity, ¢ is the decay time after absorption, T, and 1, are the lifetimes of the
short and long decay processes, and 4, and A, are the respective PL amplitudes??.
Samples T A[ T A2 Tave Rg
PS/{PV4}, | 1.96 us 693.48 1791 us | 28.48 6.31 pus 0.9811
PS 1.95 ps 2081.21 14.03 us | 190.76 6.75 ps 0.9928
PS/V,0s | 1.86 ps 2100.68 12.70 us | 240.25 6.61 um | 0.9947
{PV4}, |1.16ns 243.77 5.68 ns 111.24 4.28 ns 0.9896
V,0s 1.13 ns 288.31 5.18 ns 135.54 3.89 ns 0.9894

Fig. S3. The coordination mode of each atom in polyanion: (a) 2’2-bipyridine; (b) P atom;
(c) Na atom
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Fig. S4. Actual image (left) and microscope image (right) of {PV},.
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Fig. S5. Scanning electron microscope and elemental mappings picture of {PV,},.
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Fig. S6. Thermogravimetric analytical traces of {PV4},.
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Fig. S7. PXRD and FTIR spectra of {PV,}, soaked in different solutions.
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Fig. S8. The standard curves of (a) CO and (b) CHy; The GC on-line curves of {PV },.
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Fig. S9. The apparent quantum efficiency of the {PV,}, at specific wavelength irradiation.
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Fig. S10. Time-dependent CO and CH,4 generation process of {PV},
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Fig. S13. XPS high-resolution scan of V 2p and P 2p for {PV,}, before and after reaction.
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Fig. S14. Time-dependent CO and CH, generation process of {PV,}, in different catalytic

systems.

Binding Energy (eV)

500

Binding Energy (eV)

450

400 =

350

w

(=

o
»

Yield (umol)

W |CH4-MeCN aqueous solution

- CO-MeCN aqueous solution
E| CH4-MeCN aqueous solution+5001LH,0

- CO-MeCN aqueous solution+500uLH,0
[ ] CH4-MeCN aqueous solution+1000 uLH,0
[ co-MeCN aqueous solution+1000 uLH,0

2

3

Time(h)

S13

140



Fig. S15. Time-dependent CO generation process of {PV,}, and V,05 without [Ru(bpy);]**.
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Section 4. DFT calculation

Computational Details and Models

All density functional theory (DFT) calculations were performed using the Gaussian 16 software
package?. [Nay(H,0),P,VVg(cit)4(bpy)s016(H,0)4]* pattern was extracted from X-ray crystal
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structures and protonated according to the results of the valence bond analysis. Geometries were
optimized using the (U)B3LYP functional?* 2> and Grimme’s D3bj dispersion?® 27 correction with
the basis set of 6-31G(d) for all atoms. Vibrational frequencies were calculated for all the stationary
points to confirm if each optimized structure was a local minimum on the respective potential
energy surface with only one imaginary frequency. Solvation energy corrections were calculated
in acetonitrile solvent with the SMD continuum solvation model?’ based on the gas phase
optimized geometries. The (U)B3LYP and (U)MO06?? functional with a 6-311+G(d, p) for all atoms
were used for single-point energy calculations.

Owing to the presence of d electrons in fully reduced POV, All V atoms in {PV,}, were
tetravalent, each vanadium atom had lone pair electrons. So {PV,}, molecule exhibited spin
multiples. When {PV,}, was in a singlet state, there might be two forms of singlet opened-shell
and singlet closed-shell, because of the arrangement of single electrons. The singlet opened-shell
and singlet closed-shell of {PV,}, was optimized respectively to get the energy level orbital. By
comparing the optimized free energy (Table S8) found that the free energy of the opened-shell was
lower than that of the closed-shell, indicating that the {PV,}, existed in the form of the opened-
shell (Figure S17). To get the best energy level orbital, other spin multiples of {PV,}, (nV, n was
the number of spin multiples) had been calculated, and all the linear states existing in {PV,}, after
electron acquisition. The free energy profile of spin multiples {PV,}, radical cross-coupling was
shown in Supplementary Table S8. Our computational results showed that the singlet opened shell
of {PV,}, was highly unstable compared with the 9V-N of {PV,},. Therefore, the spin state of
{PV,}, preferred to be 9V-N. After {PV,}, had obtained photogenerated electrons, the 2V-D of
{PV,4}, was highly unstable compared with 6V-S of {PV,},, and other spin multiples had higher
relative free energies than their corresponding 6V-S. Therefore, when {PV,}, achieved
photogenerated electrons, it became the 6V-S of {PV,}, (Figure S18).

Table S9. The free energy profile of spin multiples of {PV,},

linear states B3LYP free energy (a.u.) MO6 free energy insolution (a.u.)

1 Vinglet - closed-shell -15234.709164 -15232.981513
1 Vinglet - opened-shell -15234.957777 -15233.19975
3V riplet -15234.958926 -15233.201096

5V Quintuplet -15234.959484 -15233.201122

TV Septet -15234.959885 -15233.201846

9V Nonet -15234.960221 -15233.202362
2V Dboublet -15234.773173 -15233.295304

4V Quartet -15234.774893 -15233.292683

6V sextet -15234.775429 -15233.29555

8V octet -15234.774328 -15233.293525

10V becuplet -15234.774184 -15233.29354
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Fig. S17. Optimized structure diagram of singlet opened-shell and singlet closed-shell.
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