Photosensitizing Single-Site Metal−Organic Framework Enabling Visible-Light-Driven CO2 Reduction for Syngas Production
Meng Liu,a Yan-Fei Mu,a Shuang Yao,b,* Song Guo,a Xiang-Wei Guo,a Zhi-Ming Zhang,a,* and Tong-Bu Lua 

aInstitute for New Energy Materials & Low Carbon Technologies, School of Material Science & Engineering, Tianjin University of Technology, Tianjin 300384, People’s Republic of China. Email: zmzhang@email.tjut.edu.cn
bTianjin Key Laboratory of Organic Solar Cells and Photochemical Conversion, School of Chemistry and Chemical Engineering, Tianjin University of Technology, Tianjin 300384, People’s Republic of China. Email: shuangyao@email.tjut.edu.cn

Synthesis
Synthesis of Ru(bpy)2Cl2.[1] DMF (20 mL) was degassed with Ar for 15 min. LiCl (2.15 g, 0.51mmol), RuCl3·3H2O (2.0 g, 7.64mmol), and 2,2'-bipyridine (bpy, 2.39 g, 15.32mmol), were added to the DMF and refluxed for 8 h while stirring under Ar. The resulting solution was cooled to room temperature and then diluted with acetone (60 mL) and kept at 0 °C overnight. The dark green black solid precipitate was obtained by filtration. The product was washed several times with diethyl ether and water respectively. The final product was dried in a vacuum oven to give a dark brown powder. Yield 63% based on starting ruthenium. 1H NMR (400 MHz, DMSO-d6) δ 9.97 (d, J = 5.4 Hz, 2H), 8.64 (d, J = 8.1 Hz, 2H), 8.49 (d, J = 8.0 Hz, 2H), 8.07 (t, J = 7.7 Hz, 2H), 7.77 (t, J = 6.5 Hz, 2H), 7.68 (t, J = 7.7 Hz, 2H), 7.51 (d, J = 5.5 Hz, 2H), 7.10 (t, J = 6.5 Hz, 2H).
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Fig. S1 1H NMR spectra of Ru(bpy)2Cl2 in DMSO-d6.
Synthesis of Ru(H2bpydc)(bpy)2.[2] A mixture of Ru(bpy)2Cl2 (160 mg, 0.33 mmol), H2bpydc (101 mg, 0.42mmol) and EtOH / water (20 mL, 1:1) was stirred and refluxed for 12 h under Ar. The solid was re-crystallized in MeOH/diethyl ether. 1H NMR (400 MHz, DMSO-d6) δ 9.03 (d, J = 8.5 Hz, 2H), 8.90 (dd, J = 15.9, 8.2 Hz, 4H), 8.53 (dd, J = 8.4, 1.6 Hz, 2H), 8.21 (dt, J = 21.7, 7.4 Hz, 4H), 8.01 (d, J = 1.3 Hz, 2H), 7.86 (d, J = 5.4 Hz, 2H), 7.80 (d, J = 5.4 Hz, 2H), 7.61 (t, J = 6.5 Hz, 2H), 7.51 (t, J = 6.6 Hz, 2H).
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Fig. S2 1H NMR spectra of Ru(H2bpydc)(bpy)2 in DMSO-d6.
Synthesis of UiO-67(bpydc). ZrCl4 (30.0 mg, 0.13 mmol), H2bpydc (31.4 mg, 0.13 mmol), and glacial acetic acid (250 μL, 4.3 mmol) were dispersed in DMF (6 mL), sealed in a vial, and placed in an oven. The temperature was kept at 100 °C for 24 h. After cooling down to room temperature, the resulting precipitate was collected by centrifugation and washed with DMF and methanol respectively before being dried under vacuum. Yield: 51 mg (85%).

Synthesis of Co-UiO-67(bpydc). In a glovebox, Co(NO3)2·6H2O (29.1 mg, 0.10 mmol) was dissolved in 10 mL of THF. UiO-67(bpydc) (10.0 mg) was added to the Co(NO3)2 solution. The resulting suspension was stirred at room temperature slowly overnight. The resulting solid was isolated by centrifugation and washed with THF for 5 times. 
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Fig. S3 PXRD patterns of Rux-UiO-67(bpydc) (x = 0.1, 0.2, 0.3 and 0.5).
Table S1. ICP-MS results of (Co/Ru)n-UiO-67(bpydc) (n = 7.4, 5.8, 2.4 and 1.6).
	Entry
	Compounds
	Zr/Ru
	Co/Ru

	1
	(Co/Ru)7.4-UiO-67(bpydc)
	24.5
	7.4

	2
	(Co/Ru)5.8-UiO-67(bpydc)
	16.5
	5.8

	3
	(Co/Ru)2.4-UiO-67(bpydc)
	10.4
	2.4

	4
	(Co/Ru)1.6-UiO-67(bpydc)
	7.8
	1.6
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Fig. S4 Elemental mapping of Ru0.3-UiO-67(bpydc).
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Fig. S5 Elemental mapping of (Co/Ru)2.4-UiO-67(bpydc).
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Fig. S6 Nitrogen sorption isotherm of UiO-67(bpydc), Ru0.3-UiO-67(bpydc) and (Co/Ru)2.4-UiO-67(bpydc) at 77 K.

Table S2. Summary of photocatalytic performance for CO2 reduction of catalyst@PS in one MOF platform.

	Catalyst
	Product
	Evolution rate

(μmol g-1 h-1)
	TON
	TOF
(h-1)
	Reference

	(Co/Ru)2.4-UiO-67(bpydc)
	H2
CO
	570.1

282.5
	14.0

6.95
	0.88

0.43
	This work

	Ru-MOF-253-Re
	H2
CO

HCOO-
	5.5

111.5

475
	1.0 

5.4
23.4
	0.25

1.35

4.68
	Inorg. Chem. 57 (2018), 8276

	Eu-Ru(phen)3-MOF
	HCOO-
	117.6
	3.22
	0.322
	Nat. Commun. 9 (2018) 3353

	MOF-525-Co
	CO

CH4
	200.6

36.67
	1.19
0.21
	0.199
0.034
	Angew. Chem., Int. Ed. 55 (2016), 14310

	MOF-525-Zn
	CO

CH4
	111.7

11.635
	0.68
0.071
	0.11
0.012
	Angew. Chem., Int. Ed. 55 (2016), 14310

	PCN-222
	HCOO-
	60.0
	0.24
	0.024
	J. Am. Chem. Soc.137 (2015), 13440

	Zr6O4(OH)4[Re(5, 5′-bpydb)-

(CO)3Cl]6
	H2
CO
	27.8

448.2
	0.40
6.44
	0.0671.07
	Eur. J. Inorg. Chem. 2016 (2016), 4358

	ReI(CO)3Cl(5, 5′-bpydb)
	H2
CO
	36.7
228.2
	0.18

1.12
	0.03

0.19
	Eur. J. Inorg. Chem. 2016 (2016), 4358

	Rh–Ru@MIL-101-NH2
	HCOO-
	6.6
	3.3
	0.165
	ChemSusChem 11 (2018), 3315

	{Cd2[Ru(4, 4′-dcbpy)3]⋅12H2O}n
 nanoflower
	HCOO-
	77.2
	0.65
	0.081
	J. Mater.Chem. A 3 (2015), 15764

	{Cd2[Ru(4,4′-dcbpy)3]⋅12H2O}n 

micro-flakes
	HCOO-
	52.7
	0.44
	0.055
	J. Mater.Chem. A 3 (2015), 15764

	{Cd2[Ru(4,4′-dcbpy)3]⋅12H2O}n
 bulk crystals
	HCOO-
	30.6
	0.26
	0.032
	J. Mater.Chem. A 3 (2015), 15764

	{Cd3[Ru(5,5′-dcbpy)3]22(Me2-
NH2)}n
	HCOO-
	67.5
	0.42
	0.070
	Inorg. Chem. 54 (2015), 8375

	{Cd[Ru(bpy)(4,4′-dcbpy)2]- 3H2O}n
	HCOO-
	71.7
	0.39
	0.065
	Inorg. Chem. 54 (2015), 8375
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Fig. S7 H2 and CO production rate in 5 mL CO2-saturated CH3CN/H2O mixture solvent a) 10% water and b) 20 % water, catalyzed by 1 mg (Co/Ru)n-UiO-67(bpydc) (n = 7.4, 5.8, 2.4 and 1.6) under the irradiation of a LED light (450 nm, 100 mWcm-2, irradiation area, 0.8 cm2) at 25°C.
Table S3. Control experiments for photocatalytic CO2 reduction.
	Entry
	Cat.
(1.0 mg)
	H2
(μmol/g)
	CO
(μmol/g)
	n(H2)/n(CO)

	1
	(Co/Ru)7.4-UiO-67(bpydc)
	1930.5
	631.7
	3.0

	2
	(Co/Ru)5.8-UiO-67(bpydc)
	7834.5
	3505.4
	2.2

	3
	(Co/Ru)2.4-UiO-67(bpydc)
	9121.5
	4520.4
	2.0

	4
	(Co/Ru)1.6-UiO-67(bpydc)
	7429.5
	3943.2
	1.9


Reaction conditions: 1 mg catalyst under irradiation of a LED light (450 nm, 100 mWcm-2, irradiation area, 0.8 cm2) in 5 mL CO2-saturated CH3CN/H2O mixture solvent (10 vol % water) containing 0.3 M TEOA at 25°C
Table S4. Control experiments for photocatalytic CO2 reduction.
	Entry
	Catalyst
	H2
(μmol/g)
	CO
(μmol/g)
	n(H2)/n(CO)

	1
	(Co/Ru)7.4-UiO-67(bpydc)
	738.0
	474.1
	1.6

	2
	(Co/Ru)5.8-UiO-67(bpydc)
	6678.0
	1185.7
	5.6

	3
	(Co/Ru)2.4-UiO-67(bpydc)
	8536.5
	1742.7
	4.9

	4
	(Co/Ru)1.6-UiO-67(bpydc)
	6061.5
	2459.7
	2.5


Reaction conditions: 1 mg catalyst under irradiation of a LED light (450 nm, 100 mWcm-2, irradiation area, 0.8 cm2) in 5 mL CO2-saturated CH3CN/H2O mixture solvent (20 vol % water) containing 0.3 M TEOA at 25°C.
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Fig. S8 Gas chromatogram and mass spectra (GC-MS) analysis for the generated gas from the photocatalytic 13CO2 reduction. a) Gas chromatogram, t = 1.27 min corresponds to the retention time of 13CO. b) Mass spectra, m/Z = 29 corresponds to the formula weight of 13CO.
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Fig. S9 SEM images of (Co/Ru)2.4-UiO-67(bpydc) a) before and b) after photocatalytic experiments.
Table S5. Double-exponential fit parameters for time resolved PL.
	
	A1
(%)
	τ1
(ns)
	A2
(%)
	τ2
(ns)
	τave.
(ns)

	Ru0.1-UiO-67(bpydc)
	98.5
	43
	1.5
	0.0175
	42.4

	(Co/Ru)7.4-UiO-67(bpydc)
	93.6
	15
	6.4
	0.016
	14.0

	Ru0.3-UiO-67(bpydc)
	97.6
	26
	2.4
	0.017
	25.4

	(Co/Ru)2.4-UiO-67(bpydc)
	91.9
	14.3
	8.1
	0.018
	13.1

	Ru0.5-UiO-67(bpydc)
	91.4
	24
	8.6
	0.009
	21.9

	(Co/Ru)1.6-UiO-67(bpydc)
	88.5
	12
	11.5
	0.023
	10.6


. [image: image10.png]V)
N—

Intensity

b) L08R > Ru, -UiO-67(bpydc)
0.8 - j ® (Co/Ru), -UiO-67(bpydc)
Ru, -UiO-67(bpydc) Fits

5 0:6-

2 04y

£
0.2

(Co/Ru), ~UiO-67(bpydc) 2
_ ' , _ _ ' 0.0-4 _— :
500 600 700 800 0 10 20 30 40
Time (ns)

Wavenumber (nm)




Fig. S10 a) PL and b) time resolved PL spectra of Ru0.5-UiO-67(bpydc) and (Co/Ru)1.6-UiO-67(bpydc).
[image: image11.png]Qo
p—

Intensity

Ru, -UiO-67(bpydc)

(Co/Ru), -UiO-67(bpydc)

600 700 800
Wavenumber (nm)

on
|
(-
=

1

Intensity

S
" =
1

=
=
1

=
i SN
1

° RllO.l-UiO-67(bpydC)

o (C 0/Ru)7_ 4-Ui0—67 (bpydc)
Fits

Time (ns)





Fig. S11 a) PL and b) time resolved PL spectra of Ru0.1-UiO-67(bpydc) and (Co/Ru)7.4-UiO-67(bpydc).
Table S6. Quenching constant obtained by integrating the PL spectra.
	
	Quenching efficiency (%)

	Ru0.5-UiO-67(bpydc)

(Co/Ru)1.6-UiO-67(bpydc)
	50.5

	Ru0.3-UiO-67(bpydc)
(Co/Ru)2.4-UiO-67(bpydc)
	62.0

	Ru0.1-UiO-67(bpydc)
(Co/Ru)7.4-UiO-67(bpydc)
	81.7


Table S7. Reductive peaks for (Co/Ru)2.4-UiO-67(bpydc) and Co-UiO-67(bpydc)a
	
	Reductive center
	Ered (V vs SCE)

	(Co/Ru)2.4-UiO-67(bpydc)
	Co-bpydc
	-1.02

	
	Ru-PS
	-1.43

	
	
	-1.65

	
	
	-1.87

	Co-UiO-67(bpydc)
	Co-bpydc
	-0.98


The CVs of (Co/Ru)2.4-UiO-67(bpydc) and Co-UiO-67(bpydc) were determined in the deaerated CH3CN solution, containing 0.5 mM ferrocene, and 0.10 M Bu4NPF6 as the supporting electrolyte, with a scan rate of 0.1 V/s−1 and a positive initial scan direction. MOF-decorating glassy carbon electrode, Ag/AgCl, and Pt wire were used as the working electrode, reference electrode, and counter electrode, respectively. aThe potential values are given with respect to SCE (Fc was used as the internal reference with E1/2 = +0.40 V vs SCE)
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