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Figure. S1. (a) Cyclic voltammograms (CVs) of trans(Cl)-Ru(bpy)(CO)2Cl2 (0.50 mM) under 

Ar (red) and CO2 (green) in DMA/water (9:1 v/v) using 0.10 M 
n
Bu4NClO4 as the supporting 

electrolyte and Ag/AgNO3 (1.0×10
−2 

M, in CH3CN) as the reference electrode. Scan rate: 100 

mV/s. (b) Differential pulse voltammogram (DPV) of trans(Cl)-Ru(bpy)(CO)2Cl2 (0.50 mM) in 

the Ar-saturated DMA/water (9:1 v/v) solution.  

(a) 

(b) 
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Figure. S2. (a) Cyclic voltammograms (CVs) of [Ru(bpy)(CO)2Cl]2 (0.30 mM) under Ar (red), 

CO2 (green solid) and CO2 + 10w% H2O (green dotted) in DMA using 0.10 M 
n
Bu4NClO4 as the 

supporting electrolyte and Ag/AgNO3 (1.0×10
−2 

M, in CH3CN) as the reference electrode. Scan 

rate: 100 mV/s. (b) Differential pulse voltammograms (DPV) of [Ru(bpy)(CO)2Cl]2 (0.30 mM) 

under Ar (red) and CO2 (green) in DMA.  

(a) 

(b) 
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Figure S3. Photo-irradiation time dependence of the products in the CO2-saturated DMA/water 

(9:1 v/v) solution containing [Ru(bpy)(CO)2Cl]2 (0.050 mM), [Ru(bpy)3](PF6)2 (0.50 mM) and 

BNAH (0.10 M): CO (○), HCOO
−
 (■), H2 (∆) and CO + HCOO

−
 (+). 
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Figure. S4. (a) Cyclic voltammogram (CV) of [Ru(4dmbpy)3](PF6)2 (0.50 mM) under Ar in 

DMA/water (9:1 v/v) using 0.10 M 
n
Bu4NClO4 as the supporting electrolyte and Ag/AgNO3 

(1.0×10
−2 

M, in CH3CN) as the reference electrode. Scan rate: 100 mV/s. (b) Differential pulse 

voltammogram (DPV) of [Ru(4dmbpy)3](PF6)2 (0.50 mM) in the Ar-saturated DMA/water (9:1 

v/v) solution. 

 

(a) 

(b) 
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Figure. S5. Stern-Volmer plots for emission quenchings of the excited (black) [Ru(bpy)3]
2+

 and 

(red) [Ru(4dmbpy)3]
2+

 by BNAH in DMA/water (9:1 v/v). See the reference: Y. Kuramochi, M. 

Kamiya, H. Ishida, Inorg. Chem. 2014, 53, 3326-3332. 

  



 S7 

 

 

 

 

 

 

Figure S6. Photo-irradiation time dependence of the products in the CO2-saturated DMA/water 

(9:1 v/v) solution containing trans(Cl)-Ru(bpy)(CO)2Cl2 (5.0 μM), [Ru(4dmbpy)3](PF6)2 (0.50 

mM) and BNAH (0.10 M): CO (○), HCOO
−
 (■), H2 (∆) and CO + HCOO

−
 (+). 
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Figure. S7. (a) Cyclic voltammograms (CVs) of trans(Cl)-Ru(6Mes-bpy)(CO)2Cl2 (1.0 mM) 

under Ar (red) and CO2 (green) in DMA/water (9:1 v/v) using 0.10 M 
n
Bu4NClO4 as the 

supporting electrolyte and Ag/AgNO3 (1.0×10
−2 

M, in CH3CN) as the reference electrode. Scan 

rate: 100 mV/s. (b) Differential pulse voltammogram (DPV) of trans(Cl)-Ru(6Mes-bpy)(CO)2- 

Cl2 (1.0 mM) in the Ar-saturated DMA/water (9:1 v/v) solution.  

(a) 

(b) 
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Figure S8. Absorption spectral changes of the Ar-saturated DMA solution of 

trans(Cl)-Ru(6Mes-bpy)(CO)2Cl2 (1.0 mM) and 
n
Bu4NClO4 (0.10 M) under the controlled 

potential electrolysis at −1.70 V vs. Ag/Ag
+
 (optical path length: 1 mm); the absorption raised at 

longer wavelengths might be due to bubbles formed during the electrolysis. 
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Kinetic Analyses 

From Scheme 3 in the main text, the steady state approximation affords the PS and PS* 

concentrations as expressed as equations (S1) and (S2), respectively. 

 

𝑑[PS]

𝑑𝑡
  =  −𝐼𝑒𝑥 +  𝑘𝑟+𝑛𝑟[PS∗]  +  β 𝑘𝑞 [BNAH][PS∗] +  𝑘𝑏[PS−] + (∑ 𝑘𝑖𝑖 [cat𝑖])[PS−] =0    (S1) 

𝑑[PS∗]

𝑑𝑡
  =  𝐼𝑒𝑥 − 𝑘𝑟+𝑛𝑟[PS∗] − (α + β)𝑘𝑞 [BNAH][PS∗] = 0   (S2) 

Combining equations (S1) and (S2): 

𝑘𝑏[PS−] + (∑ 𝑘𝑖𝑖 [cat𝑖])[𝑃𝑆−] − α 𝑘𝑞 [BNAH][PS∗]  = 0            

[PS−]  =   
α 𝑘𝑞 [BNAH]

{𝑘𝑏+(∑ 𝑘𝑖𝑖 [cat𝑖])}
[PS

∗
]      (S3) 

 

From equation (S2): 

[PS∗]  =  
 𝐼𝑒𝑥

𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH]
     (S4) 

Combining equations (S3) and (S4): 

[PS−]  =  
α 𝑘𝑞 [BNAH]  𝐼𝑒𝑥

𝑘𝑏(𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH])+ ∑ 𝑘𝑖𝑖 [cat𝑖](𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH])
    (S5) 

=  
(α 𝑘𝑞 [BNAH]  𝐼𝑒𝑥)/{𝑘𝑏(𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH])}

1 + ∑ 𝑘𝑖𝑖 [cat𝑖]/𝑘𝑏
                  (2) 
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According to Scheme 4 in the main text, contribution of the electron transfer from [Ru(bpy)3]
+
 to 

the catalyst in equation (2) is expressed as equation (S6) using the steady state approximation:  

∑ 𝑘𝑖[cat𝑖]𝑖 = 𝑘1[Ru-CO𝟐+] +  𝑘2[Ru+] + 𝑘3[Ru+ − Ru+] + 𝑘4[Ru+ − Ru-OCOH+]     

= 𝑘1
𝑘2
𝑘1

[Ru+] +  𝑘2[Ru+] + 𝑘3 
𝑘𝑑[Ru+]2

𝑘−𝑑+𝑘3[PS−]
 +𝑘4

𝑘3𝑘𝑑[Ru
+

]
2

𝑘4(𝑘−𝑑+𝑘3[PS
−

])
 

= 2 𝑘2[Ru+] + 
2 𝑘3𝑘𝑑[Ru+]2

𝑘−𝑑+𝑘3[PS−]
   (S6) 

Combining equations (2) and (S6): 

[PS−]   =  
(α 𝑘𝑞 [BNAH]  𝐼𝑒𝑥)/(𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH]) (𝑘−𝑑+𝑘3[PS−])

(𝑘𝑏+ 2𝑘2[Ru+])(𝑘−𝑑+𝑘3[PS−])+2𝑘𝑑[Ru+]2𝑘3
            (S7) 

Since [PS
−
] << 1 M, equation (S7) would become: 

[PS−]  =  

𝑘−𝑑 α 𝑘𝑞 [BNAH]  𝐼𝑒𝑥

𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH]

2𝑘𝑑𝑘3[Ru+]2+ 2𝑘−𝑑𝑘2[Ru+] +𝑘𝑏𝑘−𝑑+ 
𝑘3 𝛼 𝑘𝑞 [BNAH]  𝐼𝑒𝑥

𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH]

  (S8) 

 

 

The initial rate for CO production is: 

𝑑[CO]

𝑑𝑡
 =  𝑘1[Ru-CO𝟐+][PS−] =  𝑘2[Ru+][PS−]      (S9) 

Combining equations (S8) and (S9): 

𝑑[CO]

𝑑𝑡
 = 

𝑘2 
𝑘−𝑑 α 𝑘𝑞 [BNAH]  𝐼𝑒𝑥

𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH]
 [Ru+]

2𝑘𝑑𝑘3[Ru+]2+ 2𝑘−𝑑𝑘2[Ru+] + 𝑘𝑏𝑘−𝑑+ 
𝑘3 𝛼 𝑘𝑞 [BNAH]  𝐼𝑒𝑥

𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH]

  (S10) 
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When [Ru
+
] << 1 M, [Ru

+
] = γ [cat]t, where [cat]t is the initial concentration of trans(Cl)- 

Ru(bpy)(CO)2Cl2, γ is a proportional constant peculiar to the catalyst. The value of γ would be 

related to kCO2 and kCO2’, and a larger γ is expected to indicate higher reaction rate of the reduced 

catalyst with CO2 and H
+
. Equation (S10) can be written: 

𝑑[CO]

𝑑𝑡
 = 

𝑎[cat]𝑡

 𝑏[cat]𝑡
2

+ 𝑐[cat]𝑡+𝑑
 = 

(𝑎/𝑑)[cat]𝑡

 (𝑏/𝑑)[cat]𝑡
2

+(𝑐/𝑑)[cat]𝑡+1
 (S11) 

where a, b, c and d are expressed as the following: 

𝑎 =  𝑘2 
𝑘−𝑑 α 𝑘𝑞 [BNAH]  𝐼𝑒𝑥

𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH]
 𝛾       (S12) 

𝑏 =  2𝑘𝑑𝑘3 𝛾 2          (S13) 

𝑐 =  2𝑘−𝑑𝑘2 𝛾             (S14) 

𝑑 = 𝑘𝑏𝑘−𝑑 +  
𝑘3 𝛼 𝑘𝑞 [BNAH]  𝐼𝑒𝑥

𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH]
     (S15) 

Considering the blank products caused by [Ru(bpy)3](PF6)2, equation (S11) becomes equation 

(3) in the main text. 𝑣0 is the blank formation rate of CO. 

𝑣𝐶𝑂(M/s) = 𝑣0(M/s) + 
𝑎 [cat]𝑡 (M)

 𝑏 [cat]𝑡
2

(M2)+ 𝑐 [cat]𝑡(M)+𝑑
     (3) 

Curve fitting on the experimental result in Figure 3 gives a following equation with specific 

values of a, b, c and d (see Figure S9). 

𝑣𝐶𝑂(M/s) = 1.2 × 10−6 + 
1.1[cat]𝑡 (M)

 1.1×109[cat]𝑡
2

(M2)+ 9.1×104[cat]𝑡(M)+1
     (S16) 

where concentration of CO is calculated by dividing mol of CO with volume of the reaction 

solution (5.0 mL). 
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The initial rate for formate production is: 

𝑑[HCOO−]

𝑑𝑡
 =  𝑘4[Ru+ − Ru-OCOH+][PS−] = 𝑘3  

𝑘𝑑[Ru
+

]
2

𝑘−𝑑+𝑘3[PS
−

]
[PS−]      

= 𝑘3  
𝑘𝑑[Ru

+
]
2

𝑘−𝑑/[PS
−

]+𝑘3
      (S17) 

Combining equations (S8) and (S17): 

𝑑[HCOO−]

𝑑𝑡
 = 

𝑘3𝑘𝑑  
 α 𝑘𝑞 [BNAH]  𝐼𝑒𝑥

𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH] 
[Ru+]

2

2𝑘𝑑𝑘3 [Ru+]2+ 2𝑘−𝑑𝑘2[Ru+] + 𝑘𝑏𝑘−𝑑  
    (S18) 

When [Ru
+
] = γ [cat]t, equation (S18) can be written: 

𝑑[HCOO−]

𝑑𝑡
 = 

𝑎′[cat]𝑡
2

 𝑏′[cat]𝑡
2

+ 𝑐′[cat]𝑡+𝑑′
       (S19) 

where a’, b’, c’ and d’ are expressed as the following: 

𝑎′ =   𝑘3𝑘𝑑 
 𝛼 𝑘𝑞 [BNAH]  𝐼𝑒𝑥

𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH] 
𝛾 2      (S20) 

𝑏′ =  2𝑘𝑑𝑘3 𝛾 2            (S21) 

𝑐′ =  2𝑘−𝑑𝑘2 𝛾            (S22) 

𝑑′ =  𝑘𝑏𝑘−𝑑         (S23) 

Considering the blank products caused by [Ru(bpy)3](PF6)2, equation (S19) becomes equation 

(4) in the main text. 𝑣0’ is the blank formation rate of formate.  

𝑣𝐻𝐶𝑂𝑂‒(M/s) = 𝑣0
′  (M/s) + 

𝑎′[cat]𝑡
2

 (M)

 𝑏′[cat]𝑡
2

(M2)+ 𝑐′[cat]𝑡(M)+𝑑′
     (4) 
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Concentration of formate is calculated by dividing mol of formate with volume of the reaction 

solution (5.0 mL). The fitting analyses show that a’, b’ and c’ have specific values while the 

simulation curve is less dependent on the value of d’ (see Figure S10). When the term of d’ is 

negligible, equation (4) becomes: 

𝑣𝐻𝐶𝑂𝑂‒(M/s) = 𝑣0
′  (M/s) + 

𝑎′ [cat]𝑡(M)

 𝑏′ [cat]𝑡(M)+𝑐′         (5) 

Double-reciprocal form becomes: 

 (𝑣𝐻𝐶𝑂𝑂‒  − 𝑣0
′ )

−1
  = 

𝑐′

𝑎′

1

 [cat]𝑡
  + 

𝑏′

𝑎′
         (S24) 

Double-reciprocal plots give a following equation. 

𝑣𝐻𝐶𝑂𝑂‒(M/s)  = 4.2 × 10−7 + 
0.10[cat]𝑡 (M)

 1.8×104[cat]𝑡 (M)+ 1
     (S25) 
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Figure S9. Simulation curves by changing the parameters of (a) a, (b) b, (c) c and (d) d in 

equation (3). The red lines show the simulation curves using a = 1.1, b = 1.1×10
9
, c = 9.1×10

4
 

and d = 1.0. 
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Figure S10. Simulation curves by changing the parameters of (a) a’, (b) b’, (c) c’ and (d) d’ in 

equation (4). The red lines show the simulation curves using a’ = 1.0×10
6
, b’ = 1.8×10

11
, c’ = 

1.0×10
7
 and d’ = 1.0. 
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Kinetic Analyses without Forming the Dimer 

When the dimer formation is negligible in Scheme 4, equation (S6) becomes: 

∑ 𝑘𝑖[cat𝑖]𝑖 = 𝑘1[Ru-CO𝟐+] +  𝑘2[Ru+]  = 2 𝑘2[Ru+]   (S26) 

Combining equations (2) and (S26): 

[PS−]  =  
α 𝑘𝑞 [BNAH]  𝐼𝑒𝑥

2𝑘2(𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH])[Ru+] +𝑘𝑏(𝑘𝑟+𝑛𝑟+𝑘𝑞 [BNAH])
            (S27) 

Combining equations (S9) and (S27) and considering the blank product:  

𝑣𝐶𝑂(M/s) = 𝑣0(M/s) +  
𝑎′′

[cat]𝑡

 𝑏
′′

[cat]𝑡+𝑐′′
      (7) 

where a”, b” and c” are expressed as the following: 

𝑎" =  𝑘2 α 𝑘𝑞 [BNAH]  𝐼𝑒𝑥 𝛾       (S28) 

𝑏" =  2𝑘2(𝑘𝑟+𝑛𝑟 + 𝑘𝑞 [𝐵𝑁𝐴𝐻]) 𝛾          (S29) 

𝑐" =  𝑘𝑏(𝑘𝑟+𝑛𝑟 + 𝑘𝑞 [𝐵𝑁𝐴𝐻])             (S30) 

 

 


