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Table S1. The molecular orbital of Viol, Viol·+ and Viol2+ with different substituted groups.

Molecular
structure

Molecular 
orbital Viol Viol∙+ Viol2+

HOMO/
SOMO

1 LUMO

HOMO/
SOMO

 

2 LUMO

HOMO/
SOMO

 

3 LUMO

HOMO/
SOMO

4 LUMO

HOMO/
SOMO

 

5 LUMO

HOMO/
SOMO

 

6 LUMO

HOMO/
SOMO

 

7 LUMO



 3 / 17

Fig. S1 Schematic demonstration of the cell structure.
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Fig. S2 (a) Optimized the geometry of Fe-tpy molecule. (b) the splitting of five Fe 3d orbital and 
corresponding electronic configuration. (c) Spin differentiated LUMO-HOMO of the Fe-tpy and 
charging and discharging states. Electron configurations of all the molecules were calculated by 
DFT method within the framework of the Gaussian 09 package. S1 The standard Pople basis set, 6-
31G++(d,p), combined with the Lee–Yang–Parr exchange correlation functional (B3LYP) was 
used for all calculations. S2 For each molecule, the geometry was fully optimized to achieve the 
lowest total energy before energy level calculation, and all possible spin multiplicities were 
explored (S=3,4,5,6), among which we chose the one with the lowest energy for analysis and 
comparison between different molecules.

The calculation shows the Fe ion is coordinated by the six nitrogen atoms from the two 
perpendicularly arranged tpy ligands. The FeN6 forms a distorted octahedron, the average bond 
length of the FN6 is from 2.18-2.25 A, as shown in Fig S1a.   The five 3d orbital of Fe ions is split 
into two group: eg and t2g.  The energy scale of such splitting of the orbital group is 0.8 eV which 
is smaller than the usual Hund’s coupling strength.  The six electrons occupying the five 3d orbital 
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will form the high spin structure. According to the Hund’s rule, all the orbital will be occupied 
with the lowest energy orbital double occupied, as shown in Fig. S1b. During the 
charging/discharging process the double occupied orbital will lose and gain electron due to the 
Hund’s coupling rule to maintain the thermal dynamic minimum of electrons. Therefore, the 
lowest energy double occupied 3d orbital will be serve as the redox active center, which increases 
the redox potential compared to Fe2+/F3+ redox potential. To further confirm this point, the spin 
differentiated LUMO-HOMO of the Fe-tpy and charging and discharging state is explored. As 
show in Fig. S1c, the HOMO of the Fe2+ is highly resemble to the LUMO of the Fe3+. It is clear 
this orbital serves as redox active center during the charge and discharge process.    
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Fig. S3 RDE profiles of Fe(II)-tpy in EC/DMC. The electrolyte was composed of 2 mM Fe(II)-tpy, 

0.25 M LiTFSI in EC/DMC. The scan rate was 10 mV∙s–1. 
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Fig. S4 Limiting current (ilim) vs. square root of rotation speed (ω1/2) derived from Fig. S3.
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Fig. S5 η-dependent current as a function of ω−1/2 derived from Fig. S3.
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Fig. S6 η as a function of lgiK upon the oxidation of Fe(II)-tpy. The x-intercept gives the log of i0.
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Fig. S7 Cycling performance of Fe-tpy | Li half-cell.
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Table S2 A comparison of organic RFBs using viologen derivatives as anode materials

Positive Negative Cell voltage a
(V)

Aqueous or 
nonaqueous

Concentration b / 
solubility c

Energy density d
(Wh/L)

Manuscript 
ref. No 

N
O-

OO O O

N+
Cl-

n m
n m

N+

N+

Cl-

Cl-

N+Cl-
0.8–1.15 aqueous N/A ca. 8.0 8e

N
O

N+Cl-

0.9–1.3 aqueous
0.1 M /

1.3 M in water or 
1.1 M in 2 M NaCl

ca. 3.0 8g

N
O

OH

N+N+
2Cl-

1–1.25 aqueous 0.5 M / 3M in water ca. 1.8 13b

Fe
N+Cl-

N+N+
2Cl-

0.7–1 aqueous 0.5M / 3M in water ca. 5.4 13c

Fe
N+Cl-

N+ N+

N+ 3Cl- 1.–1.3
0.5–0.8 aqueous 0.25M / 

1.4 M in 2 M NaCl ca. 4.2 13d

Fe
N+Cl-

N+ N+

N+ N+4Br- 1–1.2
0.5–0.8 aqueous 0.25 M /

1.3 M in 2 M NaCl ca. 4.1 13d

N
O

N+Cl-

N+ N+

N+ N+4Cl- 1.3–1.4
0.3–1.1 aqueous 0.05 M /

N/A ca. 2.3 13d

N
NN

N
N N
Fe2+ 2BF4- N+ N+

2BF4-

1.3–1.6 non-aqueous

0.25 M / 1.3 M in 
EC/DMC and
1.0 M in 1 M 

LiTFSI EC/DMC 

ca. 4 This work

a refers to the discharge potential range

b refers to the concertation of the anolyte for cell performance evaluation

c refers to the solubility of anode materials

d refers to the achieved energy density calculated based on the total volume of the anolyte and catholyte
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The 1H NMR spectrum of (CH2)5CH3-substitute Viol2+.
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The 13C NMR spectrum of (CH2)5CH3-substitute Viol2+.
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The 1H NMR spectrum of Fe-tpy.
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The 13C NMR spectrum of Fe-tpy.
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The MALDI-TOF-MS spectrum of (CH2)5CH3-substitute Viol2+.
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The MALDI-TOF-MS spectrum of Fe-tpy.


