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Redox Flow Battery (RFB) 

 Redox flow battery is a promising technology for large to medium 

scale renewable and grid energy storage: active heat management, 

low self discharge, low maintenance, long life-time, and independent 

tunable power and storage capacity.  



Challenges for RFB Technologies 
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All V Redox Flow Battery 

Fe-Cr chloride system 

Safety issue (H2 generation) 

Elevated operation temperatures (40-60 oC) 

Use of expensive catalysts for Cr2+-Cr3+ reaction. 

Low energy density ([Fe,Cr] ~1.25M; <10 Whr/L) 

Low cost (Fe, Cr cost, and separator cost) 

All vanadium sulfate system 

Energy density ([V]< 1.7 M; <20 Whr/L) 

Narrow operation temperature window (10-40oC) 

High cost (V cost, and membrane cost) 

 



Accomplishments 

Developed New V2+/3+ - Fe2+/3+ systems 

Energy density as good as current VRB system 

Wide operation temperature window (0-60 oC) 

Reduced membrane cost by using hydrocarbon separator (~1% of 
Nafion membrane) 

No hydrogen evolution or V2O5 precipitation 

 

Developed Advanced V2+/3+ - V4+/5+ systems 

100% increase in energy density vs. current VRB. 

Less space requirement 

Less balance-of-plant cost 

Wide operation temperature window (0-60 oC). 

No active cooling/heating required 

Less parasitic energy loss 

Less equipment cost 

 



More than 100 Related Media Coverage about PNNL’s Redox Battery Progress 
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V - Fe Redox Flow Battery 

Catholyte:     Fe2+ – e              Fe3+ 

 

Anolyte:        V3+ + e                          V2+ 

 

Overall:      Fe2+ + V3+                          Fe3+ + V2+ 
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Performance of Fe/V Redox Flow Battery 



Operating Fe-V Battery at Different Temperatures 

1.5M Fe/V mixed acid solution with Nafion membrane 
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Performance of Fe/V Battery with 

 Hydrocarbon Separator (~1% cost of Nafion membrane) 

1.5M Fe/V mixed acid solution, no capacity loss, 50 mA/cm2. 

Coulombic 



All Vanadium Mixed Acid Redox Flow Battery 

Catholyte:    VO2+ + Cl- + H2O – e                  VO2Cl + 2H+ 

 

Anolyte:                      V3+ + e          V2+ 

 

Overall:    VO2+ + Cl- + H2O + V3+               VO2Cl + 2H+ + V2+ 
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Solution Chemistry of the Mixed Acid Electrolytes 
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 In sulfate solution, V5+ exists as [VO2(H2O)3]
+, which tends to convert to V2O5-3H2O 

precipitation via: 

 [VO2(H2O)3]
+       →    VO(OH)3 + [H3O]+        

       2VO(OH)3          →     V2O5-3H2O ↓   

 In the mixed sulfate-chloride solution, a stable neutral specie, VO2Cl(H2O)2, forms via: 

 [VO2(H2O)3]
+ + HCl ↔ VO2Cl(H2O)2 + [H3O]+        ΔH >0 



Performance of Vanadium Mixed Acid Battery  
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Cell Performance at Varied Temperatures 
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 A VFB with 2.5 M V mixed acid electrolyte can be operated under a 

broad temperature range of 0 to 50 oC.  

 Redox reactions are temperature dependent. 

 No noticeable gas evolution over 25 days. 



Development of New Redox Flow Battery Systems at PNNL 

Redox flow 

batteries 

All vanadium sulfate 

V5+/V4+ vs. V2+/V3+ 

Fe/Cr chloride 

Fe3+/Fe2+ vs. Cr2+/Cr3+ 
PNNL Fe/V system 

Fe3+/Fe2+ vs.V2+/V3+ 
PNNL All Vanadium  

V5+/V4+ vs. V2+/V3+ 

Redox reactions Positive VO2
++2H++e=VO2++H2O, 

1.0V 

Fe3++e=Fe2+     

 0.77V 
Fe3++e=Fe2+         

0.77V 
VO2

++2H++e=VO2++H2O 

1.0V 

Negative V2+ - e = V3+                         

-0.25V 

Cr2+=Cr3+ -e 

  -0.41V 
V2+=V3+ -e                  

-0.25V   
V2+ - e = V3+                         

-0.25V 

Voltage Theoretical 1.0 V-(0.25V)=1.25 V 0.77V – (-0.41V) = 1.18 V 0.77V – (-0.25V) = 

1.02 V 
1.0 V-(0.25V)=1.25 V 

Membrane Ion exchange Nafion Ion exchange or  

micro porous 
Ion exchange or 

micro porous 
Ion exchange Nafion 

Electrolyte Catholyte 

Anolyte 

1.5M VOSO4 

1.5M V(SO4)1.5 

1.25MFeCl2 + 1.25MCrCl3 

1.25MFeCl2 + 1.25MCrCl3 
1.75M Fe/1.75M V 

1.75M Fe/1.75M V 

2.5M V4+/V5+ 

2.5M V2+/V3+ 

Energy Efficiency ~85% ~70% 70~80%  ~85% 

Current Density 50 mA.cm-2 50 mA.cm-2 50mA.cm-2  50 mA.cm-2 

Depth of charge 

or discharge 

20% - 80% 20% -80% 10% - 90% 15% -85% 

Fuel utilization ~60% ~60% ~80% ~70% 

Energy density 100% 27 Wh.L-1 15 Wh.L-1 19 Wh.L-1 45 Wh.L-1 

Practical ~16 Wh.L-1 ~9 Wh.L-1 ~15 Wh.L-1    ~32 Wh.L-1  

Operation oC 10—40 oC 40-60oC 0 to 60oC 0-60 oC 

Other major 

disadvantages 

H2 evolution at anode. 

Catalyst needed at anode. 



Future Work 

 

Demonstrate a 5.0 kWh (1.0 kW) bench-top prototype FRB with the 
newly developed electrolytes. 

 

Build up strong collaborations with industry, university, and other 
national laboratory partners.  

 

Prepare for large system demonstrations (1 MW-hr) within 2-3 years. 

  


