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Electrochemical Thermodynamics 
Potential Ranges for  Battery Electrode 

Reactions in Aqueous Systems 
POTENTIAL SCALE vs RHE 

Competition w/ H2 evolution Competition w/ O2 evolution 

C-electrode corrosion 

Air Oxidation of React 
Overcharge positive couple 

Air Oxidation of React 
Over dis-charge negative couple 

0 1.0 1.23 

POSITIVE COUPLES NEGATIVE COUPLES 



Electrochemical Thermodynamics 

Negativ
e 
couples 

Eo vs SHE Positive 
couples 

Eo vs 
SHE 
 

Ti3/TiO2 0.1 Fe3/Fe2 0.77 

H2/H+ 0.0 VO2
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V2/V3 -0.26 Br3
-/3Br- 1.09 

2S2
-2/S4

-

2 
 

-0.266 Cl2/Cl- 1.35 

Cr2/Cr3 -0.41 

Feo/Fe2+ -0.44 

Zno/Zn2+ 

 
-0.78 

9,10 
AQDS 

0.118 

E = Ep – En 

Example Aqueous Flow 
Battery Couples 



BATTERY CHARGE-DISCHARGE 
POLARIZATION CURVE 
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ηohm = Ohmic 

ηa = Kinetics 

ηc = mass transfer 

Vc = Vocv + ηc  + ηa  + ηohm   

LOSSES 

Vd = Vocv – η’c  - η’a  - ηohm   

BATTERY CHARGING VOLTAGE 
LOSSES 



Characteristics Scales of the Electrochemical Cell 

Electrode 

µm mm – cm - m nm mm 

Double 
layer 

Concentration 
boundary layer 

Bulk Electrolyte 

Φ 

V 

Cb 

Ce 

∇2Φ =0 

Φm Φs 

Potential 
distribution: 

mass 
transport-
Conc BL: 

charge transfer: 

ηc ηohm ηa 



Electrochemical Kinetics 
e.g.   Fe3+ +e = Fe2+ 

Fe3+ 

Fe3+ 

e 

iogeo = a x t x iop 
 

a = Aa/Velec =(1-ε)6/dp  
 
rf = At/Aa = roughness factor 

iop = rf x iot 

t 
iot = f(T, Ci, Rx, surface, electrolyte) 

i = current/membrane surface area 

η𝑎 =
𝑅𝑅
𝐹

 𝑥 
𝑖

iogeo
 



Ohmic Losses 

 ηohm = ∑ ηi
ohm  

 
Electrolyte 
 
Electrode           Temperature, materials, thickness or gaps 
 
Membrane 
 
Effects of non-conducting phases-   𝜎 =  𝜖3/2𝜎𝑜 
 
Interfacial losses-  surface oxides, contact area, contact 
pressure 
 
 



Mass and Ion transport 

t 

iLim
geo = axtx iLim

p 

a  =(1-ε)6/dp  

PLANAR 
CHANNEL 

iLim = nFDC/δ ;     δ =  boundary layer thickness 
 
Planar design:  δ ~50µ,   iLim ~ 50mA/cm2 

 
Porous Electrode:  δ <<50µ   iLim

geo >>50mA/cm2  
(becomes ohmic limited or reactant limited)  

Note:  In Lithium intercalation 
electrodes, D is small, δ is very 
small, ‘a’ is large, but electrolyte 
conductivity is low 



Primary Potential Distribution 
• Uniform concentration field, e.g. outside the concentration boundary 

layer 
• Kinetic resistances are negligible as compared to ohmic resistances, i.e. 

electrode boundaries are constant potential 
• Zero normal current density at insulating surfaces 

Cb 

Thin boundary layer: 

j jj j j j jFN C U C C vD z φ= − ∇ − ∇ +

𝛻2𝜑 = 0 

𝑑𝜑
𝑑𝑛

 =0 

𝜑 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑐𝑐𝑝𝑐𝑐𝑖𝑐𝑝𝑐 
BOUNDARY CONDITIONS:  at electrodes 

At insulators and symmetry planes 



An Example of Current Distribution 

PRIMARY 
DISTRIBUTION 

SECONDARY DISTRIBUTION 
Electrode potentials modified by 
overpotential,  W=0 very fast kinetics, 
W > 0 slower kinetics 



Battery Measurements and 
Diagnostics Topics 

• Charge-Discharge 
• Impedance analysis 
• Reference electrodes and 

placement 
• Symmetrical Cells 
  



Full Battery Cycling Experiment-single cell 

13 

𝐸𝑐𝑝𝐸𝐸𝐸 𝑆𝑐𝑐𝐸𝑐𝐸𝑝 𝐸𝐸𝐸𝑖𝑐𝑖𝑝𝑐𝑐𝐸 =  
∫ 𝑉𝑑 
𝑡𝑑
𝑡𝑡 𝑖𝑑𝑑𝑐

∫ 𝑉𝑡𝑖𝑡𝑑𝑐
𝑡𝑡
𝑜

 

At constant current charge=discharge 
VE= Vd/Vc  CE= td/tc   EE = (VE)(CE) 

Important parameters 
• State of Charge 
• Depth of discharge 
• Voltage limits 
• Current density 
• Temperature 



EIS – Circuit Elements 
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100 Ω Resistor 

1 mF Capacitor 

R-C in series 

R||C Loop 

𝒁𝑹 =
𝑽𝑹
𝑰𝑹

 𝒁𝑪 = −
𝑗
𝜔𝐶 

𝑥 𝑐 = 𝑿𝑝𝑗𝜔𝑡 𝑉𝑅 = 𝑅𝑅𝐼𝑅 

𝒁 =
𝑽
𝑰  

𝐼 𝑐 = 𝐶 ∙
𝑑𝑉 𝑐
𝑑𝑐  

General Phasor Element Resistor Capacitor 

Governing Eq’n 

Impedance 

Impedance 
 Diagnostics 



EIS – Cell with two planar electrodes 
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𝑅𝐻𝐻 = 𝑅𝑚𝑚𝑚 + 𝑅𝑚𝑒𝑚𝑡𝑡. + 𝑅𝑚𝑒𝑚𝑡𝑡 

𝑅𝐶𝐶 =
𝑅𝑅
𝑐𝐹

1
𝑖𝑜𝐴

 

𝑅𝐻𝐻 𝑅𝐶𝐶 1 
𝑅𝐶𝐶 2 

𝑅𝑗 =
1
𝜎𝑗
𝑝
𝐴
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Presenter
Presentation Notes
Membrane = 0.02 Ω (0.02 cm thick, 50 cm2, and 20 mS/cm)Electrolyte = 0.02 Ω (0.1 cm thick, 50 cm2, and 100 mS/cm) (each)Electrode 1: Rct = 0.1 Ω (50 cm2 and io = 5 mA/cm2)                  and Cdl = 0.1 mFElectrode 2: Rct = 0.05 Ω (50 cm2 and io = 10 mA/cm2)                  and Cdl = 100 mFLinear kinetics for charge transfer resistance



EIS – Planar electrode with Warburg mass transfer 
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𝑅𝐻𝐻 
𝑅𝐶𝐶 

𝑅𝑊 

θ = 45° 

CT W 

𝑍𝑊,𝐻𝐹𝑛𝐹𝑡𝑚 = 𝑅𝑀𝐶
tanh 𝑖 ∙ 𝜏 ∙ 𝜔 𝜌

𝑖 ∙ 𝜏 ∙ 𝜔 𝜌  

𝑍𝑊,𝐼𝑛𝐼𝐹𝑛𝐹𝑡𝑚 = 𝑅𝑀𝐶
ctnh 𝑖 ∙ 𝜏 ∙ 𝜔 𝜌

𝑖 ∙ 𝜏 ∙ 𝜔 𝜌  

𝜏 =
𝐿2

𝐷  

𝜌 = 0.5 

𝑅𝑀𝐶 =
𝑅𝑅
𝑐𝐹

1
𝑖𝐿 − 𝑖  

Presenter
Presentation Notes
R HF = 0.02 Ω (0.02 cm thick, 50 cm2, and 20 mS/cm)Electrode 1: Rct = 0.04 Ω                  Cdl = 0.5 mFWarburg: R = 0.085 Ω              tau = 1 sec              rho = 0.5



Characteristic times for diffusion 

1/25/2014 
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• 𝜏 = 𝐿2

𝐷
 L is length scale (boundary layer thickness) 

  D is diffusion coefficient 
 
For ions in a well-mixed solution: 
 𝐿 ≈ 25𝜇𝜇 ,𝐷 ≈ 5 × 10−6 𝑡𝑚2

𝑠⁄  →  τ ≈ 1 𝑐𝑝𝑐, 𝐸 ≈ 1 𝐻𝐻 
 
For solid state ionic diffusion (Li – ion batteries): 
 𝐿 ≈ 1𝜇𝜇 ,𝐷 ≈ 1 × 10−10 𝑡𝑚2

𝑠⁄   → τ ≈ 100 𝑐𝑝𝑐, 𝐸 ≈ 0.01 𝐻𝐻 
 



Porous Electrodes 

1/25/2014 
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Simulation with infinite Rct
Simulation with 10x Rct
Simulation with Rct matching experiment

𝑅𝐶𝐶 𝑅𝐶𝐶 𝑅𝐶𝐶 𝐶𝑑𝑒 𝐶𝑑𝑒 𝐶𝑑𝑒 

𝑅𝑚− 𝑅𝑚− 𝑅𝑚− 

𝑅𝐹𝑜𝑛𝐹𝑡 𝑅𝐹𝑜𝑛𝐹𝑡 𝑅𝑚𝑚𝑚 

C
urrent C

ollector 
NON UNIFORM DISTRIBUTIONS 

Newman and Tobias, JECS,  109, 1183 (1962) 

Presenter
Presentation Notes
Porous electrodes generate Nyquist plots similar in shape to finite Warburg diffusion-but this isn’t diffusion- its all distributed resistances.



Impedance Measurements of an Electrochemical Capacitor 

Capacitance Loops due to passive 
layer interface between Al foil and 
carbon 
Coated foil has lower interfacial 
resistance 

Coated vs un-coated Al foils 



Models of Three Electrode Structures and 
Experimental Measurements 

Scenario Estimated RHF Calc. RHF Measured RHF 

Case I (flat plate) κe - ≪ σionic 𝑅𝐹𝑜𝑛𝐹𝑡 + 𝑅𝑚𝑚𝑚 0.533 Ω 0.533 Ω 

Case II (felt) κe- ≫ σionic 𝑅𝑚− + 𝑅𝑚𝑚𝑚 0.135 Ω 0.160 Ω 

Case III (slurry) κe- ≈ σionic 
𝑅𝑚−𝑅𝐹𝑜𝑛𝐹𝑡
𝑅𝑚− + 𝑅𝐹𝑜𝑛𝐹𝑡

+ 𝑅𝑚𝑚𝑚 0.352 Ω 0.350 Ω 

1/25/2014 
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𝑅𝐶𝐶 𝑅𝐶𝐶 𝑅𝐶𝐶 𝐶𝑑𝑒 𝐶𝑑𝑒 𝐶𝑑𝑒 

𝑅𝑚− 𝑅𝑚− 𝑅𝑚− 

𝑅𝐹𝑜𝑛𝐹𝑡 𝑅𝐹𝑜𝑛𝐹𝑡 𝑅𝑚𝑚𝑚 

C
urrent C

ollector 

 Σ𝑅𝑚−         = 0.700Ω 
 Σ𝑅𝐹𝑜𝑛𝐹𝑡     = 0.458Ω 
 𝑅𝑁𝑎𝐼𝐹𝑜𝑛    = 0.075Ω 
 𝑅𝐷𝑎𝐷𝑎𝑚𝐹𝑡  = 0.057Ω 

 
 

Presenter
Presentation Notes
Key here is independent measurements of Rionic, R electronic, R membrane (all in Calc Rhf) which are used to verify measured Rhf.At high frequency, Cdl is shorted, Rct does not affect the high frequency resistance.Otherwise, too many unknown parameters……



SEPARATING POSITIVE AND NEGATIVE ELECTRODE 
OVERPOTENTIALS WITH A REFERENCE ELECTRODE 

Vc = Vocv + ηc  + ηa  + ηohm   

Vp-Vn=Eop
r-Eon

r + ηp
c  + ηn

c  + ηp
a + ηn

a + 
∑ηi

ohm   
Vc 

Eop
r+ ηp

c  + ηp
a  Eon

r + ηn
c  + ηn

a  

∑ηi
ohm  

Ref 
Electrode  Positive Electrode 

Vp 
 

Negative 
Electrode 

Vn 
 



REFERENCE ELECTRODE PLACEMENT IS 
COMPLICATED BY NON-UNIFORM POTENTIAL 

DISTRIBUTION 
If electrode and membrane are same dimensions, then RE placed downstream measures 
potential mid-way between electrode and membrane 

If extended membrane, then RE measures potential at membrane 



SYMMETRICAL CELLS TO ISOLATE HALF CELL 
OVERPOTENTIALS 

An Experimental approach:  
• Each half cell undergoes the same reaction with, 

but in opposite directions 
• All reactants and products of equal concentrations 
• Use common reservoir so not to deplete any 

reactants 
• Requires symmetrical kinetics like that of the 

Fe3/Fe2 couple 
• Use impedance high frequency to measure the 

ohmic loss 
• The balance of measured potential is the total 

kinetic and concentration overpotentials, each side 
contributing half of the total 

• Facilitates separation of activation and 
concentration overpotentials 

• Can be used to evaluate cell designs, estimate 
contact resistances, etc 

 



Example:  Symmetrical Slurry 
Cell of Iron Flow Battery 

24 

-0.6

-0.4

-0.2

0.0
0.9 1.1 1.3 1.5 1.7

Z'
' I

m
ag

in
ar

y 
Im

pe
da

nc
e 

Z' Real Impedance (Ohms) 

Flat Plate
9 um Particles - 5.0 vol%
100 um Particles - 15 vol%
150 um Particles - 12.5 vol%

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

-0.50 -0.25 0.00 0.25 0.50

Cu
rr

en
t D

en
si

ty
 (A

/c
m

2 )
 

Voltage (V) 

Flat Plate
9 um - 5.0 vol%
100 um - 15 vol%
150 um - 12.5 vol%

Slurry with particles of 9µ 
have linear Fe2/Fe3  
kinetics with no mass 
transfer effects 

Presenter
Presentation Notes
Percolation behavior observed. The performance of the slurry increases as the concentration of particles increases up to the percolation limit. Above the percolation limit, the performance decreases. The best CV’s for each slurry is shown on the left. The right is the Nyquist plots from EIS on the slurries at open-circuit voltage. Since the slurries and the flat plates are all graphite, the exchange current density should be the same. The impedance shows that the charge transfer resistance does not significantly change for the 100 and 150 micron particles from the flat plate, implying that the area available to the reaction does not significantly change. However, there is a significant decrease in charge transfer resistance with the 9 micron particles. This implies that the reaction is occurring on the particles.



Overpotentials in symmetric Fe2+/3+ 
• 𝑉𝑡𝑚𝑒𝑒 = 𝜂𝐼𝑅,𝐻𝐻 + 𝜂𝐼𝑅,𝐷𝐹𝑠𝑡 

           +𝜂𝑎𝑡𝑡,𝑡𝑜𝑡 + 𝜂𝑡𝑜𝑛𝑡,𝑡𝑜𝑡  

– 𝜂𝐼𝑅,𝐻𝐻 = 𝑖𝐴𝑡𝑚𝑒𝑒𝑅𝑡𝑚𝑒𝑒,𝐻𝐻  

– 𝜂𝑎𝑡𝑡,𝑡𝑜𝑡 = 2 ∙ 𝑅𝐶
𝑛𝐻
∙ 𝐹
𝐹𝑜

 

– 𝜂𝑡𝑜𝑛𝑡,𝑡𝑜𝑡 = 2 ∙ 𝑅𝐶
𝑛𝐻
∙ ln 1 − 𝐹

𝐹𝐿
 

25 

At 200 mA/cm2, 550 mL/min, 1 M FeCl2, 1 M FeCl3, and 1 M NH4Cl 

ηIR,HF ηIR,Dist ηAct ηConc ηTotal 

500 mV 50 mV (x2) 13 mV (x2) ~ 0 mV (x2) 626 mV 

 



CWRU Electrochemical Engineering 
and Energy Lab 

Acknowledging the support from ARPA-E, DOE Office of Electricity, NSF-SEP, State of 
Ohio Third Frontier Program, Calgon Carbon Corporation 
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RFB Electrode Designs for Enhancing Mass Transfer 
and Interfacial Kinetics 



Bare Particle Slurry Polarization Fe2+/3+ 

1/25/2014 
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𝑅𝐶𝐶 𝑅𝐶𝐶 𝑅𝐶𝐶 𝐶𝑑𝑒 𝐶𝑑𝑒 𝐶𝑑𝑒 

𝑅𝑚− 𝑅𝑚− 𝑅𝑚− 

𝑅𝐹𝑜𝑛𝐹𝑡 𝑅𝐹𝑜𝑛𝐹𝑡 𝑅𝑚𝑚𝑚 

C
urrent C

ollector 

At 200 mA/cm2, 550 mL/min, 1 M Iron, 1 M NH4Cl, and 1mm channels 

Slurry Type ηIR HF, Slurry ηIR Dist, Slurry ηAct ηConc ηTotal 

↑ 𝑒
𝑑

 nano-carbon 93 mV 25 mV 12 mV ~ 0 mV 130 mV 

20µm Nat. Flake 140 mV 77 mV 23 mV ~ 0 mV 240 mV 

Felt 0 mV 130mV 12 mV 8 mV 150 mV 

Presenter
Presentation Notes
Matching low frequency impedance results to slope of polarization curve provides a consistency check for the impedance model



CELL AND STACK REQUIREMENTS 
•Fluid Distribution Uniformity 
•Minimize Fluid Pressure Drop 
•Minimize Shunt Currents 
•Robust Seals  
•Ease of  Assembly 
•Minimize Manufacturing Costs 

Another Issue:  Stack Designs and Effects on Shunt 
Current and Pumping Losses 

Shunt Currents 
 

Leakage of  currents through 
electrolyte paths due to  
cell-to-cell voltage differences 



Pumping Power and Shunt Current Example 
Baseline Parameters 
• Inlet/outlet port radius, RP: 

▫ 0.1 cm 
• Inlet/outlet port length, Lp: 

▫ 1 cm 
• Intercell manifold length, Lm: 

▫ 1 cm 
• Intercell manifold radius, Rm: 

▫ 1 cm 
• Electrode length, Le: 

▫ 40 cm 
• Electrode width, We: 

▫ 25 cm 
• Cell half-thickness, he: 

▫ 0.1 cm 
• Number of cells: 

▫ 30 
• Current density: 

▫ 0.2 A/cm2 

• Total 30 cell stack power 
▫ 7.2 kW 

1/25/2014 
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Pumping Power and Shunt Current Example 

• Estimate for a shear-
thinning viscous slurries 

•  Modeled a 5 kW stack 
▫ 30 cell stack 
▫ 140 mA/cm2 
▫ Controlling factor for 

uniform flow distribution is 
electroltye port length 
normalized by port radius 

 

1/25/2014 
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