
Basic electrochemical techniques 
in energy research

Chinmoy Ranjan

FHI-AC

3-Feb-2012



Electrochemistry

• Biological electron transfer reactions: Life 
sustaining processes: Respiration, 
photosynthesis.

• Energy storage and conversion: Water 
splitting, Batteries, fuel cells.



Central Role of Electrochemistry
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Water Splitting
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Factors affecting a electrode reaction

• Mass transfer 

• Electron transfer at electrode surface

• Chemical Reactions preceding or following 
electron transfer

• Other reactions such as adsorption, 
desorption etc.



Zn  + 2AgCl  Zn2+ + 2Ag + 2Cl-

Zn/Zn2+ (a =1), Cl-/AgCl/Ag
Cell emf = Erxn= Electrostatic potential of the RHS – electrostatic potential of LHS

emf of a cell reaction

ΔG = -nfErxn

emf is positive when 
reaction is  spontaneous by 
definition



Primary reference

The standard half-cell assumed to be zero (0), 
is the H2 half-cell. It is a half cell with H2 gas 
bubbled in at SATP over an inert platinum 
electrode

H2 (g) = 2H+ + 2e-

Normal/Standard Hydrogen Electrode
Its emf taken as 0 at all temperatures



Half Cells

Eo = +0.80 V Ag+1
(aq) + e-1 ---> Ag(s) reduction

Eo = -0.76 V Zn+2
(aq) + 2e-1 ---> Zn(s) oxidation

Eo = +0.80 V Ag+1
(aq) + e-1 ---> Ag(s) reduction

Eo = +0.76 V Zn(s) ---> Zn+2
(aq) + 2e-1 oxidation

_________________________________
Ecell = +1.56 V 2 Ag+1

(aq) + Zn(s) ---- > 2Ag(s) + Zn+2
(aq)



Electron transfer event; 
Oxidation/Reduction
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Electron transfer event; 
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Electron transfer event; 
Oxidation/Reduction
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Electrochemical interface
Nature of ions in solution State of solvation
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Kinetics of Electrochemical Rxn



Phenomenological picture



Interpreting potential



Overall Current



Kinetic Theory



Butler Volmer Electrode Kinetics



Butler Volmer Electrode Kinetics

Exchange current
Density. 



Marcus theory of electron transfer

Ru(NH3)6
3++ e Ru(NH3)6

2+



Marcus theory of electron transfer



Marcus theory of electron transfer

Value of alpha: ~ 0.5 are used in Butler Volmer theory but there
is also some potential dependence



Potential step methods

Boundary Conditions

?

Calculate the 
diffusion 
limited current

Homogenous solution

Semi-infinite condition

Special condition: by design

E1

E2

t

E1:  No electron transfer
E2:  Fast electron transfer in MT regime



Cottrell Eqn.

The current is diffusion limited, no contribution
from kinetic regime



Stepping from E0 where there is no electrochemical activity to region to some arbitrary 
potential within the region of reduction wave

Diffusion Eqns.

Flux balance:

Assuming nernstian behavior
Fast kinetics

Potential step methods



Potential step methods

… Solution

From Nernst Eqn. Fast Kinetics



Potential step methods

Shape of current potential curve



Cyclic Voltammetry

Assuming Nernstian Kinetics: FAST

E = E -vt

E0

ip

Ep



Scan rate-variation



Number of electrons transferred n



Non-nernstian kinetics



Transfer coefficient dependence 
α variation



Adsorption/desorption



Adsorption + electron transfer
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O + e  R
where adsorbates 
Interact with each other

O R

e
Competes with O* R*

e

Attraction between 
O* decreasing



Pourbaix Diagram E-pH diagrams

O2 + 4H+ +4e- 2H2O  1.2V vs. SHE

2H+ + 2e- H2 0V vs. SHE

Derive from Nernst Equation

Thermodynamic 
information only !



Pourbaix Diagram

Electrochemical stability of materials can be inferred instantly



Theory

Creation of internal standards in DFT have helped in referencing the electrode to 
potential



Theory



Idea of a limiting overpotential
importance of intermediates

Pt(111)

Rossmeisl et. al.



PEM Fuel cell Cathode (ORR)

Gasteiger, Kocha, Sompalli, Wagner, Applied 
Catalysis B: Environmental, 56 (2005) 9-35.



OER
H2O  ½O2+2H++2e-

Marshall, Tsypkin, Børresen, Hagen, Tunold, Mater. Chem. Phys. 94 
(2005) 226–232.



Summary

• Certain fundamental electrochemical challenges form the 
basis of sustainable energy scenario.

• Challenges coming from kinetics, stability, electron and mass 
transport need to be solved. Some can be solved by chemistry 
and some need to the solved through engineering design.
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