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Electrochemistry

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

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



Central Role of Electrochemistry

CENTRAL ROLE OF ELECTROCHEMICAL WATER SPLITTING IN A SUSTAINABLE ENERGY FUTURE
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Fuel Cell

ELECTRIC CIRCUIT
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Water Splitting

ELECTROCHEMCAL HALF REACTIONS

2H,0 » 4H"+ O, + 4e” E (anodic) = 1.23V vs. SHE

4H* + 4&¢ ——  2H, E (cathodic)= 0V vs. SHE

CURRENT VOLTAGE CHARACTERISTICS OF A ELECTROLYZER
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Electrode assembly
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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.



emf of a cell reaction

Salt bridge containing KNO 5 AG - 'nfErxn
q »
Porous plugs —____| emf is pOSitive when
reaction is spontaneous by
- Cathode Aode definition
1 kmol/m? Ag* solution 1 kmol/m3 Zn?*solution

Zn + 2AgCl 2 Zn?*+ 2Ag + 2CI
Zn/Zn?**(a =1), CI-/AgCl/Ag
Cell emf = E, = Electrostatic potential of the RHS — electrostatic potential of LHS



Primary reference

Wire to
meter

Ha 7
(101.3 kPa) |
—

Glass

~1.00 kmol/m?
HCI

Pt electrode coated witl'_l platinum black

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

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

H, (g) = 2H" + 2e-



Half Cells
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Salt bridge containing KNOs
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H:
(101.3 kPa) Hz 2
- Salt bridge _ : (101.3 kPa) L
2 q Y Salt bridge
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Porous plugs > !
P
o : Porous plugs Porous plugs
P e ¥ M
Cathod 1 kmol/m?3 Ag+ 1 kmol/m3 H;0+ eIeth,;(ode Pt g RN i
athode Anode dectrode N 1 kmol/m? H;0* 1 kmol/m? Zn®+ Cathode
Cathode Anode Anode

1 kmol/m? Ag* solution 1 kmol/m? Zn*"solution

E°=+0.80V Ag",, +el ---> Ag reduction
E°=-0.76 V Zn*?,, +2e?! --->Zn oxidation

°=+0.80V Ag*l(aq) +el > Ag, reduction

E°=+0.76 V Zng --->Zn*?,, +2e' oxidation

Boen = +1.56V 2 Ag+1(aq) +Zng ---- > 2Ag, + Zn+z(aq)



Electron transfer event;
Oxidation/Reduction
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Electron transfer event;
Oxidation/Reduction
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Electron transfer event;
Oxidation/Reduction

|

Reduction of the solution/ oxidation of electrode
Fermi level 0eV
_ T LUMO
% HOMO
Metal Solution (e.g. H,0)
Electrode

-ve potential



Electron transfer event;
Oxidation/Reduction
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Electron transfer event;
Oxidation/Reduction

Metal Solution (e.g. H,0)

Electrode

LUMO

|

Fermi level 0eV HOMO

Oxidation of the solution/ reduction of electrode

+ve potential



Electrochemical interface

Nature of ions in solution State of solvation
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Kinetics of Electrochemical Rxn
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Phenomenological picture
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Interpreting potential
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Overall Current
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Kinetic Theory
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Butler Volmer Electrode Kinetics
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Butler Volmer Electrode Kinetics
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Marcus theory of electron transfer

41%) ‘ N/ Ru(NH,) 3+ e > Ru(NH,)*
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Marcus theory of electron transfer
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Marcus theory of electron transfer

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

The Inverted Region Effect
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Potential step methods

E1l: No electron transfer
E2: Fast electron transfer in MT regime

E2
El
?
0+ ne—R
dCy(x, t)_ azﬂ'ﬂ(x,t)
at % 9x2

Calculate the

diffusion

limited current

Boundary Conditions —

nFAC, D~

1/2

1/2

Co(x,t)

ANRARRRRANNNY
L

Co(x,t) = Co @t =0  Homogenous solution

lim Cy(x,t) = Cy Semi-infinite condition
XN

Cy(0,t) = 0 @t > 0Special condition: by design



Cottrell Egn.

nFAC DDI":3 The current is diffusion limited, no contribution
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Potential step methods

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

RT Cy(x,t)  Assuming nernstian behavior

_ [0
£k +nF H.QR(X, t) Fast kinetics

Diffusion Egns.

aC,(x, 1) 8%C,(x, 1) 0Cr(x ) _ 0°Cr(x, 1)
50 Po——F 7 — at R a2

Co(x,t) =Cy @t =0 Cr(x, t) = Cp @t =0

lim Cr(x,t) = Cp
lim Cy(x,t) = Cq Jim Cr(x,t) = Cy
XN—C0

Flux balance: dCo(x,1t) dCr(x,1t)
Do (T).L’Zﬂ + Dg (T)-“:“ =0



Potential step methods
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Potential step methods

Shape of current potential curve

Figure 5.4.1 Characteristics of a reversible
wave in sampled-current voltammetry.
This curve is forn = 1,7 = 298 K, and

\ Dy = Dp/2. Because D # Dy, F,p differs
NERNA SNRARNNNESEA ANEAE slightly from £, in this case by about 9 mV.
o0 —100 —150 200 -250  For n = 1, the wave rises more sharply to the

iglty2

(E-£%)v plateau {see Figure 5.4.2).

I/ .
’ pp y i 10T 1)
'J'.' .[_‘I | ||r'| IF '“ |'-.I | .F'u!‘ !” 1]
ni ”||; il Ty



Cyclic Voltammetry

0+ ne=R E =E -vt

Assuming Nernstian Kinetics: FAST /\&

Co(x, 1) _ Eg(Ei—i;t—Eo} — (0

Cr(x,t)
0
E0 E,
voltage current
ip = (2.69 X 10%)ADS/*n3/2c5v/2 A .
Vofp-===-=-mmmmmm o WO
Ep =E 1 lDE’fRT d //
e . nkF - -
tima WV : Vo voltage
, RT Dy'?
Eijp =E" + - In D7 R N




Scan rate-variation

Fast Kinetics
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Number of electrons transferred n
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Non-nernstian kinetics

Magnitude of exchange current

2 ANE AC
(=i ey

Fast kinetics
10cm/s

6.00E-05

9 )
10”cm/s 10°cm/s 103cm/s
Sluggish kinetics

k° variation

: ~ 0.00E+ ,L . . .

—

-5 -1 0.5 ( 1 15
-2.00E-05 ||
-4.00E-05 -

o Anc AC
UL T




Transfer coefficient dependence
oL variation
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Adsorption/desorption
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Adsorption + electron transfer

Attraction between
O* decreasing

SSSSS 1 O+e=>R
where adsorbates
Interact with each other
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Pourbaix Diagram E-pH diagrams

O, + 4H* +4e” > 2H,0 1.2V vs. SHE

2H* + 2e" > H, 0V vs. SHE
15 4 0, +4H"+ 4e =2H,0
Derive from Nernst Equation e ™
: ; o{ ™) e |
Thermodynamic zme-m\\
information only ! i 5




Pourbaix Diagram

Electrochemical stability of materials can be inferred instantly



Potential (V)
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Creation of internal standards in DFT have helped in referencing the electrode to

potential |
PHYSICAL REVIEW B 73, 165402 (2006)



Figure 8.
Model 3.
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ldea of a limiting overpotential
importance of intermediates

Pt(111)

Reaction Coordinate

AG, € AG;€ AG, € AG,

Rossmeisl et. al.



PEM Fuel cell Cathode (ORR)
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Potential (V)

OER

H,0 = %0,+2H*+2e

2.9 1

15 - M anode
.23V

1.0 4
0.5 4
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i i AP S e e S SR . e g S H ...................
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r ] | | _-T | 1
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Current density (A/om)

Marshall, Tsypkin, Bgrresen, Hagen, Tunold, Mater. Chem. Phys. 94

(2005) 226-232.



Summary

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

e 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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