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Electrochemistry

Interrelation of electrical and chemical effects !

Electronic Chemical
Field Field

Electric Electric/ lonic current and
current Chemical Reaction



Electrochemical Reactions

Cu?t +2e- =2 Cu® Fe?* 2 Fe3* + e

Electrochemical Reduction Electrochemical Oxidation

Cathode Anode



Two Systems of Electrochemistry
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GALVANIC CELL ELECTROLYTIC CELL
Energy released by spontaneous redox Electrical energy is used to drive
reaction is converted to electrical energy. nonspontaneous redox reaction.
Oxidation half-reaction: Oxidation half-reaction:
Y—>Yt+eo Z —>Z+e
Reduction half-reaction: Reduction half-reaction:
Z+e —>Z7~ Yt+e Y
Overall cell reaction: Overall cell reaction:
Y+Z->Y'+Z7 (G<O0) Yt+Z —>Y+Z(G>0)
Chemical Reaction Electric current
- Electric current - Chemical Reaction

4 https://chem.libretexts.org/



Two-electrode and three-electrode cells
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Figure 1.3.9 Two-electrode cell.

Real electrochemical system consists of cath
ode and anode

Under conditions when iR, is small (say less t
han 1-2 mV), this two-electrode cell can be
used to determine the i-E curve

However, it is hard to know the exact amount
of current if iR, is high
= 3 electrode system is necessary

Power
supply

Working
electrode

_®7

Counter
electrode

Reference
electrode

Figure 1.3.10 Three-electrode cell and
notation for the different electrodes.

Current is passed between the WE and CE

Potential of the WE is monitored relative to a

separate RE

A negligible current is drawn through Rg due
to the high impedance of voltmeter.

Used in most electrochemical experiments.



Reference Electrodes

« There are experimental reasons for the choice of a reference electrode.

Ag/AgClI/KCI (saturated, aqueous)

» Smaller temperature coefficient of potential than an SCE.
=> It can be built more compactly.

Hg/Hg,S0O/K,SO, (saturated, aqueous)

» When chloride is not acceptable, the mercurous sulfate electrode is used.

Ag/Ag* (0.01 M in CH,CN)

» With a nonaqueous solvent, Ag/Ag* electrode is used to prevent leakage of water.
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Overpotential for Water Splitting

Y2 O,+H,

237kJ/mol
EO:_1 23V



Potential for Electrolysis of Water

2H* +2e" > H, H,0 + 2h* 2 % 0, +2H*
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H,O0 > H,+%0, AG, = 237 kJ/mol (AE,= -1.23V)
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Overpotential for Electrolysis of Water
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1. Onset Potential & Overpotential

2. Tafel slope
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Tafel plot

“Tafel” : Swiss chemist Julius Tafel (1862-1918)

] S
< S
S g
s s
© S |
i >
O -
_ overpotential (V) Log (Current)
n=b|ogi
Io

n: overpotential
I: the observed current, |,: the exchange current

b: Tafel slope, a measure of the potential increase required to increase the resulting current 1 order of magnitude
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Tafel plot
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Tafel plot
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l,; The exchange current . For Pt, log i, (Alcm?)] = -3

b: Tafel slope, a measure of the potential increase required to increase
the resulting current 1 order of magnitude For Pt, b =30mV/decade



Tafel slope

« Tafel slope
* Itisaninherent property of the catalyst determined by the rate-limiting step for HER.

* Itis also related to the adsorbed hydrogen coverage (J,,) on the surface of the
electrode.

* Hydrogen Evolution Reaction in acidic solution

(1) +e -2 + H,0 (b= 2.3 RT/ (aF) = 120 mV)
(2) + +e > H, +H,0 (b= 2.3RT/ [(1+)F] = 40 mV) R: ideal gas constant,
(3) + 2> H, (b= 2.3RT/ (2F) = 30 mV) T: absolute temperature,

o.: symmetry coefficient (o =0.5)
F: Faraday constant
(1) Discharge step
(2) Electrochemical desorption step
(3) Recombination step of adsorbed hydrogen

U,=0"1 - b=40~118 mV/dec
¥, =1 > b=30mV/dec



Tafel Slope and Hydrogen Evolution Reaction
Mechanism
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Tafel slope is potential and coverage dependent!

If overpotential of considered region is too small,
the Tafel analysis leads to misrepresentation of the rate-determining step



IR Compensation
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R, : uncompensated resistance



. 5 0.10 +
* Per geometric area (cmgeo )

* Per surface area (cm__?) R
* Per electrochemically active surface area (cmECSAZ) 0

Electrochemical reaction : “Figures of merit”
<Four primary figures of merit for electrocatalyst activity> .
iqg = iolog 1o|g|

Exchange current density, i, (mA/cm?2)

anodic current

Tafel slope, b (mV/decade)

r|<0 e

~

Current density at a given overpotential:
' J Ev vs. RuE) (MA/CM?)

i<0

Overpotential needed to reach a given current densit

: n (MV) @10mA/cm?
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0.30 +

<{Three ways to report current density> v
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How can we analyze the electrochemical data?
What kind of information can we obtain?



Rotating Disk Electrode (RDE)

Electrodes for CVS(Cyclic Voltammetric Stripping)

* Advantage of RDE application

(1) Stable, laminar flow over a wide range of
operating conditions

(2) Well established current, potential, and
fluid-flow characteristics

(3) Uniform limiting current density

(4) Commercial availability of devices

Counter Electrode

Working Electrode

Piating Solution

HReference Electrode

ALS, http://www.als-japan.com/1042.html



Mass Transfer in RDE

|
Diffusion : Convection
@ unstirred 1 stirred
Insulator L6 »L g
@ Nernst |
\, Diffusion:
Layer :
>
Disk X
Electrical dC( )
contact X
J(x)= -D———+C;(x)
v(x) o a)3/2x2

if x small, v(x)=0

if x small, v(x)=0 : Diffusion > Convection

if x large, : Diffusion < Convection
Laminar Flow

Nernst Diffusion Layer 5 = 1.61D il/ 3 1)1/ 6/ 0)1/ 2

. angular velocity
v: kinematic viscosity ~ 0.01 cm?/s for aqueous sol'n



Application : Electrochemical water splitting
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current + CH,OH + H,0 — CO,+6 H* + 6 & ’
dahsty 2H,0 -0, +4H +4e
Pt, PIR
’ RuO, |
PSIl ™ |
/
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0 ‘ @ “" >
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/[ 2H*+2e —H, current / g .
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,/ | — Produ’ct: 02(9) Ha(9 Product:
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HCOOH, CO, CH,OH, CH,, C,H,

element \ element
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Anode(&=

2H,0 2 4e + O, + 4H*

Cathode(2

)i
=)

e

:4e + 4H* > 2H,

Reactant compound

Of the two half reactions, OER is considerably more difficult because it requires
a four-electron oxidation of two water molecules coupled to the removal of four
protons to form a relatively weak O=0 bond. = Efficient OER catalyst is

required!
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" Theoretical point of view: 4 steps in water oxidation reaction

o] tac
OOH ) Op+4H"+4e7| T

+3H* + 3e™
AG H,0 + O(aq) A | E.-E%= pn<0
1 _ AG 1 !
2H,0 OH(ad)‘l‘H++e +H,0 +2H* + 2e 49
e d H20 + OH(ad) ’
+H* + e~ AG3

AG
OH(ag) +H" + +H,0—= 0 +2H +2e" +H,0 | *™°  sc,

.

AG,
AG T = = = = = = I____L ; = -
Oy +2 H' 28" +H,0—00H,q +3H" +3e~ L. EgE= =D
R T
_ AG4 B Real | L———. E3-E0= n<o0
OOH,q)+3H"+3e — O,+4H" +4e 1.52 ﬁjﬁi YS‘

Anodic reaction : Water oxidation reaction

- Total 4 electrons and 4 protons are involved in this reaction.

- Thermodynamic potential for water oxidation is 1.23 V vs. NHE.

- Overall change in free energy of the four electron water splitting reaction
amounts t0 4.92 eV

- Taking water as the zero point of the energy scale, the Gibbs energies of
adsorption of the ideal intermediates would be 1.23 eV, 2.46 eV, and 3.69 eV for
OH(ad), O(ad), and OOH(ad), respectively.



Water Oxidation: Tafel plot and pH dependency

b ="

i "10.44
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« [I-V curve] can be transformed into [Log J vs V] to get the Tafel plot.

» In order to minimize the non-faradaic current, bulk electrolysis at the designed
potential was performed for certain time.

« Tafel plot is only validated near the small overpotential region where surface

coverage can be assumed to zero.



V (vs NHE)

log (i / Alcm?)

Water Oxidation: Tafel plot and pH dependency
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Proton reaction order can be obtained from pH dependency



Water Oxidation: Tafel plot and pH dependency

HO T o 7" on
‘\‘"('30'“-- ‘\('30[{2
o o7 o o § o 7" oH )& "7 8 9" on
O O PCET / H,O. | O. 2
.0 ‘(‘Zo i (’30 O /"CO'V >COIV 2/"00” /"Co”
07 T N T N T 0 —e",-H* O 0 O  +2H,0 o~ o 0
O‘(Y:o\(]:o + o ~o ¢ 1+ o ~o ¢
(0]
o~ ~o T N0
0 O_
. — +
A=B+e¢ + H
Transfer coefficient (a) = ‘1’ B — C : Rate determining step
Proton reaction order =‘1’ -
No buffer dependency

. ~1 FE
I = ko(ays) exp[ RT]

« From the electrochemical study, we can say “1 electron and 1 proton involved
pre-equilibrium step exist before RDS”

« Further verification by spectroscopic analysis is needed to verify the detailed
reaction species and metal valency chiange during catalysis .



Non-faradaic processes and the nature
of the electrode-solution interface

Faradaic Process vs. Nonfaradaic process

Faradaic process : charge transfer across the metal(electrode)-solution
interfaces ( governed by Faradaic law )

- Charge transfer process

Nonfaradaic process : the variation of current caused by adsorption and
desorption of molecules without charge transfer

|deal Polarized Electrode(IPE)

An electrode at which no charge transfer can occur across the metal-solution
Interface

While no real electrode can behave as an IPE over the whole potential range
available in a solution, some elctrode-solution systems can approach ideal
polarizability over limited potential ranges.

The nonfaradaic current is dominant at ideal polarized region




Electric Double Layer

“& IHP OHP - Electrical Double Layer :
Y 10 T omseww Array of charged species and oriented
NS shmiad calion dipoles existing at the metal-solution
e ©20 (% interface
_ - Inner Helmholtz Plane(IHP) :
, oS =gl + ot = —oM - :
i Adsorbed ions on electrical centers
Metal |
\@ - Outer Helmholtz Plane(OHP) :
QA Specifically adsorbed anion Adsorbed nearest solvated ions
o | i O= Solvent molecule Diffuse Layer . . '
S M ox Extends of OHP into the bulk of solution
~ Yy
(o g .
Py I
~— Metal —st=—— Solutlon —_— Pl
E%;)C) @ Solvated cation Y
- [\ - i /i
| ¢ ] I
> I E d’2 - d’s
) : @ (=) @ o E é
B | *—/ "Ghost" of anion repelled ¢ —7 i
IHP oHp from electrode surface i
e X ——
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Double-Layer Capacitance and Charging
Current in Electrochemlcal Measurements

4 C4 : electrode / electrolyte interface
capacitance

Hg/K*, CI/SCE R, : resistance between electrolyte
CSCE reference electrode / electrolyte

a

interface capacitance
C; : Total capacitance
Hg
drop
electrode Cq Rs Csce
- |
e = ao—f—MW—i—o>
KCl ‘
solution Cq Rs
~ a0 : : ’VV\, ob

SCE

Figure 1.2.5 Left: Two-electrode cell with an ideal polarized mercury drop electrode and an SCE.
Right: Representation of the cell in terms of linear circuit elements.

Cr= S o sse, C, ~C,
"71C, + Cyerl scp >> Cy B

27




Response of Current, Voltage at Double Layer
of Electrochemical Cell

Voltage Step ( Current Response) - Current Step (Voltage Response)
Rs Cq ; R Cy
| | : | |
* Wy | | * : W\ | |

Appled
[

SN Sy I B N

Figure 1.2.6 Potential step experiment for an RC
circuit.

Constant current source

Resultant (i)

Resultant (E)

‘Ezi(RSH‘/Cd)\

t

TzRSCd . { 2-8
T =time constant




Faradaic Processes and Factors Affecting
Rates of Electrode Reaction

Galvanic cell Electrolytic cell

1 =]

Power supply

() zvzPuceics  (5) (=) cucu® Hsourt  (3)
(Anode) (Cathode) (Cathode) (Ancde)
Zn - Zn?* + 2 CuB*t+2¢5Cu  Cud*+2¢ - Cu Hy0 — %02 +2HY 4 2¢

External variables

Electrode Temperature (T)

variables Pressure (P)
Material Time (1)
Surface area (A) f_-
Geometry . .
Surface condition t Electrical variables

Potential (E)
Mass transfer Current (i)
variables Quantity of electricity (Q)

Mode (diffusion,
convection, . ..)

Surface concentrations

Adsorption

Solution variables

Bulk concentration of electroactive
species (Cg, Cp)

Concentrations of other species
(electrolyte, pH, .. .)

Solvent

Figure 1.3.2 Variables affecting the rate of an electrode reaction.

Electrochemical cell

Galvanic cell : reactions occur
spontaneously at the electrodes
Electrolytic cell : reaction is effected by
the imposition of an external voltage
greater than open-circuit potential

. dQ
i (amperes) = ar (coulombs/s)

2 (coulombs)
nF (coulombs/mol)

= N (mol electrolyzed)

dN _ i

Rate (mol/s) = g nF

Ao 2) = i =L
Rate(mo]s cm) FA - nF

The departure of the electrode potential (or cell potential) from the equilibrium value upon
passage of faradaic current is termed polarization. The extent of polarization is measured

by the overpotential, n

n=E — Eeq
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Thermodynamics & Kinetics for Electrolysis

Definition of R , & C
(-)
Electron energy
A R Faradaic & non-Faradaic Current
S — wmo _
O® _
OO, 1
© ]
- </(< ><—>
Equivalent Circuit 4%
e
C. Faradaic current:
Te | Current used for O + ne = R reaction
\ IVI
| Non-faradaic current :
R..: Charge transfer resistance Charging curr. & etc.,

C, : Electric double-layer capacitance



Factors Effecting Electrode Reaction Rate and

Electrode .

W=

Current

Electrode surface region Bulk solution

I

I
Chemical I Mass
reactions | transfer

| Oads 99‘50

ne = Electron

=1 | | transfer

Rads 2 So,

3
wﬁ Chemical
40'30 reactions

’b{ + — o e
,OO R e ——— Rsuﬁm Rbuik

Mass transfer (e.g., of O from the bulk solution to the electrode surface).
Electron transfer at the electrode surface

Chemical reactions preceding or following the electron transfer. These might be
homogeneous processes (e.g., protonation or dimerization) or heterogeneous
ones (e.g., catalytic decomposition) on the electrode surface

Other surface reactions, such as adsorption, desorption, or crystallization
(electrodeposition).
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Electrochemical Cells and Cell Resistance

-
-
"‘

——— Hg/Hg,Clo/K*, CIHg,Clo/Mg

Eappi Jll' m
I —/
E

appl

Ideal electrodes
""" Real electrodes Figure 1.3.8 Current-potential curve for a cell composed of two electrodes approaching ideal

y nonpolarizability.

-"

Polarization curve : Current-potential curves, particularly those obtained under steady-state
conditions called polarization curves

When potential of electrode is measured against nonpolarizable reference electrode during
the passage of current, a voltage drop equal to iR is always included

R, : solution resistance between the electrodes unlike the impedances describing the mass
transfer and activation steps in the electrode reaction

E o1 (v5. SCE) = Ecy(vs. SCE) — iR, = E,q c4(vs. SCE) + n — iR,
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Introduction to Mass-Transfer-Controlled
Reactions

« Electrode process involves only fast heterogeneous charge-transfer
(a) homogeneous reactions=equilibrium
(b) surface concentrations involved in the faradaic process related to the electrode potentials

« The net rate of the electrode reaction v, ,=v;=I/nFA

oC (x) zF

J(x)==D DC Y L e

" Ox RT Ox

 The modes of mass transfer:

1. Migration. Movement of a charged body under the influence of an electric field
(a gradient of electrical potential)

2. Diffusion. Movement of a species under the influence of a gradient of chemical
potential (i.e., a concentration gradient)

3. Convection. Stirring or hydrodynamic transport. Generally fluid flow occurs
because of natural convection (convection caused by density gradients) and
forced convection, and may be characterized by stagnant regions, laminar flow,

and turbulent flow.
33



Steady-State Mass Transfer

O+ne <R . .Once electro!ysis of species O begins,

its concentration at the electrode surface,

* C, (x=0) becomes smaller than the value,

B C.*, in the bulk solution (far from the electrode)

Co ' y/an « Assumes a linear concentration gradient
within the diffusion layer,

Umt & (dColdx)y=¢ = Do(dCq/dx) =¢
» Since J, is often unknown, let M _=D_/0,
Ume = DolCH — Colx = 0))/80
Ume = MolCo — Colx = 0)]

0 8o

« Stirring is ineffective at the electrode surface
—> solution velocity not considered at x=0 1

« Mass transfer rate nFA
o concentration gradient on electrode

= mp[CH — Colx = 0)]

=D (dC, dx)_,
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Steady-State Mass Transfer (continued)

The values of C,(x = 0) and Cg(x = 0) are functions of electrode potential, E. The
largest rate of mass transfer of O occurs when C_ (X =0) = 0. The value of the current under

these conditions is called the limiting current, i,

If the electron transfer is rapid, the
concentration of O and R at the
electrode surface can be governed

with Nernst equation
Cox=0)_, _i| [T q

i, = nFAmoCg

€5 ! Cox =0)
_ g0 RT o\ —
E=b F e =0

.E.I—I:

Co =0 = L Ame
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Transient Response

« Consider diffusion layer as time dependent function

ilnFA = v, = Dol Cgy — Colx = 0)]/8a()

— . Dl[Z
[C§— Colx =01 Ads(t) i DoA ) 8(r) = 2VDyt i P8 ko
2 dt ~ nF 81 [C6 — Colx = 0)] > nFA 92 O o )]

Stirring is necessary to prevent
time determined current drop

B =

VV/ith convection

Co(.f = 0)
| | | I No convection
8(ry)  B(r)  B(ty) &(t,) X t
Figure 1.4.6 Current-time transient for a potential step to
Figure 1.4.5 Growth of the a stationary electrode (no convection) and to an electrode in
diffusion-layer thickness with time. stirred solution (with convection) where a steady-state current is
attained.
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Pourbaix Diagram

* In chemical thermodynamics, a phase is defined by T, P, and composition(concentration)
* In electrochemical thermodynamics, a phase is defined by T, P, composition and emf.

« Equilibria Diagram in..
» Chemical system : p-T-composition phase diagram
* Electrochemical system : emf-pH diagram (Pourbaix diagram)

] . 1.29.,
. | / ' 091
E JOL1a pna :| — : ' 7
— : digiaiid " 0.6 -
entical pressure | i = |
Pa “ t.!lfh.‘li[“‘.'fﬂ 303:
! June w *
Py triple pomnt | O'Gj
0.3 4
entical 4
ltﬂ‘)tﬂlllut E
L. - 06
ITompuatme I 0
Chemical System Electrochemical System
(P-T-composition diagram) (emf-pH diagram)
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Pourbaix Diagram on Materials Project

» Select Elements

He
3 4 5 ra 9
Li Be B C N F
11 12 Select up to 3 elements. H and O are included by default. 13 14 15 16 17 18
Na Mg ot = e e Al Si P S CI Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 3.3 34 35 36
K Ca S¢ Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
55 56 72 73 74 75 76 77 78 79 80 81 g2 83
Cs Ba Hf Ta W Re Os Ir Pt Au Hg T Pb Bi
Concentration in mol'kg
g ol Change concentration
57 58 59 60 61 62 63 64 65 66 e —
La Ce Pr Nd Pm Sm Eu Gd Tb Dy

< Materials Project >

Compounds

FeOg2~ Stable (10)  Unstable (5)
'y

FepO3(s) T 4

.'!'E:-.-.-..,_...!:EZT. .................... TR . wre?
Able to draw Pourbaix diagrams * - """'----.._,_mm, *| | o
of selected elements 1 WS wheos

Fe.(s) ) LFeOs”

www.materialsproject.org =
WFe0p™

1 - 10 11 12 13 14 15 1
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Thank you



