Basics of

Electrochemistry

Objectives

- « Electrophysics »:

 ions In solution
 electrophoresis, C potential
 solution in contact with a (metallic) electrode

- Electrochemistry:

 ec cell at equilibrium (Nernst equation)
o polarized ec cell (Faraday, Butler-Volmer)
 three-electrode ec cell



Myself and ec
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- Post-Doc (CNRS LPLE, Dr. Allongue):
e Cu electroplating on n-Si(111)

- Currently (ETH LBB, Prof. Voros):
« modification of polymer coatings
 metal 3D microprinting
» electrophysiology



o ec In Dally Life
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fuel cells solar cells
batteries
everywhere
metallic layers corrosion
neurons

SENsors



800 Electrochemistry
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Electrochemistry is a discipline that deals with chemical reactions that involve an exchange of
electric charges between two substances. Both chemical changes generating electric currents and
chemical reactions triggered by the passage of electricity can be considered electrochemical reactions.

- Electrolytic processes
Reactions in which chemical changes occur on
the passage of an electrical current

- Galvanic or Voltaic processes
Chemical reactions that result in the production
of electrical energy

wikipedia.com

system: solution + electrodes
(solvent + solute) + electrodes (at least two)
(solvent (water?) + redox + salts + electrodes



Solution
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A solution is a homogeneous mixture of two or more substances. A solutlon may
exist in any phase, but is composed of one phase (e:g:, solidliguii jas).

A solution consists of a solvent and ¢ ol
Solvent — component of a solution that 5 presgnt; in the greatést
water, organic chemicals) — polar or not-polar . — dielectric consfar‘lt (<

t . é 'i _- :.,:' « i

Solute — substance that is dissolved in tlgaﬁﬁl\'/t nt (e.g. salts, €

-"!

#



Solvent
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water is called the "universal solvent" because it dissolves more substances than any other liquid.

www.atceng.hk/

www.oxfordsurfaces.com 6



Salts
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salt: acid + base — salt + water (complete reaction!)

Why dissolution? Water can dissolve a salt because the positive part of water molecules attracts the negative
lons and the negative part of water molecules attracts the positive ions.

The amount of a substance that can dissolve in a liquid (at a particular temperature) is called the solubility of the substance.

Solutions containing dissolved salts, conduct electricity because the released ions in the solution are capable
of carrying an electric current.

sodiumbreakup.heart.org 7



RedOXx
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Loss of electron (oxidation)

A—- At +e

B+e — B

Gain of electron (reduction)

Low energy
B High energy

http://www.askiitians.com/iit-jee-redox-reactions/

An oxidation-reduction (redox) reaction is a type of chemical reaction that involves a transfer of electrons
between two species. An oxidation-reduction reaction is any chemical reaction in which the oxidation number of
a molecule, atom, or ion changes by gaining or losing an electron.

Redox reactions are common and vital to some of the basic functions of life, including photosynthesis, respiration, combustion, and
corrosion or rusting.

Redox reactions are comprised of two parts, a reduced half and an oxidized half, that always occur together.
The reduced half gains electrons and the oxidation number decreases, while the oxidized half loses electrons
and the oxidation number increases.

https://chem.libretexts.org/



S o Electrodes
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£, 00  Solvation (Hydratlon) Shell
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(a) Cluster Continuum (b) DFT-MD Chem. Sci. 2017 8:6131
Bulk water

Outer hydration shell
Inner hydration shell

electrostatic (dipolar) interactions
hydrogen bonding
thermal fluctuations

10

http://www1.phys.vt.edu/~vinhng/res_salts.html



s Debye (-Huckel) Length

uzh | eth | zurich
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What we know now is quite important:

If you are some Debye lengths away from these fixed charges, you will not "see" them
anymore; their effect on the equilibrium carrier distribution then is vanishingly small.

The Debye length resulting in any one of these situations thus is nothing but the typical distance
needed for screening the surplus charge by the mobile carriers present in the material.

In other words, after you moved about one Debye length away from the surplus charge, its
effects on the mobile charges of the material are no longer felt.

https://www.tf.uni-kiel.de/matwis/amat/elmat_en/kap_2/backbone/r2_4 2.html



S Brownian Motion

uzh | eth | zurich

Brownian motion is the random motion of particles suspended
in a fluid (a liquid or a gas) resulting from their collision with the
fast-moving atoms or molecules in the gas or liquid.

12



Electrophoresis
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d[c] diffusion flux (Fick's law)

jdiffusion = _‘Z‘D —dt (C concentration, Z ion valence, D diffusion constant)

Fext =@/ - E charge eZ in presence of an electric field E eZE
Varitt = e
|:fr =—f .v due to collisions between particles in solution
Foo tFe =0 = Vi =—pE — b, mobility!! L= Varite _ el
equilibrium E f
Jarite = Vdrift‘Z‘F[C] Farady constant _ 6606 (
=—u|z|F|C]E 1
Y o | |
=—u|Z|F|C ™ flux within E in a solution (Ohm'’s law)
- aX




zeta ¢ Potential
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Inside of the cell (measurement container)
Sliding surface

lon ditfusion layer containing
zeta potential

lonic
(ion fixed layer bed)
Particles that are the object , «—— Particle
of measurement : surface
:%Sl]pping
] plane
When a colloidal particle moves in the dispersion ;
medium, a layer of the surrounding liquid i
remains attached to the particle. The boundary !
of this layer is called slipping plane (or shear
plane). — the solvent molecules outside of the ]
slipping plane DO NOT travel with the particle! : Zeta
The Zeta potential cannot be directly measured. o / potential
Negatively charged : Eg{__d i
particle e

The DLVO Theory (Derjaguin, Landau, Verwey and Overbeek) tries to : '

explain why some colloidal systems agglomerate while others do not. :
horiba.com



Point of Zero Charge
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Phys. Chem. Chem. Phys. 2011 13:13232

The point of zero charge (pzc), in physical chemistry, is a concept relating to the phenomenon of adsorption, and it
describes the condition when the electrical charge density on a surface is zero.

Point of zero charge is of fundamental importance in surface science. For example, in the field of environmental
science, it determines how easily a substrate is able to adsorb potentially harmful ions. It also has countless
applications in technology of colloids, e.g., flotation of minerals.

At pzc, the colloidal system exhibits zero zeta potential (i.e., the particles remain stationary in an electric field),
minimum stability (i.e., exhibits maximum coagulation/flocculationrate), maximum solubility of the solid phase,
maximum viscosity of the dispersion, and other peculiarities.



n, applied overpotential

| =1
RS

Rg, solution resistance

ohmic behaviour

Solution Conductivity

7

+ve _ -ve:

Na+ _Na+

Na+ Na+
Cl- N
Cl-
Na+
Na+ Cl-
Cl- Cl- ClI-
Na+
Cl- Cl= Na+
Cl- Na+
Na+ N
+
-

: Conductivity probe

1 Ions (e.g. Na+ & ClI-) are drawn towards the
opposite charged platinum electrode. This
generates a very small current through the
solution. The meter measures this current and,
as the distance between the electrodes is
known, the conductivity can be calculated in S/
c¢m. Once a temperature compensation has
been applied.

In an ideal system this follows a known
equation. In reality, fringe field effects mean
that the probe must be calibrated especially as
the platinum electrodes age.

@andyjconnelly

Fringe field
ST < [ {01 ¥
Square S :
electrode e B
e
o >
> >
+ :
T Fields
....Jines:

https://andyjconnelly.wordpress.com/2017/07/14/conductivity-of-a-solution/

uzh | eth | zirich
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(Metallic) Electrodes
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totalnutritionconcepts.com
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. Formation of Crystal Bands
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(a) N=1

Highest level of p band (fully antibonding)

b g 2 T

p band Lowest level of p band (fully bonding)

—h e e el

Highest level of s band (fully antibonding)

| 180808080800t
IC00000000000¢

= Lowest level of s band (fully bonding)

B

Y
Gl

(c) 7 Y]

5,p separation
in atoms
in solid

Band gap

’T%
‘|

(from Atkins-dePaula)

18



® [
2, Occupation of Crystal Bands
uzh |eth|
E, Fermi energy
3d 4s
il : gap
- | a—
3
° B
N o
2p Z 2p o
o
3 S
18 metal 1S | insulator or

| semiconductor
__ /) eventual intersection of bands 19



: Fermi-Dirac Distribution

o0
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1.0

0.8 Fermi-Dirac distribution

1
f(E)= o(E-Ee)/ksT | q

1 - .
H -
| - 1 T,
] = e,
D l et SCTETEL PR REEEE |i euassna gy iaiad
. H H 1
1 = 1
i
H H

(from Atkins-dePaula) kB — 1380658X10-23 JK = 8.6><1O'5 eV/K

Boltzmann constant
20



: HOMO - LUMO

o0
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Highest Occupied MO

H HooH T ' Lowest Unoccupied MO

n_/ N

H—C// \\C—C// \\C—C/ o \C—H
\C-:C/ \C—C/ \\C—C//

H—C/ \C—C// \\C—C/ \
\_ 7 N_/ \_7/

H/ \H H/ \H H/ \

methylterrylene 1502



o .
: the metallic electrode
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p(E), density of states (band theory) f(E), Fermi-Dirac distribution
1
E | ; &)= E-Ee
E- \

Neee (E) = F(E)p(E)

N unocc (E) = [1 - f(E)]p(E)
22



: Redox Energy Levels

o0
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A, reorganization energy

o—

T

\ ) R* }
: wm%mmm) TR

>~ Eo, energy obtained adding an electron from the infinity to

E
© y) the unoccupied state of the oxidized form
EF,redox ﬂ,
Er, energy spent removing an electron from the

Ex| "B occupied state of the reduced form to the infinity

D (2,E) = N,Cq (0, )W, (4,E) 1 (E-Er-2)°

Wo (ﬂ«, E) —_ e 4 2kgT

E,, # Ex because different solvatation shell ATk T
E, and Eg, fluctuating because of the 1 (E;EE +Tﬂ)2
fluctuations of the solvent molecules W, (4,E) = e B
around the O and r species \/ A AkgT

23



: Equilibrium (in words)
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In a chemical process, chemical equilibrium is the state in which the
chemical activities or concentrations of the reactants and products have
no net change over time. Usually, this state results when the forward
chemical process proceeds at the same rate as their reverse reaction.
The reaction rates of the forward and reverse reactions are generally
not zero but, being equal, there are no net changes in any of the
reactant or product concentrations. This process is known as dynamic

equilibrium.

From Wikipedia

activity — slide 14

24



. | Chemical Potential
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dU =dqg + dw

rgy Energy Energy
System

(15t law of thermodynamics)

gy Energy Energy
System

Atkins

G=U+pV-TS (definition of Gibbs free energy)

oJ
HJ anj s,v,n

8G
i anj p,T.n'

25



o Equilibrium (formula)
A — B
dé, == d&g d¢ = extent of reaction
dn, =—-d§ dng=+d§
dG‘p’T =p,dn, +pgdng
= (Mg —1,)dE

N4/

equilibrium — dG| | =0=p, =p,

/N

Aerd—G => v;u; (prod—react)=0(Gibbs-Duhem)

dé p,T ] v;, stoichiometric coefficient 20



. Contact Potential
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unoccupied

states | Wa Wpg

equilibrium __

l HA
Ha = Hg

occupied

states

— eAgp :WA _WB — thermocouples
ﬁ = lLlO + ZFA¢ — forametal,p° =E, at T = 0K

27



s Schottky Barrier

ziirich
uzh|eth | ziric Siemens, 1938

— diodes

conduction _
unoccupied + conduction
v,

unoccupied band
a I‘ states band
states & |- Erq

occupied
occupied states
—— valence
valence band
band
metal n-semicon  d_, depletion region (— because of the very
low charge mobility in semiconductors
d, donor 9 y )28

V,, energy barrier generated at the interface



3 p-n Junction
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| | Russel Ohl, Bell Laboratories, 1939
— p-n diodes, transitors, etc.

A A A

P | conduction conduction | N conduction
band band band

conduction

Ea """""""""""""" Hd
valence valence valence
band band band
valence
band
d, donor
a, acceptor d, ., depletion region

29
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I \
7 /, Z N .\\l’. — \l’

g x
~ o~ L
W w oy
N N X
N’ N’ S
O o o
A QO 3.

OO

D¢ (4, E%)

where D, (4, E*)
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REDUCTION

. TN
Electrode Redox Center ' Electrode Redox Center,

: Energy Levels

OXIDATION

Efecirods  Redox Cenfer

a [
E 4 _ﬁ E
e — LUMO | —_
Energy raised : » Energy lowered
Potential | = e
: Energy level :
, of electrons : 8
&4 4§ HOMO! ¥
E] ' --l--l---l-----lll e

Faraday Disc 2006 131:197

31



. Electrode-Solution Interface
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equilibrium _)Hmetal - Hredox

E A

unoccupied

states \NDO(/LE)
N |

......... = A®D, Galvani potential

occupied

states

electrode redox 32



: AP and [
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Hi=p; L FAp
AVG - zprod Vi’ui N Zreactvi’ui

Ox + ne — Red
ArGredOX:Z:red J’UJ Zox J'ul_n’ue
E—o0Q
_ (M)
_Zred M~ Zox J,uj—n,ueJrnFAgp .
IOﬂS—)gO(S)

Zred J ZOXVJZ =N

0 at equilibrium!
charge conservation

AQ)Z%(ZOX Wy Zred J,uj+n,ue)

33




g How Many Potentials!
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The internal potential is defined by the

............... V @t work, which is required to bring a test
1‘ charge from an infinite distance and
from a vacuum into the interior of the
w phase far from the phase boundary.
b A
~ | um Y
A v DOI: 10.1109/JSEN.2008.918758
Figure 5.15:  [llustration of the
Medium Galvani ¢, Volta v, and surface

potential y.

Physics and Chemistry of Interfaces 1st Edition Wiley 2003
by Hans-Jurgen Butt, Karlheinz Graf, Michael Kappl 34



: Reference Electrode
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Galvani potential cannot be measured in an absolute way!

= need of a second electrode, the reference electrode

 NHE (hydrogen)
 Ag/AgCI stable! = according to the chosen solution

 SCE (Calomel)

lling plug —@ H;platinum wire " concentrated
saturated 0.10 M HCI KCI/AgCl solution
saturated KCI — 5;'3:;2?\02
Ag/AgCl reference
small hole electrode
I solid calomel thin glass — internal electrolyte
mercury (Hg,Cl,) membrane solution

(a) Saturated calomel electrode (SCE) (b) Glass electrode 35



% Nernst Equation
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nF

1
A(OZ oij’Llj _Zred

Vik; +”ﬂe)

M

:,u? +RT Ina,
RT

1888

0 = standard conditions

a;,, = activity

A(D — ACD(? +E(Zox Ir]aox,j _Zred Inared,j)

=Ag; ——InQ Q=

nF

gas constant R, R =8.31

J
MolK R =N,kg

j
)equilibrium

(H,— a;’

vprod >0

vreact < O

36



3 A@ and lon Concentration
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Debye-Hlckel theory
. RT |
Ap=Agp, _EIHQ a._ = r[ion]
-C,+C,Ina,, . AZ2\1
for pure phases, a=1 o 1+ Baﬁ
1 :
I =§Zj[lon]jzj2

Ap =C, +C,In(r[ion])
=(C, +C,Inr)+C.,In[ion]
= C'+C,In[ion]

A, B — constants from theory
a — ion size parameter
Z — number of ion charges

| — ionic strength

C, =59 mV when"log”instead of "In",n =1, T =25°C_




RedOx Current

kGBodog cathode  O(aq)+e (m) :R(aq) negative (*)
reduction Kox
:
Gvodog anode R'(aq) ==0'(aq) +e (m) positive (%)
oxidation kre g
ey Ionic Solution Interf ' Bulk Soluti
EIE‘Ctl'ﬂdE onic soiution inierrace | u olution

D h O“‘Itﬂrfﬂcf‘ H Gbl,llk

{\.Dﬂ -----+ - - -
1{1,3..;_.1-":" chemical | mass transfer
0 ,‘: reactions
# 0° I
{w%gﬁ?

|
D'adsurhed I I — FA]
O: oxidized form of species |
(acceptor state) |
| electron |
transfer R: reduced form of species |
(donor state) |
. |
R adserbed | _ _
I diffusion
LA chemical | mlgratlo_n
,«:;h % reaciions | mass transfer convection
J,:,, y R % Rmterface h Rbu"f.
: 38

J. Neural Eng. 2016 13:052001 uzh |eth | zurich



umetal
en]

occupied

states DR (l, E)

electrode redox

cathodic polarization

1T >>

o n in the Gerischer’s View
E 1 £t
unoccupied D, (4,E)
states unoccupied

states

umetal
occupied D (4,E)
states
electrode redox

anodic polarization
39
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Faraday’s Laws

1833

First law: In electrolysis, the quantities of substances involved in the chemical

change are proportional to the quantity of electricity which passes
through the electrolyte.

Second law: The masses of different substances set free or dissolved by a given
amount of electricity are proportional to their chemical equivalents.

m = q X EW _ I XX EW EW — molecular weight

F F valency

The mass of a compound which will
combine with 8 g of oxygen or 1 g of
hydrogen is said to be the equivalent
weight of the compound.

40
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: Gibbs Free Energy G

G=U+pV-TS T, temperature
U, internal energy
P, pressure
V, volume
S, entropy

Every system (T, p constant!) seeks to achieve a minimum of free energy

!

chemical reactions in a laboratory

41
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Gibbs energy G

Transition State Theory

[AB] transition
activated state k
COMPIEX oo
(precursor) o
activation
AG energy
(barrier)
reactants AGO overall released
A+B) N energy
products (C + D)
reaction coordinate ¢ N
‘AR? R=Xe _g3J.K* mol
k oC € N,

42



#_F
@

Gibbs energy G

Energy Barrier

Aj;G red AiG
&
OX,q + Nep, Re"d/
ag

K

K

red
—

Oxaq +Nne, s—

OX

reaction coordinate q

NG, ='G-G

Red,,
+
—A Gred
_ RT
kred T Vred €
~ANG,,

K

_ RT
oxX Vox €

0X, min
- s
A Gox =G _Gred,min
43
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neffecton G -1

interfacial potential O*(aq)+ne (m) = R"“™*(aq)

F, Faraday constant!

G — GIreact_I_ZFgDS - nF¢M
— Glreact_l_(z o n)F¢S o nF((DM o (03)

= Glprod +(Z o n)F(Ds

react

G

prod

overpotential
IN=90s — Py
= A(D‘ B Agﬁ‘equil

appl
uzh |eth |



Gibbs Free Energy G

n effecton G - 2

reaction coordinate g 45
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Gibbs Free Energy G

Transfer Coefficient a

o = transfer coefficient

~__ |-~ n(l-oFy

O + ne R

Reaction Coordinate
46
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Butler-Volmer Equation - 1

+ + 1930
A Gred — A Gred,O + n“FU
+ +
NG, =AG,,—n(l-0)Fn
_A#Gred
kred :Arede al F
200 = RT
_ ~ RT
kox T one
A:kGred,O
_ ~ RT p—Nafy
kred o Arede €
AjFGox,O

_  RT ah(-a)fn
K, =A,¢€ e
47
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Butler-Volmer Equation - 2

zero net current! (— corrosion!)

at equilibrium with C(0,t)=C",n=0=k_, =k, =k,

Keg =Ko ™"
K =k, et
i = nFAkK,[C_ (0,t)e ™™ —C._, (0, t)e® "]

n = number of e~ exchanged

N = overpotential
fo o1 (at20sK) '
RT 25.69mV

F=9.6485x10" C mol™

R =8.3145J K* mol™ 48
uzh | eth|




Helmoltz double layer

IHP OHP The inner -most or compact layer is composed of solvent,
o, ions, and molecules that are not fully solvated, and which
are said to be specifically adsorbed to the electrode surface

=
=

- Solvated cation

The center of this adsorbed layer defines the inner
+) Helmholtz plane (IHP).

Solvent

Metal

]
]
I
1
1
]
]
®
|
|
|
I
]

OHP represents the closest approach of solvated ions
= Solvent Molecule {9 the surface of the electrode. These solvated ions
interact with the surface of the electrode in a long-
range electrostatic fashion only, and are said to be
non-specifically adsorbed. The center of this second
layer defines the outer Helmholtz plane

K== 49

http://faculty.kfupm.edu.sa/ME/hussaini/Corrosion%20Engineering/02.05.04.htm uzh | eth | ZU rich



Gouy-Chapman (diffuse)

- L)

W
i

2 ®
- = 4

L]
]
I
I
]
T
1
i

Diffusion plane

* Assumed Poisson-Boltzmann distribution of ions from surface
e jons arc point charges

* jons do not interact with each other
» Assumed that diffuse layer begins at some distance from the
surface

http://slideplayer.com
50
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Stern-Grahame

Stern (1924) / Grahame (1947) Model

51
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all In one

Chi Potential, @5
Surface or Volta
Potential, @,

Zeta Potential, {

substrate I diffuse layer

shear plane

Inner Helmr:oltz Outer Helmholtz DOI: 10.1109/JSEN.2008.918758
Plane (IHP) plane (OHP)

52
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o . . .
®
3.2, eaquivalent circuit
Probing signal Response Properties
, . i —— ofth
N> EIEEBY N\ )\ > |Modeling|——= ofthe
(B) (€)
1 A common equivalent
electric circuit
% Double layer
= m c
' = Ay Electrolyte
= % 1 Ry
E 'E | Ret Zw -
: L -w—
= Diffusion and charge transfer

53

Analyst 2013 138:5540 uzh | eth | ziurich



. EIS

(A) (€)™
200 £ m,
E 150 E e
]
7 100 g
50 st
(1}
0.1 10 1 000 Q.
1]
{E} Frequency, Hz [D} i
Bode Frequency, Hz ©
0.8 100 iy
% e g 80 Nyquist &
£ 5 &0
o 0.4 g
L 1] E 4[3
“ —
202 ©o20 Higher
o S
frequencies
0 o S S S
oA 10 1 noo S0 100 150 200
Freguency, Hz ReZ, Ohm
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Electric

potential
A

Open cell
voltage

AN

Open Circuit Potential

=

A
%
Negative
electrode

Electrolyte

Positive
electrode

Distance from
Negative electrode

55
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2 electrodes? better 3!

CCCCCCCCCC

56
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Three-Electrodes Cell

two -electrodes — E

~

=Epe st IRS —BEwes

~
~

~
N
<
\\
~

-~.x both depending on |

Ec_s t00 — bad!

follower

S7
https://www.gamry.com/application-notes/instrumentation/potentiostat-fundamentals/
uzh |eth |



Cyclic Voltammetry

[
hypothesis — at t; only Ox in solution
/T\ .-"'hl"-. kred T , but ) _
D [\ [Ox] now decreasing— transport important
LLI / i\
_|e® Lo\
g/ /A
5 [ \ / _
= I \ —
/ ‘“ Ky 1 ol
) . - [Red] high
/ L \ I.‘]t.‘.l
r] t.e ra- r-1. rs.
(a) Time =3 k T
U 0X

— concentrations
— diffusion constants
— reaction mechanism

Atkins 25.45

Ko T, but
[Red] now decreasi

— )
/ E” Potential

Y. £() —

58
ng — transport important
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CV, irreversible step

1, red & 2, red
M
A ins 25.47
j INS .
| |
} U/ \
c |
o !
5 .' x
o [
/ e \\ [ irreversible step — NO reverse peak 1!!!
U Potential
>< 3, 0X

p-chlorobenzonitrile
CICH,CN +e- =CIC,H,CN~ 1, rev.

CICgH,CN-+ H* +e=— CsHCN + CI= 2, irrev.

CeHsCN + 6= &=CsH;CN~ 3 rev.

59
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p-bromonitrobenzene
BrC.H,NO, +e — BrC.H,NO; 1 rev
BrC.H,NO; —» -C.H,NO, + Br~ )
-C.HNO, +e~ — CH,NO; 2. irrev,
CH,NO;+H"— C.H.NO,

irreversible step — NO reverse peak!!!

Current

s CV, sweep rate

L \ f! Potential
/

Atkins 25.46

...but if CV faster than irreversible step — reversible CVI!!

60
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o Water Electrolysis

cathode (reduction)
2H,0(aq) + 2&" — H,(g) + 20H(aq)

2H,0(aq) — O,(g) + 4H*(aq) + 4e°
anode (oxidation)
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