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Introduction

One phase contains electrons Other phase contains ions

Fundamental act in electrochemistry

“Passage of Current Caused by Chemical Changes”

Broad Field: sensors, electro-analysis, electro-synthesis,
electrodeposition, corrosion, and
dye-sensitized solar cell (DSC), fuel cell, and battery.

Electrochemistry is the Study of Phenomena at the Electrode/Electrolyte Interfaces.
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Introduction
I

Electrode reactions such as (1), (2), and (3) ELEC TRODE SOLUTION
can only happen at the interface. \ iy | P‘XFNM
L)

e g=DIFFUSION E BULK (a)
2H"+2e 2> H, (1) ;i 9 LAYER |

l *
Cu?t+2e 2> Cu (2) INTERFACE DOUBLE

- LAYER

FeCp, 2 FeCp," +e¢ (3)

,initial Reactant

1 1K
Electrode reactions tend to make the < |/'™ B s
composition in the nearby solution 5 FeCp,
different from that further away. ()

Do 10 20 Oo 10 20

There is a tendency for the system to transport

reactants from remote points and the depleted _ _ _
Figure 1. {a) Spatial structure of an electrochemical system. (b) Concentration

zone widens as the reaction proceeds (Fig.1(b)). profiles of ferracene undergoing oxidation at Ihe electrade. Distance is measured
from the electrode toward the bulk. Times are elapsed periods from start of

electrolysis. {c) Concentration profiles of ferricenium produced by oxidation of

Just as the reactants is depleted near the interface, ferrocene.
the product accumulates nearby as shown in Fig.

1(c).

DISTANCE /um

Faulkner, Journal of Chem., Education, 1983
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Potential is an Expression of Electron Energy.
I

Standard potential: oxidation/reduction possibie.

! The energy required to add or subtract an electron
L . .
< from the electrode can also be expressed in this
| = 7] NEGATIVE LIMIT potential.
s
1l
g i (aj////\ reduced Any electrode process is characterized by its own
- Z / negative zone ; 0
= 7 \ legaihvs zang standard potential E®
z 2 2
'_ LD e . . . . .
o 7 /tr‘a nsition zone On the positive side of E° the oxidized form of the
E & {7— E® redox couple is stable, whereas the reduced form is
= - - 0
2 5 \J & dized stable on the potential more negative than E°
i cmx " oxidize
= —poOsitive zone
5 W FeCp,-e —FeCp) In the zone ~100 mV wide centered on E° statistical
d oy ’ .
n & POSITIVE LIMIT equilibrium of electrons on the electrode and species
Figure 8. llustration of potential as an exprassion of eleciron enargy. At potential in the solution permits mixtures of oxidized and
{a) ferriceniurn at the surface would be reduced to ferrocene. At potential (b) . . ..
ferracene at the surface is oxicized 1o ferricenium. The potential limits corre- reduced forms with appreciable amounts (transition
spond to values for which the solvent. supporting electrolyte, or electrode ma-
terial are oxidized or reduced. ZOIle).

Potential is an expression of electron energy.

Faulkner, Journal of Chem., Education, 1983
B ]
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Work Function (not real)

Ashcroft, Solid State Physics

gq- EF i ?&3

Electrochemistry sp

Figure 18.1

(a) ric charge density near
the surface of a finite crystal if there
were no distortion in cells near’the
surface. The density is plotted along
a line of ions. Vertical dashed lines
indicate cell boundaries. (b) The
form of the crystal potential U (or
the electrostatic potential ¢ =
—UJe) determined by the charge
density in (a), along the same line.
Far from the crystal U and ¢ drop
to zero. The (negative) Fermi ener
is indicated on the vertical axis. The
shading below the Fermi energy is

" meant to suggest the filled electronic

levels in the metal. Since the lowest
electronic levels outside the metal
have zero energy, anjenergy W =

—&; must be supplied to remove an

electron.
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Double Layer — Work Function

Figure 18.2

(a) The actual form of the electric
charge density near the surface
of a crystal (neglecting possible
slight displacements of the ions
near the surface from their sites
in the infinite crystal). Note the
electron deficiency in the two

: 3 L v : cells nearest the surface and the
Sy | B I : : presence of electronic charge in

© ° o\ ——fo\——for— = the first “cell” on the vacuum
J \ J \J kj \,/ \-// side of the surface. It is this kind
of distortion that produces the
“double layer” described below.
(b) The form of the crystal poten-
tial U determined by the charge
density in (a). If the additive
constant is chosen so that U
resembles the potential of Fig
18.1b far inside the crystal, then
outside of the crystal U will not
approach zero, but the value
_—— W, equal to the work that must
be done to carry an electron

through the electric field in the

double layer. The lowest levels

outside the crystal now have an Ashcroﬁ

energy W,, and therefore an

energy W = —& + W, mustbe Solid State Physics

supplied to remove an electron.

le_eqb

W=-8+W,
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Surface plane Work function, in e

Ag (100) 4.64
(110) 4.52
(111) 4,74
Cs polycrystal 2.14
Cu (100) 4.59
(110) 4.48
(111) 4.98
Ge (111) 4.80
Ni (100) - .22
(110) 5.04
(111) 5.35
W (100) 4.63
(110) 5.25
(111) 4.47

“After H. D. Hagstrum
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Electron Transfer at Interface
I

Electrode Solution Electrode Solution
—
R
o e e
? Magnitude of the potential controls the direction
Potential —
Energy level and rate of charge transfer.
@ ‘ | aoocupied i :
“‘::_A_ ] ] As a potential is moved negative, the species that
a speéles A in solution will be reduced first (assuming all are rapid) is the
Electrode Solution Electrods Solution . . .
oxidant (acceptor) in the couple with the least
s negative E°.
©) MO
Energy level
of electrons .
Potential
| ’ A. J. Bard, Eiectrochemicai Methods, 2" edition
@ ._.H_ ag:unied e "““‘_r_
A-e— A

()
Figure 1.1.2 Representation of (@) reduction and (b) oxidation process of a species, A, in
solution. The molecular orbitals (MO) of species A shown are the highest occupied MO and the
lowest vacant MO. These correspond in an approximate way to the E 05 of the A/A~ and A™/A
couples, respectively. The illustrated system could represent an aromatic hydrocarbon (e.g.,
9,10-diphenylanthracene) in an aprotic solvent (e.g., acetonitrile) at a platinum electrode.
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Standard Electrode Potential
I

TABLE C.1 Selected Standard Electrode Potentials
in Aqueous Solutions at 25°C in V vs. NHE*

Reaction Potential, V

Agt + ez Ag 0.7991

AgBr + e=Ag + Br 0.0711

AgCl+ez= Ag + Cl™ 0.2223 —
Agl+tezAg+ 1 =0 1522 —
Ag,0 + HyO + 2e =2 2Ag + 20H ™ 0.342

AP + 3¢ 2 Al —1.676

e e = Normal Hydrogen Electrode

AT +2e= Aut

p-benzoquinone + 2H"' + 2¢ = hydroguinone 0.6992 - -
Bryaq) + 2 = 26 L0874 - Neglect any orientational dependence
Ca?t + 2e=Ca —2.84
Cd>* +2e = Cd —0.4025 - 298 K
Cd®* + 2¢ = Cd(Hg) —0.3515 . . .
et + e e Cett 172 - Acid solution with
Cly(g) + 2e = 2C1~ 1.3583 o .
HCIO + H' + e Cly + B0 Lg30 an activity of H* = 1 mol/liter (pH 0)
Co?*t + 2e = Co —0.277
Co’" + e=2 Co?t 1.92
Cr*t +2¢=2Cr —0.90 . o
Cot +e=Cr?t —0.424 A. J. Bard, Electrochemical Methods, 2" edition
Cr,03~ + 14H" + 6e =2 2Cr " + TH,0 1.36
Cut +e=Cu 0.520
Cu®* + 2CN™ + e 2 Cu(CN); 1512
C®’t +e=Cu’ 0.159
cu’t +2e=Cu 0.340
Cu®" + 2¢ = Cu(Hg) 0.345
Bu’t + e=2 Eu?t —-0.35
1/2F, + HY + e = HF 3.053 EIH = EIH _|_ 4 44 eV
Fe’™ + 2e =2 Fe —0.44 - '
Fe’" + e=2Fe?T 0.771 {ﬂhﬁ] {SHE]
Fe(CN);~ + e = Fe(CN)¢~ 0.3610
(continued)
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Current is an Expression of Rate.

Usually we focus attention on a single
electrode called the working electrode

Suppose ferrocene is being oxidized.

reference ®[power o
electrode supply FeCp, > FeCp," +¢ (3)
e Each molecule that is oxidized gives up electrons to
the working electrode.
ks FeCp2
The electron will pass through the external circuit,

and back into the solution at a second electrode
called the counter electrode.

= 7 rdor;
/

working counter ) )
electrode electrode Electrons at either electrode can flow into or out of

Figure 2. Structure of an electrochemical cell. The volimeter has a high im- the electrode by Way Of extemal Circuit WhiCh can be

pedancea, so current does not flow in the circuit between the working and ref-

oronce cleciodos. oxidizing or reducing current

The flow of electrons is directly proportional to the rate (M or CathOdIC)-
of reaction there. So, the current is an expression of rate.

Faulkner, Journal of Chem., Education, 1983
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Reference Electrode

Standard Hydrogen Electrode = NHE

Potentials actually mean the voltage differences
between a working electrode and a reference electrode.

The reference electrode Is arranged
so that it does not pass current,
and is in equilibrium.

The reference electrode 1s constructed so that it
contains both forms of redox couple

(e.g., H*/H,, Hg/HQ,SO,, or Ag/AgCl)

at fixed composition.

(image from Wikipedia)

Electron energies in the metallic part of the electrode

Platinized platinum electrode. are fixed at a value near the E°.
Hydrogen gas.

Acid solution with an activity of H* = 1 mol/liter.

Hydroseal for prevention of oxygen interference.

Reservoir via which the second half-element of

the galvanic cell should be attached.

kL=
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Adrian W. Bott’s Group, Current Separations 14:2 (1995)

Reference Electrode Bioanalytical Systems West Lafayette

I
plastic coated

WitE
gold plated contact
f dile cli
ot crocacile clip _[
3 W MalZl
Al covered /,/“ : Vycor® porous glass
A vrite
: \ £ - modest leak rate
class ubing kS - possible contamination of solution
\ - ionic conducting pathway
J PTFE
: heat shrinkahle
potous frit /_/’ bubing

1
I
& mm
C o ————
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Counter Electrode >> Working Electrode

e € e e
RE RE
T measured I measured
- X S A
J A" e J AT e
«— «—
B- B-
Working electrode Counter electrode Working electrode Counter electrode

RE: Reference electrode RE: Reference electrode

- Surface area:
Working electrode << Counter electrode

- For different potential at working electrode,
approximately the same potential at counter electrode.
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Counter Electrode ~ Working Electrode

e € e e
RE RE
lmeasured Imeasured
J A" e Je AT L
«— «—
B- B-
Working electrode Counter electrode Working electrode Counter electrode

RE: Reference electrode RE: Reference electrode

- Surface area:
Working electrode ~ Counter electrode

- For different potential at working electrode,
different potential at counter electrode
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Electrochemical Cells and Reactions
I

A potential difference between two electrodes
represents a tendency for the reaction to occur.

A. J. Bard, Electrochemical Methods, 2nd edition
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Electrochemical Cells and Reactions
I

The potential that develops in a cell is a measure of the tendency for a reaction to proceed

toward equilibrium. TABLE 22-1 Standard Electrode Potentials*
Reaction E%at2s5°C,V |
Cly(g) + 2¢~ = 2C1~ +1.359
Oag) + 4H* + de~ = 2H,0 +1.229
E= Eo + 2 303 RT log [OX] Bry(ag) + 2~ = 2Br- +1.087
— Bry(l) + 2e~ == 2B~ +1.065
/ n F [Red] Agt + e = Ag(s) ' +0.799
Fel* + e~ = Fel+ +n.7?1‘
Measured . e g
Evs Ref Nernst Equation 13+ 207 +0.536
Cu?* + 2e~ = Cu(s) +0.337
Hg,Cly(s) + 2e~ == 2Hg(l) + 2CI~ +0.268
- AgCI(s) + e~ = Ag(s) + CI- +0.222
Standard oxidation/reduction reactions: Ag($:0:)3" + o= = Ag(s) + 25,02" +0.010
2H* + 26~ = Hy(g) 0.000
All rglatiye 1o the H,/H* rec'flction, 298 K, AgI(s) + o= = Ag(s) + I- —0.151
unit activities for all species, and pH 0. PbSOLs) + 26~ = Pbs) + SO~ R
A. J. Bard, Electrochemical Methods, 2" edition 4 + 267 = Cdls) ~0403
Zn?t + 2e~ = Zn(s) —0.763

*See Appendix 3 for a more extensive list.

Electrochemistry seunghoon http://bp.snu.ac.kr 16



Double Layer

A. J. Bard, Electrochemical Methods, 2"d edition
IHP OHP

q metal — -q solution charge neutrality!

@ compact layer = inner and outer Helmholtz planes
(electrostatic forces are very strong!)
vete! i @ diffuse layer = gradient of charge accumulation
(thermal agitation)

Specifically adsorbed anion

c metal — q metal /area (uC /CmZ)

= Solvent molecule " _
O Figure 1.2.3 Proposed model of the

> double-layer region under conditions
where anions are specifically adsorbed.

- The excess charge on a metal is confined to the near surface region.
- However, the balancing charge on the solution side of the interface extends
out into the solution with some thickness (ionic zones in solution).
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Double Layer
I

The CRC Handbook of Solid State Electrochemistry
H. J. M. Bouwmeester, p. 27

At

3

*

&

*

Charge distribution ] d X -
= _ — = Solvatad lans
metal electralyte
Cruhrlrj ]F-.;zﬁ I:nhnhz
¥ ) First row waler

TN

Potential distribution

!' FP-:}

W i

d "

Metal ‘ ‘ Diffuse layer

Double Iayer
L ——
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Helmholtz Layer and Diffuse Layer

I
A. J. Bard, Electrochemical Methods, 2nd edition

140
F

— Linear profile to x,

/
120 !
2
]
I
I
100 ! ¢2 =100 mV
1
1
1
1
1
1
80 |
C2
£
e: 1
60 — %
°
é-l
40 S Figure 13.3.6 (a) A view of the

differential capacitance in the

' Gouy—Chapman—Stern (GCS) model
e Diffuse layer as a series network of Helmholtz-
layer and diffuse-layer capacitances.
(b) Potential profile through the

! | | l | | solution side of the double layer,

0 10 20 30 40 50  according to GCS theory. Calculated
x A from (13.3.23) for 10 2 M 1:1
(b) electrolyte in water at 25°C.
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Potential Profile Across the Double-Layer

A. J. Bard, Eiectrochemical iMiethods, 2" edition

<—Meta I—>i-e— So!utlon —
%é&% i~ @ Solvated cation
i O;C%p
s -
i '
Fa = |
o 1 | A
ﬁ' i S
B Q0 -~ O
o IO 1 Z/"Ghost" of anion repelled
IHP oHp  from electrode surface
I 1
o
5
e
1 |
| | =
i
b2
0 I ! Figure 1.2.4 Potential profile across the
‘ E double-layer region in the absence of specific
i ! adsorption of ions. The variable ¢, called the
1 . . ® - . . -
oM e inner potential, is discussed in detail in
i E Section 2.2. A more quantitative
% representation of this profile is shown in

P Figure 12.3.6.
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M IHP OHP

‘I’M ¢y B2 , 1 CharAacc Frarm innar Halmhalyr lavar ic atrrikiirad
| : DIHUSE |ayer L. \.,IICIIHCD 1TUILID TTHIITIH TICTIHTHIIVILA -ICI)’CI 1D allllIvuiLTuU
to specifically adsorbed anions (g'nner)
_ ) ___— Solvated cation
2. Solvated ions are distributed in diffuse layer
5 | (~100 A), because of thermal agitation in the
(% solution (gdiffuse),
M 3. The total charge density from the metal surface
etal ] o . .. .
-1Q) ! and specifically adsorbed anions in inner layer is
| equal to the charge from solvated ions in diffuse
B | - layer.
Specifically adsorbed anion metal inner diffuse
(o) + O = -0
| O — Solvent molecule
f;'M Al .'I.E
>
Diffuse Layer (~100 A
Inner Helmholtz Layer yer ( )
Bard, A. J., and Faulkner, L. R.
<D ® Inner Helmholtz Plane Electrochemical Methods
~ Wiiey, New York. 1980, Chap. 1
@
(S
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Charge Profile in the Vicinity of Interface

[ = =
Inner Helmholtz Layer Diffuse Layer (~100 A)
/\*;
o(x)- B T |

- There are electron clouds spilt over
the surface, and this indicates a curvature
in the voltage profile near the metal surface.

- Charge profile on the solution side shows
\} negative charges near the surface but

M

E

T

A

diffuses away within inner layer.

- IHP OHP
- 2010-03-29

Electrochemistry seunghoon
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Voltage Profile in the Vicinity of Interface
I N

Inner Helmholtz Layer Diffuse Layer (~100 A)
<>
@ (x)
—> X
IHP OHP
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Néegatively
Charged
 Metal

o (x)

D (x)

Electrochemistry s

oon

Schematics of Double Layer in Solution

Bard, A. J. and Faulkner, L. R.
Electrochemical Methods
Wiiey, New York. 1980, Chap. 1.

Hamann, C. H., Electrochemistry
Wiley-VCH, 1998, Chap. 3.
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I
Determination of quantum confinement in CdSe nanocrystals

by cyclic voltammetry

Erol Kucur, Jurgen Riegler, Gerald A. Urban, and Thomas Nann?
Freiburg Materials Research Center (FMF), Stefan-Meier-Strasse 21, D-79104 Freiburg, Germany

(Received 28 March 2003; accepted 24 April 2003)

[onization potentials [, , electron affinities E.A., and the quantum confinement in CdSe nanocrystals
were determined by means of cyclic voltammetry. The results were compared to values obtained
from spectroscopic measurements, especially UV/vis absorption and photoluminescence emission
spectra. Absolute band gap positions were obtained from the electrochemical measurements and
discussed with regard to vacuum level values. The results are in good agreement with theoretical
expectations and spectroscopic data. © 2003 American Institute of Physics.

TABLE I. Oxidation and reduction potentials of CdSe nanocrystals by means of cyclic voltammetry. Onset
potentials £ - and peak potentials £, were determined as schematically shown in Fig. 3. AE is calculated
according to AE=F_,— E,.4.

3.23 nm 3.48 nm 3.73 nm 3.80 nm

Absorptiong, v, 2.10 2.05 2.01 2.00
PL EL(eV) 2.17 213 2.08 2.05
CV Az 2.10 2.03 1.99 1.94
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Band Structure Determined by Cyclic Voltammetry for CdSe Nanocrystals

a b € d
T T T T T T T T T T T 4 B '1 rﬂ
.05 ¢ . E, |
_ Valence band as{ L L L1
- alence bgn A - 05
, maximum ] i
0.0 - - -4.0 -
. - 0.0
T o) : . ] F =
5 'Conduction band | 4.5 - g
_j'-:i 0.01 minimum § | - 0.5
U'IIJ B o L] ke - - I-I.:‘ - -EIG_ - 1 n
I | - | [ - - "
0.0 i - 5.5 - aemcTT | I E
] [} ] 1 | 1 | | ('] | | i I [ 1r'5
0.0 fe]
25 20 A5 10 -08 QD 05 10 15 20 25
E vs. AglAgNO, (V) Vacuum laval (8v) E vs. Ag|AJNO (V)

FIG. 2. Cyclic voltammogram of monodisperse CdSe nanocrystals (3.73 nm
diameter) adsorbed on a gold disk microelectrode (400 wm radius) in
acetonitrile+0.1 M TBAPF; at 20 mV/s at room temperature. Dotted line:
voltammogram of bare gold electrode.

FIG. 7. Schematic diagram of the electrochemically determined ionization
potentials /, and electron affinities E.A. of four different sizes of CdSe
nanocrystals. Dashed arrows: Approach of the confined 7, and E, values
to the bulk band edges with growing particle size (CdSe bulk band gap
=1.74 V).

I,=—(E,+414) eV,
o . Thomas Nann’s Group, Journal of Chemical Physics (2003)
EA=—(E, 1T414) eV, Freiburg Materials Research Center (Germany)
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Experiment and Variables in Electrochemical Cell

Electrode surface region Bulk solution  1.Mass transfer of reactant/product
Flectrod : ‘Fo and away from the electrode
;-' Chemical E Mass interface.
i reactions | transfer
[ '{\0(\ 0} — o O .
RS ; 5“”351, e 2.Electron transfer at the interface.
ot :
Olads 06‘5'0 i
E 3.Preceeding or follow-up chemical
ne oo : reactions.
: ransfer :
LR !
g I
W R DGG i
g o W Chemical i 4.Surface.processes .
5 Bop reactions ! (adsorption/desorption)
E'%fl on" R e——— Hsurl-&:'vwvv-rw Rbuik
ey I
% % Figure 1.3.6 Pathway of a
e ' general electrode reaction.

Working Electrode (Indicator Electrode)

A. J. Bard, Electrochemical Methods, 2"d edition
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Mass Transport A. J. Bard, Electrochemical Methods, 2" edition

Viodes of Mass Transport:

&4

Migration _ o
— movement of ions by an electric field

Diffusion _ _
— by a concentration gradient

Colr=0)

| Convection _
— & x — by stirring or hydrodynamic transport

Figure 1.4.1 Concentration profiles (solid lines) and diffusion layer approximation (dashed
lines), x = 0 corresponds to the electrode surface and 8¢ is the diffusion layer thickness.
Concentration profiles are shown at two different electrode potentials: (I) where Colx = 0)

is about C /2, (2) where Cofx = 0) = O and { = i.

1) = D dC,(x) z,F e dd(x) c
(x) =-D dx ~ RT "YU dx - Cu(Xx)
Ji(x) = flux of | (mol/s-cm?) D = diffusion coeff. (cm?/s) C = conc. (mol/cm3)

dd(x)

= potential gradient z = charge on species  v(Xx) = velocity (cm/s)
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The Scope of Electrochemistry

1. Investigation of chemical phenomena associated with
a charge-transfer reaction.

2. To assure electro-neutrality,
two (or more) half reactions take place in opposite directions
(oxidation and reduction).

3. If the change of total Gibbs free energy is negative,
the corresponding electrical energy gets released.
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