Chapter 1. Introduction of Electrochemical
Concepts

 Electrochemistry — concerned with the interrelation of
electrical and chemical effects. Reactions involving the
reactant — the electron.

Chemical changes caused by the passage of current

* An electrochemical system is not homogeneous but is
heterogeneous.

 Broad Field : electroanalysis, sensors, energy storage
and conversion devices, corrosion, electrosynthesis, and
metal electroplating.



Electroanalytical Chemistry

* Electroanalytical chemistry encompasses a group of
guantitative analytical methods that are based upon the
electrical properties of an analyte solution when it is
made part of an electrochemical cell.

« These methods make possible the determination of a
particular oxidation state of an element.

Ox + ne- «— Red

« There are two general types of electrochemical methods:
potentiometric (no current, equilibrium potential) and
voltammetric (current measured as a function of the

applied potential.




Electrochemical Cells

Electrochemical cells consist of two electrodes: an anode
(the electrode at which the oxidation reaction occurs) and a
cathode (the electrode at which the reduction reaction
occurs).

Cu(s) + Zn*? — Cu*? + Zn(s)
Cu(s) <« Cu*? + 2e- (oxidation)
Zn*?2 + 2e- < Zn(s) (reduction)
There are two types of electrochemical cells: galvanic

(ones that spontaneously produce electrical energy) and
electrolytic (ones that consume electrical energy).




Electrochemical Cells
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Figure 22.1 A galvanic electrochemical cell with a salt bridge.

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



Electrochemical Potentials

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

E = o+ 2:.303RT 44 [OX]
nF [Red]

Measured _
Evs Ref  Nernst Equation

a, =7 [X]

Standard reduction reactions: all relative
to the H,/H* reaction, 298 K, unit activities
for all species, and pH 0.

TABLE 22-1 Standard Electrode Potentials*

Reaction E0 at 25°C, V
Cly(g) + 2¢~ = 2CI- +1.359
Oxg) + 4H* + de- = 2H,0 +1.229
Bry(ag) + 2~ = 2Br™ +1.087 .
Bry()) + 2e~ = 2Br~ +1.065
Agt + e~ & Ag(s) +0.799
Fel* + e~ = Fe2+ +0.771'
13+2 =3~ +0.536
CuZt 4 2e~ = Culs) +0.337
Hg,Cla(s) + 26~ = 2Hg() + 2C1- +0.268
AgCIs) + e~ = Ag(s) + CI- +0222
Ag(S,09)}™ + e~ = Ag(s) + 25,0%" +0.010
2H* + 2~ = Hy(g) £ 0.000
Agl(s) + e~ = Ag(s) + I~ -0.151
PbSO4(s) + 2e~ == Pb(s) + SO%~ —0.350
Cd2+ + 2e~ = Cd(s) -0.403
Zn2t + 2~ # Zn(s) -0.763

*See Appendix 3 for a more extensive list.




Electrochemical Potentials

We use concentrations in the Nernst equation, but really
activities are the proper term. The activity of a species can
be defined as the ability of a species to participate an
equilibrium reaction involving itself.

e.g. Fe¥?+e - Fe*? FeCl* etc.
Depends on ionic strength

EceII = ECathode _ Eanode
AGpq = - NFE >  Key equations
AGpy, = -RTINK,,




Reference Electrodes

All cell potential measurements require two electrodes!
mOm 1. AgCl(s) + e < Ag(s) + CI-
N E = E° + (0.059/n)log1/[CI]

H,

(P = 1.00 atm) :—\% 2. HQZCIZ(S) + 26_ <> ZCI_ + ZHQ(I)

(" saturated with AgCl
Pt electrode (anode)
1 —~Q

3 Hy(ag)=H"(aq) +¢ b |0

E = E° + (0.059/2)log1/[CI-]?

Silver electrode

~_ (cathode)

AgCl(s) = Ag (aq) + Cl" (aq)
Ad ()

(ag)+ e~ = Ao

;:%:w ) 3
( o & \MWYy) g\
\ g‘\ Solid AgCl : Figure 22—:? A galvanic cell without a
liquid junction. :

n = number of electrons transferred per mole, 2.303 RT/F = 0.059 V



Electrochemical Cells

Voltmeter

N

Salt bridge
H, gas ' i
. Pu, = 1.00 atm

Figure 22-§ Definition of the stan- -~
dard electrode potential for M2+(ag) +~a
ay+ = 1.00 ay2+ = 1.00 2e- = M(s). e

E T e o

Cu*? + H,(g) « Cu(s) + 2H*

Zn/ZnSO, (ay.,, = 1.00)//CuSO, (ac,., = 1.00)/Cu

Anode (oxidation) Cathode (reduction)

This shorthand is not always used in your textbook.



Electrochemical Cells and Reactions

Electrode (conductor) — Electrolyte (ionic solution)

Electrode

solid solution

Electrodes: Pt, Au, Pd, C, Hg

Solution

Ox
o
c Red

Ox + e-+— Red

Electrolyte solutions (low ohmic resistance):

lonic solutions (NaCl), molten salts, and

ionic polymers (Nafion).

Electrode reaction kinetics are affected by the electrode
surface cleanliness, surface microstructure, and surface

chemistry.



Electrochemical Cells and Reactions

Two electrified interfaces but only one of interest.

Power
supply

| V = J/C measure of the
_@ ~energy available to drive

charge externally between
electrodes.

Figure 1.1.3  Schematic diagram of the
electrochemical cell Pt/HBr(1 M)/AgBr/Ag attached

to power supply and meters for obtaining a current-
potential {(i-E) curve.

Rate of oxidation = Rate of reduction

Reference electrode: AgBr+e- +~— Ag + Br EC0=0.071V

vs. NHE

(aq)



Electrochemical Cells and Reactions

©

Potential

©

Potential

o}

Figure 1.1.2  Representation of (a) 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% of the A/A™ and AT/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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Magnitude of  the
potential controls the
direction and rate of
charge transfer.

As a potential is moved
negative, the species
that will be reduced
first (assuming all are
rapid) is the oxidant
(acceptor) in the couple
with the least negative
E°.



Electrochemical Cells and Reactions

« There are two types of current flow:

1. Faradaic — charge tranferred across the electrified
interface as a result of an electrochemical reaction.

_ dQ _ ; - 9N
Q =nFN gt n T

2. Non-faradaic — charge associated with movement
of electrolyte ions, reorientation of solvent dipoles,
adsorption/desorption, etc. at the electrode-electrolyte
interface. This is the background current in
voltammetric measurements.




Electrochemical Cells and Reactions
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Figure 1.1.4 Schematic current-potential curve for the cell PH, Br (1 M)/AgB1/Ag, showing
the limiting proton reduction and bromide oxidation processes. The cell potential is given for the Pt
electrode with respect to the Ag electrode, so it is equivalent to Ep, (V vs. AgBr). Since E Ag/AgBr =

0.07 V vs. NHE, the potential axis could be converted to Ep, (V vs. NHE) by adding 0.07 V to each
value of potential.

Br, + 2e- «— 2Br E°=1.09 V vs. NHE
2H* + 2e~+~— H, E%=0.00 V vs. NHE

E

=Ec'Ea

cell




Electrochemical Cells and Reactions

Hg/H*, Br (1 M)/AgBr/Ag

-] : Hg/H*, Br- (1M)/AgBr/Ag

T Kinetically fast reactions have

: | Onset o H' significant faradaic current

_ i TN { flow near E°, while sluggish

" L Nomatarng ) ™* . reactions have little current
o | flow except at large

overpotentials.

Potential (V vs. NHE)

Figure 1.1.5 Schematic current-potential curve for the Hg electrode in the cell Hg/H™*, Br (1
M)/AgBr/Ag, showing the limiting processes: proton reduction with a large negative overpotential
and mercury oxidation. The potential axis is defined through the process outlined in the caption to
Figure 1.14.

Hg,Br, + 2e-«~—2Hg + 2Br E%=0.14 V vs. NHE
2H* + 2e- «—H, E%=0.00 V vs. NHE



Electrochemical Cells and Reactions

Hg/H*, Br (1M), Cd*?(1mM)/AgBr/Ag

Hg/H*, Br(1 M), Cd®*(1mM)/AgBr/Ag

Cathodic [~ Onset of H*
reduction
I CdBr,* + 2e-«~Cd(Hg) + 4Br
: Onset of Cd®*
- reduction
c
o
3 ' ' '
0 0.2 -0.4 0.6 —0.8 -
— Onset of Hg
oxidation
Anadic L

Potential (V vs. NHE)

Figure 1.1.6  Schematic current-potential curve for the Hg electrode in the cell Hg/H",
Br~(1 M),Cd** (1073 M)/AgBr/Ag, showing reduction wave for Ccd*t.

Hg,Br, + 2e-~— ZHQ +2Br E®=0.14V vs. NHE
2H* + 2e- ~—H, E%=0.00 V vs. NHE



Electrochemical Cells and Reactions

@ Possible Possible @
reduction oxidation
o reactions reactions 5
E
(V vs. NHE) (V vs. NHE)

—0.25 4 Ni®* + 2¢ > Ni

Approximate
0 4 2H'+2¢ > H, potentiai for

0.18 4+ 24 zero current
+0.15 4 Sn*™ + 2¢ — Sn Sn“*+2e(_sL2*——+o,15
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+0.77 - Fe* + ¢ — Fe?* Fo® + ¢  Fe2* - +0.77
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(a) O, +4H" + 4¢ « 2H,0 + +1.23
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Figure 1.1.7  (a) Potentials for possible reductions at a platinum electrode, initially at ~1 V vs.
NHE in a solution of 0.01 M each of Fe3*, Sn**, and Ni2* in 1 M HCL. (b) Potentials for possible
oxidation reactions at a gold electrode, initially at ~0.1V vs. NHE in a solution of 0.01 M each of
Sn”* and Fe®* in 1 M HL. (c) Potentials for possible reductions at a mercury electrode in 0.01 M

Cr’* and Zn?* in 1 M HCI. The arrows indicate the directions of potential change discussed in the
text.



Electrified Interfaces

|deally polarizable electrode (IPE) — no charge transfer
across the interface. lons move in and out of the interfacial
region in response to potential changes. The interface
behaves as a capacitor (charge storage device).

_—-  Excess electrons on one
| o plate and a deficiency on
_._..”.___ Battery ~=- —'E:‘Eupaclto,r .
| 5 are - the other.
T— Figure iz.l | (a)Aqapacim. ®)

(@ » ' ’ ® J Charging a capacitor with a battery.

Changing thepotential,' E, causes th"‘e charge stored, Q,
to change according to the relationship:

Q(coulombs) = C(farads) x E(volts)



Electrified Interfaces

qmetal — _qsolution Charge neutrality!

Compact Layer = inner and outer Helmholtz planes

" Difuse layer (electrostatlc forces are very strong!)
Soivated cation .
QO
- ED Dn‘fuse Layer = gradlent of charge accumulation
- (thermaI agltatlon)
é@'~ o o metal — metal 2
"~ Spacifically adsorbed anion | O '_-q /area (HC/Cm )
. O Sohventmolecuis  pyre 123 Proposed model of the
— - double-layer region under conditions
m - 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 sol.)



Electrified Interfaces

cmetal = _(GIHP + OHP + Gdiffuse)

Structure of the electric double layer has
a major effect on electrode reaction

R e e e kinetics! (Faradaic reaction rates).

i ] -
:%O ,:: ) @Solvated cation
®

-~ @ Species not specifically adsorbed
{ | \Z’*Ghost* of anion repelled
o onp  lrom slacods sutace, approach the OHP.

®, — @, is wasted!!
¢° ‘ | |
~ & — @, is potential felt by analyte

¢ Figure 1.2.4 Potential profile across the
/ ' double-layer region in the absence of specific

adsorption of ions. The variable ¢, called the
inner potential, is discussed in detail in
Section 2.2. A more quantitative

) = representation of this profile is shown in
PRE—— Figure 12.3.6.

| y s oriti |
Field strength | gy )~ 18 criticalll



Electrified Interfaces

The solution side of the interface consists of a compact
layer (inner and outer Helmholtz layers) plus a diffuse layer.

Diffuse layer extends from the OHP to the bulk solution.
lonic distribution influenced by ordering due to coulombic
forces and disorder caused by random thermal motion.

Q, +(QcL +Qp) =0 Qp =-(QcL +Qpy)

Q=CE (C =Farad E = voltage difference)
Qp. = C4A(E-E,,)| (A =area (cm?) Eg, = point of zero charge)

| 1/C =1/C~, + 1/C Smallest value dominates
| ToT CL DL the interfacial capacitance



Electrochemical Experiment and Variables in
Electrochemical Cells

External variables

Electrode Temperature (T)
variables Pressure (P)
Material T’"_‘° U
| Surface area {(4)
Geometry
Potential (E)
Mass transfer Current (i)
variables _ Quantity of electricity (Q)
Mode (diffusion,
convection, . ..) _
Surface cincentrations A
Adsorption

Solution variables

Bulk concentration of electroactive
species (Cq, CR)

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

Solvent

Figure 1.3.2 Variables affecting the rate of an electrode reaction.

Electrode pretreatment matters a great deal!!!



Electrochemical Experiment and Variables in
Electrochemical Cells

Electrode surface region

Chemical
reactions
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| | transter
’ Dg, o
Fads s°’br/°,’ Chemical

M- reactions
Plion~ R e Reurt
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transfer .

- Working Electrode (Indicator Electrode)

1. Mass transfer of
reactant/product to and away
from the electrode interface.
Electron transfer at interface.
Preceeding or follow-up
chemical reactions.
4. Surface processes
(adsorption/desorption)

@ N

Figure 1.3.6 Pathway of a
general electrode reaction.



Electrochemical Experiment and Variables in
Electrochemical Cells

Vacuum

E-E

=
]

Power eq
supply
Caplliary
) £
/’\ . ( ) N, or H, inlet
o 5 } -
Working Auxiliary i
electrode electrode
Eyy vs. ref In cell notation
N\ Working or Reference
v indicator electrode
\__/ Reference Saturated KCI
electrode [ —— ;lef?'nl'encs T
uxiliary or
T counte;y Figure 1.3.10 Three-electrode cell and mtlon
electrodes  notation for the different electrodes.

, Medium frit
Ho.GL + K 4% agar/saturated glg:f:&?;;?:fy’
9.Cl, + L | potassium chloride gas-dispersion Stirring bar
~Pt wire cylinder ~ ——t— 4

(a) (®)

Figure 1.3.11 Typical two- and three-electrode cells used in electrochemical experiments. (a) Two-
electrode cell for polarography. The working electrode is a dropping mercury electrode (capillary) and the N
inlet tube is for deaeration of the solution. [From L. Meites, Polarographic Techniques, 2nd ed., Wiley-
Interscience, New York, 1965, with permission.] (b) Three-electrode cell designed for studies with

1 e nonaqueous solutions at a platinum-disk working electrode, with provision for attachment to a vacuum line.

I (a m p e reS ) dt (Co u I O m bS/ S ) [Reprinted with permission from A. Demortier and A. J. Bard, J. Am. Chem. Soc., 95, 3495 (1973). Copyright
1973, American Chemical Society.] Three-electrode celis for bulk electrolysis are shown in Figure 11.2.2.

Q (coulombs)

nF (coulombs/mol) = N (moles electrolyzed)

' i
Rate (mol/s) = (3[[\1 = nIF Rate (mol/s-cm?) = TEA




Mass Transport

Modes of Mass Transport

1. Migration — movement of
charged body under
influence of an electric field.

2. Diffusion — movement of
species under the influence
of a concentration gradient.

iy

0 b x 3. Convection - stirring or
Figure 1.4.1  Concentration profiles (solid lines) and diffusion layer approximation (dashed - :
lines). x = O corresponds to the electrode surface and 8¢ is the diffusion layer thickness. N h yd rOd yn amic tra ns po rt -

Concentration profiles are shown at two different electrode potentials: (/) where Co(x = 0)
is about C &/2, (2) where Co(x = 0) =~ O and i = iy.

1) = D dC.(x) zF be dd(x) c
(x) =-D, dx ~ RT " dx - Go(x)
Ji(x) = flux of I (mol/s-cm?) D = diffusion coeff. (cm?/s) C = conc. (mol/cm3)

dd(x)

5 = potential gradient z = charge on species v(x) = velocity (cm/s)
X



Mass Transport

; t=0 | = (2Dt)1/2
[/~ Diffusion layer thickness
Col=0) |

1 | | | Figure 1.4.5 Growth of the

8(r1)  8(rp)  B(rs) | 5(t) ) - x  diffusion-layer thickness with time.
Uyt = D, (dC_/dX), -
Umt = Do (C*o _ CO(X=O))/60

D, (C’, — C.(x=0))/8, = iInFA = D (C.(x=0) — C*.)/s,




Current-Voltage Curve Shapes

Figure 1.5.1 Effect of an irreversible

following homogeneous chemical reaction

on nernstian i-E curves at a rotating disk .

electrode. (1) Unperturbed curve. (2) and (3)

Curves with following reaction at two rotauon
~ rates, where the rotation rate for

(3) is greater than for (2).
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