Oxidation-Reduction Reactions

Fe3t + Ce3t - Fe?t + Ce?™

Ce3t > Ce* + e Fe3t + e » Fe?t

Oxidation Reduction



Oxidation-Reduction Reactions

Fe3t + Ce3t - Fe?t + Ce?™

Ce3t - Ce*t + e Fe3t 4+ e - Fe?*
Oxidation Reduction
e e
C" N SaltBridge o~ T | N
- |
A & <
e || BB -

\
)
\
)

|
|

Ce3t = Cet* + e Fe3* + e - Fe**



Oxidation-Reduction Reactions
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Half Cell Potentials Bl i = Blpad — dgo
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Half Cell Potentials
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Half Cell Potentials
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Ecelt = Eved — Eox

Since we always use half cell differences, we can add an
arbitrary constant to all half cells. By convention, we assume that
the Eo for the normal hydrogen electrode (NHE) is equal to zero:

Half Cell Reaction for Hydrogen (NHE):

1
HY+e-> EHz(g)

1/2

RT Py
Ey = Ef — 7 In—2- E% =0




Potentiometry

Metal Indicator Electrodes Silver Electrode:

Used to measure

Ag* +e - Ags [Ag+] in solutions
P RTl 1 0
Ag = Bag — Tt [Ag™] EAg =+ 0.799V
Reference Electrodes Silver Chloride
Reference Electrode:
AgClsy +e—>Ags) + Cl7 Only depends on [CF]

RT [CI7] —
Egger = Efgci — = in— Ejocr = +0.228V
[CH=1.0M



Potentiometry

Silver Electrode: Used to measure [Ag+] in solutions

Ecell — EAg o EAgCl

.0592 1
.0592 1
E.,;=0571 log
1 [Ag™]

[AgT]=1.0x 107°M E.,=+0.393V



Other Types of Electrodes

Membrane and lon Selective Electrodes (ISEs)
Eceti = Eveq — Eox + Ej

Ej is a junction potential that is sensitive to only one ion:

pbhase | bhase 2

RT [H
Ejz—?ln H_I_: [H+]1 [H+]2

ion permeable membrane

Ereq and Ereq are typically both references electrodes (e.g.,AgCl)



Other Types of Electrodes

Membrane and lon Selective Electrodes (ISEs)

bH Electrode Display
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Other Types of Electrodes

Membrane and lon Selective Electrodes (ISEs)

bH Electrode
Ca?* Electrode

NO3- Electrode

Polymer (PYC)membrane electrode
containing a calcium ionophore

(CH)17CHs ro/_\o’\ 5 5
HN
T N)%OVKLNH
o (CH2)17CHs

ks
o/

Specifications

« Range: 0.20 to 40,000 mg/L or ppm (5 x 10° M

to 1.0 M)

Resolution (LabQuest 2, LabQuest, LabQuest Mini,

GolLink, LabPro):

o % of reading: 1.4%

o Low scale reading: 0.20 +0.0028
o High scale reading: 40,000 £560 mg/L

pH Range:31to 10

Interfering lons: Pb%*, Hg?*, Sr?*, Cu®*, Ni®*

Electrode Resistance: 1 to 4 MQ

Electrode Slope (log voltage vs.
concentration): +28 mV/decade
Reproducibility: + 5% of reading
Temperature range (can be place:
in): 0 to 50°C (no temperature
compensation)

Minimum immersion: 1 inch
Electrode Length: 155 mm
Body Diameter: 12 mm

Cap Diameter: 16 mm

Cable Length: 100 cm



Other Types of Electrodes

Membrane and lon Selective Electrodes (ISEs)

bH Electrode
Ca?* Electrode

NO3- Electrode

Polymer (PYC)membrane electrode
containing a nitrate ionophore

Hl}l/\/\l}lH

(@) @)
<: }CHz(CHz)MCHs
O O

HN\/\/NH

Specifications

Range: 0.10 to 14,000 mg/L or ppm (7 x 10° M
to 1.0 M)

Resolution (LabQuest 2, LabQuest, LabQuest Mini,
Gollink, LabPro):

o % of reading: 0.7%

o Low scale reading: 0.10 +0.0007

o High scale reading: 14,000 £98 mg/L

pH Range: 2.5 to 11

Interfering lons: CIO,, I, CIO5, CN’, BF
Electrode Slope (log voltage vs. concentration):
-56 mV/decade

Electrode Resistance: 1 to 4 MQ
Reproducibility: + 5% of reading
Temperature range (can be placed
in): 0 to 50°C (no temperature
compensation)

Minimum immersion: 1 inch
Electrode Length: 155 mm

Body Diameter: 12 mm

Cap Diameter: 16 mm

Cable Length: 100 cm



Galvanic vs Electrolytic Cells

A reaction is spontaneous if AG < 0

_AG |
Ecell — > O “Galvanlc Ce””
nkF

A reaction is NOT spontaneous if AG > 0

—-AG
E. ;= <0 “Electrolytic Cell”
nkt




Half Cell Potentials

ECe — s —
Ecell — EF€ — Ece B Salt Bridge ]

Pt Pt

Half Cell Potentials are always written as reductions:

Fe3t + e - Fe?t Ce*t +e - Ce3t
_ RT , [Fe?*] [ce3¥]
Ere = Elge F In [Fe3+] Ece = ECe - ?l [Ce?t]
E°(Fe) = +0.77V E°(Ce) = +1.61V

E°(Cell) = E°(Fe) - E°(Ce) = - 0.91V

Spontaneous!



Half Cell Potentials

ECe — s —
Ecett = Ere — Ece |5 e

Pt Pt

Half Cell Potentials are always written as reductions:

Fe3* + e - Fe?t Ce*t +e - Ce3t
_ RT , [Fe?*] [ce3]
Bre = Bre =7 In [Fe3+] Ece = Ece — ?l [Cet+]
E°(Fe) = +0.77V E°(Ce) = +1.61V

E°(Cell) = E°(Fe) - E°(Ce) =- 091V
Not Spontaneous - Electrolytic Cell!

The reverse reaction is spontaneous - Galvanic Cell.



Cett
| —
Buret Reference
electrode
\ _,__' Potentiometer
Pt indicator
o 2 electrode
3\ r

Fe2+

Ce4t + Fe2+t = Ce3*+ + Fe3+

Redox Titrations

1.6

1.4 -

1.2 4

1.0

0.8 1

0.6 -

This reaction is spontaneous!

20 40 60 80 100

Volume of Ce*t (mL)

UC Davis chemwiki.



Example: Electrolysis of Water

At the positively charged anode, an oxidation reaction occurs,
generating oxygen gas (these equations are for acidic pH):

Spontaneous!
Oxidation at anode: 2 H,O(l) = Oz(g) + 4 H*(aq) + 4e
At the negatively charged cathode, a reduction reaction occurs,
generating hydrogen gas: +l|||._ ;_DC i
Oxygen . T Hydrogen

Reduction at cathode: 2 H*(aq) + 2e~ — H(g)

Half Cell Potentials:

b |

Oa(g) + 4 H*(aq) + 4e~ = 2 H,O(l) E° = +1.229V !
2(g) (aq) + 4e 20()) on ! oSS
2 H*(ag) + 2e~ — Ha(g) E° = -0.8277V H:0 | H:0 ©

s

=)

E°(cell) = E°(red) - E°(ox) = -0.8277 — 1.229 = -2.056 V Cathode

Diaphragm




Example: Electrolysis of Water

At the positively charged anode, an oxidation reaction occurs,
generating oxygen gas (these equations are for acidic pH): Ecell < O

Oxidation at anode: 2 HO(l) = Os(g) + 4 H*(aq) + 4e Not Spontaneous:
Electrolytic Cell!
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Vanadium Redox Flow Battery

Four stable
oxidation states:

V2t V3+ VO2+,VO,*

Seattle Business Magazine

Galvanic Discharging Reaction
Anode (Oxidation):V2* = V3+ + e- (E° = -0.26 V vs. SHE)

Cathode (Reduction):VO3* + 2 H* + e- = VO2* + H,O (E° = 0.99V)

E°(Cell) = E°(Red) - E°(Ox) = 0.99 + 0.26 = +1.25V



Power or Load

Vanadium Redox Flow Battery

Cathode

lon
Exchange
Membrane

X X

Pump Pump
V2t = V3t 4 e VOS +2H* + ¢~ — VO** + H,0
Oxidation Reduction

Chem M3LC



Vanadium Redox Flow Battery

Cathode Half Cell Potential: EO.eq = .00V

VO; +2H' + e~ - VO** + H,0

m Anode |Cathode M Anode Half Ce” POtent’aI: Eoox - '.26\/

Ve = v

X X
Pump Pump
Ecell — Ered o on
E) =100V—(=0.26V)—=+1.26V

Spontaneous Discharge Reaction

Chem M3LC



Vanadium Redox Flow Battery

CHARGING

Solar Panel Charging

Chem M3LC



Vanadium Redox Flow Battery

'

Canadian Installation

Chem M3LC



Vanadium Redox Flow Batter

V2+ V3+ VO 2+ VO ;_

World's Largest Battery? 200MW/800MWhr

Chem M3LC



Vanadium Redox Flow Battery
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Electrolyte
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Half Cell Reactions and the Redox Potential

The cell potential can be calculated from the difference between two Half Cell
Potentials:

Fe3* 4+ e - Fe?*t Cet* + e - Ce3*

[Fe?*]
F 3+]

[ce3t]

E —Epe__l C'H']

E _ECB__Z

Ecenn = Epe — Ece

Half Cells are written as reductions. The E%s are tabulated based on the normal
hydrogen electrode (NHE) scale, which defines E} as zero:

H? lH E_EO Elﬁzl_/z EO_O
+€—>2 2(9) H = H+Fan+l H ™

Ep, is called the Half Cell Potential, or the Redox Potential for the Fe2+/ Fe3+
couple.

The Redox Potential can be measured in any aqueous system, and sets the

concentration ratios of ALL of the redox species in the solution.



Electrochemical Alpha Fractions
The total concentration of Fe in a solution is given by C227:
CTOT [FeZ+J + [ e3+]

This concentration is divided into the oxidized and reduced forms. The fraction of

the total Fe in each form is called the alpha fraction:

. [FeZ+] . [Fe3+] _ 1
XreZt= “=ior Qpe3+ = “cToT Ape2t T Apes+ =
Fe Fe

Using the Fe half cell reaction, we can derive equations for the two alpha fractions

that depend on the value of Eg,:

F -1
Apq2+ = |1+ exp (— (Epe — E,?e))‘

i —1
F
Apes+ = |1+ exp <_ s (B — Ege))‘



Electrochemical Alpha Fractions
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