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BATTERIES AS ELECTROCHEMICAL SYSTEMS !

Electrochemistry
studies the properties and processes taking place in heterogeneous
systems in which there is a potential difference between the
constituent phases

REDOX reactions
vVoO+ne  — R
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The electrical double layer
Diffuse Layer
IHP OHP Bulk Solution

Potential

distance
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OPEN CIRCUIT

Zn —f [ A\
~.®  saltbridge

'l'a\

(-)Zn = Zn?**+2e,,~
(+) Cu**+2e,,~ == Cu
%
8042- ,».).

Zn+Cu?t+2e,, =—Cu+ Zn**+2e,~

0 RT dcu Azn2 +
NERNST EQUATION |E =E° — In

nkF Az Acu? +
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Chemical reaction related to the cell
l e Net current.
) Spontaneous process
anodo catodo
(-)ZNn — Zn%*+2¢e~
(+) Cu*+2e~ —Cu
.
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Cu?*+2Zn —> Cu + Zn?*
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Galvanic cells
(direct conversion of chemical to electrical energy)

Batteries: anodic and cathodic reactants stored internally and cannot be replaced
Primary: only one discharge (irreversible reactions)
Secondary or accumulators: repetitive cycles of charge-discharge (reversible reactions)

Fuel Cells: anodic (fuel) and cathodic (oxidizing) reactants externally and
continuously fed

(Redox) Flow Batteries: reversible cell with external storage of electrolyte (they
may be used like fuel cells or like rechargeable batteries)

Hybrid Cells: one electrode operates as in a battery, the other as in a fuel cell
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Fig. 284. — Elément Daniell.
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Primary cells

Daniell cell (1836)

https://ca.wikipedia.org/wiki/Pila_Daniell#/media/
File:%C3%891%C3%A9ment_Daniell.jpg
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BATTERIES AS ELECTROCHEMICAL SYSTEMS

@ electrode

Primary cells

graphite cathode (+)

— zinc anode (—) @electrode

1T paper separator Anode (—): Zn/Hg amalgam

— moist paste of
ZnCl, + NH,CI

— MnO, + graphite

porous separator

cathode (+):
HgO/graphite/water
paste

@ electrode

@electrode

cell reaction:
Zn(s) + HgO(s) — Hg(l) + ZnO(s)

cell reaction:
2MnO,(s) + 2NH,Cl(aq) + Zn(s) —
Mn,05(s) + Zn(NH3),Cl5(s) + H,O(l)

(a) Leclanché dry cell (b) Button battery
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@electrode

| (‘L i)electrode

| lil crystal

anode (—): Li metal

nickel mesh

cathode (+): I, complex

cell reaction:
2Li(s) + 1,(s) — 2Lil(s)

(c) Lithium-iodine battery

http://chemwiki.ucdavis.edu/Analytical_Chemistry/Electrochemistry/Case_Studies/Commercial_Galvanic_Cells
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Secondary cells

Discharge Charge |
(galvanic cell) —&—Y ’f“_.k_qh (electrolytic cell)
- .+. +

Zn/Ag.0 cell T 4.

N N
)Zn+20H- - ZnO+H0+2e  EH/—=NH H—NF (-)ZnO+H20+2e——>Zn+20H—_
(+() )Agzo +H,0+2e — 2 Afg +20H- é;——__-\:f —__—__~\§_ (+) 2 Ag + 2 OH- — Ag,0 +H,0 + 2 e

Ag.0 +Zn—> 2 Ag + ZnO ;é::i—_—__g_i\ /?léé%fa Ag +2Zn0O — Ag,0 + Zn

>
a

Cathode Anode

(a) (6)

Fig. 2. Current direction (a) in a discharging cell, and (b) in a storage cell being charged or in
an electrolyser.
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BATTERIES AS ELECTROCHEMICAL SYSTEMS
Secondary cells

(%) electrode () electrode

g @electrode,
‘ > ) /,/’

m 1 cathode (+):
cathode (+): :5;(:1 %E((j) 2 lled
NiO(OH)
anode (—):
P lead grid lled
anode (—): with spongy
cadmium lead

separator o electrolyte:
solution of
@electrode sulfuric acid
cell reaction: cell reaction:
Cd(s) + 2NiO(OH)(s) + 2H,0(l) — Pb(s) + PbO,(s) + 2HSO, (aq) + 2H"(aq) —
Cd(OH),(s) + 2Ni(OH),(s) 2PbS0O,(s) + 2H,0(1)

http://chemwiki.ucdavis.edu/Analytical_Chemistry/Electrochemistry/Case_Studies/Commercial_Galvanic_Cells
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BATTERIES AS ELECTROCHEMICAL SYSTEMS BARCELONA

voltmeter

Fuel Cells

solid
electrolyte

H,(g) in - : —0,(g)in

heat out

Fg) out +—A W H,/O, Fuel Cell

catode ) http://chemwiki.ucdavis.edu/Analytical _Chemistry/Electrochemistry/

anode (—)

Case Studies/Commercial Galvanic Cells
anode: cathode: — — —
2H,(g) = 4H" + 4e” 0,(g) + 4H" + 4e~ — 2H,0(g)
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O,-Electrode Zn-electrode 0,-Electrode
Corrugated-plastilc Polypropylene I_ Corrugated-plastic

Hybrid cell

Cas-inlet Gas-inlet Zn/all' Seml'FueI CE”

Fig. 13.45. Schematic view of the Zn-air battery consisting

of a single cell with a central Zn anode facing two bifunc- (-)Zn+ 4 OH- — Zn(OH),2 + 2 e~
tional air electrodes. (Reprinted from K. Miiller, R. Holze, +)1 + - —
and O. Haas, “Progress Towards a 20 Ah/12V Electrically ( ) 2 02 t4H"+2e > OH
Rechargeable Zinc/Air Battery,” in Batteries for Portable
Applications and Electric Vehicles, C. F. Holmes and A. R. Zn+%0,+ H,0+20OH-— Zn(OH),%
Landgrebe, eds., Electrochemical Society Proc. PV 97-18,

pp. 859-868, Fig. 2, 1997. Reproduced by permission of

The Electrochemical Society, Inc.)
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Production of electrical energy from fossil fuels by means of the
conventional technology:

Chemical energy — thermal (heat) — mechanical — electrical

N\ _/
y

CARNOT’S CYCLE

Direct conversion in galvanic cells:

Chemical energy — electrical
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BATTERIES AS ELECTROCHEMICAL SYSTEMS

. Measuring the discharge voltage

| cathode (+)

anode (-) —
R(variable) —
91_ el Vi =1 Ry
M=* P=1V,
Xz~

16
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BATTERIES AS ELECTROCHEMICAL SYSTEMS gggg;sﬁgﬁx
VIV Polarization curves P/W
P, E=Eeg - Bego)
Vi =K- IRy
P=1V;=1(K-IR)
| I:)m = Ime
" | /mA (with I, =k/2R;y)

17
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V=E—Es—IRn=E—Incl-ma— IRim<E
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Major factors contributing to the cell performance:

- Activation control
- Diffusion control
- Ohmic control

BUTLER-VOLMER EQUATION
(activation or charge-transfer control)
i = o [€XP (0, FT/RT) — €XP (-0tregF /RT)]
J, is the exchange current density
0,y and a4 are the charge transfer coefficients
19

13/11/2018 Autumn School Flow Battery



Se- UNIVERSITAT o
B

mg ARCELONA

BATTERIES AS ELECTROCHEMICAL SYSTEMS

ACTIVATION OVERPOTENTIAL

High field for the anodic reaction (Tafel): n,>>0 (n,>120 mV)
Ja = o [€XP (0,F1,/RT)]
Na = RT/a,F) In (.7 jo2)

High field for the cathodic reaction (Tafel): n<<0 (n <-120 mV)
| el = Joc [eXp (-aFn/RT)]
Ne = - RT/a,F) In|j./ o |

20
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DIFFUSION OVERPOTENTIAL

wa

c*, 1st Fick’s law: J = -D (dc;/dx)
J=nFD (c°—-c*) /o

D, diffusion coefficient

n, number of electrons transferred
c® and ¢*, concentration in the bulk and at the interface

J/]), =(°—c*)/c°=1-(c*/c°)
1 =] [(cR*/ cg°) exp (o ,Fn/RT) — (co*/ €5 °) exp (-aFn /RT)]
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j = jo [(1 - jox /jL,ox) eEXP (aoan/RT) - (1 - jred /jL,red) eEXP ('arean /RT)]

When J g << Jo>> ] o theterminto []=0

RT 1— .jred
— 7 JLred
N = nF In 1— Jox
jL,ox
Anodic process in the cell (J, req >> Jieq ): Nga = ]JLa Ja )
’ ’ a
Cathodic process in the cell (j, ox >> Jox ) Nyc = ln (1-— ]JLc Je)
’ ’ c
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BATTERIES AS ELECTROCHEMICAL SYSTEMS BARCELONA

Reversible voltage (Chapter 2)  Activation loss (Chapter 3) Ohmic loss (Chapter 4)

= = =
: : 8
s - | ek
Current denaity (A/om?) Gurrent density (AVom?) Curront donsity (AVem?)
Concentration loss (Chapter 5) Net fuel cell performance
S s
g §
- | = |s
Current Density (A/cm?) Current Density (Ncm?)

Major factors contributing to the cell performance
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Kinetic equations for plain electrodes
V — I Rext — E - {(RT/ aaF) In (ja/jo’a) + (RT/ nF) In (1‘ [ia/jl_,a])} -
-{(RT/ acF) In|jc/joc | + (RT/nF) In (1- [jc/jrc])} - | Rint

Linear region:

V =E —ki — IRt

Limiting current:

V=E- ke-(RT/nF)In(1-[Ja/Jjral - (RT/nF) In (1- [Je/ L]

24
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BATTERIES AS ELECTROCHEMICAL SYSTEMS

When j, =[] =1}
Vd:IREXt:E'{aa+ba|n|j|}'{ac+bc|n|j|}'
-cIn(fal /-1 - 1 Rin

It is necessary to fix 7 parameters: a,,b,, a., b, ¢, R and j, .

When the cathode is limiting, 4 are enough: o

c’ JOC’

13/11/2018 Autumn School Flow Battery
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BATTERIES AS ELECTROCHEMICAL SYSTEMS

i Theoretical EMF or Ideal voltage
ik No leakage loss
=0 IS
O 1 o>, with
o -~
a! i leakage loss
- i .
> b 2 ~
8. 3

: \

| . |
N I Jicak \

L.

0.0 1.0

Measured current density (A/cm?)
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Vd =1 Rext =E- {aa+ ba In [l J|+| jleakl]} - {ac + bc In [lJ |+| jleakl ]} -

-cln

13/11/2018

LI Tl = QI+ ead) 13 - 1R

Autumn School Flow Battery

26



BATTERIES AS ELECTROCHEMICAL SYSTEMS

\Voltage / V

LA

0.2

20
t/h
http://commons.wikimedia.org/wiki/File:Nimhcharakteristikrp.png
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Cell properties:
Capacity (Ah): Q =
Power (W): P =
Power density (W kg?)
Energy (Wh): U = QV
Energy density (Wh kg?)
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(0G/0E)p1 = Zviui = — nNFE (sometimes called AG)
dGp,1 < OWuseful = OW electric = AG = maximum useful work
= — (dAG/dT) = nF (dE/dT)
AH=AG+TAS=- Q¢ (Qt=heat delivered)

Thermoneutral voltage Er=—AH/nF =E - T (dE/dT) = Q¢/ nF
Ei>0ifAH <0
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— AH = nFE —nFT (dE/dT) = nFE + Qs

(Qs = entropy term, energy not useful as electric energy)

Qs = nF (Et- E)
In discharge, Vq < E and the excess energy delivered as heat is done by
Qu =nFE - nFVy (Ey Vq>0)

Then, the overall heat delivered by the cell is

Qp = Qs + Qu =nF (E:— Vu)

29
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Theoretical specific consumption of the reactant per unit of energy (g, ")
E., =160V

ocv

Ag20 +Zn — 2 Ag + ZnO
W, = NFE.,
gw' (Ag20) =231,74 g /53,6 Ah = 1,60V = 2,70 g/Wh
gw'(Zn) =63,37 g /53,6 Ah 1,60V = 0,76 g/Wh

Usage coefficient of the reactant (A):
A=0gyw' /9y" (normally between 0.2 and 0.98).

Where g,," is the practical specific consumption of the reactant
30
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BATTERIES AS ELECTROCHEMICAL SYSTEMS

Theoretical specific consumption of reactants per unit charge (go")
AQg20 +Zn — 2 Ag + ZnO
F = 96486 C = 26,8 Ah
o' (Ag20) = 231,74 g / 53,6 Ah = 4,32 g/Ah
0o"(Zn) = 63,37 g/ 53,6 Ah = 1,22 g/Ah

Usage coefficient of the reactant (1):
A=0q' /9o (normally between 0.2 and 0.98).

where g," is the practical specific consumption of the reactant
31
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BATTERIES AS ELECTROCHEMICAL SYSTEMS

Thermodynamic efficiency
(maximum)

ne = E/Es

Net efficiency
Mn = A ValEt = A nvy nm)

(mn = 60 — 80%)
\oltage efficiency

nw) = Vo/E
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