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Electrochemistry

Electrochemistry is the branch of physical chemistry

e dealing with the interrelation of chemical and electrical effects

or
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e dealing with the study of chemical reactions as a results of the passage of current
(conversion of chemical energy into electrical energy and vice versa)

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

Electrochemical cells

Electrochemistry occurs in electrochemical cells
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Electrochemical cells in their most simple form consist of

e two electronic conductors
both in contact with

e one ionic conductor (or solution)

electrode

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

=» electrodes

= electrolyte

electrolyte

electrode
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Electrochemical cells: half-cells

In electrochemical cells electrochemical reactions occur
at the interfaces between the electrolyte and the electrodes

Each electrode/electrolyte couple is referred to as half-cell;
the electrochemical reaction occurring at its interface as half-cell reaction

half-cell : half-cell
(left) (right)

eleci:rolyte

electrode electrode
interface { interface
(left) :  (right)
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Electrochemical cells: half-cell reactions

The electrochemical reactions at the electrode/electrolyte interfaces
involve electron transfer between the electrode and the electrolyte (or species in solution)

There are two distinct types of half-cell reaction:
e the electrolyte (or species in solution) donates electron(s) to the electrode
e the electrolyte (or species in solution) accepts electron(s) from the electrode

half-cell : half-cell
(left) (right)

electron donation reaction electron acceptance reaction

reactant — product +e reactant + e — product

electrode elecfrolyte | electrode
interface { interface
(left) ; (right)
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Electrochemical cells: oxidation and reduction

electron donation reaction electron acceptance reaction

reactant — product +e reactant + e — product
OXIDATION REDUCTION

* loss of electrons * gain of electrons

* increase in oxidation state half-cell : half-cell » decrease in oxidation state

(left) (right)

electrode | electrolyte | electrode
interface §{ interface
(left) : (right)
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Intermezzo: oxidation state

The definition(") as listed by IUPAC (International Union of Pure and Applied Chemistry)

A measure of the degree of oxidation of an atom in a substance.

It is defined as the charge an atom might be imagined to have when electrons are counted

according to an agreed-upon set of rules:

(1) the oxidation state of a free element (un-combined element) is zero;

(2) for a simple (monatomic) ion, the oxidation state is equal to the net charge on the ion;

(3) hydrogen has an oxidation state of 1 and oxygen has an oxidation state of -2 when
they are present in most compounds. (Exceptions to this are that hydrogen has an oxidation state of -1
in hydrides of active metals, e.g. LiH, and oxygen has an oxidation state of -1 in peroxides, e.g. H,0,);

(4) the algebraic sum of oxidation states of all atoms in a neutral molecule must be zero,
while in ions the algebraic sum of the oxidation states of the constituent atoms must be
equal to the charge on the ion. For example, the oxidation states of sulfur in H,S, S, (elementary
sulphur), SO,, SO, and H,SO, are, respectively: -2, 0, +4, +6 and +6.

The higher the oxidation state of a given atom, the greater is its degree of oxidation; the

lower the oxidation state, the greater is its degree of reduction.

™ source: http://en.wikipedia.org/wiki/Oxidation_state
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Intermezzo: oxidation state
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Electrochemical cells: oxidation and reduction

electron donation reaction

reactanf® — product®®® | @e~

OXIDATION

e loss of electrons
e increase in oxidation state

electron acceptance reaction

more formal
reactant® 1@ e product.
REDUCTION
e gain of electrons
half-cell half-cell e decrease in oxidation state

(left) (right)

electrode eleci:rolyte electrode
interface { interface
(left) (right)
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Electrochemical cells: oxidation and reduction

electron donation reaction electron acceptance reaction

reactant® — product®™™* +ne" reactant”” +me~ — product"™"
' OXIDATION ' REDUCTION

@@&ductaie» — product™™ +ne” @GXidant» m e~ — product™

the reductant transfers the oxidant removes
electrons to another H electrons from another
substance, and is, substance, and is, thus,
thus, oxidized itself. reduced itself.

And, because it "donates" And, because it "accepts"
electrons it is also called electrons, it is also called
an electron donor. an electron acceptor.

electrode eleci:rolyte electrode
An Introduction to Fundamentals of Electrochemistry,
Institute of Energy and Climate Research iOFCZ;I'ec;;\oIZ%% Thermodynamics and Solid State Chemistry
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— Principles of Electrochemistry (IEK-9) Viterbo, Italy SEl (e by 2 AV et
A) JOLICH
Electrochemical cells: oxidation and reduction
electron donation reaction electron acceptance reaction
— D > ]
reactant™ roduct™™" +ne reactant” + me roduct"™*
OXIDATION REDUCTION
reductant™ — product™™* +ne oxidant™ +me — product™™*

reductant™ —> @Xidantamy + n e~ oxidant™ +me~ — cEGUCANEL

electrode electrolyte  electrode
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Electrochemical cells: anode and cathode

electron donation reaction

reactant™ — product™™ +ne"

OXIDATION

reductant® — product™™* +ne

reductant® — oxidant*™* +ne

(X+n)+

red* — ox +ne

electrolyte

electrode

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

Electrochemical cells: anode and cathode

by definition:
reduction at the cathode

oxidation at the anode

OARC

two vowels

red™ — ox®"* ytne”

ANODE
OXIDATION

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)
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electron acceptance reaction

reactant”™ + me~ — product™™*
REDUCTION

oxidant™* +me  — product™™"*

oxidant™* +me~ — reductant"™"

ox"+me — red™™*

An Introduction to Fundamentals of Electrochemistry,

SOFC Technology Thermodynamics and Solid State Chemistry
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two consonants

ox'*+me — red"™*
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Electrochemical cells: net cell reaction

multiply with m =——=> mred™ — mox*" +mne

A\

nox'* +nme — nredY™* <= multiply with n

+ /\

nox"" +mred* — nred™™" +m ox*™*

(X+n)+

red* — ox +ne ox'*+me — red™*

ANODE electrolyte = CATHODE

An Introduction to Fundamentals of Electrochemistry,
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Electrochemical cells: cell potential

by convention (IUPAC): AE_, =E -E

cathode anode

v switch is open; no current passing through the cell

e Y

\
L o)

red* < ox®**"" +ne ox""+me < red"™

ANODE electrolyte = CATHODE

An Introduction to Fundamentals of Electrochemistry,
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Electrochemical cells: cell potential
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by convention (IUPAC) AEeq,cell = Eeq,cathode ~ eq,anode
with Eeq electrode potential at current 0
N equilibrium at both electrode/electrolyte interfaces
e ()
()
N @, -
; lllllllllll eq,Cat
8 L i
.(_E AEeq,cell
5
2 | i Eeqan
o
— ANODE electrolyte CATHODE — 3
red < ox*”* +ne / ox"*+me < red"™*
OXIDATION REDUCTION
An Introduction to Fundamentals of Electrochemistry,
Institute of Energy and Climate Research iOFCmTiczh?noIZ%% Thermodynamics and Solid State Chemistry
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Electrochemical cells: cell potential
by convention (IUPAC): AEeq,cell = Eeq,cathode ~ eqg,anode
with Eeq electrode potential at current O

U equilibrium at both electrode/electrolyte interfaces

S ¥
&
©
c
‘.G-‘J llllllllllllllllllllllllllllllllllll
o
o
— ANODE electrolyte CATHODE
red < ox®*"* +ne .
OXIDATION REDUCTION

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

..E

eq,cat

AE

eq,cell

...E

eg,an

ox""+me < red"™*
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Electrochemical cells: electrode potential
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electrochemical (thermodynamic) equilibrium at the anode/electrolyte interface:
the electrochemical potential [, of all species i must be equal in both phases (an,el)

(ﬁi )an = (ﬁ. )el

; A
S
®
=
9
o
a
Q9
=)
o
(2]
o)
©
— ANODE electrolyte
red < ox*"* +ne y
OXIDATION

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

Electrochemical cells: electrode potential

zviﬁi =0

stoichiometric
: coefficients

V.

0 =pd+RTIna +nFo

chemical
potential

electrical
potential

o chemical potential at

Hr

standard conditions

a,  activity of species /

1
fei

for solids
for solutions

. activity coefficient

=1 for diluted solutions

¢; concentration

= p; pressure for ideal gases
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electrochemical (thermodynamic) equilibrium at the anode/electrolyte interface:
the electrochemical potential [, of all species i must be equal in both phases (an,el)

(ﬁi )an = (H. )el

’5 r'y

L

©

e

"8’_ (Pel
9

>

6 EEEEE (Pan
3

®©

— ANODE electrolyte
red < ox®*"* +ne .
OXIDATION

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

Zviﬁi =0

stoichiometric
V. -
: coefficients

0 =pd+RTIna +nFo

for the anodic oxidation reaction given here:

0
Ur,.s +RTIna,, +nFo,

=u3,, +RTIna,, +nFe,,

Pan — Qg =

0 0
_ l“lTox “Tred + RT |n aox
nF nF a.
RT & a

0
A(PT,eq = A(pT,eq + In =

n F ared
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Electrochemical cells: electrode potential

in more general terms

B RT Haredj
> vOx;+ne

HaOXI

however instead of absolute potentials

A(PT,eq = A(P%eq

:ZVjRedj
J

NOTE: now written as reduction reaction!

| electrode potentials relative to a defined
S standard reference electrode are preferred
% SHE: standard hydrogen electrode
Q
- (P + _ 1. _
S el H'/H,: a, =1tp,, =1atm
Q 0 _
5 E25°C,eq,H2/H* = 0 Volt
g Pan
a
® 0 RT H e
ET,eq,ox/red = T.eq,ox/red

HaOXI

Nernst potential
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Electrochemical cells: reduction potentials

RT H ared J

HaOXI

standard reduction potentials (relative to SHE)
can be found in tables in most reference works

ET,eq,ox/red ET .eq, ox/red

TABLE 1. Alphabetical Listing

Roaction B Eoaction B
A4 le= A g i .ﬂ.l.i-ﬂ]-['-a-ﬂ:::.ﬂ.ﬂ-], )
AT +e=Ag 07959 AsD +6H + e =2As + 3HO 0234
Ag© re=Agt 1520 HAsD +3H +de= As+ 2HO 0.242
Aglac) + &= Ag + [ac]” 043 AsD"+IHO +3e=As+ 4 OH" —0gg
AgBr+e=Ag+Br 007123 ]'[,.'LIU.-&'IH’-&!E':M,J—T]{’U 05£0
.ﬂ.gE.rCl}-&e..—.* Ag + E.rl.'.l; 0548 .M.CI:' +'2]-[,D+'2e,—_~ .'uCI" +40H- 071
AgC O +2e=2Ags CON 04547 At +le=2A1 az
ApClie=Ag+ CIF 022223 Aut e = Ao 1552
AgCN 4 ex= Ag+ O 0017 Au* 2 2o = A" 1401
.ﬂ.g:CD}4'2e='2.'|g+m," 047 Au¥ 1 3e = An 1458
AgCr0 4+ 2e =2 4g+ OriD > 04470 An* gem = A 12
AgF+e=Ag+ F o AuOH™ + H* + e = A + HO 132
Ag JE{CN) ] + d e dAg + [F( V)% 0.1478 AuBr s ez Ao+ 2B 0559
Agl+e=Agsl -0.15224 AuBr+3e= A+ 4B 0254
AlO, + &= Ag + D0 - 0354 AuCl-+Ze=Au+d 0 1oz
Ag Mo, + 1e=2 Ag + Mol 04572 AufOH), + 3H 4 Je=An+ 3HO 145
AHO +e=Ag+1NO- 0584 HEO +SHO+ Be= BH + BOH" -124
Ag O+ HO+2e=1Ag+ 20H 0242 HEO +HO+3e=HB+40OH -17
Ag O+ H O+ 2e=2 Ag0+ 20H- 7= HED +3H +3e=B4+3HO 05858
AgH + Qe Agt 15 B{OH), + TH*+ Be=BH-+3HD 0421
A o= Ag” 12 Bu + 2e=Fa -1912 source:
AgO +dH re=2Ags 2H O 1802 o™ + 2 e = BafHg) -15m0 Vanysek, Petr (2007). "Electrochemical Series",
2Ag0+ H O+ 2e = AgD + 2 0H Q&07 BufOH), + 2e=Ba+ 20H" 159 in Handbook of Chemistry and Physics: 88th
AOCH + 2= Ag+ OCN- 041 Be™ +2e=Be -1847 Edition (Chemical Rubber Company).
ApS+2e=2Ag+ 5 —0£91 BeO* +3H O 4+de=2Be+6 OH- -253 .
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Electrochemical cells: reduction potentials

are 'Vj
an example 0 RT H ¢
_ ET,eq,ox/red = ET,eq,ox/red _F In 1. Vi
Cu?* +2e” — Cu: E0=+0.34V [Ta
Zn?* +2e” — Zn: E°= -0.76 V o RT 1
Ecuc =Ecucr =5 I
external 2F Cepz
load ]
_\/\/\/_/ _® e _gpo _RT [1
e — Znizn® T T Znizn?* _E n c
_@V 702+
AEeq,cell = Eeq,cathode - Eeq,anode
Zn Cumt =T [o
AE,, o = +0.34 —(~0.76) — —— In| &=
’ 2F © 2+
u
@ e
2F |c_..
ANODE electrolyte = CATHODE Cu
0 .
OXIDATION RADCUIOL AEeq,ceII >0 a2 spontaneous reaction!
Zn — Zn?* + 2e” Cu?* +2e” — Cu
An Introduction to Fundamentals_of Electroc.hemistry, .
Institute of Energy and Climate Research iﬁ;czr iczh; OIZ%% The;:g::z:zs:nd;o;: fta:e fg:m'sw
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Electrochemical cells: electrolytic and galvanic cells

AE,, . <0 electrolytic cell AE,, . >0 galvanic cell
e needs to be electrically driven e produces electrical energy
e not spontaneous e spontaneous

+ _ — power external

I I source _~ _@1 _\/\/\/WI_C/)]
e —
_@v _@V

e —

+ +

ANODE electrolyte = CATHODE ANODE electrolyte = CATHODE
OXIDATION REDUCTION OXIDATION REDUCTION
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Electrochemical cells: electrolytic and galvanic cells

AE,, . <0 electrolytic cell

e needs to be electrically driven
e not spontaneous

_ power

| source ]
R O
e —

+

_@V

-+

ANODE
OXIDATION

CATHODE
REDUCTION

electrolyte

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

Electrochemical cells: galvanic cells

AE_ ., >0

eq,cel
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galvanic cell

e produces electrical energy
e spontaneous

~ANESo-

external

e —

_@V

ANODE
OXIDATION

electrolyte

-+

CATHODE
REDUCTION
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an example: the lead acid battery consists of Pb and PbO, electrodes in sulphuric acid

PbSO,(s) + 2 e” — Pb(s) + SO,% (aq)
PbO,(s) + SO,%"(aq) + 4 H* + 2 e — PbSO,(s) + 2 H,0O

external

_\/\/\/Ioad
_@V

Pb Pb02I+
H+

Soka

=\
9,
e —

_I

ANODE

OXIDATION
Pb(s) + SO, (aq) —
PbSO,(s) + 2 €

electrolyte = CATHODE

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

REDUCTION
PbO,(s) + SO,2(aq) + 4 H* + 2 ™ —
PbSO,(s) + 2 H,0

(E°=-0.36 V)
(E°=1.68 V)

during discharging (electricity production)
PbSQO, is formed on both electrodes

eqg,anode

0
EPbSO4/Pb

AEeq,ceII = Eeq,cathode -E

Aqu,ceII = EgbOZ/PbSO4 -
_1.68—(~0.36) Volt
=2.04 Volt

An Introduction to

SOFC Technology

Aug 21 -27, 2011
Viterbo, Italy

Fundamentals of Electrochemistry,
Thermodynamics and Solid State Chemist

BdH, FZJ/IEK-9, Aug 22, 2011, sheet 26

”J




A JOLICH

FORSCHUNGSZENTRUNM

Electrochemical cells: galvanic cells
an example: the lead acid battery consists of Pb and PbO, electrodes in sulphuric acid

PbSO,(s) + 2 & — Pb(s) + SO, (aq) (E0=-0.36 V)
PbO,(s) + SO,27(aq) + 4 H* + 2 & — PbSO,(s) + 2 H,0 (E0= 1.68 V)

+
|
I
—
_+ d’ Pb02 Pb AEeq,cell = Eeq,cathode - Eeq,anode
0 0 0
i H+ AEeq,ceII = EPbSO4/Pb - EPbOZ/PbSO4

=-0.36-(1.68) Volt

_ power
source

: & during charging an external power source
—

has to apply a voltage higher than 2.04 V

e

Sleka )
=—2.04 Volt
ANODE electrolyte = CATHODE
OXIDATION REDUCTION
PbSO,(s) + 2 H,0 — PbSO,(s)+2e —
PbO,(s) + SO,2(aq) + 4 H* + 2 e~ Pb(s) + SO,% (aq) — —
n Introduction to undamentals of Electrochemistry,
. . SOFC Technology Thermodynamics and Solid State Chemistry
Institute of Energy and Climate Research ug 21 - 27,
- Prli:ciples of E?gctrochelmistry (IEK-9) " 3:.:,1302,7“;: " BA, FLAIEKS, Aug 22, 2011, sheet 27 J
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Electrochemical cells: galvanic cells
another example: the (solid oxide) fuel cell
0O,(g) +4 e — 2 0% (ad) no standard reduction potentials
H,O(g) + 2 e — H,(g) + 02 (ad) (relative to SHE) available
external
load —
—\/\/\/&/*@]— AEeq,ceII - Eeq,cathode - Eeq,anode
o . RT, 1
\Y AE, ., =E ——1In +
Val O,cell 0,/0% 1/2
O 2 2F Po,
= O, g0 _RT Py
2 T| B0 T oF n-—-
Ph,0
H,0 + AE o = (B0 o B o)L P
eq,cell 0,/0% H,/H,O 2F 1/2
ANODE  electrolyte ~ CATHODE Po,  Pu,
OXIDATION REDUCTION
Hy(g) + O (ad) — 0,(g) + 4 € — 2 0% (ad)
HZO(g) + 2 e An Introduction to Fundamentals of Electrochemistry,
Institute of Energy and Climate Research iOI;Cz;I'(ic;noIZ%% Thermodynamics and Solid State Chemistry
— Principles of Electrochemistry (IEK-9) Viterbo, Italy AN Sl e el e 22
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Electrochemical cells: galvanic cells

another example: the (solid oxide) fuel cell

- 2-

Ofg) +4e —20% (ad) Hy(@) + %2 O, (@) — H,0(9)

H,0(g) + 2 & — H,(g) + O*"(ad)

external RT p
load 7, ®), AE,_ ., = (E° —E° )— In——22
q,cell 0,/0% H,/H,0 1/2
—\/\/\/_/_ 2 2/T12 2F p02 sz
°~ RT,_ P
_( >V 0 H,0
L AEeq,cell = AEeq,cell - oF In 1/;
Po, P,
O,
H2
Nernst voltage
H,0 +
ANODE electrolyte = CATHODE
OXIDATION REDUCTION
Hy(g) + O% (ad) — 0,(g) + 4 e~ — 2 0% (ad)
HZO(g) + 2 e An Introduction to Fundamentals of Electrochemistry,
. . SOFC Technology Thermodynamics and Solid State Chemistry

Institute of E d Cl te R h ug 21 —
~ Principles of Electrochemistry (IEK-9) oty || e e tug 22 20t st 2
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Electrochemical cells and thermodynamics

G Gibbs free energy G=H-TS

is the maximum amount of non-expansion work
that can be obtained from a closed system

H enthalpy H=U+pV

is the internal energy of the system, including the

work that the system has done on its surroundings S entropy
U internal energy
First Law of Thermodynamics Vv volume
AU =U; o1 ate = Ynnitaistate = Q=W T absolute temperature
Y

pressure
Energy is conserved; it can be transformed (changed from one

form to another), but it can neither be created nor destroyed.

The change in internal energy of a system (AU) equals the sum of

the work done (W) and the heat transferred (Q) during the process.

: ; SOFC Technology Thermodynamics and Solid State Chemist
Institute of Energy and Climate Research Aug 21— 27, 2011

— . . BdH, FZJ/IEK-9, Aug 22, 2011, sheet 30
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Electrochemical cells and thermodynamics

AU=U,-U,= Q- W

in fuel cells:

volume work Wy, W, =pAV
electrical work W W =nFAE
heat transfer Q Q=TAS

AU =TAS —pAV —nF AE
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G=H-TS

H=U+pV

AG;, =AH,, ~TAS,,
= AU, +pAV;, — TAS,,

AU, =AG; —pAV;, +TAS;,

AGy, = -NFAE,,

AE;, =

~AG,
nF

An Introduction to Fundamentals of Electrochemistry,
Institute of Energy and Climate Research iOFCmTic;?noIZ%%% Thermodynamics and Solid State Chemistry
— Principles of Electrochemistry (IEK-9) ?ﬁterbo, italy Sl i A
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Fuel cells: Nernst, standard and heating voltage
AE® . — ~AG° standard voltage (all activities =1) AG® and AH°
A6 T oF measure for the available energy
values at 25 °C and 1 bar
AE® . = — AH° heating voltage (based on enthalpy)  can be found in
AR oF measure for the maximum energy thermodynamic tables
in most reference works
RT Y
0 H,O
AENernst = AEAG - In : for H2(g) + % 02 (g) = HZO(g)

2F p021/2 Ph,

Nernst voltage or Open Circuit Voltage (OCV)

deviation from the standard voltage (concentration dependence)
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Fuel cells: Nernst, standard and heating voltage

~AG°
ABle =—5F

— AH°
MBI =5

temperature dependence:

AG; = AH; — TAS,

by useful approximation:
AH and AS are temperature independent

AG; = AG® — (T - (273 + 25))AS°

for H,(9) + 72 O, (9) — H,0(g) AE®
25°C 800 °C
AG® =-228.4 kJ/mol 1.184 V 1.006 V
AH®  =-241.8 kJ/mol 1.253V 1.253V
AS®  =- 44.4 J/(molK)
An Introduction to Fundamentals-of Electroc.hemistry, .
Institute of Energy and Climate Research iﬁ;ikc;;:mz%% Thermodynamics and Solid State Chemistry
— Principles of Electrochemistry (IEK-9) Viterbo, Italy SRl ) b B 20, B
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Fuel cells: Nernst, standard and heating voltage
[ T R IR I T | ALC
T T — 8B =5
S 1.2 1 1 1 1 1 1 1
> | T~ o S .
= 11 B B, SN S :
© | ‘ | |
¢ | | T~
> 1.0 . ‘
o 1. i ; ~—
- 2 N U N AU T R S R I e Y S ()
= w w ! ! AG —
5 | | | | 2F
> 0.9
0.8

0 100 200 300 400 500 600 700 800 900 1000

temperature /°C
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Fuel cells: Nernst, standard and heating voltage

RT Py,
AENernst(T) = AEZG (T)_ 2F In 1I/-|20
Po, P,
AE°
25 °C 800 °C
AE); 1.184V 1.006 V
AE?, 1253V 1.253 V
AE 1.202 V 1.071V
N 1474V 0970y O

Institute of Energy and Climate Research
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Py, =0.9; Py =0.1; py, =0.21bar
Py, =0.9; Py =0.5; po, =0.21bar
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Fuel cells: Nernst, standard and heating voltage
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1.3 | | | | | | | | | A
ffffffff S S S AN (S /Y~
=0T NN N
RS RN R R R
£ 1.4 = T——

’ | T . =09
¢ [ R e R 1 Ay
> 10 ‘ \,\\‘ ‘ ‘N Ph,0
- | T _-AG°
g e e e TS AES, =
5 2F
> 0.9

0.8
0 100 200 300 400 500 600 700 800 900 1000
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Fuel cells: Nernst, standard and heating voltage
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13 : : ‘ AHO
O G s S R e
o Us —_— | |
> | —_— T | | | | | |
- | Q\\\\\\\ 77777777 o
= 1 | — T T——

° o T T T Py, =09
300 O O e o N I e L
g 10 T A
- e e S -
S | | I 2F
> 0.9 —AE p, =05

S T D SRR S I B R I Pyo =0.5

0.8 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700 800 900 1000

temperature /°C
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Fuel cells: Nernst voltage
Gy o RT  Puo Hy + %0, — Hy0
= AENernstT = AET - In 1/; *»
= s 2F ¢« ¢ ° f
S 110 H Po, Pu |, 4 » ¢ —
: B
© 1.05 ¢ | l A l 4 |
s L L
PN X
T ) NS SR Sl A SE IR I 0 -
’ A X PY +
(@] ¢ | X ) % %
= + >|< X % o i % watervapour
o 095 e = X * i_ﬂ—. partial pressure |
g - % ¢ 2 3 3 / bar
Sos{ 1 ¢&t +002 003 40,05 0,1 |
Z A I x0,15 ¢ 02 +025 x0,3
2 el K 88 <035 04 =045405 |
2 ; temperature x0,55 «06 ¢065 0,7
) 800 °C 40,75 +0,8 =00,85°0,9
0,80 . i i I I I
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

hydrogen partial pressure / bar
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Fuel cells: Nernst voltage

1,2 7

AENernst,T = AE? - RT In

H2 + 1/2()2 —> Hzo

Ph,0
172

- 2F  po, “pu,

G

>

5

(7]

> |

< — B

% " .

o = % a M +900 °C

« 10 s i

o : m 850 °C

> | = A800°C |

® .

° e 750 °C

2 0,9 1 watervapour 700°C |

g partial pressure B 650 °C

5 i

— 0,03 bar ) 600 °C
08 | |

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

hydrogen partial pressure / bar
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Fuel cells

well...
let’s start doing some actual work

’ the switch is closed; current is passing through the cell

transport of electric charge

e — e via ions in the electrolyte

_@v e via electrons in the outer circuit

e via charge transfer across the
electrode/electrolyte interfaces

H2 O2
H,O +
ANODE electrolyte = CATHODE
OXIDATION REDUCTION
H,(g) + O (ad) — 0,(g) + 4 € — 2 0% (ad)
H,O(g) + 2 e
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Fuel cells: charge transport or electric current

transport of electric charge via charge transfer across the electrode/electrolyte interfaces

& implies the occurrence of
electrochemical reactions
at the interfaces

A\ /\ o .@1
_ % the current corresponds to

_@v e - the rates of the reactions
& the current corresponds to
H, o, the consumption of fuel
| = total current [A]
H,0 + j = I/A=current density [A/cm?]
ANODE electrolyte = CATHODE
OXIDATION REDUCTION A = effective electrode area [cm?]
H,(g) + O (ad) — 0,(g) + 4 e — 2 02 (ad)
no@r2e Rl |,

R e Rl [ v J
Intermezzo: Faraday constant

the total charge Q transported by one mol of electrons is given by: Q= NA - e

N, Avogadro constant = 6.022 x10*mol” Q - 96485 Crmol”
e elementary charge =1.602x10"°C

_\/\/\/_._.@1_ this is the
— Faraday constant
O/' \
F =96485 Cmol™
0, = 96485 Asmol

with

H,

H,O +
ANODE electrolyte = CATHODE
OXIDATION REDUCTION
H,(g) + O (ad) — 0,(g) + 4 € — 2 0% (ad)
Hzo(g) + 2 e An Introduction to Fundamentals of Electrochemistry,
: ; SOFC Technology Thermodynamics and Solid State Chemistry
Institute of Energy and Climate Research Aug 21— 27, 2011 BH, FZUIEK.S, Aug 22, 2011, sheet 42
Viterbo, Italy ’ ! ! ’
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Fuel cells: fuel utilisation ug

the maximum current that can be drawn from a hydrogen supply th (in [mol/s])

isgivenby | ., =2Fn,  (n=2)
! the fuel utilisation ug is defined as the ratio
V V V _® between the actual current drawn (1) and the
y e = maximum current (1..,,) that can be reached
0
Z-| Z-|
uF = = =
H2 02 Imax 2F r]Hz

where Z is the number of cells in a stack

-+

ANODE electrolyte = CATHODE

OXIDATION REDUCTION
Hy(9) + O* (ad) — 0,(g) + 4 e — 2 02 (ad)
HZO(g) + 2 e An Introduction to Fundamentals of Electrochemistry,
. . SOFC Technology Thermodynamics and Solid State Chemistry
Institute of Energy and Climate Research Aug 21— 27, 2011 BaH. F2ZUIEK.S. Auq 22 2011 shoet 43
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Fuel cells: operation characteristic (IV-curve)

AE,

>

~

o

(@)]

©

= -

o

> i

©

O -

O I 1 1 1 1 1 1 1 1 1
current density / Alcm* ———
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Fuel cells: operation characteristic (IV-curve)

AEN &"-'é'-'-'_' SR =Tl Il _' '_'_'_' """""""""""" 'OhIr]?I'C'I'OsseS

\ —
(O]
(@) .
©
= |
o
> i
q) —
(&)
O T T T T T T T T T 1
H 2 —
current density / A/lcm
An Introduction to Fundamentals of Electrochemistry,
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Fuel cells: operation characteristic (IV-curve)

Ohmic losses

AE,, -

— — — _ _ __ polarisation

= —
——

~
losses ~

i cathodic
>
= .
(O]
o) -
)
© i
S AE(j) = AE, - jeR, - -
— ] .I - N ./ Q 770 77a
(O]
o .
O 1 1 1 1 1 1 1 1 1 1
current density / Alcm* ———
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Fuel cells: operation characteristic (IV-curve)

AE(I) = AEN - J°® RQ - |770| - 1,
RQ - RE + RC + RA + Rcontacts
materials: specific conductivity
design: geometric sizes
|77C 1, charge transfer
diffusion
adsorption/desorption
reaction
materials: combination electrode/electrolyte
design: triple phase boundary
An Introduction to Fundamentals of Electrochemistry,
SOtute of Energy and Climate Research iOF(221Tec2h7noI2c:)% Thermodynamics and Solid State Chemistry
ug —2f,
— Principles of Electrochemistry (IEK-9) Viterbo, Italy SRl ) g B 20, B €
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Fuel cells: operation characteristic (IV-curve)
|77c a4 charge transfer polarisation
. 2— —
Butler-Volmer equation H, + O < HO + 2e
. s nF nF
] = jO,HszszZO exp| «, RT N, |—€Xp| — &, RT Ma
[ — g r S nF o r s nF
] = Jo,,PH,PH,0€XP| &, RT Ma |~ Jo,,,PH,PH,0 €XP| — &, RT a4
] = Jt
An Introduction to Fundamentals of Electrochemistry,
Institute of Energy and Climate Research iOFCZ;I'ec2h7noI2%g134 Thermodynamics and Solid State Chemistry
ug 21 -27,
— Principles of Electrochemistry (IEK-9) Viterbo, Italy A ANSIS L e el e 62




Fuel cells: operation characteristic (IV-curve)
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Butler-Volmer equation j
i = [ 7 S ex i —ex| _ i n
J = Jo,,PH,PH,0 pP| a, RT77A pP|—a. RT77A
/ . T]
: J_— —— cathodic
J+ | ——anodic
7 ] = )yt )| —total
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Fuel cells: operation characteristic (IV-curve)

activition polarisation

AE,, <

5(AE)
] : B,

............................................................

area specific resistance R =

cell voltage / V
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concentration polarisation

O I I I I I I I

current density / Alcm*> ———
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Fuel cells: operation characteristic (IV-curve)

- power (density) = voltage x current (density) -

N P = AEej N

- IDmax —

- - o
=
- B O
S~~~
- A L =
— a B ~~
o) =
(®)] n B (7))
: 5
o ) T ©
> - —
E :
. [ &
O T T T T T T T T T
current density / A/lcm? ————>
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Fuel cells: operation characteristic (IV-curve)

AE, | I

- I I L
- ! I I:)max —
! @
I | | e
T I I - O
> 0,6 Jeeeseansenssanens TR - fenenrnrnsnsnsnsnsnsasasanas L =
= | ' T e
o | I =
(@) - — (72]
S I I GCJ
[e) ] | I - o
> - I
Z I I o
Q - | I I
o o)
0 | 1 a
1 I 1 1 1 1 1 1 1
current density / Alcm* ———
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Fuel cells: operation characteristic (IV-curve)

AE,,

cell voltage / V

constant fuel and air mass flow rates

fuel utilisation

A JOLICH

FORSCHUNGSZENTRUNM

utilisation / %

-~ - —
— . - _ - - |
~ . — = - s .

- - - oxygen utilisation -
- ’ — - u

7 ~ ‘/ — OX B

O = I I I I I I I I I

current density / A/lcm? —————>
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Fuel cells: operation characteristic (IV-curve)

AE,,

cell voltage / V

constant fuel and air mass flow rates
constant fuel and air utilisations

fuel utilisation
UF =80 %
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0 T T

—

current density / A/cm?
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Fuel cells: operation characteristic (IV-curve)

AE, |

cell voltage / V

constant fuel and air mass flow rates

constant fuel and air utilisations
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0 . T

current density / A/lcm?

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

—

An Introduction to

SOFC Technology

Aug 21 -27, 2011
Viterbo, Italy

Fundamentals of Electrochemistry,
Thermodynamics and Solid State Chemist

BdH, FZJ/IEK-9, Aug 22, 2011, sheet 55

'”J

Fuel cells: operation characteristic (IV-curve) of cells

} cell- or electrode

R

area

oxidant: air or oxygen
fuel gas composition

fuel and air mass flow rates
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fuel and air utilisations

temperature

or ASR
Fakax

cell linear region

Po.7v
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Fuel cells: operation characteristic (IV-curve) of stacks

} cell- or electrode area
oxidant: air or oxygen
fuel gas composition
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number of cells in the stacks

fuel and air mass flow rates
fuel and air utilisations

temperature distribution

air / fuel in
7 air / fuelout
| R Or ASR linear region max / min / mean
§ temperature
] Fakax Po.7v
X
o i
)
(2}
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Fuel cells: efficiency
the ‘ideal’ thermodynamic efficiency is given by: Nig = ey _ BB
y yisg y: 4T TARC AE,,,
ratio between the available energy (Gibbs free energy
change of the cell reaction; AG) and the maximum
energy (enthalpy change of the cell reaction; AH)
for  Hy(g) + % O, (g) — H,0(9) AE®
25 °C 800 °C
AG® =-228.4 kJ/mol 1.184 V 1.006 V
AH®  =-241.8 kJ/mol 1.253V 1.253V
AS° =- 444 J/(mol K) 94 % 80 %

In here the so-called lower heating value (LHV) is used; the product water is
in the gaseous phase. This is common practice in power plant technology.
When the condensation, respectively evaporation of water is taken into

account, the higher heating value (HHV) has to be used.

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

An Introduction to

SOFC Technology

Aug 21 -27, 2011
Viterbo, Italy

Thermodynamics and Solid State Chemist
BdH, FZJ/IEK-9, Aug 22, 2011, sheet 58

Fundamentals of Electrochemistry, J
ry




Fuel cells: efficiency

the voltage efficiency is given by:

ratio between the voltage under current load and

the standard voltage; effect of the real gas

compositions (Nernst voltage) and potential losses

for Hy(g) + 72 O, (g) — H,0(9)

AG® =-228.4 kJ/mol

AE(j)) 0900V

Nae

Institute of Energy and Climate Research
— Principles of Electrochemistry (IEK-9)

Fuel cells: efficiency

the electrical stack efficiency is given by:

the effective stack efficiency is given by:

with the fuel utilisation as given before:

takes into account the fuel gas leaving the stack
(not consumed) as well as leakages in the stack
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800°C AE,; 1.006V

0.800 V 0.700 V

0, 0,
80 % 70 %
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Net = Nig *Nae
_ AE, | AE(j)
AEAH AEAG
_ AE()
AE,,
r'|eff,st =N~ Up
AEAH "
Z- Z-
U = = -
Imax 2|:nH2
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SOFC: basic characteristics and requirements

the Solid Oxide Fuel Cell (SOFC) is characterised by / requires

* a ceramic oxygen-ion conductor as the electrolyte
* requires operating temperatures above 600 °C

* non-noble metal and metal oxides as catalysts for the electrochemical reactions

+ allows the use of carbon (as carbon monoxide CO and methane CH,) containing fuels
* requires catalysts for methane/steam reforming in/at the fuel electrode

« produces useable heat in the off-gas, next to electricity
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SOFC: materials in history

1937

Bauer and Preis: first fuel cell on the basis of a zirconia electrolyte
& even today (yttria stabilised) zirconia (YSZ) most commonly used as electrolyte

1960s

first period with intense activities (industry) in SOFC research

(mainly electrolyte materials) (military, space, transport)
% Sr-doped LaMnO, cathode and Ni/YSZ anode used in combination with YSZ
% ceramic LaCrO; as interconnect material

1980s

(electrode materials, stacks and systems)
& electrolyte supported cells, still mainly YSZ
% metallic Cr-based interconnect materials

1990s

(EU, NEDO and SECA programmes)
%, anode supported cells, still mainly YSZ

2000s
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& ferritic steel based interconnect materials

second period with intense activities (industry) in SOFC research

increased activities (universities, research centres) in SOFC research
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SOFC: requirements for the components / materials
electrolyte anode cathode interconnect | sealing
conductivity | ionic electronic electronic electronic insulator
purely additional ionic additional ionic purely
advantageous advantageous
thermal adapted to adapted to adapted to adapted to
expansion glectrolyte and _eIectronte and electrolyte _eIectronte and
interconnect interconnect interconnect
thermo- stable in stable in stable in stable in stable in
chemical oxidising and reducing oxidising oxidising and oxidising and
reducing atmospheres atmospheres reducing reducing
atmospheres atmospheres atmospheres
stable in contact | stable in contact | stable in contact | stable in contact | stable in contact
with anode, with electrolyte with electrolyte with anode, with electrolyte
cathode, sealing | and interconnect | and interconnect | cathode and and interconnect
and interconnect sealing
micro- impermeable | porous porous impermeable | impermeable
structure for hydrogen open open for hydrogen for hydrogen
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SOFC: electrolyte materials

ionic conductivity in solids

* by movement of ions in the lattice, e.g. Ag* in Agl
driven by
— chemical potential gradient (diffusion)
— electrical potential gradient (migration)
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recall:
electrochemical potential

i =pd +RTIna +nFo

* by movement of (oxygen) ions in the metal oxide lattice

% enhanced by (the creation of) point defects
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SOFC: electrolyte materials

point defects in metal oxides

Kroger-Vink notation for point defects

chemical electrical
potential potential
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Lattice species Symbol Effective chqrge
(electron units)
nmoiﬁg?r;ﬁec;xygen ions on MMX or OOX Uncharged
Metal interstitial ion M, 2 positive
Oxygen interstitial ion O/’ 2 negative
Metal vacancy V'’ 2 negative
Oxygen vacancy Vo 2 positive
Higher valency cation (donor) DM' 1 positive
Lower valency cation (acceptor) Am’ 1 negative
Conduction electron e’ 1 negative
Electron hole h’ 1 positive
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