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Program for the day

e 10.00-10.30 General electrochemistry (shjj)

e 11.10-11.20 Relationship between EIS and electrochemical processes (shjj)
e 11.20-11.40 EIS techniques, (multi-sine, Laplace, etc) (shjj)

e Pause

e 11.50-12.30 Interpretation of EIS signals (Effect of double layer capacitance, Angle
of tail, Temperature dependencies, Blocking electrode / non-blocking) (johh)

e Frokost

e 13.30-14.00 Equivalent circuits for EIS measurements, most used and why. (johh)
e 14.00-14.30 Data integrity and verification methods (Kramers-Kronig, etc) (johh)
e Pause

e 14.40-15.10 Battery characterization based on EIS parameters. (johh/shjj)

e 15.10-15-30 Examples, questions from students

e 15.30-16.00 Topic for next DBS meeting (Martin Sgndergaard)

e 16.00-17.00 Laboratorie tur.
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Contents

e Introduction

e Electrode-Electrolyte Interface - The Double Layer
e Nernst equation and Volmer-Butler equation

e Electrolyte Conductivity — Thermal activation
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Electrochemistry is an Interdisciplinary Science

Electricity Chemistry

Electrochemistry

Materials
Science

Physics

Mathematics
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A simple electrochemical reaction:

Metal electrode Electrolyte containing R
R
e- O
R =— 0O + e-

Electrochemical reactions largely
takes places at interfaces —
chemistry and physics of surfaces &
interfaces important!
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Electrochemistry —
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Some Applications

/ Corrosion \

Water droplet
02(g)

AN

02(g) + 2H20(l) + 4e- -> 40H-(aq)
Fe(s) -> + Fe2+(aq) + 2e-

Fe

&= e2+(aq) + 20H-(aq) -> Fe(OH)2(s)
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Cathode (- ve)
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/Electrolysers

Chemicals Production by Electrolysis
2H20(g) + 4e- ->202-(s) + H2 (g)
202-(s) -> 02(g) + 4de-
2H20(g) -> 02(g) + H2 (g)

Gas Production is a big industry
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Energy Storage

Anode:

x Li+(l) + x e- + C6(s) -> LixC6 (s)
Cathode:

LixCoO2 -> Li(1-x)CoO2 + x Li+ + x e-
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Double layer — Definition

Electrode Electrolyte

DTU Energy Conversion
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Electrode potentials— Definition

vVacuuln
T = —f-/F
TS
work function
A _

electrode

electromotive potential

—He- fJF

¢, Galvani potential

Y, surface potential

1), Volta potential

Figure 1.2: Potentials at the electrode
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(7 — ¢)sur =0,

electrolyte

electrode potential

electrolvte interface,

(1.27)
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Standard Hydrogen Electrode (wikipedia)

1. platinized platinum electrode

2. hydrogen blow

3. solution of the acid with activity of H+ = 1
mol dm-3

4. hydroseal for prevention of the oxygen
interference

5. reservoir through which the second half-
element of the galvanic cell should be attached.
The connection can be direct, through a narrow
tube to reduce mixing, or through a salt bridge,
depending on the other electrode and solution.
This creates an ionically conductive path to the
working electrode of interest.
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http://en.wikipedia.org/wiki/Platinum_black
http://en.wikipedia.org/wiki/Salt_bridge
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Double layer — Definition

Equilibrium potential :

T ¢)

Over voltage :

n=(m—¢)—(r—¢)

Capacitance :
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Electrode current

i:io@
A

/

Transient
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Electrode reaction:

e Example: H2 evolution on a pt-electrode
Hf +e” =

Adsorption rate depends of the number of free sites

Red Oz + ne™

S
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Electrode reaction in equilibrium
-Exhange current

1o = ’Z:_l_ = —]_ = ?’ZF*DD = HFU-}-,EQ — HFU“,EQ I
g — T ———————m P —— —

v+ = [Redlk,,
v = [Oz)k_,
k_|_ [03}]
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Electrode reaction in equilibrium
-Nernst equation

BRed = POz 1 Nle~
Assuming all charged species except e- are present in the solution

HRed T+ ZR&quj = oz t zOquﬁ T Tl

Z0x " “Red & — — — B
Click tq edit Ma er tex
T ¢ = 0z Setditd lev it m—lnaoz'
" nF Third | IeveI nF nF

Foyrth lgvel
(m—@)° + ;F‘H'ﬁt aRed -
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Electrode reaction
-reaction rate constant relation

i

ky

L = exp [{(?T— ¢) — (W“Qﬁ)&} ﬁf}
ke = kJexp (1“61){(””95)_@_@9}%]
k. = k®exp “a{(ﬂ“ﬁf))“(ﬁ_gb)ﬂ} %J
be = K exp |(L-a)n{(r—¢) - (x é)ref}%
k. = k™ exp —@”{(f;ﬁﬁ)‘(ﬂ #) ) %I




Electrode reaction
-Volmer-Butler equation

E:: i-}- “‘I"?r_ = HF('U+

—v_)

. (Rl e | —ajmn RFT]
v_ = [Oz]k™ exp [_”””If—]']
o
At the equilibrium potential, i.c. 5 = 0, we have vy = v_ = vy = g
1 =1, (e}:p {(1 - a)nr,?_,]i_] - exp [“CEW?ED
, RT RT
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IFp =

Electrode reaction
-small overvoltage

e~ =

nk
(1 + (1 — a)?yRT
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Equivalent circuit

e The total current is the sum of two currents

1= 1g + iF

» Therefore, the equivalent circuit for the electrode/electrolyte interface is a
parallel connection between a capacitor and a resistor:

Cd]
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Electromotive force

Electrons
Arlm:lve Ca:hln-rle
t

slider

[

galvanometer

L Pt|H, | KOH(aq) | Oy | Pt ___

Figure 1.1: Determination of electromotive force by a compensation bridge.

positive charge from the left to the right inside the element are positive.

Left electrode: Ho — 2HT + 2e~
Right electrode: 1/209 +2HT +2e~ — H0
Total reaction Ho +1/209 — H>0
AG AG*= N RT | @Oz, 0 Red,
— Tyihs — T - — €= — n
‘ right teft ‘ nk nF nF @ Red, A0z,
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Emf and thermodynamic functions from the total reaction

AG
€ = —
" nF
(J_f) 1 (E)&G) _AS e
T p N nF T . o nF L. ))
AH = AG+TAS=-nFle-T (a—f) (1.17)
AT »
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Conductivity in Electrolytes

Transition from electronic to ionic
conductivity in an electrochemical cell
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Liquid Electrolytes

Cl- Cl-
N3 Na
+ Q-
Na
Na +
a4 cl-

DTU Energy Conversion

Liquid Electrolytes

lonic solvation of NaCl

Solid Electrolytes
View down the 110 plane in YSZ

@@ B®
e 838
z2eCeln
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Defects and Kroger Vink notation

HE

Vacancy Interstitial Interstitial (Lrapfrn ‘crent

00000000
O C QOQOOQQQ
00000000C

—

Y
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An lon in an Electric Field

Probability of an ion having the energy u
(Bolzmann distribution):

i

exp [—u/KT]

A (¥)

Y

x r1 + a

Figure 2.3: Potential energy, w, for an interstitial ion in an electric field with field strength,
E.. as function of the position. x.. a is the lattice constant.
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Figure 2.4: Conductivity of Ca doped CeOs. R.N. Blumenthal, F.S. Brugner and J.E. Garnier,

J. Electrochem. Soc., 120, 1230 (1973).
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Electrode Kinetics

Charge Transfer Reactions have an Activation Energy

A
A@a Arrhenius Equation

H2
2H+ + 2e- k= Ae(—AGac,/RT)

Free Energy

\4

Reaction coordinate (progress)
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Figure 4.2: Currents vs. overvoltage for an elementary reaction caleulated as

(423)  i=1, (exp [(

formn=1, a=0.5 and a = 0.3.

E.‘

— — — iy and i_.
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[(-0)-(m-0)°]F/RT

-5.0 -2.5 0 25 5.0

Figure 4.3: Tafel plot
In [—==] calculated from eq. (4.18) for [Oz] =1, [Red] =1 and [Red] = 10.
— — — partial currents from eqs. (4.24) and (4.25).

dlnfiy] (1—a)nF dnfli-]] —anF
dim — ¢) RT ° dm—¢) RT

(4.26)
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Solid Oxide Fuel Cell

elektrische ‘: Energie @ Wasserstoff

@ saverstort
=t *%@ @ Elektronen
¥ f 3=
e Q-r-i"’ .

. -@e
§ i"" ‘m ‘ H,0

@

A 5

Brenngas

Oxidationsgas

%}

O,
==
1

Kathode Elektrolyt Anode

e What is the potential gacross the cell in
- A: OCV (0 A/cm2)
- B: Fuel cell operation
- C: Electrolysis
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Potential

POTENTIAL, VOLT

A

Vgl |

Vo=Vgl— |

Profiles in Solid Oxide Cells

S

Vy

Electrolyte

H2 + O--D
H,O0 + 2¢-

i POSITION

..

BRO™a P

T Electrolyte [

120, + 2e"p O™

DTU Energy Conversion
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Potential through the
electrode supported cell
with no current

V4 - V1 = Emf
Emf = -AG/(n*F)
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Measurement of Electrolytic Conductivity &
Equivalent Circuits for Electrochemical Cells

@ Ml Mla @

Electrolytell

T S
—
®
7
—3
AT RS

e

E+ — —
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Equivalent Circuits for Batteries

surface
film-solution
Li multilayersurface films interface graphite
1 | |
o [ i !
solution film capacitances (a few pF/icm?) : : :
! | ! lr active !
. : ! . Lt mass | the current
: 1 2 3 4 ' S5Ca | diffusion capacitance collector
il | | i ——: |
Rl | | i Cnt |
O——WAW- — — - 2y ——o0
| resistances for Lil* migration (R, 5—20Q) [ fl?m L i [ : |
high-frequency medium low the lowest

frequency  frequency  frequency

Fig. 2-2. EEC evolved by Aurbach used for analysis of impedance spectra of the lithium-ion
insertion/ desertion in the intercalation electrode[47].

LITHIUM ION BATTERIES - NEW DEVELOPMENTS, Edited by Ilias Belharouak
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Equivalent Circuits for Batteries

Single particle

Passivating
(3 layer
= -

e ga. . —Electron
.ﬁ’? L Lat]  transfer
p > .
3%
OO
i.‘,. Diffusion

inside particle
Domains of a

new phase

Diffusion
inside particle

Growth of a
new phase

Fig. 2-3. Pictorial representation model for lithium-ion insertion/ deinsertion into the
intercalation electrode proposed by Barsoukov et al[12].

LITHIUM ION BATTERIES - NEW DEVELOPMENTS, Edited by Ilias Belharouak

DTU Energy Conversion
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Equivalent Circuits for Batteries

HE

I I
electronic, ionic conduction
through composite
015 — —
8 5o
o - = n = 3
b - 0 [~ 2 T zzx |
s 5| el | Tk
£ = E g || 2 S5E%
' o = = | 20 pHz
3 B °
g. 2
£
[&]
0.05 & '
0
.05

Re(Z) (o)

Fig. 2-4. Typical impedance spectra of intercalation electrode proposed by Barsoukov et al.[13].

LITHIUM ION BATTERIES - NEW DEVELOPMENTS, Edited by Ilias Belharouak
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Mass Transport Effects

ifi)
10
0.8

0.6

e
Y. Total current
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L ] | ==p | |
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f
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i |0e
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0.8

Mass Transport Effects in Electrochemical Cells
1. Migration (acts on ions, electric field driven)

2. Diffusion (acts on all dissolved — not solvent or balance gas - species, concentration gradient driven)

HE

E

Efinal

Einitial

t0

C*i

t1 t2

t3

t4

3. Convection (acts on all species, pressure gradient driven / depends on velocity of solution/gas)

Diffusion in a linear diffusion field (1-D concentration gradient):

dc
J; b

Nernst-Planck (Diffusion, Migration, Convection terms included)

J, = —DJ.DCJ. —ngchq0+ v

DTU Energy Conversion
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Polarisation of a Fuel Cell
Secant Resistance:

0y -U,,
asr =y ~Year

cell

Differential Resistance:

DTU Energy Conversion

W

SAtas st — IR- dI'Op

.,

; 067 ......,,_._1\_ r]Charge-transfer
041 Nbiffusion
0.2
0 T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2
— i/itim -
Activation Ohmic Mass
region region transport
region
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Concluding Remarks

You are welcome to contact me if you have questions, or want more
information, reading tips etc

Sgren Hgjgaard Jensen; shjj@dtu.dk, 4677 5849 (office)

Further Reading

Electrochemical Methods, A. J. Bard & L. R. Faulkner, 2nd ed., Wiley, 2001
Electrochemistry, C. H. Hamann, A. Hamnett, & W. Vielstich, 2nd ed., Wiley-VCH, 1998
Fuel Cell Fundamentals, R. O’Hayre, S-W. Cha, W. Colella, F. B. Prinz, 2nd ed., Wiley, 2006

DTU Energy Conversion 47306 Fastoxidbreendselsceller og elektrolyse



	Slide 1
	Program for the day
	Contents
	Electrochemistry is an Interdisciplinary Science
	Electrochemistry – Some Applications
	Double layer – Definition
	Slide 7
	Slide 8
	Double layer – Definition
	Electrode current
	Electrode reaction:
	Electrode reaction in equilibrium -Exhange current
	Electrode reaction in equilibrium -Nernst equation
	Electrode reaction -reaction rate constant relation
	Electrode reaction -Volmer-Butler equation
	Electrode reaction -small overvoltage
	Equivalent circuit
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Solid Oxide Fuel Cell
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35

