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Outline
e Fysisk Kemi 2, 2009. Exercise 3 (1 hour)
e Pause (15 min)

e Chapter 4 in Mark E. Orazem and Bernard Tribollet, Electrochemical

Impedance Spectroscopy, Willey, Hoboken, NJ, 2008 (15 min)
e Exercises in relation to chapter 4 (45 min)
e Pause (15 min)

e Chapter 7 in Mark E. Orazem and Bernard Tribollet, Electrochemical
Impedance Spectroscopy, Willey, Hoboken, NJ, 2008 (30 min)

e Exercises in relation to chapter 7 (45 min)
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Electrical Circuits
Chapter 4 in EIS by Orazem and Tribollet, Wiley 2008

%m

a) Resistor () Inductor {©) Capamtor

V() = RI() C = jg,((‘?)

V() = dI(t)
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Electrical Circuits

4
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3
Resistor . Capacitor
dv = Adi % dg = Cdv
e
dqg = idt

Inductor
dp = Ldi

00— | o lle

Memristor
d‘{“ = qu

)+

Memristive systems

Leon Chua 1971
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Electrical Circuits
Chapter 4 in EIS by Orazem and Tribollet, Wiley 2008

V{t) = |AV|cos{wi)
I{t) = |AIl cos{wit + @)

= Re {|Al|exp(j@) exp(jwt)}
=Re{Alexp(jwt)}  where Al = |AI}exp(jg).
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Electrical Circuits
Chapter 4 in EIS by Orazem and Tribollet, Willey 2008

%&ﬂ = Re {jwAIexp(jwt)}
dV ()
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Electrical Circuits
-Inductor

7

V() = dI(t)

Re {AV expljwt)} = LRe {jwAl exp(jwt)}

AV = jwLAI

AV
Z=37
Zinductur = } wlL
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Electrical Circuits

-Exercise

8

Derive the impedance of a capacitor
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Electrical Circuits

-Exercise

9

Zesistor == R

1

zcapacitor — —"E

ja?

Zinductor = .? wL
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Electrical Circuits
-Series and Parallel Connections

R
+ 1 +jWRtCﬂ Show this

szg
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Electrical Circuits

-Exercise

1. Draw Nyquist plot and Bode plots of the impedances

of a resistor, inductor and capacitor
R
2. Draw the impedance of ZxRﬁm az ,Zzplot
with R, =1 Ohm, R,k=2 Ohmand C,;, =0.1F

3. Exercise 4.1, 4.2, 4.3, 4.4, (extra 4.6)
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Pause (15 minutes)
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Fotential / V

Current f mA

(t-t) / ms

Figure 7.1: The current response of an electrochemical system toa 10 mY step change in applied
potential frem 0.00 V to 0.1 V for the inserted electrical circult with parameters By = 1 00,
Ry = 104~V ) o 10 jiF, Ry = 107 €3, and Cp = 20 uF. The potential dependenca
of parameter K3 5 consistent with the behavier of the charge-transfer resistance described in
Chapter 10.
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e Applied Voltage: Y = 1/ -+ AV cos (E_j"[ff:]

e Faradaic

current response: if = ﬂPkE exp (bﬂ?) - HPkE exp (_EJ':‘?:]

0= _Cdlﬁf—;' = 2 fAVCgsin (27f1)

e Capacitive
current response:

1
Charge Transfer R, =
resistance ; t (baﬂPkﬂ exp(baV) + bc?‘lpkc exp(— ,_-?))

A

|

Derive this
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i
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V-V / av

Lissajous representation of the signals presented in Figure 7.4

e What happens with max(i-I) for a constant AV when the frequency
increases from 1 mHz to 10 kHz?
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T T e B S
1,1}I......-----------.-_’_!d___-.:. Lo
| | '
|
|
A
|
L
5 1.0
X{tyax
Why?

AV _OA  AY op ,—

AT OB T AX sinl¢) = —54

12| =
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L A e, -l?———————

[ S —

AV| cos(wt)

It
i

[

I All cos{wt + @)

ol T

L4
—
]

X(tyax
AV _OA  AY op ,—

AT OB T AX sinl¢) = —54

Why?

12| =
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Experimental Methods
Chapter 7 in EIS by Orazem and Tribollet, Wiley 2008

e Lissajous curve

|Z} = Ae/ Ai
sin{@) = Ai’f Al = af [(AiAe)

CURRENT —

POTENTIAL —
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Experimental Methods

Exercise

e Verify the equations

| Z}= Ae/Ai
sin{¢) = Ai’/ Al = af [(AiAe)
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Experimental Methods

Phase sensitive methods (Lock-in amplifier)
Signal . .
(AC current) X=AX Sm(wt + {Px )

Ref signal g

(square) = E Z‘l

: o4
2H+15m[(2ﬂ+1)w + s

X5 = 40X i ! sin (wt + ¢x) sin [(2n + 1) wt + ¢g]

7T :|r1=ﬂ?‘n—1--'L
® 2AX
X = L Gayiym oAt ox = @nt )9
—cos[(2n+2)wt+¢x+ (2n 4+ 1) ¢s) }
2/ w

- 2AX
Integration i — _
(one period) 24t b[ XSdt T Cos (‘Px (PS)
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Experimental Methods

Phase sensitive methods (Lock-in amplifier)

Signal .
(A% voltage) Y =AY Sm({df + 4}1')

27t/ w

27

AY
7= 3%

25 Risg DTU, Technical University of Denmark

&« f YSdt=gi—Ycus(cpy—¢5)
{

¢ = (¢y — ¢s) ~ (Px — ¢s)
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Experimental Methods

Single Phase Fourier Analysis

Periodic signal: Ft) =ag+ i (&4 cos (nwt) -i- by sin (nwt))

n=1

Complex repr.: f(&) =G+ ¥ (Gnexp (jnwt) + .y exp (—jnwt))
=1

i Cn exp (jnwt)

H=—00

|

f(#)

: T
Deriv of coeff.: Eﬂ — % /f(f) exp (—-jﬂfﬂf) dt
0
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Experimental Methods

Single Phase Fourier Analysis

V(t) = AV cos (wt)

I(t) = Al cos (wi - ¢1)

I(t) = ay cos (wt) + by sin (i)  Whatisa andb?
a,= cos(phi)

b, = -sin(phi)
T T
1 i
L (@) =7 [ cos(wnys Gw)=—7 [ 1) sin(eotyat
0 0

cos?(x) = (1 + cos(2x))/2 cos(x)sin(x)="2sin(2x)
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Experimental Methods

Single Phase Fourier Analysis

V(t) = AV cos (wt)

T
Vi (w) = % f () cos(wt)dt Vi(w)= —% / V() sin(cwt)dt
0 0
Vy +jV; oy 1 J Ve 1Y
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Experimental Methods

Single Phase Fourier Analysis

Gencrator Gengration of F'e:-rturhat:on
and Reference Signals

—e— P2 gin wi

sin Lot Co% wH

Test

System st

T
X >< Multipliors

Sit} sin wt S(1) cos wt

| |
f f Intoyrators

N

H'{wl H " {wo) Output
Figare 3.1.10. Schematic of transfer function analyzer.

29 Risg DTU, Technical University of Denmark SOFC and Electrolysis — Module 10 06/06/13

i



Experimental Methods

Single Phase Fourier Analysis

P(t) = P"sin(co1)
S() = P°| Z(w)sin[wz +p(@)]+ . A, sin(mar — ¢, )+ N(r)

|Z(w)| %
H(w)= -l—j: S(t)sin{ewt)dt

H (@)= J S(t)cos{wr)dr
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H'(w)=P° |2,"(ﬂ::~){_|;Ir sin[wt + ¢(@)] sin{wr)dr
T r (28)
+ El;_[ﬂ ; A, sin(mwt —¢,,)sin(t)dr + % _[D N(t)sin{o1)dt
H” (@)= P°| Z{®) |_LT sin[wt + ¢(w)] cos(w?)dt
(29)

1 ¢7 . 1 ¢7
+ —?;-_L Emf, An sin(mat ~ ¢, )cos(zt)dt +— _L N(t)cos(wr)dt
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H ’(m} = P|Z{w)|cos[¢{c)]
H"(w) = P|Z(w)!sin[¢(w)]
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Experimental Methods

33

Single Phase Fourier Analysis

1.2
[H{al] = —2—[—1— sin{Nrwuifug)
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Figure 3.1.11. Frequency response analyzer transfer function vs. normalized frequency, as a
function of number of integration cycles,
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Pause
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Gas Conversion Impedance
Primdahl and Mogensen. JES 145, 2431 (1998)

JI, HQO:JJXL H20 Jo. Hzo:Jo Xi20

CSIR volume
R V' XH2' XHQO' T

Anode surface L |
A S e

Electrolyte

J.=i'exp(jmt)/2F

H,+v20, - H,0
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Gas Conversion Impedance
Primdahl and Mogensen. JES 145, 2431 (1998)

( 3
Loy o
E = RT In Gy, red
4F

\ 'I:GE,DI y,
RT B,

E=FE, —IHTO
nlF P[P
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Gas Conversion Impedance
Primdahl and Mogensen. JES 145, 2431 (1998)

p— - —

Reference gas
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% 1 7 |
4 ; é 4 Au seal | PR
7 a1 KA Fuel gas 5 1 Springloade
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‘ X { 4 | :
& % ] |ZA Reference electrode . é"* "; /ﬂi Pt current collector
'n | S DT
Al ‘ ’ 3 g ok Electrolyte foil
4 ARG oL O A |
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Alg T o |
glle ———— Pt current collector
e Pt seal N _
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I |
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i[?
¢
Al
A
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Gas Conversion Impedance

Primdahl and Mogensen. JES 145, 2431 (1998)

0.10 - : — . ; —
—6  one atmosphere
—o0 two atmospheres 1 Hz ]
" $7o
/0/ o
NEOOS B Q \o
g 10 kHz 100 Hz o b
- 0
N W %Nqi 3
0.00
a
A
_0‘05 E — M i L | i a
0.00 0. 05 0.10 0.15 0.20 0.25
z', Qem®
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Gas Conversion Impedance
Primdahl and Mogensen. JES 145, 2431 (1998)

o o B L 1 . 1

g 2
4F°J | X h0 LiH,

4F*PV 1
C, = '

(RTA 1 1
Lin,o0  LiH,

~ JART
2PV

Je
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Gas Conversion Impedance
Primdahl and Mogensen. JES 145, 2431 (1998)

e Exercises

- 1. On Figure 6, the curves have a slope of app. 1 and -1. Why? Why
are the curves not linear?

— 2. On Figure 5 the capacity increases with decreasing flow rate. Why
does it increase?

— 3. The criterion for the expressions for R, C, and f; is that
DX, ,0<<X,no @and AX,,<<X,,. Why is it so?

— 4. Extra: Read Appendix A
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)

Concentration

Electrolyte

Anode surface

>

Stagnant gas layer

dC/dz =-AC, /1
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)

Z U;:R;; = Z IJ;X,;
k {
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)

[=1 3
2
5
=
3
!
O Stagnant gas layer Bulk gas
Electrolyte - 7
Ca Cy ( . —_— .
# - -
c AC;, ] ]
" = — w
—— — ]
Anode surface ! dC/dz =-AC, /1
z=0 1 z Ci; : ]

acC’.
. _ 1.A
Jia = "Dgg -
) dZ 10_7T1'75\/ 1 1

R T
M, M,
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)

. /i
ACy oa = AC

2 FDp g H2oA
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)

RT 0

E=F,+mmin
nF PH2 PO2

L

N2
p o Tp _ (RT ] 1
P OF
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)

46
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— Au seal
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)

_——— Weight loaded rod

L Counterelectrode

— Electrolyte pellet

w F Reference electrode
W- . WUI’kiﬂg ClCCtl’UdCS
\\_

N1 mesh
i T Reference electrode

Electrolyte pellet

— Counterelectrode
L

5 mm
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)

OvOO | ' 1 ' k l- ' | 4 1 ¥ 1 ! ] ' 1 N
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)

1 ' 1 ! I ' I N | ! |
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)
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Gas Diffusion Impedance

Primdahl and Mogensen. JES 146, 2827 (1999)

s

-
0.20 Prevalent diffusionpath

1111

0.15 -
ﬁ
g
& 0.10-
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i
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O .= O
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Gas Diffusion Impedance
Chapter 5.4 in: Atlung og Jacobsen. Elektrokemi, DTU, Lyngby DK (2005)

i A N T R O
z z+ Az
deg (t, &) - B%ci (2, z)
Bt s
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Gas Diffusion Impedance
Chapter 5.4 in: Atlung og Jacobsen. Elektrokemi, DTU, Lyngby DK (2005)

' i)
Zd:EhRT‘S 3 & tanh{&@]

S r7 s
7 nel ch_,,- 6%“?

2
— RTd Z: 1-'::;: 1
n2Jre .Dj{‘:; & %

Ly

Z vl = 2 v Xy +mne”
Sﬂcj— _ 32&.03
g 7 Bx?
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Gas Diffusion Impedance
Chapter 5.4 in: Atlung og Jacobsen. Elektrokemi, DTU, Lyngby DK (2005)

0.5 - . : , ; . : ;
' imag 1.59
0.4 .
0.3 F - ;
10 '
0.2 F - i
o1r 100

Z

0 Fl 1 i ] a 1 5 1
o 0.2 0.4 0.6 0.8 1.0

2 tanh |8, /32
Figur 5.12: Diffusionsimpedans, Zy, /E{Eﬁ?ﬁfgjﬁf = —LL. 5

Yy

reo]

, afbildet 1 den kom-

plekse plan. Talveerdierne angiver parameteren 9, !-g;.
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Gas Diffusion Impedance
Primdahl and Mogensen. JES 146, 2827 (1999)

e Exercises

— 1. Figure 7 (Primdahl, Diffusion, JES, 146, 2827 (1999)) show a
linear dependency of the gas resistance. Why is it linear?

- 2. Read the appendix (Primdahl, Diffusion-paper)
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