Electrochemistry for
Materials Technology

Chapter Z: Electrochemical
Impedance Spectroscopy (EIS)



Part I: Fundamentals of Dielectric Spectroscopy

1 — Electrochemical interfacial processes

2 — Principle of impedance spectroscopy

3 —Ideal Circuit elements

4 — Case study 1: the RC element

5 — Representing EIS data: Bode and Nyquist plots
6 — Treatment of a ZARC element

7 — Faradaic reaction: the Randles circuit

8 — Non ideal elements

Part Il: Practical aspects and data treatment

1 — Impedance measurements

2 — Data treatment



1) Fundamentals of EIS

1) Electrochemical interfacial processes
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1) Fundamentals of EIS

1) Electrochemical interfacial processes
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1) Fundamentals of EIS

1) Electrochemical interfacial processes
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1) Fundamentals of EIS

2) Principle of impedance spectroscopy

i / Local ASR (Area Specific Resistance)

Ipc / | _ AU
: ASR = lim | —
' AU-0 \ Ai

i, = i, e(1-<x)Fr|IRT

U

Only measures dissipators !




1) Fundamentals of EIS

2) Principle of impedance spectroscopy
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i(w) = ipc + Ai sin(wt)
U(w) = Upc + AU sin(wt + ¢ (w))

Small excitation amplitude
S Harmonic free linear response

Measure of the complex impedance:
U(w)

i(w)

Z(w) from 1 mHz to 1 MHz

Z(w) =




1) Fundamentals of EIS

2) Principle of impedance spectroscopy

~ Ugsin(wt +
Z(w) = 0 ( ®)

ipsin(wt)

U, ef(wt+) _ o—jlwt+@) U,

77 _ jo
Z((l)) i() e/wt — g—jwt i() €
Z(w) =?°(COS¢ + j sin @) Z(w) =Zpe +jZm
0
ZIm
Vector representation:
[
> ZRe
Re
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1) Fundamentals of EIS

3) Ideal circuit elements

Element U(w), i(w) Phase shift ¢ Z(w)
Resistor :
- \ y. \_, Q= 0 Z((‘)) = R
Capacitor
- J
= —— Z —_
| | $=3 @) ="%e
Inductance |
/>< — n 7 = jL
Y|P | T (@) = jLe
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1) Fundamentals of EIS
4) The RC element

Z=R 1_1, .. _1+jRCw
o 7 RTYT TR
|| ,___ R _R-jRw
3 14 jRCw 1+ (RCw)>?
- jCw

R  R%Cw

7 = _
1+ (RCw)? 71+ (RCw)?
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1) Fundamentals of EIS
5) Representing EIS data
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1) Fundamentals of EIS
5) Representing EIS data

Z =R

. R  R%Cw —
= —J

1+ (RCw)? 1+ (RCw)? | }1

7 =—

jCw

Nyquist Plots
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1) Fundamentals of EIS

6) Treatment of a ZARC element

FETTPTRET ORI

Z=R
R  R%Cw —
1+ (RCw)? 1+ (RCw)? 1
1
?jcw
Nyquist Plots
Distinctive values:
Z(wwm ) =0
Z(w - 0) = Zp, = R
_ _ 1
Zpe(wo) = —Zjp(wg) = wo = RC
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Ideally polarisable electrode

Electrode

MIMBm

EDL |

beries

Electrolyte

Electrolyte resistance R

Electrical double layer capacitance: C

1

s =R _delw
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Charge transfer reaction

@ bt
ge) =
o o
- o
O 15
Q Q
L L

Z:RE+

Electrolyte resistance R
Electrical double layer capacitance: C

Charge transfer resistance R

Rct . RthCdl(‘)
1+ (RCthl(l))z J 1+ (Rcthl(U)Z
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Charge transfer reaction

Z:RE+

2
Q 3 RE Rt
kS = 1
= o Car = p——
45 43 R:‘twO
D D
L T
zl
Electrolyte resistance R
Electrical double layer capacitance: C

Charge transfer resistance R

Rct . Rctzcdl(‘)
1+ (RCthl(l))z J 1+ (Rcthl(U)Z
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Charge transfer reaction

7"
Q 3 E Rt
-8 Z. < < > 1
= o Car = 57—
45 ) R:‘twO
O 8
9 AL
= = m
zl
. . . . zFn
Low n: linearized Butler-Volmer i = i, g
> _ R T S RT
hence R,y = — & ig = :
| zF1 ZFR ¢ !

_____________________________

_AG)*(,Red —aZFAQeq
io = zF|0x]Breq - €Xp RT -exp RT
_AG;(, Ox (1-@)zFAdeq

= zF[Red]|Bo, - €xp RT -exp  RT

20



1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Charge transfer reaction

o 4 A AGE o+ azFAbe.
5 az
Inip = — —EF " 4 In(2F [ 0%]Brea)
| AG} oy + (1 — a)zFA
Iniy = - —* ox + { Y2 eq + In(zF[Red]Boy)
e RT T T
1T
. . . . zF
I I Low n: linearized Butler-Volmer i = i, -%
' _RT __ . _ RT
Cdl henceiRCt — i 0o — ZFRCt
RE _AG)*(, Red —aZFAqbeq
— ig = 2F[0X]Breq - exp RT -exp KT
—AGy ox (1-a)zFAdeq
Rct = zF[Red]Bp, - €xp RT -exp RT
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

[Ox]¢' and [Red]¢! are time dependent

% EDL |
v % I Diffusion layers > e
87 =
s :
g g
| Ox + ne -
I I Ohmic resistance of the circuit R
C Electrical double layer capacitance: C
—mm— G —
RQ Charge transfer resistance R
=

R Warburg Impedance Z, for diffusion
ct
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Warburg Impedance Z, for diffusion

g 1
N
E
Semi-infinite linear
diffusion layer
Cha
Ohmic  /Z N2 _ - _
resistance R,
s RelZ)
Il Y \ 1 J
,II Ohmic resistance of the circuit R,
C Electrical double layer capacitance: C
o dl —
R : ] Charge transfer resistance R
Q l !
— - 7,

- ———
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

<4 Semi-infinite linear
v diffusion layer
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C'; —azF7]
— F exp RT

o

Fick’s 2" law of diffusion:

ac; 9%C,

at

L Ox?
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Semi-infinite linear
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1) Fundamentals of EIS
8) Constant phase element (CPE)

The Electrical Double Layer is not an ideal capacitor

There are distributed elements at the electrode/electrolyte interphase

T
1 ]
70 = with 0<sa<l
< Q(jw)*
2x
—  a=— g
R II <trat
ZzARC = |
ZARCT Y RQ)Y)
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1) Fundamentals of EIS

8) Transmission lines:
De Levie model for porous media

A conductive pore in an ionic conductor

RS
Cdr:l::l::l::l::l::LQ
T

_ rel? _ 2.1 _ 2p 1> jwCy

z AN r
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1) Fundamentals of EIS

element impedance process
(R) serial R contact and
resistor electrolyte resistance
- R

(RQ) resistor RO, GO doublfﬂ layer
and a constant capacitance and
phase element charge-transfer

in parallel reactions in parallel
(G) Gerischer v f;fg:hem combination of

element

electrochemical
charge-transfer and
diffusion

(W) Warburg

R, tanh[(jwT)]

diffusion processes

(jwT)
element
TLM FerFion L lectrod
( ) Rel+R10n L Slnh L/)\ + porous electroae
transition line \ R21+Rlon Lot (L electrochemistry
model TLMR, 1+ Rion, L co ATLM




1) Practical aspects, analyses, and applications

1) Impedance measurements

AV NWAWAR

Signal generator Oscilloscope

Measure f, iy, Epc, Ai, and AE

Visual control of harmonics

TTTTTT

To ensure the system linearity, we typically target AE = 10 mV 0



1) Practical aspects, analyses, and applications

1) Impedance measurements

Potentiostat/galvanostat
+ Frequency Response Analyzer

FRA
® 00

Possible to measure a 2-electrodes EC-cell

EC 2-electrodes cell Complex eqU!Valent-CerUIt
- difficult to interpret

- deconvolute processes
WE CE - parametric study necessary
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1) Practical aspects, analyses, and applications

1) Impedance measurements

Potentiostat/galvanostat
+ Frequency Response Analyzer

@

534

. A .
I I

\ 4

4-electrodes EC-cell easier to interpret
H‘| RE1 RE2 []

~| EC 4-electrodes cell F Separation of cathodic and anodic elements

WE CE
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1) Practical aspects, analyses, and applications

1) Impedance measurements

Suppressing the wire inductance

{

AWA
=20 i R ((C)) [WI—
I = ire inductance results from

-

T\
U@T\j@" ) Magnetic @ opposite currents flowing
through parallel wires
VY

=  Cument = Magnetic Field

Compensation of inductive
currents by uniform twisting —

of the wires N e e A E \
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1) Practical aspects, analyses, and applications

2) Data treatment

Electrodes/electrolytes system

Electrochemical Theory
Impedance measurement Expected equivalent circuit
Validation of EIS data Physical/mathematical

(Kramers-Kronig test) model

Y Y

EIS data manipulation | Simple
(e.g. inductance correction, smoothing) system

A 4

Equivalent circuit

Complex | system

Complex Nonlinear
Least Squares
CNLS

Time domain deconvolution
(Distribution of Relaxation Times)

A 4

Direct peak treatment

Curve fitting



1) Practical aspects, analyses, and applications
2) Data treatment

Kramers-Kronig Transform: Linearity test

Help

¢ oo , 0 r7llf, *
/ Y. w Z (u) ) * B
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Institut fir = - . g
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o0 / * timevariant tet_pp Complex-Fit -: RC-Auto v: <
" —2 wZ' (w , batcomcy 00 s,
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1) Practical aspects, analyses, and applications
2) Data treatment

Smoothing Inductance correction Extrapolation

Extrapolationtow +— 0 and w +— oo :

Several possibilities: 02
. 0 r/\ Fit the first and last 5-10 points to ZARC elements
Polynomial Pl
. 2 o4l $
Spline : = P SR SR S R
p N 06 Zarc(®) [%Jr()(jm)“] (1_RQ“,"'PJ%11] 1+ RQw® [L‘(’)S%[I-F_,‘.S].[]%[I)
Fourier
-1
Gauss 12 » R(1+ RQw® cos(Za))
9. 02 94 06 Z zaRcW) = —— e B e
2 (*emd) 1 +2RQw" cos (Fa) + R*Q*w?
R*Qw"sin (% a)
Z"( fax Z" zarc(@) = - - - v
L= (max) Lok 1 +2RQw cos (Fa) + R*Q*w>"
(27If;na.\')
Ziw)=2nfL=wl
o —m . = Corrected inductance spectrum
Z corrected W) = Z agriginal (W) — Z(w) = Spectrum without inductance
0.06 ; ——
Hgmu
02 £,
5 _E 0.1 f-./;s%*%%%\ :\““:.
'.; 4 1 0 I
4 N
Y | ; 01 — _ 0 A,
0 0.1 02 0.3 04 0.5 ]“.]u [“.~ lU” ]“~ ]“Il)

Z (e2) -
/7' (¥*em”)
f(Hz)
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1) Practical aspects, analyses, and applications
2) Data treatment
Distribution of Relaxation Times (DRT)

Z((U)— 111 2

_+J C; i= 11+]an'l

where 7; = R;(; is the relaxation time of the i-th element

Let us introduce a probability density function I'(t) = Y, T'(7;) = 1

- T “ (1)
T; T
Z(w) =Riz & =Rij ~_dt
£ 1+ jowt; 0o 1+jwt
I'(7) has several possible solutions, I'(7) is affected by experimental conditions

Fourier Transform Tikhonov regularization



1) Practical aspects, analyses, and applications

2) Data treatment

Distribution of Relaxation Times (DRT)

=== Fourier Coefficients === Hann Window
w— Rectangular window === Tanh Window

S |
200l £ 10!
= — 15
2 s 2 — <
& 0.005 2 2
= Q C =10 l 8 I
2 E 0 = s
£ 0 P 5
2 2 3 3
S 2 8 107
2 -0.005 1= 1072 107! 10° 0
i & Ax,-bll, 107 10" 10°
E | CI [ A
= 200 )
k=) -100 -50 0 50 100 Residual norm
- Index (n)
Fourier coefficients and filtering Regularization parameter A = 0.08
0.12 0.12 _
= = [xtrapolated spectrum - == Extrapolated spectrum
x ==DRT analytical 2 ==DRT analytical
£ 0.08 —DRT Fourier transf. = 0.08 ~—DRT Tikhonov regul.
:; UG ;
004
0 -2 0 2 4 6
2 > ; 10 10 10 10 10
107 10" 10° 10% 10¢ .
f(Hz) f(Hz)

Fourier Transform Tikhonov regularization

Solving strategies
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1) Practical aspects, analyses, and applications

2) Data treatment

Distribution of Relaxation Times (DRT)

G(7) (Q*ecm™*s
K 3

0.02

f (Hz)

1 RQ* = 1 DRT peak

Zw and ZG = 2 DRT peaks

1.4 T
/ — 12 0.2 \

treatment of S .'I'\ -
DRT peaks o - —
10° 10 107! 10! 10 10

\.  La=fewhamy )

\_

/ Equivalent electrical circuit build-up \

Fit EIS data

-

39



1) Practical aspects, analyses, and applications

2) Data treatment

Complex Nonlinear Least Square fitting (CNLS)

R, R, R, I I
] - I C _IC2 -
ch)_ Haz Qz_ o .

Minimization of the sum of squares function:

N
Z ( - 7', 0]+ [ 2 1(0i) = 2 i o, x)]z]

where Z(w) and Z, ;(w,x) are the measured and modeled impedance, respectively

and w; is the weight factor w; = [ZRe,iZ + Z,m,iz]_



