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\/\Ejg!:szgff OBJECTIVES

Understand what is performed during an impedance
measurement.

Understand what information can be obtained on the studied
electrochemical system
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\/\g&mgf DEFINITIONS

System

in electrochemistry, one electrode or more in an electrolyte... i.e. metal in salt water
Linear System

system for which Current = k*Potential (k = constant)

Example of such a system : a resistor for which U = R/
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Non-Linear System
system for which Current = f(Potential) (f = function that is not a constant). Example
of such a function in electrochemistry: the Butler-Volmer relation
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\/\gmghgmgjf DEFINITIONS

Steady-state perturbation : perturbation that is time-invariant
Ex : chronoamperometry, chronopotentiometry, staircase voltammetry (in certain
conditions)
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Transfer Function : function that analytically describes how a system will respond to
an input

System with a
transfer function H

E orl - > |orkE

Impedance (Z) : Laplace Transform[E(t)]/Laplace Transform{/(t)]
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\/\Ejm(?e!:sgmgjf INVESTIGATION METHODS

1. Steady-state methods 2. Non-steady-state methods
(steady-state Voltammetry (EIS, IMVS, IMPS, CASP, VASP,
or Potentiometry etc...) linear analog potential ramp)
. A steady-state perturbation (E . A perturbation that is varying
or I) is imposed on a system (Cf. with time is imposed on the
Tutorials CV) system.

. The response is recorded. . The response is recorded.

The steady-state response | vs. E

(or E vs. 1) can be plotted. The response of the system
depends on its transfer

function.
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BioLogic INVESTIGATION METHODS

EIS is a local measurement at
one point on the steady-state curve.

>
\/ E In a DC measurement, the scan rate is considered
low enough for the steady state when the
backward and forward / vs. E curves can be
superimposed.

E

In an AC experiment, the amplitude of the sine wave is chosen to be small enough
such that the system is considered to be linear.
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\/L SBIO!.s?mglt? LINEAR TIME INVARIANT SYSTEM

Input (Potential) : E(t) = E,, + 6F sin(2mft)
With : Output (Current) : I(t) = I + &l sin(21tft + )
E., I, the steady-state potential and current, respectively
OE, 61 the amplitude modulation of the potential and current, respectively
f the frequency
@ the phase Ev +3E sin(2aft) fss +81 sin(2xft+9)

V\ | Input T systerm Output Lﬂ
N\ \

Current response has a different amplitude and is phase-shifted
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Increasing the frequency - moving away from the steady-state response
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\/\gip!.ogic Impedance Measurement

The Impedance measurement is based on the study of the response of a system subjected
to sinusoidal potential (or current) modulations of various frequencies.

Ess+0E sin(2rft) WE REF CE
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ks +01 SIN(2xft+

%\ / \ /A s
- - \/f : I(t)

A three-electrode set-up is required.

Z = Laplace Transform[E(t)]/Laplace Transform|[/(t)]
The results can be plotted in many different ways.
The most common are Bode (electronicians) and Nyquist
(electrochemists) plots.
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\/\ggmmgegf IMPEDANCE PLOTS

The impedance is a complex number:
Z=a+jb=Re(Z2) +jim(2) (with j?= 1)
Z = p(cosep + ising) with p the modulus and ¢ the phase shift

In the Bode Plot, the modulus and the phase of the impedance are plotted against
the frequency of the modulation.

phi/® = -0.38

In the Nyquist plot, the impedance for each E - N
frequency is plotted in the | /‘ \ g
complex plane -Im(2) vs. Re(2). % i

Re 7 log f

0

How can we deduce Bode plot from Nyquist plot ? ®

[m(Z) log f

1Z| = J(Re(Z))? + (Im(Z))% @, = arctan

Re(Z)
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\/L BioLogic EXERCISE

-ImZ

Re Z

What are the phases of pointsa, b, c,d ?

What is the shape of the Bode plot ?
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BioLogic

Science Instruments EXERCISE
All you need is a ruler
N
8
M
E log f
I |'|
Ir :j Ole ———-’/\
0 Y ,FJ
phi/® =0.46 x/ It
0
Re Z

log f
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\/L BioLogic EXERCISE

-ImZ

Re Z

What are the phases of points a, b, c, d ?

What is the shape of the Bode plot ?
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\/\ BioLogic EXERCISE

All you need is a ruler -—\

log|Z|

ohi/° = -0.38

,—-—_.5\ log f
. 0
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\/\ggmgf WHAT CAN WE GET ?

The Faradaic impedance of the reactions taking place at an electrode is equivalent to the

Faradaic impedance of an electrical circuit.
Impedance measurements allow us to determine the components of this circuit and their

values.
These electrical components are related to the physico-chemical characteristics of the

system. Example : if you have this diagram

2nfe=1/(R: Cz)

|

E

I

%
ReZ

It corresponds to this c:
equivalent circuit (but not . ||
only). "

Rz

With R, : Ohmic drop R, ; G, : Double layer capacitance C
R, : Charge transfer resistance R
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\/\Eghgmgjf WHAT CAN WE GET ?

-ImZ

Electrolyte C

27 fc:”('qctcd\)

| V1IN

R

Metal-electrolyte
interface

The polarization resistance R,_R. + R,

2nle=1/(C (R +Rz))

-IlmZ

0 Ay Az R

Ay <A,

ReZ

Always choose the circuit that is physically justifiable i.e. its components
represent physical quantities.
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BioLogic Z Sim and Z Fit

Z Sim and Z Fit are the Impedance tools provided in EC-Lab®
Z Sim : simulates the impedance data corresponding to a given equivalent circuit
ZFit: Find the actual values associated with the components of the chosen

equivalent circuit.
P

Equivalent Circuit Edition

Selaction | FResults |

Equivalent circuit

Circuit 11418 D ezcription
[F+C2/m2 [[ aad Ca

| R +C2’L\F‘—2 b | @ Digplay Circuits Witk ©
param. sel.|si value |unit |dev. | A 3 % Element(s] [ Ri]
R1 +- e Ohm e = O Element(s] I
c2 +- |01eB 14N Circuits Impedance
Rz +- 100

0O CIAC2+R2) 5 Zif=Fq+ —2
_D C1/C24w2) T+j2afRzCz
— C1+C2/R2

O 01/AR2+02) Mydquist Diagram (1m(Z) vs RelZll

] 01+02/R2 1

f. =

O 1/R2+C2)  aR.C

O 41.2) e

O v SIGER ™

} F1/L14/C1
= R1+G2/A2 \
i
R1+L1+C1 '
Select _ cyclefs) R1+L2/R2 P F, Ry+ R
- - R1+M2/R2
Methad | Fandomize + Simplex b | i :Q23’FI2 E quirealent circyit(z]
f Pr— R1+wd2/R2 —
Stop randaomize on 15000 iher ations v
Stop fiton (15000 | [iterations~ ~| - -
ak. Cancel

Weight 1 |w i
¥l e KW e
Iterabions W Cucle W 1 C h O O S e o r C re a te a n

Minimize || Peeudal [ﬂ]
2. Launch the minimization algorithm

equivalent circuit
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\/\ BioLogic
Science Instruments

2 000+
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-Im(Z)/Ohm
=
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0 2 000 4000
Re(Z)iOhm

\Data\Samples\EIS\PEIS_10loops.mpr

What is the equivalent circuit ?
What are the values of the components of the circuit ?

Please refer to Application Note #9 for more details
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BioLogic

Scien

Selecti0n| Rezults |

E quivalent circuit
[Ri+R2/C2+C3R) v [Eait] (&)
param. sel.lsign |value |unit |dev. | rS
R1 +- 4958 Ohm 0,283 3 E
R2 +/- |4 566 Ohm 0412

cz +- 1.28%E F 0,823 59

C3 +/- 96679 F 24,05e-12

R3 +- 1270 Ohr 0,762 2
_d

™

o d

™

X v
Fit

Select all w | cpcle(s)

Method | Randomize + Simplex b |
Paori

Stop randomize on {15000 iterations

Stop fiton | 5000 | | iterations w |
Weight 1 W

Errar 7803

Iterations 5000 [Simplex) Cucle s

Selec:tion| Results |

Z Fit

E quivalent circuit

[R1+C1/R2:CI/R3Y v |[Edi) (&)
param. sel.|sign|value |unit |dev. | ~
A1 +/- 4958 Ohm 02833 £
c1 +- 95359 F 2371e12

R2 +/- 1008 Ohrn 04767

C3 +- 21056 F 1,599

R3 +/- 3561 Ohm 05299
™

g

I

_|d

_d v
Fit

Select all w | cyclels)

M ethod | Fandomize + Simplex v |

Stop randomize on {15000 iterations

Stepfiten  [10000 | [ierations v
‘whgight 1 |»

Error 7.803

Iterations 10000 [Simplex) Cycle s

[ Minimize ” FPzeudoC ][ Copy ][ Save ]

Close

[ Minimize “ PseudoC ][ Copy ][ Save ]

Ci

Close

ZFit [5]

Selecti0n| Results |

E quivalent circuit

|R1+C2/m2-CaR3 |4 [)
param. sel.lsign|\-’alue urit |dev. |4:
A1 +- 4958 Ohm 02833 =
cz +- 9B3%e9 F 23.92e12

R2 +- 9965 Ohm 0,474 4

=5 +- 21096 F 1.593e5

R3 +- 3570 Ohm 0521

o d

o |d

. d

_ ™

_ 0 v
Fit

Select all w | cycle(s)

Method | Randomize + Simples bl |
Randomize | first cycle only  »

Stop randomize on (15000 iterations

Stepfitan 10000 | |iterati0ns V|
Weight 1 (%

Error 7.803

Iterations 10000 [Simplex) Cycle smms

[ Minimize: ][ PzeudoC ][ Copy ][ Save ] Close

Ca Cs

%

[Fa) (P v

Z Fit

Selection | Results |

E quivalent circuit

|R1+CT/R2/C3+R3) v |[Edit) (2]
param. sel.|sign|va|ue |unit |dev. |2
R1 +/- 4958 Ohm 02893 £
C'I_ +/- 9559523 F 23.71e12

Rz +/- 4 BEE Ohm 0412

C3 +- 1,286 F 081429

R3 +~ 1230 Ohm 07743
™

™

™

™

_ 0 3
Fit

Select all | cycle(s)

Method | Randomize + Simplex A |

Stop randomize on (15000 iterations

Stap fiton (10000 | lierations  ~|
Wigight 1 »

Error 7.803

lterations 10000 [Simplex] Cycle smwm

Which one should be chosen ?

[ Minimize ][ Pzeudol ” Copy ][ Save ]

Cy
||
11
—{R; Ra
Cs
L

Close
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BioLogic / Fit
Science Instruments

If the tested material was a metallic sample coated with an oxide layer or a
defective polymer then equivalent circuit 2 could be chosen.

Oxide layer or coating
capacitance

Double layer
Bulk capacitance
electrolyte
resistance

Metal

Defect

electrolyte resistance .
y Charge transfer resistance
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\/\ BioLogic
Science Instruments

If the tested material was a metallic sample with a double oxide layer then
circuit 3 could be chosen.

Metal

Solution Outer Layer Inner Layer
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Science Instruments

LiFeP(4_PEIS_10mHz_12.mpr
iy v Rel)

00154

0,014
1 ‘[ 0,0149073 Ohm
i |y 1,6T391e-3 Ohm

=
20,005 o
5 ! _
E
0
: 4942,91 Hz
-0 0054
0 0,02
Re(Z)iOhm

Data used in the application note #19 : \Data\Samples\EIS\LiFePO4 PEIS_10mHz_12.mpr
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BioLogic Z Fit
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2 possible equivalent circuits : B o N
1.R1+ L1+ Q1+ (Q2/R2)

2. R1+L1+Q1/(R2+Q2)
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\/\ BioLogic
Science Instruments

. L1 is a self inductance (electrical component generating a magnetic field when a
current is flowing through it).

. Q1 is a CPE (Constant Phase Element). It is a mathematical component used
instead of C when the experimental impedance graph is not semi-circle but a
depressed semi circle. It means that the system in question does not behave like an
ideal capacitor.

From the equivalent circuit, we can deduce that :

. R1 is the resistance associated to the electrolyte and the electrical connections.

. L1 is the inductance related to the electrical connections.

. A battery is composed of two electrodes, and hence two interfaces, which makes
it complicated to associate each electrical component to each electrode.

. Tentatively, if we consider equivalent circuit 1 : Q1 can be associated to the first
electrode (+ or -) and Q2/R2 to the second electrode (+ or -).
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\lkgjﬁksﬁﬂff Conclusions

. The transfer function of a system submitted to a current perturbation is the
impedance

. There are two ways to show impedance data : Bode and Nyquist
. It is easy to switch from one representation to the other.

. Impedance data can be interpreted using EC-Lab® Z Sim and Z Fit.

. Electrical circuits can be used as equivalent to the expression of the faradaic
impedance of a given system.

. For one impedance graph, several equivalent circuits are possible.
. The most adequate one is the one that makes sense, physically speaking.

. Examples were given for coatings and batteries.

Impedance - Basics



