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\/\Bomgc BACKGROUND

E.e +0E sin(2rft) les 81 sin(2nft+d)

Input Output
V\ — =1 LTlsystem
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Currentresponsehas a thesamefrequencywith anamplitude dl and phaseF
Perturbation inpotential, (it isalsopossible toperform the samein Galvano)
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Increasinghe frequencyor amplitude‘ movingawayfrom the steadystatel vs Ecurve
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\/\Bomgc BACKGROUND

The impedance is a complex number:
Z = a b =Re(Z) HMm(Z) (withj*=-1)

v, O2&paAAY .6 AGK ~ GKS Y2RdzZ dz
L | phir=-038
% /‘”\ N In the Bode Plot,
1 2 the modulus and
% the phase of the
ReZ og! impedance are
0 plotted against the
frequency of the
In the Nyquistplot, the impedance for N modulation.
each frequency is plotted in the complex
plane-Im(Z)vsRe(Z). og
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Ereloene HE APPROPRIATE INSTRU
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Ereloene EXTERNAL PERTURBATI(

Protectthe cellfrom anyexternaldisturbance __ Earth
6 50/60Hz —
. |
4_
3 % x ’ ’ ¥ *
£ * ¥ * *
§ 2 % x * *** * .
£ 7 =50 Hz|—O
A
/
-14
N | | Faraday cage
0 5 10

Re(Z)/kOhm
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\/\Bomgc EXTENDED CABLE

ABecause this affects tHeandwith of the

09 TestBox1 15m  potentiostat
ol \ 2>5m  Errorishigher l
%1 4 m 1000
0.5 P 2 10 m : i:m
§ . =g . " __ /:::\ . = 10m
i . ! ~ " ’x\
N ’ J ¥
E i . ) 3 |
" 0.3 & o = i 7 . \
-l' - '.. 104 - \E
021 - i ]
2 # .
0.1 i 1 : : : : : ‘
i [1121 H] : -

- : -~ ACapacity of the extra cable is added.
Re@fonm Specifications given are the specifications a
the end of the leads of the standard cable.
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\/\Bomgc EXTENDED CABLE

It is possible to evaluate the error thanks to H@b:
1. Fit the resulting EIS data of 1.5 m
2. Use these fitted values as reference

3. Compare these reference values with the data obtained with 10 m cable
(Plot the error datavs.frequency, for the 1.5 m cable and for the 10 m cable)

ElSexpsideg Setup Ref Tech Note 13



Ereloene EXTENDED CABLE

1- Fit of the EIS data obtained with 1.5 m cable
|

Selectionl
E quivalent circuit
221 |R14C2/R2+C3/R3 v [Eqi)
2] paranm. sel.|sign |va|ue unit |c|ev. .
R1 +4- 4973 Ohrm 01015
1.8 c2 +~ 94689 |F 12.5e-12
R2 +/~ 9989 Ohm 02299
1.6 C3 +~ 2146e6 |F 0.888e-9
R3 +/- 3672 Ohrm p2732
1.4+ O
1.2 L
g - Ll
S O 4
:\z\ < >
g 0.8
EC
0.6 Fit
Select all | cycle(s)
0.4+ . .
Methad | Randomize + Simplex A |
0 Stop randomize on (10000 iterations
Stopfiton {5000 | |itelati0ns V|
-0.21 Wieight El w
0.4 o 71153 ¥ 815463
i é é 21 Iterations 5000 [Simplex) Cycle P
Re(Z)/kOhm
[ Minimize: ][Eseudnt ][ Copy ][ Save l

It isevenclearerin the Bodeplot

ElSexpsideg Setup Ref Tech Note 13
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Ereloene EXTENDED CABLE
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Ereloene EXTENDED CABLE

2. Use these fitted values as reference

3. Compare these reference values with the data obtained with 10 m cable
(Plot the error datavs.frequency, for the 1.5 m cable and for the 10 m cable)

0.005+ xt- 90
s 1.5 mcable
0
K N
- 10 mcable
-0.005+4
- 60
U -
0,011 o Modulus line
XX )
< F5d T .
= k) Phase: markel
<0.0151 o
S F4d N
a =
o
-0.02 2
- 30
-0.0254 L 2Q
-0.034 - 10
X X X Ko X kxR
X X XX X0k X X ¢ X B 3% x % SR X XK XX X AKX 3 SRTH X ¢ 3¢ XK X3¢ 3K )X XXX XX 0
-0035- IXX X XX RX X XxXXX)I( XXXXXXXXX )Q(Xx%(xx?xX);(XX)&)((XngXX)Q(XX)XXX)I(XXX‘XX I)‘\ XXXXXXX )
1 10 100 1,000 10,000 100,000

freq/Hz, log spacing
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CONNECTION (R contact)

-Im(Z)/fmMOhm

Re(Z)/mOhm

Contact resistance is no
more negligible for low
impedance system.

In that case, 4oint
measurements has to
be considered:

4 )
CA2 CAl
- e N .
Refl Ref2 + Ref;
\_ J

ElSexpsideg Setup
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Siotegle S CONNECTION (inductisféect)

Batter Equivalent circuit:
0 ~ Y IR+ L/R +R/Q
Battery |
05 620 nHagainst870 nH
Thelengthof the extra
— wiringisaround25 cm.
S Connector&eneraliythisis 10 nH/cm
N Re(Z) = 137 mOhm
E 151 -Im(Z) = -1.94 Ohm / \
F=500 kH=z
Battery+ wiring
2 1'Re(Z) = 183 mOhm
im(Z) = -2.64 Ohm S
F =500 kHz
; 5 :
Re(Z)/Ohm

S

ElSexpsideg Setup Ref AppNote 23




\/\'0“9“’ GEOMETRY OF THE CELL

Reduceohmicdrop of the cell by:

- decreasing the distance between RE and WE
- changing theVycorglass of the RE

- X

{Aresistorof 1 kOhmwasadd

e Ao 1o mimickthe ohmicdrop

05

Ref

Im(Z)/kOhm
o o
N IN
\
4

V(t) = E(t) + Rg)_l(t)

Q

2 3

Shift of 1 kKOAM  reyeonn

ElSexpsideg Setup Ref AppNotes 2729



Ereloene GEOMETRY OF THE CELL

Determindcompensate theohmicdrop resistancehanksto ZIR techniquengeasure
the RgZ)at one frequency).

SetEweto E = 00000  Vws Eoc v
Calculate |B with PEIS method

at = [100000 |kHz w
200 it

||j_'| 0 perind before measurement
average Mg = |4 measurez)
compensate at |35 4

zinug amplitude Ya

wait for Py

E Range =
Sambsiion = J00 & el
| Range = | a0 "
Bandwidth =

5 - medium | w

[~ 2/ scan)

Note that it isnot possible to compensat@hmicdrop for EI$neasurement

ElSexpsideg Setup Ref AppNotes 2729



-Imi{Zy/0hm
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20 000}
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oL
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.TestBOXS circuit 2

*

+*

wt?

. T Y *
+*
-

100 000
Re(Z)/Ohm

Rdecreasesvhen Tempincreases

ElSexpsideg Setup

TEMPERATURE EFFECT

For example,

If one experiment is performed
during the night and another
one during the day, a difference
between both spectra can be
observed.

Ref Tech Note 16



Ereloene FUNNY BEHAVIOR !I!

100+ Fq = 643 Hz ///

90+

80+
70-
Only artifact due
to reference
electrode
Impedance not
301 negligible at high

[341 kiiZ
J2.8 MHZ/\K frequencies
g [42 k]
104 g

° )

-104

60+

50+

40+

-Im(Z)/kOhm

0 50 100
Re(Z)/kOhm

ElSexpsideg Setup Ref Diard,Electrochim.Act2010, 55, 6, 1901911



Ereloene FUNNY BEHAVIOR !I!

1004 Prossssssnsmnnam———————"my|
Selection| Results |
90 ] Equiwalent circLit it C 1
[C1ARTsL2/R2R /S v [Ed) (=)
20 param. [sel[sign[vale  [unit [ge. ~ | |
0 [M+ 12612 F 1 = ( :3
R . 427 Ohm 1 T [
704 L2 + 0679 H 1
A2 + 37E3  (Ohm 1
E + 167876 Ohm 1
60, C3 + [1.79=9 F 1 L2
£ | I —
S 0
= 50 ] v
= €1 i) >
a d
E 40]
- Fit
Select Al v | cyclefs)
304 Methad ize R 3
Randomizs fist cycle only R 1
20+ Stap randomize on [10000 iterations
10 Weight
% 0.759 5ed NI 4158
0 Iterations 5000 [Simplex) Cycle pres
v
-101
T T T
0 50 100 150

Re(2)/kOhm

Thisisdue to theRefElectrode

ElSexpsideg Setup Ref Diard,Electrochim.Act2010, 55, 6, 19071911



BioLogic RE
T FUNNY BEHAVIOR !l

A
WE RE VA= 1/(2fC)

X Refelectrode

~
=

FrequencyHz

=

=

——<— Capacitoof ~ 1 yF

<— Ptwire

ElSexpsideg Setup Ref Diard,Electrochim.Act2010, 55, 6, 19071911
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How to optimize the settings
iIn ECLab® software?

AWnhichtechniques in ECab®/E€C.ab® Express
ABasigparameters(DC or AC voltagedrrent, frequency...)
AAdvancedparameters(Drift, Multisinus: X0
AStackof cell



Elo e ECLAB TECHNIQUES

Insert Techniques

=RE] Electrochemical Techniques

= Valtamperometric Techniques

=-fgm Impedance Spectrozcopy

& [aalvano Electrochemical Impedance Spectrozcopy - GEIS
~w Patentio Electrochemical Impedance Spectroscopy - PEIS
S Staircaze Galvano Electrochemical Impedance Spectroscopy - SGEIS

L~ Staircaze Potentia Electrachemical Impedance Spectrozcopy [Matt-5chattky] - SPEIS
~w Potentio Electrocherical Impedance Spectrozcopy ' ait - PEIS

®-{= F'ulsed Technlques

:Eﬂ PEIS: control of the perturbation in voltagé
=&t GEIS: control of the perturbation aurrent

=4 SPEIS: PEdSseveralDC voltagéias

=& SGEIS: GESseveralDCcurrentbias

=

== PEISW: PE#Sone frequencyversus time

\V

|nzert Technique Load from default Cuztom Applications

Sdvanced seting [ | External devices
Cell characternistics

Eve
bz EIS
Ef-——l—|——-|—n%°v
Ya
Ei
ot
¢
I Ok l ’ Cancel ]

ElSexpsideq Soft

Ref ECLab®manual




BioLogic SOVERVIEW OF EIS TECHNM
/AvAvAvAG

(%) Single Sine
) Multi Sing A

Mode |:

l SetEweto E= 00000 ¥ v¥s |Eoc w . . .
T o definesthe biaslevel(biascurrentfor galvano

[ Becod eveyy dl= [000 — [m v or biasvoltage forpotentio) DClevel
or dt= [0000 =

P =

Scan from Fj= [200000 |kHz w . e .
L initial /final frequency

it { = Hg= |6 oIt per decade
ar

O NT=Fi  peintsfiom £ o fy definesthe amplitude of AC perturbatiorbé careful
) Lagarithmic spacing P . .
[ it isan amplitude and nopeakto-peakor RMS amplitude)

Linear spacing

l sinuz amplitude Y5 = 100 v [Wrrng = .07 mi] l

:WP offers the possibility to add a delay before the
r—— measurement at each frequency. This delay Is defined
Regeal ng= i tineld as a part of the period. So the delay is longer for low
E Fenge - frequencies.

repeats N measure(s) and average the values for
each frequency.

Bandwidth=| 5 - medium [~ 48 5 ¢ zcan)

Ref ECLab®manual

ElSexpsideq Soft



BioLogic AMPLITUDE (M

] The resulting current and
potential value should be in

051 /f agreement with the

accuracy of the instrument.

Im(Z)/mOhm
o
\
N\

Va=0.5mV
-1.5—; Va =10 mV

Re(Z)/m Ohm

ElSexpsidec Soft Ref App. Note 23



BioLogic AVERAGE N

1.84

164 a

N, = 36

1.2+

5 Curvewith N, = 36islessnoisy
08 than the onewith N, = 1.

0.6

04] Noieis dividedby the N/2

0.2

i

-lIm(Z2)/ mOhm

Re(Z)/mOhm

ElSexpsidec Soft Ref App. Note 23



BioLogic WAIT PERIOB,)

251 1.675]
1.67]
21 —
()
* *
1.5
1.661
£
E 5
< 34.655
5 1 - =
g Pw= 2 S
N
= = 1.65
< 051
Pw= O 1.6451
»
0 1.64]
05 1.635]
| | 2.64 2.66 2.68
2 4 Re(Z)/kOhm

Re(Z)/kOhm

Curve with P = 2 is less scattered than the one with#0.

This result means that it is possible to slightly compensate a noisy shape of an EIS
diagram just by increasing the, Ralue and without disturbing the cell much.

Memory effect of the system

=

ElSexpsidec Soft Ref App. Note 23




'&SBloE?mge:‘? MULTISINE

Sumof smus
[ Mod [05"‘9'8 Sine ] u(t) = AZCOS(ZHJ‘HJF @, ) with the phase @, =@, ZHZ

N (k—n)

=) Multi Sine n=1

Mlnlmlzethe crestfactor @voidtoo largeexciation this

SetByeto E= o000 W v [Foe v mightresultin ameasurementn the nonlinearresponse
forkg=[0  hjo mn [doo0 s

] Becord svay = F3— [8 3 domainof the electrochemicactell):

dt =
of [ooo s -, lN

i
=22 with uz=A,—
-
Scan fiom fj= 200000 |kHz U gy N 2
to fr= 100000 |mHz +
= i u
with l%:r) Nd= points per decade M
) M1= 5 points from Fj to Ff
, Logarithmic spacing
Linear spacing
sinuz amplitude Y5 = [10.0 v Vs ~ F.OF mY)
wait for py = (010 period befare each frequency
average Mg = 1 measure(s] per frequency
drift canection [

Repeat ng = |0 time(s]

E Range =

Favalain = AT IS Um
| Fange= | Auta w

Bandwidth= | 5- medium

[~ 25 & / gcan)

- Reducedime of themeasurement(activatedbelow 10 Hz)

- Avoiddrifts for nonsteadystate system omeasuremengt
low frequency

ElSexpsidec Soft Ref App. Note 19



MULTISINE

BioLogic

Science Instruments

SameesultX ®

X ® fledshihe (5 mninsteadof 20 mn)

Single Sine
5+ .
= Multisinus
=
O Y
E
@ 0
E T P"—H—’_’j t=20 min 38 5|
3.3075-
5-
=
| %3_307- _.
2
0 10 v
Re(Z)/mOhm
3 3065-
3,306 | |
0 10 20

g time/min

ElSexpsidec Soft Ref App. Note 19



BioLogic DRIFT

Theoretically, an EIS experiment has to be performed onl
the system at its steady state but for slow system such as
Mode [g;igﬁ;gige battery, this is almost never the case, so this option allow:
the user to perform EIS experiment on a system which is
yet in its steady state.

SetEpeto E= 00000 W v | Eoc W
for b = |0 hjo” mn [DooD s
[] Recard every dl = [0.000 iy v

o d= [G000 This is a patented process.

Scan from fi= 200000 | kHz
to ff=[io0000 | wHz v Note: Duration of the experiment will be twice longer.

with = Mg=|g  points per decade E(t) It
|:.:D:r) Nr= |51  points from Fj to Fy Oy 0r

) Logarithmic spacing
Linear spacing
sinuz amplitude Y5 = [10.0 my [Wims ~ F.0F mi) AE .IMM" M ANAN

wait for pyg = [010 period before each frequency

average Ng= [1 meazure(s) per frequency

t t
drift comection [ 0 0
Fepeat ng= |0 time(z) B 1)
E Range = 0 0

Farakaive = 8 8w
I Range = | Auto w

Bandwidth= |5 - medium [~ 48 s / scan]

AE

ElSexpsidec Soft Ref App. Note 17



BiQLogic DRIFT

First EISust after the

After a pulse oturrent current pulseis higher
X
X 120+
150+
100+ X X
x g N
1S = 80’
< 100- — x « Q x
Q N x
S) x x * E 60 Xy X
E X X X X X . X Xéﬁ%
" s0f x o % X X X B 40-
x X X
x X
: S 0
o |
. . : : 300
0 100 200 300 Re(2)/Ohm
Re(Z)/Ohm
Twoother EIS done after) are stable
1204
X
150 100 stable x
e ® x
= X 5 ] * X
5100‘ X X x @ 60 Lec N X X X & xxx
= X S
z - x T e o
= X X
x X XXy X x X
50 ><>< < x)X 201 ))(ﬁ(x
x X
X X 0
; ¥ | | |
OAj; | | ‘ 200 250 300
0 100 200 300 Re(Z)/Ohm

Re(Z2)/Ohm

ElSexpsidec Soft Ref App. Note 17
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For this kind of measurement, a thretectrode setup is required.

Lye Zce In «CellCharacteristics tab:
Record
Ecenv WE /T2
Ewe-Ece Eil E T -
P RE/ref2 46*"3 |
Analog M 1.4/ EDEJ' _Dl
-— Analog M 245/ ref3
Fecord external devices on Analog H# CE/CAT
+ CA1/REF3

ElSexpsideq Soft
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8_
6] differenceis not due
4 to the battery but to
] the connection
///\//
0
£
o -2
£
g 7 WorkingElectrode CounterElectrode
n 6.
-8
-10
-12
-144
-16-
-184
00 x4

Re(Zce)/m Ohm

ElSexpsideq Soft



SBIO!.s?mglt? EIS ON STACK OF CEL

Refl
CA2

) 0 )
Refl Ref2 Ref3

Refz +R ef3 Graup ¥MP3 - 237 device, channel 14 in S

CAl

Masterchannel
(control andmeasure
the whole stack

Slavechannel
(only measure$

Group / Synchronize f Stack

Devices /[Chanmels 1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16
WMP3 - 237

[]5elect all channels of YMP3 - 237 device

[]5elect all channets of all devices

Stack mazter 4 [14 »
Mumber of measured elements in the stack 4 [14 »

| ok | [ Concel |

ElSexpsideq Soft

Ref App. Note 16



SBIO!.s?mglt? EIS ON STACK OF CEL

E\E Graph E\@
—— -Im{Z1) vs. Re(Z1) —-—pj:':ZE;Lt:. IRJ.;ZT —— -Im(Z3} vs. REEE?} AStaCk Of 12 e | e m e ntS

—— -Im(Z4) vs. Re(Z4) —— Im(Z5) v&. Re(Z5) —— Im(Z6) vs. Re(Z6
—— -Im(Z7) ve. Re(Z7) —— -Im{Z8) vs. Re(Z8) —— -Im(Z5} vs. Re(Z9)
—— -Im{Z10) ve. Re(Z10) #

Almpedance of the staclZétack is

the sum of the impedance of each
0 element (Z1, Z2, ...)
H 0
Re(Z10)/0hm
—— -Tn?(i;s?a‘:}:hv::ezstack}
0,05+

-lmiZstack)/0hm
=]
=1
ra

T T T T T
0,5 0,55 0.5 0,85 0,7

Re(Zstack)/Ohm

ElSexpsidec Soft Ref App. Note 16
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Someanalysistools
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AKramersKronig
Azfit
AMott-Schottkytapacitymeasurement



SioLogic KRAMERERONIG

There is a relationship between Re(Z) &am{Z) when:
- causal, stable adlineartime invariant system
-when f- Oand f- K

Checkghe validity of the measurement

Thisworksonly for nontru

Applicable

Kramers-Kronig

Fesults

<A Rell)-

<A L]

ey vl

< Phazeld]>

(6]

HE
HE
HE
HE

ncatedplot.

Non-applicable

1 2 0
Re(2)/kOhm

1
Re(Z)/kOhm

ElSexpside- tools

Ref App Note 15



BioLogic EIS DATA FITTING (ZFIT

Equivalent Circuit Edition

Circuit 242 D escription
|R1+C2/m2ew3 [[ add Ca
Dizplay Circuits Wwith : A
e |4_% Element(z] I
£ Fit @ Element(z) [ Fe |
: [ &1l Circuits Impedance
Equivalent circuit ZM=F;+ Ra R Y23
|E1 *|Eu:|it @] ]l T+i2atRaCs  \izar
Myquist Diagram [HmlZ) vs. Rel2)]
paran. sel.|sign|value uinit |dev. »
C1 +- 1e-B F R
—8 /
_ O 2
—E o Ry Ry+Rg
|
4
] w
. .
Fit )
Select cycle(s) -R: resistor,
Method | Randamize + Simplex “ | - L: Se|f/lndUCtOI’,
R andomize -C: CapaCitor,
Stop randomize on 10000 iterations - Q: constant PhaSEIement(CPE),
Stop fton 5000 | [icrations 9| - W: Warburg Element simulating the semifinite diffusion,
weight || - W,: Warburg Diffusion Element simulating the convective diffusion,
" " W e - M: restricted Linear Diffusion Element,
[terations s Cycle M -G: GerischeElement.
[ Minimize ][Eseudu:ul: ][ Copy ]

ElSexpside- tools Ref Manualof ECLab®



BioLogic EIS DATA FITTING (ZFIT

E quirvalent circuit

E & if this parameter is checked the corresponding value
o Tl ot [ )a will be used in the fit as defined value (non minimized)

C1 + 16 F Het

selectionof the signallowedfor the parameter
+ and/or-.

Oooogooo

2 confidence interval (like a standard deviation).

Select cycle(s)

tdethod | Randomize + Simples A |

R andomize

Stop randomize an (10000 iterationz

Stop fiton | 5000 | | iterations w |
Wieight El |»
2

W M W wew

[terations e Cycle MR

[ Mirimize ][ PzeudolC ][ Copy ] I

ElSexpside- tools Ref Manualof ECLab®



BioLogic EIS DATA FITTING (ZFIT

Selection | Results |
Equivalent circuit
C1/R1 v [Edit) ) _ _
T O — allowto fit one cycle oiseveralcyclessuccessivelgnd
T allow one tofollow the changes of the valuesith the cycles
[l -
—D . « 200
E | Point 0, Cycle 1] *~  F190
60
0 : i
- 551 Eachpoint corresponds to one.cycle of | ™
< 5 501 SPEISaf different voltage) 1 170
Fit € 401 : @)
Select m w | cyclels] 5 35 b 150|:
Method Fiandomize + Simplex b | E | Point 3, Cycle 4|”_9‘ * F 140 O
Randomize 301 m
Stop randornize on (10000 iterations 251 . r 130
Stopfiton 15000 | |iterations v | ] ) b
wWieight 1 20 . § 120
){F M j(_g,-"\fﬁ pEE 15 ) x 110
Iterations — wme Cycle WA 101 | Point 10, Cycle 11|
~ L1100
[Minimize ][ESELIEIDC ][ Copy ] 5 0i6 oig :i_
<Ewe>/V

ElSexpside- tools Ref App. Note 30



BioLogic EIS DATA FITTING (ZFIT

- Fit onseveralcycles

w
a

w
o

N
al

n
=1

-Im(Z)/Ohm
=
@

=
o

3

st
s
W<
w2
P
5680
s

&

0 20 40 60
Re(Z)/Ohm

Followup of theelementvalues variationsvith time/potential/ current.

ElSexpside- tools Ref App. Note 30



