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Science Instruments

Impedance:
From the experimental side
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Ereloene BACKGROUND

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

Input Output
V\ — =1 LTlsystem

'“‘q.___‘_‘_._._._,.rl" !

Current response has a the same frequency with an amplitude ol and phase @
Perturbation in potential, (it is also possible to perform the same in Galvano)

lee+31 SIN2Rft+d)
a1 ]
E
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E.. +6E sin(2nft) 0
] Eee Re Z

Increasing the frequency or amplitude ‘ moving away from the steady state I vs E curve

TF — Some Basics



\/\533!;32,.1? BACKGROUND

The impedance is a complex number:
Z=a+jb=Re(Z)+jIm(Z) (with j°=-1)
Z = p(cosp + j sing) with p the modulus and ¢ the phase

o | phir=-038
E h N In the Bode Plot,
| /‘ \1 = the modulus and
% the phase of the
Re Z log impedance are
0 plotted against the
frequency of the
In the Nyquist plot, the impedance for EN modulation.
each frequency is plotted in the complex
plane -Im(Z) vs Re(Z). g

EIS exp side — Some Basics
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How to optimize the setup?

* Which instruments for my measurements?
* Connection

* Experimental conditions

* Cell




BioLogic HE APPROPRIATE INSTRUMENT

Select the appropriate instrument ...
...in the optimized configuration i.e. low current option, high current option...

Low current limit

TE+9 . —
1E48 / Stray capacitance limit
1E+1 157 . /

16+ Bandwidth limit

1E+5

E+U £ 1E+4
£ £ Ea
s E-1 Q o
N 2%, 2° N g 1E11
E-2 | E+10
1E+§
1E-1 1E+8
— 1E+7 . o
1E-3 1£2 £ 0.2%/0.2
1E- = 1E5
1 E_ 4 1 100 1E43 = ]I E:é
1E-1 1E0 1E+1  High current limit Frequency/kHz o
1
. . . 1E-1
Frequency/kHz Stray indcutance limit 2 10004
1E-3
1E-3  10E-3 100E-3 1 10 100 1E+3 10E+3 100E+3 1E+& 3E+6

Frequency/kHz

EIS exp side — Setup Ref: Brochures



Ereloene EXTERNAL PERTURBATION

Protect the cell from any external disturbance ___ Earth
6 50 / 60 Hz e
5_ |
4_
* * * *
X *
3 % * »
E * * *
g 21 * : * x** ’
N o ****;exe** e .
=, 7 ©,
SRS s f=50 Hz
i /
-1
-2
| | Faraday cage
0 5 10
Re(Z)/kOhm

EIS exp side — Setup



\/\Ejg!:szgff EXTENDED CABLE

e Because this affects the bandwith of the

08 TestBox1 1.5m potentiostat.
orifl ) 25m Error is higher.
os] _15842 Hz| 4 m o
o e W 10m o
£ Coam o . e = 1om
5 . o - 100 = o
< 04 a2 . p —_ ° R
N a e o] r o N
E i " & =3 R
T 0.3 .~ - - = " : \
o —
. ¥ .
0.1 § 10_1 1 10 100 1000 10000 100000
O [1121 H] |Z/Ohms

o5 7 = * Capacity of the extra cable is added.

Re(@yonm Specifications given are the specifications at
the end of the leads of the standard cable.

EIS exp side — Setup Ref: Tech Note 13



\/\Ejg!:szgff EXTENDED CABLE

It is possible to evaluate the error thanks to EC-Lab:
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 data vs. frequency, for the 1.5 m cable and for the 10 m cable)

EIS exp side — Setup Ref: Tech Note 13



Siel a1 EXTENDED CABLE

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

Selection | |
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
5 . 0 v
:\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 is even clearer in the Bode plot

EIS exp side — Setup Ref: Tech Note 13



\/\Ejg!;zmgjf EXTENDED CABLE

o A
(@) (@]

Bap/(z)eseuyd

o
o

0.74
0.6+
0.5+
0.4
‘c 0.3
5
=
EI 0.2
(@)
2 0.1 1.5 m cable x
0 10 m cable \
-0.11 Fit of 1.50 m cable
-0.21 Modulus: line
o Phase: marker x
0 2 4

log (freq/Hz)

R
o

N
o

w
o

4
o

- -80

--90

--100

EIS exp side — Setup

Ref: Tech Note 13



Siel a1 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 data vs. frequency, for the 1.5 m cable and for the 10 m cable)

0.005- 90
[ 80 1.5 m cable
0
L j\ [ 7g 10 m cable
-0.005+
- 6
W) o
-0.011 o Modulus: line
N 5
Y -5 S .
= 2 Phase: marker
- QO
00157 s
© Fad N
o =
o
-0.02- &
- 3
-0.025- o
-0.03 - 1d
X Ko X Ko W X X X)IxX X
X X0 X0K X X Hx X T X 55X XK X X3¢ X 3K X X XX XX XXX KX X XXX XX XXX XX KREK X KX X I X X X XK XX XX R XK X Xgot XX XXX XX XXX XX )
-0.0354, : LA \ )

1 10 100 1,000 10,000 100,000
freq/Hz, log spacing

EIS exp side — Setup Ref: Tech Note 13



Siokogic " CONNECTION (R contact)

Contact resistance is no
more negligible for low
impedance system.

In that case, 4-point
measurements has to
be considered:

4 )
cA2 CA1

( N
_ /
§

-Im(Z)/fmMOhm

5 10 15
Re(2)/mOhm Refl Ref2 + Ref3

. J

P —

EIS exp side — Setup Ref: App Note 23



Dlokegic _PCONNECTION (inductive effect)

Equivalent circuit:
R+L/R+R/Q

Battery

_05- 620 nH against 870 nH

The length of the extra
R wiring is around 25 cm.
ConnectorsGe”era”V this is 10 nH/cm

Re(Z) = 137 mOhm
-1.51 -Im(Z) = -1.94 Ohm
F= 500 kHz

-Im(Z2)/Ohm

Battery + wiring
2 1'Re(Z) = 183 mOhm
‘im(Z) =-2.64 Ohm <o
F =500 kHz
y 0 1
Re(Z)/Ohm

S

EIS exp side — Setup Ref: App Note 23




\/\Ejg!;zmgjf GEOMETRY OF THE CELL

Reduce ohmic drop of the cell by:
- decreasing the distance between RE and WE

- changing the Vycor glass of the RE

,| A resistor of 1 kOhm was add
- \A i | to mimick the ohmic drop
0.8
0.6
Ref e .
<7 A 5 oe
Y 8 02
I A | N
Vit = Et) + Rl Y T ol < v
= 1 2 3
Shift of 1 kOhm Re(Z)/kOhm

Q

EIS exp side — Setup

Ref: App Notes 27-29



Science Instruments

Biologic GEOMETRY OF THE CELL

Determine/compensate the ohmic drop resistance thanks to ZIR technique (measure

the Re(Z) at one frequency).

SetEweto E = 00000  Vws Eoc v

Calculate |B with PEIS method

at = [100000 |kHz w

zinugz amplitude Ya = |2|:|_|:| i

wait for Py = ||j_'||j perind before measurement

average Mg = 4 measure(s)
compensate at |35 4

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

5 - medium | w

[~ 2/ scan)

Note that it is not possible to compensate ohmic drop for EIS measurement.

EIS exp side — Setup

Ref: App Notes 27-29



Ereloene TEMPERATURE EFFECT

oot [@STBOX3 circuit 2
gooook . + .
80 000}
: * . * o
70 0004 . * - 14°C
1 *
60000} Y . * n
S sooool] P S . 16°C
= | * + - + *
Mo osoo00i B - * ° +
E [ty + &+ * * o 18 C *
i a0 000 : \ & 20 C *
o T ﬁk # o+ . *
| s, * * *
20 000 F1 ™ B + *
:" -t * | » * ++
10 000} 26°C %%+ - * % .
R N L S SR
-10000F 24°C
I 1 1 1
0 S0 000 100 000 150 000

Re(Z)/Ohm
R decreases when Temp increases

EIS exp side — Setup

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 !!!

100- /
90+
80+
70+
. Only artifact due
= / to reference
50+
= electrode
E 409 impedance not
307 negligible at high
42.8 MHz frequencies
o
] e
O }
_10_
0 50 100
Re(Z)/kOhm

EIS exp side — Setup Ref: Diard, Electrochim.Acta 2010, 55, 6, 1907-1911



Ereloene FUNNY BEHAVIOR !!!

1004 Prossssssnsmnnam———————"my|

Selection | Resuls |

904 Equivalent circu it C 1
[C1ARTsL2/R2R /S v [Ed) (=)
] param. [sel[sign[vale  [unit [ge. ~
80 = | |

+ 11.26e12 F 1 = C3
- 4287 |Ohm El § | |

R1

704 L2 + 0679 H 1
B + (37633 |Obm 1
E + 1E7ET6  Ohm 1
601 3 + 17928 F 1 L2
£ ] S
S 0
= 50 ] v
= 23 im] >
N
E 40]
T Fit
Select Al v | cyclefs)
304 Methad ize + Si R 3
Randomize | first cycle only |+ R 1
20+ Stap randamize an [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

This is due to the Ref Electrode

EIS exp side — Setup Ref: Diard, Electrochim.Acta 2010, 55, 6, 1907-1911



BioLogic i
S FUNNY BEHAVIOR !!!

A
WE RE 1ZI = 1/(2nfC)
CE 1 c X Ref electrode

e

O

-1 >~

~
T
\_—__/

>
Frequency/Hz

‘\ /

——<— Capacitor of ~ 1 uF

<— Pt wire

EIS exp side — Setup Ref: Diard, Electrochim.Acta 2010, 55, 6, 1907-1911



\/\ BioLogic
Science Instruments

How to optimize the settings
in EC-Lab® software?

* Which techniques in EC-Lab®/EC-Lab® Express

* Basic parameters (DC or AC voltage/current, frequency,...)
» Advanced parameters (Drift, Multisinus, ...)

* Stack of cell

EIS exp side



BioLogic EC-LAB TECHNIQUES

Insert Techniques e I”
a
B¥ES]  lecuochenical Techniques. : f % i X f X f X -
[ Yalkamperometic Techniques — — A . W
=-fgm Impedance Spectrozcopy
& [aalvano Electrochemical Impedance Spectrozcopy - GEIS
~w Patentio Electrochemical Impedance Spectroscopy - PEIS "t
S Staircaze Galvano Electrochemical Impedance Spectroscopy - SGEIS »
L~ Staircaze Potentia Electrachemical Impedance Spectrozcopy [Matt-5chattky] - SPEIS
~w Potentio Electrocherical Impedance Spectrozcopy ' ait - PEIS
= Pulzed Techniques
ﬁr| - . . - .. - .
= PEIS: control of the perturbation in voltage Ee
= . . F
== € GEIS: control of the perturbation in current -
i ) %
% SPEIS: PEIS at several DC voltage bias n
Iz . B — - [
E SGEIS: GEIS at several DC current bias ]
— . W
= PEISW: PEIS at one frequency versus time E. ;
ot
|nzert Technique Load from default Cuztom Applications
Sdvanced seting [ | External devices
Cell characteristics I dk l ’ Lancel ]

EIS exp side — Soft Ref: EC-Lab® manual



BioLegic OVERVIEW OF EIS TECHNIQUE g
AVAVAVAW

(%) Single Sine t
) Multi Sing A

Mode |:

SetEpeto E= 00000 Y ows | Eoc w

s i T T defines the bias level (bias current for galvano
L JEiecareve i oo e || i or bias voltage for potentio) DC level
or dt= [0000 =

P = N

Scan from Fj= [200000 |kHz w
bo Fp= 100000 |mHz w

initial /final frequency

it {.5? Ha= & oIt per decade
LO NT- [ points from i to. g defines the amplitude of AC perturbation (be careful,
, Logarithmic spacin .. . .
" { e it is an amplitude and not peak-to-peak or RMS amplitude)
l sinuz amplitude Y5 = 100 v [Wrrng = .07 mi] l
Db a0 PP o Ty offers the possibility to add a delay before the
I average N = |1 meazurelz] per frequency I . . .
pr—— measurement at each frequency. This delay is defined
Bepeat ng= [0 timefs as a part of the period. So the delay is longer for low
E Rlange = frequencies.
Sarakain = X T8y
| Rahge= | &uto "
Bandwidh= 5. medun v - 4357 somn] repeats N, measure(s) and average the values for

each frequency.

EIS exp side — Soft Ref: EC-Lab® manual



Siobogle AMPLITUDE (V)

. /f

0.5

-Im(Z)/mOhm

Va=0.5mV
Va=10mV

Re(Z)/m Ohm

10

12

The resulting current and
potential value should be in
agreement with the
accuracy of the instrument.

EIS exp side — Soft

Ref: App. Note 23



BioLogic AVERAGE (N,)

1.84

1.6 a
1.4

1.2+

Curve with N, = 36 is less noisy
than the one with N, = 1.

0.8+

-lIm(Z2)/ mOhm

0.6
0.4+

Noie is divided by the N1/2

0.2

-0.24

Re(Z)/mOhm

EIS exp side — Soft Ref: App. Note 23



BioLogic WAIT PERIOD (P,,)

254 1.675+
1.67
2 =
()
* *
1.5
1.661
£
£ 3
< 4] 2.655
o =
< Pw =2 g
N
= =1.65
= 0.5
y Pw=0 16451
x »
0 1.641
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 P, = 0.

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

Memory effect of the system

=

EIS exp side — Soft Ref: App. Note 23




“w BioLogic MULTISINE
Science Instruments
Sum of smus
[ ™ [Osmglesm ] u(t) = AZCOS(ZHfRH ®@,) with the phase @, =@, ZHZ
(%) Multi Sine k=1 n=1

Minimize the crest factor (avoid too large exciation, this
might result in a measurement in the non-linear response

N (k—n)

SetEpeto E= 00000 YW owz Eoc I
for g = hjo mn [0.000 3

(] Record svew di = FTT— (-6 domain of the electrochemical cell):
or dt = |0.000 E
Uy — Uy 'N
Cr(u)=———"= with u e = ALl —
3
Scan o = 200000 |kHz + ut) U gy N 2
to fp= 100000 |(mHz »
= i u
with l%:r) Nd= points per decade M
) M1= 5 points from Fj to Ff
) Lagarithmic spacing
Linear spacing
sinuz amplitude Y5 = [10.0 v Vs ~ F.OF mY) t
wait for py = (010 period befare each frequency
average Mg = 1 measure(s] per frequency
drift canection [
Repeat ng = |0 time(s]
E Range =
Fesotabin = A8 FFal Um
| Fange= | Auta w

Bandwidth= | 5- medium

[~ 25 & / gcan)

- Reduce time of the measurement (activated below 10 Hz)

- Avoid drifts for non-steady state system on measurement at
low frequency

EIS exp side — Soft Ref: App. Note 19



MULTISINE

BioLogic

Science Instruments

Same result....
....for less time (5 mn instead of 20 mn)

Single Sine
54 .
e Multisinus
=
o
=
@ 0
E T P"—H—’_’j t=20 min 38 5|
330754
-5
>
M
| 33.307'—
0 10 ¢
Re(Z)/mOhm
32065
2308

0 10 20

g time/min

EIS exp side — Soft Ref: App. Note 19



BioLogic DRIFT

. Theoretically, an EIS experiment has to be performed only on
the system at its steady state but for slow system such as
Mode [%ﬂﬂﬁ'ﬁsiﬁe battery, this is almost never the case, so this option allows

the user to perform EIS experiment on a system which is not
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 dt= [0 This is a patented process.

Scan from K= 200000 | kHz =

'o ff= 100000 |mHz Note: Duration of the experiment will be twice longer.
with .%? Md=[§  points perdecade E(t) It
() Nr=[m  points from Fj to Ky Or Or

) |: Logarithmic spacing
in o

. . Show frequencies »»
Linear spacing

sinuz amplitude Y5 = [10.0 my [Wims ~ F.0F mi)

AE ————EWWWWV
wait for pyg = [010 period before each frequency
average Ng= [1 meazure(s) per frequency t t
drift canection [ 0 0
Fepeat ng= |0 time(z) E(t) 1)
E Range = Or 0
Farakaive = 8 8w
| Range= | Auto w
Bandwidth= |5 - medium -
[~ 48z / zcan]
AE

EIS exp side — Soft Ref: App. Note 17



BioLogic DRIFT

First EIS just after the

After a pulse of current current pulse is higher
x 1204 X
150
100+ S %
T x
£ x § 80 X .
§ 100 x x % = «
g x x GEE . £ x X%
E b X X x X § X Xé&k
" s0f xR 20
X xgg 201
o
5

T T . 200 300
100 200 300 Re(Z)/Ohm

Re(Z)/Ohm
Two other EIS (done after) are stable
120]
X
1501 100- stable %
< B
£ X o 1 x
5 100 X x X @ 60 L o x % L x
N x x £ XX X X
E % X b407 x 8
- X % X *
50 X X X X 3o ] x X
><>< < x)X 20 ))(ﬁ(x
X x Xx
£ ¥ ) E— | |
N | | | 200 250 300
0 100 200 300 Re(z)/Ohm

Re(Z2)/Ohm

Ref: App. Note 17

EIS exp side — Soft



\/\§i9!.ogic EIS ON COUNTER ELECTRODE

For this kind of measurement, a three-electrode setup is required.

ZWE ZCE In « Cell Characteristics » tab:
I I Recard

Ece WE A2
Ewe-Ecen =l E T
P RE/refz 5 |
Analog IM 144 EDEJ' —
Analog M 245/ ref3

Aecord external devices on Snalog IM# CE/LAT

CA2/REF1

Q

EIS exp side — Soft



\/\§i9!.ogic EIS ON COUNTER ELECTRODE

.
5] difference is not due
4] to the battery but to
. the connection
0 ///\//
e
2 2]
52, “ Working Electrode Counter Electrode
.
o
0]
1]
o]
6]
o]
R

Re(Zce)/m Ohm

EIS exp side — Soft



BioLogic EIS ON STACK OF CELL

Refl

CA2 CA1

O =

Refl Ref2 Ref3

Master channel
(control and measure
the whole stack)

Slave channel
(only measures)

Ref2+Ref3

Group / Synchronize f Stack
Group WMFP3 - 237 device, channel 14 in made with :

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 |

EIS exp side — Soft

Ref: App. Note 16



BioLogic EIS ON STACK OF CELL

E\E Graph E\@
peis 5 with R.mpr
“+ mZ1)vs.Re(Z1)  —— -mZ2)vs Re(Z2)  —+— -m(Z3)vs. Re(Z3) » Stack of 12 elements
—+ m(Z4)vs Re(Z4)  —— m(Z5)vs Re(Z5)  —— -Im(Z6)vs. Re(ZE
—— -Im(Z7) ve. Re(Z7) —— -Im{Z8) vs. Re(Z8) —— -Im(Z5} vs. Re(Z9)
—+ _m(Z10) ve. Re(Z10) #
0006 = Impedance of the stack (Zstack) is
E oo the sum of the impedance of each
s
z element (71, 72, ...)
H
0,002
Re(Z10}/0hm
peis 5 with R.mpr
—— -Im{Zstack) vs. Re(Zstack)
stac
0,06
=)
R
®
]
E 0
0,02
0. 08 05 06 07
Re(Zstack)/Ohm

EIS exp side — Soft Ref: App. Note 16



\/\ BioLogic
Science Instruments

Some analysis tools
of EC-Lab®

* Kramers-Kronig
* Zfit
* Mott-Schottky/capacity measurement

EIS exp side



BioLogic KRAMERS-KRONIG

Kramers-Kronig

There is a relationship between Re(Z) and Im(Z) when: Riesults
. . . . <A Reld)> = HEd
- causal, stable an dlinear time invariant system AMZD = s
-whenf—>0and f— oo WE> =
<A Phazelf]x = wwun
Checks the validity of the measurement =

This works only for non-truncated plot.

Applicable Non-applicable
.

1 2 0 1
Re(Z)/kOhm Re(Z)/kOhm

EIS exp side - tools Ref: App. Note 15



BioLogic EIS DATA FITTING (ZFIT)

Equivalent Circuit Edition

Circuit 242 D escription
|R1+C2/R2+w3 | Add Ca
Dizplay Circuits Wwith : W
e l4 =) Elements] [ R4 ]
£ Fit @ Element(z) [ Fe |
[ &1l Circuits Impedance
Equivalent circuit FL2 (A2 Zifl=Ry s — L
|E1 |@] ]l ' Tri2afFaCa izaf
Myquist Diagram [HmlZ) vs. Rel2)]
paran. sel.|sign|value uinit |dev. »
C1 +- 1e-B F R
—8 /
— 3
—E R Fiy+Fig
|
4
] v
. s
Fit
Select cycle(s) -R: reS|stor,
M ethod |Hand|:|mize + Simplex v | - L Se|f/induct0r,
Randamize - C: capacitor,
Stop randomize on (10000 iterations - Q: constant Phase Element (CPE),
Stopfitan 5000 | [iterations ] - W: Warburg Element simulating the semi-infinite diffusion,
Wwieight Fl - W,: Warburg Diffusion Element simulating the convective diffusion,
o . WIS e - M: restricted Linear Diffusion Element,
|terations e Cycle P - G: Gerischer Element.
[ Minimize ][Eseudu:ul: ][ Copy ]

EIS exp side - tools Ref: Manual of EC-Lab®



BioLogic EIS DATA FITTING (ZFIT)

Z Fit [x]

E quirvalent circuit

E NEE if this parameter is checked the corresponding value

oo Tl o o)A will be used in the fit as defined value (non minimized)
C1 [w] ++ 1EE F Het

selection of the sign allowed for the parameter.
+ and/or -.

Oooogooo

2 confidence interval (like a standard deviation).

IA

Calculate
Fit
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

EIS exp side - tools Ref: Manual of EC-Lab®



BioLogic EIS DATA FITTING (ZFIT)

Selection | Results |
Equivalent circuit
C1/R1 v [Edit) )
oo [sllsanlvave i = allow to fit one cycle or several cycles successively and
;‘1— wes allow one to follow the changes of the values with the cycles
. <} 200
A 65+ ’
0 | Point 0, Cycle 1| x L 190
L] 60
. : - 180
_E 551 Each point corresponds to one cycle of
¢ > 501 SPEIS (at different voltage) T 170
Fit € 401 0
Select m w | cyclels] 5 35 b 150%‘
Method Fiandomize + Simplex b | E | Point 3, Cycle 4|”_9‘ * F 140 B
Randornize 30
Stop randomize on 10000 iterations 251 . 130
Stopfiton 15000 | |iterations v| ] ) L 120
Weight 1 (W 20 x * '
){F M j(_g,-"\fﬁ pEE 15 ) x 110
Iterations — wme Cycle WA 101 | Point 10, Cycle 11| I
N - 100
tinimize || Peeudol || Co Close 517 T T T ul
(i oot ~ ~ ;
<Ewe>/V

EIS exp side - tools Ref: App. Note 30



BioLogic EIS DATA FITTING (ZFIT)

- Fit on several cycles

354
607
304
E 40
25 o
N 20
£ 20] E
] L "o
N x
E 159 T —— .
' 20
101
54 —
9 ‘Q%h {
R [ i i
<Ewe>/V
50
51 Re(Z)/Ohm
0 20 40 60 100
Re(Z)/Ohm

Follow up of the element values variations with time/potential/current..

EIS exp side - tools Ref: App. Note 30



BioLogic

Science Instruments

- Fit on several cycles

EIS DATA FITTING (ZFIT)
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EIS exp side - tools

Ref: App. Note 30
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Z Fit [x]

Equivalent circuit
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EIS exp side - tools Ref: Manual of EC-Lab®
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C.. is the capacitance of the space charge region,

g is the dielectric constant of the semiconductor,

gg is the permittivity of free space,

kT N is the donor density (electron donor concentration for an n-type semi-conductor or
S = (E—Eg - —) hole acceptor concentration for a p-type semi-conductor),

Cse  e& N e E is the applied potential,

Erg is the flatband potential.

| 2

Mott-Schottky E3 1,600-
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Temperature | 23.0°C 1,400+
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, 2 _
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EIS exp side - tools Ref: App. Note 24
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CAPACITY in the MPR FILE

If the equivalent circuit is modeled by R/C, or R+C,, the mpr file of the EIS techniques
(PEIS, GEIS, SPEIS, SGEIS, PEISW) includes already the capacity value C, and C,.

File Selection
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EIS exp side - tools

Ref: App. Note 35
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CAPACITY in the MPR FILE

This allows one to plot on-line (without Zfit), C; or C, versus voltage or time.

C vs Voltage at several frequencies
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EIS exp side - tools

Ref: App. Note 35
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Feel free to visit our web site, some application notes or EIS handbook
may be helpful for your applications:

http://www.bio-logic.info/potentiostat/notesan.html

Thank you for your attention

Lets move to the instruments

EIS exp side
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