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Introduction

Terminology:

. AC Impedance Spectroscopy (IS)

. Electrochemical Impedance Spectroscopy (EIS)
. Complex Impedance Spectroscopy (CIS)
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Introduction

® F 5 5F24: This is a transient technique, but one that
requires a general steady state condition.

® O] |44 : can be used for determining both:
Interfacial parameters (JRE=#%)

a) reaction rates b) rate constants
¢) capacitance/charge storage abilities
d) diffusion coefficients e) adsorption rate constants

f) reaction mechanisms

Material parameters (27£/=40)

a) conductivity b) dielectric constants
¢) bulk generation-recombination reaction rates
d) charge mobilities e) film thickness

f) equilibrium conc. of charged species
o) presence of pores and cracks



General concept

-- like other spectroscopy experiments, we apply an excitation to
the system under study and observe its response (generally as
a function of frequency)
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) Electrochemical experiment
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--in EIS, we apply a potential perturbation (usually a Sine wave)
and observe the current response, which is a sine wave at the same
frequency, but with a different amplitude and phase than the

potential signal.
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Advantageous features of EIS

-- measurements are made under steady state conditions

-- all electrical parameters of the system can be determined in a
single experiment

-- a simple measurement, easy to automate

-- characterize bulk and interfacial properties of all sorts of
materials (conductors, semiconductors, ionic transport media,
dielectrics (insulators))

-- can be used to help verify mechanistic models

-- works even in low conductivity electrolyte solutions

-- signal can be averaged over long periods to achieve high
precision

-- non-destructive

Caution: Because it is easy to do, it is also easy to collect large
amounts of meaningless data! (FGXEIE/REIE)




Basis of EIS: Ohm’s law

Ohm’s law: current is approximately proportional to
electric field for most materials.

|=\L or V=IR or R=\L /&\
R | I.R

The complex generalization of resistance is impedance,
usually denoted with Z.

V=1-Z
Z=27'+2Z"]
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R: Resistance in AC

¢ Resistance circuit

- Applied electric energy is consumed as heat
P=VI=I’'R=V?/R

- V=IR (Ohm’s Law)

- the 1dentical phase between resistance and
applied voltage o AEEID LN

TR,
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R: Resistance in AC

WX$i (Euler) ~I:
e” = cos(X) +1sin(X)

V =V, (cos(at) + jsin(at)) =V e’
VO
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- Impedance:

Ly = VT = R(cos(0)+ Jsin(0)) =R



R: Resistance in AC
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C: Capacitance in AC

¢ Capacitance
- Applied electric energy is stored as electrostatic energy
- One half cycle =2 store the charge

The next on half cycle 2 release the charge | _y, ot
- the current leads voltage by 90° Q=COV=CV0 piot
Ve = Veysinat I=dQ/dt=jCV, eic!
ge = CVe = CVepysinot
. d. —V/I=1/(i
1o = ;f = @w(CVeqycos ot 2=V/1=1/(joC)
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L: Inductance in AC
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Complex impedance (impedance and admittance)
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RC parallel circuit

V = %Hmc
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Nyquist plot

1) Nyquist plot: -72.” vs. 7
2) Characteristic frequency: o, = 1/(RC)
(maximum point)
or time constant: T = RC
3) Frequency change direction

4) Components: semicircles + straight lines



RL parallel circuit
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RLC parallel circuit

Ro*L* . Rwl (Rw*LC— R)
WL+ (R&'LC— R)* WL +{Ro’LC— R)?
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RC serial, RL serial, RLC serial

ClRCUITE COMPLEX IMPEDANCE ECOMPLD{ ADMITTANCE | IMPEDANCE SPECTROSCOPY
T R-j/(C) | i
szl b = &
T fzlcos(x) T log(x)
R+oLj
| = lzlcos(x) | =
TR E TR <

................

Msin(x)

____________________________




RC parallel, RL parallel, RLC parallel

:COMPLEX ADMITTANCE | INPEDANCE SPECTROSCOPY
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where

R(RC) circuit: RC parallel in series with R
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Depressed semicircle
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where d=(1-o)n/2



Constant phase angle element

Q: CPE (constant phase angle element)

1
_T(ja))p (IPI=1)

Phase angle = -p (nt/2)
-0 resistance /

L

1  capacitor

-1 inductor
“ 0.5




From RC to RQ parallel circuit

Q: CPE (constant phase angle element)




RC-RC circuit: (RC)(RC)
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A typical electrode-solution interface in a cell

-- We have a capacitance due to charging/discharging the
electrical double layer

-- In parallel with the double layer we have a faradaic reaction
proceding at some potential-dependent rate. This is equivalent to
a resistance (remember linear polarization AE/AI = Rct).

-- Finally, in series with those, there is the ever-present solution
resistance Rs
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Nyquist plot: Electrode-solution interface in a cell
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Bode plots: Electrode-solution
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Advantages of Bode plots
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3-D impedance: resistance variation
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3-D impedance: R&C variation
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An origin for the depressed semicircles: 1. polycrystal

Ty Ta T; Ty T,

if T, = 1,=****=1_— one RC parallel circuit(c.=0)
The wider gaussian distribution 1n 1
- The more depression



An origin of depressed semicircles: 2. rough surface
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Data analysis

L.

2.

oy

A portion of the experimental data set 1s selected
using an appropriate criterion

From these selected experimental points
approximated values of the parameters are
calculated by simple method or Complex Nonlinear
Least Square(CNLS) method.

Compare with theoretical values

The difference between these two points is
calculated

The same procedure 1s applied till minimum
dissimilarity 1s obtained.



First term approximation of capacitance

/'C. =1/(2niR,)

. The top point is usually unavailable

- using data point near the top point

2. No consideration for the depression of semicircle
- rough estimation of capacitance



Define equivalent circuit

1) For resistive grain boundary (PTC thermistor, YSZ. ...)
| ] - Serial equivalent circuit p_ P = p_, (d/o,,)

& -
‘ d | C_Lji Cg_jh

» serial I_ _I

Rui Ruh
() 2) For conductive grain boundary (Cak,. AgCl...)
- Parallel equivalent circuit

C
» parallel Iﬁ" —




Impedance Spectroscopy: Application 1 (PTCR Thermistor)

1) Equivalent circuit

2Cop =1

-/(imag.)
m=()

R, R, "Ry,
Z.(real)

- Donor doped BaTiO,

- Oxidative Cooling

- formation ot GG.B. electrical barrier

via fast G.B. diffusion
E.5.

Conduction band

— = EF wn;'f/

| |
I
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Electron
deplation—=
|yer
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Note: Error from the inductance of lead wire

Increase
. In wire length
Selection of data for analysis




Instrumentation for EIS

Solartron CHI Electrochemical
workstation



Impedance spectroscopy (basic aspects)

Purpose: Exploring the electrical behavior of a microcrystalline
solid sample as function of an alternating current (ac) with a
variable frequency.

(note: difference between ac-/dc- and ionic/electronic conduction !l!)

three basically different
regions for the exchange
interactions between
current and sample:

a) inside the grains
(,,bulk*)

b) at grain boundaries

c) surface of the
electrodes

the electrical behavior is simulated by a suitable combination of RC
circuits: R = resistivity, C = capacity



Origin of Grain Boundary Resistance in Stabilized

Zirconia
Space charge layer Siliceous film
Model
Origin Solute segregation near (G.B. Background silica impurity
by different formation energies trace amount (several hundreds
of point defect ppm in weight) plays role of
[Vu”]ﬂh <[Vo ”]L,i blocking

Materials Highly pure material Relatively impure material




-|Z|sin0 [kQ:-cm]

Improvement of R, by scaveging siliceous G.B. phase

Impedance Spectra

s  8Y-BM-1500 Measured at 400°C in air
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Post-Sintering Heat Treatment: 15CSZ sintered at 1550°C

40

0 10 20 30 0 40 80
Time(h) 7'[kCrem]
Y.-S. Jung, J.- H. Lee. J. H. Lee. and D. =Y. Kim, ./
Electrochem. Soc.. 150, 149 (2003)
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Impedance data analysis: Z-view

CPE = Constant Phase Element

Z.=1/[T(jo)"]

p=1 Z=1/(joT) = HZAE C=T 0=90°
p=-1 Z=jo/T =+ HE L=1/T 6=-90°
p=0 Z=1/T - HEHE R=1/T 6=0°

p=05 Z=1/[T(jo)"5] = WarburgfH#Ti 0 = 45°
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Fig. 1. AC impedance spectra of a 1000/T (K

La, 5sLij ;5TiO; pellet at different temperatures

after it had been calcined at 1100 °C and

sintered at 1200 °C: (a) full spectra and (b) Solid State Ionics 144 (2001) 51.
high-frequency part.



Symmetric cell approach
(J. Power Sources 96 (2001) 321)
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Fig. 1. An ac impedance spectra of an Argonne 18650 lithium-ion cell as a
function of storage time. Numbers on the spectrum indicate days of storage.



Symmetric cell approach
(J. Power Sources 96 (2001) 321)

2 normal cells

Symmetric cathodea cell Symmetnc anoda cell

Fig. 2. Scheme of symmetric cell approach. A, S, and C stand for anode,
separator, and cathode, respectively.



Symmetric cell approach
(J. Power Sources 96 (2001) 321)

Z' (ohm)

Fig. 3. An ac impedance spectra of a laboratory-scale lithium-ion cell during
storage. Numbers on the spectrum indicate days of storage. The electrode area
was 20.3 cm2; the electrolyte solvent was EC:DEC.



Symmetric cell approach
(J. Power Sources 96 (2001) 321)
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Fig. 4. Three possible equivalent circuit analogs for a lithium-ion cell. R, C, and
Q stand for resistor, capacitor, and constant phase element, respectively. The
subscripts s, f, ct, and dif stand for the electrolyte solution, surface layer,
charge-transfer, and diffusional component, respectively.
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Fig. 5. An ac impedance spectrum of the lithium-ion cell on day 7 of storage
(squares) and the simulation results with the equivalent circuits shown in Fig.
4a (solid line) and Fig. 4b (dashed line). The fitting parameters for the solid line
are: R;=0.15 Q, R,=0.067 , T,=59 pF, m,=1, R;=0.41 Q, T,=0.076 s Q 21,
m;=0.48, R;=1.60 Q, T,=0.075 s Q7 1'1, m;=0.95, T ;,~=7.6 s Q!5 and m 4;~0.66.
The fitting results for the dashed line are: R,=0.1 2, R,=0.061 2, C,=83.7 pF,
R;=0.062 Q, C;=4.26 mF, R,=1.21 Q, C,=81 mF, T ;~1.22 s Q75 and m4~0.18.
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Fig. 6. Fitting results of the lithium-ion cell for the equivalent circuit in Fig. 4¢
as a function of storage time.
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Fig. 7. An ac Impedance spectra of two half-charged lithium-ion cells and their resultant
symmetric cells measured immediately after charging: (a) spectra of source cells
(diamond marker (): OCV=3.457 V; square marker (L1): OCV=3.473 V); (b) spectrum
of symmetric cathode cell (OCV=4 mV); (c) spectrum of symmetric anode cell (OCV=22
mV); and (d) summation spectra of the source cells () and symmetric cells (L1).
Frequencies are indicated for the solid markers.
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Fig. 8. An ac impedance spectra of the symmetric anode cell (Fig. 7c) as a
function of storage time.
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Fig. 9. An ac impedance spectra of the symmetric cathode cell (Fig. 7b) as a
function of storage time.
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Fig. 10. Equivalent circuits for (a) the symmetric anode cell and (b) the
symmetric cathode cell.
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Fig. 11. Fitting results for the Fig. 12. Fitting results for the
symmetric anode cell as a function symmetric cathode cell as a function of
of storage time: (a) resistance storage time: (a) resistance parameters
parameters and (b) surface-layer and (b) capacitance parameters.

capacitance.
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Fig. 13. An ac impedance spectra of
three fully charged lithium-ion cells
using different solvents in the
electrolyte solutions: (a) EC:DEC; (b)
2EC:DEC:2DMC; (¢) EC:4EMC. The
electrode area was 20.3 cm?.

1.5

coll: I-1F BC:DEC / i+

Ty el e ZECDEC DM T4

0 2 4 6
(a) Z' (ohm)

celk KA/ IEC:DEC 2DMCT K+

-
'r-‘— cell: K17 BCAYEC §IK-)

0 2 4 6
() Z" (ohm)

Fig. 14. An ac impedance spectra of (a) two fully charged cells using different solvents
and (b) their resultant symmetric cells. The structures of the cells are given in the

plots.



