Lecture 8:
Impedance Spectroscopy
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Oion = Cy; ZyyF My

Grain boundary
If we assume the mobility of V) is the same in the bulk and

grain boundary, then the ionic conductivity is mainly
affected by the depletion of oxygen vacancies.

Consider the series layer model:
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Oion = Cy; ZyyF My

Grain boundary

We can also construct the parallel layer model:
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Series layer model Parallel layer model
4
electrode electrode

Rbulk RSCL
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How to theoretically model and experimentally measure Ry & Cs¢; ?
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Electrochemical Impedance Spectroscopy (EIS):

® Why do we need electrochemical impedance spectroscopy? What problem are we trying to solve
with this technique?

® How to understand the equivalent circuit model? How does the equivalent circuit model for a
polycrystalline sample with grain boundaries look like?

Goal of this lecture: you should be able to answer the questions above by the end of this lecture :)




Why do we need Electrochemical Impedance
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Y.-M. Chiang, E. B. Lavik, I. Kosacki, H. L. Tuller, and J. Y. Ying, Applied Physics Letters 69, 185 (1996)
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Assumption: if the perturbation is small, then the I-V

I-V characteristics of an electrochemical system ) .
curve can be linearized.
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I-V characteristics of an electrochemical system
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Assumption: if the perturbation is small, then the I-V
curve can be linearized.
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Z(w) =|Z|cosp + i|Z|sing
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Nyquist plot
(Z'~Z" plot)

Note: more commonly

we plot Z'~ —Z"

For a resistor, since I and V should always be in phase,
we have:

R
—— ——  Zw)=R
Note: only has the real part; invariant w/ frequency w

For a capacitor, I and V should always be completely
out of phase
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For a capacitor, I and V should always be completely
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Note:

® The electrochemical system is a black box, i.e.,
there is no prior knowledge on which circuit
model should be used;

Input Output ® There might be more than one equivalent circuit
______ that can fit the data equally well.
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Z(w) =R+ L ) We can define dimensionless impedance Z = Z /R 1
w) = — = = _ 3
lwCR dimensionless frequency @ = wRC it = B i@
. w =0
_nt Note: the advantages of using normalized dimensionless
: quantities are:
Nyquist plot for
dimensionlessZ @ The equations are much easier to write :)
(Z'~—Z" plot)
® \We can see how each physical quantity scales, e.g.
AOZ® ® 7 =7/R -> Z scales with resistance R;
- Z

® (& = wRC 2w scales inversely with RC. Keep in
0 1 . .
mind that time constantt = RC
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‘ add dimensions
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Consider a polycrystalline material with much lower conductivity at
the grain boundaries (GB) compared to the bulk

path (1)
path (2) —» Je—path (1) R Res
e :C . Rpuik _ 0gg D Courk _ €puk d
4!_/‘/_;!_/ [ <A | Reg  opud | | Ceg €8 D
* f\/\ (d < D)
path (2) -
Res
c. ® If 0.5 K Opyik, then path (2) (i.e., series
L layer model) will be dominate;
e e ® If o, > 0y, then path (2) (ie.,
grain interior (bulk) / (a) \ grain boundary (GB) (C) pA— conducting along GBS) mlght be
activated.

PhD Thesis, Kiran Adepalli, Max-Planck Institute for Solid State Research (2013)
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electrons as majority charge carriers
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® If 0.5 < Oy, then path (2) (i.e., series
layer model) will be dominate; = this is

> holeg R R the case for Vy and b’
o S —
grain interior rain boundary T o s Coo | ® Ifo.g > 0y, then path (2) (ie.,
(bulk) (GB) N . conducting along GBs) might be activated.

- this is the case for e’

PhD Thesis, Kiran Adepalli, Max-Planck Institute for Solid State Research (2013)
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Electrochemical Impedance Spectroscopy (EIS):

® Why do we need electrochemical impedance spectroscopy? What problem are we trying to solve
with this technique?

® How to understand the equivalent circuit model? How does the equivalent circuit model for a
polycrystalline sample with grain boundaries look like?

Goal of this lecture: you should be able to answer the questions above now (hopefully) :)
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End of Lecture 8
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