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1

E = I(t)

I = E(t)

dE/dt = 
I(E)

f [Hz] = Z(ω) [Ω]

f [Hz] : [s−1] Z(ω) [Ω] = E(ω) / I(ω) [V/A]
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(τNE / τPE) 

τPE = 
RPE CPE

τNE = 
RNE CNE
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Supplementary Information

Electrochemical Impedance Spectroscopy Part 1: Fundamentals

Electrochemical Impedance Spectra for 
Porous Electrodes and Transmission-
Line Models 

1. Transmission-Line Model (TLM)
2. TLMs for Porous Electrode
3. TLMs for Warburg Impedance
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Transmission-Line Model (TLM)

See Section 3.1.

4

Electric circuit with a ladder-like structure

Typical example of an equivalent circuit of an electric cable (TLM with L and C)

Typical example in the field of electrochemistry (TLM with R and C)

Here, a bundle of infinitesimally small steps 
are indicated by a gray area, 
for the convenience of drawing

See Fig. 11
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A

B

C

5

Dimensions of the values of microelement rows

microelement 
along the ladder
microelement 

along the ladder

microelement 
across the ladder

per unit length total in TLM
impedance capacitance 

(if used)
impedance capacitance 

(if used)

element 'A' (or 'C')
zA[ /cm]

cA [F cm] 

(zA = 1/j cA) 
ZA[ ] = zAL

CA [F] = cA L

(ZA = 1/j CA) 

element 'B'
zB[ cm]

cB [F/cm] 

(zB = 1/j cB) 
ZB[ ] = zB L

CB [F] = cBL

(ZB = 1/j CB) 

See Eqs. 9-11, 14-17

6

Impedance of a TLM depends on the selection of two terminals 
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7

Four different measurements of a TLM with three elements row 

X

8

Conditions of the rests of the terminals also affect the impedance 

open

some outer 
element

short-circuit
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9

Typical impedance values of TLMs (1)

A

B

A

B

A

B

(L )

infinite length

See Table 2

10

Typical impedance values of TLMs (2)

A

B

C

A

B

C

A

B

C

See Table 2
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11

Example to make a specific equation 

A

B

TLMs for Porous Electrode

See Section 3.2.
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13

solution (bulk)porous electrodesubstrate

electronic 
current

ionic current

electronic current

One-dimensional modeling inside a porous electrode

if electronic resistance is negligible, 

interfacial impedance 
(faradaic impedance and 
double-layer capacitance)

See Fig. 12

14

Effects of ionic resistance (1) 

rion increasing

without rion

See Fig. 14
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15

without rion

Effects of ionic resistance (2) 
See Fig. 14

TLMs for Warburg Impedance 

See Section 3.3.
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17

Cdl

Rct

Rs

Warburg

TLM can describe diffusion

18

1-D diffusion near the surface of an electrode

sinusoidal concentration 
changes are induced 

propagation into the 
bulk with attenuation 

governing equations

electrode electrolyte

concentration change, c

See Eqs. 18-25
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19

Translation into a TLM 

governing equations

See Eqs. 18-25

(open)

(short-circuit)

infinite length

20

Making boundary conditions 

semi-infinite diffusion

permeable boundary (PB)

See Appendix, Fig. 10

(Eq. 6)

(Eq. 7)

impermeable boundary (IPB)

(Eq. 8)
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