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Impedance Intro

Introduction to Electrochemical
Impedance

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique for characterizing the
electrical behavior of electrochemical systems like water fuel cells. Understanding impedance helps
us model and predict how the WFC behaves across different frequencies.

What is Impedance?

Impedance (Z) is the AC equivalent of resistance. While resistance applies only to DC circuits,
impedance describes how a circuit element opposes current flow at any frequency, including the
phase relationship between voltage and current.

Impedance Definition:
Z =V(t) | I(t) =12 xe?=2 +jz°

Where:

e |Z| = impedance magnitude (Ohms)

e 0 = phase angle between voltage and current
e Z' = real part (resistance-like)

e Z'" = imaginary part (reactance-like)

e j = V(-1) (imaginary unit)

mpedance of Basic Elements

Z =R 0°

Resistor (R) None
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Capacitor (C) |Z| decreases with f

Inductor (L) Z=j7L +90° |Z| increases with f

Why Use Impedance for WFC
Analysis?

Impedance spectroscopy reveals information that simple DC measurements cannot:

Separating processes: Different phenomena occur at different frequencies
Non-destructive: Small AC signals don't significantly perturb the system
Complete characterization: Maps all electrical behavior across frequency
Model fitting: Allows extraction of equivalent circuit parameters
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Electrochemical Impedance
Spectroscopy (EIS)

EIS measures impedance across a range of frequencies to create a complete picture:

Typical EIS Procedure:

Apply small AC voltage (5-50 mV) superimposed on DC bias
Sweep frequency from high to low (e.g., 1 MHz to 0.01 Hz)
Measure current response at each frequency

Calculate impedance Z = V/I at each frequency

Plot results as Nyquist or Bode diagrams
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Nyquist Plot

The Nyquist plot shows the imaginary part (-Z') vs. the real part (Z') of impedance:
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Reading a Nyquist Plot:

High frequency intercept: Solution resistance (RS)
Semicircle diameter: Charge transfer resistance (Rct)
Semicircle peak frequency: Related to Ri X Cy

45° line at low frequency: Warburg diffusion impedance

Bode Plot

The Bode plot shows magnitude and phase vs. frequency on logarithmic scales:

Bode Magnitude Plot:

|Z| (log scale) vs. frequency (log scale)

e Flat regions indicate resistive behavior
e Slope of -1 indicates capacitive behavior
e Slope of +1 indicates inductive behavior

Bode Phase Plot:

Phase angle 6 vs. frequency (log scale)



e 6 = 0° indicates resistive
e O = -90° indicates capacitive
e 6 = +90° indicates inductive

Frequency Ranges and Processes

Different electrochemical processes dominate at different frequencies:

mm

> 100 kHz Bulk solution, cables R, parasitic L
1 kHz - 100 kHz Double layer charging Ca
1 Hz-1kHz Charge transfer kinetics R
<1Hz Mass transport (diffusion) Zy (Warburg)

Why This Matters for VIC

Understanding EIS helps VIC design in several ways:

e Accurate modeling: Know the true WFC impedance at your operating frequency

e Frequency selection: Choose operating frequencies that optimize energy transfer
e Tuning: Understand why resonance may shift during operation

e Diagnostics: Identify problems from impedance changes

Practical EIS for WFC Characterization

Equipment Needed:

e Potentiostat with EIS capability (or dedicated EIS analyzer)



e Three-electrode setup (working, counter, reference)
e Shielded cables to minimize noise
e Faraday cage for low-frequency measurements

Alternative for Hobbyists:

An audio frequency generator + oscilloscope can characterize WFC in the 20 Hz - 20 kHz range
relevant to most VIC circuits.

Key Takeaway: Electrochemical impedance reveals that a WFC is far more complex than a simple
capacitor. Its impedance varies with frequency, voltage, temperature, and time. The equivalent
circuit models in the following pages help capture this complexity for VIC design.

Next: The Randles Equivalent Circuit =



Randles Circuit

The Randles Equivalent Circuit

The Randles circuit is the most widely used equivalent circuit model for electrochemical interfaces.
It captures the essential elements of an electrode-electrolyte system and serves as the foundation
for more complex models used in WFC analysis.

The Classic Randles Circuit

Proposed by John Randles in 1947, this circuit combines resistive, capacitive, and diffusion
elements:
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Rs = Solution resistance

Cdl = Double layer capacitance
Rct = Charge transfer resistance
Zw = Warburg diffusion impedance

Component Meanings

R, lonic resistance of electrolyte 10 Q- 10 kQ (depends on
solution between electrodes conductivity)
C Electric double layer capacitance at MF to mF range (depends on area)

di
electrode surface



R, Resistance to electron transfer at 1 Q-1 MQ (depends on
electrode (reaction kinetics) overpotential)

z, Impedance due to diffusion of Frequency-dependent (see Warburg
reactants/products page)

Total Impedance

The total impedance of the Randles circuit is:

Ziotal = Re + [Zagr |l (Ryy + Zy]
Expanding:

Ziotal = Re + [(Ryy + 2wl [ [1 +772Cy (R + Zp]

Frequency Response

The Randles circuit produces a characteristic Nyquist plot:

-Z'!
T
| 00O
| o o
| o o ~ Semicircle from Rct||Cdl
| o o
| o o
| o o o
| oo
| 0 O « Warburg 45° line
| oo
| L7
T T T
Rs Rs + Rct Low freq limit
(high freq) (semicircle end)

Time Constants in the Randles Circuit

Double Layer Time Constant:

2a = R x Gy



Determines how quickly the double layer charges through the solution resistance.

Charge Transfer Time Constant:

?ct = R X Gy

Determines the peak frequency of the semicircle: fpe = 1/(2n‘rct)

ak

Simplified Cases

Case 1: Fast Kinetics (R, ? 0)

When the electrochemical reaction is very fast:

e Semicircle disappears
e Only Warburg tail remains at low frequency
e The system is "diffusion-controlled"

Case 2: Slow Kinetics (R ? large)

When the electrochemical reaction is slow:
e Large semicircle dominates

e Warburg region may not be visible
e The system is "kinetically-controlled"

Case 3: No Faradaic Reaction (R, ? ?)

When no electrochemical reaction occurs (blocking electrode):
e No semicircle

e Purely capacitive behavior at low frequency
e Nyquist plot is a vertical line

Randles Circuit for WFC

In a water fuel cell, the Randles elements have specific meanings:



R Water conductivity, electrode gap Adds to total circuit resistance,

reduces Q

CdI EDL at each electrode Part of total WFC capacitance

R Activation barrier for water splitting Limits DC current, less relevant at
high freq

Z, Diffusion of H2/O2 gases, ions Important at low frequencies only

Extended Randles Circuit

For more accurate WFC modeling, the Randles circuit can be extended:
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Anode

This model includes separate elements for anode and cathode interfaces plus the geometric
capacitance.

Parameter Extraction

From an experimental EIS measurement, Randles parameters can be extracted:

1. RS: High-frequency real-axis intercept
2. R Diameter of the semicircle

3. Cgf From peak frequency: C = 1/(2nfpeacht)
4. Warburg coefficient: From slope of the 45° line

Software Tools: Programs like ZView, EC-Lab, and Nova can automatically fit Randles parameters
to EIS data. Open-source options include impedance.py (Python) and EIS Spectrum Analyzer.



VIC Design Application: The Randles circuit shows that at VIC operating frequencies (1-50 kHz),
the WFC behaves primarily as Cdl in series with R.. The charge transfer resistance and Warburg
impedance become important only at lower frequencies where actual water splitting occurs.

Next: Cole-Cole Relaxation Model —»



Cole-Cole Model

Cole-Cole Relaxation Model

The Cole-Cole model describes how the dielectric properties of materials change with frequency. In
WEFC applications, it provides a more accurate model of capacitance dispersion than the simple
Randles circuit, especially for systems with distributed time constants.

Origin of the Cole-Cole Model

Kenneth and Robert Cole (1941) observed that many dielectric materials don't follow simple Debye
relaxation. Instead, the relaxation is "stretched" across a broader frequency range. The Cole-Cole
model quantifies this behavior with a single additional parameter.

The Cole-Cole Equation

Complex Permittivity:

K(?) = 2 + (26 - ?) | [1+ (j??)(1-7)]

Where:

€. = high-frequency (optical) permittivity
3= static (DC) permittivity

T = characteristic relaxation time

o = Cole-Cole parameter (0 = a < 1)

w = angular frequency (2nf)

The ? Parameter

The Cole-Cole parameter a describes the "spread" of relaxation times:



a=0 Simple Debye relaxation Single relaxation time, ideal system
o =0.1-0.3 Slight distribution Minor surface heterogeneity

a = 0.3-0.5 Moderate distribution Typical for WFC electrodes

o = 0.5-0.7 Broad distribution Rough or porous electrodes

a-1 Extreme distribution Highly disordered system

Cole-Cole Plot

Plotting -€" vs. €' creates the characteristic Cole-Cole diagram:
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The Cole-Cole model produces a depressed semicircle, with the center located below the real axis.

Depression Angle

The depression angle 6 relates to a:

? =7 x (?/2) radians = ? x 90°

Example: a = 0.3 gives 6 = 27° depression



Physical Origins of Distribution

Why do WFC systems show Cole-Cole behavior?

Surface roughness: Different local environments at electrode surface
Porous electrodes: Distribution of pore sizes and depths

Oxide layers: Non-uniform thickness or composition

Grain boundaries: In polycrystalline electrodes

Adsorbed species: Non-uniform coverage of adsorbed ions

Impedance Form of Cole-Cole

For circuit modeling, the Cole-Cole element is expressed as impedance:
Zc = R/ [1 + (] ?2?) (1-?)]

This can be represented as a resistor in parallel with a Constant Phase Element (CPE).

Cole-Cole in the VIC Matrix Calculator

The VIC Matrix Calculator uses the Cole-Cole model for WFC characterization:

Cole-Cole Parameters in the App:

alpha (a) Distribution parameter (0-1)

tau (1) Characteristic time constant (seconds)
epsilon_s Static permittivity

epsilon_inf High-frequency permittivity

Frequency-Dependent Capacitance

The Cole-Cole model predicts how capacitance varies with frequency:

Effective Capacitance:



Cert(?) = Gy x [1 + (??)2(1-7]-12
At low frequency: C_, - C, (full capacitance)

At high frequency: Cer 2 C, <Gy (reduced capacitance)

Practical Example

WFC with Cole-Cole Parameters:

e T = 10 us (characteristic frequency ~16 kHz)
e a = 0.4 (moderate distribution)
o CO = 10 nF (DC capacitance)

Effective Capacitance at Different Frequencies:

100 Hz 0.006 ~10 nF (98%)
1 kHz 0.063 ~9.5 nF (95%)
10 kHz 0.63 ~7.5 nF (75%)
50 kHz 3.14 ~4 nF (40%)

VIC Design Implications

The Cole-Cole model affects VIC design in several ways:

1. Resonant frequency shift: As frequency changes, Cef_f changes, shifting resonance
2. Broader resonance: The distribution of time constants broadens the frequency response
3. Q factor reduction: Losses associated with the relaxation reduce circuit Q



4. Frequency selection: Operating below the characteristic frequency maximizes
capacitance

Practical Recommendation: For VIC circuits, choose an operating frequency below the Cole-Cole
characteristic frequency (fC = 1/2nT) to maximize effective WFC capacitance. The VIC Matrix
Calculator can help determine optimal operating frequency based on your WFC's Cole-Cole
parameters.

Next: Warburg Diffusion Impedance -



Warburg Impedance

Warburg Diffusion Impedance

The Warburg impedance describes mass transport limitations in electrochemical systems. When
reactions are fast but reactants or products can't diffuse quickly enough, the Warburg impedance
becomes the dominant factor. Understanding this helps predict WFC behavior at low frequencies.

What is Diffusion?

Diffusion is the spontaneous movement of particles from regions of high concentration to low
concentration. In electrochemical cells:

e Reactants must diffuse to the electrode surface
e Products must diffuse away from the electrode
e This mass transport takes time and creates a frequency-dependent impedance

The Warburg Element

Semi-Infinite Warburg Impedance:
Zyw = ?12? x (1 - j) =2/2? - j?2/??

Where:

e 0 = Warburg coefficient (Q-s71/2)
e W = angular frequency (rad/s)
e | = imaginary unit

Magnitude and Phase:

| Zy) = ??2/7?? (decreases with frequency)



? = -45° (constant phase)

Warburg Coefficient

The Warburg coefficient depends on the diffusing species:
? = (RT)/(n2F2A?2) x [1/(DyCy + 1/ (DRCR ]

Where:

R = gas constant (8.314 J/mol-K)

T = temperature (K)

n = number of electrons transferred

F = Faraday constant (96485 C/mol)

A = electrode area

Dy Dg = diffusion coefficients of oxidized/reduced species
CO, Cr = bulk concentrations

Nyquist Plot Appearance
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Types of Warburg Impedance



1. Semi-Infinite Warburg (W)

The classic form, assumes infinite diffusion layer:

e Appears as 45° line on Nyquist plot
e Valid when diffusion layer << electrode separation
e Most common model for thick electrolyte layers

2. Finite-Length Warburg (Wo)

For thin electrolyte layers or porous electrodes:
Z, = (?/??) x tanh(?(j??p)) / 2(j??p

Where T, = L?/D (diffusion time across layer of thickness L)

3. Short Warburg (Ws)

For convection-limited systems:

Z, = (?2/2?) x coth(2(j??p) | 2(j??p

Frequency Dependence

Frequency |Z,,| Behavior Physical Meaning
W

Very low Large Plenty of time for diffusion to affect
response

Medium Moderate Partial diffusion limitation

High Small Not enough time for concentration
gradients

Warburg in Water Fuel Cells

In a WFC, Warburg impedance arises from:

e H: diffusion: Hydrogen gas bubbles and dissolved H:
e O: diffusion: Oxygen gas bubbles and dissolved O:
e lon migration: H*, OH-, and electrolyte ions



e Water replenishment: At high current densities

Typical Values for WFC
I T

Warburg coefficient (o) 1-100 Q-5’12 Higher in pure water

Characteristic frequency 0.01-10 Hz Depends on diffusion length

Diffusion length 10-1000 pm Sets electrode spacing limit

Relevance to VIC Operation

Good News for VIC:

At typical VIC operating frequencies (1-50 kHz), the Warburg impedance is negligibly small

because:

. |ZW| « 1/Vf decreases rapidly with frequency
e At 10 kHz: |Z, | is ~100x smaller than at 1 Hz
e Diffusion processes can't keep up with rapid voltage changes

When Warburg Matters:

e Very low frequency operation (<10 Hz)

e Step-charging with long dwell times

e DC bias measurements

e Diagnosing electrode fouling or gas buildup

Practical Implications



Frequency selection: High-frequency operation minimizes diffusion effects
Bubble management: Gas bubbles increase Warburg impedance
Electrode design: Porous electrodes have complex diffusion paths
Stirring/flow: Can reduce diffusion limitations

W

Measuring Warburg Parameters

To characterize the Warburg element in your WFC:

Perform EIS down to very low frequencies (0.01 Hz)

Look for the 45° line region in Nyquist plot

Measure the slope to determine o

Note the frequency where Warburg transitions to capacitive/resistive

P whH

Key Takeaway: The Warburg impedance is important for understanding electrochemical kinetics
but becomes negligible at VIC operating frequencies. Focus on the double layer capacitance and
solution resistance for high-frequency VIC design. However, be aware that low-frequency or DC
operations will encounter significant diffusion effects.

Next: Constant Phase Elements (CPE) —



CPE Elements
Constant Phase Elements (CPE)

The Constant Phase Element (CPE) is a generalized circuit element that better represents real
capacitor behavior in electrochemical systems. It accounts for the non-ideal response of electrode
surfaces and is essential for accurate WFC modeling.

Why ldeal Capacitors Don't Work

Real electrochemical interfaces rarely behave as ideal capacitors. EIS measurements typically
show:

e Depressed semicircles (not perfect)
e Phase angles between -90° and 0° (not exactly -90°)
e Frequency-dependent capacitance

The CPE was introduced to model this non-ideal behavior with a single additional parameter.

CPE Definition

CPE Impedance:
Zepg = 11 [Q]?)"N]

Where:

e Q = CPE coefficient (units: S-s" or F-s(n-1))
e N = CPE exponent (0 =n=<1)
e W = angular frequency (rad/s)




Magnitude and Phase:
| Zepel = 1 7 (Q2M)

? = -n x 90°

Special Cases of CPE
e

Ideal Capacitor Perfect dielectric, smooth
surface
n=0.5 -45° Warburg Element Semi-infinite diffusion
n=0 0° Ideal Resistor Pure resistance
0.7<n<1 -63° to -90° "Leaky" Capacitor Typical for rough
electrodes

Physical Origins of CPE Behavior

Several factors cause electrodes to exhibit CPE rather than ideal capacitor behavior:

1. Surface Roughness

Real electrode surfaces are not atomically flat. Bumps and valleys create a distribution of local
capacitances.

2. Porosity

Porous electrodes have different penetration depths for different frequencies, causing distributed
charging.

3. Chemical Heterogeneity

Different chemical composition or oxide thickness across the surface creates varying local
properties.

4. Fractal Geometry

Some electrode surfaces have fractal characteristics, leading to CPE exponents related to fractal
dimension.



Converting CPE to Effective
Capacitance

For circuit analysis, it's often useful to extract an "effective capacitance" from CPE parameters:

Brug Formula (for R-CPE parallel):
Ceff = Ql/n x R(1-n)/n

Simplified (when n is close to 1):

Ceis 2 Qat ? = 1 rad/s

At specific frequency:
Cer(?) = Q x 2(n-1)

CPE in Modified Randles Circuit

A more realistic WFC model replaces the ideal Cq with a CPE:
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T T T T
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I | ||
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| ]Q,n| | ||
| — — |
| |
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This produces the characteristic depressed semicircle seen in real EIS data.

Typical CPE Values for WFC

Polished stainless steel 0.85-0.95 10-50 pF-s(M1)/cm?2

Brushed stainless steel 0.75-0.85 20-100 pF-st"1/em?



Electrode Type n (typical) Q (typical)

Sandblasted electrode 0.65-0.75 50-200 pF-st"1)/cm?

Porous electrode 0.50-0.70 100-1000 pF-s("1jcm?

VIC Design Implications

Why CPE Matters for VIC:

1. Frequency-dependent capacitance: Ceﬁc = Qw1 means capacitance varies
with operating frequency

2. Resonant frequency prediction: Must account for CPE when calculating fo

3. Q factor effects: The lossy nature of CPE (when n < 1) reduces circuit Q

4. Surface treatment: Smoother electrodes (higher n) behave more like ideal
capacitors

Measuring CPE Parameters

To determine Q and n for your WFC:

1. Perform EIS measurement across relevant frequency range
2. Fit data to modified Randles circuit with CPE

3. Extract Q and n from fitting software

4. Validate by checking phase angle: 8 should equal -n x 90°

CPE In VIC Matrix Calculator

The VIC Matrix Calculator can incorporate CPE effects:

e CPE exponent (n): Adjust from the Water Profile or Cole-Cole settings
o Effective capacitance: Calculated at operating frequency
e Loss factor: Related to (1-n), represents energy dissipation

Practical Recommendation: If your WFC electrodes are rough or etched (to increase surface
area for gas production), expect significant CPE behavior (n = 0.7-0.85). This will broaden your
resonance peak but reduce maximum Q factor. Smooth, polished electrodes (n > 0.9) behave more



ideally and allow sharper tuning.

Chapter 3 Complete. Next: VIC Circuit Theory —



