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?=2z +jz'

Where:

¢ |Z] = impedance magnitude (Ohms)

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

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

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

Impedance of Basic Elements



Resistor (R) Z=R 0° None
Capacitor (C) Z =179 -90° |Z| decreases with f
Inductor (L) Z=j"% +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 =
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