
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.

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

Element Physical Origin Typical Value (WFC)

Rs Ionic resistance of electrolyte
solution between electrodes

10 Ω - 10 kΩ (depends on
conductivity)

Randles Circuit

The Randles Equivalent Circuit

The Classic Randles Circuit

         Rs                 Rct
    ────┬────┬────────────┬────┬────
        │    │            │    │
        │    │            │    │
        │  ──┴──        ──┴──  │
        │  │   │        │    │ │
        │  │Cdl│        │ Zw │ │
        │  │   │        │    │ │
        │  ──┬──        ──┬──  │
        │    │            │    │
        └────┴────────────┴────┘

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

Component Meanings



Element Physical Origin Typical Value (WFC)

Cdl Electric double layer capacitance at
electrode surface

µF to mF range (depends on area)

Rct Resistance to electron transfer at
electrode (reaction kinetics)

1 Ω - 1 MΩ (depends on
overpotential)

ZW Impedance due to diffusion of
reactants/products

Frequency-dependent (see Warburg
page)

The total impedance of the Randles circuit is:

Ztotal = Rs + [ZCdl || (Rct + ZW)]

Expanding:

Ztotal = Rs + [(Rct + ZW)] / [1 + j?Cdl(Rct + ZW)]

The Randles circuit produces a characteristic Nyquist plot:

Total Impedance

Frequency Response

    -Z''
      ↑
      │           ○ ○ ○
      │        ○         ○
      │      ○             ○           ← Semicircle from Rct||Cdl
      │     ○               ○
      │    ○                 ○
      │   ○                   ○  ○
      │                            ○ ○
      │                                 ○ ○  ← Warburg 45° line
      │                                     ○ ○
      └──────────────────────────────────────────→ Z'
         ↑                    ↑              ↑
         Rs              Rs + Rct      Low freq limit
    (high freq)     (semicircle end)

Time Constants in the Randles Circuit
Double Layer Time Constant:



?dl = Rs × Cdl

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

?ct = Rct × Cdl

Determines the peak frequency of the semicircle: fpeak = 1/(2πτct)

When the electrochemical reaction is very fast:

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

When the electrochemical reaction is slow:

Large semicircle dominates
Warburg region may not be visible
The system is "kinetically-controlled"

When no electrochemical reaction occurs (blocking electrode):

No semicircle
Purely capacitive behavior at low frequency
Nyquist plot is a vertical line

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

Charge Transfer Time Constant:

Simplified Cases

Case 1: Fast Kinetics (Rct ? 0)

Case 2: Slow Kinetics (Rct ? large)

Case 3: No Faradaic Reaction (Rct ? ?)

Randles Circuit for WFC



Element WFC Interpretation Effect on VIC

Rs Water conductivity, electrode gap Adds to total circuit resistance,
reduces Q

Cdl EDL at each electrode Part of total WFC capacitance

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

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

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

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

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

1. Rs: High-frequency real-axis intercept
2. Rct: Diameter of the semicircle
3. Cdl: From peak frequency: C = 1/(2πfpeakRct)
4. Warburg coefficient: From slope of the 45° line

Extended Randles Circuit

                   ┌─────────────────────────┐
    Rs             │   Cathode              │
  ──┬──┬──────────┬┴─────────────────────────┴┬──
    │  │          │                           │
    │ Cgeo        │  Rct,c         Rct,a      │
    │  │        ──┴──            ──┴──        │
    │  │        │    │          │    │        │
    │  │        │Cdl,c│         │Cdl,a│       │
    │  │        │    │          │    │        │
    └──┴────────┬────┬──────────┬────┬────────┘
                │    │          │    │
                │ Zw,c│         │ Zw,a│
                └────┘          └────┘

                   Anode

Parameter Extraction



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 Rs. The charge transfer resistance and Warburg
impedance become important only at lower frequencies where actual water splitting occurs.

Next: Cole-Cole Relaxation Model →
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