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EDL Introduction

What is the Electric Double
Layer?

The Electric Double Layer (EDL) is a fundamental electrochemical phenomenon that occurs at the
interface between an electrode and an electrolyte solution. Understanding the EDL is crucial for
modeling the behavior of water fuel cells in VIC circuits.

The Discovery of the Double Layer

When a metal electrode is immersed in an electrolyte solution, a complex structure spontaneously
forms at the interface. This structure, known as the Electric Double Layer, was first described by
Hermann von Helmholtz in 1853 and has been refined by many researchers since.

Why Does the Double Layer Form?

Several factors contribute to double layer formation:

1. Charge Separation: The electrode surface may carry an electrical charge (positive or
negative)

2. lon Attraction: lons of opposite charge in the solution are attracted to the electrode
surface

3. Solvent Molecules: Water molecules orient themselves in the electric field near the
surface

4. Thermal Motion: The tendency of ions to disperse due to random thermal motion
opposes the attraction

Structure of the Double Layer

The EDL consists of several distinct regions:

1. The Electrode Surface

The metal electrode where electronic charge resides.



2. The Inner Helmholtz Plane (IHP)

The plane passing through the centers of specifically adsorbed ions (ions that have lost their
solvation shell and are in direct contact with the electrode).

3. The Outer Helmholtz Plane (OHP)

The plane passing through the centers of solvated ions at their closest approach to the electrode.

4. The Diffuse Layer

A region extending into the bulk solution where ion concentration gradually returns to the bulk
value.

The Double Layer as a Capacitor

The EDL behaves like a capacitor because:

e Charge is separated across a distance (the Helmholtz layer thickness)
e The layer stores electrical energy in the electric field
e It can be charged and discharged like a conventional capacitor

EDL Capacitance (Simplified Helmholtz Model):
Cq =227 x7?2 xA/l d

Where:

e co = permittivity of free space (8.854 x 10-'? F/m)

08 = relative permittivity of the layer (~6-10 for water near electrode)
e A = electrode area

e d = thickness of the double layer (~0.3-0.5 nm)

Typical EDL Capacitance Values

Because the separation distance is so small (nanometers), EDL capacitance is remarkably high:

Typical C, “



Metal in aqueous electrolyte 10-40 pF/cm? Depends on electrode material and

potential
Stainless steel in water 20-30 puF/cm? Typical for WFC electrodes
Mercury electrode 15-25 pF/cm? Well-studied reference system

Comparison with Conventional
Capacitors

The EDL capacitance is extraordinarily high compared to conventional capacitors:
Example Comparison:
e Parallel plate capacitor (1mm gap, air): ~0.0088 pF/cm?

e Electric Double Layer (~0.3nm gap, water): ~20 pF/cm?
e EDL is about 2,000x higher capacitance per unit area!

EDL in Water Fuel Cells

In a water fuel cell, the EDL forms at both electrodes:

1. Anode (positive electrode): Attracts negative ions (OH-, ClI- if present)
2. Cathode (negative electrode): Attracts positive ions (H*, Na* if present)

These two double layers contribute to the total capacitance of the cell and affect how it responds to
applied voltages.

Voltage-Dependence of EDL
Capacitance

Unlike ideal capacitors, the EDL capacitance varies with applied potential:

e The capacitance reaches a minimum at the potential of zero charge (PZC)
e It increases as the potential deviates from the PZC in either direction



e This non-linear behavior affects VIC circuit operation

Importance for VIC Design

Understanding the EDL is critical because:

e The WFC capacitance determines the resonant frequency with the secondary choke
e The EDL affects how efficiently energy transfers to the water

e The voltage-dependent capacitance can cause resonant frequency shifts

e Proper matching requires accounting for both geometric and EDL capacitance

Key Takeaway: The Electric Double Layer acts as a high-capacitance, nanoscale capacitor at each
electrode surface. In a water fuel cell, the total capacitance includes both the geometric (parallel-
plate) capacitance of the electrode gap AND the EDL capacitance at each electrode-water

interface.

Next: EDL Capacitance in Water —»



EDL Capacitance
EDL Capacitance in Water

Calculating the actual capacitance of a water fuel cell requires understanding how the Electric
Double Layer contributes to the total capacitance. This page explains how to account for EDL
effects in your VIC circuit calculations.

Total WFC Capacitance Model

The total capacitance of a water fuel cell is not simply the geometric parallel-plate capacitance. It
includes contributions from multiple components:

Series Combination of Capacitances:
1/Clot al ~ 1/ Cgeo + 1/ Cedl + 1/ Cedl

, anode , cat hode

Where:

* Cio = geometric (parallel-plate) capacitance

ge

e C = double layer capacitance at anode
edl,anode

o Cedl’cathode = double layer capacitance at cathode

Geometric Capacitance

The geometric capacitance depends on electrode geometry and water's dielectric constant:

For Parallel Plate Electrodes:
Coeo = 2?2 x 7?2, xA/ d

geo

Where g = 80 for water at room temperature

For Concentric Tube Electrodes:

Cheo = (22 x 22 x 2. x L) [ In(r

ge [r

out er i nner)



Where L is the tube length, r is the radius

EDL Capacitance Density

The EDL capacitance is typically specified per unit area:

C, (HF/cm?) “

Stainless Steel 316 20-40 Common WFC electrode
Stainless Steel 304 15-35 Also commonly used
Platinum 25-50 High catalytic activity
Graphite/Carbon 10-20 Lower EDL capacitance
Titanium 30-60 Oxide layer affects value

Calculating Total EDL Capacitance

EDL Capacitance for an Electrode:

Ceal = Cq X A

Where:

°«Cy = specific EDL capacitance (uF/cm?)
e A = electrode surface area (cm?)

Example Calculation

Given:



e Electrode area: 100 cm?
e Electrode gap: 1 mm
 C i 25 pF/em? (for stainless steel)

Calculate:

Geometric capacitance:

Cgeo = (8.854x10?12 x 80 x 0.01) / 0.001 = 7.08 nF
EDL capacitance per electrode:

Cegi = 25 MF/cnm? x 100 cn? = 2500 pF = 2.5 nF

Total capacitance:
1/ Gota = 1/7.08nF + 1/2.5nF + 1/2.5nF

Gotar ? 7-08 nF (EDL contribution is negligible when Gy >> G

eo)

When EDL Matters Most

The EDL capacitance becomes significant when:

Very small electrode gap Minimal Cgeo becomes very large

Large electrode gap (>5mm) Minimal Cgeo is small, dominates total
Small electrode area Significant Cedl becomes comparable to Cgeo
High frequency operation Significant EDL may not fully form

Frequency Dependence

The EDL capacitance is not constant with frequency:



e Low frequency (<100 Hz): Full EDL capacitance available
e Medium frequency (100 Hz - 10 kHz): EDL partially developed
e High frequency (>10 kHz): EDL contribution decreases; diffuse layer can't follow

This frequency dependence is modeled using the Cole-Cole relaxation model (covered in Chapter
3).

Effect of Water Purity

The ionic content of water affects both conductivity and EDL behavior:

Water Type EDL Thickness Cdl Effect

Deionized <1 pS/cm ~100 nm Lower C,
Distilled 1-10 uS/cm ~30 nm Moderate Cai
Tap water 200-800 pS/cm ~1nm Higher C,
With electrolyte (NaOH, >1000 pS/cm <1l nm Highest CdI
KOH)

In the VIC Matrix Calculator

The VIC Matrix Calculator's Water Profile settings account for EDL effects:

Electrode material: Determines specific CdI

Water conductivity: Affects EDL thickness and capacitance
Temperature: Influences dielectric constant and ion mobility

EDL thickness parameter: Allows fine-tuning based on measurements

Practical Tip: For most VIC calculations using typical electrode gaps (1-3mm), the geometric
capacitance dominates. However, for very close electrode spacing or when precise tuning is
needed, including EDL effects can improve accuracy.

Next: The Helmholtz Model -



Helmholtz Model
The Helmholtz Model

The Helmholtz model is the simplest description of the Electric Double Layer. While it has
limitations, it provides an intuitive understanding of how charge separation occurs at electrode
surfaces and remains useful for quick calculations.

Historical Background

In 1853, Hermann von Helmholtz proposed the first model of the electrode-electrolyte interface. He
imagined ions arranging themselves in a single, compact layer at the electrode surface—like
opposite plates of a capacitor.

The Helmholtz Picture

Key Assumptions:

The electrode surface carries a uniform charge

Counter-ions in solution form a single plane at a fixed distance from the electrode
No ions exist between the electrode and this plane

The potential drops linearly between the electrode and ion plane

= 09

Visual Representation

ELECTRODE SOLUTION
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Helmholtz Inner layer
layer of counter-ions

Mathematical Description

The Helmholtz model treats the interface as a simple parallel-plate capacitor:

Helmholtz Capacitance:
C, = ???,A/ d

Where:

e 0o = 8.854 x 1072 F/m (permittivity of free space)

° £ = relative permittivity of the inner layer (~6-10)

e A = electrode surface area

e d = distance from electrode to ion centers (~0.3-0.5 nm)

Note on Dielectric Constant

The relative permittivity (sr) in the Helmholtz layer is much lower than bulk water:

—

Bulk water ~80 Free rotation of water dipoles

Helmholtz layer ~6-10 Water molecules strongly oriented by
electric field

Ice ~3 Fixed molecular orientation

Calculating Helmholtz Capacitance

Example Calculation:

For a typical metal electrode in agueous solution:



SR 6 (strongly oriented water)
ed=03nm=3x10"1"m

C/A
C/A

272?2,/d = (8.854 x 10?12 x 6) / (3 x 10?1?)

0.177 F/m = 17.7 pF/ cn?

Potential Distribution

In the Helmholtz model, the potential drops linearly from the electrode to the ion plane:

?(X) ) x (x/d)

= ?el ectrode ~ ( ?el ectrode ~ ?sol ution

Where X is the distance from the electrode (0 = x = d)

Electric Field in the Layer

The electric field is constant throughout the Helmholtz layer:

E = (?electrode - ?solution) [ d =72V d

Example: With AV =1V and d = 0.3 nm:

E=1v/ (3 x 10?7*? m = 3.3 x 10?7 VVim= 3.3 GV/m

This is an enormous electric field! Such high fields strongly polarize water molecules.

Limitations of the Helmholtz Model

While useful for intuition, the Helmholtz model fails to explain several observations:

Capacitance vs. concentration No dependence Capacitance increases with ion
concentration



Capacitance vs. potential Constant Varies with applied potential

Temperature dependence Only through g, More complex behavior

When to Use the Helmholtz Model

Despite its limitations, the Helmholtz model is appropriate when:

e Quick, order-of-magnitude estimates are needed
e The electrolyte concentration is high (>0.1 M)

e Only the compact layer capacitance is of interest
e Building intuition about EDL behavior

Extension to the VIC Context

In VIC applications, the Helmholtz model helps understand:

1. Maximum possible EDL capacitance: Sets an upper bound on what the interface can
contribute

2. Field strength at the electrode: Related to the electrochemical driving force

3. Effect of surface area: Larger electrodes = more capacitance

Key Insight: The Helmholtz model shows that double layer capacitance is fundamentally limited
by the minimum approach distance of ions to the electrode (d = 0.3 nm). This explains why EDL
capacitance is so high—the "plates" are incredibly close together!

Next: The Stern Layer Model -



Stern Model
The Stern Layer Model

The Stern model combines the best features of the Helmholtz and Gouy-Chapman models,
providing a more realistic description of the Electric Double Layer that accounts for both the
compact ion layer and the diffuse layer extending into solution.

Why a Better Model Was Needed

The Helmholtz model (single compact layer) and the Gouy-Chapman model (purely diffuse layer)
both had shortcomings:

Helmholtz Predicts correct order of magnitude No concentration or potential
for C dependence
Gouy-Chapman Explains concentration dependence Predicts infinite C at high potentials

Otto Stern (1924) resolved these issues by combining both approaches.

The Stern Model Structure

The model divides the double layer into two regions:

1. Stern Layer (Compact Layer)

e A layer of specifically adsorbed ions and solvent molecules
e Extends from electrode surface to the Outer Helmholtz Plane (OHP)
e No free charges within this region



e Potential drops linearly (like Helmholtz)

2. Diffuse Layer (Gouy-Chapman Layer)

Begins at the OHP and extends into solution

lon concentration follows Boltzmann distribution
Potential decays exponentially

Thickness characterized by the Debye length

Visual Representation

ELECTRODE STERN LAYER DIFFUSE LAYER BULK
| +++ ] H20 e H20 S e ® o
| + ++ | H20 e H20 e ® e
| +++ | H20 e H20 ) e e
| + ++ | H20 e H20 e ® o
| IHP OHP -| AD |

| — Stern —-|—— Diffuse —|

IHP Inner Helmholtz Plane
OHP Outer Helmholtz Plane
AD = Debye Length

Potential Distribution

The potential varies differently in each region:

In the Stern Layer (0 ? x ? d):

2(X) = 2y - (24 - 29 * (x/d)

Linear drop from metal potential ((pM) to diffuse layer potential ((pd)

In the Diffuse Layer (x > d):

?2(x) = ?4 x exp(-(x-d)/?p



Exponential decay with characteristic length )\D (Debye length)

The Debye Length

The Debye length ()\D) characterizes how far the diffuse layer extends:

25 = 2(?22,kgT | (2n?e2z2))

For a 1:1 electrolyte in water at 25°C:

25 ? 0.304 / 2c (nm

Where c is the molar concentration (M).

Debye Length Examples

107 M (pure water) ~960 nm Deionized water

104 M ~30 nm Distilled water

103 M ~10 nm Tap water

102 M ~3 nm Dilute electrolyte

0.1 M ~1nm Concentrated electrolyte

Total Capacitance in Stern Model

The Stern and diffuse layer capacitances are in series:

1/Clotal - 1/CStern + 1/Cdiffuse

Stern Layer Capacitance:
Cstern = ?2?72,A 1 d

Diffuse Layer Capacitance:

Chiffuse = (??2,A ] ?p) x cosh(ze?y/ 2kgT)



Concentration Effects on Capacitance

The Stern model correctly predicts:

e Low concentration: Diffuse layer is thick (large )\D), C is small, limits total
capacitance

e High concentration: Diffuse layer collapses, C

diffuse

o, C C

diffuse - total - Stern

Practical Implication: In concentrated electrolytes (like tap water with dissolved minerals), the
total EDL capacitance approaches the Helmholtz (Stern layer) value. In very pure water, the diffuse
layer contribution becomes important.

Temperature Dependence

Temperature affects the Stern model through:
1. Debye length: )\D « VT (diffuse layer thickens at higher T)

2. Dielectric constant: € decreases with T
3. Thermal voltage: kBT/e =~ 26 mV at 25°C

Application to Water Fuel Cells

For VIC circuit design, the Stern model helps predict:

Adding electrolyte Compresses diffuse layer Increases WFC capacitance
Using pure water Extended diffuse layer Lower WFC capacitance
Heating water Thicker diffuse layer Slightly lower capacitance
Increasing voltage Higher diffuse layer C Capacitance increases with V

Key Takeaway: The Stern model shows that EDL capacitance depends on electrolyte
concentration. For pure water (low ionic strength), the diffuse layer extends far into solution and
reduces total capacitance. Adding small amounts of electrolyte (even tap water impurities)
collapses this diffuse layer and increases capacitance toward the Helmholtz limit.

Next: EDL Effects in Water Fuel Cells -



EDL in WFC
EDL Effects in Water Fuel Cells

This page integrates everything we've learned about the Electric Double Layer and applies it
specifically to water fuel cell design in VIC circuits. Understanding these effects is crucial for
accurate circuit modeling and optimization.

The Complete WFC Electrical Model

A water fuel cell is not a simple capacitor. Its complete electrical model includes:

[
|
| [ ] [
— |C dl1] |IR ctl] |R sol| |C d12] F—
| | | | |
| = = | | = |
| | | | | | |
S N N A
| —— | | —|
| | w | | |C_geo] |
| L 1 | | L1
| | | |
| Anode EDL | | Cathode EDL|
| |
Components:
o Cdll' C,.,: Double layer capacitances at each electrode

di2*

Rctl' Rctz: Charge transfer resistances (reaction kinetics)

W1, W2: Warburg impedances (diffusion)

Rsol: Solution resistance

o Cgeo: Geometric capacitance



Frequency-Dependent Behavior

The WFC impedance changes dramatically with frequency:

Frequency Range Dominant Element WFC Behavior

Very low (<1 Hz) Warburg diffusion Z ~ 1/Vf, 45° phase

Low (1-100 Hz) Charge transfer Rct Resistive behavior
Medium (100 Hz - 10 kHz) EDL capacitance CdI Capacitive, EDL dominant
High (10 kHz - 1 MHz) Solution R + geometric C RC network behavior
Very high (>1 MHz) Geometric Cgeo Pure capacitance

EDL Time Constant

The EDL has a characteristic response time:
et = Reol X Gy

The EDL fully forms in approximately 5XTep,

Example:

Reol = 100 Q (tap water, small cell)
Cdl = 10 pF
Tep, = 100 x 10107 =1ms

Full formation time = 5 ms

Implication: At frequencies above 1/(2nt) = 160 Hz, the EDL cannot fully form and its effective
capacitance decreases.

Effective WFC Capacitance



At VIC operating frequencies (typically 1-50 kHz), the effective WFC capacitance is:

Simplified Model:

1 Gt = UCyeo + L Cy efs

Where CdI off is the frequency-reduced EDL capacitance.

Typical VIC Frequency Range:

e At 1 kHz: C, ¢ = 0.3-0.7 x C,(DC)
e At 10 kHz: Cdl,eff ~ 0.1-0.3 x CdI(DC)
e At 50 kHz: C, . = 0.05-0.15 x C,(DC)

Non-Linear Capacitance Effects

The EDL capacitance depends on applied voltage:

e Low voltage (<100 mV): Capacitance relatively constant
e Medium voltage (100 mV - 1V): Capacitance increases with voltage
e High voltage (>1V): Electrochemical reactions begin, behavior becomes complex

VIC Implication:

As voltage across the WFC increases during resonant charging, the capacitance changes. This can
cause:

e Resonant frequency shift during operation
e Detuning from optimal operating point
e Need for adaptive frequency control (PLL)

Temperature Effects in WFC

Water g Decreases with T -0.4% per °C



Solution conductivity Increases with T +2% per °C
EDL thickness Increases with T +0.2% per °C
Reaction rate Increases with T ~Doubles per 10°C

Practical WFC Design Considerations

Electrode Material Selection

316 Stainless Steel: Good corrosion resistance, moderate C,
304 Stainless Steel: Lower cost, slightly lower performance
Titanium: Excellent stability, oxide layer affects EDL
Platinized electrodes: Highest activity, highest Cq

Electrode Spacing

Trade-offs:

e Narrow gap (0.5-1mm): Higher Cgeo, but higher Rsol' risk of bridging
e Wide gap (3-5mm): Lower Cgeo, lower Reop easier construction
e Optimal (1-2mm): Balances capacitance, resistance, and practicality

Water Treatment

o Distilled water: Low conductivity, thick diffuse layer, lower total C
e Tap water: Higher conductivity, thinner diffuse layer, higher C
o With electrolyte: Highest conductivity, Helmholtz-dominated C

Measuring WFC Capacitance

To accurately characterize your WFC:

1. Use an LCR meter: Measure at multiple frequencies (100 Hz, 1 kHz, 10 kHz)
2. Perform EIS: Electrochemical Impedance Spectroscopy gives complete picture



3. Measure at operating conditions: Temperature and voltage matter
4. Account for cables: Long leads add inductance and capacitance

Integration with VIC Matrix Calculator

The VIC Matrix Calculator accounts for EDL effects through:

Water Profile settings: Conductivity, temperature, electrode material

EDL capacitance model: Calculates Cdl based on electrode area

Frequency correction: Adjusts effective capacitance for operating frequency
Cole-Cole parameters: Models frequency dispersion (see Chapter 3)

Design Recommendation: For initial VIC designs, use the geometric capacitance as the primary
estimate. Include EDL effects when fine-tuning or when using very close electrode spacing. The
Cole-Cole model (next chapter) provides more accurate frequency-dependent behavior.

Chapter 2 Complete. Next: Electrochemical Impedance -



