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:
Zepe = 11 [QJ?)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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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.
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