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ÇElectrodeshave been widely used for
dielectricspectroscopy,electrochemical
sensing, bio-potential recording, and
neuralstimulationapplications.
ÇWell-characterized time scales

elucidating the electrode polarization
(EP) effect are important for the
rational design of microfluidic devices
andimpedancesensors.
ÇIn this study, we systematically

investigate the characteristic time
scalesof diffuse charge dynamicsfor
disc shape planar and porous
electrodesconsideringchannel height,
electrode diameter, and Debye length
effectson characteristictime scalein a
binaryelectrolytesolution.

Ç Impedancespectra for different electrode diameters,channelheights and solution conductivitieswere experimentallyand
numericallyinvestigatedandself-similarimpedancespectrawasobtainedby using†asa primarytime scaleof EPbehaviorfor
planarelectrodes.

Ç Templatebasedelectrochemicaldepositiontechniquewasusedto generategold nanorodson planarelectrodesto examine
the effect of areaincreaseon EP. Theresultsrevealedthat normalizedimpedancespectraof GNrelectrodescollapsedto the
impedancespectraobtainedwith goldplanarelectrodesafter scalingwith surfaceenlargementfactor † ὅ†) .

Ç The defined characteristictime scalesenablesto identify the limitations of electrode/electrolytesystemand predict the
systemEPbehaviorfor both planarandroughelectrodesprior to fabricationandexperimentation.

Ç In the future studies,GNrstructuredelectrodeswith different nanorodseparationdistancesbut sameeffectivesurfaceareawill
beusedto determinethe EDLoverlapeffect on EP.
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Ç Processflow of electrode fabrication (a-j) and schematicsof gold disc
electrodewith relevantdimensions(k). TheGPelectrodesurfaceis coated
with cylindricalGNr with known height (Ὤ), diameter (Ὠ) and separation
distance(ὰ), and‗is the Debyelength(l).

a) Experimentalimpedancevalueandb) phaseanglespectrum
of KClsolutionhaving1, 0.5, and0.25 S/mconductivityin a 70
˃Ƴchannelheight. c) Experimentalimpedancevalue and d)
phaseanglespectrumof 1 S/m KClsolution in micro-channels
having70, 140, 210, and280˃Ƴheight.

a) Normalizedexperimentalimpedanceand b) phaseangle
spectrum as a function of the normalized frequency. c)
Normalized numerical impedance and d) phase angle
spectrumasa functionof the normalizedfrequency
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The primary time scale : † ‗ ϳὌ Ὀ
‗: Debye Length (ά)
Ὤ: Channel Height (ά)
D : Diffusion Coefficient ( ϳά ί)
Solution Resistance: Ὑ ϳὌ „ὃ
„: Bulk Conductivity (ὛȾά)
ὃ: GeometricSurface Area (ὛȾά)

The primary time scale : † ‗ ϳ‰Ὀ
‰: Electrode Diameter (ά)
Solution Resistance: Ὑ ϳρ ς„‰
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Ὢz Ὢ † Ὢ: Frequency (Ὄᾀ)
Ὢᶻ: DimensionlessFrequency

Nernst-Planck Equation:

Poisson Equation:
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a SEMimagesof GNs(a,
b) structured and GP
(c) electrodes at
different magnification
factors. Scale bars in
Figure (a), (b), and (c)
are 2 µm, 300 nm, and
1 µm, respectively.

b c

ὅis a dimensionlesscoefficient which might be a function of
porosity, thickness of nanostructures, tortuosity, or
combinationof theseparameters.‗ ὅ‗

a) Normalized impedance magnitude
spectra obtained with GNs and GP
electrodeswith 1 S/m KClsolution,and
and b) is with dimensionlessfrequency.
c) After scalingwith C. d) Normalized
impedance spectra obtained with GP
andGNselectrodeswith 0.007S/mand
1 S/m KClsolutions,respectively. e) The
combination of Fig. c and Fig. d using
normalized frequency, f* considering
thickeningof doublelayer
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a) Normalizedimpedancevalueand b) phaseangleof all KClsolutionswith respectto f*. c)
Universalimpedancespectrafor parallelplateelectrodesconfiguration.
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(a) Normalizednumerical impedanceand (b) phaseangle spectrum as a function of the dimensionlesscharacteristic

frequency.
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(a) Experimental impedance value and (b) phase angle spectrum at various KCl
concentrationsand for different electrode diameters. (c) Normalizedexperimental
impedanceand(d) phaseanglespectrumasa functionof the dimensionlessfrequency.

Figure4. SEMimagesof GNrstructuredelectrodesat different magnificationfactors. Scalebarsin Figure(a) and (b) are 2
µm and0.2 µm, respectively.

a b

Normalizedimpedancevalues(a)and phaseangles(b) obtainedwith GP(solidline)
andGNr(dashedline)electrodesat 137mM KClsolution.

Cyclicvoltammogramsof GP(solidline) andGNr(dashedline) electrodes.
Thesolutionsare2mM K3[Fe(CN)6] in 0.1 M KCl. Scanrate 10mVs-1.
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Normalizedimpedancevalues(a) and phaseangles(b) after the dimensionless
frequencyof GNrismultiplied with the surfaceenlargementfactor (ὅ).
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Figure 8. Normalizedimpedancevalues (a) and phase angles(b) obtained with GP (circles)and GNr (triangles)
electrodesat 137mM KClsolution. Normalizedimpedancevalues(c) and phaseangles(d) after the dimensionless
frequencyof GNrismultiplied with the surfaceenlargementfactor (ὅ φȢφ).

Universal impedance spectra for single electrode configuration.


