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Abstract

The structure of the electrical double layer at the interface of planar electrodes and

aqueous solutions is investigated. Electrical impedance spectroscopy is used to measure

the impedance of aqueous solutions of sodium chloride and two different surfactants over

a wide range of concentrations. The electrode capacitance is directly inferred from the

admittance spectra, as well as by regression of the impedance spectra to an equiva-

lent circuit. It is found that the electrode capacitance remains on the same order of

magnitude over the entire range of investigated concentrations. This is contradictive

to the predictions of the Gouy-Chapman-Stern theory which predicts that at low con-

centrations, the electrode capacitance should be determined by the diffuse layer. It is

concluded that the Stern layer capacitance always dominates the electrode capacitance,

even at very low concentrations, and the establishment of a diffuse layer capacitance
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requires an ionic strength of around 1 mM.
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Introduction

The term Electrical Double Layer (EDL) refers to an interface of a charged surface and a

liquid where the electro-neutrality is violated and an electric field exists. As a result, ions

and/or dipole molecules in the liquid phase change their location and orientation to diminish

the effect of the electric field. 1–3 Separation of electric charges in an EDL can be compared to

the behavior of a capacitor in an electrical circuit; which is indeed practically utilized in EDL

supercapacitors. 4,5 Hence, researchers generally model the EDL properties as a capacitor in

order to investigate electric charges at the interface and the properties of the EDL. 1,2,6

The first and simplest model of an EDL was proposed by Helmholtz in 1879. 7 He

assumed that at the interface of a charged surface and an electrolyte, there is an immobile

layer of "adsorbed", solvated ions of opposite charge. In this model, the EDL acts like a

single conventional parallel-plate capacitor. 8 Later in the early 1900s, Gouy and Chapman

independently developed the diffuse layer EDL theory. In the so-called Gouy-Chapman (GC)

model, charges are assumed to be mobile. They do not "adsorb" on the charged surface since

the electrostatic attraction is balanced by the thermal energy (diffusion). Therefore, the ion

concentration exponentially changes over the so-called Debye length which is considered

as the approximate thickness of the EDL. 6,8 The GC model does not account for the ion

size and assumes point like charges which have no limitation of approaching the surface. 2

Stern in 1920 combined the concepts of Helmholtz and GC models, and proposed that an

EDL comprises of an immobile Stern (SL) and a mobile diffuse layer (DL). This model

is therefore called the Gouy-Chapman-Stern (GCS) model. 2,6 In 1947, Graham refined the

Stern model by dividing the Stern layer into two subregions, the inner Helmholtz (IHP) and

the outer Helmholtz (OHP) plane (layer). The location of the IHP is defined as the center

of the specifically adsorbed ions; i.e., ions which lost their solvation shell and are as close as

possible to the surface. In contrast, the position of the OHP is the location of the center of

the solvated ions closest to the surface. 1 Later on, Bockris et al. 9 considered the influence
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of the electric field on the solvent (water) molecules in the SL. In the IHP, the influence of

the electric field is very pronounced so that the solvent molecules orientate, depending on

the surface charge, with the field direction. In the OHP (and the DL), the solvent molecules

orientate towards the solvated ion. This difference results in variations in the dielectric

permittivity of each region. 9 From an experimental point of view, it is more pragmatic to

assume that the EDL is a combination of the immobile SL and the mobile DL with different

permittivities. 10

There are numerous studies reporting the EDL capacitance for different conditions.1,11–22

However, to the best of our knowledge, there is no systematic experimental study which

covers a wide range of concentration of aqueous solutions, especially very low concentrations,

and which accounts for the permittivity difference between the SL and the DL. The most

common analytical techniques used to determine the EDL capacitance are cyclic voltammetry

and electrical (electrochemical) impedance spectroscopy (EIS). The latter is preferred in

our work since it analyses the EDL behavior over a wide range of (excitation) timescales.

Moreover, EIS can be performed with a very small excitation signal and, therefore, a linear

relationship between voltage and current can be assumed. 23

In this study we obtain the overall capacitance of an EDL from EIS measurements

using different evaluation strategies. That is, by interpretation of an equivalent electrical

circuit which is fitted to the impedance spectra, as well as by direct calculation from admit-

tance and complex capacitance spectra. In contrast to the work of others, we investigate

a wide range of ion concentrations and focus specifically on very low ion ionic strength liq-

uids. To the best of our knowledge, this is a regime where EIS has not been used and,

thus, there is a lack of experimental data and their interpretation. In addition, we resolve

the structure of the EDL by adequately dividing the measured capacitance into the Stern

and diffuse layer capacitances. The system to be investigated are aqueous solutions of the

simple electrolyte sodium chloride (NaCl). Additionally, we investigate aqueous solutions

4



of the anionic surfactant sodium dodecyl sulfate (SDS) and the zwitterionic surfactant 3-

(N,N-Dimethylmyristylammonio)propanesulfonate (TDAPS). The simple electrolyte is cho-

sen because the small size of the ions. This allows us to assume that the respective EDL

can be adequately described with the Gouy-Chapman-Stern model. The motivation for the

surfactants is their relatively large size which should prevent the establishment of the DL or

at least diminish its influence. This should be especially true for the zwitterionic surfactant

due to the lack of a net charge.

This article continues with a brief theory of EIS. Then, the experimental methodology

and materials are discussed. Subsequently, the experimental findings are presented where we

also describe the different methods to infer the EDL capacitance from impedance, admittance

and the complex capacitance spectra. The discussion continues with a scaling analysis that

we apply to identify the dominant capacitance in a certain range of concentrations. Finally,

this article ends with a summary section.

Theory

In this section, a brief theory of EIS is provided. The electrical impedance Z(ω) at an angular

frequency ω is the ratio of the applied AC potential difference V (ω) to the AC current I(ω).

It is composed of a real Z
′
(ω) and an imaginary Z

′′
(ω) part according to

Z(ω) =
V (ω)

I(ω)
= Z

′
(ω) + jZ

′′
(ω), (1)

where j is the imaginary unit. 24 Similar to the relationship between electrical resistivity and

conductivity, we can define the electrical admittance

Y (ω) =
1

Z(ω)
= Y

′
(ω) + jY

′′
(ω), (2)
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where Y
′
= Z

′

Z′2+Z′′2 is the real part and Y
′′

= − Z
′′

Z′2+Z′′2 is the imaginary part of the admit-

tance.24 If we use the impedance of a single capacitor Z = 1/jωC, the complex capacitance

can be written as

C(ω) =
1

jωZ(ω)
=

Y (ω)

jω
= C

′
(ω) − jC

′′
(ω). (3)

Accordingly, the real and the imaginary part of the complex capacitance are C
′
= − Z

′′

ω(Z′2+Z′′2)

and C
′′

= Z
′

ω(Z′2+Z′′2)
, respectively.25 Note that an implication of this definition is that the

entire (measurement) cell is considered as a single capacitor. We show below that this as-

sumption, despite its simplicity, gives very accurate results.

As it can be concluded from Equations (1)–(3), the concepts of impedance, admittance

and complex capacitance can be converted into each other. For a known capacitor geometry

(surface area and electrode distance), we can also infer the electrical resistivity, conductivity

and permittivity at each frequency. The choice of the data representation – impedance,

admittance or complex capacitance – is usually based on the system or the parameter of

interest. For example, impedance spectra are usually preferred in an electrochemical context

since it elucidates the information on the resistive and reactive behavior of a system. In

contrast, admittance and complex capacitance representations are helpful when the focus is

on the capacitive behavior of a system. 24

As mentioned above, the main focus of this work is to measure the EDL capacitance

of an electrode. Here, we employ three different methods: (i) We use equivalent (electrical)

circuits which consist of multiple linear and nonlinear elements and fit them to the measured

impedance spectra. This method is considered the most accurate in determining the behavior

of an electrochemical system. 24 However, the dilemma of this method is that it relies on multi-

variable regression and adequate regression qualities can be achieved with very different

equivalent circuits. In other words, a good fit does not necessarily reflect a correct physico-

chemical description of the system. Thus, the most appropriate equivalent circuit must be
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carefully chosen and validated. We discuss the equivalent circuits that we use in this work

below. (ii) To validate the values inferred from equivalent circuits, we also directly determine

the EDL capacitance based on the admittance (capacitance) spectra. This method is based

on the assumption of an ideal capacitive behavior of an EDL, which is manifested as a

relaxation process at low excitation frequencies. 24 From the time constant of this relaxation

frequency, the value of the EDL capacitance is estimated. (iii) Likewise, assuming that the

entire cell is reasonably-well described as an ideal capacitor allows for approximation of the

EDL capacitance from the real part of the complex capacitance. We show in the Results

and Discussion section that despite the simplifications assumed in methods (ii) and (iii), we

achieve very consistent values for the EDL capacitance.

Experimental Section

In this section, we introduce the chemicals, materials, and experimental setup that are used

for this work.

Chemicals

Sodium chloride (NaCl, ≥99.5%, Sigma-Aldrich, Canada), anionic sodium dodecyl sulfate,

SDS (NaC12H25SO4, ≥95.0%, MP Biomedicals, LLC, France) and zwitterionic 3-(N,N -

dimethylmyristylammonio)propanesulfonate, TDAPS (C19H41NO3S, ≥98.0%, Fluka, Switzer-

land), are used to prepare the electrolyte solutions. All solutions are made with deionized

(DI) water with a conductivity of < 1 μS/cm from an RiOs–DI3 water purification system

(Millipore Sigma, Etobicoke, Canada).

7



Experimental Setup

To conduct the EIS measurements, a custom made parallel-plate cell is used. The electrodes

(non-alkaline grade, University Wafer, U.S.A.) are made from boro-aluminosilicate glass

with a coated layer of indium tin oxide (ITO) featuring a surface conductivity of 10–15

Ω/sq. Two polymeric distance holders are printed using a Miicraft+ 3D printer (Miicraft,

Hsinchu, Taiwan). The holders allow for wires to be guided through holes to enable electrical

contact with the electrodes before assembling the cell. After assembly, the holders keep the

electrodes apart with a distance of 2 mm and also establish the tight contact between wires

and electrodes. The so-assembled cell is placed in a petri dish and then the respective liquid

sample is added.

All EIS measurements are carried out using a potentiostat/galvanostat (Autolab PG-

STAT302N, Metrohm Autolab B.V., Netherlands). The frequency range of the measurements

varies depending on the sample within a range of 1 MHz to 10 mHz. The measurements are

performed at open circuit by a superposition of a sinusoidal AC voltage with an amplitude

of 10 mV. Each measurement is repeated at least three times to ensure the reproducibility of

the results as well as to allow for calculation of the standard deviation. The regressions of the

spectra are carried out using the software NOVA 1.11 (Metrohm Autolab B.V., Netherlands).

To verify the EIS-based methodology, additional cyclic voltammetry (CV) measurements are

performed using the same custom-made measurement cell. These CV measurements are con-

ducted with terminal potentials of -0.1 and 0.1 V and with a scan rate of 10 mV/s.

Results and Discussion

In this section, we present our experimental findings and discuss the results based on the

different theories that we apply to identify the different processes involved in our system.
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Impedance Spectra and Fitting

Figures 1a and b give the Nyquist plots of solutions with a low concentration of 10 μM as

well as a high concentration of 100 mM of NaCl, SDS or TDAPS in DI water. In addition,

the Nyquist diagram of a pure DI water sample is also included in Figure 1a. Experimental

results are given as symbols, while results from the equivalent circuit regression are shown

as solid line. The respective values of the circuit elements are presented in the Supporting

Information to this article.
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Figure 1: Nyquist plots for samples of (a) 10 μM and (b) 100 mM NaCl, SDS, and TDAPS
in DI water. Equivalent circuits employed for regression of spectra (c) with and (d) without
the bulk semicircle.
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All spectra in Figure 1a have essentially the same shape and we can distinguish be-

tween two main regions: (i) the semicircle related to the liquid bulk phenomena and (ii) the

tail-like segment of another semi-circle related to the EDL phenomena. The fact that we do

not observe a full EDL semi-circle, is related to the absence of electrochemical reactions at

the electrodes. As expected, the largest bulk semicircle is observed for pure DI water since

the electrical resistivity determines the diameter of the semicircle. The sample containing

10 μM TDAPS also shows a relatively-larger semicircle compared to the NaCl and SDS

samples. A zwitterionic surfactant does not carry a net charge. Therefore, the addition of

small concentrations of TDAPS to DI water hardly changes the conductivity of the sample. 26

Further inspection shows that there is only a little difference between the samples containing

NaCl and SDS. Nonetheless, the addition of the same amount of SDS or NaCl increases the

electrical conductivity by almost 4 times compared to TDAPS.

A suitable equivalent circuit for regression of the spectra in Figure 1a is given in Fig-

ure 1c. The liquid bulk semicircle starts at the intersection with the x-axis at high frequen-

cies. Here, the impedance of the system behaves like an ideal resistor (Re in Figure 1c) and

represents the ohmic resistances of wires and electrodes. When the frequency decreases, the

capacitive characteristic of the liquid bulk triggers an impedance consisting of a real and an

imaginary part which forms the semicircle. These characteristics are typically modelled using

a parallel combination of a resistor and a capacitor (Rb and Cb in Figure 1c, respectively).

At medium frequencies, we find the second intersection with the x-axis. The corresponding

ohmic resistance is related to the sum of Re and the liquid bulk resistance Rb. These resis-

tances are often grouped as Rs = Re + Rb, which is the total ohmic resistance in series with

the elements that represent the EDL. At lower frequencies, the tail-like impedance related

to the EDL appears in the spectrum. This part can also be divided into two subregions

representing the transport phenomena and the capacitive effect. Please note that despite

the lack of redox reactions at the electrodes, a charge transfer resistance must still be in-

cluded in the circuit modelling since it influences the features of the tail-like impedance. The
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representation of this EDL part can be made with a variety of approaches including (i) a

single capacitor, 27–29 (ii) a parallel configuration of a capacitor and a resistor to account for

the charge transfer (interfacial) resistance Rp,28,30,31 and (iii) a parallel configuration of Rp

and a constant phase element (CPE) to account for a capacitor with a distribution of time

constants on the electrode surface. 32–37 In this work, we use a modification of the latter ap-

proach. It should be noted that since both electrodes in the measurement cell are similar, we

assume both have the same impedance response. Hence, a single CPE (QEDL) and a charge

transfer resistor Rp is used for the interpretation of the EDL effect of both electrodes. The

calculated corresponding capacitance is then multiplied by two for the capacitance of a single

electrode. In addition, we use a Warburg element in series with the EDL elements and the

bulk resistance. The appearance of the Warburg element in systems without electrochemical

reactions can be attributed to varying mobilities of the charge carriers. 6,25 This results in

a diffusive transport of more mobile ion species in the liquid bulk in order to mitigate the

effect of less mobile ions. 25

Figure 1b shows the Nyquist plots for a solute concentration of 100 mM in DI water.

At these relatively-high concentrations, the bulk liquid semicircles of the aqueous NaCl and

SDS solutions are not observed anymore. This is due to the increased ionic conductivity and

the influence of the inductive effects of wires and electrodes. However, in case of TDAPS, the

semicircle is still visible since the addition of TDAPS hardly increases the conductivity. The

addition of ionic species to the system has another profound influence. The transport effects

become negligible compared to the liquid bulk resistance as the Debye length decreases. 25

Hence, above a certain concentration of NaCl and SDS, the utilization of a Warburg element

is not suitable anymore. In addition, at higher concentrations, the tail-like EDL part of

the NaCl spectrum has a lower slope compared to those in the SDS and TDAPS spectra.

This is related to the lower charge transfer resistance of the NaCl sample which has a higher

ionic strength. The regression of the spectra without the liquid bulk semicircle and without

diffusion effects is based on the equivalent circuit shown in Figure 1d.
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Admittance and Capacitance Spectra

As mentioned above, an impedance spectrum can be converted to an admittance or a ca-

pacitance spectrum using Equation (2) and Equation (3), respectively. The advantage of

using these two quantities over the impedance is that they directly allow us to infer the EDL

capacitance without further modelling assumptions.

Figure 2 gives the admittance and complex capacitance spectra for solutions with various

concentrations of NaCl. The spectra for samples containing SDS and TDAPS are shown in

the Supporting Information. Figure 2a shows the real part of the admittance over the exci-

tation frequency. For all spectra, we see that Y
′
initially starts to increase with increasing

frequency and arrives in a plateau-like behavior in the mid and high frequency range. This

initial increase at low frequencies can be explained by inspecting the equivalent circuits. At

the lowest frequencies, where we rather have DC conditions, the current has to pass all ohmic

resistors including the relatively-large interface (charge transfer) resistance. If we increase

the frequency, the current bypasses the charge transfer resistance via the EDL capacitor.

In addition, the plateau-like region at mid to high frequencies represents the inverse value

of Rs. Hence, the increase in the plateau from low to high concentrations is related to the

increase in the liquid bulk conductivity.

Figure 2b gives the imaginary part of the complex admittance for different concentra-

tions of NaCl. The low frequency slope of the correlation is slightly less than unity which

confirms the appropriateness of a CPE for the equivalent circuit regression as discussed

above. However, the main feature of these Y ′′ spectra is the presence of a characteristic

frequency at the (local) maximum which is related to the EDL capacitance charging. We

observe that the location of this maximum shifts towards higher frequencies as the NaCl con-

centration increases. In this context, it should be noted that this characteristic frequency

cannot be retrieved from the impedance spectra for blocking electrodes. They are ideally

modelled as a resistor in series with a capacitor RsCEDL and there is no local maximum in
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a −Z ′′ versus frequency plot to retrieve the characteristic frequency24. Likewise, for reac-

tive electrodes, ideally modelled with Rs(RpCEDL), the characteristic frequency appears at a

different frequency in the impedance spectra compared to admittance and capacitance spec-

tra.24 Therefore, we cannot employ the impedance spectrum for determining the capacitance

unless we perform the regression to an equivalent circuit.

Figure 2c gives the real part of the complex capacitance versus the excitation frequency

for samples with different NaCl concentrations. Generally, two plateau regions can be dis-

tinguished in the spectra. A high frequency plateau, which corresponds to the liquid bulk

capacitance, can be seen for samples with a bulk semicircle in the impedance spectra. The

bulk capacitance for the higher concentrations is not readily available due to inductive ef-

fects of the setup. The low frequency plateau, visible for all samples, has similar values for

all concentrations, at least on a log-log scale. With the assumption of an ideal capacitive

behavior, the low frequency plateau corresponds, for both blocking and reactive electrodes,

to the EDL capacitance. 24 Therefore, we consider the low frequency plateau value of C ′ as

a good approximation of the EDL capacitance.

Figure 2d shows the imaginary part of the complex capacitance spectrum. In the low to

mid range, depending on the NaCl concentration, a characteristic frequency can be observed.

This characteristic frequency is the same as in Figure 2b. However, an important aspect of

the present plot is that it allows us to distinguish between blocking and reactive electrodes.

A blocking electrode shows only a local maximum at low frequencies. A reactive electrode

shows a local maximum followed by a local minimum at low frequencies. 24 In our system, the

increase of C ′′ at lower frequencies can be seen for the samples with concentrations higher

than 10 mM NaCl. Since this increase is not very significant it clarifies that we have a

pseudo-blocking electrode system.
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Electrical Double Layer Capacitance

In this section, we present the detailed processes to extract the EDL capacitance. First, we

discuss the characteristic frequency and then the equivalent circuit regression approach. The

results of both approaches are compared. Then, we present results and theoretical consider-

ations for electrodes in aqueous electrolytes and in aqueous surfactant solutions.

For an ideal blocking electrode, the characteristic frequency f0 of the admittance/capacitance

spectrum is the frequency where the (local) maximum appears. 24 This frequency can be re-

lated to CEDL and Rs according to

f0 =
1

2πRsCEDL

. (4)

For an ideal reactive electrode, f0 does not exactly match the maximum in the Y ′′ or C ′′

spectrum.24 In this case, f0 is related to Rs, Rp and CEDL according to

f0 =
1 + Rs

Rp

2πRsCEDL

. (5)

The electrodes in this study have a large charge transfer resistance and it is always Rs/Rp <

0.001 indicating non-ideal blocking electrodes. Note that comparison of Equation (5) and

Equation (4) shows that for such cases both expressions are equivalent. In other words,

for systems with a large charge transfer resistance, the relaxation frequency in the admit-

tance/capacitance spectrum is controlled by the smaller resistance. In contrast, the relax-

ation frequency is controlled by the larger resistance in an impedance spectrum. 24 In this

work, we extract Rs from the real part and f0 from the imaginary part of the admittance

spectrum, and employ Equation (4) to calculate the EDL capacitance.
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The second approach to determine the EDL capacitance is based on the regression of an

equivalent circuit to the impedance spectra. As discussed above, a CPE is usually employed

to model the capacitive effects in the EDL since this element can compensate the impact of

the distributed time constants. The impedance of a CPE corresponds to 1/Q0(jω)n, where

Q0 is the CPE coefficient and the exponent is in the range of 0 ≤ n ≤ 1. When n = 1,

the CPE has the same characteristics as an ideal capacitor. For values of n close to 1, say

n > 0.8, different relationships can be engaged to extract the equivalent capacitance of a

CPE depending on whether there is a planar or normal distribution of the time constants

along the electrode surface. 35,38,39 In our system, the electrode surface is considered as a

single conductive layer with a planar distribution. Therefore, we use the approach of Brug

et al.32,39 to obtain the equivalent capacitance CEDL according to

CEDL = 2Q
1/n
0

(
RsRp

Rs + Rp

) 1−n
n

. (6)

Since Rp >> Rs, Equation (6) can be simplified to

CEDL = 2Q
1/n
0 R

1−n
n

s . (7)

To summarize, we fit the appropriate equivalent circuit, as given in Figure 1c or d,

to the impedance spectra and use the respective regression values along with Equation (7)

to infer the EDL capacitance. We compare this EDL capacitance with the results of the

characteristic frequency method in order to validate the equivalent circuit approach.

Capacitance in Aqueous Electrolyte Solutions

Figure 3 gives the EDL capacitances which are inferred from both methods. It is striking

that despite a NaCl concentration range over six orders of magnitude, the EDL capacitance
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changes only to a limited extent. In general, all the capacitance values range from around

6 - 12 μF/cm2 and both methods give the same trend and very similar values. The EDL

capacitance, depending on the evaluation method, corresponds to around 9 - 11 μF/cm2

for the lowest NaCl concentration. The capacitance drops with increasing concentration

to a minimum value which is located at around 1 mM. Then, the capacitance increases

with a further increase of the NaCl content. These EDL capacitance values are in good

agreement with the most common range of EDL capacitance reported in literature, i.e., 5

- 20 μF/cm2.23 Additionally, we measure the EDL capacitance with CV, the results can

be found in the Supporting Information to this article. When we plot the electrode capaci-

tance vs. the electrolyte concentration from CV, we clearly observe the same trend, with the

minimum located around 1 mM, as in the EIS results.
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However, this observed behavior between capacitance and electrolyte concentration is

not in agreement with the GC diffuse layer theory which predicts a steady capacitance

increase for an increase of the electrolyte content as we further discuss below. In terms of

17



the GCS model, the overall capacitance of an EDL is the combination of two capacitors in

series; i.e., the Stern layer CSL and the diffuse layer CDL capacitor2,6,13 according to

1

CEDL

=
1

CSL

+
1

CDL

. (8)

The capacitance of the SL can be expressed considering the capacity of an equivalent parallel

plate capacitor as

CSL =
εr,SL ε0A

lSL

. (9)

Here, ε0 is the permittivity of the vacuum, εr,SL and lSL are the relative permittivity and

the thickness of the SL, and A is the electrode area. Likewise, for a relatively low potential

drop across the DL, its equivalent capacitance can be written as

CDL =
εrε0A

lD
, (10)

where εr is the relative permittivity in the DL, which is generally considered to be the same

as the bulk permittivity, and lD is the approximate thickness of the equivalent parallel plate

capacitor. The Debye length

lD =

√
εrε0RT

2F 2I
(11)

is generally used as the parameter for the DL thickness where R is the universal gas constant,

T is the temperature, F is the Faraday constant, and I = 0.5
∑

i z
2
i ci is the ionic strength

utilizing valency zi and concentration ci of the ionic species i. According to Equations (10)

and (11), the Debye length varies with the square root of the inverse ionic strength. There-

fore, the DL capacitance should increase proportionally with the square root of the electrolyte

concentration.

In the following, we make some theoretical considerations in order to explain the ob-
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served behavior between capacitance and electrolyte concentration. At first, we use corre-

lations and data provided in ref. 40 and calculate the change in the bulk permittivity over

the entire NaCl concentration range of our samples. We realize that this change is relatively

minor and also does not have a significant effect on the calculation of the Debye length, the

variation is less than 10%. Since the electric field in the DL is at least one order of magni-

tude lower than in the SL (see discussion below), the value of the liquid bulk permittivity

εr = 78.5 can be used in the DL. 41,42 We now use Equation (10) and Equation (11) to calcu-

late the theoretical DL capacitances CDL over the entire range of concentrations. These DL

capacitances are given in Figure 4 as curve a along with the measured electrode capacitances

(open circles). We choose a log-log plot since the correlation of the DL capacitance with

the concentration is then linear with a slope of 1/2. We notice that this theoretical DL

capacitance increases from around 1 μF/cm2 at 10 μM to more than 100 μF/cm2 at 1 M

concentration. That is, the change is three orders of magnitude which is in contrast to the

experimental data that hardly vary (on a log-log axis).

The other capacitance that needs to be considered is the SL capacitance, which is more

difficult to estimate. On the one hand, the thickness of the SL is not readily available by

experimental methods. We estimate the SL thickness to be around 6 Å. This is based on

the radius of a hydrated Na+ and Cl – (3 to 4 Å)43,44 and the diameter of a water molecule

(around 3 Å)43 since this is the closest distance of an hydrated ion to the electrode surface.

This value is consistent with the range of 3 to 10 Å that is given in literature. 45–49 On the

other hand, the permittivity of the SL is unknown. Often, the permittivity in the entire

EDL is assumed to be constant and equal to the permittivity of the liquid bulk. 50 However,

the presence of the high electric fields in the SL ( & 107 V/m even for a low potential drop of

10 mV) considerably reduces the permittivity of water. 9,9,9,42,46,50–55 This reduction is related

to the reorientation of the water molecules in order to compensate the high local electric

field.51 In addition, the water molecules are depleted since counter-ions are accumulated on

the surface which also lowers the permittivity. 55,56 This can result in permittivities as low as
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the saturation permittivity of water which is around 6. 19,57,58 The exact reduction is related

to the surface charge density, zeta potential and the nature of electrolyte and electrode, 59

and is also a function of the distance from the surface. 50–52,60,61

To summarize, we have no means to infer the exact thickness and permittivity of the SL

but we definitely can use approximations which are on the right order of magnitude. For the

further treatise, we combine these values and introduce the ratio of the relative permittivity

in the SL to its thickness in angstrom, i.e., Π ≡ εr,SL

lSL/Å
. We now perform a scale (order of

magnitude) analysis, where we assume the SL thickness to be similar to lSL ∼10 Å. Then,

the case of a reduced SL permittivity results in Π = 6
10

∼ 1 and the case of a non-reduced SL

permittivity gives Π = 78.5
10

∼ 10. We compute the respective SL capacitances CSL over the

entire electrolyte concentration and add the results for Π = 10 and 1 to Figure 4 as curve b

and c, respectively. Likewise, we use Equation (8) to compute the EDL capacitance CEDL

according to the GCS model as a combination of DL and SL capacitances; the values for

Π = 10 and 1 are given as curve d and e, respectively.

As can be seen in Figure 4, the theoretical DL capacitance (curve a) increases from

around 1 μF/cm2 to around 200 μF/cm2 over the entire concentration range. Both SL

capacitances do not change over the concentration, but the non-reduced permittivity SL

(curve b) capacitance is one order of magnitude higher than the reduced permittivity SL

capacitance (curve c). The overall EDL (GCS) capacitance for both, non-reduced (curve d)

and reduced permittivity (curve e), starts from the DL capacitance at very low concentrations

and approaches the corresponding SL capacitance at very high concentrations. When we

compare the experimental results with the theoretical predictions, we find that only the

concept of a sole SL capacitance with reduced permittivity (curve c) gives a good agreement

over the entire concentration range. In terms of the GCS model, the EDL capacitance

assuming a reduced permittivity in the SL (curve e) is able to describe the experimental

results at concentrations around 1 mM and higher, but there is significant disagreement
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Figure 4: Capacitance versus NaCl concentration from experiment (open circles) and theory
(curves): (a) diffuse layer capacitance CDL; (b) Stern layer capacitance CSL for Π = 10; (c)
Stern layer capacitance CSL for Π = 1; (d) EDL capacitance CEDL for Π = 10; and (e) EDL
capacitance CEDL for Π = 1.
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for lower concentrations. The serial arrangement of SL and DL capacitor requires that the

smaller capacitor controls the behavior for the two capacitors. For the GCS model, the SL

capacitor dominates at the high concentrations, while at low concentrations the DL capacitor

should be in control. Thus, the agreement of curve c and e with the experimental data at

high concentrations is a strong indication for a reduced permittivity in the SL. However,

it is surprising that the sole reduced-permittivity SL capacitor still gives good agreement

with the experiments at the very low concentrations while all models using a DL capacitor

approach fail here. At very low ion concentrations, the Debye length is relatively large while

the difference in ion density over the DL – the charge separation – is rather small. Fur-

thermore, Khannanov et al.62 experimentally showed that the length of the concentration

gradient in the DL can be longer than theoretically predicted which further diminishes the

capacitance. It seems that for these conditions the concept of a capacitor does not apply

to the DL anymore. In other words, a measurable DL (capacitance) requires a sufficiently

high ion gradient outside of the SL which is only established above a certain (minimum)

ion concentration in the liquid. This hypothesis can also explain the drop in the measured

capacitance between 10 μM and 1 mM (cf. Figure 3). In this range, the ion gradient outside

the SL increases. This ion gradient is not enough to establish a measurable DL capacitor but

rather lowers the capacitance of the SL due to a “smearing” of the Stern layer; an increase of

the distance of the charge separation. When the DL capacitor is established, around 1 mM,

any increase in ionic content lowers the Debye length which increases the DL capacitance so

that the overall capacitor is controlled by the SL capacitor.

A regression results that a SL capacitance with Π = 1.4 gives the best agreement with

the experimental results in Figure 4; this requires a relative permittivity of around 4 to 14

for an SL thickness in the range of 3 to 10 Å. This range corresponds very well with the

saturation permittivity of water as discussed above. The corresponding SL capacitance for

Π = 1.4 is 12 μF/cm2. Since this value hardly changes over the entire concentration range,

we apply Equation (8) and Equation (10) to infer the DL capacitance and Debye length from
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the measured EDL capacitance, respectively. Figure 5 compares this “experimental” Debye

length with the theoretical Debye length from Equation (11) over the entire concentration

range of NaCl. As expected, a very good agreement is observed for NaCl concentrations

above 1 mM. Considerable differences are obvious for the very low concentrations which

again implies that a certain minimum ion content is required to form a diffuse layer which

has characteristics according to the Gouy-Chapman theory. At low concentrations, only

the SL capacitor seems to be dominant. Hence, calculation of the Debye length (i.e. the

electrode distance of an equivalent parallel plate capacitor) from measured capacitances for

concentrations below 1 mM should be avoided.

Similar deviations from the Gouy-Chapman-Stern model at low ion concentrations

were previously observed in the impedance spectra of electrodes in aqueous HCl solutions22.

Likewise, since an EDL has a different composition than the liquid bulk, it is possible to

express its characteristics with the integral surface conductivity. In our previous work, we

combined streaming current/potential and EIS measurements, and showed that Bikerman’s

correlation for the surface conductivity, which is based on the Gouy-Chapman model, fails

at very low ion concentrations. 31 Furthermore, changes in the sign of the slope (inflection

points) in correlations between absolute zeta potential and ionic strength at or below around

1 mM were reported in various works. 64–66 The zeta potential and the diffuse layer also deter-

mines the behavior of nanobubbles; here, Meegoda et al. observe an anomaly in nanobubble

size at an ionic strength of around 1 mM which may be related to the lack/diminishment of

the DL. 63 All these observations indicate that the conventional EDL theory fails to predict

the behavior of the system at very low ionic strengths.
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Figure 5: Comparison of experimental and theoretical Debye length versus the concentration
(ionic strength) of NaCl. Open circles are experimental data while dashed line is based on
theory.

Capacitance in Aqueous Surfactant Solutions

In the previous section, it is discussed that the EDL capacitance is always on the order of

magnitude of the SL capacitance even for very low electrolyte concentrations. We further

investigate this insignificance of the DL capacitance by performing measurements employing

samples consisting of aqueous anionic SDS and zwitterionic TDAPS solutions. The main

differences between a surfactant and a simple electrolyte, such as NaCl, is the size of the

charge carrier. Surfactants are large molecules and form charged aggregates called micelles

above the so-called critical micelle concentration (CMC). 67 Hence, in surfactant solutions

the size of the charge carriers is much larger resulting in diffusivities which are consider-

ably lower compared to simple electrolytes. Likewise, due to the aggregation process it is

possible to have very low concentrations of large charge carrier. The micelles still form a

Stern (adsorbed) layer due to electrostatic and/or other interactions such as hydrophobic

adsorption.26 However, this SL would be considerably thicker than in an aqueous electrolyte
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so that electrostatic interactions outside of the SL are diminished and, in conjunction with

the lower diffusivity (thermal energy), it is less likely to measure a DL capacitance. The

entire EDL capacitance in a surfactant solution should be the SL capacitance, especially in

the case of a zwitterionic surfactant which have no (integral) net charge.

We perform similar EIS measurements for SDS and TDAPS solutions in the concentra-

tion range of 10 μM - 100 mM of the surfactants. The spectra are fitted, depending on the

presence or absence of the liquid bulk semicircle, to the equivalent circuits shown in Figure 1

c and d, respectively. The respective admittance and capacitance spectra and the regres-

sion results can be found in the Supporting Information. The equivalent EDL capacitances

are then calculated based on the value of the CPE along with Equation (7). It should be

noted that the ionic strength of a surfactant solution is correlated to the surfactant concen-

tration in a much more complex way compared to a simple electrolyte. On the one hand,

the zwitterionic TDAPS does not carry a net charge which makes the determination of an

ionic strength difficult. On the other hand, the ionic strength of an SDS solution depends

on the concentration of free surfactant molecules, degree of dissociation of the surfactant,

and, for concentrations above CMC, on the micelle number density and aggregation num-

ber.68 Hence, we plot the EDL capacitance versus the surfactant concentration in Figure 6.

Both surfactants have an equal maximum concentration of 100 mM, which is close to their

solubility limits. From conductivity data retrieved from the liquid bulk semicircle, along

with a micelle size of around 5 nm measured with Direct Light Scattering, we can estimate

the ionic strength of TDAPS for the highest concentration to be ∼1 mM. According to the

analysis provided in our previous work, 68 the solution with the highest SDS concentration

has an ionic strength of ∼10 mM. As it can be seen in Figure 6, both surfactants solutions

result in very similar EDL capacitances of around 9 to 11 μF/cm2. These values are on the

same order of magnitude as the electrodes capacitances in the aqueous NaCl electrolytes.

However, in contrast to the aqueous electrolyte we do not observe a significant change over

the surfactant concentration. For the aqueous electrolyte, the capacitance dropped over
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the a comparable range of ionic strength, which is likely related to the change of the SL

capacitor due to formation of the DL capacitor. In case of surfactant solutions, no drop

is observed; we rather see a very minor increase of the capacitance. This is an indication

that a DL (capacitor) in the traditional sense is not established in this range of low ionic

strengths. The minor increase of the capacitance can be related to an increased adsorption

which increases the charge density in the SL. The observed behavior demonstrates that the

SL for these surfactants and the electrolyte solutions are very similar. This is probably

related to the rather low permittivity variation for increasing surfactants solutions. In our

previous work,26 a drop of less than 10% of the static permittivity was observed when 100

mM SDS or TDAPS was added to water. Together with the lack of a DL in the case of

surfactant solutions, this supports our assumption provided in the previous section for the

aqueous electrolyte samples: At very low ionic strength, the ion gradient outside of the SL

is not sufficient to establish a measurable DL (capacitor) and the GCS model should not be

26



applied.

Summary

In this work, the electrical impedance of aqueous samples of NaCl, SDS and TDAPS is

measured in a two electrode setup over wide range of frequencies. Different approaches are

employed to extract the capacitance of the electrical double layer located at the interface

of electrode and sample. In detail, we use approaches based on equivalent circuits and, for

the sake of validation, the characteristic relaxation frequency. Both methods give almost the

same results proving the correctness of the equivalent circuits for our purposes.

The EDL capacitance is modelled according to the Gouy-Chapman-Stern model as a

combination of two capacitances in series; i.e., the capacitances of the Stern and the diffuse

layer. It is found that the EDL capacitance does not significantly change over a wide range

of solute concentrations. A scaling analysis reveals that the permittivity in the Stern layer

of the aqueous electrolyte samples is close to the water saturation permittivity. However,

the measured capacitances are always on the same order of magnitude as the Stern layer

capacitance. While this is in agreement with the theory at ionic strengths, this constitutes

a considerable deviation for very low ion concentrations. The serial arrangement of Stern

and diffuse layer entails that the smaller capacitor controls the total capacitor. Our results

and considerations imply that a minimum ionic strength is needed to observe the effect of

the diffuse layer on the overall EDL capacitance. We use the experimental results also to

compute the electrode distance of an equivalent parallel plate capacitor and compare it with

the Debye length, which is a measure for the thickness of the diffuse layer. Again, we find

good agreement for ionic strengths above but considerable difference below around 1 mM.

Additional experiments are carried out with surfactant solutions because their nature should

result in a suppression of the formation of a diffuse layer. The surfactant containing samples
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result in very similar EDL capacitances as the aqueous electrolyte samples. No significant

change in capacitance is observed, indicating that the EDL consists only of a Stern layer. This

supports our hypothesis that a Gouy-Chapman-like diffuse layer in an aqueous electrolyte is

only established above a certain (minimum) ion concentration of around 1 mM.
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