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ABSTRACT

The different contributions of the interfacial capacitance are identified in the case of passive
materials or thin protective coatings deposited on the electrode surface. The method is based
on a graphical analysis of the EIS results to determine both the passive-film capacitance in the

high-frequency domain and the double-layer capacitance in the low-frequency domain.

The proposed analysis is shown to be independent of the physicochemical origins of the
frequency dispersion of the interfacial capacitances which results, from an analysis point of
view of the experimental results, in the use of a constant-phase element. However, for a correct
evaluation of the thin-film properties such as its thickness, the high-frequency data must be
corrected for the double-layer contribution. In particular, it is shown that if the double-layer
capacitance gives a frequency-dispersed response, it is necessary to correct the high-frequency
part for the double-layer CPE. This is first demonstrated on synthetic data and then used for the

determination of the thickness of thin oxide film formed on Al in neutral pH solution.
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1. INTRODUCTION

Determination of the effective capacitance of a polarized interface remains a difficult challenge.
In the case of the study of passive films or a thin proactive coating, it is usually assumed that
the interfacial capacitance measured, which results from the sum of the impedances of the film
and the double layer, is mainly governed by the dielectric contribution of the passive film since
the latter is much smaller than that of the double layer. Such an approximation is easy to verify
a posteriori when data analysis is performed assuming that each of the contributions is a
capacitance and that the order of magnitudes for the double layer capacitance is between 10 to
50 uF cm? for a wide range of electrolyte concentrations and over a large potential window
[1]. However, both the electrochemical impedance of passive film [2-5] and double layer
relaxation [6-8] usually exhibit a non-ideal behavior, thus resulting in the use of constant-phase
elements (CPE) to account for the distribution of dielectric properties of the interface [8-10] as
well as experimental factors (position of the reference electrode, adsorption of impurities...)

[11-13].

The use of a CPE facilitates fitting of experimental results, but the parameters obtained, QO and
a, are difficult to use directly as it has been shown by Brug et al. [14]. The CPE is seen to be a
mathematical trick for which the physical meaning is often not clearly expressed [15], thus
limiting the use of this electrical element to a narrow frequency range. The effect of a CPE was
clearly demonstrated in the case of Mott-Schottky analysis of passive films, for which the use
of a single-frequency method for measuring the dielectric properties of the films led to a
significant dispersion of results such as the estimated number of charge carriers or the oxide
films properties [16-18]. The CPEs have also been used in a wide variety of electrochemical
applications, for instance to account for the blocking behavior of electrodes in symmetrical cells
[19] or for the characterization of transport properties contained within separators in energy
storage devices [20], and for the for the characterization of the non-ideal behavior of
polycrystalline electrodes in aqueous solutions [21, 22] as well as in ionic liquids [22]. The
CPE is also widely used for modeling the impedance response of Li-ion batteries materials in
which the complexity of the system is due to the number of interfaces involved in the entire

electrochemical system [23, 24].

As a result, the physical description of the interface requires models that account for the CPE
behaviors observed experimentally. In other words, the analysis of the impedance data
involving CPEs should result in capacitances with a physical meaning, that is the dielectric

properties of thin films must be consistent with the thickness of the material investigated, thin



film or coating [25-27], and the double-layer capacitance must also be in the range of the

expected value for a polarized interface [28, 29].

Another important point is that the capacitance of the thin layer is directly related to its thickness
[29], providing a unique way for measuring operando this value. Thus, different methods have
been devised for the evaluation of the passive film thickness [2, 30], but most of them rely on
assumptions that are often difficult to verify experimentally. We have recently shown that the
analysis of impedance data by the representation of complex capacitances makes it possible to
determine certain interface properties, especially thanks to the exploitation of the high-
frequency domain [31-33]. In this work, a special attention has been paid to the graphical
analysis of the experimental data in the different frequency ranges, including the low-frequency
domain, in order to determine the values of the capacitances without resorting to fitting
procedures involving complex functions. It will be shown that such an approach allows
determination of the thickness of a thin layer at the interface, independently of the use of a CPE

to describe the distribution of time constants.

2. EXPERIMENTAL

The working electrode consisted of an Al electrode (99.95% - Goodfellow) containing 50 ppm
Fe and 100 ppm Si impurities, laterally insulated by a cataphoretic paint and an epoxy resin,
exposing a surface area of 0.2 cm?. The surface of the electrode was mechanically ground with
silicon carbide paper up to 1200 grade, sonicated in distilled water, and dried with a stream of
nitrogen gas. A saturated mercury sulfate electrode (MSE; Emse = 0.64 V/SHE) was used as
the reference electrode, and a large area platinum mesh was used as the counter electrode.
Sodium sulfate solutions (0.01 M) were prepared from analytical grade reagents using distilled

water.

All electrochemical experiments were performed using a Gamry Ref600 workstation. EIS
measurements were performed at the corrosion potential after two-hour immersion of the
electrode in the electrolyte deaerated by sparged Ar gas. The sinewave perturbation amplitude
was 10 mV peak-to-peak and 12 points per frequency decade were measured between 100 kHz

and 10 mHz.
Simulations were performed using Matlab® software.

3. RESULTS AND DISCUSSION



The mathematical foundation presented in this section demonstrates that a CPE associated
with the double-layer can be observed at low frequencies, thus enabling correction of the
impedance data for the influence of the double-layer. A demonstration of the approach is

presented using both synthetic and experimental data.
3.1. PHYSICAL DESCRIPTION OF THE INTERFACE

Let us assume the simple case of a thin film such as a passive film or an organic coating
deposited on the electrode surface with no or a negligible electrochemical reaction on its
surface. Figure la shows the electrical representation of such an interface in the case of a
passive electrode immersed in an electrolyte in which Z;;,, represents the impedance of the
passive film and the CPE in series with Zg;;,, represents the properties of the electrode-
electrolyte interface. It is worth noting that this general description is independent of the
dielectric and electrochemical properties of the film. Thus, Z;,, can represent a point-defect
[34, 35] or similar [36, 37] model, a passive semiconducting film [4, 38], a thin film exhibiting
a resistivity distribution [39, 40], or a thin film containing active organic inhibitors [41, 42].
For simplicity, the high-frequency dispersion due to the contribution of ohmic impedance [43-
46] is disregarded in this article so as to focus on the different contributions of the interfacial

capacitance in the high and low frequencies.
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Figure 1: Electrical representation of the passive film interface (a) in the general case; (b) and using a
decomposition in series of n Voigt elements for the thin film impedance

The use of a series of Voigt elements to account for the impedance of an electrode is possible

for any impedance response that conforms to the Kramers-Kronig relationships [47, 48]. Thus,



the impedance contribution of the film can be described as a series of n Voigt elements, as
shown in Figure 1b. Note that, as the CPE for the double layer is assumed to be known, the
Voigt series accounts only for the impedance contribution of the film. Such an electrical
equivalent circuit is of special interest when looking at low- and high-frequency limits for the
impedance response of the interface. For any frequency, the current passes through the less
resistive pathway. Thus, at high frequencies, the contribution of series capacitors dominates,

and the limiting value of the impedance is given by

1 Fq. 1

lim Z(w) = - + — +
w—0 (@) k=1]wck (jw)*aQ 4

The first term of the right-hand side is the dielectric contribution of the film, Cfp,, and Eq. 1

may be expressed as

lim Z(w) = - + — + ’
w—0 joChim  (w)*aQq

Similarly, at low frequencies, the contribution of series resistances dominates, and the limiting

value of the impedance is given by

1 Eq. 3
LL]LI"(]) Z((U) bl Z Rk )adedl = Rﬁlm + m " Re

Eq. 3 shows that the double-layer capacitance can be obtained from the low-frequency domain.
Then, the high-frequency limit (Eq. 2) allows calculation of the capacitance of the thin film. It
is worth mentioning that, in this case, it is not necessary to make any assumption about the

order of magnitude of each of the capacitances as usually done in the literature.

To illustrate the interest of this description in terms of electrical equivalent circuit of the
interface, a preliminary study based on the analysis of synthetic data is first presented in the
following. This approach allows us, not only to have data for which it will be simpler to present
the approach we propose, but also to make simulations in frequency domains that are difficult
to access experimentally in order to show the advantages and the limitations of this analysis.

Then, experimental results obtained on a pure Al electrode will be discussed.

3.2. SYNTHETIC DATA



Let us assume that the power-law model accounting for a resistivity distribution along the
thickness of the oxide film [49, 50] allows the description of the impedance response of the

electrode. Thus, the impedance of the film may be expressed as

5
() Eq. 4
7w :f : dx

Fum (@) o 1+ jwegyp(x)

in which § is the thickness of the thin film, & the material dielectric constant, &, the vacuum
permittivity (g, = 8.8542 10"'* F cm!), and p(x) the resistivity distribution inside the film,
which is expressed as a function of the normal coordinate to the film, x, as

Ps Ps\ (X\'1" Eq. 5

p( =5[22+ (1-2) (3) |

Po Po (5 )
where py (2 cm) and ps (2 cm) are the boundary values of the resistivity at the metal/film
interface and at the film/solution interface, respectively, and y is a constant indicating the extent
of the variation in resistivity. The value of p, and ps may vary to a large extent, depending on
the system under investigation [50-52]. This impedance contribution was previously shown to

be equivalent to a CPE on a restricted frequency domain delimited by the values of f, =

1/2npoegy and fs = 1/2mpseey [49, 50].

Moreover, the double-layer capacitance always exists and is in series with the capacitance of
the film. A typical value for the double layer is expected to be in the range of 10 to 50 pF cm™2,
but frequency dispersion ascribable to the geometry of both the electrode and electrochemical
cell usually results in a CPE-like behavior of the double layer with the parameters Q4; and a ;.
It was previously shown that the Brug relation for such a surface distribution of time-constants
allows calculation of the double-layer capacitance from the CPE parameters [14, 30]. The
capacitance may be expressed, in the case of a blocking electrode (i.e., when the charge transfer

resistance is much larger than the electrolyte resistance), as

Cy = (le)l/adl(Re—l)(adl—l)/adl Eq. 6

where R, is the electrolyte resistance.

The total impedance that can be measured at the working electrode is thus given by:

Z(w) fa PO v 1 g a7
w) = . X+ ————
o 1+ jweggp(x) (jw)*aQy ¢



Figure 2 shows synthetic data of typical impedance diagrams in Nyquist representation for a
5 nm thick oxide thin film as a function of the resistivity at the interface between the electrode
and electrolyte. These simulations were performed with Qq =47 10° F s¢*d ¢m2 and a1 = 0.9

corresponding to a double layer capacitance of 20 uF cm™ (calculated with Eq. 6).

Figure 2 highlights two time-constants that are characteristic of a CPE in the low-frequency
domain and the thin film impedance in the high-frequency domain. The latter is more or less
well defined (Figure 2b) since the low-frequency part of the impedance of the thin film overlaps
the high and medium-frequency contributions of the double layer capacitance, the extent of
overlap depending on the value of ps. The use of different graphical representations allows a
better visualization of the different time constants. Figure 3 shows the Bode representation of
the electrolyte resistance-corrected data for simulations carried out with the same parameters
as in Figure 2. These data were obtained by subtracting the K. value (determined as the high-
frequency limit of the real part of the impedance) to the EIS data. The variation of the
impedance modulus as a function of frequency (Figure 3a) clearly illustrates the CPE behavior
of the double layer in the low-frequency range (a¢ < 1); whereas, the impedance response in

the medium- and high-frequency domains, depends on ps.

Figure 3b shows the variation of the phase angle corrected from the electrolyte resistance. In
the low-frequency domain, all the curves superimpose at a constant value of -81°, which

corresponds to the contribution of the double layer relaxation (a4 = 0.9).

In the high-frequency domain, the value of the phase tends towards -90°, but, at this point, it is
worth noting that depending on the value of pg, it may be not possible to determine the high-
frequency limit of the impedance. Indeed, for the smallest value of pg, the frequency domain
should be enlarged to access the limiting value of the capacitance, which may be, from an

experimental point of view, out of the range of the equipment capability.

In the intermediate-frequency range, i.e., for frequencies above 100 Hz (this value is determined
by po) a plateau is observed which shows a slight variation of the phase angle and which could
be wrongly interpreted as a CPE. Indeed, to analyze these data in more detail, the graph of the
absolute value of the imaginary part (in a log-log scale) is presented as a function of frequency
in Figure 4a for ps = 107 Q cm and py = 101° Q cm. As expected, the low-frequency domain
shows a linear variation allowing a slope of -0.9 to be obtained that corresponds to —ayg;. In the
high-frequency domain, the slope of the curve is -1, corresponding to the behavior expected for

a pure capacitance. On this frequency domain, Cry, can be determined. In the medium-



frequency domain, a quasi-linear variation of the curve is obtained over 2 decades of frequency,

suggesting again a CPE-like behavior.
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Figure 2: Nyquist representation of the impedance calculated for a passive film obeying to a power law model in
series with a non-ideal double layer described by a CPE as a function of ps. (a) whole frequency plot; (b) zoom
on the HF domain. Parameters used for the synthetic data: pp= 10** Q cm, 5=5nm, y=4, £=10,
R.=10Q cm? Qa=47 10°F s ecm?, = 0.9.
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Figure 3: Bode representation of the impedance (adjusted from the electrolyte resistance) calculated for a
passive film obeying to a power law model in series with a non-ideal double layer described by a CPE as a
function of ps (a) impedance modulus; (b) phase angle corrected from the electrolyte resistance. Parameters
used for the synthetic data: pp=10° Qcm, 5=5nm, y=4, £=10, R.= 10 Q cm?, Qa =47 10°F s"*“ cm?, aai
=0.9.
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Figure 4: Graphical analysis of the impedance calculated for a passive film obeying to a power law model in
series with a non-ideal double layer described by a CPE. (a) variation of the absolute value of the imaginary part
of the impedance as a function of the frequency; (b) variation of the parameter Q of the CPE for the different
values of a determined in Graphic a. Parameters used for the synthetic data: pp = 10*° Q cm, ps=10" Q cm, 5=
5nm, y=4, £=10, Re =10 Q cm?, Qar =47 10° F s ecm™, aa = 0.9.



The frequency-dependent value of the CPE parameter Q can be calculated using the values of
a determined graphically according to the relationship
0 =ﬁ><sin(“2_”) £y 8

Figure 4b shows the variations of Q as a function of frequency obtained for the three different
values of a determined on Figure 4a. The low-frequency domain allows calculation of Q equal
to 47 10 F sU-® ¢cm for a = 0.9, in perfect agreement with the value used for the simulation.
On the other hand, the intermediate frequency domain does not show a constant @ value over
the frequency range for which a = 0.85 is observed. This is due to the fact that, over this range,
two relaxations that can be described by CPEs take place, and the sum of two CPEs in series is
not a CPE. In the high-frequency domain, the Q value for &= 1 does not reach a plateau and
varies slightly with frequency. A value of 1.5 pF cm™ can be determined from the graph (Figure
4b) at 1 MHz. From the data used for generating synthetic data, the high frequency value of the
interfacial capacitance consisted in the double layer capacitance (20 pF cm™) and the high
frequency film capacitance Cpjj, = 880/6 = 1.77 uF cm™? in series, thus C = 1.63 pF cm™.

The high-frequency analysis results in 8% error in the evaluation of the static capacitance.

A similar analysis can be performed using the complex capacitance that can be obtained from

the impedance data using the relationship [31]

1 Eq. 9
jo(Z(w) —R,)

C(w) =

10
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Figure 5: Capacitance graph of the impedance calculated for a passive film obeying to a power law model in
series with a non-ideal double layer described by a CPE. (a) whole frequency plot; (b) zoom on the HF domain.
Parameters used for the synthetic data: po = 10° Q cm, ps= 10’ Q cm, 5=5nm, y=4, £= 10, R. = 10 Q cm?,

QOa =47 10°F s"*“ cm?, a1 = 0.9.

Figure 5 shows the capacitance graph of the impedance calculated for a passive film obeying a
power law model in series with a non-ideal double layer described by a CPE. The system shown
in Figure 5 corresponds to the system presented in Figure 2 for ps = 107 Q cm. Here again, the
extrapolation of the capacitance in the high frequency domain allows a value of C,, 1.5 pF cm”
2 to be determined. However, if the actual double layer impedance can be obtained from the
low frequency analysis, it is then possible to calculate the corrected impedance Z... of the

passive film according to

1 Eq. 10
Zeorr(w) = Z(w) — Go) a0,

and perform the same graphical analysis as before. The complex representation of the
impedance (Figure 6) shows that the high frequency limit is 1.78 uF cm™2, which is in agreement
with the dielectric properties of the film calculated from its thickness and relative permittivity
(Criim = 1.77 uF cm?). These results show that the interpretation of impedance data in the high-
frequency domain remains a thorny issue. Indeed, the simple analysis in terms of equivalent
circuit shows that one must obtain a capacitance in the high-frequency domain, but the fact that

the capacitive response of the interface may be the result of CPE complicates the quantitative

analysis and leads to errors.
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Figure 6: Capacitance graph of the impedance calculated for a passive film corrected from the CPE contribution
of the double layer. Parameters used for the synthetic data: po=10° Q cm, ps=10" Qcm, §=5nm, y=4, &=
10, Re =10 Q cm?, Qui =47 10°F s em™?, aa = 0.9.

The high-frequency capacitance value is often used to find out the properties of the passive

film, e.g., its thickness if the relative permittivity of the material is known, according to the

relation

€& Eq. 11
Critm = 5 0

Figure 7 shows the thickness of the passive film determined from the graphical analysis of the
impedance for synthetic data as a function of ps. The expected value for the film thickness is &
= 5 nm, which was used as parameter for the calculation of the power law impedance
contribution. If we assume that the double layer capacitance is negligible (blue curve), an
assumption often found in the literature, the error made on the evaluation of the thickness is a
function of ps and can reach 50% for the smallest value of ps. The same is true if the high-
frequency capacitance is corrected by the infinite capacity obtained from the analysis of the
CPE behavior of the double layer (red curve), the error can be as high as 45% in this case. In
fact, Figure 7 shows that the only way to obtain a right thickness estimate is to correct the
impedance of the CPE of the double layer before extrapolating the value of the high-frequency

capacitance (black curve). This approach should be preferred (when data analysis allows it)

12



because the ps value is generally not known and it is then difficult to estimate the error with

which the determination of & is made.
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Figure 7: Evolution of the thin film thickness calculated assuming that the double layer is negligible (blue
circles), by correcting the HF capacitance by the double layer capacitance (red squares) or by the double layer
CPE (black diamonds) as a function of ps. Parameters used for the synthetic data: po=10° Q cm, 5=5 nm,
y=4,£=10,R. =10 Qcm?, Qa =47 10°F s""“ cm?, a1 = 0.9.

3.3. EXPERIMENTAL RESULTS ON ALUMINUM

Figure 8 shows the EIS diagrams of an Al electrode after two-hour immersion at the corrosion
potential ina 0.01 M and 0.1 M Na,SOg4 solutions. In both cases, the shape of the EIS diagrams
clearly shows a CPE behavior in the high-frequency domain; whereas, the capacitive loop hides
the double-layer capacitance contribution. The two main distinctions in these EIS diagrams are
a decrease of electrolyte resistance for the more concentrated solution and a very slight shift in
time-constant frequency. However, the Bode representation (Figure 9) shows the contribution
of two time constants, as already observed [53]. In the 0.01 M Na;SO4 solution, the low-
frequency domain allows measurement of a double layer CPE t(Qa = 35%10°¢ F s/"® cm?, aq
= 0.89); whereas, in 0.1 M Na,SO4 solution, Qai = 43x10° F s0"% ¢cm? and aq = 0.90,
corresponding to a double-layer capacitance of 15.3x10°% F c¢cm? and 18.5x10° F cm™
respectively, when using the Brug formula (Eq. 6). These values for different electrolyte

concentrations are in agreement with reported data for the mercury electrode [1].

13
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Figure 8: Nyquist representation of the impedance response of an Al electrode after 2-hour immersion in 0.01 M
Na»SO, deaerated solution at the corrosion potential (Ecore = -1.196 V/MSE) red circles; and in 0.1 M Na»SO,
solution blue squares. (a) whole frequency plot; (b) zoom on the HF domain.

In order to determine the thickness of the oxide film formed on the surface of the aluminum
electrode, the complex capacitance was calculated from the impedance and from the corrected
impedance by double layer CPE (Figure 10) by considering a permittivity value of 11.5. In the
0.01 M NaSOs solution, high-frequency extrapolation allows calculation of an infinite
capacitance of 1.06x10° F cm? in the case of raw data and 1.4x10° F cm? in the case of
corrected data, i.e., a film thickness of 9.6 nm and 7.3 nm, respectively. Interestingly, if the
infinite capacitance is corrected with the value of the double-layer capacitance determined with
the Brug formula, an intermediate value of the thickness is obtained (8.9 nm). In the 0.1 M
NazS0y4 solution, high-frequency extrapolation allows calculation of an infinite capacitance of
1.13x10° F ¢cm? in the case of raw data and 1.6x10° F ¢m™ in the case of corrected data,
leading to a film thickness of 6.3 nm for the corrected data. These results show that the direct
use of the infinite capacitance to determine the thickness of the passive layer can lead to an
error of about 20%, while the correction with the double-layer capacitance determined from the
Brug relation, as proposed in reference [53], reduces the error to about 10%, the ideal being to

adjust the impedance by the double layer CPE before calculating the thickness.

The thickness values determined in this work are within the range of those encountered in the
literature for various thin oxide films on AI[53] or steel[52], but are larger than those reported
in Evertsson et al.[54] using EIS, XPS and XRR. However, the formula used in this article to
analyze EIS data is equivalent to that developed by Hsu and Mansfeld[55] which was shown to
underpredict the film thickness for an oxide on 18 Cr-8Ni steel[9] by a factor of about 10

14



compared to values obtained by surface analysis. Moreover, this discrepancy between our data
and those of Evertsson et al. may stem from the actual value of the dielectric constant. A value
between 7.5 to 15 has been reported in the literature[56] leading to thicknesses between 4.1 and
9.5. This range is in agreement with our results and those of Evertsson et al. thus showing that
EIS is an effective tool to control the thickness of the thin oxide film formed on the electrode

surface assuming the permittivity of the material is known.
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Figure 9: Bode representation of the impedance response of an Al electrode after 2-hour immersion in 0.01 M
Na,SO, deaerated solution at the corrosion potential (Ecore = -1.196 V/MSE) panel (a); and in 0.1 M Na;SOq
solution panel (b).
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Figure 10: HF domain of the complex capacitance representation for an Al electrode after 2-hour immersion in
0.01 M Na,SO, deaerated solution at the corrosion potential (Ecorr = -1.196 V//MSE), calculated from the
experimental impedance data presented in Figure 8. Red circles: raw data; blue squares: data corrected from
the double layer CPE. Dashed lines are used for high frequency extrapolation of the capacitance.

4. CONCLUSIONS

This work shows that the different capacitances of an electrode can be readily obtained from a
rather simple graphical analysis. However, depending on the value of the time constants, the

frequency domains on which data analysis has to be performed, overlap.

The hypothesis of neglecting the double-layer capacitance compared to that of a thin film, such
as a passive oxide film on an electrode, gives a good approximation of the characteristics of the
thin layer. However, since all these capacitances usually show a frequency dispersion, it may
be difficult to correctly evaluate the high-frequency limit of the complex capacitance graph.
Furthermore, this work shows that it is possible to extract the double-layer capacitance by
analyzing the low frequency part of the impedance diagram in order to use it for a more refined
analysis of the high frequency domain of the diagram. It should be noted that no assumptions

were made about the nature of the medium, making this approach applicable to other systems,
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such as non-aqueous media and ionic liquids, and that the film thickness can be obtained

without any assumption on the physical origin of the CPE.

In addition, it has been shown that the shape of the various graphical representations and in
particular their extrapolation into the high-frequency domain is of great help to roughly assess
the error that can be made and to give an overview of the frequency domain that can be exploited

for the analysis of interfacial capacitance.
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