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A B S T R A C T   

Electrochemical impedance spectroscopy (EIS) is a versatile technique to characterize electrochemical systems 
satisfying causality, linearity and stationarity requirements. Odd Random Phase multisine EIS (ORP-EIS) can 
measure time-varying impedances for non-stationary processes. In this work, operando ORP-EIS is introduced to 
monitor the anodizing of aluminum, which is a nonlinear and non-stationary process, by superimposing a 
multisine AC perturbation signal on the anodizing DC potential. Results show that the multisine signal does not 
disturb the growth of the oxide film. Moreover, this technique makes it possible to follow the growth of the 
barrier oxide layer and provides an opportunity to investigate processes like ion adsorption, ion incorporation 
and ion movements through the oxide layer during anodizing. These processes cannot be studied by conventional 
EIS.   

1. Introduction 

Electrochemical Impedance Spectroscopy (EIS) is a powerful tech-
nique that provides an opportunity to identify contributions from 
different physical and chemical processes occurring simultaneously in 
an electrochemical system. Each of these phenomena is characterized by 
the time constant at which the process takes place. By transforming the 
data from the time domain to the frequency domain, they can be iden-
tified in one experiment. These features make EIS a versatile charac-
terization method, widely applied in battery characterization and 
surface modification research [1]. 

To extract valid information from EIS measurements, the system 
under investigation should satisfy causality, linearity and stationarity 
conditions [2]. However, many electrochemical systems are intrinsically 
nonlinear due to the exponential relationship between current and po-
tential. Moreover, some electrochemical processes (like the corrosion of 
metals) evolve over time during EIS measurements. These aspects 
violate the necessary requirements for acquiring reliable EIS results 
[1–4]. Therefore, the application of EIS to rapidly evolving electro-
chemical processes is considered its main limitation. 

Our research group has developed an integrated EIS methodology 
using an Odd Random Phase multisine excitation signal (ORP-EIS) 

[3,5–7]. Through ORP-EIS, it is possible to reveal and quantify the non- 
stationary behavior and calculate the time-varying impedance of an 
electrochemical system that evolves over time [3]. 

In this method, the non-stationary behavior is revealed by the pres-
ence of hyperbolic shapes in the spectrum response around the excited 
frequencies, which we call skirt-like contributions [8]. These skirt-like 
contributions are modelled with basis functions by using a linear least- 
squares algorithm. The time-varying impedance of the evolving system 
is then calculated from the coefficients corresponding to the basis 
functions. However, in practice, electrochemical processes also behave 
in a nonlinear way when the system is excited outside its linear oper-
ating region. 

Recently, Hallemans et al. [9,10] introduced an algorithm to auto-
matically detect and quantify the nonlinear distortions and noise level in 
the non-stationary response of a system to an odd random phase mul-
tisine excitation. This algorithm can be applied to model the Best Linear 
Time-Varying Approximation (BLTVA) of nonlinear time-varying pro-
cesses, for instance, in corrosion science and battery applications. This 
algorithm uses frequency domain windowing of the data to resolve the 
dynamic impedance. It models the drift signal, caused by the operando 
conditions, and quantifies the nonlinear behavior and noise in the 
measurement. The method of [4] solves an equivalent problem. 
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However, it uses a short-time Fourier transform with a specified time 
window to resolve the dynamic impedance from current and voltage 
measurements. Moreover, it does not model the drift signal, nor quan-
tifies nonlinear distortions. 

The algorithm in [9,10] was applied by Collet et al. [11] to study 
copper electrodeposition. Recent developments in the algorithm [12] 
allow for the nonparametric removal of a trend in the time domain 
response. This means that operando processes with a large trend in the 
time domain can now be investigated with better accuracy. An example 
of such a process is the anodizing of aluminum. Anodizing is an elec-
trochemical process used to artificially form an oxide layer on the sur-
face of valve metals, with many applications in industry. Anodizing has 
been the subject of several EIS studies in the past [13], but an a posteriori 
analysis is applied to the sample after anodizing. However, many re-
actions can happen during anodizing which may affect the properties of 
the oxide layer. Therefore, in situ and operando monitoring of anodizing 
is of prime importance. 

Curioni et al. [14] have performed anodizing and EIS simultaneously 
during the formation of a porous anodic oxide film on an aluminum 
substrate. However, they did not resolve the impedance results over time 
and only focused on the formation of the porous oxide layer. 

In this work, operando ORP-EIS is employed to monitor the anod-
izing process, meaning that ORP-EIS will be performed during anod-
izing. Anodizing is chosen for the proof of concept of operando ORP-EIS 
since it provides many challenges. The first challenge comes from the 
impedance modulus, which changes by several orders of magnitude in a 
short period of time. Secondly, the anodizing DC potential is varied 
rapidly to obtain the required properties of the oxide. This also generates 
a large trend in the measured current. The aim is (i) to investigate the 
influence of the superimposed multisine signal on the anodizing process 
and (ii) to follow the growth of the barrier oxide layer during anodizing. 

2. Material and methods 

Operando ORP-EIS during anodizing is performed for the aluminum 
alloy AA2024 in a 0.1 M H2SO4 solution with a stirring rate of 500 rpm 
at room temperature. The anodizing DC potential first sweeps from 0 to 
20 V in 1 min (sweeping rate 20 V/min) and then remains constant at 20 
V for 9 min. To perform operando ORP-EIS during anodizing, a multisine 
AC potential perturbation signal in the frequency range 50 mHz–10 kHz 
is superimposed on the anodizing DC potential. The amplitude of the 
multisine signal is chosen to be 50 mV (rms), which represents a trade- 
off between a decent signal-to-noise and trend ratio, and limiting the 
nonlinear distortions in the system. An intrinsic property of ORP-EIS is 
that it can measure and quantify the nonlinearity level of the system 
under investigation. 

To perform ORP-EIS measurements for anodized samples immedi-
ately after anodizing in a 0.1 M H2SO4 solution, a signal in the frequency 
band 0.1 Hz–10 kHz and with an rms amplitude of 10 mV is applied. All 
experiments are performed using a three-electrode cell setup, in which 
the aluminum specimen is the working electrode, a platinum mesh is the 
counter electrode and an Ag/AgCl electrode filled with saturated KCl 
solution is the reference electrode. Each experiment is repeated at least 
twice to verify the reproducibility of the results. Prior to the experi-
ments, the specimens were sonicated in ethanol for 5 min to remove oily 
stains and contaminants, then rinsed in deionized water, and dried with 
nitrogen gas. 

The current ORP-EIS setup contains a desktop computer with an 
integrated NI PCI-4461 Data Acquisition (DAQ) card and a compact 
analog potentiostat developed in-house. The setup is controlled using 
custom software running under Python 3.7. All measurements are done 
in a Faraday cage. 

3. Results and discussion 

3.1. The impact of the superimposed multisine (MS) perturbation signal 
on the electrochemical process 

As a first step, it is necessary to test whether the MS signal super-
imposed on the anodizing DC potential affects the electrochemical 
process. For this purpose, anodizing is done both with and without a MS 
signal superimposed on the anodizing DC potential. 

Fig. 1(a) and (b) indicate the anodizing DC potential with the 
superimposed MS signal and the recorded current response of anodizing 
versus time, respectively. Fig. 1(d) (inset in Fig. 1b) shows details of the 
first 150 s of the current response of anodizing, divided into a number of 
steps. In step 1, the current first increases and then drops. This can be 
attributed to ionic conduction in the native oxide layer and the growth 
of the barrier oxide layer, respectively. In step 2, the plateau region in 
the current–time plot (below 60 s) represents the thickening of the 
barrier oxide layer, since during this time period the anodizing DC po-
tential increases at a rate of 20 V/min and the thickness of the barrier 
oxide layer is proportional to the applied potential [15]. In step 3, pores 
start to grow and the current slightly increases (the second maximum in 
the current–time plot around 60 s) and then decreases. The decreasing 
current may be attributed to the anodizing DC potential which remains 
constant at 20 V after 1 min, the limited flow of ions through the barrier 
oxide layer and a halt in the growth of some pores due to competition 
among the pores [16]. Finally, in step 4, the current reaches a steady 
state in which there is a dynamic equilibrium between oxide growth and 
dissolution. In this step, the porous structure grows continuously. It can 
be seen that the same behavior is observed for the current responses of 
anodizing systems both with and without a MS signal superimposed on 
the anodizing DC potential. This demonstrates that the MS perturbation 
does not affect the current transient of anodizing which is representative 
of oxide layer growth. 

To further investigate the effect of the superimposed MS signal on 
anodizing, ORP-EIS is performed as an a posteriori analysis on anodized 
samples. Samples were anodized with and without a MS signal super-
imposed on the anodizing DC potential, and immediately after stopping 
the anodizing DC potential, ORP-EIS is carried out for the samples in the 
anodizing solution. The results, shown in Fig. 2, reveal that the modulus 
and the phase angles of the impedance are the same for both samples. 
This implies that the MS signal does not influence the growth of the 
barrier oxide layer. 

In this section, it is shown that the current evolution of anodizing, 
which reflects the growth of the oxide layer, is not affected by the MS 
signal superimposed on the anodizing DC potential. Also, the overall 
impedance values of the oxide layers formed with and without the MS 
signal superimposed on the anodizing DC potential are comparable. 
Thus, it can be concluded that the MS perturbation signal does not 
disturb the growth of the oxide layer and operando ORP-EIS can be 
employed to monitor anodizing. 

3.2. Operando ORP-EIS results 

Operando ORP-EIS is performed continuously during anodizing, 
which makes it possible to show the impedance at each time instant 
during the experiment. To obtain the impedance of the system, the input 
voltage and output current are acquired by measuring for 10 min with a 
sampling rate of 30 kHz. This time domain data is then converted to the 
frequency domain by a discrete Fourier transform. The current spectrum 
is modelled using basis functions in local frequency bands. The BLTVA of 
the experiment, i.e. the admittance of anodizing, is computed using a 
linear least-squares algorithm [10]. The result of this calculation pro-
vides the time-resolved admittance of anodizing. The time-resolved 
impedance is then obtained by taking the inverse of the admittance 
for each time instant. Moreover, the nonlinear distortions in the mea-
surement, shown in Fig. 3, are detected, classified and quantified, and 
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for frequencies above 1 Hz are at least 30 dB below the linear time- 
invariant response, which makes it possible to justify a linear model 
for the process. 

The results of the operando ORP-EIS measured during anodizing are 
presented, for certain time points, as Bode plots in Fig. 4. The phase 
angle of the impedance, shown in Fig. 4(b), indicates capacitive and 
inductive time constants in the frequency bands 1 kHz–10 kHz and 1 
Hz–100 Hz, respectively. The capacitive behavior can be attributed to 
the formation of the barrier oxide layer during anodizing, since at high 
frequencies (above 1 kHz), the modulus of the impedance increases and 
phase angle decreases in the first minute of anodizing, which corre-
sponds to sweeping the anodizing DC potential from 0 to 20 V. 

To further study the formation of the barrier oxide layer during 
anodizing, a single frequency (2000 Hz) is selected from the high- 
frequency range and the variations in the modulus and the phase an-
gles of the impedance are plotted over time in Fig. 4(c) and 4(d). It is 
observed that, from 0 to 60 s, where the anodizing potential sweeps from 

0 to 20 V, the modulus of the impedance increases and the phase angle 
decreases continuously, which could be due to growth of the barrier 
oxide layer. Subsequently, from 60 to 90 s, the modulus of the imped-
ance is still increasing but its rate of increase is less than in the first 60 s. 
Most probably this can be attributed not only to the anodizing potential 
reaching a constant value (20 V) but also to the initiation of the pore 
formation process due to the dissolution of the oxide layer in the acidic 
anodizing solution. Then, from 90 to 150 s, the growth and widening of 
the pores reduce the modulus of the impedance. Finally, after 150 s the 
modulus and the phase angles fluctuate within a constant range of 
values, which represents the steady state in anodizing. This information 
is in line with the explanation given for the current response of anod-
izing in Section 3.1. 

Moreover, in the frequency band 1–100 Hz, inductive behavior can 
be attributed to the adsorption of water molecules and acid anions (in 
this research SO2−

4 and HSO−
4 ) onto the positively charged aluminum 

specimen. O’Sullivan et al. [17] have already demonstrated these 

(a)         (b) 
Fig. 1. (a) The anodizing DC potential with a superimposed MS and (b) the current evolution of the anodizing of AA2024 in 0.1 M H2SO4 solution (stirring rate 500 
rpm) at room temperature. Blue and orange lines represent anodizing with and without a MS signal superimposed on the anodizing DC potential, respectively. Inset 
(c) shows the details of the anodizing DC potential with the superimposed MS signal between 55 and 65 s and inset (d) shows the first 150 s of the current evolution in 
detail. The exact start and end time of steps 2 and 3 is not well-defined. 

Fig. 2. Bode plots of ORP-EIS experiments, as an a posteriori analysis, for samples immediately after anodizing. Samples are anodized with and without a MS signal 
superimposed on the anodizing DC potential. ORP-EIS measurements after anodizing are performed in a 0.1 M H2SO4 solution (stirring rate 500 rpm) at room 
temperature. Stochastic noise, which is the estimated noise variance in the measurements as a function of frequency, non-stationarity and non-linearity levels are 
shown for both experiments. 
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phenomena during the anodizing of aluminum. Another possibility that 
could explain the present inductive behavior is the movement of ions 
(such as Al cations, oxygen and hydroxyl anions) and/or the incorpo-
ration of ions (like SO2−

4 ) in the oxide layer during anodizing. As a result 
of the application of an anodizing DC potential to the aluminum 

specimen and the non-conductive properties of the oxide layer on the 
surface of the aluminum substrate, an electric field is formed that pro-
vokes the movement and incorporation of ions through the oxide layer 
[15,17]. These phenomena reduce the resistivity of the oxide layer 
during anodizing and consequently, the modulus of the impedance. This 
is why the modulus of the impedance in the frequency range below 100 
Hz, for the sample during anodizing in Fig. 4(a), even at the end of 
anodizing, is almost one order of magnitude lower than that for the same 
sample immediately after anodizing in Fig. 2(a). As during the ORP-EIS 
measurement as an a posteriori analysis (after anodizing), the anodizing 
DC potential has been cut off which stops the ion movement. Hence, the 
modulus of the impedance increases in the frequency range below 100 
Hz in Fig. 2(a). 

These results show the robustness of operando ORP-EIS for moni-
toring the growth of the barrier oxide layer and ionic transport during 
anodizing. A detailed investigation of ionic transport will form part of 
future research. 

4. Conclusions 

As a proof of concept, operando ORP-EIS is applied to monitor the 
anodizing of aluminum in acidic media. It is found that the MS pertur-
bation signal applied to perform operando ORP-EIS does not disturb the 
anodizing process. Moreover, this technique provides the opportunity to 

Fig. 3. Classified and quantified nonlinear distortions (red stars) along with the 
output signal (blue dots). The output signal is the current response of anodizing 
with a MS signal superimposed on the anodizing DC potential. 

                                   (a)                                                                                    (b)  

(c)                                                                                 (d) 

Fig. 4. Bode plots of the operando ORP-EIS experiment during anodizing. (a) and (b) show the modulus and the phase angles of the impedance during anodizing. (c) 
and (d) indicate the modulus and the phase angles of the impedance during anodizing at a single frequency (2000 Hz). Experiments are performed in a 0.1 M H2SO4 
solution (stirring rate 500 rpm) at room temperature with an anodizing DC potential of 20 V (1 min sweep at a rate of 20 V/min and 9 min plateau at 20 V). Results 
are not shown for frequencies below 0.4 Hz due to the unreliability of the results, which may be caused by the large trend in that frequency range. 
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study anodizing and observe processes like the growth of barrier and 
porous oxide layers, ion movement, ion adsorption and ion incorpora-
tion during anodizing. The coincidence of the acquired results with the 
literature shows the robustness and versatility of this technique. Oper-
ando ORP-EIS can potentially be used as a characterization tool to 
monitor a variety of ongoing electrochemical processes continuously 
over time, which is not possible with conventional EIS. 
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