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A composição dos filmes de óxidos formados em aço inoxidável é fundamental no 
comportamento da corrosão destes materiais. Suas características têm sido largamente estudadas, 
mas ainda geram muitas questões, especialmente com relação aos mecanismos de crescimento 
do óxido e alterações em sua composição durante o crescimento do filme. Este trabalho visou 
estudar a composição química e o comportamento electroquímico destes filmes formados em 
condições distintas em substratos de AISI 316L. Investigou-se o efeito do número de ciclos, 
velocidade de varredura de potencial, composição do electrólito e pH na resposta eletroquímica 
dos óxidos formados. O aumento da velocidade de varredura promoveu a formação de filmes 
mais finos, de menor condutividade e mais ricos em Fe3+, principalmente hidróxidos. O estudo 
revelou uma dependência da composição do filme com o valor de pH, filmes formados em meios 
neutros apresentaram mais elevada resistividade e maior conteúdo de espécies de Fe e traços de 
Mo comparativamente a filmes formados em meio alcalino.

The composition of the oxide layers formed in stainless steels is fundamental in the corrosion 
behavior of these materials. Its characterization has been widely studied, but still many questions arise, 
especially mechanisms of oxide growth and changes in its composition during the film development. 
This work aimed to study the chemical composition and electrochemical behavior of these films 
formed in different conditions of substrates de AISI 316L. The work investigated the effect of the 
number of cycles, scan rate, electrolyte composition and pH in the electrochemical response of the 
formed oxides. The increase of the scan rate promoted the formation of thinner films, richer in Fe3+ 
species, mainly hydroxide, with decreased conductivity. The study revealed a pH‑dependent film 
composition, films formed in near neutral solutions presented higher resistivity and higher content 
of Fe species and traces of Mo compared to films formed in alkaline medium.
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Introduction

Stainless steels find many applications in which 
corrosion resistance is a mandatory requirement. These 
materials are stable in a wide range of conditions  and 
media due to the formation of Cr-rich stable passive films. 
The study of the properties of the passive films formed on 
stainless steels has been widely studied and reviewed by 
Olsson and Landolt.1 Relevant parameters such as thickness 
or composition have been investigated as a function of the 
electrolyte composition, the pH or the alloying elements.1 

Surface analytical techniques such as X-ray photoelectron 
spectroscopy (XPS), Auger electron spectroscopy (AES) or 
scanning tunnelling microscopy (STM) have been widely 
employed for the film characterization.

On the other hand, electrochemical methods provide 
a simple procedure to characterize material surfaces, 
allowing its accurate characterization. In particular, cyclic 
sweep voltammetry (CSV) is a well-known electrochemical 
procedure used to grow surface films, while acquiring 
information on the redox behavior of electrochemically 
active species, on the kinetics of electrode reactions and 
on the presence of electroactive species either in solution 
or at the electrode surface.2,3
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Recently, stainless steels have attracted much attention 
as current collectors or electrodes in systems for energy 
storage such as batteries, solid oxide fuel cells  and 
supercapacitors because of the lifetime  and competitive 
prices. In such applications, oxide layers of various 
thicknesses can be formed  and different oxide film 
properties must be thought depending on the function. For 
example, in solid oxide fuel cell (SOFC) interconnects, 
thick, stable  and non-resistive films should be formed 
in order to allow the desired conductivity  and avoid Cr 
poisoning. In supercapacitors, the surface films must be 
highly conductive to avoid loss of efficiency and decreased 
cicleability. Moreover, in these applications, the steel 
materials can be exposed to very different environments, 
such as very alkaline, neutral or very acidic, as well 
as exposed to sudden potential variations. Films can 
be formed by various electrochemical techniques such 
as anodic polarization, cyclic sweep voltammetry  and 
electrodeposition (either anodic or cathodic). Therefore, 
nowadays there is a renewed interest on the electrochemical 
growth of oxide films formed on stainless steels  and 
its characterization targeting applications in energy  
storage/production devices. Thus, the present work aims at 
contributing for a deeper characterization of thicker oxide 
films grown on AISI 316L stainless steel, a material that is 
now finding many applications in the energy storage domain.1

Concerning the state-of-art, there have been numerous 
studies on the electrochemical characterization of passive 
films formed on steels in different environments.4-11 
However, only few of them are concerned with the 
characterization of thick films formed by CSV,6,12-15 using 
electrochemical techniques such as impedance spectroscopy 
(EIS).7,12,13,16 Indeed, systematic studies comparing the 
properties of the surface films formed by CSV in different 
electrolytes from neutral to alkaline conditions are needed 
to point out the main differences and similarities between 
these films. Besides the electrolyte composition, the number 
of cycles  and the scan rate are parameters affecting the 
properties of the oxide films generated by CSV.11,13

The present work aims at contributing for a better 
understanding of the electrochemical behavior of 
AISI  316L stainless steel oxides potentiodynamically 
generated in different electrolytes typically found in some 
energy devices (KOH  and Na2SO4).

17-20 For instance, in 
such studies it was observed that the lowest capacitance of 
magnetite in KOH could be attributed to the slow formation 

of an insulating layer on the magnetite surface, which 
may affect the performance of these materials in energy 
storage and production devices.

In this work, oxide films were formed by CSV. 
During oxide formation, the current can be monitored 
continuously  and the oxide growth is followed during 
the whole experiment, a great advantage over other oxide 
development procedures.3,21 In order to produce oxides 
with different thicknesses, compositions  and electrical 
properties, the effect of variables such as electrolyte 
composition (Cl− and SO4

2−), pH (13 and 7) and polarization 
rate (2, 5 and 10 mV s-1) were studied.

The electrochemical characterization of the formed 
oxide films was completed by using EIS spectroscopy. 
This study was combined with surface analysis by XPS 
spectroscopy.

Experimental

Passive oxide film growth and electrochemical analysis

The chemical composition (wt.%) of AISI 316L stainless 
steel employed in this study is depicted in Table 1. The 
samples were abraded with wet emery paper of decreasing 
grit size down to 4000,  and then polished with alumina 
paste (1 µm) to get a mirror-like surface. After polishing, 
the samples were degreased with acetone  and rinsed 
ultrasonically in distilled water. Then, the samples were dried 
in a dry air stream and kept in a desiccator prior to cycling.

The passive oxide films were grown in three different 
electrolytes, one alkaline and two near neutral. The alkaline 
solution (0.1 mol L-1 NaOH) was prepared with and without 
the addition of chloride ions (added as NaCl to reach 
0.1 mol L-1 concentration). The two neutral solutions were 
0.1 mol L-1 Na2SO4 (pH 7) and 0.1 mol L-1 NaCl (pH 7). 
The solutions were prepared with p.a. chemicals  and 
deionized water.

The passive layers were electrochemically generated 
using an Autolab PGSTAT 30 from Ecochemie®. A 
conventional three-electrode electrochemical cell, placed 
inside a Faraday cage, was employed. Different reference 
electrodes were used depending on the electrolyte in order to 
avoid any kind of contamination.22 The Hg/HgO (1 mol L-1 
KOH) electrode was employed for the alkaline electrolyte, 
the Hg/Hg2SO4 (K2SO4 saturated) electrode was employed 
for the sulfate electrolyte,  and the saturated calomel 

Table 1. Chemical composition of the stainless steel AISI 316 used in this study

C P S Si Mn Cr Ni Mo Cu Ti N Fe

Composition / wt.% 0.031 0.02 0.001 0.45 1.66 16.85 11.75 2.10 0.31 0.211 0.024 balanced
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electrode (SCE) Hg/Hg2Cl2 (KCl saturated) was employed 
for the chloride containing solution. All the potentials in the 
text are referred to the SCE. A platinum mesh was used as 
a large area counter electrode. The working electrode area 
was 0.34 cm2. All the electrochemical tests were performed 
at room temperature and under aerated conditions.

CSV technique was used to grow the oxide layers. The 
potentiodynamic curves were obtained by polarizing the 
working electrode in the potential window of water stability. 
Three different scan rates were selected for the film grown 
(2, 5 and 10 mV s-1) to study the effect of the scan conditions 
on the oxide properties. The effect of the scan rate was 
studied in alkaline solution, 0.1 mol L-1 NaOH. In order to 
check the effect of the pH and the electrolyte composition, 
films formed at a scan rate of 5 mV s-1 in 0.1 mol L-1 NaOH 
+ 0.1 mol L-1 NaCl and in neutral solutions containing Cl− or 
SO4

–2 were investigated as well. The polarization procedure 
was repeated up to 20 cycles, until stable current densities 
were obtained.

EIS measurements were carried out before and after 
the film formation. The spectra were obtained at the open 
circuit potential (OCP), applying a sinusoidal potential 
oscillation of 10 mV rms (root mean square) amplitude. 
The frequency was swept from 10 kHz down to 1 mHz, 
with seven points per decade. 

Surface characterization

XPS measurements were performed using a 
Microlab 310 F (Thermo Electron, former VG Scientific) 
equipped with a Mg (non-monochromated) anode and a 
concentric hemispherical analyzer. The XPS analysis was 
performed under pressures below 5 × 10-9 mbar, using 
an Al radiation (non-monochromated). The spectra were 
taken in CAE (constant analyzer energy) mode (30 eV) and 
accelerating voltage of 15 kV. The peak quantification was 
determined after fitting. The fitting function used was a 
Gaussian‑Lorentzian product function and the algorithm 
was based on the Simplex optimization as used in the 
Avantage® software.

A JEOL JSM-5410 scanning electron microscope 
(SEM) was employed to study the structure and morphology 
of the electrochemically generated films.

Results and Discussion

Effect of the scan rate

Cyclic voltammetry analysis
Figure 1a depicts the evolution of the potentiodynamic 

polarization curves registered for the films formed at 

the slowest scan rate, 2  mV  s-1, in 0.1  mol  L-1 NaOH. 
Three different regions in the voltammograms can be 
differentiated. The assignment of the different peaks 
has been reported in previous publications.23,24 The first 
region, for potentials lower than −600 mV, corresponds to 
the iron activity. The main feature in this potential range 
is associated with the magnetite formation peak, Fe3O4, 

Figure 1. Cyclic voltammetry curves (from 1st to 20th cycle) for the AISI 
316L obtained in 0.1 mol L-1 NaOH, at: (a) 2 mV s-1, the anodic peak 
for the magnetite formation is presented in the enlarged area, (b) 5 and 
(c) 10 mV s-1 scan rates.
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at approximately −700 mV. The passivity range extends 
from −600 to +200 mV, being characterized by very low 
current density values. Finally, at more anodic potentials, 
the redox processes associated with low-high oxidation 
states of Cr, Ni and Mo are detected (Cr3+/Cr6+, Ni2+/Ni3+ and 
Mo4+/Mo6+). During the cycling process, the original thin 
native oxide film, mainly composed of Cr and Fe oxides,25 
is converted into a thicker  and more conducting layer, 
mainly based on magnetite.26 The magnetite development, 
at about −700 mV, follows the redox reaction described in 
equation 1.

	 (1)

The current involved in the magnetite formation peak 
increases during the potentiodynamic cycling, as expected, 
suggesting oxide growth. During the potentiodynamic 
cycling, the potential characteristic of magnetite shifts 
to nobler values, increasing from −720 to −700 mV, as 
graphically detailed in Figure 1a, and numerically shown 
in Figure 2a. Such behavior was already reported in the 

literature,11 and is related to a progressive enrichment of 
the oxide film in Fe3+ species in the outer part of the oxide 
film. This change is usually associated with an increase of 
the ohmic drop in the layer as reported.16,27

At the anodic limit of the voltammogram, the oxygen 
evolution (ca. +0.5 V) is displaced to lower potential values 
as cycling proceeds, showing a kind of activation for the 
O2 evolution process with the progress in the oxide layer 
chemical state in agreement with previous literature.28

The magnetite oxidation process is negligible (very 
small anodic peak at the beginning of the passive region). 
Moreover, as magnetite is reduced in the cathodic cycle 
to a large extent, the thickness of the magnetite rich 
layer at cycle i can be estimated from the corresponding 
charge involved in the magnetite formation peak, Qi in 
equation 2. The area corresponding to the peak was first 
calculated and the corresponding thickness determined 
using Faraday’s law (equation 2). The values assumed 
in this equation are: Fe3O4 molecular weight (M) 
231.5 g mol-1 and its density (r) 5.2 g cm‑3.29 Then, the 
magnetite thickness (di) at cycle i, which is proportional to 
the passive oxide thickness, was calculated as a function 
of the cycle number as indicated in Figure 2b. The film 
formation follows a quite well defined linear tendency, 
obtaining for these experimental conditions a rate of 
oxide growth of 8.8 nm per cycle. By the cycle 15, the 
rate of film growth decreased to 1.9 nm per cycle, which 
corresponds to the near steady voltammogram situation. 
This variation will be discussed in the next paragraphs. 
The estimated film thicknesses are in the same order 
of magnitude of layers grown in similar conditions 
on identical substrates  and measured by XPS depth 
profiling  and reported elsewhere.30 The coincidence 
between the electrochemical estimation of thickness 
assuming magnetite as the only passivating species and 
the XPS depth profiling can be understood supposing that 
the dominant species in the electrochemically grown film 
are iron oxides.31 The reason for this is twofold: Cr3+ is 
oxidized at the anodic limit of the potential window giving 
soluble chromates, and Ni2+ leaves the oxide structure and 
accumulates as metallic nickel at the metal‑oxide interface.

	 (2)

mi is the mass formed on the metal surface at cycle i; F is 
Faraday constant (96500 C equivalent-1); z is the number 
of electrons involved in the reaction process depicted in 
equation 1 (equivalent mol-1).

Passive oxide layers were also grown at 5 and 10 mV s-1 
in the same alkaline electrolyte. The corresponding 

Figure  2. Evolution with the number of cycles in 0.1  mol  L-1 NaOH 
solution of (a) the characteristic potential of the magnetite formation 
peak and (b) the magnetite film thickness.
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voltammetric curves are presented in Figures 1b and 1c. The 
magnetite formation peak at about −700 mV is also well 
defined and, as for the 2 mV s-1 sweep rate, the oxide layer 
growth is confirmed by the current increment with cycling. 
The characteristic potential of the magnetite formation peak 
shifts in the nobler direction, as indicated in Figure 2a. 
The rate of the anodic shift with cycling increases with 
the sweep rate (see slopes of the apparent linear fittings 
also depicted in Figure 2a). Therefore, this study allows to 
conclude that the oxide films grown by CSV oxidize faster 
when formed at higher scan rates.

The thickness of the passive film was also estimated 
using equation 2 as shown in Figure 2b. Lower slopes were 
obtained at faster sweep rates in comparison to the slower 
scan rate (2 mV s-1), as indicated in the corresponding linear 
fits, confirming a decreased oxide growth rate probably 
due to its more resistive character. However, no significant 
differences between the cycling at 5 and 10 mV s-1 could 
be observed. It seems that an asymptotic growth rate was 
reached at 5 mV s-1.

It is worth mentioning the ordinate values obtained in 
the fittings for the three scan rates at x = 0 in Figure 2b. 
Those values (6.6, 7.6 and 8.5 nm) should correspond to 
the native oxide thickness, and are in the same order of 
magnitude measured by XPS depth profiling.21

As mentioned before, Figure 2b shows that the film 
thickness tends to an asymptotic value around the 15th 
cycle for the slowest scan rate, which was not observed 
for the 5 or 10 mV s-1 cycling rates. Thus, the film growth 
seems to become more difficult after the 15th cycle for the 
2 mV s-1 cycling rate.

After the 15th cycle, the film grows at approximately 
1.9 nm per cycle, five times less than the rate measured 
before the 15th cycle (8.8 nm per cycle). This reduction 
agrees with the stabilization trends observed in Figure 2a, 
concerning the behavior of the characteristic potential of 
the magnetite formation peak. Thus, it can be said that the 
rate of film growth slows down when the oxidation to Fe3+ 
species in the outer part of the passive film is completed, 
which involves a change in the growth mechanism. The 
critical thickness at which that change occurs should be 
close to 121 nm, as indicated from the apparent linear fitting 
ordinate value depicted in Figure 2b.

For the faster scan rates, the decreased development 
(critical film thickness) was not reached in the conditions 
of the experiment.

The time consumed for the oxide growth is obviously 
shorter for the same number of scans when cycling at a 
faster rate. However, taking into account the linear fits 
presented in Figure 2b, a thicker film could be developed 
cycling faster (5 or 10 mV s-1) if the cyclic sweep is run 

for an equivalent time. For 10  mV  s-1, the oxide film 
growth is 5.2 nm per cycle (from the linear fitting) in 
such a way that to get an equivalent film to that growth 
at 2 mV s-1 (ca. 160 nm), the sweep should be run up to 
30 cycles, but considerably reducing the total treatment 
time. However, it must be stressed that the oxides 
grown at the different rates show different properties as 
discussed below. On the other hand, the stabilization in 
the growth process seems to arise after a certain number of  
scans as well.

The cyclic voltammetric curves obtained after the 20th 
cycle in 0.1 mol L-1 NaOH at 2, 5 and 10 mV s-1 scan rates 
are compared in Figure 3. The characteristic peaks are very 
similar in the three voltammograms, with an apparent peak 
current density proportional to the scan rate. When the 
scan rate increases, there is a linear increase of the current 
density in both anodic and cathodic curves, according to 
equation 3. The Faradaic current (IF) associated with the 
electron transfer resulting from oxidation/reduction of 
electroactive species is increased by the capacitive charging 
current (IC). The total current is then defined as indicated 
in equation 3. The peak intensity is proportional to the 
scan rate (dE/dt).32 However, in the present case, taking 
C = 50 µF cm-2, the maximum expected IC (for 10 mV s-1 
scan rate) is 0.5 µA cm-2, i.e., less than 0.5% of the recorded 
currents in Figure  3. Thus, in equation 3, I @ IF, which 
means that the differences observed in the peak currents 
correspond to the different degrees of development of the 
passive film at this particular cycle, in accordance with the 
above discussion for Figure 2b. This result also validates 
the calculations made from equation 2, where the capacitive 
current was neglected.

	  (3)

Figure 3. Polarization curves obtained in 0.1 mol L-1 NaOH at 2, 5 and 
10 mV s-1. The 20th cycle is compared.
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Electrochemical impedance spectroscopy analysis

EIS was also used for the characterization of the 
oxide films formed by voltammetry. Figure  4 shows a 
comparison between the Bode plots obtained before and 
after the potentiodynamic cycling at the three scan rates 
studied in alkaline media. For the three experiments, a 
change was observed in the phase angle plot that allows 

to better differentiate between, the presence of two time 
constants. This effect is more evident for the lower scan 
rate (Figure 4a). Figure 4a shows that the low frequency 
limit of the impedance modulus decreases after cycling.

Nevertheless, at 5 and 10 mV s-1 (Figures 4b and 4c, 
respectively), an opposite trend was observed. Assuming 
that the low frequency process is related to the passive 
film properties, this trend suggests changes on the film 
conductivity, in agreement with the previous results. 
The results suggest that at lower scan rates, the film is 
more conductive, whereas at increased scan rate, a more 
resistive film seems to be produced. To obtain more detailed 
information on the electrochemical processes associated 
with the oxide films formed at different conditions, the 
impedance spectra were analyzed using the equivalent 
circuit presented in Figure 4d.

Although there are other possible equivalent circuits, 
which would easily fit the experimental data, the one 
adopted for this study consists of two time constants 
distributed hierarchically. The equivalent circuit, according 
to the impedance function given in equation 4, has been 
reported as suitable to model the behavior of stainless 
steels in different media.30,33 One possible interpretation 
for the circuit elements in this circuit is as follows: Re 
is associated with the electrolyte resistance, the high 
frequencies time constant (R1C1) is associated with the 
charge transfer resistance (R1) in parallel with the double 
layer capacitance (C1). The low frequency time constant 
(R2C2) has been proposed to describe the redox processes 
taking place in the oxide film (see next for details). The 
parameters a1 and a2 model the Cole-Cole type dispersion 
of the time constants.34

The best fitting parameters are reported in Table 2. For 
the exponents, a1 and a2 have values close to 0.9 in all cases.

	 (4)

For the three samples, R1 decreases after cycling, 
probably due to chromite dissolution  and magnetite 
enrichment in the surface film as suggested elsewhere.30 
As the scan rate increases, the differences between the R1 
values obtained before  and after the cycling, attenuate. 
R1 reduces by 85, 74  and 35% in comparison with the 
values before cycling for 2, 5 and 10 mV s-1, respectively. 
The reduction of the charge transfer resistance value 
agrees with the development of an oxide film with higher 
conductivity, which contains a lower proportion of Cr2O3, 
which is one of the species contributing for the resistive 

Figure 4. Bode plots measured before and after cycling in 0.1 mol L-1 
NaOH at (a) 2, (b) 5 and (c) 10 mV s-1 scan rates and (d) the equivalent 
circuit followed for the impedance fitting.
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behavior of the oxide film. For the faster cycling rate, 
a lower amount of magnetite is potentiodynamically 
generated and, in consequence, a higher percentage of 
the native Cr2O3 is still present after the polarization. This 
different oxide composition is responsible for the poorer 
oxide conductivity measured under these conditions. These 
results are in good agreement with the larger thickness 
found for the magnetite at slower sweep rates as discussed 
in the previous section.

Table 2 also shows that the R2 value decreases after 
cycling at 2  mV  s-1. However, it shows an increase for 
the higher scan rates. R2 can be assigned to changes in 
the oxide film, and it has been attributed to the magnetite 
transformation rate to Fe3+, as indicated in equation 5.34 
Therefore, it is possible to distinguish two types of films 
from the results obtained by fitting the EIS spectra:26 films 
grown at the slower scan rate (2 mV s-1), where the redox 
process is relatively fast, and the two other cases, where 
that process is slower.

	 (5)

The capacitance values evidence also some differences 
as a function of the scan rate. The capacitance that is 
assumed to be associated with the double layer (C1) does 

not change significantly, although there is a slight increase 
for the slower scan rate. Since this capacitance is directly 
related to the active electrode surface, the increase in the 
C1 can be associated with an increase of the active surface 
and/or higher surface roughness as a consequence of the 
potentiodynamically developed oxide layer.

The effects on C2 are again more evidenced for the 
slower scan rate. C2 can be evaluated from equation 6, 
where q is the total charge stored in the passive film and 
q is the transformation degree of the oxide film at a given 
potential (E).35

	 (6)

As the potential values registered before and after the 
polarization are very similar in the three cases, as indicated 
in Table 2, the capacitance C2 can be related to the available 
magnetite charge,  and therefore to the magnetite layer 
thickness. Consequently, after cycling at 2 mV s-1, a thicker 
film of magnetite is formed, in agreement with the higher 
values of effective charge registered after polarizing at 
this scan rate. The percentage of increment for the C2 is 
decreased after cycling at 5 mV s-1 and it is even lower for 
the 10 mV s-1 scan rate.

Table 2. Best fitting parameters obtained following the equivalent circuit proposed in Figure 4d, before and after the immersion in the specified conditions

OCP / mV Re / (W cm2) R1 / (kW cm2) C1 / (µF cm-2) R2 / (kW cm2) C2 / (µF cm-2)

0.1 mol L-1 NaOH
2 mV s-1

before

−332 48.1 295.1 41.5 578.0 2.9

after

−417 50.2 44.9 53.8 30.2 73.2

0.1 mol L-1 NaOH
5 mV s-1

before

−398 52.2 311.5 32.5 198.3 31.8

after

−418 56.2 79.7 30.3 850.0 48.1

0.1 mol L-1 NaOH
10 mV s-1

before

−383 53.7 171.8 27.6 239.3 27.4

after

−393 54.6 111.2 33.2 510.0 34.1

0.1 mol L-1 NaCl 
5 mV s-1

before

−231 142.8 166.6 69.4 34.9 325.6

after

−245 121.8 325.4 95.3 2006.0 442.9

0.1 mol L-1 Na2SO4

5 mV s-1

before

−162 70.6 137.7 41.8 218.6 127.6

after

−66 78.7 414.8 144.7 21930.0 699.7
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An interesting aspect to be noticed in Table 2 concerns 
the initial C2 capacitance values that are not equal for 
the different (nominally identical) samples. However, 
a correlation exists between the OCP values and the C2 
values: higher C2 values correspond to more cathodic OCP 
values. That relationship has already been observed36,37 and 
is directly related to the parameter q in equation 6. At more 
anodic potential values, only the redox process depicted in 
equation 5 is active (magnetite oxidation/reduction), while 
for more cathodic potential values, the backward process 
of the redox reaction depicted in equation 1 (magnetite 
formation/reduction) starts to become important, thus 
contributing to the total charge q in equation 6. The conclusion 
is that, although nominally identical, the starting oxide films 
present dissimilar degree of oxidation (Fe3+/Fe2+ ratio).38  
Those differences are, however, not relevant in the study 
because no cross-comparisons are performed.

Surface analysis

The SEM pictures taken after the cycling are presented 
in Figure 5. The film morphology depends upon the scan 
rate. The morphology is more uniform for the films formed 
at 2 and 5 mV s-1 scan rate, whereas increasing the sweep 
rate leads to an uneven film morphology or topotactic 
development.39 These observations correlate well with the 
results discussed from the electrochemical data. Higher 
surface roughness is confirmed for the oxides formed at 
lower scan rate, in agreement with the increased double layer 
capacitance (C1). The non-uniform growth at faster sweep 
rates suggests a lower extent in the processes of dissolution 
of chromite and development of the magnetite layer.

In order to detail the chemical composition of the 
oxide films obtained, XPS analysis was performed as well. 
The Fe  2p, Cr 2p  and O 1s high resolution ionizations 
are presented in Figure  6. The O 1s ionization shown 
in Figure  6c is composed of three peaks for the three 
different oxides studied. The main peak, centered at 
about 532.4 ± 0.3 eV, shows the presence of hydroxides, 
probably Fe-hydroxides as well as adsorbed hydroxyl 
groups on the surface.40 The peak at the lowest binding 
energy (530.3 ± 0.3 eV) corresponds to the presence of 
oxide species. The peak detected at the highest binding 
energy (534.7 ± 0.3 eV) for this study is typically attributed 
to adsorption of water molecules. The atomic percentage 
for the main signal related to the OH- containing species 
increases for the faster scans from 64% (at 2 mV s-1) to 
81% (at 5 and 10 mV s-1). The signal associated with the 
oxide anions decreases from 29 to 11%, whereas that for 
the adsorbed water remains almost constant. Thus, a surface 
film with a lower fraction of hydroxide41 and probably more 

Figure 5. SEM images obtained after cycling in 0.1 mol L-1 NaOH at 2, 
5 and 10 mV s-1, magnification of 15000 ×.

conductive character develops at the lowest scan rate.
The presence of metallic Fe is excluded since no 

signal below 707 eV42 could be detected (Figure 6a). In 
the Fe 2p3 ionization, four different contributions could be 
deconvoluted for the oxide films formed at 2 and 5 mV s-1. 
One of these peaks is located in the low binding energy 
side 708.1 ± 0.4 V. At the highest scan rate (10 mV s-1), 
this peak is not observed. This peak shows a binding 
energy lower than that typically expected for Fe2+, which 
is around 709 eV,43 but it can be associated with Fe2+. In 
fact, the literature reports the presence of Fe2+ in the range 
708.0 -708.5 eV.44,45 Another interpretation proposed in the 
literature is that the presence of a peak at 707.9 eV can be 
due to the presence of metallic iron strongly interacting with 
the oxide.46 These species are not detected at the highest 
scan rate in agreement with the faster oxidation under these 
conditions as previously discussed.
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Other three different peaks were identified in the 
Fe 2p3 ionization. The peak at 710.3 eV can be attributed 
to Fe2+ or Fe3+ species in the form of oxides. Considering 
that the presence of magnetite can be observed in this 
range,47 overlapping with Fe2+ oxide/hydroxide, thus the 
deconvolution of the magnetite peak is not accurate due 
to this superimposition of species. At 711.8 ± 0.4  and 
713.2 ± 0.1 eV, the signals related to Fe3+ ions from  
Fe2O3/FeOOH or hydrated species are detected, in 
agreement with literature. Some authors have related this 
higher binding energy signals to the sum of multiplet peaks, 
attributing the highest energy one to α-Fe2O3

48,49 and/or 
γ-Fe2O3, γ-FeOOH and α-FeOOH.50 A Fe3+ satellite peak 
was also detected at 720 eV. About 70-75% of the total iron 
signal corresponds to Fe(III). No significant differences 
were found in the global atomic ratios for the Fe peaks as 
a function of the scan rate.

Cr species were only found in the oxide films formed 
at the higher scan rates (5 and 10 mV s-1), as shown in 
Figure  6b. The signal detected at around 577 ± 0.1 eV 
shows the presence of Cr3+ oxide compounds.51 For the 
layer formed at 10 mV s-1, an additional peak is found at 
579.9 eV, which admits two interpretations depending on 
the authors: non-stoichiometric CrOx oxides as already 
reported52 or CrO3.

42,53,54 The performed XPS analysis does 
not allow to estimate the thickness of the oxide layers. 
however, the existence of Cr oxides only at high scan rates, 
generally expected to be present at the inner part of the 
passive layer,50 could be related to thinner films (magnetite 
component), according to the electrochemical results. A 
more heterogeneous magnetite development for the faster 
scans cannot be completely excluded. The binding energies 
of the main peaks detected are presented in Table 3.

Effect of the electrolyte composition

In this section, the effect of the electrolyte composition 
in the electrochemical behavior of the oxide layer properties 
is discussed considering the effect of the anions OH−, 
Cl− and SO4

–2. Oxide films were grown at a fixed 5 mV s-1 
scan rate in different aqueous solutions: 0.1 mol L-1 NaOH 
(data presented in the previous section), 0.1 mol L-1 NaOH 
+ 0.1 mol L-1 NaCl, 0.1 mol L-1 Na2SO4 and 0.1 mol L-1 
NaCl. The potential range explored was shifted according 
to the pH variation.55

Figure 7a shows a comparison of the 20th cycle (after 
oxide development) obtained in alkaline pH (0.1 mol L-1 
NaOH) with  and without chloride ions. Differences are 
hardly visible after the contamination with chlorides, in 
good agreement with Addari et al.7 The characteristic 

Table 3. Binding energies (eV) for the O 1s, Fe 2p3/2, Cr 2p3/2 and Mo 
3d signals of the films 

NaOH NaCl Na2SO4

2 mV s-1 5 mV s-1 10 mV s-1 5 mV s-1 5 mV s-1

O 1s 530.6 530.0 530.1 530.1 530.1

532.8 532.1 532.4 532.2 532.4

534.8 534.2 535.3 534.2 534.7

Fe 2p3/2 708.5 707.8 - 708.8 708.2

710.3 710.3 710.3 710.4 710.2

711.6 712.0 711.6 711.9 711.7

713.2 713.1 713.4 713.7 713.3

Cr 2p3/2 - 577.1 576.9 577.1 577.4

- - 580.0 - -

Mo 3d 231.5

Figure 6. XPS spectra of the (a) Fe 2p, (b) Cr 2p and (c) O 1s ionizations for the films formed in 0.1 mol L-1 NaOH at 2, 5 and 10 mV s-1 scan rates. No 
signal was detected for the Cr 2p at the slowest scan rate.
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signals and the current density values are very close. The 
impedance measurements carried out before and after the 
cyclic polarizations (data not shown) confirmed negligible 
variations on the electrochemical response in the presence 
of this concentration of chlorides. No significant chloride 
incorporation into the oxide layer was previously found in 
agreement with other authors.50

Figure 7b shows the curves obtained in neutral media. 
No major differences were found by the effect of changing 
the electrolyte anions. The effect of chlorides is however 
evident, resulting in lower anodic currents around the 
magnetite formation peak in NaCl solution.

There are some differences when the results are 
compared to the ones presented in the previous section 
for alkaline solutions. Firstly, the potential peaks are 
shifted positively, according to the pH decrease  and in 
good agreement with the behavior expected from to the 
Pourbaix diagram.55 Besides, the peak assigned to the 
partial oxidation of magnetite, obtaining goethite as final 
product is, in neutral media, more evidenced.

Finally, the peaks corresponding to the redox processes 
of iron show significantly lower intensity (one order of 
magnitude less) than those measured in alkaline medium. 

This decrease can be understood if the reaction for the 
magnetite formation is considered (equation 1). Thus, 
for a lower hydroxide content, due to the lower pH, the 
oxidation of FeO to magnetite is hindered. Therefore, as 
the pH decreases, the magnetite content in the passive 
oxide film should decrease, in agreement with previous 
studies.30,56,57

EIS results also highlight some differences 
comparatively to the films grown in alkaline media. The 
Bode diagrams obtained before and after the polarization 
in the corresponding solutions at pH 7 are depicted in 
Figure 8. Table 2 summarizes the fitting results obtained 
following the equivalent circuit presented in Figure 4d.

For the oxide films developed at neutral pH, the 
increase in the R2 values is significantly higher than that 
observed at alkaline pH, which indicates slower magnetite 
oxidation process. This result is in good agreement with 
the lower amount of magnetite found in the polarization 
curves, and can be understood using equation 5: lower OH− 
concentration hinders the oxidation process.

The redox capacitance (C2) also increases after cycling, 
showing that more charge is stored in the oxide film. This 
variation can be associated with higher incorporation of 
anions (Cl− or SO4

–2) from the electrolyte in the outer part 
of the film, at lower pH values. Actually, the increase in 

Figure 7. Cyclic voltammograms (20th cycle) obtained in the indicated 
alkaline (a) and neutral (b) electrolytes. The scan rate was 5 mV s-1.

Figure 8. Bode plots measured before and after cycling at 5 mV s-1 in 
(a) 0.1 mol L-1 NaCl and (b) 0.1 mol L-1 Na2SO4 solutions.
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C2 for the oxide developed in Na2SO4 is more noticeable 
pointing out a more significant incorporation of SO4

–2 in 
the oxide layer in comparison with the Cl−, in agreement 
with Mitrovic-Scepanovic et al.58 However, neither Cl− nor 
SO4

–2 were detected by XPS in the films formed under these 
conditions, which accounts for a low content of anions on 
the surface or just surface adsorption processes.26

The characteristic binding energies for the O 1s  and 
Fe 2p3/2 peaks are similar to those discussed in the 
previous section  and summarized in Table 3. Thus, the 
three components were also distinguished for the O 1s 
ionization and the four components for the Fe 2p3/2 ionization.

No significant variation was detected in the  
oxide/hydroxide ratio and a slight increase was measured in 
the Fe2+ relative atomic percentage (40%) in comparison to 
the values obtained in alkaline conditions. The neutral pH 
makes the oxidation of the Fe2+ species (equation 1) more 
difficult, in agreement with that discussed above from the 
electrochemical results.

The Mo 3d peak is slightly better resolved at neutral 
pH (Figure 9). The main difference is the detection of Mo6+ 
species at 231.7 ± 0.3 eV,59,60 although the weak signal does 
not allow a concluding statement. However, this result 
would be in agreement with the known higher solubility 
of the Mo6+-containing species in alkaline solutions.61 A 
reduced Mo fraction for higher pH value has been also 
measured by Liu et al.60 in the acidic range.

Thus, alkaline pH favors the formation of magnetite on 
steels, in agreement with the literature,61 and Fe3+ oxides 
such as FeOOH are the main component in the films 
generated potentiodinamically.

The corresponding SEM pictures taken for the films 
formed in NaCl and Na2SO4 are depicted in Figure 10. In 

comparison with the oxide generated in alkaline solution 
(at 5 mV s-1), a less uniform film is formed at neutral pH, 
especially for the NaCl electrolyte.

The above discussed results are relevant not only for 
the better understanding of the oxidation phenomena 
but also for practical aspects related to energy storage 
technologies. The use of oxides on stainless steel 
substrates as electrodes in batteries could become an 
interesting strategy to minimize costs  and to improve 
its life service. Oxide layers can be easily developed 
with a variety of properties by tuning the experimental 
parameters.

Conclusions

The present work reveals some interesting features 
concerning the formation  and electrochemical 
characterization of passive films formed on the stainless 
steel AISI 316 in various electrolytes. The effect of 
changing the electrolyte conditions affects two main 
properties of the surface film: thickness and conductivity. 
This one has implications on further applications where 
accurate control of the resistivity is needed.

The films generated potentiodynamically become 
less conductive as the cycling progresses due to Fe(III) 
enrichment. This transformation is faster for the films 
developed at high scan rate. The main component for all 
the studied oxide layers is a Fe(III)-hydroxide compound, 

Figure 9. XPS spectra of the Mo 3d ionization for the films formed in 
0.1 mol L-1 NaCl and 0.1 mol L-1 Na2SO4 at 5 mV s-1. No signal was 
detected for the Mo 3d at alkaline electrolyte as discussed in the text. 

Figure 10. SEM images obtained after cycling in 0.1 mol L-1 NaCl and 
0.1 mol L-1 Na2SO4 solutions (5 mV s-1), magnification of 15000 ×.
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probably FeOOH. The hydroxide contribution is more 
significant for the faster cycling rate contributing to the 
development of more resistive films.

In neutral media, the lower concentration of hydroxyl 
ions makes more difficult the transformation process of 
the iron oxides. In consequence, a higher percentage of 
Fe species with lower oxidation state were identified in 
the XPS study. On the other hand, the lower amount of 
magnetite in the films formed in neutral solutions leads 
to more resistive layers in comparison with alkaline 
electrolytes.

As demonstrated, electrochemical methods are useful 
tools to promote oxide films growth, while studying 
its electrochemistry. They provide rapid, accurate  and 
quantitative information, concerning oxide films of metallic 
substrates combined with surface analysis. These results 
contribute to understand how these materials are affected 
by different ageing conditions, thus making the application 
of these materials more reliable in service conditions.
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