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Abstract: To evaluate the long term corrosion potential stability of stainless steel (SS) in
environmental water, the corrosion potential of SUS304, SUS316, SUS316L, and SUS430
was measured for 1 week in a solution of 0.9 mM NaHCOj3; and 0.5 mM CaCl,, referred to
as “sub-tap water.” The potential of the SSs upon initial immersion in sub-tap water was
approximately 10 times less stable than the potentials of Fe and Cu. However, as immersion
continued, the stability of the corrosion potential of the SS improved and became equivalent
to those of Fe and Cu. The stability could be manipulated by pretreatment (pre-immersion)
before samples were immersed in sub-tap water. The stability was increased by pre-
immersion in an acidic solution but was reduced by a passivation treatment. The formation
of iron oxides on the SS surface stabilized the potential, whereas surface enrichment with Cr
led to instability. This behavior can also be inferred from a comparison of the polarization
curves, where the passive current after the passivation treatment was the largest. This
result is also speculatively attributed to the corrosion potential in sub-tap water decreasing
over time after the passivation treatment. The charge transfer resistance likely contributes
significantly to the potential stability, as indicated by an equivalent circuit analysis based
on electrochemical impedance spectroscopy. The results showed that, when stabilizing
the corrosion potential of SS, there is no need to reduce the charge transfer resistance as
with existing reference electrodes. Stability is achieved when the surface thickness is such
that the pseudo-capacitance in a dilute solution is less than 10 uF s*~'ecm ™2 and potential
stability does not influence a few changes in the CPE; value after potential stability is
achieved. The results of this study show that SS can be used as a quasi-reference electrode
material. We expect the findings presented herein to strongly affect the development of
electrochemical sensors that can be easily used in long term continuous measurements and
in situ applications.

Keywords: stainless steel electrode; open circuit potential measurement; quasi-reference
electrode; stability of corrosion potential; equivalent circuit

1. Introduction

Electrochemical sensors continue to be developed because of advantages such as
ease of manufacture, low cost, and short response time [1—4]. Potential measurements are
among the easiest electrochemical measurement techniques that can be conducted using
these sensors, and the obtained potential can be used to estimate the corrosion state of
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metals and to quantitatively detect target substances. These superior features have led to
the widespread interest in potential measurements in applications ranging from chemical
substance monitoring in industrial processes to medical applications and basic research on
metals [5-10]. In addition, with the remarkable development of the Internet of Things and
artificial intelligence technologies in recent years, electrochemical monitoring is expected
to be applied in an even wider range of fields, such as environmental monitoring and
quality control.

A reference electrode (RE) that serves as a standard for potential is critical for elec-
trochemical measurements, such as potential measurements; currently, the silver—silver
chloride (Ag/AgCl) electrode and saturated calomel electrode (SCE) are widely used as
REs. However, these REs have drawbacks, including potential drift over time because of
liquid junction potential differences and contamination of the internal liquid, as well as
the possibility of introducing contaminants into the measurement system [11]. In addition,
these REs have structural or use limitations, such as instability in high-temperature and
high-pressure environments, difficulty being made compact and durable, and requiring
frequent maintenance [11-13]. Because of these drawbacks, applying REs to in situ and
continuous industrial process monitoring is difficult.

There have been attempts to develop new REs that overcome these drawbacks. How-
ever, if they are used in pH sensors, the potential drift must be kept within 5.9 mV to keep
the pH error below 0.1. On the other hand, if it is to be applied to continuous measurement
of metals, the potential drift must be kept within 10 mV /day [14].

Studies on all-solid-state Ag/AgCl electrodes are part of broader research aimed at
developing new REs that overcome the drawbacks of conventional REs. One example
is the use of screen-printing technology. Screen-printed REs are highly reliable because
they exhibit a stable equilibrium potential such as conventional REs; they have also been
reported to be easily manufactured, compact, and inexpensive [13,15-17]. However, po-
tential measurements using these all-solid-state REs tend to become unstable when the
ionic crystalline film deposited onto the substrate to maintain the equilibrium potential
deteriorates, necessitating replacement of the entire electrode. Hence, no REs can be used
continuously for an extended period without maintenance and without contaminating the
measurement system.

Quasi-reference electrodes (QREs) are often used to avoid the problems associated
with conventional REs. QREs do not have a specific potential; the potential can change
when a QRE is immersed in different solutions even though the QRE is the same material.
Therefore, a QRE cannot be used for electrochemical measurements in which the composi-
tion of the solution changes substantially during the measurement [11]. However, QREs
are considered to be effective reference electrodes when limited to specific applications.
Therefore, researchers have attempted to use QREs in place of REs as sensing materials for
electrochemical analysis and potentiometric measurements [11,18-21].

Little research has been conducted on small and simple-structure QREs that function
stably in environments where the redox concentration is low, such as environmental water
or tap water. Although Ag/AgCl QREs are highly functional and convenient, they have a
complex structure designed to slow the dissolution of AgCl [22]. QREs that use organic
compounds or carbon membranes have been evaluated in ionic liquids and organic solvents,
and potential stability tests in aqueous solvents have also been conducted in systems with
high concentrations of redox species [11,19,22]. We speculate that the realization of a simple
QRE that can function even in solutions with low redox concentration will broaden the
range of applications for electrochemical sensors.

Stainless steel (SS) reacts with water and dissolved O, forming a stable oxide film.
Because of this characteristic, SS is used in various applications as a corrosion-resistant
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metal. In addition, under specific conditions where a stable film can be maintained for
an extended period, the corrosion potential of SS is expected to be highly stable. Because
the film is strongly influenced by the environment, extensive research has been conducted
on the formation mechanism and composition [23-26]. However, there have been few
reports on the stability of the corrosion potential of SS. Moreover, to the best of the author’s
knowledge, there have been no studies conducted on using stainless steel as a reference
electrode (Table 1).

Table 1. Comparison of QRE properties with previous report.

Materials Operatlng Ref.
Environment
. Acetonitrile,
Pt/Polypyrrole Film Electrolyte (0.1 M) [11]
Pt/poly(N-ferrocenylmethyl-N- acetonitrile and ionic [19]
allylimidazolium bromide) liquid solutions
Acidic and neutral
Porous carbon solutions (1 M) [21]
Stainless steel Dilute solution This work

In this report, the corrosion potential of SS in simulated tap water was evaluated
and compared with those of other practical metals, Fe and Cu. The work here focuses
primarily on the stability of the corrosion potential of the metals in dilute solutions that
simulate commonly used environments and how to evaluate the stability. In addition,
electrochemical impedance spectroscopy (EIS) and polarization tests were performed
on the SS to evaluate the relationship among the reaction on the electrode, the surface
conditions, and the stability of the corrosion potential.

2. Principle

In order to demonstrate the potential behaviors of the SUS316L electrode, the operating
principle in tap water is represented in Figure 1. The corrosion potential of the SS electrode
is based on mixed potential theory, as illustrated in Figure 1. The surface of SS is generally
covered with protective thin oxide films. Therefore, the anodic reactions are extremely slow
reactions associated with the dissolution of metal and the protective surface film composed
of metal oxides (curve a). Moreover, because SS is self-passivated in tap water, a small
anodic current called the passivation current, which regenerates metal oxides and keeps
passive films constant, continuously flows. This current is balanced with the cathodic
current (curve b), which generally corresponds to the reduction reaction of dissolved
oxygen (DO) in solution without any deaeration treatment. If the immersion environment
of the SS is stable, the cathodic reaction rate can be considered constant. However, if the
reaction related to the passivation changes due to a change in the surface state of the SS
or the presence of influential compounds in the environment, a shift in the anodic current
curve can occur. As a result, the balance between the anodic current and the cathodic
current shifts, and the potential changes.

The purpose of this study is to find a method for treating SS electrodes that will form
a protective oxide film without causing even slight changes in composition in tap water,
thereby minimizing the shift in the anodic curve and providing a stable and constant
potential in tap water.
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change in reaction at the surface
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Figure 1. Schematic diagram showing the instability of the corrosion potential of SS in tap water
based on the mixed potential theory.

3. Experimental Section
3.1. Materials

SUS304, SUS316, SUS316L, and SUS430 were used as electrode materials. All metals
were rods with a diameter of 6 mm; their compositions are shown in Table 2. These rods
were fixed and covered in glass tubes with epoxy resin (Struers, Specific Cold Mounting
Resin, Copenhagen, Denmark) and processed such that only the end faces were exposed
and in contact with the liquid. The SS electrodes were wet-polished with emery paper up
to grit 1200 and then washed with ethanol and pure water; the liquid-contacting surface
was thoroughly dried using a blower. The electrodes were then left in air for ~1 day before
being subjected to the pretreatment and immersion test described in Section 3.2. In addition
to the above SS, an Fe (carbon steel: S5400) rod and a Cu (99.9%) rod were also processed
in the same manner and used for comparison of the corrosion potential stability.

Table 2. Chemical composition of stainless steels investigated in the present study.

Chemical Composition [wt%]

Sample - -
C Si Mn P S Cr Ni Mo Co
SUS304 0.07 0.48 1.87 0.031 0.023 18.47 8.03 - 0.26
SUS316 0.05 0.35 1.42 0.037 0.024 16.96 10.06 2.05 -
SUS316L 0.02 0.49 0.83 0.031 0.001 17.45 12.09 2.03 0.30
SUS430 0.04 0.27 0.27 0.028 0.002 16.18 - - -

3.2. Surface Treatment for Stainless Steel

As a pretreatment, an immersion treatment before immersion in the test solution
(referred to here as treatment pre-immersion) was carried out for the SS electrodes prepared
as described in Section 3.1. The treatment pre-immersion was conducted to evaluate the
effect of differences in the surface state due to pretreatment on the potential stability of the
electrodes. Solutions of 1 wt% sulfuric acid (H,SO,4) and 1 wt% sodium carbonate were
separately prepared as the immersion solutions for the pretreatment, and SS electrodes
were immersed in these solutions at room temperature for 5 min.
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Nitric acid (HNO3) solutions with concentrations of 12 wt%, 20 wt%, and 30 wt% were
prepared, and the SS samples were immersed in them at room temperature for 60 min to
investigate the effects of acid concentration and temperature. Samples were also immersed
in 30 wt% HNO3 at room temperature for 30 min and in 30 wt% HNOj3 at 70 °C for 30 min.

3.3. Stability Testing of Corrosion Potential

Corrosion potential (open-circuit potential, OCP) measurements were performed
using a sample metal electrode as the working electrode (WE) and an Ag/AgCl electrode
(8.33 M, +0.206 V vs. standard hydrogen electrode (SHE)) as the RE to compare the short-
term and long term potential stability of the samples. The test solution was a mixture of
0.9 mM NaHCOj3 and 0.5 mM CaCly(we refer to this solution as sub-tap water) at room
temperature (25 °C), normal pressure, and in air; this solution was used to simulate tap
water. The pH of the solution was 7.13 £ 0.08, and no buffer solution was added. The
OCP measurements were carried out using a high-input-impedance electrometer built into
an HZ-7000 Potentio galvanometer (Meiden Hokuto, Megro-ku, Tokyo, abbreviation if
available, Japan). The measurements were conducted three times each. While there were
differences in the initial potentials even under the same conditions, the potential behaviors
were similar (the standard deviation of the steepest gradient in the data from the first 2 h
of immersion was 3 mV /h). When evaluating the long term corrosion potential stability,
sub-tap water was not added or replaced, and the container containing the sample and
solution was left at room temperature (25 °C) with a lid on to prevent the contents from
evaporating. Because the measurements were conducted over a long period of time and
there was a hole in the lid, the experiment was conducted under the assumption that the
oxygen concentration in the solution was constant.

3.4. Electrochemical Analysis

EIS measurements and polarization tests were carried out to clarify the correlation
between the surface state and corrosion potential stability. The tests were performed in a
three-electrode cell using an HZ-7000 (Meiden Hokuto). The SS samples were used as the
WE, an Ag/AgCl electrode (3.33 M, +0.206 V vs. SHE) was used as the RE, and Au was
used as the counter electrode (CE).

The EIS measurements were performed by first measuring the OCP of the sample for
30 s and then applying an AC voltage of 10 mV in the frequency range from 10 kHz to
0.1 Hz. The analysis of the EIS measurement results, including equivalent circuit analysis,
was performed using the Levenberg-Marquardt method in the EIS software (EIS 1.4.1)
provided with the HZ-7000. This measurement was also performed in sub-tap water at
room temperature.

The polarization tests were performed under various conditions depending on the
observations of the measured samples. To confirm their basic corrosion resistance, the
samples were polarized at a constant potential of —0.65 V vs. Ag/AgCl for 10 min in 5 wt%
H,S0, solution degassed with N for 30 min according to the JIS standard; they were then
left at the corrosion potential for 10 min, after which the samples were polarized from the
corrosion potential to +1.2 V vs. Ag/AgCl at a voltage application rate of 20 mV/min [27].
To evaluate the effect of pre-immersion of the SS samples in sub-tap water, samples were
polarized in sub-tap water under open atmosphere for 10 cycles at various sweep rates
from —0.7 V vs. Ag/AgClto +0.8 V vs. Ag/AgCL
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4. Results and Discussion
4.1. Potential Stability of Stainless Steels Without Pre-Immersion

Figure 2 shows the time-dependent change in the corrosion potential and potential
drift for each sample after it was immersed for 7 days in sub-tap water. For all of the
electrode materials, the initial large potential fluctuation subsided approximately 2-3 days
after immersion. The potential gradient (drift) for all of the SS samples was 6 mV /day when
the immersion time was 5 days or less; however, the drift after 3 days of immersion was
7.0 mV/day for Fe and 1.2 mV/day for Cu. As a result of this, it is necessary to immerse SS
for 5 days or more to stabilize the potential. When the materials are compared on the basis
of their long term potential stability, Cu and Fe were superior to SS. These results suggest
that relatively simple materials are superior to an alloy with excellent corrosion resistance.
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Figure 2. Result of 7 days of intermittent potential measurements: (a) potential changes relative to
the initial potential and (b) the rate of change of potential difference.

In order to evaluate the short-term potential stability, the fluctuations of OCP were
extracted. Figure 3a,g show the OCP measurement result (measurement intervals of 1 s) for
the electrodes that were only polished, immediately after they were immersed in sub-tap
water for 24 h (Figure 3a) and after they were immersed for 168-192 h (Figure 3g). The
Y-coordinate represents the potential difference between the corrosion potential E at time t
and the corrosion potential Ej at ¢t = 0 immediately after each electrode was immersed in
sub-tap water. Figure 3b—f,h-1 show the time-dependent changes of the standard deviation
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The Fe electrode showed smaller potential fluctuations and a more stable corrosion
potential than the SS and Cu electrodes, which exhibited excellent corrosion resistance
(Figure 3a). In particular, Fe maintained a constant potential after 6 h of immersion in
sub-tap water. The Cu electrode continued to show a small potential fluctuation for the
first 4 h of immersion; however, the potential fluctuation range for the Fe electrode was
the smallest after 6 h. The standard deviation, o, of the potential fluctuation for Fe at
the beginning of immersion also showed little change (Figure 3f). A change in standard
deviation can be one indicator of potential stability. All of the SS samples showed large
potential fluctuations in the early stages of immersion after the electrodes were polished;
the potential fluctuations tended to subside between 4 and 8 h (Figure 3a—e).

The potential stability also differed depending on the type of SS investigated. The
standard deviation of the potential fluctuations for the austenitic SUS300 series fell below
that for Cu after 0-8 h of immersion in sub-tap water. For SUS316L, the potential fluctua-
tions stabilized at 10-20 puV (Figure 3d), the same level as for Fe. These results indicate that,
immediately after polishing, materials that are most susceptible to corrosion exhibit stable
corrosion potentials earlier on. Thus, in the case of simple metals, the potential tends to
be more stable for materials on which the reaction is simple and corrosion is more likely
to occur. By contrast, for alloys that form a passivation film, such as SS, higher corrosion
resistance leads to slower stabilization of the alloy’s corrosion potential.

We found that the standard deviation for all of the SS samples was less than 50 1V for
most of the time when they were immersed for 168 h or more in sub-tap water, although
the change in potential from the initial stage varied greatly depending on the type of
SS (Figure 3h-k). In addition, the pH of sub-tap water was 7.35 £ 0.10 after potential
measurement after 7 days of immersion, and it was found that the solution remained neutral
during immersion. This shows that the corrosion potential of SS can be stabilized by its
continued immersion in a constant environment, at least in neutral solutions. Furthermore,
unlike the intermittent measurements over 7 days, the continuous two-hour potential
observation revealed that SS exhibited higher potential stability compared to Cu. Although
the tendency for SS to be more stable than Cu was observed immediately after immersion
during the continuous two-hour measurement, it was also found that SS was less stable
than Fe even after seven days of continuous immersion. (Figure 3h-1).

4.2. Potential Stability of SS with Pre-Immersion

To examine the effectiveness of pre-immersion, we measured the corrosion potential of
the SS samples in sub-tap water after the samples were immersed in various pretreatment
solutions for 5 min. Irrespective of the pre-immersion solution or type of SS, the potential
fluctuations tended to decrease as the immersion in sub-tap water was continued for 2 days.
The results in Figures 3 and 4 show that the stability of the corrosion potential in sub-tap
water can be controlled by pre-immersion. Moreover, it was also found that pre-immersion
could shorten the stabilization time from 5 days to about 3 days.

Using the results from Figure 4, we calculated the standard deviation and slope from
the second day onward; the results are summarized in Table 3. These results also show
that the stability of the corrosion potential can be changed by pre-immersion. Regarding
treatment, pre-immersion in HySO4 solution reduced the standard deviation of the potential
fluctuations for SS by at least 17% and the drift by at least 63%, except for SUS304; by
contrast, pre-immersion in NayCOj3 solution only reduced the standard deviation for
SUS304 and the drift for SUS316 and SUS316L. Comparing the stability in Table 3, it was
found that the 300 series with added nickel was more stable than SUS430. It is believed
that the greater corrosion resistance of the material itself affects the stability of the potential.
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In addition, we speculate that pre-immersion in an acidic solution stabilizes the corrosion
potential in a dilute solution such as environmental water or tap water.
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Figure 4. Results of 7 days of intermittent potential measurement after SS electrodes were immersed in
(a,) 1 wt% HpSO; solution for 5 min and (b,d) 1% NayCOj3 solution for 5 min. Subfigures (a,b) show
potential changes relative to the initial potential; subfigures (c,d) show the rate of change of the
potential difference.
Table 3. Standard deviation of potential o and potential gradient in sub-tap water from 2 days to
7 days after immersion in HySO4 or NapCOj solution.
P SUS304 SuUS316 SUS316L SUS430
re-
Immersion o | AE/At] o | AE/At] o | AE/At] g [AE/At] |
[mV] [mV/Day] [mV] [mV/Day] [mV] [mV/Day] [mV] [mV/Day]
N/A 23.1 52 8.0 13.7 17.7 17.9 19.4 9.6
1% HySO4 17.6 8.4 1.3 0.4 14.7 6.7 13.0 1.7
1% NayCOs3 16.9 7.1 10.4 1.9 8.2 29 27.2 11.0

Figure 5 shows the results of measurements of the corrosion potential of the SS samples
in sub-tap water after the electrodes were immersed in HNOj3 solutions with different
concentrations for 30 min. Even when pre-immersion was carried out in HNOj solution,
the change in potential was reduced by immersion in sub-tap water for 2 days, irrespective
of the HNOj concentration. Therefore, the drift and standard deviation were also calculated
2 days after pre-immersion in HNOj solution and then immersion in sub-tap water; the
results are summarized in Table 4. The results in Table 4 were also calculated in the same
way as the results in Table 3. When the SS samples were pre-immersed in HNO3 solution
with a concentration of 12% or greater, the standard deviation and the drift could be
reduced compared with those for SS samples not subjected to pre-immersion. However, the
fluctuation in corrosion potential every 24 h was greater for treated SS than for untreated
SS, and the potential difference was often 10 mV/day when measured starting 2 days after
immersion in sub-tap water. These results show that the stability of the corrosion potential
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of SS after immersion in a dilute solution can vary greatly depending on the concentration
of the acid solution. In addition, pre-immersion for 30 min in a 30 wt% HNOj3 solution
heated to 70 °C resulted in a greater potential difference and a standard deviation in sub-tap
water than those of the sample without pretreatment in Figure 3 (Figure 5d). This result
implies that pre-immersion in a strongly oxidizing solution is disadvantageous from the
viewpoint of improving the potential stability.
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Figure 5. Potential changes for SS electrodes relative to their initial potential in sub-tap water after the
electrodes were immersed in an HNOj solution with a concentration of (a) 12%, (b) 20%, or (c) 30%
at room temperature for 30 min and (d) 30% at 70 °C for 30 min.

Table 4. Standard deviation of potential o and potential gradient in sub-tap water from 2 days to

7 days after immersion in HNOj.

SUS304 SUS316 SUS316L SUS430
e ration P | AE/AE] P | AE/AEI P | AE/AE] o | AE/AE|
3 [mV] [mV/Day] [mV] [mV/Day] [mV] [mV/Day] [mV] [mV/Day]
(13:/; 133 57 9.0 25 240 103 101 37
(er:/‘)’ 6.0 3.1 323 95 777 34.8 30.0 13.0
?IO:/‘)’ 146 19 33 0.6 34.4 83 8.4 3.1
30% 511 26.4 207 64 39.5 29 528 23
(70°C) ‘ ‘ ' ' ' ' ' '

The potential stability decreased after pre-immersion in concentrated HNOj; solution
for 30 min, presumably because the Cr-rich film formed in HNOj; solution gradually
changed into a film with a different composition that was stable in sub-tap water (i.e., an
iron-chromium oxide film with a composition ratio similar to that of the bulk). According
to Takizawa [28], the ratio of metals present on the surface of SS changes depending on
the method of surface treatment. In particular, the ratio of Fe and Cr on the surface of
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passivated SS was similar to that in the bulk steel when the SS was polished alone, whereas
when passivation was performed with HNOj3 solution after polishing, the ratio of Fe and Cr
was reversed, with the Cr concentration increasing to more than twice that in the bulk [28].
In the present study, the corrosion potential of the SS samples in sub-tap water after pre-
immersion in 30 wt% HNOj solution heated to 70 °C gradually decreased from +200 mV
vs. Ag/AgCl or higher. From these results, we inferred that, in the present study, a Cr-rich
film was formed on SS samples immersed in concentrated HNOj3 solution; however, with
increasing immersion time in sub-tap water, the film changed to one with a lower corrosion
resistance and a lower Cr ratio. This result suggests that the potential stability of SS in
sub-tap water is greatly affected by the composition of the passivation film on the SS.

The potential fluctuations in the mixed electrode reaction system, which result in
long term potential instability, are thought to be caused by an increase or decrease in
the reaction rate when chromium oxide in the film dissolves and changes into a different
oxide. The potential-pH diagram shows that chromium(IlI) oxide (Cr,O3) is stable in
sub-tap water [29]. Yixun et al. [30] have also reported that the ratio of Cr,Os3 in the film
increased when SS was immersed in a high-temperature HNOj3 solution. This observation
suggests that, in the present study, the composition ratio of Cr,Oj3 also increased on the film
passivated in concentrated HNOj solution. However, sub-tap water is a neutral solution
containing coexisting chemical species with weak oxidizing power, such as dissolved O,;
the stable chemical species is Cr(OH) 2+ [29]. Because Cr,O3 continues to remain on the
passivation film after surface treatment [28], it is thought that Cr,O3 was in a metastable
state even at temperatures below tap water level and did not immediately ionize and
dissolve. However, because of changes in the cathodic reaction rate caused by local
increases in the O, and Cl~ ion concentrations, the stable state of some parts of the surface
changes, and parts where Cr dissolution progresses can appear. As the dissolution of
Cry0O3 accelerates, the concentration gradient between the bulk metal and the metal in
the film increases; this process acts as a driving force to promote the supply of metal to
the surface, changing the rate of regeneration of the passivation film. Due to the above
considerations and the potential-pH diagram, it is believed that the potential stabilizes as
the dissolution of chromium via anode reactions (1) and (2) subsides [29,31]. Based on the
contents of Section 4.3 described below, not only the cathode reaction, which corresponds to
the reduction reaction of DO, but also the iron and manganese reduction reactions (3) and
(4) can also be important reactions for making the potential stable [31].

2Cr*t + 7H,0 — CrpyO2~ + 14HT 4 2e~ (1)
Cr®" +4H,0 — HCrO, +7H" +3e 2)
6FeOOH + 2H™" + 2e~ — 2Fe30, + 4H, (3)
MnO, + H" + e~ — MnOOH (4)

4.3. Voltammetric Analysis

Figure 6 shows polarization curves for various SS samples polarized in deaerated 5%
H,S0O; to confirm the current density when a stable passivation film is formed. Figure 6
shows that SUS316L exhibited the largest passive current density among the investigated
SS samples and appeared to exhibit the fastest oxidation reaction, which reinforces and
maintains the film. This observation and result of Figure 3 suggest that the regeneration
speed of the passivation film on electrodes may strongly affect the stability of their potential.
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Figure 6. Linear sweep voltammogram for SS in 5 wt% H;SO4 solution (scan rate: 20 mV /min).

Figure 7 shows anodic polarization curves for SUS316 polarized in sub-tap water after
different pre-immersion treatments. The potential fluctuation decreased with increasing
immersion time because the reaction rate on the SS surface gradually slowed as a result of
the current density decreasing with increasing cycle number irrespective of the treatment
(Figure 7). A comparison of the current densities reveals that it was under 20 pA/cm? for
all of the samples from the 1st cycle. It also confirms that a passivation film was formed by
immersion in sub-tap water, as evident from the magnitude of this current density being
similar to that in the passivated region in Figure 6.

These results also suggest that the film formed in concentrated HNOj solution changed
composition most rapidly in sub-tap water. They may further indicate poor stability of the
passivation film formed in concentrated HNOj3 solution because the current density for
the specimen immersed in 30% HNOj solution from the 1st to the 10th cycle was greater
than that in the passivated region. Notably, however, the composition changed without
complete destruction of the film, whose presence was confirmed from the magnitude of the
current density in each cycle after the sample was immersed in HNOj3 solution (Figure 7).
On the basis of the results presented in Section 4.2, the reaction that occurred on the surface
during immersion in HNOj5 solution changed the film from a Cr-rich oxide to a film mainly
composed of iron oxides, which is stable in dilute solutions such as tap water. From these
results, we considered that if a film with a composition that differs from that of the stable
film formed in dilute solutions such as tap water, the reaction leading to a composition
change is more likely to occur, making the passive current density more likely to fluctuate
and impairing the long term potential stability.

Figure 8 shows polarization curves recorded for SS electrodes in sub-tap water after
the electrodes were pre-immersed in 1 wt% H;SO4 solution for 5 min. It can be seen that
the relationship between the current densities of the SSs changed from the 1st to the 10th
cycle. This relationship between the current densities is summarized in Table 5, together
with the results for the potential stability after the electrodes were immersed in HySO4
solution (Table 3). Figure 8 suggests that forming a stable film in sub-tap water through
pre-immersion is important for improving the corrosion potential stability of SS and that
one effective method to form such a film is to clean the surface via acid pickling and weaken
the film formed in air. The current density for SUS304, whose drift in sub-tap water after
pre-immersion in HySOy solution was larger than that after polishing alone and whose
potential was unstable (Table 3), was still greater than those for the other SS samples even
at the 5th cycle in Figure 8b. This result suggests that the reaction on the passivation film
of SUS304 continued to occur. By contrast, SUS316, which had the most stable potential,
already developed a current density of 10 pA/cm? at —0.2 V vs. Ag/AgCl in the 2nd cycle.
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This potential is approximately the corrosion potential of SS observed in the test and is also
considered to be the potential at which the 5SS was passivated [32]. The passivation current
corresponds to infinitesimal oxidation reactions of component metals or metal oxides.
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Figure 7. Anodic polarization curves for SUS316 in sub-tap water after pre-immersion that was
carried out in different liquids (scan rate: 1 mV/min): (a) Only polishing (not implemented pre-
immersion treatment), (b) after immersion in 25 °C 1% sulfuric acid for 5 min, and (c) after immersion
in 30% nitric acid heated at 70 °C for 30 min.
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Figure 8. Cyclic voltammogram for SS after immersion in 1 wt% HSOj4 solution for 5 min (scan rate:
10 mV/min): (a) 1st cycle, (b) 5th cycle, and (c) 10th cycle.
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Table 5. Relationship between current density for passive potential and potential stability (standard
deviation of potential) for SS in sub-tap water after immersion in 1 wt% H»SO4 solution for 5 min.
Current density was calculated as the average from —0.2 V to 0.3 V.

Current Density [uAcm 2]

Lo
[mV] Cathode Cycle
1st Cycle 5th Cycle 10th Cycle
SUS304 17.6 9.40 3.92 —2.16
SUS316 1.3 -1.32 —0.76 —0.88
SUS316L 14.7 —2.70 —3.45 —2.67
SUS430 13.0 —5.72 —4.63 —4.67

The results also indicate that a lower reaction rate on the electrode surface of a material
tends to lead to a more stable corrosion potential. This assertion is supported by the
results in Table 5, which show that the smaller the standard deviation and the more stable
the potential of a material, the lower the current density during polarization toward the
cathode. Specifically, SUS316, which indicated the smallest standard deviation of potential,
showed the smallest absolute value of current density and almost constant level through
the cycles. In contrast, SUS304 indicated a large current density at the 1st cycle, and the
current density considerably changed to reverse the direction of a reaction at the 10th cycle.

We assumed that the passivation film, which is important for maintaining a stable
potential in sub-tap water, is mainly composed of iron oxides. In the polarization curves,
increasing current density was observed at +0.3 V vs. Ag/AgCl during anodic polarization
even at the 10th cycle for all of the SS samples in Figure 8c. This peak suggests that
Cr dissolution and/or changing reaction (Cr3* /Cr®") continued to occur, as mentioned
by L. Freire et al. [32]. In addition, during cathodic polarization, the peak at —0.3 V vs.
Ag/AgCl[32], which we speculatively attributed to Fe30O4/FeOOH, disappeared in the 3rd
cycle of the SUS316 polarization curves; however, the peak continued to appear beyond the
3rd cycle in the polarization curves for the other SS samples and continued to appear for
the longest time (up to the 7th cycle) in the curves for SUS304 (Figure 8a,b). As described
in Section 4.2, if a Cr-rich film was present, the potential would be unstable because an
iron-oxide-rich film is important for stabilizing the potential.

4.4. EIS Analysis

Figure 9 shows the results of EIS measurements for the electrodes in sub-tap water after
they were subjected to each pretreatment. In Figure 9, the results for SUS430 are presented
as an example, while the diagrams for other conditions are included in the Supplemental
Materials (Figures S1-S3). In the Nyquist diagram, the real part of the impedance Zg,
is calculated by subtracting the real part of the impedance at the highest frequency Zgreg
from the value obtained at each frequency to compensate for slight differences in solution
resistance. Zrep, which corresponds to the solution resistance, varied by ~10% depending
on the sample; however, the magnitude of Zre( did not affect the corrosion potential, and
no correlation was observed between the magnitude of Zreo and the change in the potential
over time.

In the Nyquist diagrams, the magnitude of the imaginary part of the impedance
increased with time irrespective of the type of SS or the processing method. This was
observed both in the case of polishing only and conducting pre-immersion and is speculated
to be the general behavior of SS in sub-tap water.
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Figure 9. Nyquist diagrams (a,c,e) and Bode diagrams (b,d,f) of EIS spectra for SUS430 subjected
to pre-immersion processing for different times: (a,b) No pre-immersion processing; (c,d) after
immersion in 1 wt% H,SOy solution for 5 min; and (e,f) after immersion in 1 wt% Na,CO3 solution.
The circular plots indicate the phase difference, while the triangular plots indicate |Z 1.
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Comparing the results in the Nyquist diagrams reveals that the change in the surface
state of SS strongly affects the stability of the corrosion potential, as indicated by a smaller
change in the phase difference over time corresponding to a smaller fluctuation in potential.
We therefore speculate that a correlation exists between the time-dependent change in
potential and the phase difference obtained by EIS measurements (Figure 10). This trend
was also observed when the pretreatment method was changed (Figure S4). In addition,
the change in the phase difference is speculated to reflect the change in the surface state
because the electric double layer and the film are both related to the capacitance of SS in an
aqueous solution. Furthermore, the shape of the curves immediately after the electrodes
were immersed in sub-tap water was different, confirming that the surface state could be
changed by pre-immersion. This similar tendency was observed for SS samples other than
SUS316 (Figures S1-S3).
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Figure 10. Relationships between potential changes and minimum phase differences of each SS
without pretreatment in sub-tap water. The filled plots correspond to the potential, and the hollow
plots correspond to the phase.

We also observed that the length of the curve in the imaginary part changed after the
electrodes were immersed in sub-tap water; however, this change was not observed for
SUS316, and no relationship was found between the length of the curve and the behavior
of the potential.

The EIS measurement results were fitted using the equivalent circuit shown in Figure 11,
which has been previously proposed to describe the surface state of SS with a passivation
film and is particularly applicable to systems with local defects in the film [33-35]. From the
result of corrosion potential measurement and polarization, it is considered that the samples
also formed a passive film in sub-tap water. Furthermore, it is considered that local defects
in the film have appeared because of chlorine in sub-tap water, especially for samples that
have been immersed for a long time. Therefore, the equivalent circuit shown was applied to
the result of EIS measurements. In the present study, the capacitance was calculated using a
constant-phase element (CPE), which considers the deviation from ideal behavior because
the characteristics of the film and the double-layer capacitance are not uniform. In this paper,
CPE is defined as in Equation (5):

Zcpg = [(CPE) (jwe)*] ™! ®)

where (CPE) is the apparent capacitance parameter with units of F cm =2 s%~1

, w is an
angular frequency in rad s—!, and the factor « is the parameter that characterizes deviation

of the system from ideal capacitive behavior. In the equivalent circuit, Rs represents the
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solution resistance, Ry and CPE; represents the resistance and capacitance related to the
redox reaction occurring and/or the film surface, respectively, and R, and CPE, represent
the resistance and capacitance related to the charge transfer occurring on the metal surface,
respectively [34,35]. An example of the suitability of the equivalent circuit in Figure 11 to
simulate the response of the stainless steels can be seen in Figure S5. From Figure S5, it was
confirmed that the fitting results shown in Figure 11 matched well with the experimental
results. The fit quality to the experimental results can also be described by Chi-squared (x?),
which is automatically given in the fitting results. The value of x by using the equivalent
circuit in Figure 11 was a maximum of 3.5742 x 104, suggesting that the circuit is a good
model describing the near-surface of SS. In fact, it is difficult to find the two capacitive
semicircles from the EIS results. However, since the two time constants of SS are overlapped,
it is thought that the circuit in Figure 11 could be used to characterize the surface condition
of S5 [34]. The results of the fitting using the equivalent circuit in Figure 11 are summarized
in Table 6. Although not shown in the table, fitting results showed that the solution
resistance Rs ranged from 2.2 kQ cm? to 5.8 kQ) cm? and that the resistance of sub-tap water
was approximately the same as that of tap water [36]. The fitting showed that the changes
in Ry, CPEjy, and a; related to charge transfer were smaller for SUS304 and SUS316 than for
the other types of SS and that SUS304 and SUS316 showed particularly stable potentials
after 5 min of pre-immersion in a 1 wt% H»SOy4 solution than for those not subjected to
pre-immersion. Conversely, in the case of SUS316L, for which pre-immersion in 1 wt%
H,S0; solution did not lead to substantial improvement in potential stability, either R,
clearly changed significantly, or the equivalent circuit in Figure 11 was inappropriate for
describing the surface condition.

CPE,

| €
R | <
CPE,

A

- - RZ

Figure 11. Equivalent circuit to simulate the electrochemical behavior of SS.

Table 6. Parameters calculated from EIS spectra of (a) SUS304, (b) SUS316, (c) SUS316L, and
(d) SUS430.

Pre- Imlfe‘fir:é"“ CPE, a Ry CPE, a R, X2 x 10%
Immersion [Day] [uFs® lem—2] [-1 [kOcm?] [1Fs* lem~2] -] [kQem?] [-]
(a) SUS304
0 3.03 0.83 0.28 18.4 0.78 248 0.87
1 491 0.84 1.24 4.82 0.79 178 1.8
N/A 2 8.65 0.81 56.7 0.24 1.00 128 1.3
5 8.41 0.82 68.0 <1012 1.00 76.1 1.6
7 7.96 0.82 37.1 <1012 0.16 85.6 1.4
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Table 6. Cont.

Pre- Im;‘;:irjé"“ CPE, ay Ry CPE, w0 R, X2 x 104
Immersion [Day] [uFs® lcm—2] [-1 [kOcem?] [1Fs* lem 2] 1 [kQem?] [-]
(a) SUS304
0 21.0 0.87 2.35 17.2 0.78 373 0.96
. 1 8.81 0.81 34.8 1.29 1.00 96.3 2.0
1% HpSO, 2 8.42 0.81 66.7 0.41 1.00 164 24
5 min. 4 3.93 0.87 2.25 3.36 0.84 132 14
7 411 0.85 2.14 2.63 0.87 137 2.0
0 0.001 1.00 6.73 223 0.79 64.1 438
. 1 13.7 0.73 1.49 7.04 0.86 14.0 0.26
1% °5Na2.co3 2 13.8 0.84 203 162 1.00 82.8 0.80
min. 4 11.7 0.84 193 175 1.00 415 0.86
7 6.55 0.88 1.12 3.26 0.82 166 0.68
0 120.5 0.80 416 195.05 1.00 54.3 1.0
30% HNO; 1 35.1 0.87 0.70 14.35 0.89 236 1.1
70 °C 2 33.8 0.82 1.64 10.42 0.88 33.1 0.50
30 min. 5 338 0.85 10.7 3.60 1.00 232 14
7 382 0.98 30.6 21.63 0.84 13.8 3.0
(b) SUS316
0 1.23 0.82 0.29 246 0.77 359 0.55
1 10.7 0.85 10.1 1.08 1.00 139 0.54
N/A 2 11.3 0.85 189 932 1.00 72.0 15
5 7.60 0.87 2.09 3.13 0.88 155 0.41
7 10.2 0.85 14.3 6.87 1.00 147 1.1
0 269 0.78 4.44 9.17 1.00 943 0.91
. 1 7.82 0.86 1.71 5.33 0.89 375 0.75
1 /"5H2,504 2 6.37 0.91 218 469 091 147 0.71
min. 5 10.9 0.88 0.56 5.18 0.89 178 0.69
7 4.57 0.94 0.56 5.31 0.89 148 0.38
0 249 0.86 5.74 10.7 1.00 202 15
. 1 15.5 0.81 113 6.78 1.00 300 1.0
1 /°5Na2,co3 2 7.13 0.85 12.9 523 0.81 95.6 0.28
min. 4 6.68 0.85 1.23 498 0.79 100 0.58
7 11.9 0.81 11.0 15.0 1.00 174 15
0 127 0.69 0.70 71.7 0.87 681.2 1.0
30% HNO; 1 48.1 0.84 1.92 3.52 1.00 17.1 0.77
70 °C 2 449 0.85 1.24 413 0.87 23.6 0.63
30 min. 5 39.2 0.87 2.10 3.46 1.00 12.8 0.54
7 28.0 0.89 0.58 12.1 0.87 26.7 0.65
(c) SUS316L
0 87.7 0.71 478 x 10° 184 0.01 0.010 0.23
1 30.7 0.83 58.7 255 0.00 65.6 2.1
N/A 2 221 0.84 1.25 7.89 0.88 115 1.5
5 27.7 0.85 226 83.6 0.00 106 2.1
7 27.4 0.85 314 0.00 1.00 70.3 1.9
0 336 0.71 3.88 476 1.00 22.7 2.0
o 1 8.81 0.72 1.39 4.71 0.89 1.34 x 1010 2.6
1 /°5H2.SO4 2 9.01 0.86 24.3 0.51 1.00 2.7 1.1
min. 5 8.13 0.86 2.91 1.00 1.00 248 1.9
7 443 0.93 0.84 3.70 0.87 145 0.47
0 17.2 0.70 491 6.30 0.82 151 2.6
. 1 11.4 0.78 121 4.63 1.00 241 22
1 /°;\I‘32,CO3 2 8.12 0.83 20.4 0.51 1.00 108 1.6
min. 4 8.48 0.83 39.8 0.30 1.00 139 1.3
7 5.42 0.81 3.56 3.11 0.87 175 1.1
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Table 6. Cont.
Pre- Imlf‘e‘:irjé"“ CPE, ay Ry CPE, w0 R, X2 x 104
Immersion [Day] [uFs® lcm—2] [-1 [kOcem?] [1Fs* lem 2] 1 [kQem?] [-]
(c) SUS316L

0 97.2 0.12 1.34 403 0.85 1238 15

30% HNO; 1 36.4 0.87 60.0 0.49 1.00 32.3 6.2
70 °C 2 339 0.89 20.6 1.38 1.00 249 24
30 min. 5 19.8 0.92 0.31 9.54 0.92 37.6 0.46
7 224 0.89 0.61 6.08 0.97 39.9 0.72

(d) SUS430

0 28.9 0.79 16.7 2.14 1.00 134 0.79
1 10.1 0.88 4.04 3.79 0.92 113 0.79

N/A 2 12.0 0.89 35.9 1.65 1.00 69.2 1.7

5 9.64 0.93 283 2.50 1.00 458 15

7 11.3 0.87 57.1 0.76 1.00 91.5 2.1
0 416 0.76 243 10.2 0.88 25.1 0.83

. 1 13.7 0.85 40.1 0.39 1.00 358 1.2
1 /°5H2,SO4 2 10.9 0.88 5.17 1.26 1.00 185 0.85
min. 5 6.56 0.95 1.56 447 0.92 104 12
7 11.5 0.89 10.4 0.61 1.00 219 0.58

0 0.004 1.00 4.96 45.6 0.71 30.7 3.2

. 1 0.001 1.00 7.67 14.8 0.86 57.8 34
1 /"SN'C‘%CO3 2 7.91 0.40 1.29 136 0.79 5.46 x 108 0.92
min. 4 1.63 0.81 0.49 12.1 0.79 124 0.90

7 1.23 0.80 0.51 11.9 0.81 121 1.2
0 149.1 0.66 134 410 1.00 27.5 0.56

30% HNO; 1 915 0.69 60.6 71.02 1.00 31.1 1.0
70 °C 2 62.9 0.72 3.23 495 1.00 16.9 1.2
30 min. 5 54.7 0.77 105 1.70 1.00 124 0.88
7 52.7 0.77 291 2.65 1.00 24.8 0.81

The reaction that strongly affects the potential fluctuation of ~10 mV is thought to be
the oxidation of the metal in the bulk part of the SS, which is mainly Fe, to form an oxide
film. We assumed that, as the metal ratio of the bulk approaches that of the film, the driving
force for supplying the metal to the film decreases, slowing the oxidation reaction on the
surface and stabilizing the potential. Bautista et al. [34] have reported that R, corresponds
mainly to the oxidation reaction from Fe? to Fe?". The Bode plots obtained via the EIS
measurements in the present study, including the simulation results for the Bode plot, were
similar in shape to those reported by Bautista et al. [34]. Therefore, we speculate that a
similar reaction occurred on the sample in the present study and that the oxidation reaction
of Fe strongly influences the potential fluctuation.

The state where the potential becomes stable is substantially maintained when the
formation of a stable film in a dilute solution is completed, and infinitesimal reactions
for keeping the characteristics of the film constant, which corresponds to passive current,
mainly continue to progress on the surface. The fitting results show that, in most cases, Ry
was at least 100 times greater than R;. In a mixed electrode reaction system, the polarization
resistance Rp is proportional to the inverse of the corrosion current icorr; however, in this
case, the corrosion current was determined by R,. When the potential stabilized in the
sub-tap water, R, increased with increasing immersion time, irrespective of the type of SS,
and the value converged to ~200 kQcm?. This result also shows that the oxidation reaction
slowed when the potential stabilized.

The fact that Ry was large when the potential was stabilized also shows that, when
stabilizing the potential of SS, reducing the charge transfer resistance (polarization resis-
tance), as in the case of existing reference electrodes, is not necessary. When focusing on the
results after pre-immersion in a 30% HNOj3 solution at 70 °C, where the corrosion potential
stability deteriorated, R; fluctuated by more than one order of magnitude even 2 days
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after the electrode was immersed in sub-tap water. Compared with the CPE; value for SS
electrodes subjected to other treatments, that for the electrode pre-immersed in 30% HNO3
solution at 70 °C was one order of magnitude larger. From these results, immersion in a
30% HNOj; solution facilitates the formation of a thin passivation film. The CPE; values

for samples with stable potentials ranged from 1 to 10 uFs*~lem 2.

5. Conclusions

To develop a QRE that can maintain a stable potential even in dilute solutions and is
suitable for use in electrochemical sensors, we evaluated the corrosion potential stability of
four types of SSs. It was found that the potential stability is influenced by the corrosion
resistance of the material. Among SSs, SUS316 was found to have a standard deviation that
was up to 65% smaller even in an untreated state and was found to have the potential to
be an excellent material that exhibits a stable potential. As for pre-immersion treatment, it
was also found that pre-immersion in 1% H;SO4 can reduce the standard deviation by up
to 84%, significantly stabilizing the potential of SS.

Polarization tests and EIS measurements revealed that the potential stabilization effect
was greatly influenced by oxidation of the bulk metal to form a passivation film, particularly
an iron oxide film. We speculated that the potential stability can be further improved by
pre-immersing the film to achieve a composition ratio similar to that of bulk steel. No
correlation was found between the corrosion resistance of the SS and the corrosion potential
stability in the present study.

By comparing the results of analyses conducted using equivalent circuits for SS elec-
trodes with and without passivation, we observed that the film had a sufficient thickness
and that growth had stopped when the potential was stabilized. In addition, as the poten-
tial stabilizes, the magnitude of the CPE decreases, which suggests that, by manipulating
the composition through treatment and carrying out pre-immersion such as etching to
smooth the surface, SS electrodes with sufficient potential stability to be used as QREs can
be attained.

The corrosion potential stability of SS stabilized by treatment approached that of
practical metals such as Cu and Fe. We expect that, in the future, the development of an
all-solid-state QRE using SS will lead to the realization of a low-cost, low-energy sensor
that can constantly monitor corrosion.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemosensors13010004/s1, Figure S1: Nyquist diagrams (a,c,e)
and Bode diagrams (b,d,f) of EIS spectra for SUS304 subjected to pre-immersion processing for
different times: (a,b) No pre-immersion processing; (c,d) after immersion in 1 wt% H,SO, solution
for 5 min; and (e,f) after immersion in 1 wt% NayCOj3 solution. The circular plots indicate the phase
difference, while the triangular plots indicate | Z|; Figure S2: Nyquist diagrams (a,c,e) and Bode
diagrams (b,d,f) of EIS spectra for SUS316 subjected to pre-immersion processing for different times:
(a,b) No pre-immersion processing; (c,d) after immersion in 1 wt% H,SOj solution for 5 min; and
(e,f) after immersion in 1 wt% Na;COj solution. The circular plots indicate the phase difference,
while the triangular plots indicate |Z1; Figure S3: Nyquist diagrams (a,c,e) and Bode diagrams
(b,d,f) of EIS spectra for SUS316L subjected to pre-immersion processing for different times: (a,b) No
pre-immersion processing; (c,d) after immersion in 1 wt% H;SOy solution for 5 min; and (e,f) after
immersion in 1 wt% NayCOj solution. The circular plots indicate the phase difference, while the
triangular plots indicate |Z1; Figure S4: Relationships between potential changes and minimum
phase differences of each SS in sub-tap water. (a) After immersion in 1 wt% HSOy solution for 5 min,
(b) after immersion 1 wt% HSOj4 solution for 5 min. The filled plots correspond to the potential,
and the hollow plots correspond to the phase; Figure S5: Experimental and fitted Nyquist and Bode
diagram for polished (no pre-immersion) SUS304 at 0 day.
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