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The development process for an effective catalyst for electrochemical water splitting must consider properties
such as chemical and mechanical stability, corrosion resistance, and abundance alongside efficiency. In this
work, a detailed electrochemical evaluation of four types of commercially available AISI stainless steel (302, 304,
316, and 321) was performed for their electrocatalytic activity, stability, and corrosion resistance in overall
water splitting under alkaline (pH 14.00) and near-neutral conditions (pH 6.26). Using AISI plates directly as an

anode or cathode, a current density of 10 mA cm ™2 was obtained at ) ~ 0.38 V for OER and n ~ 0.43 V for HER in
1 M KOH. Although all of the tested types have proved to be efficient electrocatalysts, detailed electrochemical
studies have distinguished certain differences between the AISI types, depending mainly on the composition
peculiarities. A detailed corrosion evaluation has revealed that although all measured stainless steels are sen-
sitive to the oxidative environment, their corrosion rate does not exceed 3.3 pm per year.

1. Introduction

The current worldwide energy system based on fossil fuels must
undergo a profound transformation to achieve the global decarbon-
ization goals set for 2050 [1]. Low-carbon electricity from renewable
sources can provide a reduction in energy-related CO, emissions by
more than 40 % [2]. However, certain sectors requiring high-grade heat,
such as industry, heavy-duty transport, etc. might find difficulties purely
by means of electrification. Hydrogen has the potential to play the role
of the missing link in the energy transition due to its high mass energy
density [3]. Produced from renewable sources through water electrol-
ysis, it could facilitate the revolution of the world’s energy economy [4].
Electrolyzers, as devices that use electricity to split water into its con-
stituents, offer a flexible load and can provide grid balancing services
that are substantial in maximizing the employment of renewable sources
[2]. Water electrolysis (WE) involves two half reactions: hydrogen
evolution (HER) and oxygen evolution (OER), which both rely on the
suitable electrocatalyst [5,6]. Generally, both HER and OER electro-
catalysts must meet two requirements. First, electrocatalysts should
demonstrate high activity with low overpotential values and provide
numerous active centers. Second, both catalysts must exhibit long-term
stability at high current densities without losing their efficiency [7,8].
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However, nowadays environmental and economic circumstances must
be taken into account when developing an electrocatalyst. Therefore,
some other requirements arise, such as material abundance, its toxicity,
and the impact on the environment coming from the production process,
operation, and utilization or recycling. Noble metals, such as Pt, Ir and
their derivatives, are attractive due to their low overpotentials, high
conductivity, low Tafel slope, and long-term operation stability [9].
However, the high price and scarcity of Pt group elements in particular
gave an impulse to develop an AEM (anion exchange membrane) tech-
nology that would rely on the usage of abundant and inexpensive metals
or their derivatives while maintaining high efficacy of the electrolyzer
[10,11]. Since the efficiency of the electrocatalyst is decided by its
number of active centers and charge transfer in the bulk and on the
surface, the introduction of more than one metal might help to overcome
the process limitations. Various theories of intermetallic bonding, such
as Brewer, Friedel, and Miedema’s, suggest that phases or compounds of
exceptional stability are obtained when metals with a hypo-d-electronic
configuration (d!-d®) are alloyed with hyper-d-electronic elements
(ds—dlg) [12]. As aresult, the level of d-orbitals of the hyper-d-electronic
element increases from 3d to 5d and the exposure of d-orbitals occurs.
The d-orbital is the predominant band in bonding and chemisorption
[13], therefore, it determines the catalytic and electrocatalytic behavior
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Table 1
Some properties of stainless steel by type.
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Table 2
Elemental composition of stainless steel by type.

Properties Stainless steel type Element (wt.%) Stainless steel type
AISI302 AISI304 AISI316 AISI321 AISI302 AISI304 AISI316 AISI321
Electrical resistivity 70-72 70-72 70-78 70-73 Cr 18 18 18 18
(uQ cm) Ni 8 10 10 9
Density (g-cm™>) 7.920 7.930 7.960 7.900 Mn 0-2
Melting point (°C) 1400-1420  1400-1455  1370-1400  1400-1425 Si 0-1 0-1 0-1 0-0.75
C 0-0.15 0-0.07 0-0.07 0-0.08
P 0-0.045 0-0.050 0-0.050 0-0.045
[14]. It was established that increasing the electron density directly Ti - - - 5
increases the ability of metal valence electrons to participate in the FMU g ) - 3 -
e alance

formation of chemisorptive bonding [13]. As a consequence, the metal
role as an electron acceptor is strengthened, while the metal role as an
electron donor is weakened. Austenitic stainless steels (SS) offer a va-
riety of metals in their composition, with the leading roles of hyper-
d iron and nickel being well recognized electrocatalysts. The addition
of hypo-d metals, such as chromium, molybdenum, or titanium, results
in improved stability, balanced electron density, and enhanced number
of active sites. Due to their high conductivity, corrosion resistance, and
mechanical strength, various types of SS have been exploited in the
fields of petrochemical, aviation, industrial construction, and catalysis
as conductive substrates or current collectors [15,16]. Although several
publications present SS as an effective, inexpensive and abundant elec-
trocatalyst for water splitting [17], their main focus is on OER [18] by
modifying the surface or removing Cr [15,16,19]. However, information
on the overall water splitting that uses stainless steel is scarce.
Furthermore, different authors emphasize the advantages of different
types of steel and the influence of metallic additives (Mo, Ti) on the
hypo-hyper-d-effect is left unexplored. As this effect has a strong influ-
ence on the electron density, the electron-donor/acceptor abilities of the
metal alloy will directly affect the efficiencies of HER (donor) and OER
(acceptor).

Therefore, in this work, we investigate the evolution processes of
oxygen and hydrogen on different types of steels under alkaline and
neutral conditions. The types selected in this work (AISI302, AISI304,
AISI316, and AISI321) include some of the most common and used types
that slightly differ in composition. As the composition of the AISI302
and AISI304 types contains mainly Fe, Cr, and Ni, the difference be-
tween these steels comes from the higher content of Ni in AISI304 as well
as the lower carbon content. Meanwhile, AISI316 and AISI321 are
enriched with Mo and Ti, respectively. Both Mo with a 4d°5s' configu-
ration and Ti with a 3d24s? configuration are considered as hypo-
d elements; therefore, the introduction of them into the alloy should
provide a variety of oxidation states and balance the electron density.

2. Materials and methods
2.1. Instrumental analysis

The phase structure of stainless steel was analyzed with the BRUKER
AXS D8 X-ray diffractometer operating under the following parameters:
wavelength A = 1.54056 x 107'% m for Cu-K, radiation, Ni filter, anodic
voltage 40 kV, detector position step 0.02°, and current strength 40 mA.
Surface topography images were obtained using the Hitachi S-3400 N
scanning electron microscope (SEM). Surface roughness was investi-
gated with a high resolution atomic force microscope (HR-AFM) AFM
Workshop (South Carolina, USA). The vibrating scanning mode (XY
Resolution 0.005 nm, Z Resolution 0.003 nm, Z Linearity < 0.1 %), and
the measurements were performed in Q-Box.

2.2. Electrochemical testing

Four types of standardized AISI stainless steel (AISI302, AISI304,
AISI316 and AISI321) of 0.1 mm thickness were purchased from
Goodfellow Cambridge Ltd. (the UK). The samples were treated with

sand paper (grit 1000) and ultrasonically cleaned in an alkaline solution
and acetone for 15 min. Some properties and composition of steel
samples according to the standard and data obtained from the manu-
facturer are presented in Tables 1 and 2.

Electrochemical evaluation of the activity of the samples in water
splitting reactions was carried out with a potenciostat/galvanostat
BioLogic SP-150 (BioLogic Science Instruments, Seyssinet-Pariset,
France). A three-electrode configuration was employed, consisting of a
working electrode (prepared stainless steel samples, 1 x 3 cm), a counter
electrode (Pt wire, 15 cmz), and a reference electrode (Ag,AgCl|KCl(ar)).
The experimental data were collected and treated using EC-Lab V10.39
software.

Potential-controlled electrolysis was performed in 1.0 M KOH
(Chempur, Poland) and 0.1 M KNO3 (Chempur, Poland) to construct the
Tafel plots. The potential range was selected around the onset potentials
of OER and HER to capture the initiation of the process. The over-
potential values were calculated according to the following equation
[20]:

n= Eﬂppl - Eeq (1)

where Epp) is the applied potential (V) vs Ag,AgCl|KClsap), and Eeq is the
equilibrium potential of the OER or HER reaction at a certain pH (14.00
or 6.26).

The corrosion rate of all types of stainless steel was evaluated by
potentiodynamic cycling in 1.0 M KOH and 0.1 M KNOs solution. The
scans were performed at open circuit potential E,. = 200 mV. Quanti-
tative corrosion parameters were based on the Butler-Volmer equation
[21]:

~2.303(E~Ecorr)

—e ) )

2.303(E—Ecorr)
Pa

I'=Teon (e

where I is the measured current (A), I.or is the corrosion current (A), E is
the electrode potential (V), Eqo is the corrosion potential (V), , and p.
is the Tafel anodic and cathodic [21] constants (V).

The corrosion rate was calculated using EC-Lab V10.39 software
according to the following equation:

Ieor e K@ EW

CR = de A 3)
where I.q is the corrosion current (A), K is the constant equal to 3272
mm Al em™! year™!, EW is the equivalent weight for SS (g per equiv-
alent), d is a density (g cm’3), and A is a sample area (cm?).

Potentiostatic electrochemical impedance (PEIS) measurements
were carried out in 1.0 M KOH and 0.1 M KNOj solutions, varying the
frequency values from 10° to 10" Hz with a sinus amplitude of 20 mV.
The iR compensation with 85 % compensation was performed at 1 Hz
prior to PEIS experiments.

The obtained potentials were standardized to the reversible
hydrogen electrode (RHE) by the following equation:

Erue = Eagaga + EOAg,AgCl +0.059 e pH
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Fig. 1. XRD (A) patterns and Raman spectra (B) of stainless steel samples.

Fig. 2. Representative SEM images of stainless steels at x5000 magnification: (A) AISI302, (B) AISI304, (C) AISI316, and (D) AISI321.

3. Results and discussion
3.1. Structural and morphological analysis

The structural characterization of stainless steel samples was per-
formed with X-ray diffraction analysis. The data presented in Fig. 1 have

revealed that only AISI304 is composed of a single cubic phase of
nickel-chromium-iron with an ICDD PDF No. 33-397 (d = 2.0750,
1.7961 nm). However, the 26 peaks at 43.646° and 50.684° related to
this phase have been detected in all XRD curves. Additionally, two peaks
at 44.493° and 64.625° were registered in the curves of AISI302,
AISI316 and AISI321 assuming the existence of a second cubic phase in
these steels. The combination of the mentioned peaks was assigned to
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Table 3
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Surface roughness of SS samples, where S is the RMS roughness and S, is the mean roughness.

Stainless steel samples Surface roughness

Before OER

After OER

Area size

Area size

33 um x 33 pm

10 pm X 10 pm

33 um x 33 ym 10 pm X 10 pm

Sq, nm Sa, NIM Sq, N Sa, NI Sq, nm Sa, NIM Sq, N Sa, NI
AISI302 89.82 67.74 43.45 32.49 58.59 44.12 34.96 26.47
AISI304 91.13 76.02 68.02 57.86 85.00 62.65 55.20 43.20
AISI316 82.58 65.86 77.41 69.34 79.41 61.99 70.66 53.62
AISI321 99.88 74.48 75.64 55.02 91.12 66.68 67.78 50.09
OZI HZOI e OH- (A) N B
H*, 0, H,0 (B)
M
PR
OH- O &> 2 H', e
M-OOH P3 M-OH M-OOH M-OH
P 1
Qv OH- H* e > R
M-O
H,0 H, e
H,0, e~

Fig. 3. The OER mechanism under alkaline [3] (A) and neutral [26] (B) conditions. The electrochemical and chemical processes that occur are indexed as P1 — P5 (P

— for the process).

the alloy of iron and chromium with an ICDD PDF No. 34-396 (d =
2.0350, 1.4380 nm).

A passive film of oxide species that partly or fully covers the SS
surface is rather difficult to analyze using Raman spectroscopy, since
different bonds can generate the same frequencies. No significant peaks
up to 500 cm ™! were recorded in Raman spectra of stainless steel sam-
ples (Fig. 1B), only small intensity increases. However, the spectra of
AISI302 and AISI316, a slightly more noticeable increase at 289 cm™! is
attributed to a-Fe;O3 [22] Irrespective of the type of steel studied, all of
them are characterized by a broad band of higher intensity with peaks at
682, 721 and 815 cm ™. The signals identified in this band are associated
with Fe-O vibrations in y-Fe;0s, Fes04, and with Cr*3-0 and Cr*®-0
vibrations in mixed oxides [23,24]. The sharper peak around 1055 cm !
and a wider band at 1250-1550 cm ™! usually arise due to the Fe*3-0
vibrations in a-FeOOH and y-FeOOH [23] that both have orthorhombic
structure only with different space groups — Pbnm and Amam, respec-
tively [25].

The surface morphologies of AISI type steels are shown in Fig. 2. For
all the samples, the surface morphology is seen to be even across the
entire area with some small indentations caused by the initial surface
treatment with a sandpaper. The sufficient uniformity of the surface is
also confirmed by the calculation of the surface roughness (Table 3).
Regardless of the type of steel, all values of RMS and mean roughness are
below 100 nm. Thus, the results of SEM and AFM allow us to assume that
the surface morphology is the same for all types of steel investigated in
this work and does not influence the resulting differences in efficiency.

3.2. Catalytic activity in oxygen evolution

The oxygen generation process is considered to occur at the active
metal sites (M) on the surface [3]. The generally assumed mechanisms of
OER from both alkaline and neutral electrolytes include four electrons,
as is given in Fig. 3. Specifically, under alkaline conditions (Fig. 3A), an
adsorbed hydroxide ion releases the first electron to form M-OH species
(P1). Then another electron and a couple of protons are released, and the
active species on the surface are likely to gain the M-O form (P2). From
this point on, there are two pathways for M-O transformation into O,.
Two nearby M-O species can be combined directly, producing an O,
molecule (P3). On the other hand, the M-O complex can undergo
another oxidation reaction after adsorption of the OH" ion, resulting in
the formation of M-OOH (P4). Finally, it participates in proton-coupled
oxidation that releases O, and H,O molecules (P5). Meanwhile, under
neutral conditions (Fig. 3B) the mechanism is based on the decompo-
sition of water molecules adsorbed on the catalyst surface. Yet, the in-
termediates formed, including OH*, O* and OOH*, remain the same
regardless of whether they are in neutral or alkaline media [26]. Con-
cerning the difficulty of the OER mechanism, the catalyst surface plays
an extremely relevant role in providing sufficient concentration of active
sites as well as ensuring optimal binding energy of OER intermediates. It
was determined [27] that strong oxygen binding can hinder the for-
mation of M-OOH species; meanwhile, too weak binding can result in
sluggish M-O formation. It is known [28] that right after the immersion
in the alkaline solution, the surface of stainless steel is covered with OH~
ions that from a monolayer of M-O, M-OH, or M-OOH. Therefore, the
exact mechanism of OER might have some deviations from the theo-
retical one in Fig. 3.
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Table 4
Oxygen evolution parameters of stainless steel samples.

Parameters Stainless steel type
AISI302 AISI304 AISI316 AISI321
Alkaline media
Onset OER potential (mV) 1572 1574 1570 1573
Overpotential at onset (mV) 342 344 340 343
Tafel slope b (mV dech) 35 59 35 73 31 81 39 96
Overpotential (mV) at 10 mA 381 389 381 389
cm 2
Retention after 24 h OER (%) 97.5 94.7 95.5 95.3
Neutral media
Onset OER potential (mV) 2073 2097 2066 2079
Overpotential at onset (mV) 843 867 836 849
Tafel slope b (mV dech) 180 154 185 173
Overpotential (mV) at 10 mA 1242 1386 1246 1278
cm 2
Retention after 24 h OER (%) 99.3 96.6 98.4 98.5
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The catalytic evaluation of the prepared stainless steel samples began
with the examination of its ability to promote oxygen formation. Steady-
state linear sweep voltammograms (LSV) were recorded in 1.0 M KOH
and are displayed in Figs. S1 and 4, while quantitative parameters are
given in Table 4. When the anodic potential was scanned beyond 1.5V, a
rapid increase in current values was observed, accompanied by intensive
formation of O on the stainless steel surface. No catalytic current was
observed earlier than 1.5 V (Fig. 4A). Regarding the relation between
the stainless steel type and its activity in OER catalysis, the LSV curves
present a visual difference in their behavior. The onset potential of ox-
ygen formation overlaps between various types of SS and the difference
in Egpset values is within the limits of error (Table 4). As a result, over-
potential values between different steels vary by no more than 5 mV
from 340 from AISI316 to 345 mV for AISI304. However, a further in-
crease in potential values affects the current density differently. AISI316
has been found to provide the highest current values among other types
tested in this work. It also required a smaller overpotential value to
reach the current density of 10 mA cm 2 (381 mV) or 100 mA cm 2
(680 mV). This advantageous activity could be attributed to the pres-
ence of molybdenum in the composition of AISI316. According to Zhang

30
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£
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Fig. 4. Linear sweep voltammograms of stainless steels in 1.0 M KOH (A) and 0.1 M KNOj3 (B) at a scan rate of 20 mV s~ L. Tafel plots of stainless steel samples in 1.0

M KOH (C) and 0.1 M KNO3 (D).
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et al. [29], Mo has a strong electron-deficient structure that leads to the
large extent d-electron delocalization and electron transfer. Therefore,
the alloy is more likely to act as an electron acceptor promoting precisely
the oxidation of water [13,30]. Furthermore, the enhanced hydrophilic
properties of Mo facilitate the adsorption of water molecules and
hydroxo- species [29,31]. Although AISI302 does not possess any ad-
ditives that increase activity in its composition, it is only slightly inferior
to the AISI316 type.

The quantitative parameters of the OER, such as the onset potential,
the overpotential at the onset and 10 mA cm™2, are rather similar for
both AISI316 and AISI302 at lower potentials. However, it appears that
the surface of AISI302 cannot generate oxygen at the same rate as that of
AISI316 at higher overpotentials as it reaches 100 mA cm ™2 at 760 mV.
When comparing the types of AISI302 and AISI304 which differ only in
nickel content, it can be seen that AISI302 steel is more active despite
the lower Ni content. That may also be attributed to the electronic
density which depends both on the electronic configuration of the
catalyst lattice and the prevailing configuration on the catalyst surface
[32]. XRD analysis revealed that AISI302 is a two-phase alloy in which
the hyper-d-element Fe and the hypo-d-element Cr constitute a separate
phase. The existence of such a synergy might boost the surface abilities
of bonding and chemisorption of intermediates. AISI321 steel appears to
be the least favorable for oxygen evolution. Although its overpotential
reaches the same value as AISI304 at 10 mA cm ™2 (389 mV), the further
generation of oxygen on its surface occurs more sluggishly. This may be
related to a more passive surface, insufficient amounts of active centers,
and poorer charge transfer. Although AISI302 and especially AISI321
have not been extensively investigated as catalysts, OER studies con-
ducted with unmodified AISI304 and AISI316 steels under alkaline
conditions have generated results similar to those obtained in this work
[15,19].

Long-term electrolysis (Fig. S3) has revealed the behavior of stainless
steels throughout constant O generation for 24 h. All samples examined
were able to maintain a stable potential value at 10 mA cm ™2 since their
retention exceeded 94 %. As expected, AISI302 and AISI316 types have
demonstrated their superiority as the first was able to maintain 97.5 %
and the slowest potential loss, while the second has upheld the deter-
mined current density at the lowest overpotential.

Since most of the research on the electrocatalytic properties of
stainless steels in the OER focuses on testing in an alkaline medium,
there is a lack of information on the behavior of steels under neutral
conditions. Basic electrolytes are preferred for the OER process rather
than HER, which usually requires adsorbed protons to overcome the
reduction to the Hy molecule and works better in acidic media [33]. The
demand for simultaneous generation of Oy and Hy encourages research
of this process under neutral or near-neutral conditions. The reduction of
the pH values to near-neutral by replacing the electrolyte of potassium
hydroxide with potassium nitrate decreases the concentration of hy-
droxide ions and the activity as well. Furthermore, a near-neutral
environment is favorable for protons to be generated by the surface
reactions [34] as it supports HER.

Fig. 4B displays the OER activity of stainless steels in 0.1 M KNO3,
which holds a pH value of 6.26. It can be noticed that the pattern of
catalytic behavior between different types of steel is similar as the nature
of the curves overlaps. However, the onset potential determined by the
tangent method highlights some differences between steel types
(Table 4) as the OER on AISI316 starts at 2.06 V, while it requires 2.09 V
to begin on AISI304. This result suggests that a two-phase structure
could be an advantage in providing a variety of oxidation states for
water adsorption and decomposition, as all three two-phase steels (302,
316 and 321) have required smaller overpotentials at 10 mA cm ™2
(1.24-1.27 V) than a single-phase AISI304 (1.38 V). The absence of a
clear difference between the types AISI302, AISI316 and AISI321 might
be associated with the electrode surface, which sets its equilibrium after
immersion into the solution. Open circuit potential (OCP) measurements
have shown that all types of AISI gain slightly negative OCP values (0.7
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V £ 0.08 V) in 1.0 M KOH solution. The metal surface then is favorable
to go through oxidation and corrosion, which leads to the formation of
oxide, hydroxide, or oxyhydroxide species on the surface. Meanwhile
OCP values of AISI plates in 0.1 M KNOs solution reached their equi-
librium at slightly positive values (0.79 V + 0.04 V). This result signifies
that metals in the SS composition tend to maintain their metallic form on
the surface.

The Tafel equation is a common tool that is used to determine the
kinetics of the electrochemical reaction [20]:

1 = a—+ blogj (€))

where, 1 is the overpotential, a and b are Tafel constants and j is the
current density. The lower value of the Tafel slope (or constant b) sig-
nifies greater charge transfer. The Tafel slope value also defines the rate-
determining step (RDS) of the catalysis process. The lower value of b
usually means that the RDS is at the end of the overall process. In this
work, Tafel plots were constructed not from LSV results but rather from
potential-controlled electrolysis (Fig. S2). Experimentally obtained re-
sults that are shown in Fig. 4B and D correlate greatly with LSV regu-
larities. Due to the presence of Mo in AISI316 it exhibits better charge
transfer properties and results in the lowest Tafel constant value
regarding OER in alkaline electrolyte (31 mV dec'l). The constant b
values of AISI302 and AISI304 only match at the beginning of the pro-
cess generating a value of 35 mV dec’’. Later, when OER progresses,
AISI302 exhibits lower overpotentials (59 vs 73 mV dec™). This might
happen because of the differences in binding strength of the OER in-
termediates on the surface. If the surface overbinds the OER derivatives,
the process itself will become more sluggish and energy consumptive.
Meanwhile, under neutral conditions, AISI304 steel exhibited the lowest
coefficient b, which differed from other types by 20-30 mV. Although
the difference is not significant, it shows that although oxygen genera-
tion on the surface of this steel starts a bit slower, then presumably the
limiting processes move further up the chain of the mechanism (Fig. 3B).

When evaluating Tafel constants, Antipin and Risch [21] have
interpreted the b values by performing calculations according to the
different surface coverage 6y:

for the forward reaction: j = ne Fe k3, e 1PN ¢ 5; 0 g, (5)

for the backward reaction: j =neFe k‘ii ec PN o 5 0 O, (6)

where n is the number of electrons involved, F is the Faradaic con-
stant, kY; is the kinetic constant, p is the symmetry coefficient set equal
t00.5,f = R—FT, ni is the overpotential of the ith step, and a; is the activity of
involved species.

The authors [21] have selected presumable values of the activity of
the involved species (OH, H,0 or dissolved O3) as apy = 1 correspond-
ing to the pH = 14.00, ay,0 = 1, and ap, = 0.001. Taking into account
the case of intermediate binding strength of the OER species, two Tafel
slopes were obtained, respectively, 24 and 118 mV dec! depending on
the surface coverage. b = 24 mV dec™! was determined when 6y of M was
dominant, while when the surface was covered with M—OH and M—O
(0 ~ 0.06) the value of b increased to 118 mV dec’. Anyway, when the
surface coverage is not constant, the Tafel slope acquires intermediate
values depending on the overpotential or current density.

Another relevant parameter affecting the Tafel constant is the anodic
transfer coefficient, a,, which is defined as a part of the electrostatic
potential energy that determines the oxidation rate [35]. Although a,
can be easily calculated for a reaction when a single electron is trans-
ferred, its reliability becomes questionable for complex electron re-
actions such as oxygen evolution. Therefore, the symmetry coefficient
instead of « is often used to describe the RDS, as it is found to be
significantly slower than other steps. For multistep reactions, the rela-
tion between b and f is expressed as follows [36]:

b— ( oE ) _ 2.303RT 1 @
pH

dlogi F n, + Png
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Fig. 5. The HER mechanism under alkaline/neutral conditions.

where, ny, is the number of electrons transferred before the RDS and nq is
the number of electrons transferred during the RDS (Table S1).

According to the simulations with the symmetry coefficient in
Fig. S4, it can be seen that the values of the Tafel slope decrease dras-
tically with more electrons transferred before the RDS. Although theo-
retical calculations may not match actual results due to noise, side
reactions, or other factors, they provide information on the dominant
RDS at different overpotentials. It has been observed that the P2 step
(Fig. 3) dominates in the case of small overpotentials in the alkaline
medium. Meanwhile, after intensifying the reaction in the range of
higher overpotentials due to the formation of gas bubbles, which
probably cover part of the surface, the charge transfer is hindered and
the rate of the overall reaction starts to depend on the rate of the P1 step
(Fig. 3). Meanwhile, in neutral solution, the generation of oxygen from
water molecules rather than hydroxide ions appears to be much slower
and requires energy, as the P1 step is the RDS throughout the over-
potential range investigated in this work. The Tafel slopes, calculated in
this work, suggest that the symmetry coefficient should be in the range
of 0.5-0.9 in an alkaline electrolyte and 0.3-0.4 in a neutral electrolyte.
It can be assumed that oxygen generation from water molecules rather
than hydroxide ions is much less effective since only 30-40 % of po-
tential energy is used to obtain the final product.

XRD (Fig. S7A) and Raman (Fig. S7B) analysis performed after 24 h
oxygen evolution on stainless steel samples in 1.0 M KOH solution has
not disclosed any significant changes in stainless steel surfaces. How-
ever, from the Raman spectra it can be expected that oxides, especially
a-FeyO3 and y-FeyOs, instead of oxyhydroxides began to dominate the
surface after intensive Oy generation, as intensities in the area of values
greater than 1000 cm ™! decreased slightly. Surface morphology studies
by SEM analysis (Fig. S8) also did not record significant surface changes
or signs of deterioration. Surface roughness measurements (Table 3)
revealed a slight decrease in roughness, which is probably related to the
replacement of oxyhydroxide species with oxides. However, the
roughness results do not exceed 100 nm, so long-term operation can be
expected to not significantly affect the mechanical stability of the
catalyst.

3.3. Catalytic properties in hydrogen evolution

Hydrogen evolution under either alkaline or neutral conditions be-
gins with the adsorption of a water molecule onto the catalyst surface
(Fig. 5). Adsorbed H50 undergoes dissociation and reduction to release
OH™ ion while the proton stays bound to the metal surface (Volmer step,

Journal of Electroanalytical Chemistry 950 (2023) 117880

P1). Then, there are two pathways for further M—H transformation. The
Heyrovsky step includes the reduction of another water molecule that
forms an M—H—H intermediate (P2-1) which is released from the sur-
face as a Hy molecule (P3). Meanwhile, a process described as the Tafel
step (P2-2) involves two close H atoms that combine directly into the Hy
molecule (P3) [7,37].

The evaluation of the catalytic ability of coatings to promote HER
began with steady-state linear sweep voltammograms (LSV) recorded in
1.0 M KOH and 0.1 M KNOjs at a scan rate of 20 mV s~ '. Although
alkaline conditions are not favorable for HER, all of the stainless steels
were able to efficiently catalyze this process (Fig. 6A). Once again,
AISI316 has demonstrated its superiority over other types with its lower
onset potential (-0.332 V) and overpotential at Eqpser as well (332 mV)
that are ~20 mV lower than others (Table 5). As in the case of OER, this
advantageous behavior might be attributed to the Mo additive. Mo-
containing alloys, especially those with Ni, offer enhanced ability to
reduce the energy barrier of water dissociation [31]. Therefore, the
presence of Mo-Ni might accelerate the hindered kinetics of the Volmer
step (P1) of HER under alkaline conditions. Meanwhile, the differences
in activity among the other types are insignificant, and the curves
resemble each other. The similarity between AISI302, AISI304, and
AISI316 is also confirmed by the onset and overpotential in Table 5
where their values differ by no more than 10 mV.

Compared to the Pt catalyst, which binds adsorbed hydrogen ther-
moneutrally at AGy ~ 0 eV, Fe, Ni, and Mo tend to overbind in-
termediates regarding their position on the left branch of volcano plot of
the exchange current density vs. hydrogen binding energy [38,39]. The
Sabatier principle says that too strong binding leads to difficulties in
removing reaction products from the surface; meanwhile, too weak
binding results in poor adsorption of the reactants [38,40]. However, the
mentioned plots reflect only the potential catalytic activity of individual
metals. The introduction of other metals to form alloys can modify the
electronic structure and hydrogen adsorption energy as well [31]. It
should also be noted that the metal surface undergoes the oxidation
reaction in an aqueous environment resulting in the formation of various
oxide species on the surface [28]. These processes inevitably affect the
electronic properties of the catalyst surface which are responsible for the
optimal adsorption of reactants and desorption of products.

Unlike OER, the sample of AISI321 has exhibited a higher initial
activity in HER with the overpotential of 349 mV dec at Egpger COM-
parable to the AISI302 and AISI304 types. DFT calculations conducted
by Lu et al [39], described the addition of Ti to the Cu catalyst, since
both Ti and Cu tend to bind HER intermediates too strong and too weak,
respectively. Theoretical simulation suggested 5 % Ti to demonstrate the
best results, as lower Ti amount would not have guaranteed a sufficient
number of active sites; meanwhile, a higher amount would have created
inactive sites. Moreover, this result, along with OER activity in neutral
media (Fig. 4B), suggests that the 5 % Ti additive creates a surface more
favorable for the adsorption of water molecules rather than OH™ ions.

Comparing the dynamics of HER in an alkaline and neutral envi-
ronment, Fig. 5 clearly identifies that the neutral pH supports this re-
action as it begins at a lower overpotential value (Fig. 6B) though both
reaction mechanisms involve HoO molecules. The experimental results
obtained from linear sweep of all samples in 0.1 M KNOg did not identify
any type of steel as the most effective. On the contrary, all steels have
demonstrated almost analogous catalytic activity. Only the AISI302 type
has generated a slightly higher current density at the higher cathodic
potentials (20-30 mV lower overpotential at 10 mA cm2) (Table 5), but
the nature of the curve at the beginning of the HER is the same as for
other types. Taking into account the cathodic region, the reduction of
nitrate ions to nitrite ions inevitably takes place at potential values from
—0.5 V to —1.0 V in the potassium nitrate electrolyte [41]:

NO; +H,0 +2¢” —NO; +20H"

This reaction causes an increase in pH at the electrode/electrolyte
interface by the generation of hydroxyl ions, hindering the hydrogen
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Fig. 6. Linear sweep voltammograms of stainless steels in 1.0 M KOH (A) and 0.1 M KNOs (B) at a scan rate of 20 mV s'. Tafel plots of stainless steel samples in 1.0

M KOH (C) and 0.1 M KNO3 (D).

evolution and presumably shifting its onset potential further toward the
cathodic side. An attempt was made to reduce this side process by
intensive mixing of the electrolyte.

Investigation of HER kinetics by applying the Tafel equation (4) has
revealed the complexity of the reaction itself, as all Tafel constants ob-
tained in this work were greater than 120 mV dec?! (Table 5). It is
generally accepted that the Tafel slopes for the Volmer (Fig. 5, P1),
Heyrovsky (P2-1), and Tafel (P2-2) stages are equal to 120, 40 and 30
mV dec’?, respectively. However, it should be noted that these values
depend significantly on the concentration of HER intermediates on the
surface of the electrocatalyst (surface coverage 0). Theoretical calcula-
tions show that the Heyrovsky process, as an RDS, can reach values of
120 mV dec™ when Oy > 0.6 [42]. This means that the value of b of 120
mV dec! cannot always be directly related to the Volmer stage.
Furthermore, the theoretical values of the Tafel constants of 30, 40 and
120 mV dec’ are not obtained at low overpotentials, then the inter-
pretation of the results is related to large errors, at the same time
incorrect determination of the rate limiting step.

By applying the same method of simulation of the Tafel slopes to the
HER, numerical values of the constant at different values of the

symmetry coefficient were obtained (Table S1 and Fig. S4). As in the
OER, this model suggested that the rate of hydrogen evolution is also
determined by the first step of the overall mechanism (Fig. 5). This may
be related to the hindered kinetics of hydrogen evolution from the
alkaline electrolyte, because an important product of the Volmer reac-
tion in an alkaline medium is the hydroxide anion, which increases the
local pH value, and thus complicates the process of water dissociation. In
the alkaline electrolyte, where only hydrogen evolution occurs, the
obtained values of the b constant suggest that the symmetry coefficient
should vary between 0.2 and 0.4. Meanwhile, the Tafel slopes in the
neutral electrolyte are found to be above the simulated values presum-
ably due to the competition between HER and nitrate reduction.

3.4. Evaluation of corrosion

Metallic iron, which constitutes the largest part of stainless steel,
forms a natural oxide layer of (oxy)hydroxide when exposed to air or
under aqueous conditions [43]. Although Cr, Ni, and Mn are designed to
prevent iron from oxidation, corrosion under either alkaline or neutral
conditions is inevitable. Lyons and Brandon [44] suggested, that FeO%
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Table 5
Hydrogen evolution parameters of stainless steel samples.

Parameters Stainless steel type
AISI302 AISI304 AISI316 AISI321
Alkaline media
Onset HER potential —353 —355 -332 —349
(mV)
Overpotential at onset 353 355 332 349
(mV)

Tafel slope b (mV dec” 263 151 248 143 229 158 228 159
1
)

Overpotential (mV) at  —438 —432 —424 —442
10 mA cm 2

Retention after 24 h 94.6 99.5 98.9 99.9
HER (%)

Neutral media

Onset HER potential —551 —566 —518 —564
(mV)

Overpotential at onset 551 566 518 564
(mV)

Tafel slope b (mV dec” 409 465 439 473
1

)

Overpotential (mV) at  —1059 —1101 -1091 -1108
10 mA cm 2

Retention after 24 h 97.0 99.5 96.8 98.1
HER (%)

ions are the active species in alkaline OER, although Fe®* species were
not directly detected on the iron surface during oxygen evolution.
Therefore, it could be that some intermediate derivative of Fe5O3, Fe304
or FeOOH is the active center of the iron surface. According to the
corrosion mechanism proposed in 1981, migration between oxygen
anion vacancies at the Fe-film interface and Fe cation vacancies is the
cause of oxide layer formation. However, since the exact structure and
composition of the stainless steel catalyst after immersion in aqueous
electrolyte are unknown, the surface should be treated as a mixture of
metallic Fe and various oxide species.

Metallic nickel also forms some form of oxide in the presence of
alkaline solution [45]. The variety of oxide species (NiO, NiOOH, Ni
(OH)3) should be taken into account when discussing the OER activity of
stainless steel, since they are considered as the possible real active
centers of metallic Ni [43]. Louie and Bell [46] have determined that the
incorporation of Fe in the structure of NiOOH decreases the oxidation
state of Ni from ~3.2 to ~2.5. Anantharaj et al. [47] emphasized the
advantageous impact of Fe presence in NiOOH since the common
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structure NiyFe; yOOH acts great as the active centers in OER. Therefore,
as metal oxide derivatives are likely to be the active centers in oxygen
evolution, the metallic nature of the bulk catalyst ensures a great con-
ductivity and mechanical and chemical stability of stainless steels. These
benefits are usually the properties that oxide catalysts lack.

The corrosion parameters of the four types of stainless steel were
determined in solutions of 1.0 M KOH and 0.1 M KNOs. Corrosion was
investigated using potentiodynamic polarization around the open circuit
potential (OCP) values. After the constant OCP values were reached, the
samples were cathodically and anodically polarized in the potential
range of OCP + 200 mV. The CV curves (Fig. S5) of the samples did not
exhibit any redox peaks, either in alkaline or neutral solutions. How-
ever, the curves differ in shape since the alkaline medium generates
small-area voltammograms with nearly equal forward and reverse parts
of the curves. Meanwhile, CVs in KNOg that produce a larger area may
be attributed to double-layer capacitance processes. There is also a
noticeable difference between the positive (anodic) and negative
(cathodic) electric charge consumed during these scans (Fig. S6).
Although anodic corrosion is a fairly well-studied process, there is little
information on the cathodic reactions that occur on the steel surface. It is
most likely that during cathodic corrosion, the oxygen dissolved in the
electrolyte diffuses toward the electrode surface and then the reduction
reaction takes place [48]. As a result, hydroxyl ions are formed,
increasing the local pH:

0, +4e” +2H,0—-40H"

In particular, AISI302 type steel is distinguished by the consumption
of the cathodic charge, especially in the KOH solution. However, in
accordance with the consumption of anodic charge, the oxidation pro-
cesses on its surface are certainly not the most intense. It appears that the
surface of AISI302 is more favorable for the supply of electrons, pre-
sumably due to the weakest d-effect and the two-phase structure.

The corrosion results in the form of a Tafel plot are displayed in Fig. 7
where the intersection between the cathodic and anodic slopes indicates
the corrosion potential (Ecorr) and the current density (jeorr). Regardless
of the pH value of the electrolyte, the tendency of AISI302 and AISI316
to oxidize is clearly visible, as their E.y values shift more toward the
cathodic side (658 and 695 mV in 1.0 M KOH, respectively). This means
that under conditions where there is no electrical current flowing
through the system, anodic processes will dominate the steel surface.
The values of jeor for different types are more scattered within the range
of microamperes. During this experiment, AISI302 was found to
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Fig. 7. Tafel fits to the corrosion measurements of stainless steel samples in electrolytes of 1.0 M KOH (A) and 0.1 M KNO3 (B).
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Table 6

Corrosion parameters for different types of stainless steel.

Parameters Stainless steel type

AISI302 AISI304 AISI316 AISI321
Alkaline media
Ecorr (mV) 658 727 695 807
jeorr (WA cm™2) 0.286 0.117 0.123 0.158
Ba (mV) 194.2 127.3 152.0 153.1
Be (mV) 128.8 100.4 94.6 114.4
Corrosion rate (um per year) 3.27 1.34 1.43 1.80
Neutral media
Ecorr (MV) 766 823 758 814
jeorr (MA cm™2) 0.080 0.022 0.063 0.023
Ba (mV) 164.7 155.3 215.8 156.0
Be (mV) 63.3 57.2 52.2 62.0
Corrosion rate (um per year) 0.92 0.25 0.73 0.26

generate an almost twice higher value of corrosion current in an alkaline
solution than other types. However, as determined in Fig. S6, the general
current of the corrosion process in 1.0 M KOH is increased precisely by
the cathodic processes taking place on the surface of AISI302.
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Meanwhile, as expected, the corrosion processes under neutral condi-
tions are much slower since the oxidizing environment is not so harsh in
0.1 M KNOg3. The jeorr values decrease from 1.9 (for AISI316) to 6.9 (for
AISI321) times after changing the solution (Table 6). Summarizing the
corrosion current and rate values, it can be said that the AISI302 type
has the highest corrosion tendency, while the AISI304 type appears to be
the most corrosion resistant, presumably due to the single phase struc-
ture. The parameters that inform about the kinetics of both anodic and
cathodic corrosion, Tafel slopes 8, and . — should be taken into account.
In general, the Tafel constant provides additional information on the
reaction rate and limiting stages. The calculation of these parameters
has revealed a somewhat different regularity. Although AISI302 steel
has generated the highest current density and corrosion rate, it is likely
that it will not accelerate significantly at higher cathodic or anodic
potentials, as its values of B, and B, have demonstrated the highest
overpotential per decade of current density under both alkaline and
neutral conditions.

PEIS measurements at the onset potentials of the OER and HER were
conducted to investigate the charge-transfer processes at the electrode/
electrolyte surface and throughout the solution. Fig. 8 shows the Nyquist
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Fig. 8. Nyquist plots of AISI type steels in 1.0 M KOH (A, C) and 0.1 M KNOj3 (B, D) at OER (A, B) and HER (C, D) onset potentials.



L. Barauskiene et al.

Table 7

Equivalent circuit parameters, fitted with equivalent circuit Ry + Cg/Ret, of
various SSs in alkaline and neutral electrolyte at OER and HER onset potentials,
where R is the solution resistance, Cq is the double layer capacitance and R, is
the charge transfer resistance.

Reaction EC component Stainless steel type
AISI302 AISI304 AISI316 AISI321

Alkaline media

OER R (Q) 0.5 0.9 0.5 0.4
Cq (mF) 1.3 1.1 1.5 1.6
R (Q) 7.7 8.7 4.4 4.6

HER Rs (Q) 0.5 0.7 0.6 0.5
Cq (mF) 0.4 0.3 0.4 0.3
Rt (Q) 3.2 3.1 4.2 3.6

Neutral media

OER R (Q) 3.8 2.7 4.3 2.9
Cq (mF) 0.5 0.5 0.6 0.4
Rt (Q) 13.0 10.7 13.8 16.5

HER Rs (Q) 4.7 3.8 4.4 2.4
Cq (mF) 0.2 0.1 0.2 0.1
Re: (Q) 10.5 12.3 23.9 12.7

plots of SS samples recorded under alkaline (A, C) and neutral (B, D)
conditions. The curves were fitted with equivalent circuit Rg + Cq1/Ret
and the values of the circuit components Ry (solution resistance), Cqg
(double layer capacitance), and R (charge transfer resistance) were
calculated (Table 7). During this experiment, it was noticed that
hydrogen evolution in alkaline solution occurs with the lowest charge
transfer resistance (3.1-4.2 Q) if compared to other processes investi-
gated. This result might be associated with a favorable metal role as the
electron donor. Although OER is a more challenging reaction than HER
even in an alkaline electrolyte, the R values of AISI steels have reached
a promising result that varies from 4.4 Q (AISI316) to 8.7 Q (AISI304).
When discussing the charge transfer differences in HER and OER, the
increase in R¢¢ might also be associated with an increase in double layer,
as the formation of oxo species on the surface during the OER might
block the charge transfer processes [43]. This assumption is also sup-
ported by the calculation of the Cq; values (Table 7) that increase up to 4
times from 0.35 4+ 0.05 mF (HER) to 1.4 + 0.3 mF (OER) when the re-
action switches from reduction (HER) to oxidation (OER). Replacement
of the alkaline solution with a neutral one appears to reduce the double
layer, as its capacitance values regardless of the process (OER or HER)
are much smaller and range from 0.15 mF (HER) to 0.5 mF (OER). As in
the case of an alkaline electrolyte, reduction processes on steels in 0.1 M
KNOj3 occur with the formation of a smaller double layer than oxidation.
However, the charge-transfer resistance increases significantly when
water molecules are adsorbed onto the surface instead of hydroxide ions.
This regularity is particularly characteristic for the AISI316 type steel,
which indicates the high values of R for both OER (13.8 Q) and HER
(23.9 Q). The higher resistance to transfer of electrons at the electrode/
electrolyte interface during redox reactions could be responsible for the
drop in the electrocatalytic activity of AISI316 in neutral medium
(Fig. 6B). As the corrosion rate of this steel is one of the highest under
neutral conditions (Table 6), it is likely that the formation of a passiv-
ation film in the presence of water molecules can hinder its catalytic
application.

4. Conclusions

The detailed electrochemical investigation of four types of
commercially available AISI stainless steel has revealed their efficiency
in catalyzing both half reactions of water splitting — OER and HER.
Although less harsh conditions with near neutral pH are desired for
water splitting due to environmental and economic aspects, the alkaline
electrolyte has shown its advantage since a current density of 10 mA
em™2 is reached at n~0.38 V for OER and n~0.43 V for HER. The dif-
ferences in activity among AISI steels which arise mainly in alkaline
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solution might come from changes in electron density due to the hypo-
hyper-d effect, especially when Mo or Ti is introduced into the alloy.
Meanwhile, when it comes to the adsorption of water molecules instead
of hydroxyl ions, these elements do not play such an important role and
their efficiency becomes almost equal. Corrosion evaluation has shown
that regardless of the pH value of the electrolyte, the tendency of
AISI302 and AISI316 to oxidize is clearly visible. Corrosion rate calcu-
lations revealed that probably due to the formation of a passivating
oxide film on the surface of the SS, the rate is relatively low and is
approximately 2 and 0.5 um per year under alkaline and neutral con-
ditions, respectively.
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