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ABSTRACT

316L stainless steel (SS) electrodes were activated for the oxygen evolution reaction (OER)
without addition of hetero-elements or incorporation of deposits at their surface. Such activation
was either spontaneous (in situ: slow surface modification upon OER operation), or accelerated
(ex situ, by alternating potential steps at low/high potential). Both techniques enable formation of
a catalytic surface from the SS bulk components in experimental conditions close to those of
usage, which guarantees long-term-stability and high-activity of the surfaces. Ex situ-activated
electrodes show comparable performances than in situ-activated electrodes, the resulting OER
activities in KOH electrolytes being high compared to other noble-metal-free electrocatalysts.
Activated 316L electrodes are remarkably stable in long-term OER operation (> 300 h).
Therefore, cheap and widely-available activated-SS may be very competitive OER materials for
alkaline water electrolyzers. These results open the way to the development of highly-active and

low-cost OER materials for hydrogen production, or metal-air batteries.
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1. Introduction

One cannot ignore the deleterious issues of global warming and the means that mankind can use
to try to attenuate emissions of greenhouse gases that are at its origin [1]. Fossil fuels should no
longer be extensively extracted and should wherever possible be substituted with a clean energy
vector: electricity produced from renewable energy (of solar, wind or water origin) is an obvious
solution, and is undergoing rapid growth. However, injecting large amounts of intermittent
renewable electricity may destabilize the electrical grid if it is not consumed at the same rate that
it is produced. One solution to this electrical engineering issue would be to efficiently store
renewable electricity when it is less needed, so that the grid can return benefit from this storage
for peaks in electricity demand [2]. There are many technological solutions to store electrical
energy; one of the most widespread and most efficient of them is pumped hydro, but one cannot
implement it everywhere and most sites where it could prove viable are already equipped.
Electrochemical storage in batteries is another well-studied option [3, 4], e.g. in Zn-air batteries
not using any noble catalysts [S5], which could provide a solution for short to medium storage
times, typically between 15 minutes and 4 hours. For longer storage times or for large amounts
of electricity, power-to-hydrogen could be a solution, at least for use in conjunction with the

other storage means mentioned above.

Hydrogen is a clean energy carrier when its production does not involve fossil fuels, which is
where water electrolysis has an important role to play [6, 7]. Although molecular hydrogen (H>)
is usually the product of interest in water electrolysis, the research community soon realized that
it is the other product of water splitting, molecular oxygen (O-) that limits the reaction, owing to
the very sluggish oxygen evolution reaction (OER) on most electrocatalysts. In addition, the

experimental conditions experienced by OER anodes in water electrolyzers are extremely



aggressive, resulting in severe durability issues. Today, the majority of the research in the world
is focused on water electrolyzers using proton-exchange membranes (PEM), which exhibit high
initial performance [8, 9]. However, the acidic environment of the PEM makes the use Pt-group
metal (PGM) electrocatalysts [8, 10-15] quasi-mandatory, these elements being of very limited
abundance, and of questionable stability [16-20]. Most non-PGM electrocatalysts [21-32] are
more abundant and therefore more desirable, but these materials are generally less active and
durable than PGMs in acidic environments. For this reason, alkaline water electrolysis is a
subject of rising interest, as it might be the only water electrolysis technology with sufficient

electrical performances that is compatible with a widespread deployment.

Alkaline water electrolysis is not a new technology, as it is the historical large-scale means of
“clean” hydrogen production [23, 33-36]. Nickel-based oxides [37-39] (either used “alone” or in
combination with a suitable support [40]) or cobalt-based oxides [41-45] are often considered
amongst the best electrode materials for alkaline OER [27, 46-48]. One widely-used strategy to
prepare stable OER electrocatalysts is to deposit a thin “active layer” of these metals/oxides on
the surface of an electronically conductive substrate, e.g. carbon [38, 47], conducting oxides [9,
49-55] or steels [56-59]. Although electrocatalysts prepared on such electrodes can be very
active, their long-term durability is rarely reported and is open to question, in particular in strong
bases: except from Li’s work [60], dealing with Janus Ni-Co-P nanowires, which were
demonstrated for 3000 h in water electrolysis, durability studies of the literature usually do not
exceed a few 10 or at best a few 100 of h in operation for such electrocatalysts. This has been
demonstrated, for example for carbon surfaces [61-64], carbon-supported electrocatalysts [65-
70] or metal and their oxides [18, 19]. In addition, when stainless steel (hereafter denoted as

“SS”) is used as a conducting substrate only, the many transition metals that make them up turn



out to be active for the (alkaline) OER, and they are not put to beneficial use. This is why some
reports now focus on the use of stainless steels as “simple and easy” materials for the alkaline
OER. In this case, the active (and stable) layer of the OER electrode originate from the
components of the bulk material. This active layer plays the role of an “active passivation layer”,
i.e. a layer that exhibits antagonistic properties of high electrocatalytic activity together with high
stability towards corrosion through passivation. A very good example in this direction is
described in the previous work of the authors, where 316L. SS was activated in sifu by a simple
long-term OER operation in concentrated LiOH electrolyte, producing a very active and stable
surface (stability was demonstrated for 3000 h in OER operation) to promote the positive
reaction of water splitting in 5 M LiOH (as a third charging electrode in an aqueous Li-air
battery) [71]. Other examples have emerged in the literature, in particular from Schafer’s group
in Germany [72-76] and others [77], as recalled in a recent review [78]. One of the very
important characteristic of stainless steel electrodes activated in sifu by “simple (long-term)
operation” in the electrolyte of operation, is their “self-healing ability”, which accounts for their
long-term durability. Because the active layer is made from controlled corrosion of the
underlying bulk alloy (which also protects it), it is capable of re-forming later on if, by accident,
the active layer is detached (for example under the mechanical pressure of harsh gas evolution)
[71, 77]. Another solution is to perform an ex situ treatment to generate a tailored surface layer
that is prone to catalyze the reaction of interest. The group of Schafer made significant
progresses in this direction for OER electrocatalysis [72, 74, 75], soon followed by others [79],
the strategy being also used for alternative applications, e.g. to design supercapacitors [80] or Li-

ion battery [81] electrodes.



Following the work on activated 316L SS electrodes for OER in concentrated LiOH electrolytes
[71], the present paper investigates the same type of materials, but for use in KOH electrolyte.
The main objective of this contribution is to extend the concepts to more widely-used
electrolytes and in particular to assess whether these electrodes could be useful in an industrial
alkaline water electrolysis process, most of which use aqueous KOH electrolyte (at least prior the
introduction of anion-exchange membranes in these technologies [82]), or as third electrode in
aqueous metal-air batteries (e.g. Zn-air). In addition, knowing that in the previous work of the
authors [71], the in situ activation in 5 M LiOHyg) lasted ca. 250 h, which is not practical, a
procedure for a fast ex situ activation of the 316L SS electrode in 5 M LiOH is proposed. The so-
obtained materials were benchmarked to home-made CoOx deposits, known to be very active for
the OER [41, 45, 56, 83, 84]. Finally, because accelerated activation in LiOH electrolytes may
not be practical, a procedure where the 316L SS surfaces were activated in KOH was analyzed to
check whether such electrodes present the same morphology, composition and activity as those
activated in LiOH electrolytes. All the experimental findings (activity reached and stability of the
performances) will be supported by thorough physicochemical characterizations, namely
scanning electron microscopy (SEM), X-ray diffraction (XRD) and Raman spectrometry, so as to

draw conclusions about composition-structure/activity-durability relationships.

2. Experimental

Most of the experimental procedures are derived from previous works [71, 85] and the readers

are directed to these documents for more details. Specific to this study are the preparation and



characterizations of cobalt oxides deposits on 316L stainless steel substrate. Two types of CoOx

deposition technics were performed.

The electrochemical deposition of CoOx were prepared from 0.3 M CoSO4 aqueous electrolyte at
T = 50°C, by applying a cathodic current density of j = -1 mA cm™ (geometric) during 7 = 1500 s
on the desired 316L substrate, which should (in theory) yield a deposit thickness of ca. 500 nm
of cobalt. The layer obtained was then thermally annealed (under air) using a 1°C min™' ramp
from T = 25°C to T = 400°C, followed by a 2 h step at 7= 400°C and then a cooling ramp at -

1°C min™ down to 7= 25°C.

Sol-gel deposition of CoOx was also experimented by following a procedure developed by Singh
et al.[86]. More specifically, the precursors of the oxides layer were blended in stoichiometric
amounts (ca. 0.1 M CoSO4 + 0.2 M LiOH), resulting in a Co(OH), precipitate. The latter was
filtered, abundantly rinsed with ultrapure water (18.2 MQ cm, < 3 ppb total organic carbon,
Millipore®) and dried for 24 h in room conditions. The powder obtained was then dissolved in
acetic acid to produce a gel of Co(CH300),, which was painted on the 316L substrate, and
finally thermally-annealed under air for # = 30 min at 7 = 350°C to convert the cobalt acetate to

C0304.

In both cases, and also for the bare 316L substrate, the CoOx/316L surfaces obtained were
thoroughly characterized by scanning electron microscopy (SEM, HIROX SH-1500 SEM)
coupled with elemental X-Ray energy dispersive spectrometry (X-EDS, XFLASH 410-H
semiconductor Silicon Drift Detector, controlled with Esprit® V1.8), X-Ray diffraction (XRD,
PANalytical X’Pert Pro MPD operating at 45 kV and 40 mA — Bragg-Brentano configuration,

Cu Ka radiation), Raman spectroscopy (Renishaw® Raman microscope, operating with an argon



LASER at 540 nm) and X-Ray photoelectron spectroscopy (XPS, performed on a XR3E2
apparatus (Vacuum Generator) using a Mg Ka source (1253.6 eV) and a hemispherical analyzer

at constant pass energy of 30.0 eV).

The materials were also tested for their electrochemical activity and durability. The
electrochemical characterizations were performed in a three-electrode electrochemical cell as
previously described [71]. Although experimentally, the reference electrode used was a mercury-
mercury oxide electrode (Hg-HgO, 1 M KOH)), all the data presented herein are expressed versus
the reversible hydrogen electrode (RHE), so that the pH effect is corrected for the three aqueous
alkaline electrolytes characterized here: 1 M KOH, 5 M KOH and 5 M LiOH. Given that
measuring the pH of strongly alkaline solutions is not straightforward, the pH values determined
by Pound et al. [87] (Table 1) were used. From these, the potential values experimentally

measured versus (Hg-HgO, 1 M KOH) were converted on the RHE.

Table 1: values of the pH of the electrolyte solutions considered in the study, as determined by

Pound et al. [87].

Electrolyte pH ERHE VS. EHg/HgO - 1 M KOH
5 M LiOH 14.5 0.95
5M KOH 15.3 1.00
1 M KOH 13.9 0.92

3. Results and discussion




3.1. Preamble: instability of electrodes prepared by electrodeposition of a foreign layer at

the surface of a SS 316L electrode and interest of “self-activated” electrodes

The results shown in Figure 1 suggests that hetero-deposits of CoOx may not be stable on the
long-term for the OER. In particular, the highly-active CoOx deposits investigated here are
severely modified by long-term oxygen evolution in 5 M LiOH electrolyte. Two processes are at
stake: (i) the very oxidizing conditions experienced during OER promote the “corrosion” of the
CoOx deposit and (ii) the gas evolution which induces the mechanical disintegration of the layer
from its support. Such mechanical disintegration occurs in particular when the interaction of the
active layer with its support is not sufficiently strong, which is obvious for the sol-gel CoOx
deposit in Figure 1. Once the layer has been completely destroyed, only the substrate remains
and the OER activity decreases (at least until the 316L SS substrate self-activates upon
operation, which takes time, as detailed below). In addition, the deep modifications of the
electrodeposited CoOx electrode surface (Figure 1B,C) raises the question of the relevance of
tightly controlling the initial electrode composition and texture as it will likely be (severely)

modified (if not destroyed) in usage, with no hope of its re-formation in operation.
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Figure 1: (A) Time-dependent performance of OER electrodes consisting of CoOx deposits
prepared either by electrodeposition or by sol-gel chemistry at the surface of a 316L SS surface,
during a 3000 h OER test performed at E = 1.75 Vvs. RHE in 5 M LiOH at T =25°C ;
uncompensated Ohmic-drop. Their activity irreversibly decreases over time, owing to
modifications of the CoOx deposit and especially its detachment from the SS surface. The
performances of the SS support (316L) are also given for comparison. Representative
micrographs of the surface of the electrodeposited CoOx deposit (B, C) before and (D, E) after
the 3000 h of test. The surface of the CoOx deposit is deeply modified upon operation. Adapted

from [85] with permission from Univ. Grenoble-Alpes.
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The authors believe that these problems will come upon any porous active deposit used in gas
evolution reactions (in particular the OER). In addition, the stability of the layers formed “ex
situ” (and using elements that do not enter the composition of the bulk substrate) at the surface of
steels for operation in water spitting has previously been questioned [78]. The answer may come
from the formation of a stable, homogenous and adherent catalytic layer on the surface of steel
electrodes by a direct corrosion/passivation mechanism of this surface during OER, as previously
demonstrated. This strategy was successfully adopted by the authors for the OER in concentrated
LiOH electrolyte [71, 85] (Figure 2). In that study, remarkable stability and OER activity was
demonstrated. However, the activation of the 316L SS electrode in LiOH electrolyte was very
long (ca. 250 h), which is a clear limitation for a practical application. Besides, these remarkable
OER performances were obtained in 5 M LiOH electrolyte, and it would be interesting to check
whether these materials are also active and durable for operation in KOH electrolyte, for a
possible application in water electrolysis, or in rechargeable aqueous metal-air batteries (e.g. Zn-

air). Results in this direction are presented in the next sections.
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Figure 2: (A) Cycling voltamperograms monitored for a 316L SS electrode in 5 M LiOH at T =

25°C during the first 144 h of operation as an OER electrode (constant polarization, E = 1.70 V
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vs. RHE ; uncorrected from Ohmic drop) revealing the substantial “activation” of the surface.
(B) After the initial in situ “activation”, the performances maintain for very long term (the
variations in current density over time originated by the gradual failure of the reference and/or
counter-electrode; as a result, the electrolyte (E) and counter-electrode (CE) had to be

periodically replaced). Adapted from [71], with permission from Elsevier.

3.2. Ex situ accelerated activation of a 316L SS electrode

The formation of a Ni-rich “active layer” that results in a high OER activity but which also
protects the underlying 316L SS electrode (Figure 2) is explained by the following reaction
mechanism during the “early” stages (i.e. the first 250 h or OER operation) of the process [71,
85]: the first step is an anodic dissolution of the 316L metals (forming mainly nickel, iron and
chromium cations, the base elements of 316L. SS) followed by their possible precipitation owing
to their low solubility in the 5 M LiOH electrolyte. In particular, the different solubility values of
Cr, Fe and Ni cations produce the peculiar composition of this layer (82.5 at% Ni, 10 at% Fe, 7.5
at% Cer, i.e. very different from the base composition of bulk 316L SS: ca. 10-14 at% Ni, ca. 70
at% Fe, ca. 16-18.5 at% Cr). As a consequence, the Ni-rich layer so-obtained possesses the
remarkable combined properties of passivation, semi-conductivity and electrochemical OER
activity [71, 88], the latter likely originating from a so-called hypo-hyper d interbonding effect
put forth by Jaksic ef al.[89] and then Micoud et al. [90]. As such, the passive film is capable of
protecting the underlying OER electrode in the course of the continuous OER operation, which
explains its very moderate thickness even after 3000+ hours of operation in 5 M LiOH (below 50

nm) [71]. On the contrary, the fact that this layer protects the underlying 316L SS raises

14



questions about the reasons why such a layer forms. At that stage, the authors postulate that it is
the initial characterization steps (see Figure 2A) that led to the formation of this layer. As such, it
is anticipated that alternating the potential of the 316L electrode between “low” and ‘“high”
values in a similar electrolyte (5 M LiOH) would lead to the same surface structure/composition

of the electrode, and therefore to the same electrochemical properties (activity and robustness).

This study aims at first to accelerate the formation of the Ni-rich passive (to limit corrosion) and
active (to enable fast OER) film at the surface of the 316L electrode. Being admitted that it is the

B

alternation of the electrode potential between “low” and “high” potential values (during the
characterization steps of Figure 2A) that led to the active layer, the protocol of ex situ accelerated

activation was built as follows.

- Step 1: a sequence of 10 min polarization at E = 1.53 V vs. RHE (a potential above the
domain of formation of Nilll, see Figure 2A) followed by 5 min at £ = 0.93 V vs. RHE
(a potential below the domain of formation of Nill, see Figure 2A), overall repeated
twice;

- Step 2: two voltamperometric cycles at v =5 mV s! performed in the range 0.93 < E <
1.93 V vs. RHE; the potential is therefore, again, scanned above/below the Nill/Nilll
redox transition;

- The sequences of Step 1 and then Step 2 was repeated 12 times, the entire protocol

lasting overall 8 h 40 min.

The rationale of these alternations of “high” / “low” potential values was to favor the
electrochemical dissolution/chemical precipitation of the metal cations of the 316L electrode at

high potential and to reduce the surface species at low potential, to re-enable some dissolution of

15



the electrode and to build in this manner a “thick-enough” (and therefore stable-enough

protection of the underlying bulk 316L material) active layer.

After such accelerated activation, the 316L SS electrodes were firstly tested for the OER in 5 M
LiOH electrolyte, so as to compare their activity and stability with regards to the electrodes
activated in situ (see Figure 2) in a time-consuming procedure (ca. 250 h). Figure 3 clearly
demonstrates that the activity of 316L SS electrodes activated ex situ by this accelerated
procedure is similar to that ultimately reached by the electrodes activated in situ. Interestingly,
these high performances are reached much faster than the 200 h of operation required for the in
situ activated electrodes. One should note however that the activity of the ex situ activated
electrode slightly increases in the first 50 h of the OER durability test, probably owing to a

stabilization and/or thickening of the surface film during the initial period of the OER operation.
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Figure 3: Comparison of the OER performances in 5 M LiOH at T = 25°C of the 316L SS

electrodes OER (test performed at E = 1.75 V vs. RHE) after accelerated activation and of the in
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situ activated 316L SS electrode (see Figure 2). Statistical data were obtained for duration of
tests below 350 h for the 316L SS electrodes after accelerated activation, and up to 1100 h for in
situ activated electrodes. The trace relative to the in situ activated 316L SS electrode is the same

as that presented in Figure 2B.

The latter behavior (activation/corrosion) of the electrodes during OER operation in 5 M LiOH
was characterized by measuring the surface charge relative to the Nill/Nilll redox couple as a
function of the time of operation, this coulometry assessment being calculated from the cyclic
voltammograms performed periodically during the OER test. Figure 4 demonstrates that the
Nill/Nilll redox couple coulometry of the ex situ activated 316L electrode is more stable versus
time, which denotes slower roughening (or oxides growth) for this electrode. The thickness of
the “active oxides layer” formed versus the time of operation can also be estimated from Figure
4: it grows more slowly in the case of the ex situ activated 316L electrode, which denotes for an
overall better resistance of this electrode towards corrosion during OER operation in 5 M LiOH
electrolyte (the link between the surface capacity/coulometry of the Nill/Nilll redox couple and
the consumption of the base metals of the 316L electrode to build the active oxides layer was

previously demonstrated [71]).
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Figure 4: Comparison of the surface charge relative to the Nill/Nilll redox couple as a function
of the time of OER operation in 5 M LiOH at T = 25°C, for the 316L SS electrodes after

accelerated activation or in situ activation (see Figure 2 and 3).

This stable OER activity of the ex sifu activated SS electrodes can be linked to its surface
morphology, which is rather homogeneous, compact and near-free of defects (Figure 5C,D); in
particular, no cracks or surface heterogeneities are seen, which differs from the observations
made for an in situ activated electrode (Figure 5A,B). This better integrity of the Ni-rich film
formed by ex situ accelerated activation accounts for the better stability of its electrochemical
response compared to in situ activated electrodes (Figure 3). In addition, the fact that close to full
performances can be reached in less than 9 hours (the duration of the accelerated activation
treatment), i.e. 30 times faster than an in situ activation in the same electrolyte, holds great

interest for a practical application.
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Figure 5: Representative micrographs of the surface of the 316L SS electrode activated (A, B) in
situ or (C, D) ex situ by an accelerated procedure. The surface layer of the ex situ-activated
electrode is very homogeneous and near-free of defects. Adapted from [85] with permission from

Univ. Grenoble- Alpes.

3.3. OER performances in KOH electrolytes of 316L SS electrodes activated ex situ in 5 M

LiOH

The electrochemical performances of 3161 SS electrodes activated ex sifu in 5 M LiOH by the

accelerated procedure described above were characterized afterwards in KOH electrolytes, in

19



view of a possible application of these electrodes in low-cost and durable alkaline water
electrolysis or KOH-based metal-air batteries. The experiments were performed in a rotating disk
configuration (the geometric area of the activated 316L SS electrode was ca. 0.2 cm?); the RDE
revolution rate had no effect of on the OER current density monitored in the range 0 <j <1 A
cm?, indicating that mass-transport limitations are not at stake in the present experimental
conditions, even at this reasonably high current density (unlike feared in other publications [46,

47] forj > 0.01 A cm™).

The results shown in Figure 6 demonstrate that the 3161 SS electrodes activated ex sifu by the
accelerated procedure in 5 M LiOH electrolyte are also very active for OER in KOH electrolytes;
the best performances are reached in 1 M KOH, likely owing to (i) the larger oxygen solubility in
this electrolyte compared to the others (the solubility of O> severely decreases at increasing pH
[91, 92], leading to larger masking of the electrode by O2 bubbles) and to (ii) the larger water
activity in this solution than in the 5 M concentrated hydroxide electrolytes [87]; the
performances in 5 M KOH are also significantly larger than in 5 M LiOH. The fact that Li*
species decrease the OER activity of nickel oxides electrodes, which is why LiOH is a popular
electrolyte additive to enhance the cyclability and performances of positive NiOOH electrodes in
alkaline batteries [93, 94], cannot be neglected and could account for these observations. This
effect can be explained by the ability of small Li* cations to substitute protons in hydrated forms
of metal-oxides, thereby blocking redox transitions and impeding electrocatalytic activity. This
was particularly demonstrated for MnOx/C oxygen reduction electrocatalysts: in LiOH
electrolyte, the insertion of Li* into the MnOx lattice stabilizes both the Mn atoms at the
oxidation state 3 and the oxygen groups at the carbon surface, which prevents their role of redox

mediating species and further blocks the catalytic process, eventually producing increased ORR

20



overpotential values when compared to the activity of the same electrocatalysts in KOH

electrolytes [95].

—o—KOH5M

—4—KOH1M

EvsRHE/V

4 03 2 40
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Figure 6: Representative OER voltamperograms measured at 316L electrodes ex situ activated
in 5 M LiOH for operation in 5 M LiOH, 1 M KOH or 5 M KOH. In all case, the geometric
surface area of the electrode was Sgeo = 0.2 cm?, the potential sweep rate v = 0.1 mV s (quasi-
stationary conditions), the temperature maintained at T = 25°C and the Ohmic drop

compensated.

Such an insertion of the supporting electrolyte cations in the crystalline lattice of the formed
surface oxide layer is further demonstrated on Figure 7A,B. Li 1s binding energy is detected
upon operation in 5 M LiOH, whereas K 2p3/2 is detected upon operation in 5 M KOH. The
Raman spectra of Figure 7C confirms the trend: after operation in 5 M LiOH, the spectra

obtained in the region characteristic to the NIOOH bonds shows a significant blue shift (by 1.4
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and 2.9 cm!), which signals an increase of the strain on the chemical bonds. This excess strain
likely originates from the insertion of Li* in the crystalline lattice of Ni-oxides, and the authors
speculate that this causes the largely decreased OER activity of the ex sifu activated 316L SS
electrodes in 5 M LiOH compared to KOH, as was also reported for the activity of MnOx/C-

based ORR electrocatalysts [95], which was depreciated when operated in LiOH electrolytes.
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Figure 7: Plots of X-Ray Photoelectron spectroscopy (XPS) of the surface of activated 316L SS

electrodes that have undergone OER operation in (A) 5 M LiOH and (B) 5 M KOH. The X-Ray
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source was Mg Ko, 1253 eV, and the carbon reference peak was set at 284.6 eV. (C)
corresponding Raman spectra monitored for the same samples. The spectra were acquired 5 min

after a 1 h-polarization of the electrodes at E = 1.73 V vs. RHE (Ohmic drop uncompensated).

In KOH electrolyte, the remarkable activity of the ex sifu activated 316L SS electrodes for OER
in these conditions is highlighted in Table 2. When the performances are benchmarked to non-
noble-metal OER electrocatalysts (Table 3), it is evident that a properly-activated 316L electrode
is very active and competes with state-of-the-art (non-noble) OER materials of the literature. The
present electrode is as active or more active than most of these materials, except for a mixed
cobalt-lanthanum oxide, for which the OER overvoltage is decreased by ca. n=0.1 V atj = 100
mA cm? geometric [22]. Nevertheless, the latter material, elaborated in the form of a thin-film
onto a foreign substrate (nickel in that case), would likely experience the durability issues
mentioned in preamble of the present study for hetero-deposits (see section 3.1 and Figure 1),
issues which should not be at stake for a material with a “self-prepared” active layer like the
activated 316L SS electrode [78]. In other words, if this “self-prepared” active layer, made from
the very component of the 316L. SS bulk substrate, degrades upon operation (e.g. from
mechanical detachment due to harsh O» bubbles evolution), it is likely that it will be capable of
forming again (there is still plenty of the active material in the bulk of the underlying 316L SS
material to form new layers). In the literature, to the best of the author’s knowledge, only a few
paper have presented stability data in OER operation beyond 1000 h; Table 3 for example
presents the activity of Janus Ni-Co-P nanowires that have been demonstrated for 3000 h of OER
(and of HER) in 1 M KOH (similar durability as for our 316L SS electrode). The results show

that these materials fail to meet the activity of our stainless steel electrodes in similar operating
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conditions, demonstrating that the activated 316L SS electrode exhibits a unique combination of

high OER activity and long-term durability.

Now, the 316L SS electrodes tested so far have been activated in 5 M LiOH electrolyte and one
would expect a different activity compared to electrodes activated in KOH electrolyte, because
Li* cations likely insert into the NiOx-rich surface layer formed on the bulk 316L SS electrode in
the former case, while K* are inserted in the latter (Figure 7). To get around this bias, 316L

electrodes were activated in KOH electrolytes and then tested for the OER.

Table 2: Kinetic parameters of the OER measured in 5 M LiOH, 1 M KOH and 5 M KOH

electrolytes, on the 316L SS electrodes ex situ activated by the accelerated procedure in 5 M

LiOH electrolyte.
Electrolyte Tafel slope / mV Electrode potential / V vs. RHE
dec!
Overvoltage /V
@ j =10 mA cm™ @ j = 100 mA cm?

5 M LiOH 48 — 150 1.67 1.81

0.44 0.58

5 M KOH 35 1.56 1.60

0.33 0.37

1 M KOH 42 1.53 1.56
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0.3

0.33

Table 3: Comparison of the OER performances measured 1 M KOH on the 316L SS electrodes

ex situ activated by the accelerated procedure with several non-noble OER electrocatalysts of

the literature. Specific experimental conditions may apply: * extrapolation for a sample

characterized in 2 M KOH; # measured in 0.1 M KOH; & measured atv = 100 mV s (non-

Stationary experiment)

Electrocatalyst Electrode potential / V vs. RHE Reference
Overvoltage / V
@ j =100 mA cm?
316L SS ex situ-activated 1.56 This work
0.33
Oxidized S235steel 1.70 * [73]
0.47
NiFe mixed oxides 1.63# [96]
0.40
Ni4sFess/C nanostructures 1.55 & [39]
0.32
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FeMoOq4 1.58 - 1.60 [97]
0.35-0.37

C02.1Cu0.904 1.55 [98]
0.32

Co304 (thermal) 1.73 [99]
0.50

CosLaxO4 (microwave) 1.47 [22]
0.24

CosLixO4 (sol-gel) 1.69 [100]
0.46

Electrodeposited mixed Co, Ni oxides 1.54 [101]
0.31

Janus Ni-Co-P nanowires 1.59 [60]
0.36

C02Zn0y4 1.53 [102]
0.30
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3.4. In situ activation of 316L SS electrodes in KOH electrolytes and their OER

performances in KOH electrolytes

Polarizing of a non-activated 316L SS electrode in 5 M KOH (Figure S1A in supporting
information) shows comparable behavior to that in 5 M LiOH: the OER current density
progressively increases for the first ca. 50 h and then plateaus, as a result of a surface-enrichment
in nickel oxides during the first 250 h of test (Figure S1B). This film of nickel oxides has a rather
rough texture (Figure S1C), an amorphous nature (Figure S2) and is composed of mixed oxides
of Ni, Fe and Cr (Figure S3). The elemental analyses show that there is very little difference (in
terms of composition in transition metal cations) in the active surface layer formed in KOH

electrolyte (Table S1) compared to that formed in LiOH electrolyte [71].

The OER performances obtained after in sifu activation in 5 M KOH (ca. j = 350 mA cm? at E =
1.63 V vs. RHE, n = 0.4 V, see Figure S1) can be compared to those obtained for the 316L
electrode activated ex situ in 5 M LiOH and tested in 5 M KOH (ca. j = 550 mA cm™ at E = 1.63
V vs. RHE, n = 0.4 V) (see Figure 6). These data demonstrate that the ex sifu activation in 5 M
LiOH by the accelerated procedure is very efficient to prepare highly-active 316L electrodes for
the OER, whatever the electrolyte composition of the medium in which the OER is performed.
The next section will study whether electrodes prepared in an accelerated manner by ex situ

activation in KOH are also very active for OER operation in LiOH electrolytes.

3.5. OER performances in 5 M LiOH of 316L SS electrodes activated ex situ in 5 M KOH

316L SS electrode activated ex situ in 5 M KOH before long-term operation in 5 M LiOH

(Figure S4) exhibit initial performances which are roughly twice larger than those for a 316L SS
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electrode activated in situ or ex situ in 5 M LiOH (see Figure 3). Based on Figure 7 and Table
S1, these superior performances upon ex situ activation in 5 M KOH, may be accounted for by
the presence of K* in the hydrated oxide layers (instead of Li*), an enrichment of iron in the
oxide layer and a larger active surface area (more details are available in supporting
information). However, the catalytic layer formed by ex situ activation in 5 M KOH is not stable
under long-term OER operation in 5 M LiOH electrolyte (Figure S4A); the surface charge
related to the Nill/Nilll transition increases (Figure S4B) until the performances reached become
comparable to those obtained after in situ activation in 5 M LiOH (see Figure 1 and Figure 3). In
other words, the catalytic layer formed ex situ in 5 M KOH spontaneously and gradually evolves
towards a different (and less active) state upon operation in LiOH electrolytes. This further
confirms that only electrodes activated in the same environment than their environment of usage
have stable performances in operation, even if activation in KOH yields larger initial

performances of OER, whatever the medium of OER operation.

3.5. Ex situ activation of 316L SS electrodes in KOH or LiOH electrolytes and their OER

performances in KOH electrolytes

A 316L stainless steel electrode ex situ-activated in 5 M KOH using the accelerated procedure
described in section 3.2 exhibits equivalent behavior as that obtained after (much longer) in situ
activation (Figure S5): the OER is stable over 1000+ hours of test. However, the electrode
activated ex situ in 5 M LiOH is less active than that activated in 5 M KOH: activation in KOH is
always preferable in terms of OER activity, whatever the electrolyte of final usage, probably

because Li* species are rather-irreversibly inserted in the NiOx layer, on the contrary to K*.
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Conclusions

This paper demonstrates that it is possible to activate a 316L stainless steel electrode for OER
without using hetero-elements and without making deposits on the surface of the electrode. The
activation step is not only possible by spontaneous (usually slow) evolution of the surface
composition/structure in the medium of OER operation, but it can be accelerated by using a
properly-designed procedure (e.g. succession of potential steps of “oxidation” and “reduction” of
the surface). The present approach fundamentally differs from that usually used in
electrocatalysis, where compounds of tailored composition/structure/texture are added/deposited
at a conductive substrate, their initial activity being optimal but their long-term stability not
being guaranteed in the harsh operating conditions of an OER electrode (mechanical stress due to
bubbles + highly-oxidizing conditions). In the approach detailed herein, the catalytic surface is
created from the bulk components of the stainless steel electrode in experimental conditions that
are close to those of usage, which is inherently more favorable to the long-term stability of the

prepared surfaces.

It has been observed that KOH.g) is a better electrolyte for activation than LiOH(.q), whatever the
final alkaline electrolyte used, but activating in the final electrolyte could be more practical and
shall give the same results in the (very) long run. Besides, the OER performances reached in
alkaline electrolytes for the materials activated by an ex situ accelerated procedure compare well
to those obtained for the same materials activated in sifu, the latter being a much more time-
consuming procedure. In particular, the performance of activated 316L electrodes in KOH

electrolytes compare favorably to those of state-of-the-art OER materials of the literature in
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similar environments, the latter being prepared by depositing active layers at the surface of a
conducting substrate. More importantly, the 316L electrodes did not show significant
degradation in performance and surface over a few 100s of hours of OER operation, which

should be highlighted given the very large current densities experienced (a few 100s of mA cm"

2)_

This suggests that stainless steel electrodes could prove to be good OER materials for use in
alkaline water electrolyzers, even if this needs to be confirmed for longer duration of operation,
larger active areas and non-flat surfaces (e.g. mesh, felts or grids). As a result, this paper opens
the way to the development of highly-active and low-cost OER materials for the production of
hydrogen (and in particular for the oxygen evolution reaction), but also as charging electrode in

KOH-based metal-air batteries.
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