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Stainless Steel Activation for Efficient Alkaline Oxygen
Evolution in Advanced Electrolyzers

Yong Zuo,* Valentina Mastronardi, Agnese Gamberini, Marilena I. Zappia,
Thi-Hong-Hanh Le, Mirko Prato, Silvia Dante, Sebastiano Bellani,* and Liberato Manna*

Designing robust and cost-effective electrocatalysts for efficient alkaline
oxygen evolution reaction (OER) is of great significance in the field of water
electrolysis. In this study, an electrochemical strategy to activate stainless
steel (SS) electrodes for efficient OER is introduced. By cycling the SS
electrode within a potential window that encompasses the Fe(II)↔Fe(III)
process, its OER activity can be enhanced to a great extent compared to using
a potential window that excludes this redox reaction, decreasing the
overpotential at current density of 100 mA cm−2 by 40 mV. Electrochemical
characterization, Inductively Coupled Plasma – Optical Emission
Spectroscopy, and operando Raman measurements demonstrate that the Fe
leaching at the SS surface can be accelerated through a Fe → 𝜸-Fe2O3 →

Fe3O4 or FeO → Fe2+ (aq.) conversion process, leading to the sustained
exposure of Cr and Ni species. While Cr leaching occurs during its oxidation
process, Ni species display higher resistance to leaching and gradually
accumulate on the SS surface in the form of OER-active Fe-incorporated
NiOOH species. Furthermore, a potential-pulse strategy is also introduced to
regenerate the OER-activity of 316-type SS for stable OER, both in the
three-electrode configuration (without performance decay after 300 h at
350 mA cm−2) and in an alkaline water electrolyzer (≈30 mV cell voltage
increase after accelerated stress test-AST). The AST-stabilized cell can still
reach 1000 and 4000 mA cm−2 at cell voltages of 1.69 and 2.1 V, which makes
it competitive with state-of-the-art electrolyzers based on ion-exchange
membrane using Ir-based anodes.

1. Introduction

Water electrolysis powered by renewable electricity is a sustain-
able route to produce green hydrogen. Unlike the hydrogen
evolution reaction (HER) occurring at the cathode of a water
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electrolyzer, the oxygen evolution reaction
(OER) at the anode can be the kinetically
limiting reaction, primarily due to the
involvement of a higher number of elec-
tron transfers (four vs two).[1–3] Despite
IrO2 and RuO2 representing efficient
OER catalysts, their scarcity and high cost
hinder their use in massive industrial
scenarios.[4–6] Alternatively, nickel-iron
(Ni-Fe)-based electrocatalysts have emerged
as outstanding choices over the past
decade, becoming the go-to catalysts for
the OER in alkaline environments.[7–9]

Revealing the mechanisms of NiFe-
catalyzed OER is a currently active re-
search topic,[10,11] since it is still unclear
whether Ni or Fe is the active site.[12–21]

Nevertheless, consensus on various points
has been reached: 1) NiOOH could serve
as a suitable “host” for Fe3+ incorpora-
tion; 2) Ni1−xFexOOH significantly outper-
forms the single components of NiOOH
and FeOOH. Consequently, incorporating
Fe into Ni-based electrocatalysts is an effec-
tive strategy for designing efficient catalysts
for the OER.[14,19,20] Commercially available
stainless steel (SS), containing both Fe and
Ni, can intrinsically represent a promis-
ing OER catalyst candidate. Nevertheless, it
has only recently been seriously considered

for this role.[22,23] Previous efforts primarily focused on synthe-
sizing electrodes using reagents as precursors to grow specific
NiFe-based catalyst layers on substrates such as SS,[24] Cu,[25] Ni
foams/felts,[26] etc. However, their durability came into question
due to the potential detachment or leaching of the catalyst layer
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Table 1. Properties of SS electrodes investigated in this work.

Anode Wire diameter/ Thickness [mm] Mesh number /Porosity [%] Compositiona) [atom %]

Fe Ni Cr Mo Mn

SSM316 0.14 80 mesh 69.88 9.90 19.10 1.12 /

SSM304 0.13 80 mesh 68.63 6.23 23.90 / 1.23

SSF316L 0.68 78% 69.37 10.54 18.91 1.18 /
a)

Measured by SEM-EDS.

under harsh practical operating conditions. In this regard, SS
electrodes can be considered as straightforward choices for the
dynamic generation of a surface NiFe-based catalyst layer, derived
from its bulk composition, while acting as porous transport lay-
ers to efficiently collect the evolved gases in practical electrolyzer
configurations.[22,23]

Although the SS mesh (SSM) already exhibits superior OER
activity compared to other commercially available electrodes like
Ni foam/mesh[27–29] and Cu foam,[29] its performance is still un-
satisfactory, e.g., requiring ≈350 mV to achieve a current den-
sity of 10 mA cm−2 in a 1 m NaOH.[28] Consequently, strategies
have been proposed to enhance the activity of SSM toward alka-
line OER. For instance, 316L-type SS plate has been activated in
a concentrated LiOH electrolyte (5 m LiOH) through prolonged
in situ OER operation, resulting in the formation of an active and
stable surface thin catalyst layer.[30] Other treatments, such as an-
odization in a strongly alkaline medium at a high current density
(e.g., ≈1800 mA cm−2)[31] and Cl2-induced surface oxidation,[32]

have been reported. A crucial aspect of utilizing SS as an OER
catalyst in alkaline media is the dynamic regeneration of the sur-
face Ni-enriched catalytic layer formed due to the corrosion of its
underlying bulk alloy.

Based on these preliminary considerations, herein we ratio-
nally introduce an electrochemical strategy to efficiently activate
the 316-type SSM (SSM316) for alkaline OER operations and
unveil the activation mechanism behind it. Unlike the conven-
tional cyclic voltammetry (CV) that in this case is limited to a
small potential range (e.g., 0 to 1VHg/HgO), the use of a wider
potential range encompassing the Fe(II)↔Fe(III) redox process
can facilitate the Fe leaching at the SS surface. This, in turn,
exposes more Ni species, which can be transformed into Fe-
incorporating NiOOH, acting as efficient catalysts for the OER.
Furthermore, we propose a simplified potential-pulse strategy to
regenerate the OER activity of SSM316 electrode, ensuring long-
term performance stability. Thus, the SSM316 electrode can con-
sistently catalyze OER at an industrial-level current density (≈
350 mA cm−2) for over 300 h with no performance degradation,
demonstrating a significant improvement compared to a ≈37%
current density decay observed after 250 h of continuous oper-
ation. This activation strategy can be extended to 304-type SS
meshes (SSM304) and 316L-type SS felt (SSF316L). When imple-
mented in a single cell of an alkaline electrolyzer (AEL) based on
a Pt/C cathode (0.4 mgPt cm−2), our activated SSM316-based an-
ode emerges as the most performing one among the investigated
SS electrodes, reaching 1000 and 4000 mA cm−2 at cell voltages
of 1.69 and 2.1 V, respectively. These values are already competi-
tive with those reached by state-of-the-art electrolyzers based on
ion-exchange membrane.[33–35]

2. Results and Discussion

2.1. Electrochemical Characterizations and Analyses

Table 1 reports the geometrical properties and chemical compo-
sition (determined by scanning electron microscopy-energy dis-
persive spectroscopy -SEM-EDS) of the SS electrodes investigated
in this work.

The CV-aided activation process was first evaluated on
SSM316 using a potential scan rate of 5 mV s−1. This step was
conducted in a 1 m NaOH electrolyte at room temperature (RT,
≈20 °C), using a three-electrode configuration and evaluating
three distinct potential windows (PWs), namely, 0–1 VHg/HgO
(PW1), −0.5–1 VHg/HgO (PW2), and −1–1 VHg/HgO (PW3).

As illustrated in Figure S1 (Supporting Information), the OER
activity of the SSM316 gradually increased during the CV cy-
cles in all cases, and almost stabilized after 15 cycles. Figure 1a
presents the stabilized CV curves recorded at the 15th cycle for
the three different PWs. SSM316 activated with the PW3 (here-
after referred to as SSM316_PW3) significantly outperformed
those activated with the PW1 and PW2 (named SSM316_PW1
and SSM316_PW2, respectively). In fact, SSM316_PW3, regard-
less of whether it was initially scanned from −1 or 0 VHg/HgO,
showed a much lower overpotential (by ≈40 mV) to reach
100 mA cm−2 after 15 CV cycles (Figure 1b). Conversely,
SSM316_PW1 and SSM316_PW2 consistently demonstrated
similar OER activities. Notably, unlike the fully activated
SSM316_PW1 and SSM316_PW2, which exhibited the same
color as the blank SSM316, SSM316_PW3 displayed a brownish
color, indicating the formation of a different surface catalyst layer
compared to the former cases. Furthermore, additional experi-
ments revealed that the activity of SSM316_PW3 is not affected
by the potential scan rate (Figure S2, Supporting Information).
However, it requires more CV cycles to stabilize, i.e., ≈50 CV cy-
cles at 50 mV s−1 (total duration: ≈66.7 min), while 15 CV cycles
are needed at 5 mV s−1 (total duration: 200 min).

Focusing on the 15th CV profile measured on SSM316 at
5 mV s−1 potential scan rate, additional redox peaks become ap-
parent in the potential range from −1 to −0.5 VHg/HgO, reached by
the PW3, but not by PW1 and PW2 (see Figure 1c). Control ex-
periments indicated that these redox peaks are associated with
the Fe(II)↔Fe(III) conversion process at the SSM316 surface
(Figure S3, Supporting Information). These results are consis-
tent with previous literature.[36] Interestingly, while SSM316 ac-
tivated using the three different PW ranges exhibit similar re-
dox peaks associated to Ni(II)↔Ni(III) conversion process at ≈0.6
VHg/HgO (oxidation) and 0.51 VHg/HgO (reduction), SSM316_PW3
especially displays an additional broad oxidation peak at
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Figure 1. a) The CV curves recorded for SSM316 scanned in different PWs (PW1, PW2, PW3) at the 15th scan. The inset image shows the optical
photograph of the activated electrodes after 15 CV cycles. b) Evolution of the non iR-corrected working potentials collected from the CV curves recorded
using different PWs and measured at 100 mA cm−2. c) The 15th CV scans shown in panel (a) for PWs1-3, focusing on current densities < 1 mA cm−2.
Measurement parameters/conditions: 5 mV s−1 in 1 m NaOH at RT.

≈0.38 VHg/HgO prior to Ni(II) oxidation before the occurrence of
OER. Moreover, the peak positions recorded on SSM316_PW3
have shifted anodically compared to those of pure Ni(OH)2 de-
posited on glassy carbon (see Figure S3, Supporting Informa-
tion). This peak anodic shift indicates the incorporation of Fe
within the Ni species undergoing the Ni(II)→Ni(III) conversion
prior to the OER.[37–39] Overall, this electrochemical characteriza-
tion reveals that OER active species on the SSM316_PW3 surface
are Fe-incorporated NiOOH, hereafter indicated as Ni(Fe)OOH.
We should acknowledge the possibility that other metallic species
present in SSM316 (e.g., Cr) may also influence the OER pro-
cess (see our discussion on the role of Cr in Note S1, Supporting
Information).[40]

In contrast to the SSM316_PW1 or SSM316_PW2 counter-
parts, the SSM316_PW3 electrode exhibited a greater amount
of active species for the OER, as indicated by the integrated
area of the reduction peak for Ni(III)→Ni(II) conversion (see
Figure S4, Supporting Information). The measurements of
their electrochemical active surface area (ECSA) also demon-
strated that the SSM316_PW3 electrode has a larger ECSA
value than SSM316_PW1 (Figure S5, Supporting Information).
The efficient formation of Ni-based catalytic species on the
SSM316_PW3 surface is associated to the more effective leach-
ing of Fe compared to SSM316_PW1 and SSM316_PW2. This
conclusion is experimentally supported by ICP-OES measure-
ments conducted on the electrolytes used for activation proce-
dures (Figures S6 and S7, Supporting Information), as well as
by EDS data measured for the investigated electrodes (Table S1,
Supporting Information). The leaching of Fe leads to the pro-
gressive surface exposure of Ni and Cr species, as evidenced by
the appearance of an additional broad oxidation peak associated
with Cr(III)→Cr(VI) at ≈0.38 VHg/HgO.[40] Importantly, in alkaline
media, Cr (VI) is found in the form of dissolved CrO4

2−,[41] as
proved by monitoring Cr leaching through ICP measurements
of the electrolyte (Figures S6 and S7, Supporting Information).
The anodic leaching of Cr species has been previously reported
as an effective route to improve the overall catalytic activity of SS
electrode by creating a high-purity NiFe catalyst layer.[42] Also, the
Ni(0)→Ni(OH)2 oxidation process was previously reported to oc-
cur at ≈−0.6 V vs Hg/HgO, 1 m KOH[43] or ≈0.3 VRHE,[44] even
though data in Figure 1c and Figure S3 (Supporting Information)

indicate that oxidation currents observed in SSM316_PW3 near
this potential window are mainly associated to the Fe(II)→Fe(III)
conversion process.

To gain a deeper understanding on the effect of using PW3
to activate SSM316 for the OER, we conducted the following se-
ries of CV scans, varying PWs. Initially, a freshly cleaned SSM316
electrode was activated using 15 CV cycles with the PW3, re-
sulting in the SSM316_PW3 electrode. Subsequently, this elec-
trode underwent sequential CV measurements (labeled from 1
to 7). As illustrated in Figure 2a,b, the OER performances of the
SSM316_PW3 slightly improved during the 2nd CV cycle, ac-
quired using a PW of −1 to 1 VHg/HgO (curve 2 vs curve 1). Be-
side this slight improvement of the OER activity, the oxidation
peak of Cr(III)→Cr(VI) was still observed at ≈0.38 VHg/HgO. The
2nd CV scan stopped when potential returned to 0 VHg/HgO, and
then the 3rd CV scan started from 0 VHg/HgO (and stopped when
scanned backward to 0 VHg/HgO. Notably, the 3rd CV scan showed
a decreased OER performance (curve 3 vs curve 2), accompanied
by the absence of the Cr(III)→Cr(VI) peak. Interestingly, the sub-
sequent 4th scan, starting from 0 VHg/HgO and scanning down to
−1 VHg/HgO and then up to 1 VHg/HgO to finally return to 0 VHg/HgO,
recovered the Cr(III)→Cr(VI) peak with a concomitant improve-
ment of OER performance (curve 4 vs curve 3). As expected, the
following CV scan encompassing the entire PW3 range main-
tained both the OER performance and the Cr(III)→Cr(VI) oxida-
tion peak (curve 5 vs curve 4). In contrast, the subsequent two CV
cycles conducted in the 0–1 VHg/HgO (PW1 range) lost the Cr(III)
→Cr(VI) oxidation peak while weakening the OER performance
at the 7th CV scan (curve 7 vs curve 6), as the 6th CV scan was
still influenced by the previous CV cycle with PW3.

Control experiments were additionally carried out on the
SSM316_PW1 (Figure S8, Supporting Information), where the
Cr(III)→Cr(VI) oxidation peak appeared when the PW1 was ex-
tended to PW3, increasing the OER activity. Based on the above
results, we can conclude the following: 1) the incorporation of the
−1 to −0.5 VHg/HgO region within PW3 leads to the appearance of
the Cr(III)→Cr(VI) oxidation peak, which diminishes if CV cy-
cling is switched to the PW1; 2) CV cycles covering the −1 to
−0.5 VHg/HgO potential region, e.g., using the PW3 improves the
OER activity of SSM316 cycled using 0–1 VHg/HgO (PW1) range;
3) the disappearance of the Cr(III)→Cr(VI) oxidation peak is
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Figure 2. a) CV curves recorded for SSM316_PW3 at varying PWs. The arrow with the symbol “•” indicates the start of the scan, while the arrow with
the symbol “l” indicates the end of the scan. b) Enlargement of the CV curves in the potential region ≈1 VHg/HgO showing the maximum current density
reached in each CV scan. c) Enlargement of the CV curves in the potential region showing the redox peaks prior to OER process. Scale bar: 1 mA cm−2.

associated with a decrease of the OER activity. Considering that
the Cr(III)→Cr(VI) oxidation peak appears when electrodes are
scanned in PW covering the −1 VHg/HgO to −0.5VHg/HgO potential
region (e.g., PW3), we speculate that the Cr(III)→Cr(VI) oxida-
tion and the improved OER activity are linked to the occurrence
of the Fe(II)↔Fe(III) redox process. In addition, the reduction of
Ni(Fe)OOH species at potentials no lower than 0 VHg/HgO is also
the cause of surface deactivation.

Figure 2c reveals indeed that the oxidation peak position for
Ni(II)→Ni(III) slightly shifts toward the cathodic direction when
the Cr(III)→Cr(VI) oxidation disappears (as evident in curves 3
and 7 when the PW switched from PW3 to PW1). This peak
shift evidences a decrease of the Fe content in the Ni(Fe)OOH
species, likely caused by the reconstruction of the surface during
the surface reduction at potentials no lower than 0 VHg/HgO.[37–39]

Conversely, the Cr(III)→Cr(VI) peak reappears when cycling the
electrodes with the PW3, and is accompanied by an anodic
shift of the Ni(II)→Ni(III) peak position (as seen in curve 4 in
Figure S8, Supporting Information). Figure S9 (Supporting In-
formation) further supports the notion that the occurrence of
the Cr(III)→Cr(VI) oxidation is correlated with the Fe(II)↔Fe(III)
process. Overall, the Fe leaching exposes Cr and Ni species from
the bulk structure of SSM316. The emerged Cr species are then
oxidized at ≈0.38 VHg/HgO and eventually dissolve as CrO4

2−,
while Ni species accumulate on the surface forming OER-active
Ni(Fe)OOH species.

2.2. Spectral Characterizations and Analyses

SEM, X-ray diffraction (XRD) and X-ray photoelectron spec-
troscopy (XPS) measurements were carried out to elucidate the

composition and chemical state of surface species on SSM316 be-
fore and after CV-aided activation with different PWs. As shown
in Figure S10 (Supporting Information), SEM images indicated
that the surface morphology of SSM316_PW1 after 15 CV cy-
cles is identical to that of fresh (untreated) SSM316, while the
SSM316_PW3 electrode after the same number of CV cycles
exhibits slight corrosion on its surface. Such corrosion phe-
nomenon becomes more evident after a higher number of CV
cycles (35 cycles). XRD patterns recorded on SSM316 before and
after CV-aided activation with the PW3 showed similar results to
that of fresh SSM316 (Figure S11, Supporting Information). The
absence of signals due to expected NiFe species is attributed to
their low mass loading and their localization restricted to the only
material surface. Thus, XPS was used to better evaluate chemical
composition of the electrodes’ surfaces.

As indicated in Figure S12 (Supporting Information), the sur-
face of fresh SSM316 contains metallic Fe(0) and Ni(0) species,
which oxidize after CV activation with both PW1 and PW3 (sam-
ple measured after stopping the CV cycling at 0 VHg/HgO). In-
terestingly, SSM316_PW1 shows more than 10 times lower Cr
atomic content (at.%) (4.2 vs 32.3) and Fe/Ni at% (1.03 vs 12.8)
compared to fresh SSM316 (Table S2, Supporting Information).
As expected by the Cr Pourbaix diagram, the lower Cr content in
SSM316_PW1 suggests that Cr is readily leached in the form of
CrO4

2- during the OER,[42] while the decrease of the Fe/Ni atomic
ratio is associated with a faster corrosion of Fe compared to that
of Ni, as also indicated by ICP (Figures S6 and S7, Supporting
Information) and SEM-EDS (Table S1, Supporting Information)
analyses. Notably, CV-aided activation of SSM316 with the PW3
ultimately results in the accumulation of Fe species at the elec-
trode surface compared to SSM316_PW1, as evidenced by its sig-
nificantly higher Fe/Ni atomic ratio (11.9 vs 1.03).
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Figure 3. Operando Raman spectra recorded for SSM316_PW3 electrode as a function of the applied potential: a) from OCP to 1.56 VRHE. The gray
shadings indicate the peak areas expected for the 𝛾-Fe2O3 species, while the red dashed lines denote the positions of Raman peaks of NiOOH species.
b) From OCP to −0.19 VRHE. The blue dashed lines indicate the Raman peaks of the 𝛾-Fe2O3 species, while the olive dashed lines indicate the Raman
peaks of Fe3O4 (and/or FeO). c) The cathodic part of the CV curve recorded on the same electrode considered in panel (b). I and II indicate two reduction
peaks of Fe species.

Focusing on the chemical state of Fe species, the pres-
ence of satellite peaks at ≈719 and 733 eV indicates that both
the SSM316_PW1 and SSM316_PW3 electrodes contain sur-
face Fe(III) species, most likely in the form of FeOOH and/or
Fe2O3

[45] (for a more detailed discussion, refer to Figure S12,
Supporting Information). Previous studies have shown that
FeOOH can be transformed into Fe2O3 through a dehydra-
tion reaction,[46] jeopardizing the determination of the actual
FeOOH/Fe2O3 content ratio in the operating catalysts. Further
differentiating these Fe(III) species based solely on their XPS
spectra is challenging, as different phases of Fe(III) (𝛼-Fe2O3, 𝛾-
Fe2O3, etc.) show very similar spectra and closely spaced peak
positions[45,47,48] To overcome these limits, Raman spectroscopy
is an effective tool to identify Fe-based material phases.[49] As il-
lustrated in Figure S13 (Supporting Information), Raman spectra
obtained from two different areas of SSM316_PW3 consistently
exhibit a prominent main peak at ≈710 cm−1, which is the char-
acteristic spectral feature of 𝛾-Fe2O3.[50–52]

Regarding the Ni species (Figure S12b, Supporting Informa-
tion), the XPS spectra of both SSM316_PW1 and SSM316_PW3
electrodes are similar and a good fitting of the data might be ob-
tained in both cases with the set of peaks reported in literature
for Ni(OH)2.[53] The Raman features of Ni species are not observ-
able, possibly due to the low content of Ni at the SSM316_PW3
surface, as supported by the aforementioned XPS results. Never-
theless, the Raman peaks of Ni species can emerge once Ni(OH)2
is converted to NiOOH during the OER. For this reason, operando

Raman spectroscopy (see set-up in Figure S14, Supporting In-
formation) was conducted on CV SSM316_PW3 to monitor the
evolution of surface species as a function of the applied poten-
tial. This approach provides valuable real-time insights into the
dynamic compositional evolution of the surface species during
electrochemical processes.

As shown in Figure 3a, the Raman spectra of the
SSM316_PW3 electrode under open circuit potential (OCP)
and potentials ranging from 1.11 to 1.31 VRHE were consis-
tent with ex-situ results. In this potential condition, 𝛾-Fe2O3
is the main phase of Fe species. Above 1.41 VRHE, two addi-
tional prominent peaks emerge at 478 and 556 cm−1. These
peaks are attributed to NiOOH and indicate the occurrence of
Ni(OH)2→NiOOH oxidation process.[39,54] These peaks become
more pronounced as the potential increases up to 1.56 V, where
the OER takes place. Interestingly, the intensity ratio of the
peaks at 556 and 478 cm−1 (I556/I478) is close to 1, suggesting
a high structural disorder of the catalyst.[54–56] This may be
attributed to the incorporation of Fe within the NiOOH host,
as an I556/I478 of only ≈0.8 was reported in the case of pure
NiOOH.[54] Additionally, when the potential was lowered down
to 1.11 VRHE. NiOOH was reduced to Ni(OH)2, as indicated by
the absence of the characteristic Raman peaks of the former.
Furthermore, Raman spectra were also recorded to investigate
the Fe(III)→Fe(II) reduction process. As shown in Figure 3b,
the Raman spectra profiles remained the same as that recorded
at OCP conditions when the potential was decreased from

Adv. Mater. 2024, 36, 2312071 2312071 (5 of 9) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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0.71 to 0.11 VRHE, indicating the presence of 𝛾-Fe2O3. However,
the main peak located at 710 cm−1 disappeared at −0.19 VRHE, ac-
companied by the emergence of a new strong peak at ≈677 cm−1

and a shoulder peak at ≈540 cm−1. These peaks can be attributed
to Fe3O4 and/or FeO species.[51] The corresponding reduction
part of the CV profile in Figure 3b also reveals the Fe(III)→Fe(II)
reduction process (peak II) when scanned from positive to nega-
tive potentials (Figure 3c). Therefore, it can be concluded that the
Fe2O3 on the surface of the SSM316_PW3 electrode is reduced
to Fe3O4 (and/or FeO) at potentials below 0.1 VRHE. Further
distinguishing between Fe3O4 and FeO species is challenging as
they exhibit identical Raman spectra. Our findings are consistent
with previous reports, where magnetite Fe3O4 was observed as
an intermediate species duringFe2O3 electroreduction[57,58] and a
dissolution of Fe3O4 → Fe(OH)3

− (aq.) was proposed in alkaline
media.[59–61] The latter process well explains the occurrence of
Fe leaching during SSM316 activation with the PW3.

2.3. OER Performance Evaluation of Activated SS electrodes

The successful activation strategy based on CV cycling with the
PW3 was extended to other grades of commercially available SSs,
namely, SSM304 and SSF316L. As expected, electrodes activated
with the PW3 exhibited superior OER activity compared to those
activated with the PW1, regardless of SS grade (Figures S15 and
S16, Supporting Information). These results demonstrate the ver-
satility of the proposed electrochemical activation approach for
SS electrodes. The SSF316L electrode activated with the PW3
at room temperature in 1 m NaOH (named SSF316L_PW3)
demonstrated the highest OER activity among the investigated
SS electrodes, reaching 10 or 100 mA cm−2 at 0.62 or 0.655
VHg/HgO (equal to 1.50 or 1.535 VRHE). This performance positions
SSF316L_PW3 as a promising electrolyzer anode, outperform-
ing not only the commonly available electrodes in the market
(e.g., Ni foam, NiFeOx@Ti felt), but also the benchmark RuO2-
coated Ni foam (RuO2@Ni foam) (Figure S17, Supporting Infor-
mation), IrO2-coated felt substrate (Figure S18, Supporting In-
formation) and many previously reported OER electrocatalysts
(Table S3, Supporting Information).

To investigate the activation of SS under different operation
conditions for an alkaline electrolyzer, SSM316 was selected
as a representative electrode, and the activation condition was
switched from 1 m NaOH at room temperature (RT) to 6 m NaOH
at either RT or 65 °C. As shown in Figure S19 (Supporting Infor-
mation), compared to CV activation with PW3 in 1 m NaOH, the
activation time (or number of cycles) of the electrode was greatly
shortened in 6 m NaOH solution, while leading to higher OER ac-
tivity tested in 1 m NaOH under RT (i.e., 0.67 V vs 0.685 VHg/HgO at
100 mA cm−2). Notably, further increasing the temperature of 6 m
NaOH from RT to 65 °C did not result in a significant increase
of the OER activity of the electrode (i.e., 0.66 V vs 0.67 VHg/HgO at
100 mA cm−2). This means that the activation process in highly
concentrated alkaline solution at room temperature is already ef-
fective, without the need for thermal management systems to
implement the activation procedure in-situ in practical systems,
e.g., real electrolyzer. Eventually, we activated the SSM316 under
a simulated industrial condition (30 wt.%, 80 °C) and further im-
proved its activity (0.644 VHg/HgO at 100 mA cm−2).

Based on the knowledge acquired by the previous experiments,
a potential-pulse protocol was developed to progressively restore
the OER activity of SS electrodes over time, aiming at ensur-
ing long-term performance in practical scenario. As illustrated
in Figure S20 (Supporting Information), the SSM316 activated
using the potential-pulse protocol, which switched the applied
potential between 1 and −1 VHg/HgO, exhibited identical perfor-
mance to that based on the CV protocol with the PW3. As shown
in Figure 4a, two SSM316_PW3 replicas were tested control-
ling or not their operation through potential-pulse-based reacti-
vation. More in detail, one electrode was operated continuously at
1 VHg/HgO. The other one was operated using a special potential-
pulse protocol consisting of an operation at 1 VHg/HgO, intermit-
tently switched to −1 VHg/HgO for 2 min every 3 h. The results
displayed that the potential-pulse protocol led to stable activity of
SSM316_PW3 for over 300 h at ≈350 mA cm−2. In comparison,
the continuously operated SSM316_PW3 exhibited a significant
current density decay of ≈37% after 250 h. Furthermore, their
corresponding CV curves at low scan rate of 5 mV s−1 recorded
before and after CA operation further revealed that the potential-
pulse protocol retains and even slightly improves the OER activity
after the stability test, while the continuous protocol resulted in
a performance degradation (Figure 4b,c). SEM-EDS (Figure S21,
Supporting Information) and XPS (Figure S22, Supporting In-
formation) measurements both indicated that, compared to the
SSM316 electrode after continuous test, additional Fe and Cr are
leached after the potential-pulse test, exposing and accumulating
more active species (Fe-incorporating NiOOH) at the SSM sur-
face. This agrees with the enhanced OER activity observed for the
SS electrodes treated through CV activation in the widest poten-
tial range of PW3. These findings highlight the effectiveness of
the potential-pulse protocol in maintaining and even enhancing
the OER activity of SS electrodes during practical operation.

The SS electrodes that were activated with the PW3 (gener-
ically denoted as SS_PW3) were coupled with a 40 wt.% Pt/C
cathode (Pt mass loading = 0.4 mg cm−2) to assemble alkaline
water electrolyzer (AEL) single cell. The different single cell con-
figurations are here denoted as anode║cathode. The AELs were
operated using 30 wt.% aqueous KOH as the electrolyte, and the
cell was maintained at a temperature of 80 °C under atmospheric
pressure (≈1 bar). The overall setup for the AEL test is illustrated
in Figure 4d.

As optimized in previous works,[27,62,63] the anodes used in the
investigated cells consisted of SSF316L_PW3 or stacked mesh-
type electrodes SSM316_PW3 or SSM304_PW3. As indicated
in the polarization curves acquired through chronopotentiome-
try measurements (Figure S23a,b, Supporting Information), the
AEL based on SSF316L_PW3 showed slightly higher but com-
parable overpotentials compared to stacked SSM304_PW3 and
SSM316_PW3. To assess the robustness of our SS anodes, the
corresponding AELs were tested through a 24 h-accelerated stress
test (AST) consisting of alternating galvanostatic steps between
1000 and 50 mA cm−2, with each galvanostatic step kept for
15 min. The AEL based on SSF316L_PW3 demonstrated a lower
performance durability compared to the other cases, with a sig-
nificant increase of cell voltage at 1000 mA cm−2 by 112 mV dur-
ing the AST. In contrast, the AELs based on SSM304_PW3 and
SSM316_PW3 showed stable performances, i.e., the cell voltage
increased only by 53.6and 32.7 mV, respectively (Figure 4e). The
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Figure 4. a) Chronoamperometric plots recorded on SSM316_PW3 using potential-pulse and continuous modes. The CV curves before and after stability
tests using: b) potential-pulse and c) continuous modes. d) Sketch of the AEL single cell used in this work. e) AST measurement of the AEL single cells
based on SS electrode activated with the PW3 as the anode and Pt/C cathode for 24 h. f) Non iR-corrected polarization curves measured for the
investigated AEL single cells after the AST. Working conditions for AEL measurements: Zirfon Perl UTP 220 diaphragm; 30 wt.% KOH; 80 °C; 1 bar
pressure. HFR: high frequency resistance.

durability trends observed during the ASTs were confirmed by
comparing the CV curves measured for the investigated AELs be-
fore and after the ASTs (Figure S23d–f, Supporting Information).
While the CV curve recorded for the AEL based on SSF316L_PW3
showed a significant increase of the polarizations, AELs based
on SSM316_PW3 retained their initial performances, reaching
current densities of 1000, 2000, and 4000 mA cm−2 at practical
(non iR-corrected) cell voltages of 1.69, 1.85, and 2.1 V, respec-
tively (Figure 4f). These values correspond to energy efficiencies
(based on the hydrogen higher heating value) of 86.9%, 79.4%,
and 69.9%, and can not only outperform those of electrolyzers
based on a IrO2 anode (Figure S24, Supporting Information) but
also compete with the state-of-the-art ion-exchange membrane
electrolyzers (Table S4, Supporting Information).

3. Conclusion

In summary, this study has investigated the effect of the poten-
tial window during the activation of SS electrodes for the OER
by means of CV cycling. Using SSM316 as a representative SS
electrode, we demonstrated that the voltammetric cycling from
−1 to 1 VHg/HgO (PW3) can significantly improve its OER activity
compared to the cycling between 0 and 1 VHg/HgO. Thus, opti-
mized CV-aided activated with PW3 decreases the overpotential
to achieve 100 mA cm−2 by ≈40 mV compared to the other ac-
tivation cases. Furthermore, a potential-pulse strategy was devel-
oped to periodically regenerate the OER activity of SS electrodes,
leading to stable performances for over 300 h at current density
as high as 350 mA cm−2 (whereas continuous mode operation

caused a current density decay by 37%). Lastly, the optimally acti-
vated SS electrodes, including SSM316, SSM304, and SSF316L,
were validated in practical AEL single-cell configurations. Our
cells reached energy efficiency approaching state-of-the-art elec-
trolyzers based on ion-exchange membrane, which, however, rely
on Ir-based anodes (especially for proton-exchange membrane
-PEM- electrolyzers, but also for anion-exchange membrane -
AEM- electrolyzers) or display insufficient durability due to the
mechanical and/or chemical instability of the membranes (espe-
cially for AEM electrolyzers). Prospectively, our potential-pulse
strategy could be used to regenerate the performance of AELs,
as well as other electrolyzer configurations, based on SS anodes
and powered by intermittent electricity generated from energy
sources such as solar and wind.
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the author.
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