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a b s t r a c t

Stainless steel (SS) has been widely incorporated into electrodes or used as a conductive scaffold in
industrial water electrolysis. Operations using such SS-bearing materials proceed under substantial
overpotentials above the thermodynamic requirement due to the sluggish kinetics of the anodic oxygen
evolution reaction (OER). Traditional surface engineering of SS involves a corrosion process to optimize
its composition and modify its surface morphology, but its catalytic properties remain unsatisfactory
even after employing this technique. Here, we introduce an effective route, based on surface decoration,
to construct a ternary phase composed of nickel iron selenide (NiFeSe) uniformly distributed on a
stainless-steel mat (SSM). NiFeSe/SSM was found to require an overpotential of only 260 mV to drive a
current density of 1,000 mA cm�2 at 75�C in alkaline solution, one of the best results among SS-based
and even transition metal-based catalysts for OER. Additionally, this NiFeSe/SSM electrode shows
negligible potential degradation after operating at 1,000 mA cm�2 for 55 h. It is suggested that Se in the
nickel iron selenide directly binds to the SSM through strong covalent bonding during selenization,
which guarantees low charge-transfer resistance and excellent durability against the gas bubbles pro-
duced during operation at large current densities. This work opens a new route for performing surface
engineering on SS or other conductive substrates to achieve superior OER performance.

© 2020 Elsevier Ltd. All rights reserved.
Introduction

Growing fossil fuel consumption and its associated environ-
mental issues have led to great concern [1,2]. Seeking renewable
and eco-friendly energy alternatives to target these issues is
essential in the next few decades [3,4]. Hydrogen generated by
electrochemical water splitting is one of the most promising can-
didates. Intermittent solar-, wind-, or thermal-derived electricity
and redundant electric power can be chemically stored as hydrogen
generated by electrochemical water splitting, whereas pure water
@uh.edu (Z. Ren).
is the only product when hydrogen is converted back to obtain
electricity via combustion or fuel cells [5e8].

Electrochemical water splitting consists of two half-reactions,
hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) [9,10]. Thermodynamically, initiating the full cell reaction
requires overcoming the potential barrier of 1.23 V, but kinetically,
a considerable amount of extra potential is necessary [11,12]. OER is
the major obstacle for the large-scale application of water splitting
due to the multiple steps of proton-coupled electron transfer and
the high formation energy of oxygen-oxygen bonding [13]. State-
of-the-art OER catalysts are based on noble metal oxides IrO2 and
RuO2, but their scarcity and high cost pose great constraints to
practical use [14,15]. In contrast, non-noble metal-based catalysts
contain low-cost and earth-abundant elements, and some of them
exhibit catalytic kinetics that outperform the noble-metal catalysts
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in alkaline electrolyte [16e18]. Transition-metal chalcogenides
have been widely investigated as efficient catalysts for HER and
OER [19,20]. Our previous work has demonstrated that excellent
OER catalysts, NiFe selenides, are easily converted to NiFe hydrox-
ides by a simple cyclic voltammetry (CV) activation process in
alkaline electrolyte [21].

In addition to the catalysts, their substrates also play important
roles in cell performance. Traditionally, stainless steel (SS)-based
substrates have been used industrially for electrochemical water
splitting in alkaline media due to their low cost and high corrosion
resistance [22e25], but they suffer from relatively high OER over-
potentials, normally requiring an overpotential of ~350e370 mV to
achieve a current density of 10 mA cm�2 in 1 M KOH [26,27]. One
reason for this is the high Cr content in SS, which is normally
detrimental to, or inert in, the catalytic performance [27e30].
Another challenge is that the SS composition of over 70% Fe falls
outside the optimal Ni/Fe ratio range [21,31,32]. To reduce the
overpotential for OER, different methods for SS surface modifica-
tion and decoration have been demonstrated, such as corrosion
engineering [27,33,34], electrochemical CV scanning [22,35], elec-
trodeposition [29], sol-gel chemistry [23], etc. The most common
method has been to generate NiFe hydroxides by self-corrosion
under a large oxidation current at an elevated temperature. NiFe
hydroxides have beenwidely found to exhibit high kinetics for OER
in base and to facilitate the electron transfer at the interface [36]. A
thin Ni/Fe oxide layer on the surface of AISI 304 was acquired by
Schafer et al. after exposing the surface to oxidation under a current
density of around 1,800 mA cm�2 in 7.2 M NaOH at 50�C for hun-
dreds of minutes, promoting its OER performance to achieve a
current density of 12 mA cm�2 at an overpotential of 212 mV in 1M
KOH [35]. Anantharaj et al. used a controlled corrosion-engineering
process on AISI 304 by hydrothermally treating it with a mixed
equimolar solution (0.01 M) of KOH and NaOCl at 180�C, which
resulted in NiO-incorporated Fe2O3 nanocrystals on the surface
[28]. The obtained anodes can drive a current density of
10 mA cm�2 at an overpotential of 260 mV. Different coatings have
also been introduced on SS. For example, a NieCo oxide coatingwas
deposited on AISI 304 via simple potentiostatic electrodeposition
and subsequent annealing, resulting in an overpotential of 530 mV
needed to achieve a current density of 10 mA cm�2 in 0.1 M KOH
[33]. All of these methods suggested that increasing the catalytic
activity of SS involves the transformation of the SS surface into Ni/
Fe oxides or hydrous oxides on the surface, which had already been
extensively demonstrated to be the active sites for OER [37,38].
Recent improvement on SS-based anodic catalysts was reported by
Liu et al., who introduced M-Fe-layered double hydroxides (LDHs)
(M ¼ Ni2þ, Co2þ, Mn2þ, or Mg2þ) on the surfaces of Cr-free iron
plates by corrosion engineering, creating ultra-thin LDHs with
abundant grain boundaries through in situ electrochemical growth.
They found that a NiFe-LDH/Fe plate anode can achieve a current
density of 40 mA cm�2 at an overpotential of 300 mV in 1M KOH at
room temperature, whereas NiFe-LDH/Fe foam can drive a current
density of 500 mA cm�2 at the same overpotential due to the
increased loading mass and electrochemically active surface area
(ECSA) [34]. The performance enhancement is attributed to the
higher density of exposed catalytically active sites, lower charge-
transfer resistance, and higher kinetic activity. However, these re-
sults have not prompted industrial adoption of this reported design
and process.

In order to attain competitive performance on SS, the following
principles should be followed: (1) Ni/Fe oxides or hydroxides on the
SS surface act as the active sites and should be easily accessible, at
the same time the Ni/Fe ratio also needs to be taken into account;
(2) adhesion between the catalyst and the substrate should be
strong enough to survive under intense bubbling and should also
exhibit low charge-transfer resistance; (3) a three-dimensional
structure has the great advantage of exposing more active sites;
and (4) cost is always a major concern for large-scale applications.
Ideal catalysts are expected to afford a high current density at a low
overpotential and simultaneously to have as little loading mass as
possible.

In this work, a facile and cost-effective stainless-steel mat
(SSM)ebased catalyst for OER is developed. Optimized NiFe sele-
nide powder with an optimized Ni/Fe ratio is acquired by ball
milling and then dispersed evenly on a SSM. The powder is firmly
joined to the SSM by strong covalent bonding resulting from sele-
nization during high-temperature annealing, which ensures
excellent electrical and mechanical contact between the active
layer and the SSM. In 1 M KOH, the combined electrode is able to
drive a current density of 10 mA cm�2 at an overpotential of
230 mV and to achieve a large current density of 1,000 mA cm�2 at
an overpotential of 330 mV. The overpotential is further lowered to
260 mV needed to achieve a current density of 1,000 mA cm�2 at
75�C, making it one of the best freestanding electrodes for OER.
When the same process is applied on Ni foam (NF), NiFeSe/NF also
exhibits remarkable catalytic performance, achieving a current
density of 1,000 mA cm�2 at an overpotential of 288 mV. This work
provides a simple and innovative method of surface engineering on
SS that is found to be effective and productive for OER.

Experimental methods

NiFeSe powder

Nickel powder (99.99%, Alfa Aesar), iron powder (99.99%, Alfa
Aesar), vanadium powder (99.99%, Alfa Aesar), and selenium shots
(99.9%, Sigma Aldrich) were all used as received. All of the raw
materials were weighed according to the required stoichiometric
ratio and put into a stainless steel jar (SPEX SamplePrep 8007) in a
glovebox with an argon atmosphere (H2O < 0.1 ppm and
O2 < 0.1 ppm). The fine powder was obtained by high-energy ball
milling for 2 h.

Stainless steel and nickel-foam electrodes (NiFeSe/SSM and NiFeSe/
NF)

The freshly milled powder was fully mixed into a solution of
150 mL dimethylformamide, 1.35 mL ethanol, and 1 mL deionized
water. Each conductive substrate (SSM or NF) was immersed into
the solution for 5 s and then removed and air-dried. Each substrate
was then placed into a tube furnace and annealed under flowing Ar
at 500�C for 6 h.

Selenization of stainless steel mat

Se/SSM was synthesized by direct chemical vapor deposition
(CVD) in a tube furnace. The appropriate amount of Se powder was
placed upstream of the SSM under flowing Ar. The furnace was
quickly raised to 500�C, and this temperature was maintained for
6 h. The sample was subsequently cooled down in the furnace
under flowing Ar. To address the safety concerns related toworking
with Se, the quartz tubes used for the annealing and CVD processes
were purposely extended to deposit vaporized Se at the down-
stream end, and the absorber solution was also added at the end of
the gas flow.

Electrochemical characterization

The electrochemical tests were performed via a typical three-
electrode configuration in 100 mL 1 M KOH electrolyte. Pt and



Fig. 1. (a) XRD patterns of as-received SSM and annealed NiFeSe/SSM with standard
Fe0.7Cr0.19Ni0.11 (PDF#33e0397), Se (PDF#38e0768), NiFeSe2 (PDF#48e1881), and
Fe þ NiCr2O4 (PDF#23e1271). (b) Comparison of HR-XPS of Se 3d in Se/SSM and
annealed NiFeSe/SSM. NiFeSe, nickel iron selenide; SSM, stainless steel mat; HR-XPS,
high-resolution X-ray photoelectron spectroscopy
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Hg/HgO were adopted as the counter and reference electrodes,
respectively. Therefore, all voltages are against the reference elec-
trode and converted to reversible hydrogen electrode (RHE) scaled
by ERHE ¼ EHg/HgO þ 0.059 pH þ 0.098.

The polarization curves for OER were recorded by linear sweep
voltammetry (LSV) with a scan rate of 2 mV s�1 in the range of
1.125e1.625 V vs. RHE. CV scans were conducted over 600 cycles
with a scan rate of 50 mV s�1 in the range of 1.425 and 1.625 (vs.
RHE) before measuring the polarization curves. This process was
applied for all samples. Additionally, all of the electrocatalytic
measurements were performed at room temperature (22�C),
except where otherwise specified. The current interruptionmethod
was used to compensate for the iR error.

Materials characterization

Raman spectra were collected using a Horiba JY T64000 Raman
spectrometer employing a HeeNe laser with an excitation wave-
length of 632.8 nm. The total acquisition time was 60 s. High-
resolution X-ray photoelectron spectra were collected using a PHI
Quantera XPS scanning microprobe with an Al monochromatic Ka

source (15 KV, 20 mA). The chamber pressure was well controlled
below 5 � 10�8 Torr. Powder X-ray diffraction spectra analysis was
conducted using a PANalytical multipurpose diffractometer with an
X'celerator detector (PANalytical X'Pert Pro). The morphology and
composition characterizations were conducted using a scanning
electron microscope (LEO 1525) and a transmission electron mi-
croscope (JEOL 2010F).

Results and discussion

The optimized NiFeSe powder (with atomic ratio Ni/Fe ¼ 3/1)
was synthesized by high-energy ball milling, following our previ-
ous report [21]. The bare SSMwas used as received. The SSM loaded
with NiFeSe powder is denoted as NiFeSe/SSM, whereas Se/SSM
denotes pure SSM subjected to direct selenization by CVD. Addi-
tionally, SSM was processed by the same procedure as for NiFeSe/
SSM but with immersion into the solution without NiFeSe powder
to serve as a control sample and is denoted as None/SSM. The
loading mass on the SSM was reproducibly controlled at around
2~3 mg cm�2. X-ray diffraction (XRD) patterns of SSM and the as-
prepared NiFeSe/SSM sample can be found in Fig. 1(a). The as-
received SSM displays only one main phase within the detection
limit, Fe0.7Cr0.19Ni0.11 alloy (PDF#33e0397), corresponding to the
normal AISI 304 SS. Three phases other than Fe0.7Cr0.19Ni0.11 emerge
on the surface of the annealed NiFeSe/SSM, one of which is iden-
tified as NiFe diselenides due to the chemical reaction at high
annealing temperature. It should be noted that the chemical reac-
tion also merged the NiFeSe and the SSM together. The Se detected
on the surface of the SSM most likely comes from the vaporized Se
in the NiFeSe powder. Other oxides (NiCr2O4 and FeCr2O4) are
detected due to metal oxidation at high temperature. The XRD
pattern of Se/SSM is displayed in Fig. S1. Compared with that of the
NiFeSe/SSM sample, the XRD pattern shows that Se and metal
selenides are also produced on the surface of the SSM by the CVD
process. Additionally, there are more noticeable metal oxides
observed on the Se/SSM, which is attributed to those parts of the
SSM that are not covered with Se by the CVD process. High-
resolution X-ray photoelectron spectroscopy (HR-XPS) was per-
formed to acquire the chemical states and bonding of Se, and the
results are shown in Fig. 1(b). The distinct peaks at 55.56 eV and
56.42 eV, with an energy difference of 0.86 eV, in Se/SSM corre-
spond to Se 3d5/2 and Se 3d3/2, respectively, which indicates that Se
remains on the SSM surface after selenization and confirms the
XRD observation. The deconvoluted peaks at 58.92 eV and 62.84 eV
were assigned to the bonding of FeeSe in NiFeSe2 and to SeeO in
oxides, respectively. The XPS spectrum of Se in NiFeSe/SSM exhibits
a binding energy consistent with that for Se/SSM, suggesting that
the same SSM surface chemical states remain after annealing. It can
be proposed that Se undergoes the same chemical reaction and
plays the same role in both Se/SSM and NiFeSe/SSM.

The surface morphologies of the as-received SSM and the
surface-decorated SSM were investigated by scanning electron
microscopy (SEM) and high-resolution transmission electron mi-
croscopy (HRTEM). Fig. 2(a) shows the smooth and clear surface of
as-received SS under SEM. Its composition was further confirmed
by X-ray energy dispersive spectrometry (Fig. S2), the results of
which are comparable to those of the XRD analysis [Fig. 1(a)]. The
surface of Se/SSM becomes noticeably rough after direct seleniza-
tion by CVD, with microscale particles distributed lightly and un-
evenly on the SSM surface [Fig. 2(b)]. The randomly shaped and
layered sheet can be clearly observed, which suggests successful
selenization on the SSM surface [Fig. 2(b) and inset]. When the SSM
loaded with the NiFeSe powder is annealed in the furnace, most of
the SS surface area is homogeneously and densely covered by
nanoscale and microscale particles [Fig. 2(c)]. In a high-



Fig. 2. SEM and HRTEM images of as-received SSM and surface-modified SSM. (a) SEM image of as-received SSM. (b) SEM image of Se/SSM after selenization by CVD. Inset:
corresponding high-magnification image. (c) SEM image of annealed NiFeSe/SSM. Inset: corresponding high-magnification image. (d) SEM image of the NiFeSe/SSM surface after
water oxidation. Inset: corresponding high-magnification image. (e) Raman spectra of annealed NiFeSe/SSM after OER. (f) HRTEM image of NiFeSe/SSM after water oxidation.
NiFeSe, nickel iron selenide; SSM, stainless steel mat; SEM, scanning electron microscopy; HRTEM, high-resolution transmission electron microscopy; CVD, chemical vapor
deposition.
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magnification view [inset, Fig. 2(c)], these particles comprise well-
crystallized nanoscale plates. Meanwhile, it is noticeable that direct
selenization only results in the chemical reaction on the top fibers
of the SSM, whereas immersion into the NiFeSe solution and the
subsequent annealing result in reactions on all of the individual
fibers of the SSM (Fig. S3). It was found here that the CVD procedure
directly leads to the formation of metal selenides on the SSM sur-
face. This apparently also explains why more metal oxides are
observed on the Se/SSM following the CVD process, in comparison
to NiFeSe/SSM. Similarly, selenization was found to be able to
induce chemical bonding between the NiFeSe powder and the SSM
rather than physical attachment. After tens of hours of OER per-
formance tests, dense nanosheets are uniformly distributed on the
surface of the NiFeSe/SSM sample [Fig. 2(d)]. It can be observed in
the inset of Fig. 2(d) that these nanosheets along the fiber edges of
the SSM are extremely thin, suggesting surface morphology refor-
mation after OER. The subsequent Raman shift, shown in Fig. 2(e),
verifies the main phase to be the FeNi (oxy)hydroxides on the
surface, which is consistent with other reports [39,40]. The
morphology of the thin nanosheets formed on the surface is also
very similar with that reported for FeNiOOH [41]. The catalytically
active metal (oxy)hydroxides were created by simple water
oxidation from metal selenides in an alkaline solution, which has
also been observed in other analogous experiments [27,42,43].
Fig. 2(f) shows the HRTEM image of the nanosheets produced on
the NiFeSe/SSM surface. The lattice distance of 0.270 nm
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corresponds to the (202) plane of the Fe oxyhydroxide, suggesting
that the annealed NiFeSe particles are successfully converted to
FeNiOOH by electrochemical oxidation. This conversion process can
be well understood by repetitive CV in 1 M KOH during the initial
activation process (Fig. S4). The anodic and cathodic peaks [denoted
as A and C, respectively in Fig. S4(a)] are related to the absorption of
OH and O radicals on the surface, in addition to the redox reaction
of Ni2þ/Ni3þ, and the increase of charge capacity with increasing
numbers of cycles [Fig. S4(b)] indicates the growth of hydroxides
and the increased ECSA [22].

To further verify the reaction process, the chemical states of Fe
in different samples were also investigated by HR-XPS, and the
results are shown in Fig. 3(a). Two characteristic peaks of bare SSM
at 708.04 eV and 721.69 eV, with an energy difference of 13.65 eV,
are attributed to Fe 2p3/2 and Fe 2p1/2, respectively. They are
accompanied by one satellite peak at 710.47 eV. In comparison, all
of the peaks related to Fe are shifted to a higher binding energy
after selenization or water oxidation. For example, the peaks of Fe
3p at 711.20 eV and 724.60 eV in Se/SSM, with an energy difference
of 13.40 eV, are identified as Fe3þ 2p3/2 and Fe3þ 2p1/2, respectively.
Two satellite peaks are located at 713.40 eV and 718.90 eV. It should
be emphasized that the chemical states of Fe in Se/SSM and NiFeSe/
SSM are almost identical. The Se bonding is also the same in both
samples [Fig. 1(b)]. Se leads to the chemical bonding between the
NiFeSe powder and the SSM through selenization. After water
oxidation, Raman shift analyses [Fig. 2(e)] indicate the presence of
FeNi (oxy)hydroxides on the SSM surface, which was also
confirmed by XPS. The XPS deconvolution analyses of Cr 2p and Ni
2p are shown in Fig. S5. As seen in Fig. S5(a), no Cr 2p can be
detected on the surface of the sample after water oxidation, which
agrees with the final surface composition following the corrosion
process and confirms that FeNiOOH is the active phase for OER
[27,35]. Moreover, the amount of Cr is possibly outside the detec-
tion limit since NiFeSe powders decorate the surface. As shown in
Fig. 3. (a) XPS of Fe 2p in as-received SSM and different surface-modified SSMs. (b) Schema
stainless steel mat; XPS, X-ray photoelectron spectroscopy.
Fig. S5(b), Ni 2p exhibits a distinct shift to higher binding energy
after water oxidation comparedwith the Ni 2p in SSM, and the peak
centered at 856.10 eV is assigned to Ni 2p3/2 of FeNiOOH. Based on
our aforementioned characterization and analysis, the role of Se
over the whole synthesis process schematically illustrated in
Fig. 3(b) might be described as follows:

SeþM/MSe ðM ¼ Fe; Ni; CrÞ;

SeþM2O3/MSeO2;

MSeþ8OH�/MðOHÞ2 þ SeO2�
3 þ 3H2Oþ 6e�;

MSeO2 þ4OH�/MðOHÞ2 þ SeO2�
4 þ 3H2Oþ 2e�

The electrocatalytic OER performance parameters of SSM and
NiFeSe/SSM are shown in Fig. 4. As shown in Fig. 4(a), the bare SSM
shows a very high onset potential needed to cleave water and
reaches a current density of 10 mA cm�2 at an overpotential of
340 mV, which is close to the reported performance of SS [27]. The
control sample None/SSM can achieve a current density of
122 mA cm�2 at the same overpotential. The improvement is
ascribed to the formation of metal oxides on the surface during
annealing. When the SSM surface is engineered by Se, the catalytic
performance is substantially increased. Se/SSM achieves current
densities of 10 mA cm�2 and 100 mA cm�2 at overpotentials of
270 mV and 313 mV, respectively, which suggests that Se promotes
the OER activity. After direct binding with NiFeSe powder, NiFeSe/
SSM requires significantly lower overpotentials of 230 mV and
330 mV to achieve current densities of 10 mA cm�2 and
1,000 mA cm�2, respectively. The further improvement of perfor-
mance by NiFeSe/SSM in comparison with Se/SSM mainly results
from the optimized NiFeSe powder. It can be observed that SSM
with NiFeSe exhibits a distinct oxidation peak around 1.42e1.45 V
tic illustration of the NiFeSe/SSM synthesis process. NiFeSe, nickel iron selenide; SSM,



Fig. 4. Electrochemical characterization of SSM and surface-modified SSM for OER in 1 M KOH solution. (a) LSV curves and (b) corresponding Tafel slopes. Comparison of (c) driven
current density at overpotential of 330 mV and (d) overpotential to provide current density of 10 mA cm�2 by SS-based and transition-metal-based catalysts (all data are corrected
by iR compensation). (e) EIS with fitted Nyquist plots by a modified Randles circuit. (f) Stability evaluation based on chronopotentiometric curves over 80 h. NiFeSe, nickel iron
selenide; SSM, stainless steel mat; EIS, electrochemical impedance spectroscopy; OER, oxygen evolution reaction; SS, stainless steel; LSV, linear sweep voltammetry.
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(vs. RHE), and the corresponding reduction peak is also detected by
CV scanning (Fig. S6). This peak is attributed to the chemical state
variation of Ni between Ni2þ and Ni3þ. The emergence of the redox
peak is mainly ascribed to the loaded NiFeSe powder because
slightly increased Ni content is observed in annealed NiFeSe/SSM
compared to the as-received SSM (Fig. S2). In order to differentiate
their kinetics, the Tafel slopes of the samples were extracted
directly from LSV and are shown in Fig. 4(b). Se/SSM exhibits a Tafel
slope of 48 mV dec�1, clearly lower than that of None/SSM (61 mV
dec�1), indicating the positive effect of Se in promoting OER [44,45].
The lowest Tafel slope of 45 mV dec�1 was obtained for NiFeSe/
SSM, suggesting the highly catalytic kinetics of optimized NiFeSe.
Compared with the most efficient OER catalysts based on SS, iron
plate, iron foam, or other transition-metal nitrides or phosphides
reported thus far, NiFeSe/SSM displays remarkable performance in
driving current at 330 mV [Fig. 4(c) and Table S1] and its low
overpotential needed to initiate current density of 10 mA cm�2

[Fig. 4(d) and Table S1].
To further clarify the reason underlying the high activity of

NiFeSe/SSM for OER, the ECSA and the electrochemical impedance
spectroscopy (EIS) of the samples were explored. ECSA was ac-
quired according to the capacitance, which was extracted by the



S. Song et al. / Materials Today Physics 13 (2020) 100216 7
capacitive current density against the scan rate in the non-Faradic
zone. As shown in Fig. S7, Se/SSM and None/SSM exhibit similar
ECSA values, 3.8 mF cm�2 and 3.7 mF cm�2, respectively. The ECSA
of NiFeSe/SSM is 5.5 mF cm�2, 45% higher than that of None/SSM.
The higher active surface area of NiFeSe/SSM is attributed to its
rough surface after NiFeSe powder decoration. The large ECSA also
contributes to the highly efficient OER activity of NiFeSe/SSM. As
shown by the EIS analysis in Fig. 4(e), all of the electrodes exhibit
comparable internal charge-transfer resistance values. However,
NiFeSe/SSM exhibits extremely low charge-transfer resistance of
0.17 U at the electrode/electrolyte interface, which is far lower than
that of None/SSM and Se/SSM, and almost 50% lower than that
obtained by corrosion engineering [34]. The low charge transfer
barrier at the electrode/electrolyte interface demonstrates that the
combination of NiFeSe and SSM is advantageous for achieving
highly efficient OER.

Robust durability and stability are prerequisites for good cata-
lysts. Chronopotentiometric measurements were conducted to
evaluate the stability of the NiFeSe/SSM catalyst, and the results are
displayed in Fig. 4(f). The catalyst is able to first sustain a current
density of 100 mA cm�2 for 25 h and subsequently to endure a
current density of 1,000 mA cm�2 for 55 h, finally presenting
negligible voltage drift and demonstrating extraordinary structure
and catalytic stability for OER (Fig. S8).

To verify our proposed synthesis route, we combined the opti-
mized NiFeSe powder with NF. The electrochemical catalytic ac-
tivity of NiFeSe/NF is shown in Fig. S9. NiFeSe/NF achieves a current
density of 1,000 mA cm�2 at an overpotential of 288 mV. Physically,
NF has the advantage of higher porosity in comparison with SSM,
which leads to the better OER performance of NiFeSe/NF. Thus,
enhancing porosity might be a feasible way to further improve the
catalytic activity of SSM-based catalysts.

Industrial water electrolysis is carried out at 60�Ce70�C to
further reduce the overpotential. Therefore, the OER performance
of NiFeSe/SSM was investigated in 1 M KOH at different tempera-
tures (Fig. S10). At 75�C, NiFeSe/SSM displays remarkable perfor-
mance, achieving a current density of 1,000 mA cm�2 at an
overpotential of 260 mV, 70 mV lower than that needed to achieve
the same current density at 22�C [Fig. 4(a)]. The superior OER
performance and robust durability of, and the cost-effective syn-
thesis process for, the NiFeSe/SSM catalyst suggest its promising
future for water splitting.
Conclusions

The surface of a SSM was successfully engineered by binding
optimized NiFeSe to it through selenization. It was suggested that
Se is effective in inducing an active catalytic phase and promoting
the OER kinetics. Benefiting from the strong covalent bonding be-
tween the SSM and the NiFeSe, NiFeSe/SSM displays low charge-
transfer resistance and robust durability against the strong gas
bubbles, which contribute to a current density of 1,000 mA cm�2 at
an overpotential of 330 mV in 1 M KOH at room temperature. The
overpotential shows negligible degradation after 55 h of testing
under this current density. At 75�C, NiFeSe/SSM can achieve a
current density of 1,000 mA cm�2 at an overpotential of 260 mV.
This work thus provides an innovative route to turn SS into an
excellent electrocatalyst and substrate for efficient oxygen evolu-
tion reaction.
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