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ARTICLE INFO ABSTRACT

Keywords: The stainless steel mesh (SSM) has received remarkable attention for hydrogen and oxygen evolution reactions. It

Elec"r”cafalyft was demonstrated that the SSM exhibits admirable performance towards oxygen evolution reaction (OER)

;l?gsihorlzauo“ electrocatalysis, while its catalytic activity for hydrogen evolution reaction (HER) remains quite low. This ob-
iCo!

structs the utilization of SSM-based catalysts for sustainable complete water electrolysis. In this study, a facile
hydrothermal route followed by a phosphorization process was adopted to transform commercially available
SSM materials into high-performance and stable electrocatalysts for alkaline HER. We report an interconnected
NiCoP-CoP sponge-like structure on SSM substrate without polymer binder. Benefiting from the 3D construction
with high exposed surface area, close contact between electroactive species and conductive surface, and facili-
tated infiltration of electrolyte, the as-prepared NiCoP@SSM electrocatalyst brought an improved catalytic ac-
tivity for HER, required a low overpotential of 138 mV to derive a current density of 10 mAcm™2 in 1.0 M KOH
aqueous solution. The high performance of the NiCoP@SSM catalyst has also unveiled fast reaction kinetics
(presents a small Tafel slope of 74 mV/dec), a relatively large electrochemical active surface area (ECSA), and
small charge transfer resistance. Furthermore, the NiCoP@SSM electrode also presented excellent stability
during long-term measurements, making it one of the most encouraging HER electrodes to date. This research
study paves the way for the development of HER-active electrocatalysts made from SSMs that are commercially
available, low-cost, and highly active.

Stainless steel mesh
Hydrogen evolution reaction

state-of-the-art electrocatalyst utilized for HER often relies on Pt and its
derivatives. Still, their high cost, low availability, and Pt poisoning

1. Introduction

With the motivation to circumvent the rising global energy demand
and ecological disarrays because of the continuous consumption of fossil
fuels, tremendous research efforts are being conducted in the realm of
clean, green, and renewable energy sources, aiming at developing and
designing more appealing, efficient energy storage and conversion sys-
tem [1-3]. In this context, electrochemical water splitting, especially
integrated with renewable energy, has become a distinctive approach
for hydrogen production, which is considered as an ideal alternative
energy carrier for the future due to its environmental friendliness,
carbon-free, high energy density, and clean fuel [4-6]. However, the
hydrogen evolution reaction (HER), one of the crucial half-reactions
involved in water electrolysis, is kinetically indolent and demands
high overvoltage to overcome the energy barrier. Electrocatalysts are
necessary for this process to expedite the slow reaction kinetics. The
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glitches impact their use for the sustainable development of HER elec-
trodes [7]. So far, about 4% of the total Hy produced worldwide is shared
from water electrolysis due to its high energy consumption, low effi-
ciency, and expensive catalysts [8]. To this end, there is an urgent de-
mand to develop catalysts with affordable, more efficient, and durable
features using plentifully available materials to accelerate the reaction,
reduce overvoltage, and boost overall energy efficiency.

To date, myriads of efforts have been devoted to preparing transition
metal-based electrocatalysts (e.g., Ni, Co, Mo, and Fe) in the form of
metal oxides, phosphides, sulfides, and nitrides, demonstrating prom-
ising alternatives to Pt due to their high abundance, low price, and
modest HER catalytic activity [9-17]. In particular, transition metal
phosphides (TMP), such as NiP, FeP, and CoP, have received extensive
devotion recently due to their outstanding activity among the various
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HER electrocatalysts reported [18-23]. TMPs retain excellent activity
towards HER due to the electron transfer from the active metal into the P
atoms, establishing a tailored active site surface to accelerate proton
adsorption [24]. Incorporating P into the structure of transition metals
induces a significant gain in terms of stability and chemical reactivity.
The boosted catalytic activity of TMP towards HER has been correlated
to the formation of a peculiar electronic structure prompted by the
presence of the P atom, forming a "ligand effect". This is vital to disso-
ciate molecular hydrogen and also endow moderate binding surface to
adsorb the reaction intermediate, eventually stimulating the overall
catalytic activity [25,26]. Henceforth, TMPs, encompassing inexpen-
siveness and good activity, are considered as a good candidate material
to replace the precious HER catalysts. Despite the good activity of
monometallic phosphides-based catalysts for HER, their unfavored
hydrogen adsorption-free energy impacts their performance. To this
end, researchers have been working to regulate the electronic structure
and alter the intrinsic activity of TPMs by integrating with another
metal, forming bimetal phosphides. Bimetallic-based catalysts
frequently exhibit superb catalytic activity compared to the mono-
metallic counterparts stemming from the synergistic effects between two
catalytically active metals [27], emanating from the lattice strain vari-
ation, which induces different redox potentials and structural arrange-
ment [28]. Moreover, the coupling effect of heteroatoms is also
advantageous to further enlighten the material stability and adjust
electronic structure [29]. Despite the much effort devoted to preparing
bimetals doped with P atoms with a good performance, the performance
of these alternative materials is still in further need of improvement to
surpass the state-of-the-art HER catalysts.

Meanwhile, researchers have used two main strategies to evaluate
the electrochemical performance of electrocatalysts. The first technique
involves the usage of catalysts in powder form. In this case, an ink of
catalyst is prepared by dispersing the powder in a solvent containing
polymeric binder (e.g., Nafion). The resulting ink is coated/cast on
glassy carbon. This technique has its own limitation: catalyst peeling off
during long-term operation, and also the binder affects the activity of the
catalyst by suppressing the active site and/or reducing the contact area
between the active site and electrolyte [30,31]. The second technique
involves the use of catalysts directly grown on three-dimensional (3D)
conductive substrates such as nickel foam, copper foam, titanium mesh,
graphene foam, stainless steel mesh, nickel foil, carbon cloth, etc., [31,
32]. Compared with the catalysts in powder form, catalyst directly
grown on a conductive substrate has several advantages, including
accelerated electron transfer from the catalytic materials to the substrate
due to intimate contact between the active site and substrate, easy
electrolyte penetration, it also circumvents the detaching/peeling of
catalysts from the surface of the electrode during long term measure-
ments, excellent conductivity, and mechanical stability [18,33].

In recent years, stainless steel mesh (SSM) has been employed as a
substrate to grow electroactive materials on it because of its low-cost,
excellent electrical conductivity, good chemical stability, good me-
chanical strength, and good corrosion resistance in alkaline media
[34-38]. Two types of SSM, the 304 and 316, are used as electro-
catalysts; however, the 316L-type SSM possesses better features, such as
high stability and corrosion resistance structure even at high applied
potential, compared to the 304 types, making it a suitable electrocatalyst
substrate [39]. SSM material consists of Cr metal that passivates the
SSM’s outer layer, which distresses the electrochemical performance in
energy and storage systems. As a result, researchers have attempted to
improve the electrochemical properties of SSM material by subjecting it
to various surface treatment techniques [40]. The SSM comprises chiefly
Ni, Fe, Mo, Cr, and other impurities. The three former metals are
demonstrated to be active for HER; hence, removing the inactive metal
of Cr and enriching the surface of the electrode with active foreign
material escorted by the intrinsically active elements in stainless steel
would be a promising approach to stimulate the electrocatalytic prop-
erties of SSM.
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The physicochemical and electrochemical properties of SSM can be
transformed by surface modification and/or chemical etching to pro-
mote the surface area, and also doping of heteroatoms, such as P, can
modify the surface by forming TMP [35]. Substantial efforts have been
devoted to modifying SSM through different methods, including hy-
drothermal [33], thermo-selenization tuning method [35], and elec-
trodeposition [41,42], for OER electrodes. For example, Shen and
co-workers [40] prepared amorphous Ni (Fe)OyHy-coated nanocone
arrays on SSM electrocatalyst through electrodeposition. The catalyst
exhibited excellent activity and stability towards OER. The as-prepared
electrode displayed a low overpotential of 280 and 303 mV to achieve
high current densities of 500 and 1000 mA cm 2. However, the cata-
lyst’s performance for the HER electrode was not reported. Zhang and
co-workers [43] synthesized MoS,@SSM catalyst via a hydrothermal
route. The catalyst showed a low overpotential of 160 mV to achieve a
current density of 10 mA cm ™2 and a small Tafel slope of 61 mV dec™ ! in
1.0 M KOH during HER measurements. The MoS,@SSM catalyst was
evaluated for its stability under a static potential of overpotential 160
mV for 18 h, and the catalyst maintains 85% of its initial current density.
Yao and co-workers [38] prepared mesoporous (Fe/Ni)(P/S) dendritic
nanorods on SSM through anodic oxidation and subsequent
co-sulfuration/phosphorization method. The as-prepared catalyst dis-
played a low overpotential of 173 mV at 10 mA cm ™2 and 270 mV at 100
mA cm™2. Moreover, many works demonstrated the potential applica-
tion of SSM for water electrocatalysis, primarily focusing on the OER
electrode; however, the performance of SSM towards the HER electrode
remains low. Rare works have been reported on modifying SSM sub-
strates to catalyze HER, and their performance is still not promising
[44]. Developing a high-performance, efficient, and robust SSM-based
electrode with an affordable and facile route toward HER is still chal-
lenging. As a result, further research on the preparation of electroactive
material on SSM substrate with excellent performance and stability is
necessary to accelerate the HER electrode.

Herein, we employed 316-type SSM with a three-dimensional
network structure substrate to grow NiCoP-CoP electroactive catalyst
and transform it into a high-performance and stable electrode for HER
through a hydrothermal route followed by phosphorization. This syn-
thesis approach offers an easy, polymer-binder-free, and scalable fabri-
cation process. The resulting NiCoP@SSM electrocatalyst reveals
excellent performance and stability because of the intimate contact be-
tween the electroactive sites and conductive substrate, plentifully
exposed active surface area, promoted mass and electron transportation,
and robust structure. The as-prepared electrocatalyst, NiCoP@SSM, was
used directly as a hydrogen-evolving cathode and displayed excellent
catalytic activity with low overpotential (138 mV @ 10 mA cmfz), a
small Tafel slope (74 mV dec™!), and long-term durability in 1.0 M KOH
aqueous solution. This approach thus affords a facile, cost-effective, and
scalable scheme for generating high-performance and stable electro-
catalysts for alkaline HER electrodes.

2. Experimental section
2.1. Materials and chemicals

Stainless steel mesh (SSM, AISI 316 alloy, 0.103 mm nominal aper-
ture, 0.066 mm wire diameter, 150 x 150 wires/inch), cobalt (II) nitrate
hexahydrate (Alfa Aesar), nickel (I) nitrate hexahydrate (Alfa Aesar),
urea (Sigma Aldrich), ammonium fluoride (NH4F) (Sigma Aldrich),
potassium hydroxide, 99.98% (metal basis), 85% min (Sigma Aldrich),
and NaH,PO5-xH,0 (Sigma Aldrich). The water used in this work was
ultrapure water (Milli-Q, 0.055 pS/cm, SIEMENS). All the chemical re-
agents were used as received without further modification.

2.2. Synthesis of NiCoP@SSM electrocatalysts

The hydrothermal method was employed to grow the NiCo
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electroactive phase on the SSM substrate to obtain NiCo@SSM. Briefly,
2 mmol of Ni (NO3),-6H20, 4 mmol of Co (NO3)2-6H20, 24 mmol of
urea, and 12 mmol of NH4F were mixed in 30 mL ultra-pure water to
form a homogeneous solution via magnetic stirring for about 30 min. A
piece of SSM (1 x 2 cmz), which was cleaned by ultra-sonication (15
min each) sequentially in 3 M HCl, ethanol, and Milli-Q water, was
immersed into the above solution. Then, the mixture was transferred
into a 50 mL Teflon-lined stainless steel autoclave and maintained at
180 °C for 12 h. After cooling to room temperature, the NiCoOx uni-
formly grown on the SSM was removed, washed with ethanol and water,
and dried at 70°C. For comparison purposes, monometallic counterparts
of Co@SSM was also synthesized using the same procedure, except that
Ni (NOs3)2:6H20 was absent. The NH4F acts as a structure-directing
agent surfactant and induces morphological change [45-47] in which
the F~ ions can coordinate with M*" metals to form complexes, and NH**
ions act as a buffer to retain the solution at constant pH. The strong
coordination between F~ ions and metal cation slows the release rate of
metal ions and controls the precursor’s growth and nucleation rate [48].
The NiCoP@SSM sample was obtained by phosphorization of the as-
prepared NiCo@SSM precursor. Briefly, NiCo@SSM precursor and 2 g of
NaH,PO,-xH30 were put in the same ceramic boat, separated by 2 cm,
and placed in the center of a horizontal tube reactor. Then, under Ny
flow, the reactor’s temperature was increased to 350°C with a heating
rate of 5°C min ! and then up to 400°C at 1°C min~! and maintained for
2 h to phosphatize the precursor. Finally, the reactor was cooled to room
temperature, washed with water, and dried at 70°C to obtain NiC-
oP@SSM. The same procedure was followed to prepare CoP@SSM and
NiP@SSM samples. For comparison purposes, the pristine SSM was also
subjected to phosphorization, denoted as P@SSM, under the same
condition to investigate its catalytic activity upon phosphorization.
Moreover, the state-of-the-art Pt/C (40 wt. % Pt) deposited on SSM
substrate (denoted Pt/C@SSM) was also prepared for comparison.

2.3. Physicochemical characterization

Scanning electron microscopy (SEM-EDX) was recorded in SEM
Hitachi 3400N, EDX Rontec XFlash of Si (Li). A high-resolution trans-
mission electron microscope (TEM) (a Tecnai F30) was utilized to
observe the detailed morphology of the samples (at an accelerating
voltage of 200 kV). X-ray diffraction (XRD) analyses were conducted in a
Bruker D8 Advance diffractometer with Cu Ko of 1600 W. Crystallite
sizes were calculated from the Scherrer equation applied to reflections
(220) for NiCoO, (111) for NiCoP and (011) for CoP. X-ray photoelectron
spectra (XPS) were obtained in a VG Escalab 200R spectrometer
equipped with a hemispherical electron analyzer with Mg Ka (1253.6
eV) at 100 W with passing energy of 50 eV in the survey analysis and 20
eV in the high-resolution regions. The C 1s line at 284.6 eV was
employed for charge correction of all XPS spectra. CasaXPS software was
employed to perform peak fitting and quantification, and Shirley-type
background was employed for all peaks. A 70%/30% Gaussian/Lor-
entzian line shape was used to deconvolute the high resolution for each
component.

2.4. Electrochemical characterization

The electrochemical measurements were carried out at room tem-
perature in a standard three-electrode electrochemical cell controlled by
potentiostat/galvanostat AUTOLAB PGSTAT302. An aqueous solution of
KOH (1 M) was used as an electrolyte. The set-up comprises carbon felt
as the counter electrode, Ag/AgCl electrode as the reference electrode,
and a1 x 2 cm? of the as-prepared sample as the working electrode. The
working electrode consisting of the samples was attached to a crocodile
clip-type connector, and the active area was limited to 1 x 1 cm? by
demarcating and covering the remaining surrounding area with Paraf-
ilm and scotch plastic tape. The actual surface area of the mesh was
calculated according to the references [49,50] (Text S1, supporting
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information).

The linear sweep voltammetry (LSV) was performed for all samples
at a scan rate of 5 mV s—! in 1 M KOH aqueous solution. All potentials
were converted to the reversible hydrogen electrode (RHE) using the
Nernst formula of Eryg = Eag/agel + 0.197 V + 0.059 x pH. Prior to the
electrocatalytic activity measurement for HER, the working electrode
was activated by continuous cyclic voltammogram (CV) scans until the
variation of cycles was trivial. The HER polarization curve is plotted
with an iR —correction. Tafel plots are obtained in the linear regions
through Tafel equation fitting (n = a + b log j), where 1 is the over-
potential, b represents the Tafel slope, and j is the current density. In
order to determine the electrochemical active surface areas (ECSA) of
the samples, the double-layer capacitance (Cq;) was further measured by
recording CV curves at various scan rates of 20, 40, 60, 80, and 100 mV
s7! in a potential range of 0.55-0.61 V vs. RHE. Electrochemical
impedance spectroscopy (EIS) was measured at an overpotential of -138
mV in the frequency window from 100 kHz to 0.01 Hz at a 5 mV
amplitude (rms). The electrochemical stability test for the best-
performing sample (NiCoP@SSM) was measured by chro-
noamperometry at an overpotential of -138 mV for about 24 h.

3. Results and discussion

The schematic synthesis process of the NiCoP@SSM sample is shown
in Scheme 1. Briefly, the NiCOP@SSM sample was obtained by hydro-
thermal route followed by a phosphorization process. First, the Ni and
Co precursors were dissolved in water in the presence of urea and NH4F.
The mixture was transferred into an autoclave, pre-treated SSM was
immersed, and subsequently subjected to a hydrothermal reaction.
Then, the as-prepared NiCo@SSM sample was transformed into NiC-
oP@SSM material through the phosphorization process in the presence
of a phosphorus precursor (NaH;PO3.xH20). Finally, the obtained
product was washed and dried. Such in situ growth of electroactive
materials on conductive SSM substrate would endow virtuous abundant
active site and promote activity. The urea is used as a chelating agent,
and NH4F acts as a surfactant-morphology-controlling agent. In this
case, the metal species first coordinate with the F~ ions, forming M-F
¥~ complex intermediates. During the hydrothermal reaction, the Ni%*
and Co®" ion react with CO%3~ and OH™ ions, derived from the decom-
position of urea, to form the NiCoOx precursor. The presence of NH4F
structure-directing agent enables to release of metal ions slowly, thus
controlling the nucleation and growth rate [48,51].

X-ray diffraction (XRD) was applied to explore the crystallographic
information of the samples. XRD patterns are shown in Fig. 1, and a
summary of the detected crystalline phase for the different samples is
presented in supporting information in Table S1. All of the samples
exhibit the characteristic metallic alloy of NiFe on the SSM substrate.
The Cr metal is observed in SSM and Co@SSM samples. The modified
SSM shows extra diffraction peaks of weak intensity matching to distinct
crystal structures based on synthesis design. Weak diffraction peaks of
the surface structure may be attributed to the strong diffraction peaks of
the bulk SSM substrate and the fact that in situ grown nanostructures are
created as a thin coating on the surface; therefore, they are not notably
identified by XRD [44]. The Co@SSM shows multiphase crystal struc-
tures which are of Fe304, Co, CosMo, and MoNi4 phases. For easiness,
the sample is denoted as Co@SSM throughout the text; nevertheless, it
must be kept in mind that Co@SSM consists of the mentioned phases.
The NiCo@SSM sample displays diffraction peaks, which are attributed
to the crystallographic plane of Ni; 71C01.2904 with a cubic crystal sys-
tem. This sample is denoted as NiCo@SSM throughout the manuscript
text. In the case of the CoP@SSM sample, two additional crystal phases
of CoP and Co304 are identified. Also, in this case, it must be bear in
mind that the CoP@SSM sample comprises these phases, which is
shortly denoted by CoP@SSM throughout the manuscript. Moreover, the
NiCoP@SSM sample exhibited two additional phases of NiCoP and CoP.
Metal phosphide formation verifies that NaH;PO2.xH20 successfully
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Scheme 1. Schematic illustration of the fabrication process of NiCoP@SSM electrocatalyst.
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Fig. 1. X-ray diffraction (XRD) patterns of the different electrocatalyst.

phosphatizes the NiCo@SSM precursor. This sample NiCoP@SSM
comprises NiCoP and CoP phases and is written as NiCoP@SSM
throughout the text.

SEM image was used to observe the surface morphology of the
samples. The SEM images of pristine SSM, Co@SSM, NiCo@SSM,
CoP@SSM, and NiCoP@SSM samples are shown in Fig. 2. The surface of
the pristine SSM sample is smooth without grain deposits on the surface.
On the other hand, after the SSM substrate was subjected to hydro-
thermal reaction in the presence of Ni and Co precursor, the surface of
SSM is entirely covered by different structures depending on the metal
combinations. The Co@SSM sample exhibits a rough surface covered by
entangled grains of particles (Fig. 2b), and the NiCo@SMM sample re-
veals a rough surface entirely covered by a spindle/rod-like structure
(Fig. 2¢). The SSM substrate can be activated by the F~ anion to generate
more active sites for the nucleation and growth of the desired materials,
further benefiting the intimate adhesion between the electroactive
metals and the surface of the SSM substrate. Moreover, the samples
subjected to phosphorization further changed their morphological
appearance. The surface of the COP@SSM sample contains a randomly
and closely packed sheet-like structure (Fig. 2d), and the NiCoP@SSM
sample contains a unique sponge-like structure (Fig. 2e, f). Fig. S1
(supporting information) shows the SEM images of the samples at low
magnification in order to appreciate the surface morphology
discrepancy.

Comparing the SEM images of the NiCo@SSM precursor (Fig. 2¢) and

the NiCoP@SSM (Fig. 2d) catalyst, the later catalyst shows a different
microstructure with a sponge-like porous and rougher surface. This
could be due to various factors: first, when the NiCo@SSM precursor was
subjected to low-temperature gas phosphorization, the crystalline phase
of NiCo@SSM was transformed from a single crystal phase of
Ni; 71C01.2904 into dual phases of NiCoP and CoP (NiCoP@SSM), which
differs in chemical composition, crystal system, and crystallite size. The
Nij 71C01.2904 has a cubic crystal system, while the NiCoP and CoP
phases are hexagonal and orthorhombic crystal systems, respectively.
The crystallite sizes were determined using the Scherrer equation
applied to XRD patterns for NiCo@SSM and NiCoP@SSM related to the
phases mentioned (NiCoO, NiCoP, and CoP). In this case, we assume that
the evolution of the two different NiCoP and CoP phases with smaller
crystallite size NiCoP (28.9 nm) and CoP (18.6 nm) relative to the
Nij 71C01.2904 (44.7 nm) could be conjoining (via self-assembly or ori-
ented attachment growth) to form a sponge-like structure. The forma-
tion of smaller crystallite size with porous structure could be likely due
to the removal of interconnected pores during the long-time and rela-
tively low-temperature phosphorization process. Besides, releasing HyO
gas and phosphine (PH3) gas diffusion into the NiCo precursor during
the phosphorization reaction can also contribute to the porous sponge-
like structure [52]. This highlights the significance of NaH,PO2-xH20
in constructing a unique sponge-like 3D interconnected structure. We
can clearly observe that the hydrothermal reaction and/or phosphori-
zation process has basically provided a rougher surface compared to the
pristine SSM surface, which would eventually change the electro-
chemical performance. The sponge-like structures exhibited in the
NiCoP@SSM sample are closely coupled with the SSM substrate, sug-
gesting a robust mechanical strength. The porous architecture of the
sponge and space/gap between the sponges could offer an environment
for infiltration of the electrolyte (promoting reactants contact) and
release of the evolved gases, which will eventually expedite mass and
charge transfer, leading to enhanced activity.

To verify the elemental distribution of the sponge-like structure of
the NiCoP@SSM sample, energy dispersive spectroscopy-scanning-
transmission electron microscopy (EDS-STEM) was used. Fig. 2g dis-
plays the STEM image of a portion of the SSM covered with various el-
ements, and Fig. 2 (h-n) displays the corresponding EDS elemental
mapping. The structure is found to have uniform distribution and
overlap of all the elements, proving that the sample is made up of the
components Ni, O, Fe, Cr, P, Co, and Mo. From the optical photograph
(Fig. S2), it is noticed that the color of the SSM mesh changed from
silvery-white to dark brownish color (NiCo@SSM sample) and then
finally reformed to black color (NiCo-CoP@SSM), indicating the suc-
cessful growth of catalyst on the substrate.

TEM further unveiled the microstructure of the NiCoP@SSM sample.
As shown in Fig. 3, at low and high magnification, the detailed sponge-
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Fig. 2. SEM image of (a) Pristine SSM, (b) Co@SSM, (c) NiCo@SSM, (d) CoP@SSM, and (e) NiCoP@SSM at low magnification, (f) NiCoP@SSM at high magnifi-
cation, and STEM image of (g) STEM image of NiCoP@SSM and (h-n) EDS elemental mapping images of Ni, O, Fe, Cr, P, Co, and Mo.

Fig. 3. TEM image of NiCoP@SSM (a) at low magnification and (b) at high magnification.

like structure of the sample encompasses interconnected grains and
many stacked nanosheets. Fig. 3(a) presents a TEM image at low
magnification, in which several small grains are interconnected with
each other and ultrathin nanosheets are distributed on the surface,
whereas Fig. 3(b) shows several stacked nanosheets forming a void/
space in the middle with irregular and granular structure. It is vital to
state that the sample for TEM analysis was obtained from the surface of
the SSM substrate by ultrasonication treatment. In this case, the

structure of the catalyst after ultrasonication application might alter to
some extent, resulting in different morphology. As shown in Fig. 2(e),
the SEM image of the NiCoP@SSM reveals the sample contains a porous
sponge-like structure with an apparent void/space on the microstructure
of the sponge, and the sponge-like microstructures are made up of a
large number of irregular nanosheets. The voids/pores could result from
the random stacking of the grains or nanosheets during the nucleation
and growth.
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X-ray photoelectron spectroscopy (XPS) was applied further to
investigate the samples’ elemental composition and valence states. The
XPS survey spectra of all samples and the corresponding high-resolution
spectra of the elements aimed at differentiating the appearance of the
peaks on the surface are shown in Fig. S3. The pristine SSM surface
comprises Fe 2p (Fig. S3a, c) and, to a certain extent of Cr element, as
shown in the high resolution in Fig. S3e. Nevertheless, a very weak
signal was observed for the other elements (Ni and Mo) (Fig. S3b and f),
which are presented in the bulk material. It is important to mention the
appearance of the C and O peaks in all samples could be attributed to the
adsorption of adventitious CO3 and O on the surface of the mesh [53].
The XPS of the Co@SSM sample reveals the surface is composed of Ni,
Co, and Fe (Fig. S3a—c), and the surface of the NiCo@SSM sample shows
mainly of Ni and Co (Fig. S3a, b, and d) elements, which are grown by
hydrothermal reaction. Besides, the surface of the composition of the
CoP@SSM sample consists mainly of Co and P (Fig. S3d, and g) ele-
ments, which specifies that the hydrothermal reaction followed by the
phosphating process enabled to deposit Co and P on the SSM substrate.
Moreover, the XPS survey spectrum confirmed the Ni, Co, O, and P el-
ements co-exist in the NiCoP@SSM sample (Fig. S3a). A clear appear-
ance of peaks corresponding to the Ni, Co, and P elements can also be
observed in the high-resolution spectra, as shown in Fig. S3b, d, and g.

The high-resolution spectrum of Ni 2p can be deconvoluted in three
doublets. The peaks at 852.7 eV (for Ni 2p3,2) and at 870.1 eV (for Ni
2p12) are attributed to partially positive Ni®* in Ni-P bond [54]. The
two peaks located at binding energy (BE) of 856.2 eV and 873.8 eV can
be indexed to Ni 2p3 /2 and Ni 2p; /2 of Ni?*, while the two peaks at BE of
861.4 eV and 880.4 eV are related to the satellite peaks (Fig. S4a) [54,
55]. The deconvoluted high-resolution spectrum for Co 2p also contains
Co®" (in Co-P bond) at BE of 778.9 eV and 793.8 eV attributed to the
Co2p3/3 and Co 2p; /9, respectively. The Co® hasa partial positive shift
from that of Co metal (BE = 777.9 eV, 2p3,2). The peaks at BE of 782.0
eV and 798.04 eV are indexed to Co 2pss and Co 2p1,5 of Co?*
(Fig. S4b). A partially positive charge of Co means there is a formation of
Co-P bonds. Besides, satellite peaks are also observed at BE of 786.05 eV
and 803.1 eV, corresponding to sat.Co2ps,, and Co 2p; 2, respectively
[50]. Furthermore, the high-resolution spectrum of P 2p can be decon-
voluted into three regions (Fig. S4c). The peaks at BE of 128.7 and 129.7
eV correspond to P 2p3,5 and P 2p; 5, which indicates a negative shift
compared to elemental P (130.2 eV), which highlights the presence of a
partial negative charge of P>~ in the NiCoOP@SSM sample. Likewise, the
existence of a broad peak at a higher BE of 133.3 eV could be attributed
to the oxidized P species [54] due to the exposure of the sample to air.
The manifestation of a partial positive charge (57 in both Ni and Co and
a partial negative charge (6 ) in P species unveils that there is a certain
portion of Ni and Co electron density transferred to the P species [56].

The presence of P2~ species that have a high affinity towards proton-
acceptor, and consequently for hydrogen, and Co®"/ Ni®" as hydride-
acceptors that have a moderate interaction with hydrogen suggests
that there will be a solid synergy/cooperativity to expedite the HER
reaction. This is because P species have a high affinity for hydrogen. As a
result, there is an expectation that it will give a high HER performance.
The findings of the XPS examination provided further evidence that the
phosphorization process resulted in the successful synthesis of nickel
and cobalt phosphide (Ni-P and Co-P, respectively). In addition to Ni,
Co, and P elements, we investigated to see if the metals Fe, Mo, and Cr
are present on the surface. These elements are known to be present in the
bulk of the SSM substrate. It was discovered that the XPS signal for these
three metals is relatively low (Fig. S3c—f), which suggests that the sur-
face of the catalyst does not consist of these elements and is instead
mostly covered by materials containing Ni, Co, and P. In summary, the
XPS analysis result reveals that the surface chemical composition of SSM
substrate has been modified and transformed into Ni, Co, and P com-
ponents, which are more active than Cr and Fe in catalyzing HER.
Inductively coupled plasma atomic emission spectrometry (ICP-AES)
analysis was used to examine the elemental composition of the
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NiCoP@SSM samples. The NiCoP@SSM sample contains Co (3.0 wt. %),
Cr (18.8 wt.%), Fe (68.36 wt.%), Mo (0.14 wt.%), Ni (8.8 wt.%) and P
(1.0 wt.%).

The electrochemical performance of the pristine SSM and the
modified SSM was conducted by linear scan voltammetry (LSV) using a
three-electrode system in 1.0 M KOH aqueous solution at a scan rate of 5
mV s~ For comparison, the state-of-the-art Pt/C (40 wt.% Pt) deposited
on SSM substrate, pristine SSM, Co@SSM, NiCo@SSM, CoP@SSM, and
NiCoP@SSM samples were prepared and evaluated their electrocatalytic
activity for alkaline HER. All LSV curves were corrected by iR against the
ohmic resistance and normalized to the submerged geometric area of the
electrode. As presented by the LSV curve in Fig. 4a, the NiCoP@SSM
catalyst exhibited an outstanding catalytic activity for HER, requiring
only 138 mV overpotential (1) to produce a cathodic current density of
10 mA cm ™2 (119 is used as a benchmark for electrocatalytic perfor-
mance comparison). Whereas, at the same cathodic current density, the
overpotential for Pt/C@SSM, pristine SSM, Co@SSM, NiCo@SSM, and
CoP@SSM were 44 mV, 534 mV, 305 mV, 277 mV, and 193 mV,
respectively. The NiCoP@SSM catalyst presented a superior catalytic
activity, revealing the lowest overpotential compared to the other as-
prepared samples except with that of the commercial Pt/C@SSM-
based catalyst, as shown in Fig. 4b.

In an effort to study the reaction mechanism of HER, the Tafel slope
was determined. Tafel slope (b) is the intrinsic property of a catalyst that
is closely related to the rate of HER. The Tafel slope was determined
from the HER polarization curve based on the Tafel equation ( = b log
j+a), where j, n, b, and a are the current density, overpotential, Tafel
slope, and a constant, respectively [57]. Generally, the reaction mech-
anism for alkaline HER comprises three elementary reaction steps, as
expressed below, where * stands for an active site [58].

H,0 + e~ —OH™ + H" (Volmer, b=120 mV / dec) 1)
H* 4+ H,0 +e"—>OH™ + Hy(g) (Heyrovsky, b=40 mV /dec) (2)
2H*—>2" 4+ H,(g) (Tafel, b=30 mV /dec) 3)

The HER follows either the Volmer-Heyrovsky mechanism or the
Volmer-Tafel mechanism, and the mechanism and the rate-determining
step can be estimated from the Tafel slope magnitude. As shown in
Table 1 and Fig. S5a, the pristine SSM catalyst possesses a Tafel slope of
207 mVdec™!, whereas the Pt/C@SSM, Co@SSM, NiCo@SSM,
CoP@SSM, and NiCoP@SSM showed a Tafel slope of 88, 108,
{102,164}, 102, and 74 mVdec?, respectively. These data indicate that
the HER kinetics of NiCoP@SSM catalyst follows the Volmer-Heyrovsky
mechanism (Volmer step: HoO + e~ —» OH™ + H* and Heyrovsky step:
H20 + H* + e~ —» Hat + OH™), and the Heyrovsky reaction is the rate-
limiting step [59]. The Tafel slope of the NiCoP@SSM catalyst is much
smaller than that of other catalysts, signifying that it retains a faster
charge transfer kinetics. As a result, it can effectively boost the catalytic
activity of the electrode.

Electrochemical impedance spectroscopy (EIS) was also performed
to investigate the interface behavior and electrocatalytic kinetics. Nova
software was used to fit the curves, and the fitting values of each
component are shown in Table 1, and the equivalent circuit diagram is
presented in Fig. S6. Figs. S5b and S7 show the Nyquist plot of all cat-
alysts with a semi-circle arc. The arc diameter of the Nyquist plot em-
bodies the sum of charge transfer resistance (R.) and series resistance
(R;); the latter can be determined from the intersection point in the high-
frequency region on the left side and the X-axis. As shown in Table 1, the
R; is more or less comparable in all experiments since the same elec-
trolyte (1 M KOH) was used for all HER measurement. The slight dif-
ference could be originated from the gas bubbles accumulated in the
electrolyte during the actual reaction, which could have slightly influ-
enced the resistance. Nevertheless, a significant discrepancy can be seen
in the value of R, in which the NiCoP@SSM catalyst exhibited the
lowest value (~ 11 Q.cm?) among the samples, indicating that the
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Fig. 4. Electrochemical performance of different electrocatalysts. (a) HER polarization curve, and (b) overpotential at 10 mA cm 2 current density.

Table 1
Summary of electrochemical characteristics of the different electrocatalysts.

Electrocatalyst ~ Tafel slope Rs (Q. Re (Q. EDL capacitance
(mVdec™) cm?) cm?) (mFem™?)

Pristine SSM 207 7.2 4483.8 0.093

Co@SSM 108 7.98 494.4 0.47

NiCo@SSM {102,164} 7.2 282.6 1.43

CoP@SSM 102 8.58 36.24 1.67

NiCoP@SSM 74 7.86 10.98 4.58

phosphorization of the NiCo@SSM leads to promotes the charge transfer
rate between the electrode and electrolyte interface by reducing the
resistance in the interface of the material surface, eventually enhancing
the electrochemical reaction kinetics. According to the SEM image
(Fig. 2e), the NiCoP@SSM sample possesses a porous sponge-like
structure with certain gaps within the sponge-like structure, and this
could offer a space for infiltration of the electrolyte and discharge of the
evolved hydrogen, which will eventually accelerate mass and charge
transfer, leading to promoted HER performance.

To enlighten the origin of the high activity towards hydrogen evo-
lution, the electrochemical active surface area (ECSA) of the as-prepared
catalysts was investigated. The ECSA was estimated by determining the
electrochemical double-layer capacitance measured using cyclic vol-
tammetry (CV). It is generally recognized that the ECSA has a linear
relationship with the electrical double layer (EDL) capacitance caused
by the interfacial charging process [60], and cyclic voltammetry (CV) is
the most practiced approach to calculate the EDL capacitance of cata-
lysts. The CV measurements were recorded at various scan rates (20, 40,
40, 60, 80, and 100 mV s 1) in the potential range of 0.55 to 0.61 V vs.
RHE, and the corresponding CV curves are presented in Fig. S8. The EDL
capacitance was determined by plotting the AJ = (J; - J.)/2 at 0.58 V vs.
RHE against the various scan rate, in which the linear slope is the EDL
capacitance Accordingly, the EDL capacitance values for the pristine
SSM, Co@SSM, NiCo@SSM, CoP@SSM and NiCoP@SSM were 0.093,
0.47, 1.43, 1.67, and 4.58 mFem ™2, respectively (Fig. S9). The largest
EDL of the NiCoP@SSM sample (Table 1) means that it retains the
largest ECSA due to its unique porous sponge-like structure and rough
scale structure. It demonstrated that the synergetic effect of the two
metals followed by phosphorization led to achieving a high ECSA, which
can expose abundant active sites, thus lifting the overall HER
performance.

According to the findings that were presented earlier, the NiC-
oP@SSM electrocatalyst possesses greater catalytic activity and is
significantly more effective than the vast majority of SSM-based

electrocatalysts that have been published in the scientific literature
(Table 2). The unique and porous sponge structure can endow appro-
priate contact with the electrolyte and intermediate species, ensuing in
rich active sites for HER. This work demonstrates a feasible method for
converting widely available SSM substrates into high-performance and
durable HER electrocatalysts.

The electrocatalytic stability is an important parameter to take into
account for large-scale applications. To this end, chronoamperometry (I
vs. t at specific potential) was measured to evaluate the stability of the
best-performing electrocatalyst of NiCoOP@SSM. As shown in Fig. 5a,
NiCoP@SSM exhibited a very slight current attenuation after 24
continuous operations at -138 mV overpotential in a 1 M KOH aqueous
solution. Specifically, after 24 h operation, 90% current retention was
recorded, demonstrating its good stability. Besides, the HER polarization
curve before and after stability measurement was also recorded and
compared. As shown in Fig. 5b, the catalytic activity after long-term
measurement presents a trivial decay, signifying its splendid HER sta-
bility. Henceforth, the catalyst offers outstanding kinetics after stability
measurements. The slight decrease in catalytic activity after 24 h
continuous stability measurements could be originated from the

Table 2
Performance comparisons of SSM-based electrocatalysts for HER electrode re-
ported in the literature.

Catalyst Overpotential (mV)  Tafel Stability Refs.
at j =10 mAcm 2 slope measurement
(mV/
dec)

NiCoP@SSM 138 74 90% current This
retention after 24 h work
operation

NiSx/SS 258 100 Remained stable up [61]
to 2000 cycles

NiP@SSM 149 80 95% overpotential [36]
retention after 25 h
test

SSM 209.8 115.6 Good stability after [62]
2000 cycles.

MoS,/SSM 160 61 85 % current [43]
retention after 18 h
test

NASSM 146 60.1 26 mV increase after [63]

100 h operation

Remained stable for [64]
about 100 h

operation

EASS-Ar/Hy 370

Where; NASSM: N-doped anodized stainless-steel mesh; EASS: Etched and
anodized stainless steel.
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accumulation of bubbles in the porous sponge-like structure, which
hinders the interaction between the electrolyte and the catalytic surface.
When HER occurs at electrocatalytic interfaces, it releases gas bubbles,
which in turn appear as an undesired increase in overpotential and
simultaneously impair the activity of the electrocatalytic materials.
Henceforth, the slight potential increment after long-term stability
measurements likely arose from the gas bubble effect rather than from
restructuring or deformation of the morphology or crystalline structure
of the catalyst, as it was corroborated by SEM and XRD analysis results
after the stability test.

Furthermore, the NiCoP@SSM sample was further characterized by

XRD, SEM, and TEM after the stability test to investigate its physico-
chemical properties. After the stability test, a scanning electron micro-
scope (SEM) analysis was carried out in order to appraise the
morphological feature of the NiCoP@SSM electrocatalyst. As can be
seen in Fig. 6a, the sponge-like structure that was seen in the NiC-
oP@SSM before the stability test appears to have a comparable
morphology when compared to the SEM image that was obtained after
the stability test. This reveals that its microstructure is exceptionally
stable, as there was no substantial aggregation even when subjected to a
harsh alkaline environment. The transmission electron micrograph
further revealed that the structure of the sample that was noticed prior

*(FeNi) Taenite "NicoP  Scop

(c)

—— After stability test

Before stability test

Intensity (a.u)

2 theta (degree)

Fig. 6. SEM morphological characterization of NiCoP@SSM sample: (a) after stability test; TEM image of NiCoP@ SSM sample (b) after stability test, and (c) XRD

pattern of NiCoP@SSM sample after stability measurements.
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to the stability test is comparable to the morphology of the sample that
was observed after the stability assessment (Fig. 6b). XRD was further
used to assess the crystalline phases. Again, the XRD pattern of the
sample before and after stability measurement remained intact/similar,
as shown in Fig. 6¢, demonstrating its excellent crystalline phase sta-
bility. The intact morphology and unaltered crystallinity of the sample
further highlight its commendable properties for long-term application.

In short, the NiCoP@SSM catalyst exhibited excellent HER perfor-
mance, which can be attributed to the following noteworthy features:
primarily, surface enrichment of SSM with NiCoP/CoP species endows
more active sites on the surface and makes the composite intrinsically
more favorable for HER, as demonstrated by the lowered overpotential.
The NiCoP/CoP sponge-like structure comprises the electroactive phase
of NiCoP and CoP, and the coupling effect of these inter-connected
phases could offer more active sites, resulting in enhanced HER activ-
ity. Secondly, the in situ growth of sponge-like structures on the
conducive 3D substrate ensures high conductivity. The use of polymeric
binders (such as Nafion) for powder-based electrocatalysts tempts to
influence the charge transportation during the reaction. In this case, the
electrocatalyst was prepared without a binder, which not only promi-
nently enhances the conductivity of the electrode but also amplifies the
active site for hydrogen evolution. Thirdly, the SSM substrate with an
open mesh structure substantially improves the electrolyte diffusion,
and the porous sponge-like structure bargains a large ECSA bringing
more active sites, resulting in enhanced HER. Fourthly, the relatively
low charge transfer of the sample could partially contribute to the
enhanced HER performance. Moreover, the PO~ species in the NiC-
oP@SSM sample with a high affinity towards proton-acceptor and Co®*/
Ni®* as hydride-acceptor with moderate interaction towards hydrogen
demonstrates that there is a substantial synergetic effect to expedite the
reaction. Fig. S10 shows the HER polarization curve of the mono and
bimetals of Ni and Co. As it is ostensible, there is a synergetic effect
between the electroactive metals of Ni and Co. The NiCo@SSM catalyst
exhibits higher catalytic activity for HER relative to the monometal
counterparts, suggesting a coupling effect between Ni and Co. The
pristine SSM was also subjected to phosphorization to obtain a P@SSM
sample to explore its catalytic activity for HER. As shown in Fig. S7, the
P@SSM sample exhibits a relatively higher catalytic activity than the
pristine SSM. Nevertheless, the role of P was further pronounced when it
was incorporated into the as-prepared NiCo@SSM, resulting in NiC-
oP@SSNM with excellent catalytic activity for HER. The P dopant has
played a crucial role in further improving the HER performance by
optimizing the electronic structure of the bimetals, altering the
morphology, improving the conductivity, and providing the synergistic
impact between metal and metal phosphide. Henceforth, we can
appreciate the contribution of the Ni/Co metals and P in the NiC-
oP@SSM catalyst, in which the Ni/Co metals are the major electroactive
elements that largely contribute to the observed HER performance,
while the P dopant has further altered the overall physicochemical and
progressed the overall electrochemical activity of electroactive metals.

4. Conclusions

In summary, a NiCoP/CoP hybrid electrocatalyst with a peculiar
sponge-like structure was successfully fabricated on a three-dimensional
stainless steel mesh substrate through a hydrothermal route followed by
a phosphorization process. Electrochemical results reveal that the NiC-
oP@SSM catalyst presents a splendid catalytic activity for HER in 1 M
KOH aqueous solution. In particular, the catalyst required a low over-
potential of 138 mV to derive a current density of 10 mA cm™2. More-
over, it exhibited the smallest Tafel slope, relatively low charge transfer
resistance, and the largest ECSA of the series. More interestingly, it
showed excellent stability during 24 h continuous operation. The high
performance of the NiCoP@SSM catalyst could be attributed to many
factors; firstly, the 3D of SSM provides a large surface area and myriads
of active catalytic sites during the reaction; secondly, the synergetic
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effect of Ni and Co and the electronic hybridization between these
metals and phosphorus can optimize the energy barrier of a redox re-
action and can change the electronic structure, which effectively expe-
dites the electrocatalysis. Moreover, considering the P°~ species in the
NiCoP and CoP structure with a high affinity towards proton-acceptor,
hence for hydrogen, and also Co®"/ Ni®" as hydride-acceptor with
moderate interaction with hydrogen, it shows that there is a substantial
synergetic effect to expedite the catalytic process. This study presents an
effective approach for transforming commercially available SSM sub-
strates into high-performance and durable HER electrocatalysts for
practical application.
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