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Abstract

The designing and preparing of low-cost and easily available electrocatalyst for oxygen evolution
reaction (OER) are crucial for many advanced energy technologies. Herein, the NisS2
nanostrips@FeNi-NiFe204 nanoparticles embedded in N-doped carbon (NizS2@FeNi-NiFe204/C)
microspheres were synthesized as improved electrocatalyst for OER, using a facile heat-treatment
method. The optimized NisS2@FeNi-NiFe204/C-3 sample exhibits enhanced electrocatalytic
activity toward OER performance with an overpotential of 280 mV at 10 mA ¢m and a small
Tafel slope of 33.9 mV dec®. Furthermore, NizS:@FeNi-NiFe204/C-3 composite shows good
stability in alkaline media. The outstanding electrocatalytic OER performance of composites was
attributed due to the synergetic effect between NisS2 nanostrips and FeNi-NiFe204 nanoparticles
and it is believed that the heterointerfaces between them act as active centers for OER. Additionally,
N-doped carbon prevents the aggregation of NisS:@FeNi-NiFe204 species and enhances the

conductivity of composites during the OER process.
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1. Introduction

For depleting of fossil fuel and environmental issues, it is essential to develop advanced and more
efficient clean energy technologies for the future [1]. Advanced technologies such as water
splitting, metal-air batteries, and fuel cells have been broadly investigated and discussed for
sustainable and clean energy sources [1-6]. Oxygen evolution reaction (OER) plays an important
role in these advanced technologies. For example, OER occurs on the anode in water electrolysis
in the electrolytic cell. However, OER involves multiple proton-coupled electrons transfer
processes, and four protons couple with four electrons in a basic medium (40H — 2H20+0; +
4e’). Therefore, OER displays sluggish kinetics and requires large overpotentials during water
electrolysis. So, a highly active electrocatalyst is necessary to make the OER process more efficient.
In this regard, the well-documented electrocatalysts are noble metal-based materials such as RuO2
and IrO2[7,8]. However, low abundance on the earth and high costs reduced their application for
large-scale manufacturing. Huge research attention has been paid to the designing and developing
of highly active electrocatalysts for OER from non-precious metal elements [9-11].

Recently, the number of noble-metal free materials has been extensively investigated for water
oxidation [12-15]. Among them, transition metals such as Fe, Co, and Ni elements have been
attracted special attention due to their low cost and earth abundance [16-18]. Moreover, these
transition elements are considered excellent electrocatalysts and display benchmark activities and
stability for OER in alkaline conditions [16-18]. However, the single metallic-based materils often
shows low catalytic activity for OER performance, as compared to bimetallic-based composites.
Therefore, the catalytic activity of OER can be further enhanced by constructing heterostructure

composites of the transition metals [19-22].



Nickel sulfides (NisS2) nanostructure materials are one of the promising electrocatalytic
materials for OER because of their earth-abundance, high conductivity, and good redox chemistry
[36-39]. Nevertheless, the intrinsic OER performance of NisSz nanostructure is relatively low due
to small active surface area, poor ion transport Kinetics, and unsatisfactory stability [39]. To
improve the OER performance of NisSz nanostructure, various strategies have been reported to
increase the number of accessible active sites as well as enhance the activity of Ni sites. The
heazlewoodite mineral of NisSzexist in nature, its nanostructure materials such as nanosheets [24],
nanoneedles [39], nanowires [40], nanorods [41], and hollow microspheres [42], have been
synthesized and displayed enhanced activity and good catalytic stability toward OER and water
splitting. Although significant efforts are devoted to the morphology/size control of NisSz, the
nanostrips type of NisS2 nanomaterials is yet to be investigated. On the other hand, metal ferrites
are also promising candidates for OER due to their low cost, high electrochemical activity, high
stability, and rich redox reversibility [43]. The OER performance of metal ferrites especially
NiFe20sis rarely investigated, and there are only a few reports on the electrocatalytic OER activity
of NiFe203. Mahala et. al. reported NiFe203 nanosheets and nanobipyramids which required
overpotentials of 1.69 and 1.77 V vs. RHE at a current density of 10 mA cm, respectively [43].
Yang et. al. reported a series of atomically thin NiFe20s quantum dots for enhanced OER
performance [44]. Recently, Choi and co-workers prepared NiFe204—~ nanoparticles/NiMoO4
nanowires composite to construct an extended interface with strong electronic interactions that
demonstrated an overpotential of 326 mV at a current density of 600 mA cm and good stability
[45]. These reports demonstrate that heterostructure NisSz and NiFe2Os composites can be an

effective catalyst for OER.



It is believed that both cation and anions positively influence catalytic performance [27-30]. For
the active centers of Ni-Fe composites, different opinions are reported in the literature. Some
authors suggested that the active center for oxygen evolution is Ni, the Fe induces a partial charge
transfer effect to enrich the electronic structure of Ni sites [31,32], while others believed, Fe to be
catalytically active sites with optimal adsorption energies for the intermediates during the catalytic
OER process[33] and Ni provides conductive support [34,35]. No matter which metal center be
the active site, it is widely accepted that composites materials show enhanced OER performance
than single-phase structure. Anion also plays an important role, and it can alter the electronic
structure of the metal's active sites and improve the OER performance of the active center [29,30].
Considering these reports in mind, we were inspired to design and synthesize a new heterostructure
composite, composed of NisSz and NiFe203 nanomaterials via facile strategy for the enhanced
OER performance.

In this study, we reported Nis3S2 nanostrips@FeNi-NiFe204 nanoparticles embedded in N-
doped carbon microsphere (NisS:@FeNi-NiFe204/C) catalysts for OER. The NisS:@FeNi-
NiFe204/C composites were prepared by a facile one-step heat-treatment process using urea, Ni,
and Fe compounds as precursors. The obtained NisS:@FeNi-NiFe204/C hybrids exhibit enhanced
electrocatalytic activity toward OER performance. The optimized NisS:@FeNi-NiFe204/C-3
sample displays outstanding OER performance with an overpotential of 280 mV at a current
density of 10 mA cm and a small Tafel slope of 33.9 mV dec™®. The composite also shows good

stability in a 1 M alkaline solution.

2. Experimental section

2.1 Materials and chemicals



NiCl2:6H20 (=99 %) was purchased from Shanghai McLean Biochemical Technology Co., Ltd.
Fe2S04:7H20 (299 %) was purchased from Sinopharm Chemical Reagent Co., Ltd. Urea (99 %)
and absolute ethanol was purchased from Jiangsu Qiangsheng Functional Chemical Co., Ltd.
Nafion solution was purchased from Alfa Aesar. The deionized water was used for all of our
experiments.

2.2 Synthesis of NizS;@FeNi-NiFe.O4/C composites

The NisS:2@FeNi-NiFe204/C composites were synthesized by a facile one-step heat-treatment
process using urea, Ni, and Fe precursors. The urea (1 g), NiCl2-6H20 (0.2 g), and FeSO4-7H20
(0.25 g) were added simultaneously into ethanol. The mixture was stirred for 30 min and kept in a
vacuum oven at room temperature to evaporate the solvent. Then, the obtained mixture was heated
at 750 °C for 1 h under the nitrogen atmosphere. The heating rate was 2 °C min™. The products
were collected, when cooled to room temperature naturally. It was washed with water and ethanol,
followed by drying in a vacuum oven at 50 °C.

The other samples were also prepared with the same procedure, and the initial precursor
composition of the reaction mixture for these samples is given in Table S1 (supporting
information).

2.3 Synthesis of Ni-NiO/C and Fez04/C product

The Ni-NiO/C-7 and Fe304/C-8 are also prepared with the above procedure. In the case of Ni-
NiO/C-7 product, only urea and NiCl2:6H20 (0.2 g) were used as reaction mixture, while for
Fe304/C-8, urea and FeSOa4-7H20 (0.25 g) were taken as initial precursors (Table S1).

2.4 Material characterizations

The microstructure of surfaces of the prepared products was studied by scanning electron

microscopy (SEM, XL30-FEG). Transmission electron microscopy (TEM, JEM-2100F, JEOL)



characterization was applied to further observe the morphology and structure of the product. The
crystalline structure of materials was analyzed from X-ray diffraction (Bruker SMART APEX2)
analysis. The thermogravimetric analysis (TGA) was obtained from a thermal analyzer
(NETZSCH STA 449F3). Raman spectrum was acquired using Raman Microscope (JYHRS800).
Metals contents in samples were obtained using an inductively coupled plasma optical emission
spectrometer (ICP-OES. PerkinElmer Avio™ 200). Brunauer-Emmett-Teller (BET) surface area
was obtained from the specific surface porosity analyzer (ASAP2020 Mack instruments). The
analysis of the chemical composition of products was studied using X-ray photoelectron
spectroscopy (XPS, AXIS ULTRA).

2.5 Electrochemical measurements

All electrochemical tests were carried out using a three-electrode cell on an electrochemical
workstation. A glassy carbon, graphitic carbon rod (dimension: diameter and length are 7 mm and
5 cm, respectively), and Hg/HgO electrode were used as working, counter, and reference
electrodes, respectively. The homogeneous ink for the working electrode was prepared by
dispersing 4 mg of catalyst and 30 pL of Nafion solution (5 wt %) in 970 pL of ethanol and
sonicated for 30 min. Then, 5 pL drop of ink was put on a glassy carbon electrode and
electrochemical tests were performed after dried in air. Before linear sweep voltammetry (LSV),
cyclic voltammograms (CVs) were performed between 0 and 0.7 V versus Hg/HgO in 1 M KOH
aqueous solution at a scan rate of 100 mV s for 50 cycles. The LSV was measured at a scan rate
of 5 mV. The double-layer capacitance (Car) values were calculated from the CV curves with a
potential window of 0 to 0.1 V vs. Hg/HgO at different scan rates. Electrochemical impedance

spectroscopy (EIS) measurements were carried out in the frequency range of 100 kHz to 100 mHz



of an AC voltage of 5mV in 1 M KOH solution. The potential is expressed to those vs. a reversible
hydrogen electrode (RHE).

The turnover frequency (TOF) values were calculated assuming that all Ni or Fe ions in the
composites are active and participating in the OER catalytic reaction. The TOF values were
calculated as follows.

TOF = jS/4Fn

Where j is the measured current density (mA cm) at n=0.35 V; S represents the surface area of
glassy carbon electrode (0.0707 cm?); 4 is the number of electrons per O2 molecular. F (96485.3
C mol™?) is Faraday constant; n is the moles of Ni or Fe ions in samples and calculated from the

loading amount of catalyst on the working electrode.

3. Results and discussion

3.1 Fabrication and characterization

The NisS2@FeNi-NiFe204/C composites were prepared by a simple one-step strategy as shown in
Scheme 1. The NiCl2 and FeSOs salts were dissolved into the respective Ni?*, CI*~, Fe?* and SO4>
ions in ethanol. At the same time, the urea molecules were also dissolved in the agueous solution.
The anion and cation of these salts interact with urea. After evaporation of the solvent, the
homogenous mixture of the anion, cation, and urea molecules is formed. During the heat treatment,
some Ni species reacted with sulfate ions and formed NisS2 nanostrips. Fe and the remaining Ni
ions were converted to FeNi alloy. The FeNi alloy partially oxides particularly on the surface to
form FeNi-NiFe204. Meanwhile, urea was converted into N-doped carbon and the residue gases

generated during the process were released with carries gas. As a result, the NisS:@FeNi-



NiFe204/C composite was formed as a final product. For the different compositions of

NisS2@FeNi-NiFe204/C composites and details of the synthesis process, (Experimental Section).
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Scheme 1. Illustration of the synthesis process of NisS2@FeNi-NiFe204/C composites.

The crystal structures of as-prepared NisS:@FeNi-NiFe204/C, Ni-NiO/C-7, and Fe304/C-8
samples were characterized and analyzed using XRD technique as shown in Fig. 1. The diffraction
peaks of the NisS2@FeNi-NiFe204/C composites would be indexed as a mixture of NisSz, FeNi,
and NiFe20s. The peak at about 21.7°, 30.9°, 37.7°,38.2°, 49.6°,49.9°, 54.6°, 54.9°, 55.1°, and 55.3°
can match well with (101), (110) (003), (021), (113), (211), (104), (122), and (300) crystalline
planes of heazlewoodite NisS2 (JCPDS card No. 44-1418), respectively. The diffraction peak at
about 44.1°, 51.4°, 75.8° can be associated (111), (200), (220) of FeNi alloy (JCPDS card No. 38-
0419) and those at 30°, 35.5° 56.8°, 62.5° can be attributed 220°, 311°, 511°, 440° of NiFe204
(JCPDS card No. 54-0964), respectively. The intensity of NisS2 phase gradually increases from
NisS2@FeNi-NiFe204/C-1 to NisS2@FeNi-NiFe204/C-3 and then decreases up to NisS2@FeNi-
NiFe204/C-6 composites. The strong intensities of NisSz2 peaks in NisS2@FeNi-NiFe204/C-3
sample indicate the presence high amount of NisSz phase. When only NiClz precursor and urea

were used in the same experimental conditions, the peaks at 44.5°, 51.8°, 76.3° are observed, which



are consistent with (111), (200), and (220) lattice plane of the metallic cubic Ni (JCPDS card No.
04-0850), respectively. On the other hand, when FeSO4 was treated with urea, the peaks at 30°,
35.2°, 37°, 43.9°, 53.2°, 56.7°, and 62.4° are observed, which are related to (220), (311), (222),
(400), (422), (511), (440) lattice planes of magnetite Fe3Os4 (JCPDS card No. 19-0629),
respectively. The very small peak shown by the asterisk is due to metallic Fe. No obvious
diffraction peaks of carbon are observed in XRD patterns. This is possibly due to their relatively

low diffraction intensity.
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Fig. 1. XRD patterns of the as-prepared samples. (i) NisS2@FeNi-NiFe204/C-1, (ii) NisS2@FeNi-
NiFe204/C-2, (iii) NisS2@FeNi-NiFe204/C-3, (iv) NisS2@FeNi-NiFe204/C-4, (v) NizS:@FeNi-
NiFe204/C-5, (vi) NisS2@FeNi-NiFe204/C-6, (vii) Ni-NiO/C-7, (viii) FesO4/NC-8. The standard
patterns of NisS2 (JCPDS No. 44-1418), NiFe204 (JCPDS No. 54-0964), FeNi (JCPDS No. 38-
0419), Ni (JCPDS No. 04-0850), Fe304 (JCPDS No. 19-0629) are also shown for references. The

weak peak denoted with an asterisk (*) is possibly attributed due to metallic Fe.

The morphology and microstructure of the composite were observed from the SEM and TEM

characterizations. Analysis of SEM images shows that the NisS2@FeNi-NiFe204/C-3 composite



iIs composed of a microsphere-like structure with irregular shapes (Fig. 2a). The sizes of these
microsphere-like structures are from sub-micrometer to a few micrometers. Careful observation
indicates that surfaces of most microspheres are wrinkles (Fig. 2b). The morphology of FeNi-
NisS2@FeNi-NiFe204/C-1 (Fig. Sla,b) and NisS:2@FeNi-NiFe204/C-2 (Fig. Sic,d) FeNi-
NisS2@FeNi-NiFe204/C-4 (Fig. Sle,f) and NisS2@FeNi-NiFe204/C-5 (Fig. S1g,h) samples are
very similar to that of NisS2@FeNi-NiFe204/C-3, while the NisS2@FeNi-NiFe204/C-4 sample
some small particles can also be seen (Fig. S1i,j). On the other hand, the Ni-NiO/C-7 (Fig. S1k,l)
and Fe204/C-6 (Fig. S1m,n) samples more particles can be seen. This may be due to Ni and Fe
precursors, which are mostly converted to Ni-NiO and FesOa4 particles embedded in carbon during
heat treatment. The particles observed in the NisS2@FeNi-NiFe204/C-6 sample are also due to the

low amount of Fe precursors in the reaction mixture.

Fig. 2. SEM images of NizS2@FeNi-NiFe204/C-3 catalyst at (a) low, and (b) high magnification.

The TEM and elemental mapping images of the NisS2@FeNi-NiFe204/C-3 composite are shown
in Fig. 3. The observation of TEM image also confirms that NizS2@FeNi-NiFe204/C-3 composite
has a microsphere-like structure with a wrinkle periphery (Fig. 3a). The rectangular flaky structure

can be seen in the microsphere (Fig. 3b). The microspheres are high transparency in those places,



where no flaky structures are observed. The wrinkle periphery and transference places may be
mostly N-doped carbon. The rectangular flaky structures were further magnified (Fig. 3c).
Actually, these rectangular flaky structures consist of nanostrips and several nanostrips in flakes
from single to few nanostrips. The areas of these nanostrips are ranging from hundreds of square
nanometers to several square micrometers. Some nanoparticles can be seen on the surface of
nanostrips (Fig. 3d). These nanoparticles are most possibly due to the FeNi-NiFe20a4 particles. The
high-resolution TEM (HRTEM) images show carbon consisting of both layers and amorphous
structures (Fig. S2a). The interlayer spacing of carbon is about 0.38 nm, indicating the
graphitization of carbon (Fig. S2b). Raman spectrum of the NisS:@FeNi-NiFe204/C-3 sample
also shows a well-defined D and G at 1365 and 1586 cm™, which is the characteristic of carbon
materials (Fig. S3). The Io/lc ratio is 1.9 which indicates the presence of graphitic carbon in the
composite. The HRTEM images of typical nanostrips and nanoparticles clearly display lattice
fringes and well-defined interfaces (Fig. 3e-g). The lattice fringes with a spacing of about 0.208
nm are consistent with the (111) lattice plane of FeNi alloy and spacing of about 0.25 nm on the
surfaces of FeNi alloy consistent (311) lattice plane of NiFe204 (Fig. 3e). The lattice fringes with
spacing 0.24 nm are matched with (021) of NisSz and lattice fringes with spacing 0.28 of (110)
lattice plane indicate the layer of NisSz2. The (111) crystal planes of FeNi alloy with a lattice
spacing of 0.208 nm on surface (211) crystal planes of NisSz can also be observed (Fig. 3g). The
well-defined interfaces between NiszSz2 nano strip and FeNi-NiFe2Ss nanoparticles can boost the
OER performance due to synergistic effects.

Elemental distributions of the composite were scanned by EDS measurement attached with
TEM. Fig. 3h shows the dark field images of the product. The elementary mapping images of Ni,

S, Fe, C, N, and O are shown in Fig. 3i-n, respectively. The Ni and S show homogenous



distributions in the composites suggesting that these flakes are composed of Ni and S. The dense
and light signals of the Fe elements indicate the presence of Fe in nanoparticles. It can be seen that
carbon signals are more obvious at the edges of the microsphere and N content is weaker,
suggesting N-doped carbon enveloped the NisS:@FeNi-NiFe204 species.

The Ni and Fe contents in the as-prepared samples were determined by inductively coupled plasma
as listed in Table S2. The Fe content in the composites sequentially decreases from sample
NisS2@FeNi-NiFe204/C-1 to NisS2@FeNi-NiFe204/C-6. The weight loss of NisS:2@FeNi-
NiFe204/C-3 composite was determined by TGA as shown in Fig. S4a. The weight loss is about
6 % below 300 °C, which may be ascribed to the loss of adsorbed water. On further heating, no
weight loss occurred which confirms the thermal stability of the composites. However, surfaces of
the composite are oxidized after synthesis. The weight loss (7 %) can be seen after 600 °C, which
may be due to the oxidation of carbon and sulfur, to CO2 and SO2 species, respectively. The total
weight loss of NisS2@FeNi-NiFe204/C-3 composite up to 700 °C is about 13 %, indicating the
good stability of composites. The specific surface area of the NisS2@FeNi-NiFe204/C-3 sample

is 13.2 m? g1, measured by the BET analyses (Fig. S4b).
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Fig. 3. (a-d) TEM and (e-g) HRTEM images of the NisS2@FeNi-NiFe204/C-3 sample. (h) Dark-

field TEM image and (i-n) element mapping images of NizS:@FeNi-NiFe204/C-3 catalyst.

The XPS analysis was performed to determine the valance states and elemental composition
of the sample. The survey XPS spectrum of NizsS:@FeNi-NiFe204/C-3 displays peaks for Ni, Fe,
C, S, N, and O elements and for comparison, the survey XPS spectra of Ni-NiO/C-7 and Fe3z04/C-
8 are also shown in Fig. S5a. The XPS spectrum of Ni 2p region of NizS:2@FeNi-NiFe204/C-3 can
be deconvoluted into different peaks (Fig. 4a). The relatively weak peak at around 853 and 872 eV
can be associated with zero valance Ni of FeNi alloy and/or NisS2 strips [24,46,47]. The peaks
centered at 873.7 and 855.9 eV can be related to Ni 2p32 and Ni 2pu2, of Ni?* valance state,
respectively [47]. A pair of peaks at around 861.6 and 879.4 eV are ascribed to the satellite peaks

of Ni [47]. The peaks Ni 2ps2 and Ni 2p12 of Ni?* of NiFe-NiFe204@Ni3S2/C-3 composite are



shifted to slightly higher binding energy compared to Ni-NiO/C-7 sample. The blue-shifts indicate
electron transfer between Ni and Fe species in NiFe-NiFe204@NisS2/C-3 composite, which
promotes Ni to high oxidation states [48]. Previously, it is suggested that the high oxidation states
of metals can promote OER performances [49]. The Fe 2p can be deconvoluted into different
valance states and the satellite peaks (Fig. 4b). The small peak at 707.6 eV is due to metallic Fe
of zero valance states [40]. The peaks at around 710.8 and 713.6 eV of Fe 2ps2 band indicate the
presence of both Fe?* and Fe®* oxidation states of Fe, respectively [50,51]. Similarly, peaks at 723.8
and 226.1 eV of Fe 2p12 bands are also characteristic of Fe?* and Fe®" oxidation states of Fe,
respectively [50,51]. The broad spectra of Fe?* and Fe* oxidation states of Fe 2ps2 band in the
NiFe-NiFe204@Ni3S2/C-3 sample compared to FesO4/C-8 product is possibly due to interaction
between Ni and Fe species. The XPS spectrum of S 2p region is shown in Fig. 4c and can be
deconvoluted into different peaks. The bands' peaks around at 162 and 163.3 eV are associated
with binding energy S 2pszand S 2pur2, respectively and suggesting the presence of metal sulfides
[24]. The peak at high binding energy at 168.7 eV is related to sulfate species and possibly due to
the oxidation of sulfur species in the air [24]. The XPS spectrum of C 1s region displays an obvious
peak at 284.4 eV and can be related to the characteristic peak of carbon materials of C=C/C-C
bonds (Fig. 4d) [46,52,53]. The other peaks at 285.9 and 288.8 eV can be associated with carbon
bonded the C-N/C-0O and C=0 bonding species, respectively [46,52,53]. The XPS spectrum of N
Is, the peaks at 398.7, 399.9 and 401.1 eV can be attributed to pyridinic, pyrrolic, and graphitic
nitrogen respectively (Fig. Sbb) [46,52,53]. The high-resolution spectrum for the O 1s region is
shown in Fig. S5c¢. The peak at around 529.9 eV can be related to Metal-O bonds [48]. The peaks
at 531.4 and 532.8 eV are related to C-O/C=0 bonds and physic/chemisorbed water, respectively

[48].
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Fig. 4. High-resolution XPS spectra, (a) Ni 2p region of NiFe-NiFe204/Ni3S2/C-3 and Ni-NiO/C-
7 samples, and (b) Fe 2p region of NiFe-NiFe204/Nis3S2/C-3 and Fes04/C-8 samples. High-

resolution XPS spectra (c) S 2p region, and (d) C 1s region of NiFe-NiFe204/Ni3S2/C-3 sample.

3.2 Electrocatalytic OER performance

The as-prepared samples and 1rO2 catalyst are used as electrocatalysts for OER performance. The
OER activities of the sample were measured by a three-electrode set up in a 1M KOH aqueous
solution. Fig. 5a shows the LSV carves of as-prepared samples and IrO: catalyst. Generally, the
OER performance of the catalyst is estimated from the overpotential value at a current density of
10 mA cm, which is considered a metric relevant to solar fuel synthesis. The NizS:2@FeNi-
NiFe204/C-3 sample exhibits the best OER performance with an overpotential 280 mV at the
current density 10 mA cm2, which is better than that of IrO2 catalyst. The LSV carve of Ni-NiO/C-

7 and Fe304/C-8 sample reveals the lower catalytic activity for OER performance and requires an



overpotential of 567 and 617 mA at the current density 10 mA cm?, respectively. The
NisS2@FeNi-NiFe204/C-1 (378 mV), NisS2@FeNi-NiFe204/C-2 (296 mV), NisS:2@FeNi-
NiFe204/C-4 (390 mV), NisS2@FeNi-NiFe204/C-5 (410 mV), and NisS2@FeNi-NiFe204/C-6
(456 mV) composites also displayed better OER performance at current density 10 mA cm2 than
those of Ni-NiO/C-7 and Fe304/C-8 catalysts (Fig. 5b). In the case of as-prepared samples, the
overpotential at current density 10 mA cm of NisS:@FeNi-NiFe204/C composites, firstly,
increases and then decreases by adding more FeSO4 precursor to the reaction mixture, and optimal
sample of NisS:@FeNi-NiFe204/C-3 is observed for the OER performance. This suggests that
optimal ratio NisS2 nanostrips and FeNi-NiFe204 nanoparticles are in NizsS2@FeNi-NiFe204/C-3
sample and formed heterointerfaces as catalytic active sites for outstanding OER performance.
This clearly indicates that the enhanced catalytic activity can be ascribed to the synergistic effect

between NisS2 nanostrips and FeNi-NiFe204 nanoparticles.
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Fig. 5. () LSV curves and (b) comparison of overpotentials for a current density of 10 mA cm™
of the as-prepared samples and 1rO2 catalyst. (c) The corresponding Tafel slopes are obtained from

LSV curves of “a”. (d) comparison of Tafel slopes of as-prepared samples and 1rO: catalyst.

To further understand the performance of electrocatalysts, Tafel plots are calculated from the
LSVs curves (Fig. 5¢). The Tafel slope is obtained by fitting linear portions of LSV curves into
the Tafel equation. The Tafel slope of the NizS2@FeNi-NiFe204/C-3 composite is 33.9 mV dec?

which is smaller than those of 1rO2 (48.8 mV dec™), NisS:@FeNi-NiFe204/C-1 (61.9 mV dec™),



NisS2@FeNi-NiFe204/C-2 (45.3 mV dec?), NisS2@FeNi-NiFe204/C-4 (62.2 mV dec?),
NizS2@FeNi-NiFe204/C-5 (66.2 mV dec?), NisS:@FeNi-NiFe204/C-6 (70.7 mV dec?), Ni-
NiO/C-7 (93.5 mV dec?), and Fes04/C-8 (137.1 mV dec™) (Fig. 5d). Comparative analysis of the
above results and discussion led us to conclude that NisS:@FeNi-NiFe204/C-3 composite has
favorable reaction kinetics and thus shows better OER performance. While the relatively high
Tafel slope value of other samples indicates the slow reaction kinetics. The NisS2@FeNi-
NiFe204/C-3 sample shows comparable or better catalytic activity than those of NiFe204 and NisSz
based materials (Table S3) such as NiFe204 nanosheets (nio= 1.69 V vs. RHE) [43], NiFe204
quantum dot (n10= 262 mV) [44], Ni-Ni3sS2 nanoparticles encapsulated in N-doped carbon matrix
(m10=284.7 mV) [54], BG@Ni/ Ni3S2 (n100 = 320 mV) [55], and NizS2@C (n100 = 298 mV)[56] are
reported on glassy carbon electrode.

It is observed that oxygen evolution occurs at high overpotential in low concentration alkaline
solution and more facile in strongly alkaline solution. However, oxygen evolution is equally
important in both low and high concentration solutions from viewpoint of devices. For example,
oxygen evolution is commonly performed in a 0.1 M KOH solution in a metal—air battery [57],
while water splitting is usually performed in a high concentration alkaline solution [58]. We also
performed the OER catalytic activity of the best sample in 0.1 and 6 M KOH solution. The
overpotential of the NisS2@FeNi-NiFe204/C-3 composite sample is 360 and 232 mV at a current
density of 10 mA cm™? in0.1 and 6 M KOH solution, respectively (Fig. S6a). The Tafel slope of
the NizS2@FeNi-NiFe204/C-3 composite is 90 and 30.1 mV decin 0.1 and 6 M KOH solution
(Fig. S6b), respectively. Interestingly, NisS2@FeNi-NiFe204/C-3 composite displays better OER
performance in 0.1 M KOH solution than those of Ni-NiO/C-7 and Fe304/C-8 catalysts in 1 M

KOH solution. It also shows superior OER compared to transition-metal-based composites, such



as Co3Oa/porous carbon (o= 360 mV) [59], FeCoOx (o = 400 mV) [60], cobalt carbonate
hydroxide/C (n10 = 470 mV) [61], and MOF-derived Ni"Fe""@NC (nwo = 360 mV) [62], and
Ni'"Fe!'@NC catalyst (n10 = 394 mV) [62].

The improved catalytic activity of the catalyst is mainly due to increased numbers of active sites
on its surface area or enhanced intrinsic activity of each active site. To reveal the high catalytic
activity of as-prepared samples, the electrochemical surface area (ECSA) of these products was
investigated by measuring the double-layer capacitance (Ca). The CV curves of the as-prepared
catalysts are shown in Fig. S7a-h. The Cai value is in a positive relationship with ECSA and thus
is usually used to describe the ECSA. The Ca value of Fe304/C-8 and Ni-NiO/C-7 are 0.033 and
0.052 mF cm?, respectively (Fig. 6a), indicating the smaller number of active sites. The Cai values
of the composite catalysts are 0.12. 0.16, 0.35, 0.10, 0.099, and 0.058 mF cm? for NiFe-
NiFe202@Ni3S2/C-1, NiFe-NiFe20:@NisS2/C-2, NiFe-NiFe20:@NisS2/C-3, NiFe-
NiFe204@Ni3S2/C-4, NiFe-NiFe204@Ni3S2/C-5, and NiFe-NiFe204@Ni3S2/C-6, respectively.
The Cai of NiFe204@Ni3S2/C-3 sample is 6.7 and 10.6 times higher than those of Ni-NiO/C-7 and
Fe304/C-8, respectively, and also higher than other prepared composites. The increase in Cai values
NiFe-NiFe204@Ni3S2/C composites clearly indicates the presence of heterointerfaces, which act
as active catalytic sites for OER performance. The Fe and Ni contents were measured in the as-
prepared composites to normalize the catalytic active sites. The TOF values of Ni (TOFni) and Fe
(TOFre) were calculated (Table S4). It is observed that the TOFni and TOFre values of the
optimized NiFe-NiFe204@Ni3S2/C-3 samples are 0.0418 and 0.0484 s*, respectively. These
observations suggest large numbers of heterointerfaces that enhance the activity of each catalytic

site and consequently improve the OER catalytic performance.



The OER performance of Ni-NiO/C-7 and Fe304/C-8 samples alone are very poor, while NiFe-
NiFe204@Ni3S2/C composites show an enhanced catalytic activity toward OER. The metal-based
compounds, where metal is an active center for the OER in basic solution. The OER process
proceeds through various intermediates including M—OH, M=0, and M-0-OH (M = metal active
center) at active centers[63,64]. To release oxygen molecules in bimetallic composites, both single
and dual-site mechanisms have been proposed [64,65]. In the single-site mechanism, it is proposed
that nucleophilic attack of OH™ on M=0 results in the formation of O-O bond [64,66], while in
the dual-site mechanism, the formation O-O bond arises from M-O-O-M’ linkage [66-68]. For
NiFe heterojunction composites, Ni site is believed to act active centers and induces OER process
by high valent Ni=O or NiOOH intermediate and Fe enhances the oxidation of near Ni sites. On
the other hand, Fe has been suggested as the active site and Ni is only a synergistic agent that acts
as conductive support.

In the case of NiFe-NiFe204@NisS2/C-3 catalyst, the strong coupling between NisS2
nanostrips and NiFe-NiFe204 particles facilitates and forms heterointerfaces. The strong electronic
interactions at the interfaces play an important role in the improved OER performance. The XPS
results show the electronic interactions and electron transfer process between Fe and Ni in the
composite of NiFe-NiFe204 and NisSz species. The transfer of electrons occurs from Ni to Fe sites
and induces the Ni to high oxidation states. This modifies the electronic structure of metal sites at
heterointerfaces. On the other hand, the anion also affects the electronic structure of metal sites.
The anion in the NisS2 species is an S element while that of NiFe-NiFe20a4is an O element. Most
active centers may be located on the heterointerfaces. Assuming these factors, the OER process

follows the dual site's mechanism (Fig. S8).



The metals sites are under coordinated and bonded to OH™ ions in the alkaline condition. The OH~
groups absorbed on Ni (Ni-OHoads) and Fe (Fe—OHags) sites and mainly on Ni sites are due to high
oxidation and electron transfer between Ni and Fe. The bonded OH™ groups on the adjacent metal
sites coupled through hydrogen bonding and exchange protons, which transferred to energetically
favor Ni—O-Fe species. This can further transfer to Ni-O—O-Fe intermediate by breakdown Ni—
O-Fe species. The O-0 bonds are possibly attached to Ni (Ni-OO) sites due to the high oxidation
of Ni and Fe, which enhance oxidation of Ni sites. The Ni-OOH species absorbed another OH~
species and release the oxygen molecules. The carbon provides a conductive channel for composite
catalysts and also effectively protects the NisS2@FeNi-NiFe204 catalyst from agglomerating and
dropping out from the microsphere.

The electrochemical impedance spectroscopy (EIS) test was conducted to investigate the OER
Kinetics at the electrode/electrolyte interface in 1 M KOH solution. The Nyquist plots are shown
in Fig. 6b, which is fitted with an equivalent circuit (inset of Fig. 6b) and reveals the charge-
transfer resistance (Rct) of as-prepared samples. The Rct values of the NiFe-NiFe204@Ni3S2/C-1,
NiFe-NiFe204@NisS2/C-2,  NiFe-NiFe204@NisS2/C-3,  NiFe-NiFe204@NisS2/C-4,  NiFe-
NiFe20s@Ni3S2/C-5, NiFe-NiFe204@Ni3S2/C-6, Ni-NiO/C-7, and Fe304/C-8 catalysts are 138.8,
74.28, 23.4, 27.6, 170.2, 219.1, 875.6, and 1674 Q, respectively. The NiFe-NiFe204@Ni3S2/C-3
sample shows the lowest Rt value due to the high metallic nature of NisS2 and high conductive
carbon.

After the outstanding OER activity of NisS2@FeNi-NiFe204/C-3 sample, its stability was also
studied. The stability of the composite catalyst was confirmed from both the CV cycling and the
i-t test. The LSV curves are measured for fresh and after 1500 CV cycles, are shown in Fig. 6c.

The sample shows almost similar LSV compared to the fresh one, and negligible decay of OER



performance after 1500 CV cycles, which indicates high stability of our catalyst. The NizsS2@FeNi-
NiFe204/C-3 composite sample was characterized by XRD, SEM, TEM, and XPS after 1500 CV
cycles. XRD patterns (Fig. S9) show that the main diffraction peaks of fresh and used
NisS2@FeNi-NiFe204/C-3 composite are consistent and display good stability. The SEM images
still show a microsphere-like structure with some surface modification (Fig. S10a,b). The TEM
image further revealed microsphere-like morphology (Fig. S10c) and rectangular flaky structures
can be clearly observed, which are embedded in carbon (Fig. S10d). The survey XPS spectrum of
shows peaks for Ni, Fe, S, C, N, and O (Fig. S11a). The Ni 2p region shows peaks for Ni 2ps.
(873.85 eV) and Ni 2p32 (856.10 eV) of Ni?* and two satellite peaks (Fig. S11b). The slightly
shifting to the high binding energy of Ni?* suggests further oxidation of Ni. The obvious change
in Fe 2p peaks also indicates oxidation of Fe during the OER process (Fig. S11c). The peaks of

the binding energy of S 2ps2 (162.3 cV)
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Fig. 6. (a) Calculated Cai values. (b) Nyquist plots of as-prepared electrocatalysts and inset show

the equivalent circuit used to fit the experimental data. (c) LSV curves of NisS2@FeNi-NiFe204/C-

3 sample at the initial and after 1500 CV cycles. (d) Amperometric tests curve of NisS:@FeNi-

NiFe204/C-3 and IrO2 catalysts.

and S 2p12(163.6 eV) in XPS spectrum of S 2p region became very weak, while peak intensity for

sulphate species is much higher (Fig. S11d). This also suggests that the surface of S? is mostly

converted to SO?4 ions. No obvious changes are observed in C 1s (Fig. S11e) and N 1s spectra

(Fig. S11f). It means that most N-doped carbons are inactive during the OER process. Furthermore,

the i-t test of the NisS2@FeNi-NiFe204/C-3 and 1rO2 catalysts are investigated for long-term

stability Fig. 6d. The difference in current density between initial and after 12 h of continuous



operation is only 0.3 and maintained 96.7 % of the current density, while 1rO2 losses current
density of about 17.5 %, confirming the high stability of our product. The long-term stability of
our composite can also be associated with N-doped carbon which effectively protects the

NisS2@FeNi-NiFe204/C-3 from agglomerating.

4. Conclusion

In conclusion, a simple and low-cost heat-treatment method has been developed to synthesize the
NisS2@FeNi-NiFe204/C-3 microspheres. Among the as-prepared samples, NisS:@FeNi-
NiFe204/C-3 catalyst displays excellent OER performance with an overpotential of 280 mV at 10
mA cm current density, small Tafel slope of 33.9 mV dec™, and good stability. It is believed that
the enhanced electrocatalytic OER performance was due to the synergistic effect of
heterointerfaces between NisSz2 nanostrips and FeNi-NiFe20s nanoparticles. Therefore,
NisS2@FeNi-NiFe204/C composites materials will be a promising and precious metal-free catalyst

for OER.
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