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The development of economic and efficient bifunctional water-sptting catalysts in case of the oxygen
evolution reaction (OER) and hydrogen evolution reaction (HER) is of considerable practical
significance. Herein, a hierarchical porous NiS@NiO nanoarray with a large surface area was prepared
in situ on nickel (Ni) foam as a water-splitting catalyst via a simple hydrothermal method. The core—
shell NiIS@NIiO/NF hybrid exhibits an excellent bifunctional performance with low overpotentials of 150
and 319 mV to achieve an HER current density of 10 mA cm2 and a large OER current density of 100
mA cm?, respectively, in the 1.0 M KOH solution because of its high specific surface area and the
interface between the two phases. Furthermore, NiIS@NiO/NF exhibits a cell voltage of 1.54 V for
overall water splitting and extremely high stability for more than 50 h at 10 mA cm™2. This study will
help to design and develop high-performance hybrid nanomaterials via interfacial engineering for
obtaining clean energy conversion technologies.
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1. INTRODUCTION

The current energy deterioration and environmental problems have motivated researchers to seek
new fossil fuel alternatives [1-3]. Hydrogen has been considered to be a potential efficient, renewable
and environment-friendly clean energy source [4-7] because of its advantages such as abundant reserves,
no carbon emissions and sustainablility. Among various hydrogen production methods, the electrolysis
of water is considered to be one of the most promising approaches because of its simple operation and
high conversion [8-10].

The electrolysis of water can be categorised into two parts, the oxygen evolution reaction (OER),
where the oxygen element occurring at anode loses electrons to generate oxygen, and the hydrogen
evolution reaction (HER), where the hydrogen element occurring at cathode gains electrons to generate
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hydrogen. However, a high overpotential considerably higher than the theoretical value is necessary to
drive OER and HER because of their intrinsically sluggish catalytic kinetics [11-14]. Therefore, a highly
efficient bifunctional electrocatalyst has to be developed for both OER and HER. Currently, noble metal
oxides, including RuO., IrO and their alloys, exhibit state-of-the-art OER performance [15,16] and Pt-
based catalysts serve as the HER benchmark [17,18]. They exhibit limitations, including scarcity of
reserves, high price, low stability and single catalytic function; therefore, these noble metal-based
catalysts cannot be applied on a large scale in industrial production. Hence, earth-abundant
electrocatalysts exhibiting remarkable bifunctional activity as well as stability is urgently required for
overall water splitting.

Recently, transition metals (e.g. Co, Fe, Ni and Mo) and their compounds have been extensively
used to study the electrochemical overall water-splitting catalysts [19-26]. Cobalt-based catalysts are
proved to exhibit a high electrochemical catalytic performance as well as strong corrosion resistance and
stability in a concentrated alkaline environment [27-30]. In particular, cobalt oxides have been
considerably investigated because of their simple preparation. However, their inherent poor conductivity
and low HER performance limit their practical application. To address the aforementioned problems,
catalysts are usually modified by increasing the active area, optimising the intrinsic activity, enhancing
the conductivity, etc. The introduction of heterogeneous interface is a good methodology to improve the
conductivity of the catalyst because the electrons tend to be delocalised; further, the delocalised electrons
would decrease the adsorption energy of the intermediate to enhance the intrinsic activity. Recently,
noble metal doping has been considered to be the main method for introducing a heterogeneous interface.
However, precious metals are expensive and cannot be utilised on a large scale; therefore, the transition
metal sulfide that exhibits similar properties to those of the precious metal issued as the substitute of
precious metal to introduce heterogeneous interface[17].

Herein, a three-dimensional (3D) hierarchical porous microsheet, which comprises NiS
nanoflakes supported on the NiO substrate to form a core—shell microstructure array coated on the Ni
foam (NF, designated as NiS@NiO/NF), was synthesised via a simple one-step hydrothermal sulfuration
method for application to overall water splitting in alkaline medium for the first time. This core—shell
structure enhances the contact area of the electrolyte using a catalyst and introduces abundant coupled
interfaces between NiS and NiO, providing a large number of active sites that exhibit high reactivity for
the catalytic reactions. Additionally, the binder-free catalyst that is grown in situ on nickel foam exhibits
fast electron transfer rates and long-term stability. The electrochemical results denote that the
NiS@NIO/NF electrode exhibits superior catalytic performance with low overpotentials of 150 mV for
HER to achieve a current density of 10 mA cm2 and 319 mV for OER to achieve a high current density
of 100 mA cm2 in the 1.0 M KOH solution. The NiS@NiO/NF electrode delivers a low cell voltage of
1.54 V at 10 mA cm2 for water electrolysis. These results indicate that the unique hierarchical structure
can provide sufficient contact area and that the introduced heterointerface between NiS and NiO can
afford highly reactive sites, resulting in the remarkable bifunctional electrochemical performance of
overall water splitting.
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2. EXPERIMENTAL SECTION

2.1. Material preparation

Nickel nitrate 6-hydrate (Ni(NO3)2-6H20, 99.99%), sodium sulfide nonahydrate (Na>S-9H-0O,
99.0%) and ruthenium (1V) oxide (RuO.) were purchased from Adamas Reagent Co. Ltd. Urea
(CO(NH2)2, 99.0%) was purchased from Sinopharm Chemical Reagent Co. Ltd. Ammonium fluoride
(NH4F, 96.0%) was purchased from Tianjin Fengchuan Chemical Reagent Technology Co. Ltd. Ethanol
(C2Hs0H, 99.7%) and isopropyl alcohol ((CH3).CHOH, 99.8%) were purchased from Tianjin Kemiou
Chemical Reagent Co. Ltd. Nafion perfluorinated resin solution (5 wt.% in a mixture of lower aliphatic
alcohols and water, containing 45% water) was prepared by Sigma Aldrich Co. Ltd. Pt/C (20 wt.%) was
purchased from Shanghai Hesen Electric Co. Ltd. Acetone (CH3COCHs3, 99.5%), hydrochloric acid
(HCI, 36%) and deionised (DI) water were purchased from Milli-Q. All the aforementioned reagents
were of analytical grade and were used without any further purification. The Ni foams (2 cm x 3 cm)
were successively pre-washed using acetone, hydrochloric acid (diluted to 6%), DI water and ethanol
thrice and were stored in ethanol before use.

2.2. Preparation of the NiCO3:2Ni(OH).-4H>O/NF precursor

First, 0.6 g (1 mmol) of urea, 0.148 g (4 mmol) of NH4F and 0.58 g (2 mmol) of Ni(NOz)2-6H.0
were completely dissolved in 40 mL of DI water via ultrasonic shaking. Subsequently, the mixture was
transferred into a 50-mL Teflon-lined stainless steel autoclave. A piece of pretreated Ni foam (2 cm x 3
cm) was placed in the solution and thoroughly mixed via ultrasonic shaking for 10 min to ensure that the
nickel foam was in complete contact with the solution. Then, the stainless steel autoclave was placed in
an electric oven maintained at 90 °C for 10 h for ageing. As the reactor was cooled to the room
temperature, a series of uniform nanosheet NiCOz 2Ni(OH)2 4H>O/NF precursor was grown on the Ni
foam, cleaned using DI water and ethanol thrice and finally dried at 60 °C in an electric oven.

2.3. Preparation of NiO/NF

NiCOz3-2Ni(OH)2-4H,O/NF was added to a muffle furnace and annealed at 300 °C in air for 2 h
to prepare NiO/NF.

2.4. Preparation of NiS@NiIO/NF

Different quantities of Na.S-9H»0 (0.2, 0.4, 0.6, 1.0 and 1.2 g) were completely dissolved in 40
mL of DI water via ultrasonic shaking. Subsequently, the solutions were transferred into 50-mL Teflon-
lined stainless steel autoclaves along with the dried NiO/NF, and the autoclaves were heated to 120 °C
for 10 h. After the reactor was cooled to room temperature, it was rinsed and dried, and samples
exhibiting four different sulfurisation degrees with an average loading capacity of 1 mg cm™2 were
obtained.
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2.5. Preparation of NiS/NF

Na>S-9H.O (2.0 g) was completely dissolved in 40 mL of DI water via ultrasonic shaking.
Subsequently, the solution was transferred into 50-mL Teflon-lined stainless steel autoclaves along with
the dried NiO/NF, and the autoclaves were heated to 120 °C for 14 h. After the reactor was cooled to
room temperature, NiS/NF was obtained by rinsing with DI water thrice.

2.6. Material characterisation

The phases of the samples were characterised using X-ray diffraction (XRD) (Rigaku D/Max
2500 V/PC), equipped with a Cu Ka source at 40 kV and 200 mA scanning from 10° to 80° at a rate of
6° min~t. Further, the micromorphology of the samples was determined using a scanning electron
microscope (SEM) (Hitachi S-4800, 15 kV), equipped with an energy-dispersive spectrometer (EDAX
Genesis XM2), and a transmission electron microscope (TEM) (JEOL JEM-2100F) operated at 200 kV.

2.7. Electrochemical measurements

The electrochemical catalytic activity (HER and OER) measurements were performed in a
standard three-electrode system controlled on a CHI760e electrochemical workstation in a 1.0 M KOH
solution at room temperature. A platinum plate exhibiting dimensions of 1 cm x 1 cm was used as the
counter electrode, whereas the mercuric oxide electrode (MOE) served as the reference electrode. The
prepared electrode materials, which were cut into pieces of 1 cm x 1 cm, were considered to be the
working electrode. The contrast electrode samples of Pt/C/NF and RuO2/NF were prepared based on the
following steps. First, 3 mg of Pt/C (20 wt.%) or RuO2 was dispersed in 970 uL of isopropyl alcohol.
Second, 30 uL of 5 wt.% Nafion were added into the solution as the binder; subsequently, the solution
was sonicated for at least 30 min for preparing the catalyst ink. Finally, 350 uL of the catalyst ink (with
a loading capacity of 2 mg cm2) was dropped on the Ni foam with dimensions of 1 cm x 1 cm. The
MOE reference electrode was adjusted against the reversible hydrogen electrode (RHE) using the
following equation: Erne) = Eqvor) + 0.059 x pH + 0.098 V. The linear sweep voltammetry (LSV) curves
were measured using a scan rate of 5 mV s%, and multi-cyclic voltammetry (CV) cycling was conducted
from 0 to 0.9 V vs. MOE for the OER and from —0.7 to —1.5 V vs. MOE for the HER at a scanning rate
of 50 mV s, The geometric double layer capacitances (Ca)) were determined based on the CV curves
at different scanning rates (5, 10, 25, 50 and 100 mV s™?) in the potential range from —0.05 to 0.05 V vs.
MOE. The electrochemical impedance spectroscopy (EIS) measurements were conducted at 0.7 V vs.
MOE for the OER and —1.35 V vs. MOE for the HER from 10° to 0.1 Hz with an AC potential amplitude
of 5 mV. The overall water-splitting catalytic performance of the materials was measured using a two-
electrode system, which was controlled from the CHI760e electrochemical workstation, ina 1.0 M KOH
solution maintained at room temperature. Two identical electrode materials that we have prepared were
used as anode and cathode and served as the catalysts to OER and HER; in case of the contrast electrode
samples, RuO2/NF was used for the OER on the anode, whereas Pt/NF was used for the HER on the
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cathode to obtain an electrolytic water system. CV and LSV measurements were performed at scan rates
of 50 and 5 mV s%, respectively.

3. RESULTS AND DISCUSSION
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Figure 1. Schematic of the preparation of the NiIS@NiO/NF hybrid porous electrode.

The schematic of the preparation of NiIS@NIO/NF is illustrated in Fig. 1. The NiS nanoflakes
that were supported on NiO having a high surface area were obtained through various processes,
including hydrothermal, oxidation and ion exchange growth sulfurisation. NiCOz-2Ni(OH).-4H>O/NF
was initially deposited on the Ni foam via the hydrothermal method and was subsequently annealed in
the air at 300 °C for 2 h to form the NiO/NF precursor. This can be achieved by decomposing the released
H20 and CO.. Subsequently, the sulfur element in the solution combined with the dispersed nickel ions
and formed NiS nanoflakes, which assembled on the NiO matrix via a simple and stable one-step
hydrothermal sulfurisation process to form the NiS@NiO/NF sample. A large number of nanofilms not
only provide more interface but also enhance the specific surface area of the catalyst. Further, four
samples with different sulfide content were synthesised and their electrochemistry performances were
measured to determine the optimum sulfur ratio. The corresponding SEM images of the samples with
different sulfide content are presented in Fig. S1, and the optimal sample was designated as
NiS@NiO/NF.

The phases and morphological characterisation of the prepared samples are presented in Fig. 2.
The NiS@NIO/NF phases were revealed via the XRD patterns (Fig. 2a). In addition to the clear nickel
peaks observed when 2-theta = 44.5°, 51.8° and 76.4°, diffraction peaks that corresponded to NiS
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(JCPDS 02-1280) and NiO (JCPDS 44-1159) could be observed, indicating the successful synthesis of
the NiS and NiO compound [31,40,44]. Fig. 2b presents the nanosheet array of the NiO grown on the
Ni foam, which exhibits a smooth surface.

(a) # NiO i l
« NiS

NiS@NiO/NF

Intensity (a.u)

30 40 50 60
2-Theta (degree)

Figure 2. (a) XRD pattern of NiIS@NiO/NF and SEM images of (b) NiO/NF, (¢) NiS@NiO/NF and (d)
NiS/NF.

The NiIS@NIO/NF, as can be observed in Fig. 2c, was obtained via the sulfuration of NiO/NF.
The surface of the NiO nanosheets was corroded by S*~ and resulted in the in situ formation of a large
number of NiS nanoflakes, which constituted a 3D porous structure. Because of the anion exchange
growth achieved via a mild sulfurisation process, the sheet-like structure as a bracket was preserved to
provide considerable amount of growth areas for obtaining a large number of NiS nanoflakes. This
hierarchical structure exhibits an extremely high specific surface area and a heterogeneous interface to
provide a large number of electrochemically active sites. Fig. 2d denotes the non-bracketed NiS flakes
grown on the Ni foam. It is evident that NiS@NiO/NF exhibits a larger surface area than NiO/NF and
NiS/NF due to a suitable vulcanization, this greatly facilitates the catalytic reaction.

The morphological structure of NiS@NiIO/NF was characterised via a TEM to present the
observations obtained at various magnifications. Fig. 3a denotes the complete morphology of the
NiS@NiO nanosheet with a diameter of approximately 400 nm, which was wrapped by plenty of small
NiS nanoflakes.
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Figure 3. (a) Low-resolution and (b) high-resolution transmission electron microscope images of
NiS@NiO/NF.

Furthermore, the layered structure, rich porous structure and exposed heterogeneous interface

can be observed.
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Figure 4. (a, b) OER and (c, d) HER performances for NiO/NF, NiS@NiO/NF, NiS/NF, bare NF,
commercial Pt/C and RuO2 in 1 M KOH. (a), (c) Polarisation curves of the samples at a scan rate

of 5mV sL. (b), (d) Corresponding Tafel plots derived from the polarisation curves.

The improvement in surface area, which results in the high catalyst performance, can be
attributed to the observed structures. In Fig. 3b, a core structure with a spacing of 0.24 nm was
represented by the (101) nanocrystalline plane belonging to the NiO phase; in the shell part, the crystal
plane with a spacing of 0.20 nm can be defined to represent the (102) plane of NiS. This result is in
agreement with the obtained XRD result, denoting the presence of a distinct heterogeneous interface
structure between the NiS and NiO phases, which provide sufficient high-activity sites. It is well known
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that rich interface which cannot find in NiO/NF and NiS/NF can provide a large number of active sites
for catalytic reactions, which will greatly facilitate OER and HER on the catalyst surface. Further, the
NiS@NiO/NF sample exhibited a 3D layered porous structure with the NiO nanosheet core being
wrapped by the NiS nanoflake shell.

A standard three-electrode electrochemical device was established in a 1.0 M KOH electrolyte
to evaluate the bifunctional electrocatalytic activity of the prepared samples. First, the LSV polarisation
curve was verified to determine the sample exhibiting the optimal vulcanisation degree. Based on the
performances of the HER and OER, the sample treated using 0.8 g sulfur, represented as NiS@NiO/NF,
was observed to exhibit the most outstanding catalytic performance. Also, the bare NF and commercial
RuO- loading on the Ni foam (RuO2/NF) were tested for comparison under identical conditions. As
shown in the OER LSV curves of Fig. 4a, NiS@NiO/NF only requires an overpotential of 319 mV to
achieve a large current density of 100 mA cm2, which is significantly less than those required by the
bare Ni foam (706 mV), NiS/NF (492 mV) and NiO/NF (503 mV). This indicates that the nanointerfaces
between NiS and NiO play an essential role in reducing the OER overpotentials. Furthermore, the
presented OER performance of NiS@NIO/NF considerably exceeds that of the state-of-art RuO; (515
mV) and ranks one of the most active precious-metal-free electrocatalysts previously reported (as seen
in Table 1) [31-35]. The fitted Tafel value of the NiS@NiO/NF catalyst is 58.1 mV dec?, which is less
than those of NiO/NF (177.3 mV dec %), NiS/NF (182.4 mV dect), RuO2/NF (148.1 mV dec ) and bare
NF (188.9 mV dec), thereby exhibiting considerably favourable OER kinetics. To fabricate
bifunctional electrocatalysts for water splitting, the HER activities of all the prepared samples and
commercial Pt/C were evaluated (Fig. 4c). NiIS@NiO/NF exhibited the optimal performance at a current
density of 10 mA cm™2 with an overpotential of 150 mV, which is considerably less than those of NF
(263 mV), NiO/NF (217 mV) and NiS/NF (184 mV). This is superior to those of the transition-metal-
based nanocatalysts reported in literature (as seen in Table 2) [31-35]. The Tafel slope of NiS@NiO/NF
for the HER is 95.0 mV dec? (Fig. 4d), which is considerably less than those of NiO/NF (137.6 mV
dec™), NiS /NF (161.6 mV dec ™) and NF (243.9 mV dec™?). This denotes that the NiS@NiO coupling
heterointerfaces are beneficial for the enhanced HER reaction kinetics corresponding to the Volmer—
Heyrovsky mechanism.

Table 1. Comparison of OER performances in alkaline solution of NiS@NiO/NF with previously
reported OER electrocatalysts grown on Ni foam..

Catalyst Current density Overpotential References
(mA cm?) (mV)
NiIS@NIO/NF 100 319 This work
Ni—-Co-S/NF 100 >450 [31]
CoSe2/NF 100 340 [32]
Co304@Ni3S2/NF 100 >450 [33]

Ni3S2/C09Ss 100 340 [34]
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Table 2. Comparison of HER performances in alkaline solution of NiS@NiO/NF with previously
reported HER electrocatalysts grown on Ni foam..

Catalyst Current density Overpotential (mV) References
(mA cm™)
NiS@NiO/NF 10 150 This work
Ni—Co—P/NF 10 156 [31]
Coi—xFex-LDH/NF 10 183 [35]
NiC0S0.1403.25 NSs/NF 10 170 [33]
1.2
(a) * NF CPE (b) s« NF CPE
1.5 NiO/NF m NiO/NF JV"I-—)'th_
= NiS@NiO/NF R, ¥ 0.8] © NiS@NIONF R R
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Figure 5. The EIS Nyquist plots for (a) the OER at a potential of 1.62 V vs. RHE and (b) the HER at a
potential of —0.43 V vs. RHE for NiO/NF, NiS/NF, NiS@NiO/NF, bare NF, Pt/C/NF and
RuO2/NF. The insets in (a) and (b) denote the simplified equivalent circuits, where Rs is the
electrolyte resistance, Rct is the charge transfer resistance and CPE is the double layer
capacitance.

The reaction resistance was studied via EIS to explore the high HER and OER activities of
NiS@NIiO/NF. Figs. 5a and 5b denote the Nyquist plots of the prepared samples for OER and HER,
respectively. Specific values of electrolyte resistance (Rs) and charge transfer resistance (Rct) with
respect to the HER and OER of all the samples in this study are presented in Tables S1 and S2. The
results denote that the electronic transmission rate of NiS@NiO/NF is significantly higher than that of
NiO/NF for both OER and HER, which can be mainly attributed to the fact that several NiS flakes exhibit
excellent electrical conductivity. Consequently, the poor conductivity of NiO/NF is considerably
improved. In case of OER, the charge transfer resistance (Rct) of NiS@NIO/NF is less than that of the
precious metal catalysts RuO2/NF, whereas in case of HER, the R¢t of NiIS@NiIO/NF is considerably
similar to that of the noble metal catalysts Pt/C/NF. Furthermore, the electrochemical impedance of the
NiS@NIiO/NF catalyst with a poor-conductivity oxide substrate is less than that of the NiS/NF catalyst
containing only a good-conductivity sulfide phase, revealing that this improvement in electrical
conductivity can be attributed to the introducing interfaces [20, 21, 36-41].

The electrochemical active areas (ECSAs) of NIO/NF, NiS/NF and NiS@NIO/NF were
determined by the electrical double layer capacitance (Ca) method [42-45] based on the CV curves at
different scanning rates (5, 10, 25, 50 and 100 mV s?) in the potential range from —0.05 to 0.05 V vs.
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MOE (Fig. S3). As shown in Fig. 6, the corresponding Cq values for NiO/NF, NiS/NF and NiS@NiO/NF
are 30.8, 36.4 and 78.6 mF cm ™2, respectively, demonstrating that the ECSA of NiS@NiO/NF is twice
those of NiO/NF and NiS/NF, which can be attributed to the oxide/sulfide heterogeneous interface.

16
NiO/NF (30.8 mF cm??)
o NiS/NF (36.4 mF cm?)
. o NiS@NiO/NF (78.6 mF cm?)
o o NF (1.1 mF cm?)
=5 ]
<
£
—
0_

Scan rate mV s

Figure 6. The ECSA values determined by the electrical double layer capacitance (Ca) method for
NiO/NF, NiS/NF, NiS@NiO/NF and NF.

Consequently, the increased geometrical/electrochemical active areas contribute to optimise the
HER and OER performances. The remarkable OER and HER performances in case of NiS@NiO/NF
can be attributed to the following factors: (i) the exposed interface and sulfides on the surface that
considerably improve the electron transfer rate; (ii) the hierarchical porous structure that contribute to
provide a considerable number of attachment points for the ions involved in the catalytic reaction and
(iii) the exposed interface between the NiS and NiO phases provides considerably optimised active sites
for the catalytic reaction.

The NiIS@NIO/NF catalyst was used as the cathode and anode (designated as NiS@NiO/NF-
NiS@NIO/NF) in 1.0 M KOH to evaluate the bifunctional overall water-splitting performance of the
prepared catalyst. The overall water-splitting polarisation curves for several samples are presented in
Fig. 7. The NiS@NiIO/NF-NiS@NIO/NF system reveals an excellent overall water-splitting
performance with an extremely low cell voltage of 1.54 V in the two-electrode system to achieve a
current density of 10 mA cm™2. This outstanding water-splitting performance is much better than the
system consisting of precious metals catalysts Pt/C and RuO> (Pt/C - RuO2/NF) (1.556 V), and superior
to the Ni-based compounds grown on Ni foam reported recently in the literature (as seen in Table 3)
[31,34, 46-48].
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Table 3. Comparison of OER performances in alkaline solution of NiS@NiO/NF with previously
reported water splitting electrocatalysts grown on Ni foam.

Catalyst Current density Potential (V) References
(mA cm™)

NiS@NIiO/NF 10 1.54 This work
Ni—Co-S// Ni-Co-P 10 1.57 [31]
Co-Ni-Se/C/NF 10 1.60 [46]
Co09Ss-NisS2/NF 10 1.59 [34]
Co—Ni—S/NF 10 1.60 [47]
Ni3S2/C09Sg 10 1.55 [48]

45 1

——NF

— NiS@NIiO/NF
304 —— Pt/C-RuQ:/NF

o 12 11 16 138
Potential (V)

Figure 7. The overall water-splitting polarisation curves of NiIS@NiO/NF, Pt/C - RuO2/NF and bare
NF in 1.0 M KOH at a scan rate of 5mV s1,

=
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n

=
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4. CONCLUSION

In this study, a hierarchical porous structure, comprising NiS nanoflakes supported on NiO
nanosheets, was successfully synthesised on NF via a mild low-temperature hydrothermal sulfuration
method. The core—shell NiS@NIO/NF array catalysts with a high specific surface area exhibit excellent
bifunctional catalytic performances and remarkable long-term stability in an alkaline environment. The
NiS@NiO/NF catalyst can be used with respect to the occurrence of HER at the cathode and OER at the
anode in the overall water-splitting process. The cell voltage of the NiIS@NiO/NF-NiS@NiO/NF system
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is as low as 1.54 V in 1.0 M KOH at a current density of 10 mA cm2. The excellent OER and HER
performances of NiS@NIO/NF can be attributed to its good electrical conductivity, the extremely large
specific surface area and the interfacial effect between two phases. Furthermore, its properties with
respect to non-precious metals encourage its potential usage in large-scale industrial applications. This
study also provides an efficient and rational method to grow self-assembled composite materials via ion
exchange, which can be used as a reference for developing high-performance bifunctional materials in
the future.

SUPPLEMENTARY INFORMATION

Fig. S1. SEM images of prepared NiS@NiO/NF samples with different Na.S amounts: (a) 0.2 g, (b) 0.4
0,(c)0.69(d)0.8¢g,(e) 1.0gand (f) 1.2 g.
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Fig. S2. (a) OER polarization curves and (b) HER polarization curves of different sulphide content
samples of NiS@NIiO supported on Ni foams.
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Fig. S3. CV curves of (a) NF, (b) NiO/NF, (c) NiS/NF and (d) NiS@NiO/NF at different scanning rates
(5, 10, 25, 50, and 100 mV s1) in the potential range from -0.05V to 0.05 V vs. MOE.

Table S1 Electrolyte resistances and charge transfer resistances toward OER in alkaline solution of all

samples.

Sample Rs (©2) Ret ()
NiS@NiIO/NF 0.16 0.39
NiO/NF 0.32 0.74
NiS/NF 0.15 0.47
NF 0.90 >2.6
RuO2/NF 0.31 0.76

Table S2 Electrolyte resistances and charge transfer resistances toward HER in alkaline solution of all

samples.

Sample Rs () Ret ()
NiS@NIO/NF 0.12 0.3
NiO/NF 0.22 0.60
NiS/NF 0.22 0.57
NF 1.42 1.42
Pt/C/NF 0.10 ~0.25
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