
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 1 1 1 4 3e1 1 1 5 2
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
(Fe, Ni)S2@MoS2/NiS2 hollow heterostructure
nanocubes for high-performance alkaline water
electrolysis
Liangyu Tong, Yunpeng Liu, Chenyu Song, Yuqing Zhang,
Sanjay S. Latthe, Shanhu Liu*, Ruimin Xing**

Henan Joint International Research Laboratory of Environmental Pollution Control Materials, Henan Key Laboratory

of Polyoxometalate Chemistry, College of Chemistry and Chemical Engineering, Henan University, Kaifeng, 475004,

PR China
h i g h l i g h t s
* Corresponding author.
** Corresponding author.

E-mail addresses: liushanhu@vip.henu.ed
https://doi.org/10.1016/j.ijhydene.2022.01.161
0360-3199/© 2022 Hydrogen Energy Publicati
g r a p h i c a l a b s t r a c t
� (Fe, Ni)S2@MoS2/NiS2 hollow

nanocubes derived from FeNi PBA

were obtained.

� The hybrid presents abundant

heterointerfaces with maximizing

active sites.

� The inner hollow (Fe,Ni)S2 nano-

cubes facilitate electrolyte ion

diffusion.

� Superior catalytic activity for HER

(h50 ¼ 176 mV) and OER

(h50 ¼ 342 mV) is achieved.

� The stability and durability are

greatly enhanced under harsh

electrochemical conditions.
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a b s t r a c t

Hollow hybrid heterostructures are regarded to be promising materials as bifunctional

electrocatalysts for highly efficient water electrolysis due to their intriguing morphological

features and remarkable electrochemical properties. Herein, with FeNi-PBA as both a

precursor and morphological template, we demonstrate the rational construct of cost-

effective (Fe,Ni)S2@MoS2/NiS2 hollow hybrid heterostructures as bifunctional electro-

catalysts for alkaline overall water splitting. Microstructural analysis shows that the hybrid

is a kind of hierarchical heterostructure composed of MoS2/NiS2 nanosheets/nanoparticles

in situ grown on hollow (Fe,Ni)S2 nanocubes with abundant heterointerfaces, which

effectively maximizes the electrochemical active sites to the accessible electrolyte ions,

leading to the promoted charge transfer. As expected, the hybrid shows remarkable
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Overall water splitting
Alkaline water electrolysis

NiS2

MoS2
alkaline electrocatalytic performance, such as hydrogen evolution overpotential of 176 mV

and oxygen evolution overpotential of 342 mV at 50 mA cm�2, as well a cell voltage of 1.65 V

at 20 mA cm�2. Moreover, the stability and durability are greatly enhanced under harsh

electrochemical conditions. This study opens a new venue for developing earth-abundant

bifunctional electrocatalysts with hollow hybrid heterostructures for alkaline water elec-

trolysis in the future.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Electrochemical water splitting delivers a favorable route to

generate clean and sustainable hydrogen fuel from aqueous

solution [1e6]. Itmainly consists of twohalf reactions including

hydrogen evolution reaction (HER) and oxygen evolution reac-

tion (OER) which needs very competent electrocatalysts for

splitting water into H2 and O2. Current noble metal-based

electrocatalysts such as Pt-based catalyst for HER and Ir/Ru-

based oxides for OER still hold the benchmark. Nevertheless,

it remains a big challenge to manufacture such kind noble

metal-based electrocatalysts for commercial applications due

to the less abundance and high cost [7]. Therefore, the explo-

ration of noble metal-free materials as electrocatalysts for HER

and OER has been extensively pursued, such as transition-

metal sulfides [8e12], oxides/hydroxides [13], carbides [14], ni-

trides [15], and phosphides [16e19].

Among transition metal sulfides, molybdenum disulfide

becomes a star material for acid HER catalysis, due to its un-

saturated edge active sites like Pt favoring hydrogen absorp-

tion and unique layered graphene-like structure facilitating

electron transfer [20e22]. However, MoS2 exhibits unsatis-

factory alkaline HER catalytic activity and also is inert for

alkaline OER, which limited its application as bifunctional

electrocatalysts [2]. On the other hand, nickel sulfide is

regarded as OER-active electrocatalyst owing to the facilitated

chemisorption towards oxygen-containing species; but its

HER catalytic activity is not up to the mark. Therefore, hy-

bridizing NiS2 with MoS2 is supposed to be a promising

approach to fabricate heterostructure bifunctional catalysts

with high HER and OER activities in the alkaline electrolyte

[9,23,24].

Hollow hybrid heterostructures possess unique features

such as large specific surface area with abundant exposure of

active sites, shortened length of electrolyte ion diffusion with

facilitated charge transfer at the interface, which are benefi-

cial for achieving superior electrocatalytic activity for HER/

OER [25]. Recently, Prussian blue analogues (PBAs) receive

great interest as the precursors in terms of the preparation of

hollow and core-shell hybrid structure due to their facile

synthesis and unique porous feature [26]. Furthermore, the

electronic structure of PBA-derived materials could be regu-

lated by varying the metallic composition and doping het-

eroatoms, which produces tailorable properties like abundant

exposed facets to the accessible catalytic sites, high surface

area to facilitate electron transport, thus improving electro-

chemical activity [27,28].
Taking all these points into account, herein, with FeNi-PBA

as both a precursor and morphological template, we designed

cost-effective (Fe,Ni)S2@MoS2/NiS2 hollow hybrid hetero-

structure as bifunctional electrocatalyst for alkaline overall

water splitting. Microstructural analysis shows that the

hybrid is a kind of hierarchical heterostructure composed of

MoS2/NiS2 nanosheets/nanoparticles in situ grown on hollow

(Fe,Ni)S2 nanocubes, which effectively maximize the electro-

chemical active sites to the accessible electrolyte ions, leading

to the promoted charge transfer. As expected, the hybrid

shows remarkable alkaline HER and OER electrocatalytic

performance. Moreover, the stability and durability are

investigated under harsh electrochemical conditions.
Experimental method

Materials

Nickel sulfate hexahydrate (NiSO4$6H2O), sodium citrate

dehydrate (Na3C6H5O7$2H2O), potassium ferricyanide (K3

[Fe(CN)6]), ethanol, thioacetamide (C2H5NS, named as TAA),

nickel (II) nitrate hexahydrate [Ni(NO3)2$6H2O], sodium

molybdate (VI) dihydrate [Na2MoO4$2H2O], sulfur powder

were purchased from Aladdin Chemical Co. Ltd. All the re-

agents are analytical grade and used without further

purification.

Synthesis of solid and hollow FeNi prussian blue analogue
(FeNi-PBA)

Typically, 1 mmol of NiSO4$6H2O and 1.25 mmol of Na3C6H5-

O7$2H2O were dissolved in 50 mL of deionized water to form

solution A. Then, 0.7 mmol of K3 [Fe(CN)6] was dissolved in

10mL of deionized water to form solution B. Solutions A and B

were thoroughly mixed under magnetic stirring for precipi-

tation and aged for 20 h. The precipitate was washed three

times and dried at 50 �C for 12 h to obtain solid FeNi-PBA

nanocubes. Thirty miligrams of solid FeNi-PBA nanocubes

were dispersed in 10 mL of ethanol under ultrasonication for

30 min to obtain a uniform solution. Then, 5 mL of thio-

acetamide solution (5 mg/mL) was dropped into the above

suspension under magnetic stirring. Afterwards, the mixture

was transferred to 25 mL of autoclave and kept at 150 �C for

12 h. Then the precipitate was thoroughly washed and then

dried at 60 �C for overnight to obtain hollow FeNi-PBA

nanocubes.
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Synthesis of hollow FeNi-PBA@NiMoO4 and (Fe,Ni)
S2@MoS2/NiS2

Twenty miligrams of the above hollow FeNi PBA were

dispersed in 16 mL of deionized water under ultrasonication

for half an hour to obtain a uniform solution. Then, 100 mg of

Ni(NO3)2$6H2O, 80 mg of Na2MoO4$2H2O were added the sus-

pension slowly. Afterwards, the mixed solution was trans-

ferred to a 25 mL Teflon-lined stainless steel autoclave and

heated to 120 �C for 6 h. The obtained hollow FeNi-

PBA@NiMoO4 precursors were washed by distilled water and

ethanol several times, and dried at 60 �C overnight. Finally,

sublimed sulfur and FeNi- PBA@NiMoO4 precursors were put

at the upstream and downstream side of the tube furnace,

then the furnace was heated to 350 �C for 2 h with a ramp rate

of 5 �C under N2 atmosphere to obtain the hollow (Fe,Ni)

S2@MoS2/NiS2 heterostructures.

Materials characterization

Powder X-ray diffraction (XRD) data are collected on an X-ray

D8 Advance instrument (Bruker, Germany). Scanning electron

microscopy (SEM) is carried on a JSM-7610 F scanning electron

microscope (Hitachi). Transmission electron microscopy

(TEM) is performed on a JEOL JEM-2100 transmission electron

microscope, equipped with energy dispersive X-ray (EDX)

analyzer. Gatan Microscopy Suite Software is used for HRTEM

analysis. X-ray photoelectron spectroscopy (XPS) analysis is

performed on a Thermo Scientific Escalab 250Xi equipped

with 150Wmonochromatized Al Ka radiation (hv¼ 1486.6 eV),

where all peaks are referred to the signature C1s peak for

adventitious carbon at 284.8 eV. Quantachrome Nova-1000

surface analyzer is used to analyze the surface area and the

pore size of the prepared catalysts.

Electrochemical characterization

The HER and OER electrochemical behaviors of the synthe-

sized samples are analyzed in a three-electrode setup at CHI

760 E electrochemical work station and two-electrode system

is used to investigate the overall water splitting. The working

composite electrode is fabricated by adding 2 mg of the syn-

thesized material into a mixture of Nafion (30 mL) and ethanol

(370 mL) and being sonicated for 30min tomake a homogenous

ink. The acquired ink is drop-casted on (1� 1 cm2) nickel foam

substrate and then dried at 60 �C overnight. Linear sweep

voltammetry (LSV) with a scan rate of 2 mV/s is conducted in

1 M KOH as the electrolyte solution using a platinumwire and

Hg/HgO as the counter and the reference electrodes, respec-

tively. Afterwards, all the potential values are converted to

valueswith reference to a reversible hydrogen electrode (RHE).

To determine the double-layer capacitance (Cdl), cyclic vol-

tammetry (CV) taken with various scan speeds are carried out

in the potential window of 1.0e1.1 V vs. RHE. Electrochemical

impedance spectroscopy (EIS) is achieved in the same setup at

open circuit voltage in the frequency range of 100 Hz to

100 kHz with an AC voltage of 5 mV.
Results and discussion

Hollow (Fe, Ni)S2@MoS2/NiS2 heterostructures are prepared via

step-by-stepprocedures. SEMobservation andXRDpatternsare

used to confirm the morphologies and crystal phase of the

respective products. Firstly, solid FeNi-PBA is synthesized via a

conventional precipitation method at room temperature. SEM

observation shows solid FeNi-PBA are mono-dispersed and

uniform nanocubeswith smooth surface (Fig. 1a). Then, hollow

FeNi-PBA nanocubes are obtained with solid FeNi-PBA as pre-

cursor after selective etching of TAA under hydrothermal con-

ditions;hollowFeNi-PBAstill exhibitsnanocubefeaturebutwith

rough surface and visible pores (Fig. 1b). Afterwards, hollow

FeNi-PBA@NiMoO4 is prepared when hollow FeNi-PBA nano-

cubes with rough surfaces act as substrate via further hydro-

thermal treatment in the presence of nickel and molybdenum

sources; SEM observation shows NiMoO4 nanosheets vertically

growonhollowFeNi-PBAnanocubes (Fig. 1c). At last, hollow (Fe,

Ni)S2@MoS2/NiS2 is obtained via vapor deposition in the tube

furnacewhensublimedsulfurandFeNi-PBA@NiMoO4areputat

the upstream and downstream side; As expected, MoS2 nano-

sheets together with NiS2 nanoparticles growing on hollow (Fe,

Ni)S2 nanocubes to form such a hybrid is achieved (Fig. 1d). In

contrast, rod-like MoS2/NiS2 nanostructures are obtained by

direct sulphurization of NiMoO4 precursors in the tube furnace

(Fig. S1a); Whereas (Fe, Ni)S2 is prepared by sulphurization of

hollow FeNi-PBA nanocubes in the tube furnace (Fig. S1b).

Their respective XRD patterns are displayed in. Fig. S2 It is

noticeable that the XRD patterns of (Fe,Ni)S2 nanocubesmatch

well with the standard iron nickel sulfide (JCPDS card No.

02e0850) [29]. The diffraction peaks of MoS2/NiS2 match well

with MoS2 (JCPDS card No: 37e1492) [30] and NiS2 (JCPDS card

No: 11e0099) [31]. Whereas the XRD patterns of (Fe, Ni)

S2@MoS2/NiS2 show well-resolved intense peaks of three

different crystal phases including (Fe, Ni)S2, MoS2 and NiS2. It

is worth noting that the intensity of MoS2 (002) diffraction

peak in (Fe, Ni)S2@MoS2/NiS2 seems decreased compared to

pristine MoS2/NiS2, presumably suggesting the rough surfaces

of (Fe,Ni)S2 nanocubes effectively inhibit the exfoliated

growth of MoS2 into fewer layers. The fewer layers of MoS2
would expose more catalytically active edged sites to accel-

erate the electron transport, which is favorable to HER reac-

tion [2].

TEM images of (Fe,Ni)S2@MoS2/NiS2 display themorphology

feature of hollow nanocubes with the size of about 230 nm

(Fig. 2a). X-ray energy dispersive spectra (EDS) analysis (Fig. 2b)

shows that the atomic ratio of total metals (Fe, Ni and Mo) to

sulfur is 2.26, slightly higher than the stoichiometric composi-

tion of (Fe,Ni)S2@MoS2/NiS2, an indicative evidence of the

presence of abundant sulfur. HRTEM image gives the detailed

information of the mixed crystal phases (Fig. 2c). The lattice

fringesof0.25nmand0.63nmbelongto the (200) crystal planeof

NiS2 and (002) crystal plane of MoS2, respectively. While the

lattice fringeswithspacingof0.19and0.28nmcorrespondto the

(220) and (200) crystal planes of (Fe, Ni)S2, respectively. Besides,

EDXmappinganalyses (Fig. 2d) corroborate thedistributionof S,

https://doi.org/10.1016/j.ijhydene.2022.01.161
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Fig. 1 e SEM images of solid FeNi-PBA nanocubes (a), hollow FeNi-PBA nanocubes (b), hollow FeNi-PBA@NiMoO4 (c), and

hollow (Fe, Ni)S2@MoS2/NiS2 (d). The scale bar is 200 nm.
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Mo, Ni and Fe elements in the hybrid with obvious rich sulfur.

These above evidences confirm that MoS2/NiS2 nanosheets/

nanoparticles growon thehollow (Fe,Ni)S2 nanocubes, inwhich

MoS2/NiS2 nanosheets/nanoparticles provide the abundant

active sites, while hollow (Fe,Ni)S2 nanocubes accelerate the

electrolyte diffusion, as well as the strong interfacial coupling

due to the abundant heterointerfaces between MoS2, NiS2 and

(Fe,Ni)S2, thus synergistically boosting the electrochemical

water splitting performance.

X-ray photoelectron spectroscopy (XPS) measurements are

used to analyze the elemental species and their respective

electronic states of (Fe,Ni)S2@MoS2/NiS2, with those of pristine

(Fe,Ni)S2 and MoS2/NiS2 for comparison. The XPS survey

spectra of (Fe,Ni)S2@MoS2/NiS2 confirm all the presence of Ni,

Fe, S and Mo elements (Fig. S3). As shown in Fig. 3a, Ni 2p core

level spectra exhibit two spin-orbit doublets and two shakeup

satellite (Sat.) peaks. The Ni2þ (853.5 eV for 2p3/2 and 871.0 eV

for 2p1/2) and Ni3þ (856.3 eV for 2p3/2 and 875.5 eV for 2p1/2)

photoelectron peaks in MoS2/NiS2 and (Fe,Ni)S2 give certain

positive shifts to those peaks in the hybrid (Fe,Ni)S2@MoS2/

NiS2 [29]. For deconvoluted Mo 3d profiles (Fig. 3b), the fitting

analysis shows that two main peaks located at 228.85 and

232.25 eV are attributed to the 3d5/2 and 3d3/2 of Mo4þ ions,

while the band at 235.7 eV corresponds to Mo6þ due to the

partial air oxidation. Moreover, another weak peak centered at

226.15 eV corresponds to S 2s states [2]. Compared to pristine
MoS2/NiS2, these three peaks including Mo 3d5/2, Mo 3d3/2 and

MoeS in the hybrid (Fe,Ni)S2@MoS2/NiS2 are slightly upshifted

(229.05, 232.6 and 226.7 eV) [23]. In Fe 2p high resolution

spectra (Fig. 3c), the Fe 2p3/2 (709.2 eV for Fe2þ and 712.8 eV for

Fe3þ) and 2p1/2 (723.1 eV for Fe2þ and 727.2 eV for Fe3þ)
photoelectron peaks in pristine (Fe,Ni)S2 also give certain

positive shifts to those peaks in the hybrid (Fe,Ni)S2@MoS2/

NiS2 [32]. These different degrees of shifts of their respective

photoelectron peaks in (Fe,Ni)S2@MoS2/NiS2 indicate the

occurrence of electron interaction between MoS2/NiS2 and

(Fe,Ni)S2, presumably resulting from the formation of intimate

heterointerfaces within the hybrid. In addition, peak decon-

volution of S 2p (Fig. 3d) indicates that one doublet at 161.8 eV

and 163.2 eV correspond to 2p3/2 and 2p1/2 of sulfide species

(S2�). The other doublet emerged at 162.6 eV and 163.9 eV is

related to 2p3/2 and 2p1/2 of sulfur bridge species (bridging S2
2�)

in terminal edges with undercoordinated MoeS sites. The

peak at 169.25 eV is assigned to SeO species resulting from the

surface air exposure. The terminal disulfide sites are regarded

to be involved in reducing protons during the HER, which was

beneficial for electrocatalytic reaction [2].

Furthermore, the surface area of (Fe,Ni)S2@MoS2/NiS2 is

investigated by N2 adsorption-desorption isotherms with (Fe,

Ni)S2 and MoS2/NiS2 for comparison. As displayed in, Fig. S4

(Fe, Ni)S2@MoS2/NiS2 as well as (Fe, Ni)S2 and MoS2/NiS2
exhibit a type IV isotherm curve, an indicative of the

https://doi.org/10.1016/j.ijhydene.2022.01.161
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Fig. 2 e TEM image (a), EDX analysis (b), high resolution TEM image (c) and their corresponding elemental mapping (d) of

hollow (Fe, Ni)S2@MoS2/NiS2 heterostructures.
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mesoporous structure. Brunauer-Emmett-Teller (BET) surface

area of (Fe,Ni)S2@MoS2/NiS2 is found to be 65.1 m2/g, far larger

than those of (Fe, Ni)S2 (40.5 m2/g) and MoS2/NiS2 (32.9 m2/g).

Therefore, the higher surface area and mesoporous nature of

(Fe,Ni)S2@MoS2/NiS2 ensure the exposure of enriched active

sites, which is beneficial to enhance charge transfer rates and

superior contact towards the electrolyte solution, thus

improving the electrochemical behaviors.

Hydrogen evolution activity

The HER catalytic activities of (Fe, Ni)S2@MoS2/NiS2 is inves-

tigated by the polarization curves from linear sweep
voltammetry (LSV) in 1.0 M KOH electrolyte using a three

electrode system at a scan rate of 2 mV/s. For comparison, we

also evaluated the electrocatalytic performance of commer-

cial Pt/C (20 wt%), Ni Foam, (Fe, Ni)S2 and MoS2/NiS2. As dis-

played in Fig. 4a, Pt/C on NF undoubtedly exhibits the best

performance with a low overpotential of 35mV at 10mA cm�2

whereas bare Ni foam shows negligible catalytic activity. (Fe,

Ni)S2@MoS2/NiS2 shows superior catalytic performance to-

ward HER, with a cathodic current density of 10 and

50 mA cm�2 at a low overpotential of 91 and 176 mV. The

catalytic performance of (Fe,Ni)S2@MoS2/NiS2 is obviously

higher than that of (Fe, Ni)S2 (h10 ¼ 199 mV) and MoS2/NiS2
(h10 ¼ 163 mV). Moreover, (Fe, Ni)S2@MoS2/NiS2 exhibits the

https://doi.org/10.1016/j.ijhydene.2022.01.161
https://doi.org/10.1016/j.ijhydene.2022.01.161


Fig. 3 e High resolution XPS spectra: Ni 2p (a), Mo 3d (b), Fe 2p (c) and S 2p (d) of hollow (Fe, Ni)S2@MoS2/NiS2, with (Fe, Ni)S2

and MoS2/NiS2 for comparison.
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competitive electrocatalytic activities, compared to the pre-

vious reported MoS2-based catalysts in alkaline media at

10 mA cm�2, such as (Ni, Fe)S2@MoS2 (130 mV) [29], MoS2/

Co9S8/Ni3S2/Ni foam36 (113 mV) [33], MoS2/Ni3S2 hetero-

structures (110 mV) [8], NiSeMoS2 hetero-nanosheet arrays

(106 mV) [34] and roughly the same as MoS2eNi3S2 hetero-

nanorods (98 mV) [35]. The low overpotential of (Fe, Ni)

S2@MoS2/NiS2 is mainly due to the presence of abundant

heterointerfaces with catalytically active sites for superior

electrocatalytic reaction. Therefore, the hybrid is a promising

candidate for HER electrocatalyst.

The Tafel slopes derived from the LSV polarization curves

is used to investigate the HER reaction kinetics. As shown in

Fig. 4b, the Tafel slop of (Fe,Ni)S2@MoS2/NiS2 is approximately

96.7mV dec�1, smaller than that of pristine (Fe,Ni)S2 (160.7mV

dec�1) and MoS2/NiS2 (125.3 mV dec�1). The Tafel slope of

96.7 mV dec�1 for (Fe, Ni)S2@MoS2/NiS2 suggests the HER

following the Volmer-Heyrovsky mechanism [8]. Moreover,

the catalytic active sites are estimated by the electrochemical

surface area (ECSA), which is obtained by CV measurement

with different scan rates in a potential range from 0.17 to

0.27 V (vs RHE). The electrochemical double layer capacitance

(Cdl) proportional to the ECSA, as shown in Fig. 4c, is obtained

by the slopes of the fitted line at different scan rates. The

calculated Cdl values of (Fe, Ni)S2@MoS2/NiS2, is 33.23mF cm�2,

superior to those of MoS2/NiS2 (8.47 mF cm�2) and (Fe, Ni)S2
catalysts (1.53 mF cm�2). This result indicates that the (Fe, Ni)
S2@MoS2/NiS2 catalyst enriches the electrochemical active

sites on the electrode surface to the accessible electrolyte ions,

due to the unique morphology feature of hollow nanocubes

and themaximumexposure of the catalytically active edges of

MoS2 [9]. Electrochemical impedance spectroscopy (EIS) is

performed to investigate the charge-transfer kinetics at the

electrode/electrolyte interface. The charge transfer resistance

(Rct) is determined according to the semicircle nature of

recorded EIS curves. As shown in Fig. 4d, the (Fe,Ni)S2@MoS2/

NiS2-modified electrode delivers a lower Rct value than MoS2/

NiS2- and (Fe,Ni)S2-modified electrode, which indicates the

higher electrical conductivity and faster electron transfer

rates on (Fe,Ni)S2@MoS2/NiS2-modified electrode.

Furthermore, the stability of (Fe,Ni)S2@MoS2/NiS2 is evalu-

ated by LSV and long-time chronoamperometry (i-t) measure-

ments (Fig. 4e and f). As shown, the slight deviation of

polarization curve is observed after 5000 CV cycles; meanwhile,

the current density shows negligible loss after 40 h. These

above results show the superior stability and durability of

(Fe,Ni)S2@MoS2/NiS2 for HER. The improvement of the HER

performance could be ascribed to the following synergetic ef-

fects. The inner hollow (Fe,Ni)S2 nanocubes is regarded to

accelerate the electrolyte diffusion for HER; meanwhile, the

outer MoS2 nanosheets expose more catalytically active edges,

facilitating the electrode/electrolyte contact and thus achieving

the high catalytic activity. Therefore, (Fe,Ni)S2@MoS2/NiS2
could be promising as high efficient and stable HER catalyst.

https://doi.org/10.1016/j.ijhydene.2022.01.161
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Fig. 4 e HER polarization curves (a), their corresponding Tafel plots (b), double-layer capacitance (c) and EIS (d) of different

samples in 1 M KOH; (e) Polarization curves at the first cycle and after 5000 cycles (e) and stability test for 40 h (f) of Fe, Ni)

S2@MoS2/NiS2.
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Oxygen evolution activity

The OER performance of (Fe, Ni)S2@MoS2/NiS2 catalyst as

anode materials was further examined in 1.0 M KOH with a

scan rate of 2 mV/s, together with that of RuO2, Ni Foam, (Fe,

Ni)S2 and MoS2/NiS2 for comparison. Fig. 5a displays the

polarization curves of different modified electrodes. As

shown, the (Fe,Ni)S2@MoS2/NiS2-modified electrode exhibit

superior OER activity with an impressive overpotential of

342 mV to attain a current density of 50 mA cm�2, compared

to the state-of-the-art RuO2 (355 mV at 20 mA cm�2), pristine

(Fe,Ni)S2 (330 mV at 20 mA/cm�2), MoS2/NiS2 (361 mV at 20

mA/cm�2) and Ni foam (419 mV at 20 mA/cm�2) catalyst.

Fig. 5b gives the calculated Tafel slopes of (Fe,Ni)S2@MoS2/

NiS2 (58 mV dec�1), RuO2 (81 mV dec�1), Ni foam (115 mV
dec�1), (Fe, Ni)S2 (83 mV dec�1) and MoS2/NiS2 (89 mV dec�1),

indicating the (Fe,Ni)S2@MoS2/NiS2 has excellent OER activity

and better charge transfer coefficient. The stability is proven

by the LSV comparison in the initial and after 5000 cyclic

potential sweeps with a scan rate of 20 mVs�1 and long-time

chronoamperometry (i-t) measurements of (Fe,Ni)S2@MoS2/

NiS2 catalyst. When compared to the initial curve, a negli-

gible shift is observed in the overpotential after 5000 cycles

(Fig. 5c). Furthermore, the chronoamperometry measure-

ment shows no obvious degradation of current density for

40 h (Fig. 5d), supportive evidence for excellent durability for

long-term operation. These results confirm that the excellent

electrochemical stability and durability of the (Fe, Ni)

S2@MoS2/NiS2 catalyst during the OER process in the alkaline

electrolyte.
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Fig. 5 e OER polarization curves (a) and their corresponding Tafel plots (b) of different modified electrodes in 1 M KOH.

Polarization curves before and after 5000 cycles (c) and OER stability test (d) of (Fe,Ni)S2@MoS2/NiS2.

Fig. 6 e Polarization curves of different two-electrode cells (a) and chronoamperometry curves of (Fe,Ni)S2@MoS2/NiS2//

(Fe,Ni)S2@MoS2/NiS2 at 15 mA cm¡2 in 1.0 M KOH for 20 h (b).
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Overall water splitting

The above results show the (Fe, Ni)S2@MoS2/NiS2 is active and

stable catalyst for HER and OER in alkaline electrolyte.

Therefore, (Fe, Ni)S2@MoS2/NiS2 is evaluated simultaneously

as bifunctional catalysts for anode and cathode of overall

water splitting. The two-electrode cell with (Fe, Ni)S2@MoS2/

NiS2//(Fe, Ni)S2@MoS2/NiS2 electrolyzer affords a current

density of 10 and 20mA cm�2 at cell voltage of 1.57 and 1.65 V,

respectively (Fig. 6a), which is comparable to the commercial

Pt/C||RuO2 electrocatalysts and superior to recently reported

catalysts. After 20 h of electrolysis, the (Fe,Ni)S2@MoS2/NiS2//
(Fe,Ni)S2@MoS2/NiS2 electrolyzer still shows no obvious decay

for overall water splitting (Fig. 6b), indicating the high stability

over long-term operation. Considering the wide sources and

easy preparation of non-noble metal-based electrocatalyst,

the hybrid exhibits great potential for large-scale water elec-

trolysis with low cost and high efficiency.
Conclusions

In summary, this work reports (Fe, Ni)S2@MoS2/NiS2 hollow

hybrid heterostructures as active and stable bifunctional
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electrocatalyst for overall water splitting to generate both O2

andH2 in alkaline solution, which is achieved by the facile and

conventional strategies. Benefitted from the maximized

exposure of catalytic active edges of MoS2 nanosheets and

NiS2 nanoparticles (the outer shell) and the inner unique

hollow structure of (Fe,Ni)S2 nanocubes accelerating the

electrolyte diffusion, the hybrid exhibits remarkable alkaline

electrocatalytic activity with HER overpotential of 176 mV and

OER overpotential of 342mV at 50 mA cm�2. A low cell voltage

of 1.65 V at 20 mA cm�2 is required for water electrolysis with

satisfactory durability after continuous operation for 20 h. Our

work demonstrates that exposing abundant active sites,

designing hollow hybrid heterostrucutres towards earth-

abundant electrocatalysts are effective strategies for boost-

ing the electrocatalytic activity.
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