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ABSTRACT Developing efficient and promising non-noble catalysts for  

oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) 

is vital but still a huge challenge for the clean energy system. Herein, we 

have integrated the active components for OER (Ni(OH)2) and HER (NiS2 

and Ni(OH)2) into Ni(OH)2@NiS2 heterostructures by a facile reflux 

method. The in-situ formed Ni(OH)2 thin layer is coated on the surface of 

hollow NiS2 nanosphere. The uniform Ni(OH)2@NiS2 hollow sphere pro-

cesses enlarge the electrochemically active specific surface area and en-

hance the intrinsic activity compared to NiS2 precursor, which affords a 

current density of 10 mA cm-2 at the overpotential of 309 mV and 100 mA 

cm-2 at 359 mV for OER. Meanwhile, Ni(OH)2@NiS2 can reach 10 mA cm-2 at 233 mV for HER, superior to pure NiS2. The enhanced performance 

can be attributed to the synergy between Ni(OH)2 and NiS2. Specifically, Ni(OH)2 has three functions for water splitting: providing active sites 

for hydrogen adsorption and hydroxyl group desorption and working as real OER active sites. Moreover, Ni(OH)2@NiS2 displays great stability 

for OER (50 h) and HER (30 h). 
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 INTRODUCTION 

The increasingly petrochemical energy crises and environmental 
pollution concerns have aroused enormous concerns for the sus-
tainable development of human society. In this background, the 
electricity derived from renewable energy such as wind and solar 
energy draws much attention.[1-3] Considering the diurnal and sea-
sonal variations of wind and solar, it may be more fascinating to 
store them in the form of carbon-free fuel for later use. Therefore, 
the development of high-effective and economic electrocatalysts 
for water splitting including oxygen evolution reaction (OER) and 
hydrogen evolution reaction (HER) is crucial to bridge the gap be-
tween green energy systems and energy storage technology.[4-6] 
Nobel metal materials, such as Ru/Ir- and Pt-based materials, are 
deemed as the most state-of-the-art electrocatalysts and are used 
as the benchmarks.[7,8] Nevertheless, the high cost and severe 
scarcity have gravely limited their industrial application. The earth-
abundant materials like chalcogenides,[9,10] borides,[11,12] car-
bides[13,14] and hydroxides[15,16] alternative to noble metal-based 
catalysts are popular research hotspots for electrocatalytic water 
splitting.  

No matter for HER or OER in alkaline electrolytes, the sluggish 
kinetics is needed to be overcome. Specifically, for OER, the com-
ment four proton-coupled electron-transfer process restricts the 
total efficiency of hydrogen production.[17-19] The hydroxides have 
been reported as one of the most effective catalysts for OER be-
cause of their appropriate absorption for oxygen intermediate.[20-22] 
When it comes to HER, an extra water molecule dissociation step 
must be taken into account.[23,24] In this regard, a water cleavage 

“promoter” has been tried, among which, the hydroxides are the 
great one thanks to good water affinity.[25,26] As such, the integra-
tion of hydroxides and other active compounds is expected to be 
a resultful strategy to boost OER and HER performance in alka-
line media. Some proven examples consist of WN-Ni(OH)2,[27] 
Ni(OH)2-Pt,[28] Ni(OH)2/Ni3S2

[29] and so forth. In addition, the alka-
line HER includes the extra water adsorption step, water dissocia- 
tion step and OHad desorption step.[30,31] It would be better for wa-
ter splitting if the water adsorption and OHad desorption can be 
boosted simultaneously. Over the past few years, transition-metal 
dichalcogenides have been poured into many attractions due to 
the fast electron transport and favorable lifetime.[32-34] Among 
them, NiS2 has been widely reported as a useful HER catalyst.[32,33] 
Moreover, sulfides with heterostructure show higher catalytic ac-
tivity via enhanced coupling and charge transfer.[33] Fan et al. syn-
thesized the bimetallic sulfides MoS2-NiS2 anchored three-dimen-
sional nitrogen-doped graphene foam hybrid for efficient overall 
water splitting.[33] Besides, the hollow can endow the catalyst with 
a larger active surface area and thus provide sufficient attachment 
for active components.[34] Therefore, the integration of hydroxides 
with hollow NiS2 can further elevate catalytic performance for OER 
and HER and it deserves deeper research.  

Herein, we have designed a heterostructured Ni(OH)2@NiS2 
catalyst by a sample hydrothermal reaction followed by a mild 
reflux process. Here, the Ni(OH)2 displays three functions, work-
ing as an effective OER material, providing the active center for 
hydrogen adsorption during water dissociation, and meanwhile 
promoting OHad desorption. As a result, the final Ni(OH)2@NiS2 

shows enhanced catalytic activity for both OER and HER com- 
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pared with pure NiS2 without Ni(OH)2 loading in 1.0 M KOH. The 
Ni(OH)2@NiS2 hybrid only requires 309 and 359 mV at 10 and 
100 mA cm-2 with a lifetime of 50 h (10 mA cm-2) towards OER. 
Besides, the composite also works well in the HER with the over-
potential at 10 mA cm-2 dropped by 65 mV compared with the NiS2 
precursor. Our work is expected to provide a deeper insight into 
the design of high-performance electrocatalysts for water splitting 
by interface modification.  

 RESULTS AND DISCUSSION 

Figure 1 illustrates the synthetic procedure of Ni(OH)2@NiS2 
hollow spheres. Firstly, the NiS2 was synthesized by a sample hy-
drothermal reaction with the L-cysteine as the assembly template 
agent and sulfide source. In detail, L-cysteine is featured with mul-
tiple functional groups including -COO-, -SH and -NH2, which tend 
to coordinate with nickel ions to form Ni2+-L-cysteine intermedi-
ate.[35] When heated, L-cysteine can release H2S as the sulfide 
source to finally produce NiS2. At the initial phase of the reaction, 
the NiS2 shows a strong tendency to aggregate into solid spheri-
cal products in view of the minimization of the interfacial energy, 
as shown in Figure S1.[36] As the reaction time lengthens, the Ni-
coordinated compound dissociated from inside with the organic 
residues transferred to the internal space, thus generating the 
core-shell structured NiS2 sphere on the basis of the Ostwald rip-
ening effect.[37] Subsequently, during the reflux process in the 
mixed solvent of deionized water and ethanol, the OH- ions re-
leased from the solution at 85 ℃ would gradually consume Ni2+ 
ions of NiS2 to generate a Ni(OH)2 thin layer on the surface of NiS2.      

The morphological features of the obtained samples were char-
acterized by scanning electron microscopy (SEM). In Figure 2a-b, 
NiS2 shows the uniform hollow sphere structure with diameters of 

around 2 μm, as proved by some broken ones. After refluxing, 
Ni(OH)2@NiS2 maintains the sphere structure well and displays a 
more rough surface due to the formation of Ni(OH)2 on the surface 
(Figure 2c-d), which implies more surface areas and active sites 
for catalytic water splitting, as Figure S2 confirms. Besides, with 
the increase of reflux time, the Ni(OH)2 layer becomes noticeably 
thicker (Figure S3). X-ray diffraction (XRD) was further collected 
to characterize the crystal structure and composition. As shown in 
Figure 2e, in addition to the peaks at 30.4 and 50.0° attributed to 
Ni3S4, the XRD pattern of the NiS2 precursor is matched well with 
the cubic NiS2 (JCPDS: 65-3325, space group: Pa-3, a = b = c = 
5.678 Å). After subsequent reflux, the XRD pattern shows no ob-
vious changes, possibly because the reflux does not destroy the 
crystal structure of NiS2. Meanwhile, the newly formed Ni(OH)2 
layer is in trace amounts and homogeneously disperses on the 
surface of NiS2. Nevertheless, it can be easily discerned that the 
XRD peaks of final Ni(OH)2@NiS2 shift to a higher degree com-
pared with that of initial NiS2, demonstrating that Ni(OH)2 and NiS2 
have been integrated closely and induced lattice distortion at the 
interface. Moreover, this shift also suggests decreased lattice dis-
tance of Ni(OH)2@NiS2 sample due to the fact that the S atoms 
with larger atomic radius have been partially substituted by the O 
atoms. In addition, the Ni(OH)2 signals can also be decerned 
(JCPDS: 06-0044), which overlaps with the standard NiS2 peaks 
(Figure S4), signifying the successful synthesis of Ni(OH)2 layer. 

Furthermore, the hollow sphere was also testified by the high 
angle ring dark field image-scanning transmission electron micro-
scope (HAADF-STEM) in Figure 3a, from which the shell thick-
ness is identified to be 40-50 nm. The related element mapping 
demonstrates the uniform distribution of Ni, S and O elements in 
Ni(OH)2@NiS2. Additionally, energy dispersive X-ray (EDX) in the 
selected area (Figure 3b) determines the atomic ratio of Ni:S:O to 
be 1:1.5:1.1 (Figure 3c).  

Further, we detected the chemical component and valence 
state near the surface of NiS2 and Ni(OH)2@NiS2 samples by X-
ray photoelectron spectroscopy (XPS). For the NiS2 sample, the 
peaks located at 855.6 and 873.4 eV can be ascribed to the Ni 
2p3/2 and Ni 2p1/2 (Figure 4a), respectively, suggesting the suc-
cessful synthesis of the NiS2 precursor.[36,38,39] For Ni(OH)2@NiS2 
catalyst, a pair of new peaks at 857.32 and 876.33 eV can be 

Figure 1. Schematic illustration of the formation of Ni(OH)2@NiS2 hollow 

spheres. 

Figure 2. SEM images of (a, b) NiS2 precursor and (c, d) Ni(OH)2@NiS2-

2h. (e) XRD of NiS2 and Ni(OH)2@NiS2-2h samples. 

Figure 3. (a) Element mappings of Ni(OH)2@NiS2-2h. Scale bar: 200 nm. 

(b) SEM image of Ni(OH)2@NiS2-2h and corresponding EDX characteri-

zation.  
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deconvoluted, corresponding to the Ni3+ species.[40] In the S 2p 
region (Figure 4b), the peak at 168.4 eV comes from the S-O spe-
cies, while the S2

2- 2p3/2 and S2
2- 2p1/2 can be found at 161.7 and 

163.1 eV.[41] Compared with the NiS2 sample, the S 2p XPS of 
Ni(OH)2@NiS2 moves to lower binding energy, indicating the 
strong electron interaction between the heterostructure interface. 
For O 1s XPS (Figure 4c), the fitted three peaks at 530.7, 531.8 
and 533.0 eV are related to the lattice oxygen, defective oxygen 
and adsorbed oxygen on the surface of the catalyst.[42,43] It is clear 
that the content of defective oxygen shows an obvious rise for 
Ni(OH)2@NiS2, which means that reflux treatment can induce 
more defects, as Figure S5 shows. According to Wang,[44] the oxy- 
gen defects can induce the surface reconstruction by triggering 
the pre-oxidation of metal sites at a relatively low potential. Be-
sides, it has been verified that the oxygen defects facilitate the 
adsorption of OH- and lower the energy for the formation of ad-
sorbed oxygen on the surface of the catalyst.[45] All of the above 
results suggest the successful preparation of hollow structured 
Ni(OH)2@NiS2 with a heterostructure Ni(OH)2 and NiS2 interface. 
Semiconductor physics has pinpointed that the heterojunction 
system with two semiconductors with different energy structures 
can lead to the generation of a built-in electric field, which can 
accelerate electron transfer in electrocatalytic processes and af-
fect the adsorption of active reactants.[46,47] 

To validate the important role of Ni(OH)2 in electrocatalytic wa-
ter splitting, we constructed a typical three-electrode configuration 
in 1.0 M KOH to research the catalytic performance of all synthe-
sized samples. For comparison, commercial RuO2 and Pt/C (20 
wt% Pt) electrodes prepared under the same condition were used 
as the benchmarks for OER and HER.  

At first, we measured the OER activity of NiS2 and Ni(OH)2@NiS2 
with different reflux times, and the linear sweep voltammetry (LSV) 
polarization curves are plotted in Figure 5a. The NiS2 precursor 
displays a better OER activity than RuO2, requiring the overpo-
tentials of 362 mV at 10 mA cm-2. After reflux treatment, the water 

oxidation performance shows a great improvement, of which the 
Ni(OH)2@NiS2-2h exhibits the best catalytic activity with the over-
potentials of 309 and 359 mV to deliver 10 and 100 mA cm-2, 
which is also superior to the previously reported catalysts (Figure 
5b, Table S1). The OER activity for Ni(OH)2@NiS2-2h reaches the 
best, suggesting that the appropriate Ni(OH)2 is conductive to 
OER because of the accelerated formation and the electrophilic 
properties of adsorbed oxygenated species on the activated Ni 
sites. With further increase of Ni(OH)2, the heterogeneous inter-
faces are covered and cannot be exposed, resulting in inferior 
OER performance. We supposed that the small difference in OER 
activity for samples at different reflux time may result from the limi- 
ted formation of Ni(OH)2 after 1h, since Ni(OH)2 was generated 
through the dissolution of Ni2+ from NiS2. The newly produced 
Ni(OH)2 may hinder the contact of Ni2+ with the leached OH- ions, 
in turn, slowing the formation of Ni(OH)2. 

Further, Tafel slopes were calculated from respective LSV 
curves to discover the catalytic kinetics. As Figure 5c manifests, 
the Tafel slope of Ni(OH)2@NiS2-2h is 51.7 mV dec-1, much lower 
than the fresh NiS2 (103.2 mV dec-1). Such result suggests that 
the oxygen evolution electrocatalysis is determined by the asso-
ciation of OH reactants on active sites.[48] Furthermore, electro-
chemical impedance spectroscopy (EIS) was conducted to gain 
more information about the electron transfer kinetics. The used 
equivalent circuit is shown in the illustration of Figure 5d, where 

Figure 4. (a) Ni 2p, (b) S 2p and (c) O 1s of NiS2 and Ni(OH)2@NiS2 sam-

ples. (d) Illustration of charge transfer and HER process  

Figure 5. (a) LSV curves of all synthesized samples. (b) Comparison of 

overpotential at 10 mA cm-2 for sulfide catalysts in Table S1. (c) Tafel 

slopes, (d) EIS and (e) Cdl plots of obtained samples. (f) LSV plots of 

Ni(OH)2@NiS2-2h before and after 2000 CVs. The insert is the i-t curves 

at 1.56 V vs. RHE. 
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the Rs, Rct and CPE represent the internal resistance of electrolyte 
and electrode, charge transfer resistance and constant phase an-
gle element, respectively. Ni(OH)2@NiS2-2h owns smaller Rct 
value (60.4 Ω) than NiS2 (137.5 Ω) and other control samples, in-
dicating that the charge exchange has been expedited thanks to 
the high intrinsic electrical conductivity of Ni(OH)2-NiS2 inter-
face.[49]  

To acquire the origin of OER activity for Ni(OH)2@NiS2-2h, the 
ECSA was further evaluated by means of a series of CV curves 
(Figure S6). In view of the linear relationship between ECSA and 
the double-layer capacitance (Cdl), we assessed the Cdl values of 
all samples (Figure 5e). The Cdl of Ni(OH)2@NiS2-2h is 26.5 mF 
cm-2, which is around 3.6-fold higher than that if pure NiS2 (7.4 
mF cm-2) is attributed to the rougher surface and sphere structure, 
increasing the specific surface area of active compounds. This re-
veals that the enlarged active area plays a significant role in 
boosting the OER activity. Stability is another critical parameter 
for electrocatalysts in addition to activity, thus the fast CV scan 
was implemented using the best-performed Ni(OH)2@NiS2-2h as 
the research object. The LSV curves before and after 2000 CVs 
are plotted in Figure 5f, showing only a decrease of 9 mV at 10 
mA cm-2. Besides, the long-term stability was also measured at 
the constant potential of 1.56 V vs. RHE. The stable i-t curve and 
well-maintained special structure disclose the favorable durability 
of Ni(OH)2@NiS2-2h (Figure 5f, Figure S7a), better than commer-
cial RuO2 (Figure S8a). Furthermore, XRD shows dispersed 
peaks (Figure S7c), suggesting the evolution of Ni(OH)2@NiS2-
2h from well-crystallized Ni(OH)2 and NiS2 to amorphous nickel 
oxyhydroxides during water oxidation. We then analyzed the 
changes in the electronic structure of Ni(OH)2@NiS2-2h. As Fig-
ure S7d displays, the content of Ni3+ species is obviously in-
creased. Besides, the Ni 2p peaks after OER shift to higher bind-
ing energy, identifying the formation of higher-valence Ni compo-
nents. The movement of O 1s and S 2p peaks is possibly due to 
the interaction between the O and S atoms with the newly pro-
duced high-valence Ni atom (Figure S7e-f). 

The electrocatalytic HER performances of the yield samples 
were also evaluated in 1.0 M KOH. The related LSV plots in Fig-
ure 6a display an enhanced HER activity for Ni(OH)2@NiS2-2h 
sphere compared with the NiS2 precursor. The needed overpo-
tential at 10 mA cm-2 for Ni(OH)2@NiS2-2h is 233 mV, which has 
been dropped by 65 mV compared with the NiS2 sample. The best 
HER activity for Ni(OH)2@NiS2-2h verifies that the moderately in-
creasing Ni(OH)2 is beneficial to HER thanks to the improved hy-
drophily and water dissociation ability of the Ni(OH)2 species. We 
deduced that the excessive Ni(OH)2 content may lead to the de-
crease of the conductivity of the catalyst. Table S2 shows that the 
HER activity is comparable with other reported catalysts. The fit-
ted Tafel slope of Ni(OH)2@NiS2-2h is 151.5 mV dec-1, smaller 
than the initial NiS2 (180.0 mV dec-1) (Figure 6b). This result re-
veals the HER kinetics has been accelerated by the construction 
of the Ni(OH)2-NiS2 interface. As discussed above, Ni(OH)2 can 
be a preferable water cleavage compound due to its hydrophilicity. 
Furthermore, the stability was assessed by a fast CV scan and 
chronoamperometry. Encouragingly, the LSV of Ni(OH)2@NiS2-2h 
shows no previous degradation after the 2000 CV scan (Figure 
6c). Moreover, it can stably operate for 30 h without noticeable 
fluctuation compared with Pt/C (Figure 6d, Figure S7b), which 
couples with the well-defined structure, further verifying the elec-
trocatalytic stability of Ni(OH)2@NiS2-2h for HER.  

 CONCLUSION  

In conclusion, we have synthesized a heterostructured Ni(OH)2- 

@NiS2-2h hollow sphere acting as a promising bifunctional cata-
lyst in alkaline electrolytes. The Ni(OH)2 layer on the surface of 
NiS2 exhibits three functions towards OER and HER. Specifically, 
Ni(OH)2 can work as an active species for OER, while the NiS2 
expedited the electron transfer. Meanwhile, the spherical struc-
ture of NiS2 enlarges the surface area for Ni(OH)2 formation. In 
addition, for HER, the synergetic effect between Ni(OH)2 and NiS2 

makes Ni(OH)2@NiS2-2h catalytically active for water cleavage 
and OHad desorption. As a result, the optimized Ni(OH)2@NiS2-2h 
displays improved catalytic performance for OER and HER com-
pared to the pure NiS2 sample. Besides, the Ni(OH)2@NiS2-2h 
resulted exhibits favorable stability for OER and HER. These re-
sults provide new insight into the design of bifunctional catalysts 
for electrochemical applications.     

 EXPERIMENTAL   

Synthesis of NiS2. NiS2 was synthesized by a sample hydrother-
mal reaction. Briefly, Ni(NO3)2·6H2O (0.291 g), urea (0.06 g) and 
L-cysteine (0.487 g) were dissolved in deionized water (50 mL) by 
ultrasonic treatment. Then, the above solution was transferred to 
a Teflon-lined autoclave and heated at 140 ℃ for 12 h. After cool-
ing down to room temperature naturally, the black NiS2 product 
was collected and rinsed with deionized water and ethyl alcohol 
three times and dried in a vacuum for later use.  

Synthesis of Ni(OH)2@NiS2-t. Taking Ni(OH)2@NiS2-1h as an 
example, the above NiS2 (0.05 g) was dissolved in a mixed solu-
tion of deionized water (20 mL) and absolute ethyl alcohol (50 mL) 
and refluxed at 85 ℃ for 1 h. After that, the powder was washed 
with ethyl alcohol several times and named Ni(OH)2@NiS2-1h. 

Figure 6. (a) LSV curves of all synthesized samples. (b) Tafel slopes, (c) 

LSV plots of Ni(OH)2@NiS2-2h before and after 2000 CVs. (d) The i-t 

curves of Ni(OH)2@NiS2-2h at 0.35 V vs. RHE. 
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Similarly, Ni(OH)2@NiS2-2h and Ni(OH)2@NiS2-3h were obtained 
by changing the reflux time to 2 and 3 h, respectively. 
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