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a b s t r a c t

Water electrolysis is one of the most promising technologies for sustainable and clean energy production, 
yet the sluggish kinetics of the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) 
hampers the commercialization. In this work, Zr-doped MoS2 @Ni3S2 (MSNF) heterogeneous nanorods as 
bifunctional electrocatalysts were successfully explored to boost the catalytic activity of water electrolysis. 
The structural characterizations demonstrate the uniform modification of Zr atoms on the basal plane of 
MoS2 at the heterointerface of MSNF. MSNF implanted with a Zr plasma ion fluence of 5 × 1016 ions-cm−2 

(Zr500-MSNF) shows the most remarkable bifunctional electrocatalytic characteristics such as Tafel slope of 
60.9 mV dec−1 and overpotential of 98 mV at 10 mA cm−2 for HER, as well as Tafel slope of 78.5 mV dec−1 and 
overpotential of 275 mV at 20 mA cm−2 for OER. Consistent with the structural and electrocatalytic char
acterizations, first-principles calculation confirms that the activated S sites in the basal plane of MoS2 upon 
Zr doping have more empty states in its valence orbital to favor the adsorption of hydrogen and hydroxide, 
thus contributing to enhanced HER and OER activity. The findings in this work reveal a facile strategy to 
design high-performance and low-cost bifunctional catalysts based on two-dimensional materials for 
overall water splitting.

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

The greenhouse effect and environmental contaminations caused 
by the assumption of fossil fuels pressingly demand the develop
ment of sustainable and clean energy [1]. Among the tremendous 
efforts devoted to reducing the carbon footprint [2], hydrogen en
ergy has garnered the most attention owing to its zero-emission and 
high efficiency [3]. However, production of hydrogen by conven
tional techniques still requires fossil energy [4–6] and can hardly 

address the environmental concerns [7,8]. As a consequence, water 
splitting producing both hydrogen and oxygen via electrolysis ap
peals to be a promising option. Overall water splitting comprises two 
half reactions: the hydrogen evolution reaction (HER) and oxygen 
evolution reaction (OER) [9–11]. Currently, the commercialized HER 
and OER catalysts based on platinum and Ru/IrO2 still suffer from 
high price and natural scarcity, thus largely limiting the large-scale 
production of hydrogen energy [12–14]. Therefore, the development 
of the low-cost and high-performance electrocatalysts to replace 
these noble metal ones is of high importance.

Transition metal compounds, especially the transition metal 
sulfides (TMSs), have aroused significant interests for water splitting 
electrocatalysis owing to the low price, environmental friendliness, 
and unique properties [15,16]. Predominant evidences have proved 
that the modulation of electronic configuration of TMSs via atomic 
modification and strain engineering can effectively enhance the 
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electrocatalytic activity of HER and OER [17–20]. In particular, MoS2 

characterized with large surface area, good stability, and tunable 
electronic structure is appealing for water splitting electrocatalysis 
[21,22]. It has been demonstrated that the uncoordinated Mo-S sites 
at the edge is as active as Pt for HER [23]. However, the atom utili
zation efficiency is still limited with the dominant basal plane of 
MoS2 being inactive [24]. Therefore, it is of great interest to activate 
the basal plane of MoS2 for more efficient electrocatalysis of water 
splitting [25].

Constructing heterostructures [26] and atomic doping [27] are 
two main strategies to activate the MoS2 basal plane. On one hand, 
the heterostructures can be prepared by incorporating MoS2 with 
other materials to modulate the heteointerface of MoS2 and thus the 
electronic configurations [28]. For example, MoS2 nanoplates em
bedded in porous Co–N-doped carbon nanocages (MoS2/Co–N–CN2) 
exhibit improved activity (Tafel slope: the HER and OER values of 74 
and 169 mV dec−1 respectively, overpotential: the HER and OER η10 
values of 180 mV and 398 mV respectively) and stability in HER and 
OER owing to the modified electronic structure at the heterointer
face favoring the adsorption of intermediates [29]. On the other 
hand, atomic doping via plasma ion implantation is compatible with 
high-efficient, low-temperature and large-scale operation for surface 
engineering of two-dimensional electrocatalysts [30]. In particular, 
Zr is an ideal dopant for regulating the electronic structure of 
transition metal compounds. Wei et al. reported Zr-doped transition 
metal phosphide on nitrogen-doped carbon fiber (P-CoFeZr/NCBC) 
as an efficient electrocatalyst of OER (Tafel slope: 51 mV/dec, over
potential: η10 values of 300 mV) due to the effectively modulated 
morphology and electronic structure by Zr [31]. Nevertheless, the 
electrocatalytic performance of the activated basal plane of MoS2 

still needs further improvement.
In this work, Zr-doped MoS2 @Ni3S2 (MSNF) heteronanorods 

prepared by a one-step hydrothermal method and plasma ion im
plantation have been employed for efficient HER and OER electro
catalysis. The optimization of Zr ion fluences is closely related to the 
evolution of morphology, surface active area and electrocatalytic 
activity. Compared to other MSNF samples, the optimized Zr500- 
MSNF nanorods exhibit the lowest overpotentials (η20) of 134 mV 
and 270 mV and Tafel slopes of 60.9 and 78.5 mV dec−1 in HER and 
OER, respectively. Structure characterizations demonstrate that 
more S sites in the basal plane of MoS2 are activated by donating 
electrons to the doped Zr atom. First-principles calculation verifies 
that Zr produces more empty states at S sites in the basal plane to 
promote hydrogen adsorption in HER while Zr improves the ad
sorption and desorption of hydroxide at Ni sites in OER.

2. Experimental section

2.1. Chemicals

All the chemicals and the nickel foam (NF) were purchased from 
commercial vendors. The chemicals were used as received unless 
noted otherwise, and the nickel foam (NF) was used by cutting into 
pieces 2 cm × 3 cm in size. The solutions were prepared with 18 MΩ 
deionized (DI) water.

2.2. Synthesis of MoS2@Ni3S2 nanorods

The NF substrate was washed with ethanol, diluted sulfuric acid 
(5 wt%), and DI water for 10 min to remove impurities. Na2MoO4 

(0.3 mmol) and CH4N2S (12 mmol) were mixed in 50 mL of DI water 
and stirred for 20 min, yielding a transparent solution. The obtained 
solution and clean NF were transferred to an autoclave to anneal at a 
temperature of 200 °C for 12 h. After cooling to room temperature, 
the samples were taken out, and rinsed with absolute ethanol and DI 
water for 10 min to remove by-products, then the samples were 

dried in a vacuum oven at 80 °C for overnight, yielding the MoS2 @ 
Ni3S2/NF.

2.3. Zr plasma implantation of MoS2@Ni3S2 nanorods

Zr was implanted into MoS2 @Ni3S2/NF (MSNF) with different 
fluences by using the high-energy metal plasma system in the 
Plasma Laboratory of City University of Hong Kong, and the scheme 
was shown in Fig. S1 [32]. The employed pressure was 2 × 10−3 Pa 
and the Zr target was ionized by an arc discharge to produce a Zr 
plasma which was accelerated to 25 kV and implanted into the 
sample that was grounded electrically. By adjusting the implantation 
time, different Zr fluences of 2.5 × 1016, 5 × 1016, and 10 × 1016 ions- 
cm−2 were implanted and the samples were designated as Zr250- 
MSNF, Zr500-MSNF, and Zr1000-MSNF, respectively.

2.4. Materials characterization

The morphology and elemental composition were characterized 
on a field-emission scanning electron microscope (FE-SEM, Zeiss 
Gemini 450, Germany) equipped with an energy dispersive X-ray 
spectrometer (EDS). The phase composition was analyzed by X-ray 
diffraction (XRD, Rigaku, RINT2100, Japan) with Cu Kα radiation 
(λ = 1.5406 Å). Transmission electron microscopy (TEM) and high- 
resolution TEM (HR-TEM) were conducted to examine the fine 
structure and lattice spacing on the JEOL JEM-2010. The elemental 
maps were obtained by EDS on the SEM and TEM and the con
centrations were also determined by inductively-coupled plasma 
atomic emission spectroscopy (ICP-AES, Agilent, USA). The surface 
chemical states were analyzed by X-ray photoelectron spectroscopy 
(150 W, ESCALAB 250) with Al Kα radiation.

2.5. Electrochemical evaluation

The electrochemical analysis was performed using a three-elec
trode configuration on VMP3 (Bio-Logic) in 1 M KOH at room tem
perature [33]. The sample and saturated calomel electrode (SCE) 
were the working electrode and reference electrode, respectively. 
Graphite rods and platinum sheets were the counter electrodes in 
the HER and OER, respectively. The polarization curves for HER and 
OER were obtained by linear sweep voltammetry (LSV) at a scanning 
rate of 5 mV s−1 and the potential in the polarization curve was iR 
compensated by the ohmic resistance of the solution. The electro
chemically active surface area (ECSA) was calculated by cyclic vol
tammetry (CV) carried out at different scanning rates in the non- 
faradaic potential region and the electric double layer capacitance 
(EDLC) was derived. Electrochemical impedance spectroscopy (EIS) 
was performed at the open circuit and related reaction potentials in 
the frequency range between 106 Hz and 10−1 Hz.

2.6. First-principles calculation

The first-principles calculation was conducted using the VASP 
code in which the generalized-gradient-approximation (GGA) [34]
exchange-correlation functional [35] and projector augmented wave 
method was adopted [36]. The cutoff kinetic energy of the plane 
wave basis set was 450 eV. To evaluate the strong on-site Coulomb 
repulsion among electrons in the transition metal 3d or 4d orbitals, 
the GGA+U method [37] was implemented and (U-J) = 2.4 eV for the 
Mo and Zr 4d orbitals. The MoS2 surface model in the supercell 
shown in Fig. S33 consisted of two (3 × 3)-unit-cell layers and a 13 Å 
thick vacuum layer. A Gamma-type 5 × 5 × 1 k-point mesh was ap
plied to sample the Brillouin zone and all the atoms were fully re
laxed until the forces on the atoms were less than 0.02 eV/Å. The 
Gibbs free energies on the Ni3S2 (110), MoS2 (002), and Zr-MoS2 

(002) surfaces were derived for HER and OER.
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3. Results and discussion

3.1. Synthesis and Characterization of Zr-doped MoS2@Ni3S2/NF 
nanorods

The Zr-doped MoS2 @Ni3S2/NF nanorods were prepared fol
lowing the steps showed in Fig. 1. In the first step, MoS2 @Ni3S2/NF 
(MSNF) nanorods were synthesized by a one-step hydrothermal 
method as reported in the previous study [38] and Ni3S2/NF was also 
prepared for comparison. The mechanism of structure formation is 
as follows: firstly, nucleation on nickel foam is conducted through 
hydrothermal reaction, and then nanorods are formed through di
rectional growth. During the growth of MoS2 @Ni3S2, the filled na
norods may have a separation effect and form a unique rod-like 
structure [39,40]. With the obtained nanorods, the Zr with different 
fluences (2.5 ×1016, 5 ×1016, and 10 ×1016 ions-cm−2) are plasma- 
implanted into the MSNF, and the samples are labeled Zr250-MSNF, 
Zr500-MSNF, and Zr1000-MSNF, respectively.

The phases of MSNF, Zr250-MSNF, Zr500-MSNF, and Zr1000- 
MSNF were determined by X-ray diffraction (XRD). As shown in 
Fig. 2a, all four samples exhibit sharp peaks at 45.3°, 52.4°, and 76.9° 
associated with the (111), (200), and (220) planes of the Ni substrate 
(PDF#04–0850) [41]. The diffraction peaks at 15.3°, 28.2°, 42.3°, 
48.5°, 60.4°, and 72.4° marked by red pentagrams correspond to the 
(002), (004), (103), (105), (008), and (203) planes of MoS2 

(PDF#37–1492) [42] and the remaining diffraction peaks marked by 
blue squares are related to the (101), (110), (003), (211), and (300) 
planes of Ni3S2 (PDF#44–1418) [43]. With the increase of Zr ion 
fluences, the XRD peaks shift slightly to larger angles, which can be 
ascribed to the stress release rendered by the dopant.

The SEM-EDS spectra of Zr250-MSNF, Zr500-MSNF, and Zr1000- 
MSNF were shown in Fig. 2b, revealing the presence of Mo, S, Ni, and 
Zr. Figs. 2c and 2d depict the SEM images of the original Ni3S2 na
nocones and bare MSNF nanorods, respectively. It is shown that the 
MSNF structure is slender and its length (8 µm) is larger than that of 
Ni3S2 nanocone structure (1 µm high). The ratio of Ni to S is 3:2 (Fig. 
S2) and Mo, Ni, and S are uniformly distributed in MSNF (Fig. S3), 
indicating the successful preparation of MSNF. As shown in Figs. 2e 
and 2f, the micro-morphology of Zr250-MSNF is basically unchanged 
compared to the pristine MSNF. When the Zr fluence is increased to 
5 × 1016 ion-cm−2 (Zr500-MSNF), the MSNF nanorods collapse and 
partially agglomerate (Figs. 2g and 2h), suggesting the efficient 
doping of Zr into the MSNFs. After implantation with 10 × 1016 ion- 

cm−2 (Zr1000-MSNF), the original nanorods are fully intertwined to 
form a network and exhibit flower-liked shape (Figs. 2i and 2j). 
Uniform distributions of Mo, S, Ni, and Zr in Zr500-MSNF can be 
further confirmed from the EDS element maps in Fig. 2k, which is in 
line with the above SEM-EDS spectra.

To further investigate the influence of the Zr fluence on the mi
crostructure, specific surface area is measured via the N2 adsorption/ 
desorption isotherms. The pore size distributions of Zr250-MSNF, 
Zr500-MSNF, and Zr1000-MSNF were characterized and compared 
(Figs. 3a and 3b). Meanwhile, the pore sizes for Ni3S2/NF and MSNF 
were also characterized and displayed in Fig. S4. The surface areas of 
Zr250-MSNF, Zr500-MSNF, and Zr1000-MSNF are approximately 
33.2, 23.9, 16.2 m2 g−1, suggesting that a larger Zr fluence causes the 
vertical nanorods to collapse and leads to a smaller surface area. The 
corresponding pore diameters and pore volumes are 2.00, 2.00, 
1.88 nm, and 0.027, 0.017, and 0.016 cm3 g−1, respectively, for Zr250- 
MSNF, Zr500-MSNF, and Zr1000-MSNF. The yielded results verify 
that the incorporation of Zr hardly change the size of the pores in the 
nanorods. Moreover, the Mo/Ni ratio of Zr-MSNF upon increasing Zr 
doping is steady to be around 3.8% (Fig. 3c) and the ratios of Zr to Mo 
(less than 8%) increase positively with ion fluences (Fig. 3c), in
dicating the stable atomic structure of MoS2 upon Zr heteroatom 
doping.

The structure of Zr500-MSNF is further examined by TEM and 
HR-TEM. As shown in Figs. 3d and 3e, the length and width of the 
Zr500-MSNF nanorods are about 2 µm and 200 nm, respectively. 
Fig. 3e clearly showed the inner rod-like structure with Ni3S2 as the 
main body (left of the red box) and the surrounding structure of 
MoS2 nanords (red box) and the MoS2 nanosheets encapsulate the 
Ni3S2 nanorods, which is consistent with the observations from SEM 
images. The HR-TEM images of Zr500-MSNF NRs in Figs. 3f and 3g 
showed that there are two distinct lattice fringes with disclose lat
tice spacings of 0.60 and 0.31 nm, matching the (002) and (004) 
planes of MoS2, and that of 0.28 nm is considered to originate from 
the (110) plane of Ni3S2, with yellow lines as the approximate in
terface in the middle. [44,45]. The selected-area electron diffraction 
(SAED) pattern (inset in Fig. 3g) shows the standard inverted grid 
arrangement of MoS2. The TEM HAADF elemental maps in Fig. 3h 
illustrate uniform distributions of Mo, S, Ni, and Zr on the MSNF 
nanorods.

The chemical states of the pristine MSNF, Zr250-MSNF, Zr500- 
MSNF, and Zr1000-MSNF are characterized by X-ray photoelectron 
spectroscopy (XPS). The pristine Ni3S2/NF shows the presence of Ni, 

Fig. 1. Schematic diagram of the synthesis of Zr doped MoS2 @Ni3S2/NF (Zr-MSNF) nanorods. 
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S, and O, whereas MSNF shows the presence of Mo, S, Ni, and O. Mo, 
Ni, S, Zr, and O are detected from the Zr-doped MSNF samples, cor
roborating successful Zr plasma ion implantation (Fig. S5). The Mo 
3d XPS spectrum of MSNF (Fig. 4a) exhibits two peaks at 228.7 and 
231.8 eV corresponding to Mo 3d5/2 and Mo 3d3/2 [46]. With the 
increase of Zr fluence from 2.5 × 1016 to 1 × 1017 ions-cm−2, the peaks 
of Mo 3d3/2 and Mo 3d5/2 in Fig. 4a shift slightly to a lower binding 
energy by 0.3 eV, implying that the outer layer of Mo receives 
electrons in the presence of Zr. The S 2p1/2 and S 2p3/2 peaks in 
Fig. 4b shift to high binding energy with the increase of Zr con
centration, suggesting that the outer orbital of S loses electrons [47]. 
Similarly, the binding energies of Zr 3d3/2 and Zr 3d5/2 in Fig. 4c shift 
from 184.3 and 181.9 eV to 184.6 and 182.2 eV with the increase of Zr 
concentration, suggesting that Zr substitutes for Mo and the outer 
orbital of Zr also loses electrons [48]. The Ni 2p spectra in Fig. 4d 
show that the outer orbit of Ni gains electrons after plasma 

processing. Considering the electron loss of Zr and S, it can be con
cluded that electron flows from the outer orbitals of Zr and S to the 
outer orbitals of Mo and Ni after Zr plasma implantation, which is 
closely related with the HER and OER activity.

3.2. HER and OER properties

The HER activities of Pt/C, Ni3S2/NF, MSNF, Zr250-MSNF, Zr500- 
MSNF, and Zr1000-MSNF were measured in 1 M KOH at room tem
perature and the polarization curves are displayed in Fig. 5a after IR 
calibration. It is showed that Zr500-MSNF delivers excellent HER 
performance with a Tafel slope of 60.9 mV dec−1, which is much less 
than that of the other electrodes (177.6 mV dec−1 for Ni3S2/NF, 
144.7 mV dec−1 for MSNF, 115.3 mV dec−1 for Zr250-MSNF, and 
88.7 mV dec−1 mV dec−1 for Zr1000-MSNF, Fig. 5b). The small Tafel 

Fig. 2. (a) XRD patterns of MSNF, Zr250-MSNF, Zr500-MSNF, and Zr1000-MSNF; (b) EDS spectra of Zr250-MSNF, Zr500-MSNF, and Zr1000-MSNF; SEM images: (c) Ni3S2 na
nocones, (d) MSNF nanorods, (e, f) Zr250-MSNF, (g, h) Zr500-MSNF, and (i, j) Zr1000-MSNF: (k) EDS elemental maps of Mo, S, Zr, and Ni in Zr500-MSNF.

N. Pang, Y. Li, X. Tong et al. Journal of Alloys and Compounds 947 (2023) 169448

4



slope of Zr500-MSNF implies that the HER process is likely to pro
ceed by the Volmer-Heyrovsky mechanism [50].

The overpotentials comparison in Fig. 5c show that Zr500-MSNF 
needs overpotentials of 98 and 134 mV to drive current densities of 
10 and 20 mA cm−2, respectively, which are lower than those of 
Ni3S2/NF (321 and 362 mV), MSNF (293 and 331 mV), Zr250-MSNF 
(178 and 206 mV), and Zr1000-MSNF (149 and 185 mV). Such en
hanced HER activity of Zr-doped MSNF is considered to be closely 
related to the electron redistributions as described above. Specifi
cally, such redistribution between Zr, Mo and S create more empty 
states in the valence orbital of MoS2, thus favoring the adsorption of 
H+ and HER activity. With the increase of the Zr fluence from 0 to 
1 × 1017 ions-cm−2, the HER catalytic activity of MSNF firstly in
creases sharply (Zr250-MSNF and Zr500-MSNF) and then declines 
slowly (Zr1000-MSNF). When the Zr fluence is 5 × 1016 ions-cm−2, 

The Zr500-MSNF doped with a Zr fluence is 5 × 1016 ions-cm−2 ex
hibits superior HER performance over others (inset in Fig. 5c). The 
slow decline with higher Zr doping level may be caused by the 
collapse of nanorods, which results in a smaller surface area.

Moreover, electrochemical impedance spectroscopy (EIS) is car
ried out at − 0.1 V vs. RHE to study the ion resistance and charge 
transfer resistance, which are considered as the vital indicators to 
evaluate the HER properties (Fig. 5d) [49]. The obtained results re
vealed that the resistance of the solution Rs is relatively stable at 1 ∼ 
1.3 Ω after Zr plasma ion implantation. The charge transfer re
sistance (Rct) of Zr500-MSNF is approx 5.1 Ω, which is smaller than 
those of MSNF (19.8 Ω), Zr250-MSNF (8.3 Ω), and Zr1000-MSNF 
(6.5 Ω). These differences indicate that Zr500-MSNF holds the fastest 
electron transport among these nanorods, and the involved catalytic 
reaction is faster in the electric double layer between the electrode 

Fig. 3. (a) N2 adsorption/desorption isotherms of Zr-doped MSNF; (b) Pore size distributions of Zr-doped MSNF. (c) Mo/Ni and Zr/Mo atomic ratios of Zr-doped MSNF determined 
by ICP; (d, e) TEM images of Zr500-MSNF nanorods; (f, g) HR-TEM images of Zr500-MSNF; (h) HAADF-TEM elemental maps of Zr500-MSNF.
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surface and electrolyte, which are consistent with the data obtained 
from LSV curves. The electrochemical double layer capacitance 
(EDLC) obtained by CV in the non-Faraday region is another im
portant parameter to determine the electrochemical surface area 
(ECSA). It is deemed that the larger the EDLC, the larger is ECSA of 
the electrode. The EDLC of Zr500-MSNF electrode (Fig. S6) shows a 
value of 26.8 mF cm−2, which is bigger than those of Ni3S2/NF (7.3 mF 
cm−2), MSNF (9.1 mF cm−2), Zr250-MSNF (11.2 mF cm−2), and 
Zr1000-MSNF (16.1 mF cm−2). Obviously, Zr500-MSNF holds a larger 
electrochemically active area and more active sites, which is bene
fitial for the hydrogen evolution. Further studies indicated that Zr- 
doping effectively enhances the catalytic stability of MSNF elec
trodes. As shown in Figs. 5f, 88.9% of the HER current density of 
Zr500-MSNF is maintained after operation for 30 h in the alkaline 
solution.

The LSV curves of OER obtained from RuO2, Ni3S2/NF, MSNF, 
Zr250-MSNF, Zr500-MSNF, and Zr1000-MSNF were shown in Fig. 6a. 
In addition to the current increase due to oxygen evolution process, a 
peak at 1.62 V vs. RHE for Ni3S2/NF is observed and can be ascribed to 
the typical oxidation peak of Ni2+ to Ni3+. Such oxidation peak that 

can interfere with OER activity is hardly observed in MSNF samples 
due to the covering of MoS2 nanosheets at the outer-surface of Ni3S2/ 
NF. Hence, MSNF, Zr250-MSNF, Zr500-MSNF, and Zr1000-MSNF 
shows more excellent OER performance than Ni3S2/NF. The over
potentials to yield current densities of 20 and 50 mA cm−2 (η20 and 
η50) are shown in Fig. 6b. It is revealed that η20 and η50 of Zr500- 
MSNF are 275 and 298 mV, which are less than those of Ni3S2/NF 
(523 and 602 mV), MSNF (346 and 404 mV), Zr250-MSNF (297 and 
334 mV), and Zr1000-MSNF (316 and 351 mV). Furthermore, Zr500- 
MSNF shows a Tafel slope of 78.5 mV dec−1, which is smaller than 
those of Ni3S2/NF (166.4 mV dec−1), MSNF (133.8 mV dec−1), Zr250- 
MSNF (113.7 mV dec−1), and Zr1000-MSNF (96.8, mV dec−1), re
flecting faster reaction kinetics and higher OER activity (Fig. 6c). 
Considering the absence of oxidation peak of Ni2+ to Ni3+in MSNF 
samples, it is assumed that origin of the activity enhancement at Zr- 
doped MSNF is the MoS2 outer layer doped with Zr heteroatoms.

In general, the large electrochemically active surface area (ECSA) 
is benefit to the OER electrocatalytic activity [51], whereas the ECSA 
is proportional to the double-layer capacitance (Cdl). Herein Cdl is 
calculated based on the CV curves acquired at different scanning 

Fig. 4. High-resolution XPS spectra: (a) Mo 3d, (b) S 2p, (c) Zr 3d, and (d) Ni 2p. 
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rates in the non-Faraday region and is shown in Fig. 6d. It is observed 
that Zr500-MSNF has the largest Cdl of 44.3 mF cm−2, which is al
most 4 times that of Ni3S2/NF (10.5 mF cm−2) and MSNF (15.2 mF 
cm−2), and is larger than those of Zr250-MSNF (30.1 mF cm−2) and 
Zr1000-MSNF (33.4 mF cm−2). Such a high Cdl value can be ascribed 
to the large electrochemical active areas and the presence of more 

active sites in Zr500-MSNF, which is consistent with the boosted 
OER activity as shown in Fig. 6b-c. Moreover, Zr500-MSNF shows a 
similar solution resistance at the open circuit potential and the slope 
of the electron transfer resistance Zr500-MSNF is the largest 
(Fig. 6e), suggesting that electron transfer is the fastest and the re
action rate is also the fastest. Moreover, the long-term stability for 

Fig. 5. Electrocatalytic HER characteristics: (a) Polarization curves, (b) Tafel plots, (c) Overpotentials, (d) EIS Nyquist plots at − 0.1 V vs. RHE, (e) EDLCs, and (f) Stability evaluation. 

Fig. 6. Electrocatalytic OER characteristics: (a) Polarization curves, (b) Overpotentials, (c) Tafel plots, (d) EDLCs, (e) EIS Nyquist plots at OCV, and (f) Stability assessment. 
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OER is characterized and shown in Fig. 6f. The polarization curve of 
Zr500-MSNF after the long-term stability test is only slightly atte
nuated compared to the original electrode. The impedance shifts to 
the right because the Zr500-MSNF nanorods collapse slightly during 
the test and electron transfer slows (inset in Fig. 6f). With LSV, EDLC, 
EIS and other data, it is verified that Zr ion implantation in MSNF 
heterojunction successfully acts as an excellent bifunctional catalyst. 
Especially, MoS2 covering the underlying Ni3S2 nanostructure avoids 
the influence of metal ion oxidation peak, forming a stable OER 
electrode.

3.3. Analysis of HER and OER enhancement mechanism

First-principles calculation is performed to investigate the acti
vation effects of Zr doping on the catalytic activity of MoS2 for 
overall water splitting. The relevant reactions and calculation details 
are provided in Supplementary Materials. The hydrogen adsorption 
energy is an important parameter to evaluate the catalytic activity of 
the electrode in HER and the closer it is to zero, the higher is the 
catalytic activity. Herein, hydrogen adsorption on the MoS2 (002), 

Ni3S2 (110), Zr-doped MoS2 (002), and Zr-doped Ni3S2 (110) surfaces 
is considered. According to the experimental results, the models are 
presented in Fig. 7a and Fig. S7-9. The Gibbs free energies of S sites at 
different positions in the basal plane of Zr-doped MoS2 with dif
ferent dopant concentrations are derived. the Gibbs free energies of 
S sites in the pristine MoS2 and Ni3S2 basal planes are high implying 
weak HER activity. Zr doping enhances hydrogen adsorption on the S 
site in the MoS2 basal plane and the adsorption free energy of 
H* (ΔGH*) decreases from 1.88 to 0.44 eV (Fig. 7b). Furthermore, The 
Gibbs free energy of the S site directly in contact with Zr is ap
proximately 0.4 eV and 0.2 eV smaller than that of other S sites, 
implying that the S site in direct contact with Zr is the active HER 
site and has higher catalytic activity (Fig. 7c). As the concentration of 
Zr goes up from 11% to 33%, the adsorption energies of H* on the 
directly connected S sites are close. When the dopant concentration 
increases by a factor of two, the directly connected active S sites also 
increase by a factor of two consistent with the experimental results.

The density of states (DOS) [66] in Fig. 7d reveals the effects of 
impurity atoms on valence electrons. The valence band of pure MoS2 

is full, Mo can get 4 electrons from its surroundings, and the S site 

Fig. 7. (a) Optimized structure for H* adsorption on Zr-MoS2 (002); (b) ΔGH* for HER; (c) ΔGH* of H* adsorbed on S sites at different neighbors; (d) DOS of S sites on MoS2 and Zr- 
MoS2; (e) Free energy diagram on S sites in OER; (f) Schematic illustration of OH* /O* /OOH* /OO* generation and oxygen formation on S sites of Zr-MoS2 in 1.0 M KOH.
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next to it adsorbs 4 vacancies to Mo site, making the valence orbital 
of S saturated and the valence orbital of S is saturated. Therefore, it is 
difficult for H* to adsorb onto the S site resulting in a larger ΔGH*. 
Incorporation of dopants with fewer valence electrons than Mo 
causes vacancies to emerge from the valence band, and the smaller 
the number of valence electrons, the larger is the number of va
cancies. The DOS of directly connected S atoms in Zr plasma-treated 
MoS2 is displayed in Fig. 7d Zr has fewer unsaturated electrons and 
can only provide 2–3 vacancies. The valence orbitals and empty 
states in the valence orbitals of S atoms also increase, resulting in 
enhanced activity of S sites. Therefore, it is relatively easy for H* to 
adsorb onto the active site of S and ΔGH* is closer to zero thereby 
favorable to H* adsorption and desorption. The results suggest that 
incorporation of Zr optimizes ΔGH* in HER on S sites in the MoS2 

basal plane.
In the same way, the origin of the enhanced OER activity of MoS2 

@Ni3S2 by plasmonic doping of Zr can be explained by first-princi
ples calculation. Specifically, we evaluate and compare the Gibbs free 
energies of the oxygen-containing intermediate states of OH* , O* , 
OOH* , and OO* on the S sites in the pristine MoS2 (002), Ni3S2 (110) 
and Zr doped MoS2 (002) basal plane. As shown in Fig. S10, the S site 
in nickel sulfide is oxidized and converted to sulfate in the solution 
after adsorbing OH* , while nickel sulfide is converted to NiOOH. This 
explains why Ni3S2 shows an obvious Ni2+ to Ni3+ transformation 
during oxygen evolution and produces an oxidation peak. The Gibbs 
free energies of the corresponding converted Ni(OH)2 for the ad
sorption of intermediates during oxygen evolution are shown in Fig. 
S11. On the contrary, the adsorption process of the oxygen-con
taining intermediate state at the S site in the MoS2 basal plane is 
stable and the oxygen evolution reaction occurs mainly on the sur
face of MoS2 (Fig. S12). Fig. 7f shows the adsorption process of the 
oxygen-containing intermediate states OH* , O* , OOH* , and OO* on 
the Zr plasma-doped MoS2 (002) surface and it includes all the steps 
in the oxygen evolution reaction. Since OH* , O* and OOH* are the 

key intermediates in OER, the Gibbs free energies of undoped MoS2 

and Zr-doped MoS2 are compared with these two adsorbed inter
mediates and it is found that the Gibbs free energies of Zr-doped 
MoS2 (1.21, −0.08 and 1.35 eV) in these steps are smaller than those 
of undoped MoS2 (2.43, −1.3 and 2.5 eV) and Ni(OH)2, explaining the 
better oxygen evolution activity (Fig. 7e). As a consequence, un
saturation of S-site atomic orbitals in the MoS2 basal plane and 
generation of empty states created by Zr plasma implantation en
hance the OER activity.

3.4. Overall water splitting

To investigate the practicality in overall water splitting, Zr500- 
MSNF was employed as both the anode and cathode in an alkaline 
medium (Fig. 8a). The two-electrode overall water splitting system 
was constructed and depicted in Fig. S13. The polarization curves 
acquired from Ni3S2/NF // Ni3S2/NF, MSNF // MSNF, and Zr500-MSNF 
// Zr500-MSNF in overall water splitting were shown in Fig. 8b. It's 
obvious that Zr500-MSNF // Zr500-MSNF needs a small cell voltage 
of 1.49 V to drive a current density of 10 mA cm−2, which is far su
perior to Ni3S2/NF // Ni3S2/NF (1.56 V) and MSNF // MSNF (1.78 V). 
This is considered to be associated to the better catalytic activity of 
Zr500-MSNF in both HER and OER. Furthermore, Faraday efficiency 
(FE) was further studied to investigate the relationship between the 
actual produced H2 / O2 and the theoretical production value. As 
shown in Fig. 8c, the Zr500-MSNF electrode achieves stable hy
drogen/oxygen yields, and its Faradaic efficiencies for HER and OER 
are close to 100%, indicating that the actual yields agree well with 
the theoretical values. Furthermore, the activity of Zr500-MSNF // 
Zr500-MSNF decline and maintains at 92.9% after operation for 50 h 
at 1.6 V, which is better than the other two electrodes (Ni3S2/NF // 
Ni3S2/NF (77.4%), MSNF // MSNF (84.8%), Fig. 8d). The TEM image of 
Zr500-MSNF after the stability test discloses a relatively intact na
norod morphology and clear interplanar spacing of MoS2 (002) (Fig. 

Fig. 8. (a) Schematic diagram of the two-electrode water electrolysis system; (b) Polarization curves of two-electrode overall water splitting; (c) Comparison of the experimental 
and theoretical amount of H2 and O2 produced in overall water splitting; (d) Galvanostatic measurement performed at a cell voltage of 1.6 V in 1.0 M KOH; (e) Comparison of the 
overall water splitting properties between Zr500-MSNF and electrocatalysts in the recent literature.
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S14), indicating the good stability of Zr500-MSNF electrode. The 
obtained results showed that Zr500-MSNF exhibits outstanding 
catalytic activity in respect to previous reports. [50–65].

4. Conclusion

In this manuscript, we report the modification of MSNF nanorods 
via using systematic Zr plasma ion implantation, and their enhanced 
bifunctional catalytic properties in alkaline HER and OER. It is shown 
that the catalytic activity of Zr-doped MSNFs for both HER and OER 
increase sharply with the addition of Zr ion fluence, and then de
creases slowly when Zr ion fluence reaching 5 × 1016 ions-cm−2. 
Zr500-MSNF shows the best bifunctional electrochemical perfor
mance as proved by the Tafel slope (the HER and OER values of 60.9 
and 78.5 mV dec−1 respectively), overpotential (the HER and OER η20 
values of 134 mV and 270 mV respectively), and long-term durability 
(maintains at 92.9% after operation for 50 h at 1.6 V). Experimental 
and theoretical evaluation showed that Zr doping at the MSNF in
terface replaced Mo and induced electron loss at the basal plane S 
sites of MoS2, thus activating the S sites with more empty states in 
the valence orbital for promoted HER and OER. This work reveals a 
facile and scalable strategy for modulating the atomic and electronic 
structure of two-dimensional materials and provide insights into the 
development of high-performance bifunctional water splitting cat
alysts.
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First-principles calculation 

 

According to previous reports, the key steps in HER in an alkaline environment 

are as follows: 

S1: 𝑆 + 𝐻2𝑂 + 𝑒− → 𝑆 − 𝐻∗ + 𝑂𝐻− (𝑉𝑜𝑙𝑚𝑒𝑟 𝑠𝑡𝑒𝑝)                                     

S2: 𝑆 − 𝐻∗ + 𝐻2𝑂 + 𝑒− → 𝑆 + 𝑂𝐻− + 𝐻2 ↑  (𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 𝑠𝑡𝑒𝑝)                           

S3: 2(𝑆 − 𝐻∗) → 2𝑆 + 𝐻2 ↑  (𝑇𝑎𝑓𝑒𝑙 𝑠𝑡𝑒𝑝)                                              

In the last part of hydrogen production, H* is expressed as an intermediate state and the 

details of the reaction process of the Tafel and Heyrovsky steps are different, but 

according to the zero point of the H2 desorption state, the calculation process of free 

energy is the same.  The Gibbs free energy change can be expressed as: 

S4: ∆𝐺𝐻∗  = 𝐸(𝑆 − 𝐻∗)– 𝐸(𝑆)– 1/2𝐸(𝐻2) + ∆(𝑍𝑃𝐸– 𝑇∆𝑆) ,                               

where S represents S active sites at which HER occurs on the MoS2 surface, E(S-H*) 

and E(S)+1/2E(H2) are the free energy before and after the reaction, respectively, and 

∆(ZPE–T∆S) is the entropy thermal change. 

 

Similarly, OER involves multiple proton-transfer processes as shown in S5-S9: 

S5: 𝑆 + 𝑂𝐻− → 𝑆𝑂𝐻∗ + 𝑒−                                                         

S6: 𝑆𝑂𝐻∗ + 𝑂𝐻− → 𝑆𝑂∗ + 𝐻2𝑂 + 𝑒−                                                 

S7: 𝑆𝑂∗ + 𝑂𝐻− → 𝑆𝑂𝑂𝐻∗ + 𝑒−                                                     

S8: 𝑆𝑂𝑂𝐻∗ + 𝑂𝐻− → 𝑆𝑂𝑂∗ + 𝐻2𝑂 + 𝑒−                                              

S9: 𝑆𝑂𝑂∗ → 𝑆 + 𝑂2 .                                                               
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Here, S also represents the active site when OER occurs and SOH*, SO*, SOOH* are 

the intermediate species adsorbed on the active sites.  In order to evaluate the OER 

activity, the free energy (∆G1 ~∆G4) is computed based on the computational standard 

hydrogen electrode model.  The free energy can be obtained as follows: 

S10: ∆𝐺1 = 𝐸(𝑀𝑂𝐻∗)– 𝐸(𝑀)– 𝐸(𝐻2𝑂) + 1/2𝐸(𝐻2)– 𝑒𝑈 + ∆𝐺𝐻+(𝑝𝐻) +

∆(𝑍𝑃𝐸 –  𝑇∆𝑆)       

S11: ∆𝐺2 = 𝐸(𝑀𝑂∗)– 𝐸(𝑀𝑂𝐻∗)– 𝐸(𝐻2𝑂) + 1/2𝐸(𝐻2)– 𝑒𝑈 + ∆𝐺𝐻+(𝑝𝐻) +

∆(𝑍𝑃𝐸 –  𝑇∆𝑆)    

S12: ∆𝐺3 = 𝐸(𝑀𝑂𝑂𝐻∗)– 𝐸(𝑀𝑂∗)– 𝐸(𝐻2𝑂) + 1/2𝐸(𝐻2)– 𝑒𝑈 + ∆𝐺𝐻+(𝑝𝐻) +

∆(𝑍𝑃𝐸 –  𝑇∆𝑆)  

S13: ∆𝐺4,5 = 4 × 1.23 − ∆𝐺1 − ∆𝐺2 − ∆𝐺3                                       
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Fig. S1. High energy metal plasma injection system. 
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Fig. S2. (a) EDS spectrum of Ni3S2/NF and (b) Elemental concentrations. 
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Fig. S3. (a) SEM image of MSNF, (b) EDS spectrum of MSNF, and (c) EDS elemental 

maps of Mo, Ni, and S. 
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Fig. S4. N2 adsorption/desorption isotherms and pore size distribution (inset): (a) 

Ni3S2/NF and (b) MSNF. 

 

  



8 

 

 

Fig. S5. XPS survey spectrum of MSNF and Zr500-MSNF. 
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Fig. S6. CV acquired at different scanning rates in the non-Faraday region. 
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Fig. S7. 3D model showing H* adsorption on different S sites on Ni3S2 (110). 
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Fig. S8. Model showing H* adsorption on the Zr-doped Ni3S2 (110) surface. 
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Fig. S9. Top view of the Zr-doped MoS2 models for different concentrations. 
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Fig. S10. Schematic illustration of nickel sulfide adsorbing hydroxide radicals and 

being oxidized to form nickel hydroxide and sulfate radicals. 
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Fig. S11. Free energy diagram of Ni(OH)2 in OER. 
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Fig. S12. Schematic diagram of the oxygen evolution process on the surface of MoS2. 
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Fig. S13. Photograph of the overall water splitting device. 
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Fig. S14. TEM and HR-TEM images of Zr500-MSNF after the stability test. 
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