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� A general one-step electrodeposition
method was used to construct metal
surfaces decorated with metal sulfide
nanoparticles.

� The decoration of metal sulfide
nanoparticles induces a exceptional
HER activity.

� A very low overpotential of 45 mV is
required at 10 mA cm�2 for Ni3S2/Ni/
NF.

� DFT calculations reveal the synergetic
effect in the combination of metals
and metal sulfides for boosted HER
activity.
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a b s t r a c t

Sluggish water dissociation kinetics in the Volmer step is still the huge challenge in designing and synthe-
sizing transition-metal-based electrocatalysts for hydrogen evolution reaction (HER) in alkaline media.
Herein, we report a general one-step electrodeposition strategy to construct a high-efficiency electrocat-
alytic system based on transition metals (Ni, Co and Fe) surface decorated with metal sulfide (Ni3S2, CoxSy
and FexSy) nanoparticles on Ni foam with thiourea (MxSy/M/NF). Evaluated in 1.0 M KOH, the obtained
Ni3S2/Ni/NF, CoxSy/Co/NF and FexSy/Fe/NF exhibit exceptionally enhanced HER activity, whose overpoten-
tials at 10 mA cm�2 decrease from 196 to 45 mV, 217 to 89 mV and 288 to 128 mV, respectively, when
metal sulfides are introduced to Ni/NF, Co/NF and Fe/NF electrodes. Compared with most of state-of-
the-art transition-metal-based catalysts, the Ni3S2/Ni/NF electrode displays extremely low overpotential
and small Tafel slope (54 mV dec�1) as well as excellent stability. Further experimental characterizations
and density functional theory calculations reveal that such excellent HER performance can be ascribed to
the synergetic effect in the combination of metals and metal sulfides, the former of which enhances water
dissociation and the latter accelerates hydrogen generation. This intriguing work opens a new avenue
towards designing highly active low-cost electrocatalysts for commercial application.
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1. Introduction

As an environmentally friendly and renewable energy resource,
hydrogen (H2) has been deemed an attractive alternative to con-
ventional fossil fuels [1–3]. Among various H2 production path-
ways, electrocatalytic water splitting is an economical and
promising approach to obtain H2 sustainably by utilizing renew-
able and abundant water resources [4,5]. However, the inevitable
overpotential problem in the reaction process greatly limits the
electrolysis efficiency [6,7]. The key to develop high-performance
water splitting electrocatalysts is to accelerate the sluggish kinetics
by reducing the overpotentials of hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) [8,9]. Currently,
noble-metal-based materials like Pt-based compounds are the
state-of-the-art electrocatalysts for HER, but the low earth abun-
dance and high-cost severely restrict their large-scale commercial
application [10–13]. Therefore, it is rather urgent and crucial to
develop earth-abundant and inexpensive catalysts with high HER
activity [14].

Compared with acidic electrolytes, the electrocatalytic materi-
als are more efficient and stable in alkaline electrolytes, and the
development of electrocatalysts in alkaline electrolytes is more sig-
nificant [11,15,16]. Actually, the HER process involves two steps in
alkaline media. The first step is the water dissociation, the Volmer
process, in which water is decomposed molecules into hydrogen
intermediates (H2O + e� ? Hads + OH–). The second step is the Hey-
rovsky process (Hads + H2O + e� ? H2 + OH–) or Tafel process
(Hads + Hads ? H2), in which hydrogen intermediates are absorbed
to produce H2 [17]. Obviously, the kinetics of HER in the alkaline
media is determined by the balance between water decomposition
and the subsequent H2 generation step [8,18]. Thus, it is vital for an
efficient electrocatalyst to simultaneously possess a lower energy
barrier for water dissociation and a faster rate for H2 generation
[19,20].

Recent studies on various transition-metal-based compounds,
such as phosphides [21–24], nitrides [25,26], carbides [27–30], sul-
fides [31–33], selenides [34,35] etc., have revealed excellent HER
activity. Among various metal sulfides, nickel sulfide has aroused
extensive attention due to its intrinsic metallic behaviors with high
conductivity [36,37]. However, most single-component materials,
with a single kind of active sites, exhibit poor electrocatalytic activ-
ity due to the inherent low capacity for H2 adsorption and desorp-
tion. Their intrinsic activity is only conducive to water dissociation
or H2 generation step [38]. In this regard, constructing synergistic
compounds is an efficient and promising strategy to improve
HER performance, which can provide not only the active sites to
decompose water molecules but also the active sites to produce
H2 [14,38–40].

Herein, we report a general one-step electrodeposition strat-
egy to construct transition-metal-based electrocatalysts deco-
rated with metal sulfide nanoparticles on Ni foam (MxSy/M/NF,
M = Ni, Co, Fe) with the presence of thiourea (TU). The as-
prepared Ni3S2/Ni/NF, CoxSy/Co/NF and FexSy/Fe/NF electrodes
exhibit exceptionally enhanced activity for HER due to the dec-
oration of corresponding metal sulfides, whose overpotentials
decrease to 45 mV, 89 mV and 128 mV from 196 mV, 217 mV
and 288 mV of their Ni/NF, Co/NF and Fe/NF counterparts at
10 mA cm�2 in 1.0 M KOH, respectively. Further experimental
characterizations and theoretical investigations reveal that the
significantly enhanced performance profits from the synergy
effects of the combined transition metals and metal sulfides,
which both accelerates water dissociation and speeds up H2

generation.
2. Experimental section

2.1. Synthesis of MxSy/M/NF (M = Ni, Co, Fe) and M/NF

The Ni3S2/Ni/NF electrode was synthesized via a facile one-step
electrodeposition. In a typical synthesis, a piece of commercial NF
with a size of 0.5 cm � 1.5 cm was firstly immersed in 3 M HCl
solution for 10 min to remove the superficial nickel oxides with
the aid of an ultrasonic bath, and then washed with deionized
water and ethanol for several times. The electrodeposition was car-
ried out in a standard two-electrode system at room conditions
with an electrolyte consisting of 0.1 M nickel acetate tetrahydrate
(Ni(CH3COO)2�4H2O), 2.0 M ammonium chloride (NH4Cl) and 0.1 M
TU. The pretreated NF and a Pt wire were employed as the working
electrode and the counter electrode, respectively. After the gal-
vanostatic electrolysis at a current of �1.0 A cm�2 for 400 s, the
resulting working electrode was rinsed with a large amount of
water and ethanol, and finally the Ni3S2/Ni/NF electrode material
was obtained. The electrolytes containing different concentration
of TU, including 0.05 M, 0.1 M and 0.2 M, were used to prepare
the different Ni3S2/Ni/NF samples. In addition, the deposition time
of 300 s, 400 s, and 500 s were applied for the electrodeposition of
different Ni3S2/Ni/NF samples. Moreover, the same synthetic pro-
cedure was employed to prepare other transition metal surface
decorated with metal sulfide nanoparticles on NF. 0.1 M cobalt
acetate tetrahydrate (Co(CH3COO)2�4H2O) or 0.1 M ferrous sulfate
heptahydrate (FeSO4�7H2O) instead of 0.1 M Ni(CH3COO)2�4H2O
was employed for the electrodeposition of the corresponding MxSy/
M/NF (M = Co and Fe) electrode at a constant current of �1.0 A
cm�2 for 400 s, respectively. The synthesis process of M/NF
(M = Ni, Co, Fe) is similar to that of MxSy/M/NF except for the
absence of TU.

2.2. Synthesis of etched-Ni3S2/Ni/NF

The etched-Ni3S2/Ni/NF was synthesized by a leaching method,
in which the Ni3S2/Ni/NF sample was immersed in the 0.1 M dis-
odium ethylenediamine tetraacetate (Na2EDTA) solution at 30
for 3 h, 5 h and 10 h, respectively. The sample was finally washed
with deionized water and ethanol for several times.

2.3. Materials characterization

X-ray diffraction patterns (XRD) were acquired on a Philips
PW3040/60 X-ray diffractometer using the Cu-Ka radiation at a
scanning rate of 0.06� s�1. Scanning electron microscopy (SEM)
measurements were conducted on a Hitachi S-4800 scanning elec-
tron microanalyzer with an accelerating voltage of 15 kV. Trans-
mission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) measurements were
performed on a JEM-2100F field-emission TEM at 200 kV. X-ray
photoelectron spectra (XPS) were measured on an ESCALab MKII
X-ray photoelectron spectrometer with Mg Ka X-ray as the excita-
tion source. XPS depth profiles were measured with an etching rate
of 0.97 nm s�1 and etching area of 1 mm � 1 mm.

2.4. Electrochemical measurements

The electrochemical properties of the as-prepared catalysts
toward hydrogen evolution reaction (HER) were performed on a
computer-controlled CHI 660E electrochemical workstation with
a three-electrode cell system in 1.0 M KOH aqueous solution
(pH = 13.6). Catalysts deposited on NF were directly employed as
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the working electrodes, saturated calomel (SCE, saturated KCl) as a
reference electrode and graphite rode as a counter electrode. All
the potentials in this study were converted to the reversible hydro-
gen electrode (RHE) reference scale according to E(RHE) = -
E(SCE) + 0.059 pH + 0.241. The polarization curves were obtained
through linear sweep voltammetry (LSV) with a scan rate of
2 mV s�1. Electrochemical impedance spectroscopy (EIS) measure-
ments were measured with the frequency range from 0.01 Hz to
100000 Hz. All the polarized curves obtained from LSV were cor-
rected with 80% iR-compensation.
2.5. Computational methodology

Density functional theory (DFT) calculations were performed
using Vienna ab initio Simulation Package (VASP) [41,42] based
on the projected augmented wave (PAW) [43,44] method. Spin-
polarized Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [45] has been employed to describe exchange and corre-
lation interactions. A plane wave basis set with energy cut off of
400 eV and appropriate k-points were used to ensure the conver-
gence of total ground-state energy. All geometrical optimization
were performed until force acting on relaxing atoms was less than
0.02 eV/Å. Bulk Ni and Ni3S2 have been optimized self-consistently,
achieving a = 3.514 Å (experimental: a = 3.524 Å) for Ni, and
a = 5.728 Å and c = 7.131 Å (experimental: a = 5.640 Å, c =
7.132 Å) for Ni3S2. From HRTEM characterization, we have known
that Ni (1 1 1) facets and Ni3S2 (1 1 0) facets are dominant exposing
morphologies for each phase, so we use them to model the corre-
sponding HER. Ni (1 1 1) was modeled with a four layers slab of
3 � 3 surface supercell. Ni3S2 (1 1 0) was modeled with a four lay-
ers slab of 1 � 2 surface supercell. Adsorption of the intermediates
involved in HER in basic condition was investigated, and the bind-
ing energy was calculated via Ea (X) = E (X@Slab) � E (X) � E (Slab).
Various adsorption sites were test, and only the results at the most
favorable sites are given. Chemical potential of OH–/H2O/H2 have
been determined via the scheme proposed by Norskov et al.
[46,47] and zero point energy has been included.
3. Results and discussion

As schematically illustrated in Fig. 1, a series of 3D broccoli-like
MxSy/M/NF electrodes are designed and prepared as electrocata-
lysts for HER in alkaline media via one-step galvanostatic elec-
trodeposition route, using different transition-metal salts,
ammonium chloride (NH4Cl) and TU as starting reagents. The mor-
phology of the as-prepared Ni3S2/Ni/NF electrode was first exam-
ined by the scanning electron microscopy (SEM) measurements.
As shown in Fig. S1a and b, the pristine NF displays the smooth sur-
face. After electrodeposition, the as-obtained Ni3S2/Ni/NF electrode
(Fig. 2a) obviously exhibits the 3D broccoli-like morphology, which
is composed by the accumulation of numerous nanoparticles on
NF. Without the presence of TU, the morphology of the as-
obtained Ni/NF electrode is almost the same as the Ni3S2/Ni/NF
electrode (Fig. S1c and d), suggesting that the introduction of TU
does not change the morphology of the final products in the elec-
trodeposition process. Additionally, the as-prepared other MxSy/M/
NF and M/NF (M = Co and Fe) electrodes also exhibit the similar 3D
broccoli-like morphology after one-step electrodeposition (Figs. S2
and S3).

Furthermore, detailed structural information of the Ni3S2/Ni/NF
electrode is evaluated by the transmission electron microscopy
(TEM) and selected area electron diffraction (SAED). Fig. 2b shows
the TEM image of a small piece of Ni3S2/Ni sample exfoliated from
the Ni3S2/Ni/NF by ultrasonic treatment, which also confirms that
the broccoli-like structure of sample is composed of nanoparticles,
and this result is consistent with the SEM. As shown in Fig. 2c, the
high-resolution TEM (HRTEM) image taken from the selected area
of Fig. 2b shows two distinct lattice fringes. The set of 0.20 nm is
consistent with the (1 1 1) plane of metallic Ni [48], and the other
with a distance of 0.29 nm and an interplanar angle of 60� is
assigned to the {1 1 0} plane of the hexagonal phase of Ni3S2
[36]. Fig. 2d displays the SAED pattern of Ni3S2/Ni/NF, revealing
the characteristic diffraction rings corresponding to metallic Ni
(1 1 1), (2 0 0), (2 2 0), (3 1 1) [49] and hexagonal Ni3S2 (1 0 1),
(1 1 0), (0 2 1), (3 0 0) [36], respectively. Both the HRTEM and SAED
results confirm that the as-prepared sample contains metallic Ni
and Ni3S2. And the corresponding elemental mapping results of
the Ni3S2/Ni/NF in Fig. 2e–g show the uniform distribution of Ni
and S elements, further indicating the Ni3S2 is successfully intro-
duced by the addition of TU in the electrodeposition process.

The phase informations of the as-prepared Ni3S2/Ni/NF and Ni/
NF electrodes was examined by X-ray diffraction (XRD) techniques,
as shown in Fig. 3a. For Ni/NF, the three sharp diffraction peaks are
indexed well to metallic Ni (JCPDS 04-0850). In the contrast, the
Ni3S2/Ni/NF also exhibits only three weaker diffraction peaks anal-
ogous to Ni/NF without any additional peak, illustrating that the
crystallinity of Ni3S2 in Ni3S2/Ni/NF electrode is relatively poor.
Additionally, the XRD results of the as-obtained MxSy/M/NF
(M = Co and Fe) electrodes mainly contain metallic Co (JCPDS 05-
0727) and Fe (JCPDS 06-0696), respectively (Fig. S4). And the sam-
ples used for XRD test are exfoliated from MxSy/M/NF and M/NF by
ultrasonic treatment to avoid the influence of the strong peaks of
NF.

To further elucidate the surface states of the as-obtained Ni3S2/
Ni/NF electrode, the X-ray photoelectron spectroscopy (XPS) mea-
surements were also performed. As shown in Fig. 3b, the high-
resolution spectra of Ni 2p exhibits two main peaks at 855.8 eV
and 873.5 eV, which are assigned to Ni 2p3/2 and Ni 2p1/2 electronic
configurations of Ni2+ in Ni3S2, with two satellite peaks at 861.1 eV
and 879.5 eV, respectively [50,51]. And the two small peaks at
852.6 eV and 869.8 eV can be ascribed to metallic Ni [14,52].
Fig. 3c shows the XPS spectrum of S 2p and the peaks at
162.4 eV and 163.6 eV are attributable to S 2p3/2 and S 2p1/2,
respectively [50,53]. These results confirm the coexistence of Ni
and Ni3S2 in the final product as revealed by the HRTEM and SAED
analyses. Moreover, to understand the chemical compositions of
the as-obtained Ni3S2/Ni/NF electrode, XPS depth profiles are fur-
ther carried out, as shown in Fig. 3d. With the increased etching
time, the peaks of Ni2+ become weaker and weaker or even disap-
pear, indicating that high valence Ni only exists on the surface of
the sample, namely, Ni3S2 nanoparticles are merely decorated on
the surface of metallic Ni in the Ni3S2/Ni/NF system. And the con-
tent of Ni and S in the Ni3S2/Ni/NF from XPS results was listed in
the Table S1. The ratio of Ni:S on the surface is about 3.4:1
(Table S1) which is larger than 3:2 of the pure Ni3S2, confirming
that the abundance of metallic Ni and the limitation of Ni3S2 on
the surface of the as-prepared electrode. Additionally, the corre-
sponding MxSy (M = Co and Fe) in the as-prepared MxSy/M/NF elec-
trodes are further testified by the XPS measurements. The results
in Figs. S5 and S6 indicate the co-existence of the metallic Co
and cobalt sulfide in CoxSy/Co/NF as well as the metallic Fe and fer-
rous sulfide in FexSy/Fe/NF. In a word, all SEM, XRD and XPS char-
acterizations reveal that all samples (MxSy/M/NF) formed by this
electrodeposition method maintain the similar 3D broccoli-like
morphology and chemical compositions.

According to the relevant literatures and above results, the
probable electrodeposition mechanism is proposed as follows
[54,55]. First, Mn+ is easily reduced to transition-metal via Equation
(Eq. (1)). Meanwhile, some Mn+ ions can combine with TU to form
M(TU)n+ via Eq. (2), while the concentration of Mn+ decreases due
to the continuous reduction of Mn+, resulting in the increase of dis-



Fig. 1. Schematic illustration for the preparation of the MxSy/M/NF (M = Ni, Co and Fe) electrocatalyst. Dark blue dots: NH4Cl; light blue dots: TU; orange dots: different
transition- metal salts.

Fig. 2. (a) SEM images, (b) TEM image, (c) HRTEM image, (d) SAED pattern and (e) STEM image of the as-obtained Ni3S2/Ni/NF, and the corresponding elemental mapping
images of (f) Ni and (g) S.
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sociative TU. Then, the dissociative TU is decomposed to S2� ions
via Eq. (3) and further produce MxSy with metal via Eq. (4).

Mnþ þ ne� ! M ð1Þ

TUþMnþ ! MðTUÞnþ ð2Þ

TUþ 2e� ! S2� þ CN� þ NHþ
4 ð3Þ
yS2� þ 1=2yO2 þ yH2Oþ xM ! MxSyþ 2yOH� ð4Þ
The HER catalytic property of the Ni3S2/Ni/NF electrode was

investigated with linear sweep voltammetry at a scan rate of
2 mV s�1 in 1.0 M KOH solution with a standard three-electrode
configuration. The effect of the different electrodeposition time
and different TU concentration in the electrodeposition process
on the HER performance of the final Ni3S2/Ni/NF electrode was first



Fig. 3. (a) XRD patterns of Ni3S2/Ni/NF and Ni/NF. High-resolution XPS spectra of the Ni3S2/Ni/NF before and after HER test: (b) Ni 2p, (c) S 2p. (d) High-resolution Ni 2p XPS
spectra of the Ni3S2/Ni/NF etched for different times.
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carried out, as shown in Fig. S7. Apparently, an optimal Ni3S2/Ni/NF
electrode with the best HER performance can be observed when
the electrodeposition time for 400 s with the presence of 0.1 M
TU. As a contrast, the corresponding Ni/NF, NF and Pt/C (20%) elec-
trodes are also tested, as displayed in Fig. 4a. The overpotential of
Ni3S2/Ni/NF electrode at the current density of 10 mA cm�2 is only
45 mV, which is close to 37 mV of the state-of-the-art commercial
Pt/C and about 3 times and 4 times lower than 196 mV of Ni/NF
and 258 mV of NF, respectively, confirming that decorating Ni3S2
nanoparticles on the surface of Ni leads to a drastically enhance-
ment of the HER performance. Besides, the HER performance of
Ni3S2/Ni/NF is also superior to some recently reported transition-
metal-based catalysts in Table S2 including NC-NiCu-NiCuN
(93 mV) [56], Ni2P/Ni/NF (98 mV) [57] and NiO/Ni-CNT (80 mV)
[58]. Specifically in Fig. 4b, to achieve current density of
100 mA cm�2, Ni3S2/Ni/NF demands a small overpotential of
115 mV, which is 179 mV and 360 mV lower than 294 mV of Ni/
NF and 475 mV of NF, respectively. It is worth mentioning that
the activity of Ni3S2/Ni/NF is even superior to Pt/C at the large cur-
rent density. Additionally, as expected, other MxSy/M/NF (M = Co
and Fe) samples with the decoration of metal sulfide show a
greatly enhanced activity as well (Fig. S8). Fig. 4c clearly displays
the performance comparison of a series of MxSy/M/NF and M/NF.
In particular, the overpotentials at 10 mA cm�2 of Ni3S2/Ni/NF, Cox-
Sy/Co/NF and FexSy/Fe/NF decrease to 45 mV, 89 mV and 128 mV
from 196 mV, 217 mV and 288 mV of Ni/NF, Co/NF and Fe/NF,
respectively. These results strongly prove the universality of our
one-step electrodeposition engineering with the presence of TU
to construct MxSy/M/NF and the enhanced HER performance via
decorating metal sulfide on the transition-metal surface.

To verify the important role of Ni3S2 in Ni3S2/Ni/NF in the
increased HER performance, the etched-Ni3S2/Ni/NF electrode
was obtained via immersing Ni3S2/Ni/NF in the disodium ethylene-
diamine tetraacetate (Na2EDTA) solution which only reacts with
Ni2+ instead of metallic Ni to etch away the Ni3S2 on the surface.
After Na2EDTA treatment for 5 h, the sample (etched-Ni3S2/Ni/
NF-5) retains the 3D broccoli-like structure as shown in the
Fig. S9. Fig. S10a in the supporting information shows polarization
curves of the samples soaked in Na2EDTA for different time. The
HER property of Ni3S2/Ni/NF after soaking in Na2EDTA for 5 h decli-
nes precipitously compared with the pristine one but basically
remain unchanged with further prolonged time, indicating that
the Ni3S2 on the surface of the sample has been completely
removed after 5 h. The etched-Ni3S2/Ni/NF-5 electrode achieves
an overpotential of 190 mV at 10 mA cm�2 with a Tafel slop of
117 mV dec�1 (Fig. S10b), which reduces sharply compared with
Ni3S2/Ni/NF but is similar to the Ni/NF. Hence, it is undeniable that
the Ni3S2 nanoparticles on the surface of Ni have a remarkable
influence on promoting HER performance in alkaline solution.

The improved activity of Ni3S2/Ni/NF can be further proved by
corresponding Tafel slope. As shown in Fig. 4d, the Tafel slope of
Ni3S2/Ni/NF electrode is only 54 mV dec�1, which is lower than
102 mV dec�1 of Ni/NF and 209 mV dec�1 of NF, implying the bet-
ter HER kinetic process of Ni3S2/Ni/NF electrode with introduced
Ni3S2. This expedited kinetic process can be also confirmed by elec-
trochemical impedance spectroscopy (EIS) measurements. The
Nyquist plots of Ni3S2/Ni/NF and Ni/NF are fitted to an equivalent
circuit in Fig. S11a together with a series corresponding EIS data
including solvent resistance (Rs), charge-transfer resistance (Rct)
and constant phase-element (CPE). The smaller Rct for Ni3S2/Ni/
NF compared with Ni/NF in Fig. S11b further demonstrates the
advantage of decorating Ni3S2 which endows the sample with a
faster charge-transfer capacity and thus promotes the HER process
[59]. In addition, to obtain insight into the increased performance
of Ni3S2/Ni/NF, the electrochemical double-layer capacitance (Cdl)
examination is investigated comparing with the Ni/NF. As the



Fig. 4. (a) LSV curves and (b) overpotentials at 10 mA cm�2 and 100 mA cm�2 of the Ni3S2/Ni/NF, Ni/NF, NF and Pt/C in 1.0 M KOH solution for HER, (c) comparison of
overpotentials at the current density of 10 mA cm�2 for the MxSy/M/NF and M/NF (M = Ni, Co and Fe) electrodes, (d) tafel plots of the Ni3S2/Ni/NF, Ni/NF, NF and Pt/C, (e)
multi-current process of the Ni3S2/Ni/NF, and the current density started at 2 mA cm�2 and ended at 20 mA cm�2 with an increment of 2 mA cm�2 per 200 s. (f)
Chronopotentiometric curve of the Ni3S2/Ni/NF electrode.
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results shown in Fig. S12, the Cdl is 79.3 mF cm�2 for Ni3S2/Ni/NF
versus 52.9 mF cm�2 for Ni/NF, indicating the Ni3S2/Ni/NF exhibits
larger electrochemical active surface area, corresponding to its bet-
ter HER performance.

Besides the efficient electrocatalytic performance, long-term
stability is another criterion to evaluate a catalyst. The multi-step
chronopotentiometric curve for Ni3S2/Ni/NF with cathodic current
density increasing from 2 to 20 mA cm�2 (an increment of
2 mA cm�2 per 200 s) is shown in the Fig. 4e. The potential imme-
diately levels off at the initial current value and remains
unchanged for 200 s, and all other steps give the analogous results,
illustrating the excellent mechanical robustness, conductivity and
mass transportation of this electrocatalyst [60,61]. The chronopo-
tentiometry result with current density of 10 mA cm�2 is further
performed in Fig. 4f, which exhibits no evident degradation after
140,000 s. And no obvious change can be observed from the polar-
ization curves before and after the long-term stability test
(Fig. S13), indicating the excellent HER catalytic stability of Ni3S2/
Ni/NF. The morphology of the Ni3S2/Ni/NF electrode after stability
test still remains the 3D broccoli-like structure examined by SEM
(Fig. S14), indicating the good structural stability. Furthermore,
the Ni3S2/Ni/NF electrode after HER measurement was character-
ized by SEM, TEM and XPS. The morphology of the sample after
HER (Fig. S15a and b) still remains the 3D broccoli-like structure,
suggesting a strong mechanical robustness. Furthermore, the
diffraction rings and lattice fringes of Ni and Ni3S2 can be observed
in SAED pattern (Fig. S15c) and HRTEM (Fig. S15d), respectively,
revealing the coexistence of Ni and Ni3S2 in the Ni3S2/Ni/NF after
the HERmeasurements. And the results of XPS on the samples after
HER test in Fig. 4b, c and Table S1 are similar to the pristine one,
which illustrates that there is no change in the composition at
the surface of the sample. All these results confirm the high stabil-
ity of the Ni3S2/Ni/NF in alkaline solution.

In order to elucidate the exceptional HER performance of Ni3S2/
Ni in alkaline solution, density functional theory (DFT) calculations
were utilized to investigate whether the surface of Ni and Ni3S2
could promote the water dissociation or H2 generation. The
adsorption configurations for HER intermediates H2O*, *OH and
H* on Ni and Ni3S2 surfaces are shown in the Figs. S16 and S17.
The standard free energy profiles from H2O molecule adsorption
to H2 desorption on Ni (1 1 1) and Ni3S2 (1 1 0) surfaces are plotted
in Fig. 5a. In consistency with previous DFT studies [62], the reac-



Fig. 5. (a) Free energy diagrams of HER on the Ni and Ni3S2. (b) Diagram showing HER catalytic reaction in Ni3S2/Ni/NF. Purple balls: O atoms; orange balls: H atoms; green
balls: metallic Ni; yellow balls: Ni3S2.
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tion free energy of H2O dissociation on Ni(1 1 1) is �0.51 eV, which
is much lower compared with that on Ni3S2 (1 1 0) (0.69 eV). It
shows that Ni (1 1 1) is much more favorable for H2O dissociation.
However, on Ni (1 1 1), both *OH and H* intermediates are binding
too strongly (as listed in Table S3) to proceed the following steps.
In contrast, on Ni3S2 (1 1 0), HER is hindered from the H2O dissoci-
ation due to weak binding of H* and *OH. Turning to the H2 gener-
ation, the energy barrier of electron transfer for *OH on Ni3S2
(1 1 0) is particularly small and the adsorption of H* on Ni3S2
(1 1 0) is approaching thermal neutral referenced to H2, indicating
that H* formed on Ni3S2 (1 1 0) is ready to desorb as H2. This
implies that the Ni3S2 could serve as a proper active phase for
HER. When taken into consideration the Ni3S2/Ni/NF as integrated
constitution, a more comprehensive HER process on Ni3S2/Ni/NF
may exists (Fig. 5b): *OH and H* tend to be formed via water dis-
sociation on Ni surfaces, and then transfer over Ni3S2 for conse-
quential steps, during which H2 is formed and released from Ni3S2.

Combining the results of DFT calculations and experiment char-
acterizations, the superior HER electrocatalytic activity of Ni3S2/Ni/
NF can be attributed to the following aspects: (1) the metallic Ni in
Ni3S2/Ni/NF efficiently breaks the OAH of absorbed H2O, promot-
ing the water dissociation, (2) the Ni3S2 possesses a thermal neu-
tral binding strength of hydrogen atom, which is beneficial to the
generation and release of H2, and (3) the direct electrodeposition
of Ni3S2/Ni nanoparticles on the conductive NF without polymer
binder reduces the shielding of the active sites and establishes
the strong adhesion between Ni3S2/Ni and NF which is conducive
to its electrocatalytic stability. Additionally, the excellent electro-
catalytic activity of other MxSy/M/NF (M = Co and Fe) electrodes
can also be ascribed to above merits.
4. Conclusions

In summary, we have developed a general strategy to construct
a high-efficiency electrocatalytic system based on transition-metal
surfaces decorated with metal sulfide nanoparticles on NF (MxSy/
M/NF, M = Ni, Co, Fe) via a facile one-step electrodeposition
method. Impressively, the decoration of metal sulfide results in a
significantly enhanced HER activity in 1.0 M KOH compared to
those transition-metal catalysts (M/NF) without modification.
Notably, among these MxSy/M/NF electrodes, Ni3S2/Ni/NF shows
exceptional performance with low overpotential of 45 mV at
10 mA cm�2 and excellent long-term durability. Experimental
studies and DFT calculations disclose that the synergistic effect of
the transition-metal and metal sulfides plays an important role
in promoting the HER performance, establishing a balance between
water dissociation and hydrogen generation. Our study records a
facile and universal method to design advanced electrocatalysts
for hydrogen evolution reaction under alkaline conditions.
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