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Dedication

Abstract: To achieve sustainable production of H, fuel through water
splitting, low-cost electrocatalysts for hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) are required to replace
Pt and IrO; catalysts. Here, for the first time, we present the interface
engineering of novel MoS,/NisS; heterostructures, in which abundant
interfaces are formed. For OER, such MoS,/NisS; heterostructures
show an extremely low overpotential of ~218 mV at 10 mA cm2, which
is superior to that of the state-of-the-art OER electrocatalysts. Using
MoS,/NisS; heterostructures as bifunctional electrocatalysts, an alkali
electrolyser delivers a current density of 10 mA cm at a very low cell
voltage of ~1.56 V. In combination with density function theory (DFT)
calculations, this study demonstrates that the constructed interfaces
synergistically favor the chemisorption of hydrogen and oxygen-
containing  intermediates, thus accelerating the overall
electrochemical water splitting.

To achieve sustainable hydrogen production, electrochemical
and photoelectrochemical water splitting are favorable strategies
benefiting from abundant water resources and high-purity H,
production.! Electrocatalysts are particularly vital to the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) by
lowering the dynamic overpotentials.?! Currently, Pt is the most
efficient HER electrocatalyst with a near-zero overpotential, while
IrO, and RuO; hold the benchmark for OER electrocatalysts.!
However, the scarcity and high-cost of these noble metal-based
electrocatalysts considerably impede their large-scale utilization
in commercial electrolysers.[ For the HER in an alkaline solution,
the kinetics are determined through a subtle balance between the
water dissociation (Volmer step) and the subsequent
chemisorption of the water splitting intermediates (OH™ and H*)
on the surface of the HER electrocatalyst.®! Thus, once an
electrocatalyst facilitates the synergistic chemisorption of both H*
and OH" intermediates on the surface, the HER performance will
be improved. Similarly, for the OER in an alkaline solution, the
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chemisorption and dissociation of OH~ and the yielded
intermediates (OH*, OOH*, and H*) on the surface of the
electrocatalysts determine the water oxidation activity.l®!
Therefore, the OER electrocatalysts capable of binding both the
oxygen-containing and hydrogen intermediates are expected to
favor the water oxidation reaction. Nevertheless, only the
chemisorption free energy of hydrogen (or oxygen-containing)
intermediates has been considered for developing HER (or OER)
electrocatalysts thus far.["]

Mo-based nanostructures, particularly MoS;, have been
extensively investigated as HER electrocatalysts in the past.[®
Both DFT calculations and experimental investigations revealed
that the undercoordinated Mo-S sites along the edges of MoS;
possess high chemisorption capability for hydrogen, analogous to
Pt.B1 On the other hand, earth-abundant transition metal (Fe, Co,

and Ni, particularly Ni)-based sulphides,!® oxides,*4
hydroxides,*?! layered double hydroxides (LDHSs),*®! and
phosphatesi*4 - have been largely explored as OER

electrocatalysts. The undercoordinated metal sites on the surface
are pivotal in water oxidation because of their outstanding
chemisorption of OH™ and oxygen-containing intermediates.
Therefore, integrating the advantages of the aforementioned HER
and OER electrocatalysts to construct novel heterostructures,
which possess binding affinities to both hydrogen and oxygen-
containing intermediates, is extremely beneficial for enhancing
the overall electrochemical water splitting activity.

In this study, for the first time, we present the interface
engineering of novel MoS,/Ni;S; heterostructures on nickel foam.
In the resultant MoS2/NisS, heterostructures, the outer MoS;
nanosheets are decorated on the surface of the inner NizS;
nanoparticles, which generates abundant interfaces. Such
MoS,/NisS; heterostructures exhibit both highly efficient OER and
HER activities in 1 M KOH solution. In particular, the OER onset
potential of MoS,/NisS; heterostructures is as low as ~175 mV,
and the OER current density reaches 10 mA cm? at an
overpotential of ~218 mV, which is superior to the previously
reported OER electrocatalysts. Furthermore, utilizing the
MoS,/NisS; heterostructure as a bifunctional electrocatalyst, an
alkaline electrolyzer with a current density of 10 mA cm™2 is
operated at a low cell voltage of 1.56 V, which is considerably
lower than that of the state-of-the-art overall water splitting
electrocatalysts such as NiFe-LDH,*® NiSe nanowires,® Ni,P
nanoparticles,*”! and electrodeposited cobalt-phosphorous-
derived films*®l (cell voltages > 1.6 V). Combined with DFT
calculations, our results suggest that the established interfaces
between NisS; and MoS, as well as the in-situ generated
interfaces between NiO (surface electrochemical oxidation of
NizS; under OER condition) and MoS; facilitate the synchronous
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Figure 1. (a) and (b) scanning electron microscopy and (c) and (d) high-
resolution transmission electron microscopy images of MoS2/NisS2
heterostructures and high-resolution X-ray photoelectron spectroscopy
spectrum of (e) Mo 3d and (f) Ni 2p. Inset: digital image of nickel foam coated
with MoS2/NisS; heterostructures.

chemisorption of hydrogen and oxygen-containing intermediates,
consequently improving the overall electrochemical water splitting
activity.

MoS,/NisS, heterostructures were prepared using a
commercial nickel foam (1 x 3 cm?) and (NH4),MoS4 (40 mg)
through a one-pot solvothermal reaction at 200 °C for 12 h in 15
mL N, N-Dimethylformamide (DMF) (Supporting Information).
During the solvothermal reaction, (NH4).MoS, not only served as
the precursor of MoS, nanosheets but also provided the sulphur
source for the in-situ growth of NisS, nanoparticles on the nickel
foam. The loading amount of MoS,/NisS; heterostructures on the
nickel foam is approximately 9.7 mg cm™2; this value could be
controlled by adjusting the amount of (NH,),Mo0S, in the solution.
For instance, the loading weights of M0oS,/NisS; heterostructures
were ~5.7 and ~13.1 mg cm? when the amounts of (NH4),MoS,
were 20 and 80 mg, respectively (Figure S1-S3).

As shown in Figure la and the inset, the obtained nickel foam
coated with MoS,/NizS; heterostructures has macroporous and
free-standing features. The crystalline structure and surface
composition of the MoS,/NisS, heterostructures were first
confirmed through X-ray diffraction (Figure S4) and Raman
spectroscopy (Figure S5) studies. To analyze the as-obtained
MoS,/NisS, heterostructures, scanning electron microscopy
(SEM) and high-resolution transmission electron microscopy
(HRTEM) were used. Figure 1b reveals numerous
heterostructures, which consist of inner NisS; nanoparticles and
decorated MoS; nanosheets. The size of the NisS; nanoparticles
was about several hundred nanometers. The size and thickness
of the MoS; nanosheets were 30—130 and 5-15 nm, respectively.
The element distributions of the MoS/NisS, heterostructures
were further analyzed through the elemental mapping of field-
emission SEM (FE-SEM) (Figure S6a—d). Notably, the nickel
element was mainly distributed over the nanoparticles, whereas
molybdenum and sulfur were spread on and around the
nanoparticles. The molar content of MoS; in MoS,/NisS;
heterostructures was determined to be ~7.8% through energy-
dispersive X-ray spectroscopy (EDX) (Figure S6e), which is
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consistent with the inductively coupled plasma mass
spectrometer (ICP-MS) analysis (~8.0%). We further peeled off
MoS,/NisS, heterostructures from the nickel foam by sonication
and investigated the samples by HRTEM (Figure 1c, 1d, S7 and
S8). Lattice fringes with lattice distances of 0.27 and 0.61 nm
corresponded to the (100) and (002) facets of MoS,, respectively,
while the lattice distances of 0.40 and 0.28 nm were ascribed to
the (101) and (110) facets of NisS,, respectively. The (002) and
(100) facets of MoS, and the neighboring (101) and (110)
surfaces of NisS; constitute the interfaces in MoS,/NisS,
heterostructures. Next, the X-ray photoelectron spectroscopy
(XPS) survey spectrum of MoS,/NizS; demonstrates that the
chemical composition of Ni, Mo, and S is consistent with the EDX
results (Figure S9). For bare MoS; nanosheets, the peaks of Mo
3ds; and Mo 3dgs; appear at 228.5 and 231.8 eV, respectively.
However, the binding energies of Mo 3ds, and Mo 3ds;» in
MoS,/Ni3S, heterostructures shift to 228.6 and 232.2 eV,
respectively (Figure 1e). Similarly, the Ni 2ps, signal in the
MoS,/NisS; heterostructures exhibits a positive shift of ~0.3 eV
relative to that in the bare Ni3S, nanoparticles (Figure 1f). These
results strongly suggest the existence of strong electronic
interactions between Ni3S, and MoS;, which implies the
establishment of coupling interfaces.
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Figure 2. (a) CV curves and (c) related Tafel slopes of the nickel foam, MoS2
nanosheets, NisS2 nanoparticles, MoS2/NisS2 heterostructures, and IrOz; b)
OER overpotentials of the MoS2/NisSz heterostructures and the reported
electrocatalysts for comparison at 10 mA cm™?, and d) the long-term
electrochemical OER test of the MoS2/NisS: heterostructures at 10 mA cm™,
Electrolyte: 1 M KOH solution; CV scan rate: 1 mV s™,

To evaluate the OER performance of the as-prepared MoS,-
INi3S; heterostructures, a three-electrode configuration was
applied using an Hg/HgO electrode and a Pt rod as the reference
and counter electrodes, respectively (Figure S10). The OER
activities of the nickel foam, Ni3S; nanoparticles, MoS;
nanosheets, MoS/NisS,; heterostructures, and IrO, were
examined through cyclic voltammetry (CV) at a scan rate of 1 mV
st in a 1 M KOH aqueous solution purged with O, (Figure 2a).
Bare Ni3S, nanoparticles and MoS; nanosheets exhibited OER
onset overpotentials of ~230 and 280 mV, respectively. By



contrast, for MoS,/NizS, heterostructures, oxygen generation
occurred at an extremely low overpotential (~175 mV), which is
considerably lower than that of commercial IrO; (=250 mV)
(Figure S11 and S12). Significantly, the current density of
MoS,/Ni3S; heterostructures reached 10 mA cm™ at an extremely
low overpotential of ~218 mV, which outperformed IrO, (~330 mV)
and the previously reported NiFe-LDH film (=240 mV),1
(LngsBags)Co0s.5 perovskite (=320 mV),  single-crystal
C030,@Co0 (~430 mV),?% and electrodeposited Co-P film (~300
mV)9 (Figure 2b).[0 21

Figure 2c illustrates that the Tafel slope of the MoS,/NisS;
heterostructures is ~88 mV decade™, which is considerably lower
than that of the NizS, nanoparticles (=118 mV decade™), the
MoS; nanosheets (~166 mV decade™), and the nickel foam (~98
mV decade™). This result strongly suggests that the constructed
MoS,/NisS; heterostructures activate water oxidation reaction
kinetics. To assess the electrochemical OER stability of
MoS,/NisS; heterostructures, a long-term water oxidation was
conducted at 10 mA cm~2in 1 M KOH media. Figure 2d illustrates
that the MoS,/NisS; heterostructures retained steady OER activity
and no noticeable potential augment was observed for more than
10 h of oxygen release.
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Figure 3. (a) Polarization curves and (b) corresponding Tafel slopes of the
nickel foam, MoS2 nanosheets, NisS2 nanoparticles, MoS2/NizS2
heterostructures, and Pt; c) polarization curves of MoS2/NizS2 heterostructures
and IrO2-Pt couple in a two-electrode system; and d) durable operation of the
MoS2/NisS. heterostructures and IrO»-Pt couple at 10 mA cm™ in an alkaline
electrolyzer. Electrolyte: 1 M KOH solution; CV scan rate: 1 mV s™.

The HER activities of the as-prepared samples were evaluated
in 1 M KOH electrolyte purged with N». The polarization curves in
Figure 3a show that the onset overpotentials of NisS;
nanoparticles and MoS, nanosheets are ~120 and 236 mV,
respectively. However, the onset overpotential of the MoS2/NisS;
heterostructures substantially decreases to ~50 mV, approaching
that of the Pt catalyst. At 10 mA cm™2, the applied overpotential is
~110 mV, substantially lower than that of the NisS, nanopatrticles
(~193 mV), the MoS; nanosheets (~431 mV), and the recently
reported WC nanocrystals on carbon nanotubes (~150 mV),?2
CoP on carbon cloth (~209 mV),?®l MoCy nano-octahedrons
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(=150 mV),?4 and cobalt-nitrogen-rich carbon nanotubes (~360
mV)2% (Figure S13 and S14). The Tafel slopes of the MoS,/NisS;
heterostructures, NisS, nanoparticles, and MoS, nanosheets are
~83, 85 and 308 mV per decade, respectively (Figure 3b). Such
a Tafel slope of the Mo0S,/NisS, heterostructures suggests a
combined Volmer—Heyrovsky mechanism for hydrogen
production.?® Under a cathodic current of 10 mA cm, there is no
noticeable degradation over a 10 h galvanostatic test, which
indicates an excellent electrochemical HER stability (Figure S15).

The MoS,/NisS; heterostructures were utilized as a bifunctional
electrocatalyst for overall water splitting in a two-electrode setup
in 1 M KOH solution (Figure S16). A current density of 10 mA cm™
was delivered at ~1.56 V, that is, a combined overpotential of
~330 mV for electrochemical overall water splitting (Figure 3c).
Figure S17 reveals that the overall water splitting activity of the
MoS,/NisS; heterostructures is much higher than that of the IrO,—
Pt couple (~1.7 V) and other recently reported overall water
splitting electrocatalysts such as NiFe-LDH (~1.7 V),l*¢l NiSe
nanowires (~1.63 V)" and Ni,P nanoparticles (~1.63 V),18l. Over
a 10-h galvanostatic electrolysis at 10 mA cm2, the MoS,/NisS,
heterostructures presented an excellent durability with negligible
degradation, which is superior to that of the noble metal IrO—Pt
couple (Figure 3d). We further tested the overall electrocatalytic
water splitting performance under an extremely high current
density of 500 mA c¢cm™. Figure S18 and Movie 1 show that
massive bubbles were rapidly generated on both electrodes at an
applied voltage of ~1.6 V. Such a prominent performance of the
constructed electrolyzer utilizing the MoS./NisS; heterostructures
is close to the commercial requirement of a water splitting
electrolyzer (voltage <1.55 V at 500 mA cm™2).27

The nature and amount of undercoordinated metal sites are
crucial for the electrochemical water splitting. The effects of the
surface area on OER and HER activities of the obtained-
electrocatalysts were firstly studied through electrochemical
double-layer capacitances (Cg) (Figure S19). As shown in Tabel
S1, MoS,/NisS; heterostructures show a larger Cgq (15.6 mF) than
NisS; nanoparticles (2.1 mF) and MoS; nanosheets (8.2 mF). In
sharp contrast, for OER (or HER), the current density of
MoS2/NisS; heterostructures at 1.53 V (or -0.15 V) reached 94.8
(or 45) mA/cm?, which is substantially higher than those of NisS;
nanoparticles (5.0 mA/cm? for OER; 4.7 mA/cm? for HER) and
MoS; nanosheets (1.6 mA/cm? for OER; 2.5 mA/cm? for HER).
Thereby, the greatly enhanced water splitting activities of
MoS,/NisS; heterostructures are mainly attributed to the
constructed interfaces, rather than the active surface areas.

As shown in Figure S20, the reduction and oxidation peaks of
Mo®*/Mot* (e > & 2 4) in MoS, nanosheets are located at ~0.333
and 0.449 V, while the redox reactions of Ni?*/Ni®* in NisS;
nanoparticles occur at ~0.254 and 0.369 V. In contrast, the redox
peaks in the MoS,/NisS; heterostructures are centered at ~0.216
and 0.489 V. These results suggest that the fabricated
MoS2/NisS; heterostructures offer new water splitting active sites,
which are endowed with the electrocatalytic properties of both
NisS; and MoS,. The reduction peak area of MoS,/NisS;
heterostructures is ~9.3 and 17.7 times larger than those of the
NizS; nanoparticles and MoS; nanosheets, respectively. After the
electrochemical OER process at 10 mA cm™2 for 10 hin 1 M KOH
solution, the structure of the MoS/NisS, heterostructures was
analyzed by SEM, HRTEM, XPS, element mapping and EDX, and



XPS analyses (Figure S21-S24). Notably, a thin layer of NiO with
thickness of ~12. 6 nm was identified on NizS, surface, for which
the lattice fringe with a lattice distance of 0.21 nm was indexed to
be the (010) facet of NiO (Figure S20c). XPS result in Figure S24
further revealed the existence of NiO. The formation of NiO is due
to the in-situ surface electrochemical oxidation of NizS, during the
OER process which is in agreement with literature reports; and
the NiO sites are electrochemically active for the OER process.**
16 Therefore, we consider that the constructed interfaces between
the NisS; and MoS, stably facilitate HER process and the
interfaces between the in-situ formed NiO and MoS; are favorable
for the OER process.

To further investigate the role of the constructed interfaces in
electrochemical OER and HER, the MoS,/NisS; heterostructures
with different molar contents of MoS, have been synthesized on
carbon cloth (see Experimental Section). Figure S25 shows that
the OER and HER overpotentials of the bare NisS, nanoparticles
and MoS; nanosheets at 10 mA cm™2 are approximately 379 and
421 and 341 and 429 mV, respectively. However, the
electrochemical OER and HER performances of the MoS,/NizS;
heterostructures are noticeably enhanced. When the molar
content of MoS; is ~8.3%, the OER and HER overpotentials of the
MoS,/Ni3S; heterostructures at 10 mA cm2 are as low as ~330
and 150 mV, respectively. For comparison, the physically mixed
MoS,/NisS, composite (having the same chemical composition as
the MoS2/Ni3S; heterostructures) deliver OER and HER current
densities of 10 mA cm™ at overpotentials of ~356 and 199 mV,
respectively, which are considerably higher than those of the
MoS,/NisS; heterostructures. These results clearly manifest the
crucial role of the constructed interfaces between NisS, and MoS,
as well as the interfaces between NiO and MoS,, which are
responsible for the enhanced electrochemical hydrogen and
oxygen evolutions, respectively.
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Figure 4. a) Chemisorption models of H and OH intermediates on the surfaces
of MoSz, NizS2, MoS2/NisS2 heterostructures (Ni-MoS. and Mo-NisS2 models),
and MoS2/NiO heterostructures (Ni-MoS2 and Mo-NiO models) respectively; b)
the proposed mechanisms of the dissociation of H.O, OH, and OOH
intermediates on the MoS2/Ni3S; heterostructures.
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In order to clarify the effect of the constructed interfaces on the
chemisorption of hydrogen and oxygen-containing intermediates,
we utilized DFT to calculate the chemisorption free energies of
hydrogen (AGu) and hydroxide (AGon) on the (101) surface of
NisS,, the (010) surface of NiO, and the (002) surface of MoS..
The obtained results are described in Figure 4a. Contrary to the
chemisorption on the (101) surface of NisS, (AGn = -1.81 eV) and
(002) surface of MoS; (AGy = —2.71 eV), H is opt to adsorb on the
Mo-S edge sites of Ni-doped MoS; model (denoted as Ni-MoS;)
because of a lower chemisorption free energy of -3.17eV. As
expected, the surface undercoordinated Ni sites of Mo-doped
NisS; model (denoted as Mo-NizS;) have a HO-chemisorption
energy of —2.92 eV, which is lower than the —1.68 eV energy of
MoS; and -2.36 eV energy of NizS,. The (101) surface of Mo-NisS;
thus exhibits superior binding activity toward oxygen-containing
groups. Moreover, considering the formed interfaces between
MoS; and NiO for OER, the Mo sites of the Mo-doped NiO model
(Mo-NiO) show a largely-increased HO-chemisorption energy up
to -5.12 eV. Accordingly, a HER mechanism on MoS/NisS,
heterostructures and an OER mechanism on MoSy/NiO
heterostructures are proposed in Figure 4b. The constructed
interfaces between NisS, and MoS, as well as the interfaces
between NiO and MoS; have the advantages of the H-
chemisorption of MoS, and the HO-chemisorption of NisS, and
NiO. As a result, the Gibbs free energies of the corresponding
intermediates are efficiently decreased, facilitating the
dissociation of the O-H bonds of the H,O molecule and the OH
and OOH intermediates. Eventually, the OER and HER
processes are highly accelerated.

In summary, we have presented a novel approach for
developing earth-abundant and high-activity overall water splitting
electrocatalysts through interface engineering. The as-prepared
MoS,/NisS, heterostructures with abundant interfaces manifest
excellent chemisorption abilities for both hydrogen and oxygen-
containing intermediates, leading to outstanding OER and HER
electrocatalytic activities in alkaline media. Therefore, the
engineering and understanding of the constructed interfaces
provide a favorable direction for developing low-cost and high-
activity water splitting electrocatalysts, which have potential
applications in photochemical, photoelectrochemical, and
electrochemical H, production and CO; reduction.
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COMMUNICATION

The interface engineering of novel
MoS,/NisS,;  heterostructures  with
abundant interfaces has been
presented. Experimental results and
DFT calculations demonstrate that the
constructed interfaces synergistically
favor the chemisorption of hydrogen
and oxygen-containing intermediates,
thus leading to highly enhanced water
splitting activity.
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