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ABSTRACT: Elaborate design of highly active and stable
catalysts from Earth-abundant elements has great potential
to produce materials that can replace the noble-metal-
based catalysts commonly used in a range of useful
(electro)chemical processes. Here we report, for the first
time, a synthetic method that leads to in situ growth of
{210} high-index faceted Ni,S, nanosheet arrays on nickel
foam (NF). We show that the resulting material, denoted
Ni;S,/NF, can serve as a highly active, binder-free,
bifunctional electrocatalyst for both the hydrogen
evolution reaction (HER) and the oxygen evolution
reaction (OER). Ni;S,/NF is found to give ~100%
Faradaic yield toward both HER and OER and to show
remarkable catalytic stability (for >200 h). Experimental
results and theoretical calculations indicate that Ni,S,/
NF’s excellent catalytic activity is mainly due to the
synergistic catalytic effects produced in it by its nanosheet
arrays and exposed {210} high-index facets.

P roduction of hydrogen (H,) via the water-splitting reaction
in a sustainable way is one of the “holy grails” but remains an
elusive goal in catalysis and renewable energy alike. This
sustainability challenge has been unmet mainly because
expensive noble-metal-based materials are still the best known
catalysts to reduce the overpotentials of the two half-reactions
involved in the water-splitting reaction: the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER).'
Notably, Pt-based materials remain the most efficient electro-
catalysts for HER, while Ir oxides remain the benchmark
electrocatalysts for OER."” Due to the high cost and low Earth
abundance of the metals in these catalysts, there is currently a
dire need to develop alternative, inexpensive catalysts from
Earth-abundant elements with good activity and durability for
both half-reactions.

While there have been some reports on alternative, non-noble-
metal-based electrocatalysts, the catalytic efficiency of many of
them (e.g,, MoS,) is intrinsically limited by their low electrical
conductivity, among other things.1’3 Hence, the synthesis of non-
noble-metal catalysts that possess metallic or conductive
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property deserves some special attention.’ NisS, a metal
chalcogenide that occurs naturally as the mineral heazlewoodite,
has intrinsic metallic behavior due to the presence of a
continuous network of Ni—Ni bonds throughout its structure
(see Theoretical Section in the Supporting Information (SI)).
Besides its high conductivity, its low cost makes Ni;S, quite
suitable for various electrochemical applications.” While recently
Ni;S,-based materials have been shown to be electrocatalytic
active for either HER or OER, their catalytic activity and stability
are still less competitive than those of the noble-metal catalysts. It
also remains unclear where exactly on the surfaces of the Ni,S,
the catalytic active sites promoting HER or OER occur, and a
Ni;S,-based material that can catalyze both HER and OER
efficiently has never been reported.

Beyond the motivation behind addressing these issues, it is
also important to rationally design and synthesize the active sites
of HER or OER catalysts to make their overall catalytic
performance close to, or even better than, that of noble metals.
While tailoring the size and assembly patterns of nanocatalysts
can partially lead to this goal, increasing the density of the most
catalytically active crystallographic facets on the surfaces of
various nanomaterials is the most promising route to fully do so,
as has recently been demonstrated for various noble metal and
metal oxide catalysts.7 In this context, high-index facets, denoted
by a set of Miller indices {hkl} with at least one index larger than
unity, can usually provide more catalytically favorable surface
atomic structures (e.g., more atomic steps) than low-index facets.
However, owing to their high surface energy, high-index facets
are not stable, and they often evolve and disappear rapidly during
the synthesis of the materials or their use in catalysis. Thus,
making high-index faceted nanocatalysts with good structural
stability is a challenging yet appealing conundrum to solve,
toward meeting our goal of making efficient noble-metal-free
(electro)catalysts.

Here we report, for the first time, the synthesis of stable, {210}
high-index faceted Ni;S, nanosheet arrays supported on nickel
foam (NF), dubbed Ni;S,/NF. The material exhibits efficient
and ultrastable electrocatalytic activity toward HER and OER,
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Figure 1. (A,B) Digital images, (C) XRD pattern, and (D—F) top-view
SEM images of the Ni;S,/NF. Inset in (E): side-view SEM image of
Ni;S,/NF. (G) HRTEM image of the Ni;S,/NF, with the fast Fourier
transform image shown in the inset.

thanks to its advantageous nanocatalytic features as well as high-
index facets. Theoretical calculations confirm that the {210}
high-index facets in Ni;S,/NF account for its uniquely efficient
catalytic activity toward both HER and OER.

The Ni;S,/NF was synthesized by direct sulfidization of NF
using thiourea, a source of sulfur, in a hydrothermal system at 150
°C for S h (see SI for further details). Figure 1AB shows
photographs of Ni;S,/NF before and after being stretched,
indicating the material can be flexed well without undergoing
structural damage. In addition, a strong adhesion between Ni;S,
and NF, whose amount is ~1.6 mg Ni,S,/cm” NF, is evidenced
by the fact that the Ni;S, nanosheets do not flake off of the
material after 30 min of sonication. The powder XRD pattern of
Ni;S,/NF shows that the material contains a hexagonal phase of
Ni;S, besides metallic nickel (Figure 1C). The formation of
Ni;S, is confirmed by Raman spectroscopy (Figure S1). The
SEM images of Ni;S,/NF (Figure 1D—F) show that the 3D
macroporous structure of NF remains intact in Ni;S,/NF
(Figure 1D) and that the entire NF surface is homogeneously
covered by the Ni;S, nanosheets. Moreover, the Ni;S,
nanosheets appear to be vertically grown over the NF and
spatially interconnected (Figure 1E,F), forming a lot of void
spaces. The height of the Ni,S, nanosheet array is ~2 ym (Figure
1E inset), and the thickness is 10—15 nm. In the HRTEM images
of Ni;S,/NF (Figures 1G and S2), two sets of lattice fringes are
observed, giving interplanar distances of 0.23 and 0.24 nm
corresponding to the (021) and (003) crystallographic planes of
hexagonal Ni;S, phase. When the HRTEM image is obtained
along the [100] crystallographic direction of Ni;S,, the observed
angle between the (021) and (003) facets is 70.7°, very close to
the theoretical value of 70.8°. This means the exposed facet of the
nanosheets is {210} (Figure S3). It is worth noting here that this
facet has never before been realized experimentally for Ni,S,
materials. The presence of this facet is also confirmed by fast
Fourier transform image (Figure 1G inset).
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Figure 2. (A) Steady-state current density as a function of applied
voltage during HER at pH 7 over nickel foam (NF), Ni;S, nanoparticles,
Ni;S,/NF, and Pt/C (20 wt%). (B) Electrocatalytic efficiency of H,
production over Ni;S,/NF (electrode area: 0.7 cm X 1 cm) at a current
density of ca. 20 mA/cm? measured for 70 min. (C) Current density vs
time (I—t) curve of HER over Ni;S,/NF at 77 = 170 mV over 200-h-long
electrocatalytic HER. (D) Polarization curves obtained over Ni;S,/NF,
before and after potential sweeps between 0 and —0.54 V for 10 000
cycles. Current density is normalized with the electrode’s geometric
surface area.

NF functions not only as a support material for the Ni,;S,
nanosheets but also as a source of nickel during the in situ
formation of the Ni;S, nanosheets. When nickel nanoparticles
(NPs), in lieu of NF, were used in the synthesis, only Ni;S, NPs
were obtained (Figure S4). This suggests NF is necessary for the
synthesis of Ni;S, nanosheet arrays, probably because NF
promotes the unidirectional diffusion of nickel ions from its
surface toward the solution. The amount of thiourea used in the
reaction is also found to play a major role in the formation of
Ni;S,/NFE. When the amount of thiourea was halved, while
keeping the other reaction parameters unchanged, Ni;S,
nanosheets did not form on the NF (Figure SS). On the other
hand, when the amount of thiourea was increased 2- or 4-fold, the
density of Ni;S, nanosheets on NF decreased (Figure S6).
Prolonging the reaction time led to a rapid increase in the
thickness of Ni;S, nanosheets and the appearance of {001} low-
index facets (Figure S7) that ultimately dominated the exposed
facets of the Ni;S, nanosheets. This is not unexpected, because
high-index facets often have high surface energy (see Theoretical
Section in SI) and thus tend to evolve readily to more
thermodynamically stable facets during crystal growth processes.

The electrocatalytic activity of Ni;S,/NF toward HER under
neutral media (pH 7)° was evaluated using a typical three-
electrode system, in which Ni;S,/NF was directly used as the
working electrode (see SI for details). For comparison, the
catalytic activity of NF, Ni;S, NPs, and Pt/C (20 wt%) was also
measured. Ni;S,/NF exhibits a remarkable catalytic activity
toward HER (Figure 2A), much higher than that of Ni;S, NPs. In
fact, Ni,S,/NF produces a current density of 10 mA/cm?* (the
current density expected from a 12.3% efficient solar water-
splitting device) at an overpotential (#7) of ~170 mV, whereas
Ni;S, NPs give the same current density at a much higher (310
mV). Ni;S,/NF’s catalytic activity is also found to be better than
that of most of the noble-metal-free HER catalysts reported for
HER in neutral media (Table S1).

Figure 2B compares the amount of H, evolved experimentally
versus the amount of H, theoretically expected in electro-
chemical HER in the presence of Ni;S,/NF for 70 min. As can be
seen in the graphs, Ni;S,/NF affords a stable H, evolution rate of
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Figure 3. Steady-state current density as a function of applied voltage in
alkaline media (pH 14) over Ni;S,/NF in (A) HER and (B) OER. (C)
Current density vs time (I—t) curves of HER and OER with Ni;S,/NF
recorded for over 200 h. (D) I—t curve at pH 14 at an applied potential
of 1.76 V for an electrolyzer whose anode and cathode both constitute
Ni;S,/NF. Inset: a photograph showing generation of H, and O,
bubbles on the Ni;S,/NF electrodes (see SI for a video). Current
densities are normalized with the electrodes’ geometric surface areas.

2572 pmol/h, matching well with the amount expected
theoretically. This reveals that Ni;S,/NF gives ~100% Faradaic
yield during HER in neutral medium.

To assess the stability of Ni;S,/NF, a current density vs time
(I-t) curve was recorded over a longer reaction time (Figure
2C). The result shows that Ni,S,/NF retains its catalytic activity
for at least 200 h. The total turnover number based on the moles
of Ni in Ni;S, after 200 h was found to be 1.87 X 10° The
excellent stability of the material was further confirmed by the
polarization curve obtained after 10 000 cycles, which was almost
the same as the original one. After many such recycling tests, the
morphology and microstructure of Ni;S,/NF were also intact, as
evident from SEM and TEM images and X-ray photoelectron
spectra (Figures S8 and S9).

Besides operating well as an electrocatalyst in neutral media for
HER, Ni;S,/NF was also found to be a remarkably eflicient
electrocatalyst in basic media, and this time for both HER and
OER. However, Ni;S,/NF is ineffective for HER in acidic media
and for OER in acidic and neutral media (Figures S10 and S11).
Ni;S,/NF affords a current density of 10 mA/cm? at small =
223 and 260 mV for HER and OER, respectively, in basic
solution (Figure 3A,B). Although the activity of Ni;S,/NF
toward HER is lower than that of Pt/C (20 wt%), its activity
toward OER is better than that of IrO, (20 wt% IrO,/C).
Additionally, Ni;S,/NF shows ~100% Faradaic yield (Figure
S12) and excellent stability for >200 h for both HER and OER
under basic media (Figures 3C and S13). It is also worth adding
that Ni;S,/NF’s stability for OER is much better than that of
IrO,. While Ni;S,/NF can retain its catalytic activity for over 200
hin OER (Figure 3C), IrO, loses its activity by ~60% after 15 h
in OER (Figure S14). These results, coupled with its high activity
and stability toward HER in neutral media, clearly demonstrate
that Ni;S,/NF is a highly versatile, efficient electrocatalyst for
both half-reactions involved in water splitting. Its activity and
stability are also better than those of most of previously reported
bifunctional electrocatalysts for water splitting (see Table S2).

Next, we assembled an electrolyzer whose anode and cathode
both comprised Ni;S,/NF. When the applied voltage was set as
~1.76 V, the electrolyzer gave a stable current density of ~13
mA/cm? and retained that current density for at least 150 h
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Figure 4. Most stable terminations of (210) (A) and (001) (B) surfaces
of Ni;S,. (C) Calculated free-energy diagram of HER over (210) and
(001) surfaces at equilibrium potential. The blue and yellow spheres
represent Ni and S atoms, respectively, of Ni;S,.

(Figure 3D). The electrolyzer was also seen to generate large
volumes of H, and O, gases on its respective Ni;S,/NF
electrodes (see Figure 3D inset and SI video). This reveals that
Ni;S,/NF has not only excellent stability but also a unique ability
to serve effectively as electrocatalyst for both half-reactions of
water splitting.

Ni;S,/NF’s excellent catalytic performance can be accounted
by the following four facts. (i) As Ni;$, is intrinsically metallic, all
the catalytically active sites on it are easily accessible to electrons
coming from the electrode. (ii) The nanosheet array architecture
provides Ni;S,/NF with a large active area, allowing more
catalytic reactions to occur on it. This is corroborated by Ni;S,/
NF’s much higher electrochemical surface area than that of Ni;S,
NPs (Figure S15). (iii) Besides enhancing Ni,S,/NF’s stability,
the intimate contact between Ni,S, nanosheets (the catalytically
active phase) and NF (the support material) facilitates interfacial
electron transport between the two. Rapid electron transfer in
the presence of Ni;S,/NF is supported by electrochemical
impedance spectroscopy (Figure S16), which shows the material
has much lower Faradaic impedance than Ni,S, NPs. (iv) Just
like other high-index facets of other materials,” the {210} high-
index facets of Ni;S, have more favorable surface structure for
catalysis than the low-index facets of Ni;S,, such as {001}. This is
supported by the fact that the electrocatalytic activity toward
HER and OER of the {210}-exposed Ni;S,/NF is higher than
that of the {001}-exposed Ni;S, nanosheet arrays (Figure S17).

To better understand the surface structures and the catalytic
activity of high-index {210} and low-index {001} faceted Ni,S,,
we performed density functional theory (DFT) computations by
constructing the correlative theoretical models (Figures 4 and
S18—S23). By comparing the computed surface energies of
possible exposed terminations, we obtained (210) and (001) as
the most energetically stable surfaces (the two are denoted as
(210) and (001) in the following discussions and also SI, section
2.3). Unique atomic step-terraces on the (210) surface and the
surface-ruffling (001) surface of Ni;S, are observed (Figure
4A,B). This difference in structure also explains why the surface
energy of the former (1.455 J/cm?) is higher than that of the
latter (1.054 J/cm?).

Using DFT computations, the activity of the (001) surface
toward HER was then evaluated. Some possible adsorption sites
of H* are described in S, section 2.4.1. Generally, the adsorption
free energy of H* (AG(H*)) can serve as a good measure of the
activity of a catalytic site toward HER (the smaller the AG(H*)
absolute value of the site, the better its activity toward HER).”
The Ni site is found to have a much smaller AG(H*) value
(0.747 eV) than the S site (1.179 eV), indicating the former is
more catalytically active (Figure S20). Additionally, this six-
coordinated Ni atom can link to its neighboring seven-
coordinated Ni atom and form Ni—Ni bonds (labeled by b2),
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which can serve as the most active sites for HER on the (001)
surface, with the smallest AG(H*) value (0.693 eV) (Table S3).
Thus, the Ni—Ni bonds and Ni sites are mainly responsible for
the HER activity on the low-index (001) surface.

Next, the HER activity on the (210) surface was evaluated.
Some possible adsorption sites of H* are described in SI, section
2.4.1. There are three types of S sites on the (210) surface, S1, S2,
and S3, whose AG(H*) values are 0.623, 0.520, and 1.018 eV,
respectively (Figure S21, Table S3). All the S sites on the (210)
surface are found to have smaller AG(H*) values than those on
the (001) surface (1.179 €V), indicating the HER activity is
higher on the former (Figure 4C). This can be mainly due to the
fact that the S sites (e.g, S1 and S2) on the (210) surface reside at
the step edges and thus have a lower coordination number and a
less crowded local environment.

Similarly, the degree of unsaturated coordination and the
geometry around the two Ni sites (labeled by Ni4 and NiS) on
the (210) surface (Figure S21) can affect the catalytic activity of
these sites in HER. The six-coordinated NiS atom at the terrace
(AG(H*) = 0.623 eV) can show better HER activity than the
seven-coordinated Ni4 atom on the (210) surface (AG(H*) =
1.030 eV) (Table S3). The NiS atom is also better than the
parallel six-coordinated Ni atom on the (001) surface (AG(H*)
= 0.747 eV) because (i) the large plane of the terrace on the
(210) surface can endow the NiS site with negligible steric effect
and (ii) the NiS site is out-of-plane of the terrace more than the
Ni site on the (001) surface is (Figure $22), making the former
more easily accessible to reactants. This is further reflected by the
fact that the Ni—Ni bond sites involving the NiS atoms on (210)
surface, namely b4 (NiS—Ni4, AG(H*) = 0.542 eV) and b3
(NiS—Ni3, AG(H*) = 0.679 eV), exhibit better catalytic activity
for HER than the other Ni—Ni bond sites without Ni$ atoms (b1
and b2), and even better than the Ni—Ni bond sites on the (001)
surface (Table S3). Obviously, the (210) surface has more-active
Ni and Ni—Ni sites than the (001) surface (Figure 4C).
Particularly, there is one R ring site containing two NiS$ sites on
the terrace of (210) surface (Figure S21) that can act as the most
active site, due to its having the smallest AG(H*) (0.496 eV).
The high activity of the R ring site is due to its more functional
moieties, involving two key NiS sites that interact better with
reactants. Overall, owing to its unique step-terrace, the high-
index (210) surface possesses more-active S- and Ni-related
HER-active sites than the low-index (001) surface, quite
consistent with our experimental results (Figure S17A).

After elucidating the HER activity of (210) surface, we
analyzed the material’s activity toward OER following the
approach proposed by Norskov et al. (SI, section 2.4.2)."
Computed free-energy diagrams of OER and the correlative
intermediates on the (210) and (001) surfaces are presented in
Figure S23. All of the steps on the (210) and (001) surfaces were
found to move uphill when no bias was applied (U= 0V) (Figure
S$23, red lines). When the equilibrium potential (U = 1.23 V) for
OER was applied, some steps moved downhill while others
remained at uphill positions (Figure S23, blue lines). So, a bias
must be applied on both surfaces to make every step of the energy
diagram go downhill. The required overpotential values were
0.58 V for the (210) surface and 0.70 V for the (001) surface
(Figure S23, black lines). This result indicates the (210) surface
possesses better catalytic activity toward OER than does the
(001) surface, in agreement with our experimental results
(Figure S17B).

In conclusion, a bifunctional, binder-free, non-noble-metal
electrocatalyst based on novel {210} facet-exposed NisS,

nanosheet arrays has been synthesized. The material is shown
to efficiently catalyze both HER and OER. The material’s
excellent catalytic performance toward these reactions, which are
relevant to water splitting, is attributed primarily to the
synergistic effect between its nanosheet array architecture and
{210} high-index facets. These properties as well as the durability
and cost-effectiveness of Ni;S,/NF make it a promising material
to replace noble-metal-based catalysts for water splitting.
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