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ABSTRACT

Three-dimensional carbon-based catalysts grown on a conductive substrate can offer superior
electrocatalytic activities towards hydrogen evolution reaction (HER). We herein describe a novel
method for in situ fabrication of hybrid Ni/Ni3S> nanoparticles embedded in S-doped carbon
nanosheet arrays (Ni/NizS2/SC NSAs) on carbon cloth. With the morphological merits of large
surface area and high conductivity, Ni/Ni3zS2/SC NSAs are demonstrated as an efficient and
durable HER catalyst that requires merely 90 mV at a current density of 10 mA cm™ with a small
Tafel slope of 81 mV dec™!. This excellent performance is ascribed to the formation of Ni®* and S
species that promote the cleavage of H-OH bonds. First-principles calculations further reveal that
the Ni surface near the Ni/Ni3S; interface has a larger water adsorption energy (Ead) and lower
activation energy for water dissociation (£,) than pure Ni and Ni3S>, which contribute to enhance
HER performance. This work offers valuable insights into the designing of interface between

transition metal-based catalysts and heteroatom-doped carbon materials.



1. INTRODUCTION

Water splitting is one of the most promising technologies for relieving the current heavy
dependence on fossil fuels by realizing clean and sustainable production of hydrogen as a
renewable energy carrier.!” Hydrogen-based energy grid can provide a holistic solution not only
for the escalating energy demands but also for the deepening environmental problems caused by
the excessive use of fossil fuels. Till now, hydrogen production is mostly based on hydrocarbon
reforming,®> which is neither energy-efficient nor environmentally friendly. As an alternative to
hydrogen reforming, electrochemical water splitting has great potential to become a sustainable
pathway toward clean and efficient hydrogen production and storage. So far, Pt-based
electrocatalysts have demonstrated the best performance in catalyzing hydrogen evolution reaction
(HER) from water,*> but their wide application is largely limited by the scarcity and high cost of
Pt. Hence, it remains a great challenge to develop a cost-effective yet efficient and durable catalyst
to promote the hydrogen production rate, which is vital for realizing a sustainable next generation
energy system.

In the past two decades, carbon-based materials have attracted great interest in the energy
conversion field owing to their desirable properties, such as tunable molecular structures, large
surface area, and low cost.® Although pristine carbon usually shows poor catalytic activity toward
HER, its catalytic performance can be largely improved by carefully designing and customizing
the active sites. Non-metallic elements (e.g., N, S, P, and B) have been doped into carbon network,
such as N and S co-doped porous carbons and N doped graphene,”'° to effectively optimize the
Gibbs free energy of H* absorption (AGu~) by tailoring the electronic density state of carbon, thus
improving HER activity. The majority of metal-free carbon-based catalysts, however, still suffer
from insufficient catalytic activity that results in high overpotentials that often exceed 200 mV to

attain a current density of 10 mA cm™.



Recently, the research on non-precious metal-based carbon composite catalysts has rapidly
progressed with improvement in rational designs to construct nanocomposites of various metal
phases (e.g., metal alloys,!! carbides,!? phosphides,'? nitrides,'* and dichalcogenides'”) and carbon
materials, especially the heteroatom-doped ones, such as CosSg nanoparticles (NPs) embedded in
N, S co-doped graphene-unzipped carbon nanotubes and P-doped carbon shelled NiP NPs on
graphene.'®!” Ni3S, has been recognized as a potential HER electrocatalyst that shows a better
HER activity than other nickel chalcogenides (NiS and NiS;).!® It is known that the rich Ni-Ni and
Ni-S bonds in Ni3S> not merely increase the conductivity but also contribute to the optimized AGpx
for efficient HER catalysis.!” It has been reported that HER activity could be further enhanced by
the formation of a Ni NP/Ni3S; hybrid, with the metallic Ni providing abundant active sites and
NisS, facilitating the hydrogen desorption process.?’ Up to date, most of Ni3S>-based HER
catalysts were estimated in alkaline media and thus the property of H>O adsorption and
dissociation is crucial for efficient hydrogen evolution. To facilitate H,O adsorption and
dissociation, the N3S, is recommended to combine with another structure that has excellent
adsorption ability. For example, Li’s group modified Cu nanodots on Ni3S> and their theoretical
calculation results showed that the positive charged Cu could lower the water adsorption energy
and accelerate the water dissociation.?! Xu et al. also engineered heterogeneous interface on
Ni(OH)2/Ni3S; to enhance the adsorption of OH™ group.?? However, NizS>-based carbon composite
catalysts are rarely reported and it is still unknown how the carbon composite affects the catalytic
activity of Ni3S,. From a practical perspective, 3D carbon structure is more advantageous to the
constructing of composite catalytic system for electrocatalytic applications. Compared with most
1D and 2D carbon materials (carbon nanotubes, graphene, and pyrolytic carbon nanosheets) that

require immobilization on electrodes using Nafion or polytetrafluoroethylene (PTFE), a binder-



free 3D carbon structure offers a large surface area for electrolyte/electrode interface without
compromising additional interface resistance or elongating the electron transfer path.?* A simple,
efficient, and cost-effective way for preparing a 3D structure of catalyst-embedded carbon
composite is of great interest for various applications.

Herein, we present a novel 3D structure of hybrid Ni/Ni3S; NPs embedded in S-doped carbon
nanosheet arrays (abbreviated as Ni/NizS2/SC NSAs) prepared on a carbon cloth as a highly
effective electrocatalyst for HER. We engaged thiolated oleic acid (S-OA) as the source of both
sulfur and carbon to form the Ni/Ni3Sz hybrid NPs as well as a thin S-doped carbon layer. By a
simple pyrolytic reaction of S-OA coated on the preformed Ni(OH), NSA, ultrathin 3D
Ni/Ni3S2/SC NSAs are directly grown on a conductive substrate, which can deliver remarkable
HER performance as manifested by an overpotential of 90 mV at 10 mA cm™. The real active sites
responsible for such a high activity are investigated by systematic structural modifications, in situ
Raman spectroscopy, and density functional theory (DFT) calculations. Our work reveals the
origin of the electrocatalytic activity of the TMD/carbon composite HER catalyst and offers useful

insights into the designing of catalysts based on Ni and other transition metals.

2. EXPERIMENTAL SECTION

2.1. Reagents and materials. All reagents are of analytical grade and used without further
purification. Oleic acid (CisH3402, OA, >99%), 1-hexanethiol (CsH14S, 95%), 2,2'-azobis(2-
methylpropionitrile) (CsHi2N4, 98%),), nickel(II) nitrate hexahydrate (NiNOs3-6H>0O, >98.5%),
urea (CO(CH)2, 298.5%), and ammonium fluoride (NHsF, >98%) were purchased from

Sigma-Aldrich, Inc. Nitric acid (HNOs3;, 69 %) was obtained from BDH ProLab, VWR



International Pty Ltd. Carbon cloth was purchased from CeTech Co., Ltd. All solutions were

prepared using Milli-Q water (15 MQ cm/25 °C).

2.2. Synthesis of sulfur-containing oleic acid. Thiolated oleic acid was synthesized according to
a reported procedure with slight modifications.?* In a typical synthesis, oleic acid (10 g, 35 mmol),
I-hexanethiol (45 mL, 0.42 mol), and 2,2'-azobis(2-methylpropoonitrile) (0.58 g, 3.5 mmol) were
refluxed in a 100 mL round-bottomed flask at 70 °C for 8 h. After cooling down to room
temperature, the yellowish solution was distilled to remove excess hexanethiol under ambient
pressure. By-products, including dihexyl disulfide and 2,2,3,3-tetramethylsuccinonitrile, were
removed by further distillation under reduced pressure at a maximum temperature of 150 °C until
no dihexyl disulfide was detected by 'H NMR spectroscopy. The oleic acid-derived thioether was

obtained as a brown oil in 86 % yield.

2.3. Synthesis of Ni(OH)2 nanosheet arrays. The synthetic procedure for the Ni(OH). NSAs has
been previously described in detail.?® Briefly, Ni(NO3)2-6H20 (3.93 mmol), urea (26.25 mmol),
and NH4F (10.5 mmol) were mixed in 70 mL water and stirred until completely dissolved and then
transferred to a 100 mL Teflon-lined stainless-steel autoclave. A piece of carbon cloth (2 x 3 cm?)
was washed with HNOs (1.0 M), absolute ethanol, and DI-water in sequence in an ultrasonic bath
for 10 min and placed in the autoclave. The autoclave was then heated at 100 °C for 8 h to yield

Ni(OH)2 NSAs as a precursor for the next step.

2.4. Synthesis of Ni/Ni3S2/SC nanosheet arrays. The carbon cloth containing as-obtained
Ni(OH). NSAs precursor was cut into small pieces (I x 0.5 cm?) for the subsequent
electrochemical tests. The two-step synthetic route of Ni/Ni3S2/SC NSAs is depicted in Scheme 1.
First, the S-OA solution was prepared by adding S-OA (200 mg) to hexane (1 mL) under magnetic

stirring at room temperature. S-OA solution (50 uL) was added dropwise onto the prepared carbon



cloth containing Ni(OH)2 NSAs (20 mg cm™), followed by heat treatment in a tube furnace in 500

°C for 30 min under Ar flow (40 sccm).

2.5. Synthesis of Ni/Ni3Sz, Ni/C and Etching of S-doped C nanosheet arrays. The as-prepared

Ni(OH), NSAs was cut into small pieces (1 x 0.5 cm?) and heated in a tube furnace at 400 °C for
2 h under a H> (10 %)/Ar flow (50 sccm) to synthesize metallic Ni on the carbon cloth. The
generated Ni further reacted with NaxS (3 mM, 15 mL) at 160 °C for 30 min by hydrothermal to
synthesize Ni/Ni3S, on the carbon cloth. To prepare Ni/C NSAs, oleic acid (OA, 10 puL) was
dropped on Ni(OH), NSAs, followed by heating at 500 °C for 30 min under Ar flow (40 sccm).
The as-prepared Ni/Ni3S,/SC NSAs was immersed in HNO3 (2.0 M) for 20 h. The etched sample
was taken out from the HNO3 solution, washed with Milli-Q water several times, and finally dried

under N; flow.

2.6. Structural characterizations. The morphology and structure of the samples were
characterized by scanning electron microscopy (SEM, Tescan VEGA3), transmission electron
microscopy (TEM, JEOL-2100F) equipped with an X-ray energy dispersive spectrometer (EDX),

powder X-ray diffraction (XRD, X’Pert PRO PHILIPS with Cu Ka radiation), and Raman

scattering spectroscopy (Renishaw inVia Raman microscope). The chemical states of elements

were determined by X-ray photoelectron spectroscopy (XPS, AC-2, Riken Keiki).

2.7. Electrochemical measurements. Electrochemical analyses were performed with a three-
electrode system on an electrochemical workstation (CHI 760E, CH instruments Inc.) in KOH (1.0
M) aqueous solution. The as-prepared catalyst was used as a working electrode and a Hg/HgO
electrode and a Pt plate were engaged as the reference and counter electrodes, respectively. Linear
sweep voltammetric (LSV) curves were acquired by sweeping the potential from -0.6 to 0.2 V (vs.

reversible hydrogen electrode, RHE) at a rate of 5 mV s! after stabilizing the working electrode



by scanning ten cycles between -0.4 and 0.1 V at a rate of 50 mV s™'. Nyquist plots were obtained
at the frequencies ranging from 100 KHz to 0.05 Hz at -0.22 V. The stability of the electrode was
tested by monitoring the i-t curve for 12 hours at an applied potential of -0.22 V and comparing
the LSV curves before and after the potentiostatic test. All potentials reported in this work are
referenced to RHE, which is converted from the measured potential against the Hg/HgO electrode
following equation 1:

E(V vs.RHE) = E(V vs.Hg/HgO) + 0.098 + 0.059 x pH 1

All the LSV curves are iR-compensated.

2.8. Computational methods. All first-principles calculations based on density functional theory
(DFT) were performed with the Vienna Ab Initio Simulation Package (VASP),?® using the
Projector Augmented-Wave (PAW) method with a cutoff energy of 400 eV.?’ Exchange-
correlation energies were obtained using the Generalized Gradient Approximation method of
Perdew, Burke, and Ernzerhof (PBE).?® For geometric relaxations, the ionic positions were
optimized until forces on all atoms that fell below 5 x 1072 eV A™!, while electronic minimization
for each step was terminated when the energy difference between steps fell below 107 eV.
Calculations involving slab geometries contained a minimum of 10 A spacing to prevent
interactions with the periodic images. The Ni (111) and Ni3S, (111) slab structures were
constructed as 4 x 4 surface cells with 4 layers each. The Ni/Ni3S; interface structure was
constructed with 5 layers of Ni and 4 layers of NizS> to minimize lattice mismatch. Reaction
barriers were determined using the Nudged Elastic Band (NEB) method, with default settings,
contained within the VASP Transition State Tools (VTST) package.?” NEB images used the same

force convergence criterion as relaxations. K-point sampling at I was used for reaction pathway



calculations. For electronic structure analysis, a 4 x 4 x 1 I'-centered k-point mesh was used to

ensure accuracy. Spin-polarization was accounted for in all calculations.

3. RESULTS AND DISCUSSION

Scheme 1 illustrates the synthetic procedure of hybrid Ni/Ni3S2 NPs embedded in S-doped carbon
NSAs grown on a carbon cloth (Ni/Ni3S2/SC NSAs) using Ni(OH), NSAs as a template. The
reaction of Ni(NOz3), with urea and NH4F under hydrothermal conditions yields the vertically
grown Ni(OH)2 NSAs on a carbon cloth with a loading mass of ca. 5 mg cm (Figure S1),°° which
are then wetted with pre-determined volume of S-OA solution. The subsequent heat treatment (500
°C) yields the S-doped carbon nanosheet arrays with Ni/Ni3zS> hybrid NPs embedded. The
morphology of Ni/Ni3S,/SC NSAs revealed by SEM images (Figure 1a) appears to be very similar
to that of Ni(OH)> NSAs. The high magnification and cross-sectional SEM images of Ni/Ni3S2/SC
NSAs (Figure 1b) indicate that the thickness and size of the nanosheets remain unchanged during
the S-OA coating/annealing process. TEM analysis, however, unveils that the entire nanosheet is
composed of numerous small NPs (average d = 38 nm, Figure 1¢). HR-TEM confirms the highly
crystalline nature of these NPs (Figure 1d) with clear lattice spacings, which are also encased by
thin carbon layers. There are two discernible domains identified, which display distinct lattice
spacings of 0.176 and 0.204 nm ascribed to the (200) plane of metallic Ni and (202) plane of Ni3S,,
respectively. In addition, a new lattice spacing of 0.189 nm, which is caused by the lattice
overlapping, appears between the Ni and Ni3S; phases, forming an active Ni/NizS> interface.
During the annealing process, the S-OA decomposes to produce highly reactive species, such as
CH3s and H»S. The Ni(OH); can be reduced by such species, e.g., CHs, to metallic Ni that may

further react with H>S to form NisS; species.®! Furthermore, H»S also acts as a S donor to induce



S doping on the carbon nanosheets,®

as confirmed by the subsequent X-ray photoelectron
spectroscopic (XPS) measurements. The presence of Ni, S, and C atoms on the nanosheet is
verified by the elemental mappings shown in Figure S2. For comparison, Ni NPs-embedded
carbon NSAs (Ni/C NSAs) were also prepared by using OA directly (Figure S3).

Powder X-ray diffraction (XRD) was engaged to investigate the crystal structure of Ni/NizS»
NPs (Figure 1e). Two sets of peaks are identified; the peaks at 21.7°,31.0°, 37.6°, 50.0°, and 55.1°
can be indexed to the (101), (110), (003), (021), and (113) planes of Ni3S> (JCPDS No. 44-1418),
while those at 44.3°, 51.7°, and 76.3° are assigned to the (111), (200), and (220) planes of metallic
Ni (JCPDS No. 04-0850), respectively, confirming the coexistence of Ni and Ni3S: phases.
Another broad peak observed at 25.5° can be ascribed to the graphitized carbon (JCPDS No. 75-
2078).2 Raman spectroscopy was engaged to gain further structural information of the carbon
nanosheet (Figure 1f). Two major Raman peaks identified at 1,358 and 1,596 cm™! are correlated
to the D- and G-bands of sp-structured carbon, respectively, with a peak intensity ratio (In/Ig) of
0.71. This Ip/Ic value indicates that the carbon species in Ni/Ni3S2/SC NSAs is disordered graphitic
carbon, most probably due to the S dopants.*® To clarify the roles of S doping in the carbon layer
and embedded NPs, bare Ni/NizS; with no carbon coating was prepared on carbon cloths by
reducing Ni(OH)> NSAs to Ni and then reacting it with Na,S in a suitable condition (denoted as
Ni/Ni3S,, Figure S4). Furthermore, Ni/Ni3S2/SC NSAs were immersed in 2 M HNOj3 for 20 hours
in an effort to etch out Ni/Ni3S> NPs (denoted as e-SC NSAs, Figure S5). Note that the TEM
image of e-SC NSAs reveals that there are still a few small (<3 nm) residual NPs with a d-spacing
of 0.204 nm that corresponds to the (202) plane of Ni3S, phase, probably due to the low solubility

of Ni3S2 in HNOs. The atomic percentages of Ni, S, and C estimated by energy dispersive X-ray
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analysis (EDX) indicate that S doping in SC is ca. 1.7 % and the weight ratio of Ni:Ni3S> is close
to 2:1 (Figure S6).

The composition and chemical states of Ni/Ni3S2/SC, Ni/Ni3S., and e-SC were probed by X-
ray photoelectron spectroscopy (XPS). As shown in Figure 2a, the fitted peak located at 856.2 eV
in the Ni 2p3/2 spectrum of Ni/Ni3S2/SC is assigned to Ni?*, while the one at a lower binding energy
(852.9 eV) is ascribed to Ni’.>* In addition to the shakeup satellite peak at 860.9 eV, another peak
(854.0 eV) lies between the binding energies of Ni° and Ni**, suggesting the presence of partially
charged Ni species (Ni®", 8+ is a valence state between 0 and 2+).2%** Similar but much weaker
peaks are observable in the spectrum of e-SC NSAs with the Ni** peak negatively shifted by 0.40
eV, which indicates that the Ni3S» species are responsible for the partial electrons transfer. Also, a
prominent increase in the Ni*"/Ni’ ratio suggests that the relative population of Ni3Sz over metallic
Ni has increased which is in accordance with the TEM observations (Figure S5). Meanwhile, the
Ni®" peak is absent in the spectrum of Ni/Ni3S,, which displays only Ni® and Ni?>* peaks that are
negatively shifted by 0.5 eV. This suggests the intimate interaction between Ni/Ni3S; and SC in
the Ni/Ni3S2/SC NSAs.

The S 2p region of Ni/Ni3S2/SC (Figure 2b) shows the characteristic S** peak at 162.1 eV
that can be assigned to NizSz. The two spin-orbit doublet peaks at 163.5 and 164.6 eV that
corresponds to 2ps/2 and 2p12 of S-C species, respectively, provide clear evidence for the S doping
in the carbon layer.>> The existence of partially charged S® species is also suggested by another
peak at 162.7 eV that appears at a lower binding energy than that of S° (163.3 eV).*® Upon acid
etching, the S> and S peaks are dramatically reduced to appear as a tail in the S 2p spectrum of
e-SC, indicating that most, but not all, Ni3S> NPs have been removed. In addition, the S 2p3» and

2p12 peaks of S-C species are positively shifted by 0.15 and 0.3 eV, respectively, confirming that
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S-doped C acts as an electron acceptor from the Ni3S; phase. In the absence of S-doped carbon,
the Ni/Ni3S; exhibits only S 2p32 (162.0 eV) and S 2p12 (163.3 eV) peaks assigned to S*” species,
which are shifted to lower binding energies.”?> Such concomitant binding energy shifts in
Ni/Ni3S2/SC imply a strong coupling effect that redistributes the electrons between Ni/Ni3S2 and
SC, and hence induces the formation of Ni®" and S species.

The characteristic S-C peak, which arises from the S doping in carbon, is evident in the C 1s
spectra of both Ni/Ni3S2/SC and e-SC NSAs (Figure S7). The binding energy of S-C peak is
positively shifted by 0.2 eV in e-SC NSAs, a shift that agrees well with the observation in the S
2p spectra. The O 1s spectrum of Ni/Ni3S»/SC displays three peaks at 529.7, 531.7, and 533.1 eV
(Figure 2c), which are assigned to Ni-O, -OH", and adsorbed H2O (H20.4), respectively.?? The
Ni-O signal is due to the inevitable partial oxidation of metallic Ni that is exposed to air. It is
noteworthy that the relative peak area for OH™ and H>O.q4 peaks varies considerably in e-SC NSAs
and Ni/Ni3S>. The —OH peak in e-SC NSAs is largely reduced due to the removal of Ni/Ni3S> NPs
that provides -OH™ adsorption sites, while the H2O.q peak in Ni/Ni3S, becomes smaller than that
in N1/Ni3S2/SC, indicating that the S-doped carbon is beneficial to the enhancement of the water
physisorption property.

The electrocatalytic HER activity of Ni/Ni3S2/SC NSAs was investigated and compared with
those of Ni/Ni3Sz, e-SC, Ni/C NSAs, commercial Pt/C, and bare carbon cloth (CC) using a standard
three electrode system in 1.0 M KOH (Figure 3a). The linear sweep voltammograms (LSVs) show
that the overpotentials required for CC, Ni1/Ni3Sz, and Ni/C NSAs to achieve a current density of
10 mA cm™ are 514, 247, and 186 mV, respectively. The carbon layer formed by the pyrolysis of
OA helps to preserve NSA morphology in Ni/C NSAs, which in turn allows a larger surface area

than Ni/Ni3S,, leading to a better HER performance. The catalytic HER activity is further
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improved when S-OA is used to form Ni/NizS»/SC NSAs as manifested by a much lower
overpotential of 90 mV at 10 mA cm™. Ni/Ni3S2 NPs are believed to play a key role in promoting
HER catalysis as suggested by the poorer performance of e-SC NSAs (311 mV). The
corresponding Tafel plots given in Figure 3b shows that Ni/Ni3S2/SC NSAs exhibits the smallest
Tafel slope of 81 mV dec™! compared with e-SC NSAs (150 mV dec™!), Ni/Ni3Sz (165 mV dec™!),
and Ni/C NSAs (110 mV dec™), indicating an enhanced HER kinetics on Ni/Ni3S2/SC NSAs.
Based on the Tafel slope that falls between 40 and 120 mV dec’!, a two-electron transfer process
following the Volmer-Heyrovsky mechanism is suggested for Ni/Ni3S2/SC NSAs."

Electrochemical impedance spectroscopy (EIS) was also employed to investigate the catalytic
kinetics at the interface between the electrode and electrolyte, and the Nyquist plots were fitted by
the simplified Randles cell (Figure S8). A similar trend is observed for charge-transfer resistance
(Ret); N1/N1i3S2/SC NSAs show merely 3 Q at -0.22 V (vs. RHE), followed by Ni/C NSAs (6 Q),
Ni/Ni3S2 (27 Q), and e-SC NSAs (69 Q). It is worth noting that the removal of hybrid Ni/Ni3S,
NPs has increased the Ret of e-SC NSAs by more than twenty times, which indicates that the hybrid
Ni/Ni3S2 NPs are crucial in the promoting of the electron transfer and catalytic kinetics.

It is well known that the number of active sites can largely affect the catalytic performance.’’
We thus estimated the electrochemical surface areas (ECSA) of samples by means of
electrochemical double-layer capacitance (Ca1).>®* From a series of cyclic voltammograms (CVs)
measured between 0.32 and 0.52 V (vs. RHE) at various scan rates from 5 to 100 mV s, the Cq
values of 2.7, 7.4, 36.7, and 45.3 mF cm were obtained from Ni/Ni3Sz, Ni/C NSAs, e-SC NSAs,
and Ni/Ni3S2/SC NSAs, respectively (Figure 3c). Relatively high Cq values of e-SC and
Ni/Ni3S2/SC NSAs suggest that the considerable enhancement in ECSA is certainly benefitted by

the S-doped carbon matrix. Nevertheless, as indicated by the polarization curves, e-SC NSAs are
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less catalytically active than Ni/C, implying that the HER activity should be attributed to the Ni-
based species, rather than the larger carbon surface.

Long-term durability is another important criterion for evaluating an electrocatalyst. Figure
3d summarizes the chronoamperometric measurements conducted at -0.22 V (vs. RHE) in 1.0 M
KOH. During the 12 hours of continuous electrolysis under a high overpotential, Ni/Ni3S2/SC
NSAs maintain the initial current density with a minimal loss (3 %). In addition, the LSV after
electrolysis is almost identical to the initial one (inset in Figure 3d), which again indicates the
excellent stability of Ni/NizS2/SC NSAs. To further study their morphological changes and
structural stability, the Ni/Ni3S2/SC NSAs were analyzed by XRD, SEM, and TEM after the
continuous 1,000 cycles of potential sweep between -0.4 and 0.1 V. The results summarized in
Figure S9 show that the initial structure and morphology of Ni/Ni3S>/SC NSAs are well preserved,
a result that can explain their stability and unchanged catalytic activity.

The HER of Ni/Ni3S2/SC NSAs under alkaline condition follows a Volmer-Heyrovsky

mechanism, the first Volmer step (H2O + ¢ — Hag + OH") followed by Heyrovsky step (H20 +

Ha.a + € — Hz + OH).22 Water adsorption and the cleavage of H-OH bond in alkaline media are
primarily responsible for the HER rate and are normally considered as rate-determining steps.**:!
In the above reactions, the main product of each step contains the OH™ species, meaning that
abundant sites for OH™ adsorption are beneficial to the dissociation of H-OH bonds and the
generation of Hag intermediates. Some recent works have demonstrated that partically charged
species (such as Ni®", Co®", P>, and S*) play an improtant role in enhancing the catalytic HER
activity.*> To understand the effect of partially charged Ni®" and S% species in Ni/Ni3S2/SC, the

XPS spectra of Ni/Ni3S»/SC after HER catalysis were analyzed (Figure S10). The Ni 2p3» and S

2p spectra reveal the disappearance of Ni®" and S* peaks along with the enhanced Ni?* peak and a
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new S-O peak, verifying that these species have been probably oxidized to amorphous
Ni(OH)x/SOx.** These results indicate that the Ni®" and S% species are sensitive to OH™ group as
hydride acceptors so that the cleavage of HO-H bonds would be facilitated. To identify the active
catalytic sites of Ni/Ni3S2/SC NSAs and thus gain a deeper insight into their highly promoted HER
activity, in situ Raman spectroscopy was employed during LSV (Figure 4a). With the applied
potentials over -0.176 V, a broad peak appears between 500 and 900 cm™ and evolves as a peak at
814 cm’!, which is assigned to the Ni-adsorbed H bond (Ni-Haq) vibration.*> More importantly,
this peak disappears after the electrochemical test (Figure S11), confirming that the Ni-Haq bonds
are formed as the intermediate species during HER. This agrees well with the electrochemical
analyses that indicate the Ni sites are catalytically active sites in Ni/Ni3S2/SC NSAs.

We then performed DFT calculations to understand how HER, as well as water adsorption
and dissociation, works on Ni/Ni3S2/SC surface. To simplify the calculation model, we only
consider the close-packed (111) surfaces of Ni, Ni3S>, and Ni/Ni3S; for direct comparison as both
Ni and Ni3S» phases are surrounded by SC (Figure 4b and 4¢). The calculated adsorption energies
(Eaq) of water are 0.28 and 0.37 eV on the Ni(111) and Ni3S2(111) surfaces, respectively, which
are in good agreement with previous DFT calculations (Table 1).*** Here, E.q is calculated by
subtracting the total energy of the slab with the adsorbed water (En.oss1a0) from the sum of the
energies of a gas phase water molecule (En.0) and the slab model (Esiab), i.e., Ead = EH.0 + Eslab —
En.0ss10. Our calculation predicts a substantial increase in Eqq to 0.62 eV on the Ni side of the
Ni/Ni3S; interface.

The dissociation of adsorbed water into adsorbed hydroxyl and hydrogen, i.e., HbO* — HO*

+ H*, is an exothermic reaction and the dissociation energies (A4Eqiss) are also summarized in Table

1. The predicted exothermicity is AF4iss =-0.35 eV on pure Ni(111) and slightly decreases to -0.30
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eV on the Ni side of the Ni/Ni3S; interface. On the other hand, the water dissociation reaction is
predicted to be endothermic by AE4iss = 0.50 eV on pure Ni3Sx(111), implying that it may rarely
occur. The poor activity can be attributed, in part, to the relatively weak binding between H and S.
We also calculated the activation energy of the water dissociation (£,), which is 1.10 eV on pure
Ni3S2(111) while decreasing to 0.89 eV on pure Ni(111) and further to 0.70 eV on Ni/NizSa(111).
The relatively lower E, and larger E.q may suggest that the Ni surface near the Ni/Ni3S; interface
would be more active than the pure Ni counterpart. Moreover, our ongoing work shows that the
water dissociation reaction may also involve multiple H>O molecules that are connected by
hydrogen bonds, as illustrated in Figure S12, where O in one H>O molecule is favorably bound to
a Ni®" site on the Ni3S; side and H in another H,O molecule interacts with a Ni% site on the Ni side
particularly when the Ni/Ni3S; catalyst is charged negatively. Furthermore, the arrangement and
dynamics of H>O molecules near the Ni/Ni3S» surface tend to affect the HER kinetics to a certain
extent, while they can be noticeably altered by the presence of carbon shell as briefly demonstrated
in Figure S12. The effects of catalyst charging and interfacial water dynamics will be presented
elsewhere. Nonetheless, our theoretical work reported herein clearly demonstrates the
enhancement of reactivity near the Ni/Ni3S; interface that could be largely responsible for the
higher activity of the Ni/Ni3S2/SC system as compared to the pure Ni system, although it would
be hard to draw a definite conclusion based on the results of only a single facet and a single type
of interface. Further investigations are underway to fully understand the complex relationship
between surface modification and water dissociation kinetics (Volmer step).

This HER performance of Ni/Ni3S/SC NSAs is close to that of Pt/C and surpasses the
performances of most of the Ni3S;- and Ni-based electrocatalysts recently reported (Table S1).

The overpotentials of those electrocatalysts are listed in Figure 5, showing that the Ni/Ni3S»/SC
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NSAs exhibits a lower overpotential at 10 mA cm™ than that of those reported ones. Based on the
above observations, we attribute the superior HER activity of Ni/Ni3S2/SC NSAs to the following
aspects: Firstly, the 3D quasi-vertical nanosheet arrays provide a large active surface area and easy
pathway for the electron transfer from catalysts to electrode. Such vertical configuration is also
advantageous in transporting reactants (H,0) and products (H>).*® Secondly, the S-doped carbon
and Ni/Ni3S; NPs significantly improve the conductivity of Ni/Ni3S2/SC NSAs to facilitate the
catalytic kinetics. Thirdly, the strong electronic interaction between thin SC and Ni/NisS:
positively charges the Ni in Ni/Ni3S2 NPs, making it easier to trap OH™ group and facilitating the
dissociation of water. Lastly, the generated Ni/Ni3S; interface facilitates water adsorption and

dissociation and provides abundant active sites to enhance the HER activity.

4. CONCLUTIONS

In summary, hybrid Ni/Ni3zS> NPs embedded on S-doped carbon nanosheet were in situ grown on
a carbon cloth as an efficient HER electrocatalyst in alkaline medium. High conductivity, large
surface area, and binder-free nature of the Ni/Ni3S2/SC NSA electrode afforded an excellent HER
activity with a low overpotential of 90 mV to reach a current density of 10 mA cm™ and a small
Tafel slope of 81 mV dec!, as well as excellent stability. The S-OA acted as both carbon and sulfur
sources to produce the S-doped carbon nanosheet and active Ni/Ni3S; interface, whose strong
coupling interaction contributed to the excellent HER activity. Our first-principles calculations
demonstrated that the adsorption and dissociation of water can be facilitated in the Ni/Ni3S:
interface system as compared with its pure counterparts, while the Ni sites near the Ni/NizS>
interface are proposed to be the active sites, as supported by the in situ Raman spectra that reveal

the Ni-Haq bonds during HER.
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Scheme 1. Schematic illustration of the synthesis of Ni/Ni3S2/SC NSAs on carbon cloth.
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Figure 1. (a) Low- and (b) high-magnification SEM images, (c¢) low- and (d) high-resolution TEM

images, (¢) XRD pattern, and (f) Raman spectrum of Ni/Ni3S,/SC NSAs. Insets in (b) and (c) are

the cross-sectional view SEM and mid-resolution TEM images, respectively.
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Figure 2. High-resolution XPS spectra of Ni/Ni3S2/SC, Ni/Ni3S», and e-SC NSAs in (a) Ni 2p32,
(b) S 2p, and (c) O 1s regions.
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Figure 3. (a) Polarization curves and (b) Tafel plots of Ni/Ni3Sz, Ni/C, Ni/Ni3S»/SC, and e-SC

obtained from the electrocatalytic HER in 1.0 M KOH. (c¢) Capacitive currents plotted against the

scan rates for Ni/NizSz, Ni/C, Ni/NizS2/SC, and e-SC. (d) Chronoamperometric plot of

Ni/Ni3S2/SC at -0.22 V (vs. RHE). Inset is the polarization curves before and after continuous 12

h HER test. In (a)-(c), commercial Pt/C and carbon cloth (CC) were compared with the samples.
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and Ni/Ni3S2(111) surfaces. (c) Reaction energy diagrams for water adsorption (Ead) and

dissociation (Ediss).
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Figure 5. Summarized overpotentials of recent Ni-/Ni3Sz-based electrocatalysts at 10 mA cm™.

Table 1. Single water adsorption energies (Ead), energy barriers for dissociation of the adsorbed
water (Ea), and energy changes in the water dissociation reaction (Egiss) on pure Ni (111), pure

Ni3Sz (111), and Ni/Ni3S, (111) surfaces. All values are given in eV units.

Eaa Ea AE diss

Ni (111) 0.28 0.89 -0.35
Ni3S2 (111) 0.37 1.10 0.50
Ni/NizS2 (111) 0.62 0.70 -0.30
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