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ABSTRACT

Electrocatalytic hydrogen production in alkaline media is extensively adopted in industry. Unfortunately, further performance
improvement is severely impeded by the retarded kinetics, which requires the fine regulation of water dissociation, hydrogen
recombination, and hydroxyl desorption. Herein, we develop a multi-interface engineering strategy to make an elaborate balance for the
alkaline hydrogen evolution reaction (HER) kinetics. The graphene cross-linked three-phase nickel sulfide (NiS-NiS>-NizS4) polymorph
foam (G-NNNF) was constructed through hydrothermal sulfidation of graphene wrapped nickel foam as a three-dimensional (3D)
scaffold template. The G-NNNF exhibits superior catalytic activity toward HER in alkaline electrolyte, which only requires an
overpotential of 68 mV to drive 10 mA-cm™ and is better than most of the recently reported metal sulfides catalysts. Density
functional theory (DFT) calculations verify the interfaces between nickel sulfides (NiS/NiS,/NizS4) and cross-linked graphene can
endow the electrocatalyst with preferable hydrogen adsorption as well as metallic nature. In addition, the electron transfer from
NisS4/NiS; to NiS results in the electron accumulation on NiS and the hole accumulation on Ni3S4/NiS, respectively. The electron
accumulation on NiS favors the optimization of the H* adsorption, whereas the hole accumulation on Ni3S, is beneficial for the
adsorption of H>O. The work about multi-interface collaboration pushes forward the frontier of excellent polymorph catalysts design.
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retarded kinetics in alkaline media [6, 7], which is approximately

1 Introduction
two/three orders of magnitude slower than that in acid condition

Electrochemical water splitting driven by renewable solar,
wind and geothermal energy has been developed into a
promising and environmentally friendly pathway to provide
high-purity hydrogen energy [1, 2]. Electrocatalytic hydrogen
production in alkaline media is extensively adopted in industry
especially due to the fact that oxygen evolution reaction (OER)
in alkaline media, i.e., anodic half reaction of water splitting,
is extremely preferable to acid condition. Hydrogen evolution
reaction (HER) in alkaline media is also a fundamental yet
significant cathode process for hydrogen-related reactions, such
as the hydrogenation reactions of CO2, Nz and various biomass.
The overall reaction pathway of alkaline HER can be illustrated
by equations: (H.O + e~ > H* + OH™ (Volmer: discharge step);
H:O + e + H* > H> + OH"™ (Heyrovsky: electrochemical de-
sorption step) or 2H* > H, + OH™ (Tafel: recombination step)
[3-5]. Three most possible scenarios, i.e., water dissociation,
hydrogen recombination, and hydroxyl desorption, result in

[8]. Unfortunately, the most effective HER electrocatalysts in
alkaline condition are still severely restricted to noble metals.
Therefore, it is especially urgent to develop highly active non-
noble HER catalysts in alkaline media.

As a component of the [NiFe] hydrogenase, nickel sulfides
have been regarded as a promising catalyst candidate for
electrocatalytic HER and thus have been widely investigated [9].
Nickel sulfides have multiple crystalline phases and diverse
oxidation states including NiS, NisSs, NisS2, NiS,, NizSs, NisSs,
and so on, which has been proved to be kinetics-controlled
depending on the relative concentration of nickel and sulfur
precursors in the synthetic system [10-14]. Unfortunately, the
Gibbs free energy of hydrogen adsorption (AGwu-) of pure-phase
nickel sulfide is usually far from an ideal value of AGy- = 0 [15].
The density of states suggests a large band gap implying
high resistance and hence low conductivity of nickel sulfides.
As a result, pure-phase NiS, NiS,, and NisS: need very high
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overpotentials of 474, 454, and 335 mV, respectively, to drive a
current density of 10 mA-cm™ in alkaline environment [16].
Recently, Markovic et al. suggested the active centers are
relevant to the valence of transition metal cation and anions
for water dissociation (Mo** > Co?*), adsorption of H'(S*" > §°)
and OH" (Co*" > Mo*) adsorption (“>” means “superior to”)
[17]. The interface engineering between different phases or
components has been developed into an effective strategy to
balance the alkaline HER process [3, 15, 18-20]. Under this
concept, hybrids of Pt-Ni(OH). and MoS;-layered double
hydroxides (LDH) were reported to offer distinct sites for H*
(on Pt and MoS:) and H.O" (on Ni(OH), and LDH) [21, 22].
Another work reported a complex of 2D MoN-CsN; that provides
MoN and C;Ns sites to adsorb OH* and H*, respectively [23].
Taken together, the challenge for the design of high-efficiency
nickel sulfide electrocatalysts for alkaline HER is to address
three major issues: (i) intrinsic activity, (ii) active site amount,
and (iii) charge transport, through effectively manipulating
interfacial and electronic structure.

Herein, a multi-interface engineering strategy was developed
to address the major issues in alkaline HER. Graphene cross-
linked three-phase nickel sulfide (NiS-NiS,-Ni;Ss) polymorph
foam (G-NNNF) was fabricated through hydrothermal sulfidation
of graphene wrapped nickel foam. The G-NNNF exhibits
superior catalytic activity toward HER in alkaline electrolyte.
Density functional theory (DFT) calculations verify the multi-
interface engineering induced interfacial synergy among
nickel sulfides (NiS/NiS»/Ni;Ss) and graphene for improving
conductivity and balancing water dissociation and hydrogen
adsorption of electrocatalyst.

2 Results and discussion

2.1 Synthesis and characterization of G-NNNF

As shown in Fig. 1, graphene wrapped nickel foam (G-F) was
firstly prepared by template-directed chemical vapour deposition
(CVD) via precipitating the decomposed CH4 on the surface
of nickel foam. With G-F as both template and nickel source,
G-NNNF was constructed through a facile in situ hydrothermal
sulfidation process. As for the reaction pathway, we suggest
that the sulfurization of the Ni template starts from the defect
locations, where Ni cation reacts with HS™ anions (NH.CSNH; +
3H,O->HS™ + 2NH.* + HCOs") forming nickel sulfides.

The introduction of NH4F is aimed to manipulate the
resultant polymorph structure by tuning the relative con-
centration of nickel and sulfur. Specifically, as the sulfurization
goes on, the concentration of nickel cation will continuously
increase. When the concentration of nickel cations attains a
certain level, the sizes of nickel sulfides are getting smaller as a
result of more crystal nuclei appeared according to the
classical Lamer model. Owing to the inherent imperfection of
nickel foam, the precipitated graphene layer inevitably has
numerous defects [24] contributing to the mass transfer of
nickel and sulfur sources. The nickel sulfides nanoparticles grow
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Figure 1 Schematic illustration for the construction of graphene cross-
linked three-phase nickel sulfide (NiS-NiS:-Ni3Ss) polymorph foam
(denoted as G-NNNF).
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and deposit on the surface of graphene, while the graphene
layer crosslinks throughout the nickel sulfides foam. Therefore,
graphene cross-linked nickel sulfide polymorph foam is
fabricated together with the elaborate manipulation of the
relative concentration of nickel and sulfur ions in the synthetic
system. The scanning electron microscopy (SEM) images
record the evolution procedure from pristine nickel foam (Fig. 2(a)
and inset), G-F (Fig. 2(b) and inset), and intermediate state
(Fig. 2(c) and inset) to the resultant G-NNNF (Fig. 2(d) and
inset). The nickel foam has smooth polycrystalline surface
(Fig. 2(a)), which will result in defects in the deposited graphene
layer. The ripples and wrinkles on the surface of G-F (Fig. 2(b))
are stemming from the divergent thermal expansion
coefficients of nickel and graphene, suggesting the formation
of graphene layer on the surface of nickel foam [24]. The
energy-dispersive X-ray (EDX) elemental mapping suggests a
uniform distribution of carbon in G-F, signifying the
coherent coating of three-dimensional graphene in G-F. The
intermediate state (Fig. 2(c)) corresponds to the dissolution of
Ni precursor and the deposition of nickel sulfide on the
outside surface of G-F The SEM image of G-NNNF (Fig. 2(d))
suggests a highly rough surface. Note that the framework
diameter of G-NNNF is about 30 pum larger than that of
the pristine nickel foam, implying the formation of puffed
hierarchical foam structure. The magnified SEM image of
G-NNNF indicates a hierarchical structure composed of
numerous interconnected substructures of irregular nanoparticles
and sparse nanorods. The contact angle of water droplets on
G-F and G-NNNF was also measured. The side-view images
(Fig. 2(e)) illustrate that G-F has a hydrophobic surface with a
biggest contact angle of ~ 120°, which should be attributed to
the formation of graphene layer on the surface of nickel foam
in G-E. No floating water droplets are observed on the surface
of G-NNNE suggesting a hydrophilic surface. The contact angle
experiment implies the possible transformation of foam surface
from graphene layer to graphene cross-linked nickel sulfides
in G-NNNE. The Raman spectra of G-F, and G-NNNF are
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Figure 2 SEM images of (a) pristine nickel foam, (b) graphene wrapped
nickel foam (G-F) with mapping image as inset, (c) intermediate state with
high-magnification image of the surface as inset, and (d) the resultant
G-NNNF with high-magnification image of the surface as inset. (e) Contact
angle. (f) Raman pattern. (g) SEM image of G-F after acid etching. (h) XRD
pattern. (i) The cross section of G-NNNE (j) EDX mapping image. (k) and (1)
HRTEM images of G-NNNE

r&?}g&ﬁ}‘g}éé @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2021, 14(12): 4857-4864

shown in Fig. 2(f). Three Raman peaks located at approximately
1,350, 1,580, and 2,700 cm ™' correspond to D, G and 2D bands,
respectively. The D peak proves the presence of defects in
graphene for G-F High intensity ratio of In/I¢ in G-NNNF
implies that more defects are formed after the hydrothermal
sulfidation process. The weak and broad 2D peak of G-NNNF
suggests the features of few layers in the precipitated graphene,
which implies its high electrical conductivity according to the
reference in which the maximum conductivity is observed
for graphene with about five average layers [24]. The Raman
results indicate the coating of graphene on the surface of nickel
foam as well as the reservation of graphene component in the
resultant G-NNNE In order to give a straightforward evidence
about the cross-linking state of graphene, the G-F was etched
with acid and the corresponding SEM image (Fig. 2(g)) indicates
the graphene component is soft as gauzy veil. The result implies
that the graphene can cross-link throughout the three-phase
nickel polymorph foam. The whole graphene veil has been
proved to be about six orders of magnitude higher electrical
conductivity than chemically derived graphene [24, 25], which
can provide robust charge transport network for the resultant
G-NNNFE. The X-ray diffraction (XRD) pattern of G-NNNF
is shown in Fig. 2(h), which distinctly exhibits three kinds of
crystalline phases, i.e., NiS (JCPDS No. 12-0041), NiS, (JCPDS
No. 11-0099), and NisSs (JCPDS No. 47-1739). The XRD patterns
of pristine nickel foam and graphene cross-linked two-phase
nickel sulfide (NiS-NisSs) foam (G-NNF) are shown in Figs. S1
and S2 in the Electronic Supplementary Material (ESM),
respectively. The absence of nickel peaks in G-NNF and G-NNNF
verifies the complete transformation of metallic Ni into nickel
sulfide composites through the sulfurization procedure.
Moreover, the SEM image of the cross section of G-NNNF
(Fig. 2(i)) presents a clear opening, which reflects the presence
of cross-linked graphene layer throughout G-NNNE The EDX
elemental mapping of G-NNNF (Fig. 2(j)) indicates the uniform
distribution of carbon, nickel, and sulfur elements. Besides, The
high-resolution transmission electron microscope (HRTEM)
image of G-NNNF (Fig. 2(k)) clearly reveals the presence of
interconnected NiS, NiS,, Ni;Ss, and graphene judging from
the fact that the lattice fringe spaces of 0.17, 0.54, and 0.19 nm
of the nanoparticles (~ 5-10 nm) are relevant to the (401) of
NiS, (111) of NisSs and (221) of NiS,, respectively. While the
nanorod is verified to be NiS and the nanoparticle bonded on its
surface is Ni;Ss (Fig. 2(1)). The aforementioned results signify
the realization of multi-interface engineering in the resultant
G-NNNF.

The nitrogen physisorption isotherm of G-NNNF was tested
and the result is shown in Fig. 3(a). The specific surface area
(Ser) of G-NNNF was calculated to be approximately 12 m*g™,
which is significantly higher than ~ 1.0 m*g™ of pristine nickel
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Figure 3 (a) N2 physisorption isotherm of G-NNNE, (b) full XPS survey
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foam. The result implies the presence of rich porosity in
G-NNNE which is expected to facilitate the mass transport of
electrolyte. The surface composition and chemical states of
pristine nickel foam, G-F and G-NNNF are investigated with
X-ray photoelectron spectroscopy (XPS) tests. As shown in
Fig. 3(b), the full XPS spectrum of pristine nickel foam indicates
the presence of Ni, C and O elements. The O signal is likely
attributed to the superficially partial oxidation of nickel metal.
The C signal should result from the residual organic species or
the contamination of CO: in the air. By contrast, the invisible
Ni signal, the very strong C signal and the weak O signal in
G-F precisely demonstrate the screening of metal signal,
implying the successful coating of compact graphene carbon
layer on the outer surface of nickel foam. The distinct sulfur
signal only observed for G-NNNF suggests the formation of
nickel sulfides after the hydrothermal sulfurization process. As
shown in Fig. 3(c), the four peaks in Ni 2ps» spectrum arising at
about 852.8, 853.8, 855.6, and 860.0 eV are well corresponding
to Ni°% Ni**, Ni**, and shakeup satellite, respectively. The
pristine nickel foam suggests the signal of Ni’ and a higher
proportion of Ni** species caused by the inevitable surface
oxidation of nickel as indicated by a shift to higher biding
energy by about 0.5 eV [26]. The signal of Ni 2ps in G-F is very
weak and the nickel mainly exists in the form of Ni° without
oxidized species, further verifying the successful and compact
wrapping of graphene on the surface of nickel foam. G-NNNF
demonstrates the presence of Ni** and Ni** (Fig. 3(d)) [27, 28].
Generally, the Ni 2p spectra of nickel sulfides with different
crystalline phases are similar due to the fact that the Ni 2ps
featured nickel metal rather than sulfur atoms (Fig. S3 in the
ESM) [29]. The S 2p spectrum of G-NNNF is shown in Fig. 3(e).
The peaks at ~ 161.9 and ~ 162.9 eV can be attributed to
S 2psn and S 2pie of §* in NiS/NisSs [30]. The signals of S 2pa
and S 2pu2 of NiS; are observed at binding energy of ~ 162.9 eV
and ~ 164.0 eV, respectively. The peak at ~ 162.9 eV corresponds
to the overlap of S*” 2pi. and S2*~ 2ps. peaks [19, 31, 32].
The peak located at approximately 168.9 eV in the S 2p region
should be assigned to the superficial oxidation of nickel
sulfide. Moreover, compared with G-NNF (Fig. 3(f)), the S 2p
signal in G-NNNF shifts to higher binding energy by about
0.9 eV. The positive shift of S spectrum implies the presence of
more positively charged S atom in G-NNNE, which is beneficial
for the desorption of hydrogen atom [17]. As exhibited in Fig. S4
in the ESM, the C 1s XPS spectra of G-NNNF can be fitted
with four types of carbon atoms: C-C and C=C (non-oxygenated
carbon, 284.8 eV), C-O in hydroxyl and epoxide (~ 285.7 eV),
C=0 (carbonyl carbon, ~ 287.0 eV), and O-C=0 (carboxyl
carbon, ~ 288.6 eV) [33]. The XPS results suggest the co-
existence of Ni**, Ni**, >, and S~ species of different valences
as well as the remained graphene component in graphene
cross-linked three-phase nickel sulfide (NiS-NiS;-NisSs) of
G-NNNE which is well consistent with the above XRD, SEM
and TEM characterizations [3, 31, 34].

Specifically, the HER process in alkaline electrolyte includes
three consecutive state changes, i.e., the incipient state of
catalyst-water, the intermediate state of H-catalyst, and the
eventual state of H»-catalyst [35]. From the perspective of
structure—activity relationship, Markovic et al. [17] suggested the
active centers for water dissociation (Mo** > Co?"), adsorption
of H'(S* > §7) and OH* (Co** > Mo*") adsorption are relevant
to the valence of transition metal cation and anions. In this
study, the positively charged nickel cations are considered to
be active centers to activate the initial water-(hydroxide), while
the negatively charged S center as proton acceptor forms
S-Huas on the surfaces of the nickel sulfide electrocatalysts. The
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diverse oxidation states of Ni (+2 and +3) and S (-2 and -1)
should contribute the alkaline HER kinetics. The results imply
the underlying synergistic effects through multi-interfaces
between different phases of nickel sulfides for alkaline HER.

2.2 HER performance evaluation of G-NNNF in
alkaline electrolyte

The HER performance of the samples was investigated in an
alkaline solution of H,-saturated 1 mol-L™! KOH with a standard
three-electrode system. Saturated calomel electrode (SCE) and
carbon rod were used as the reference electrode and the counter
electrode, respectively. At the start of performance testing,
the electrodes were activated and stabilized through cyclic
voltammetry (CV) measurement. Note that all the data were
achieved without iR compensation. Linear sweep voltammetry
(LSV) was recorded to study the polarization ability of the
electrodes. The electrocatalytic HER activities of pristine nickel
foam, G-F, NNE G-NNE NNNE G-NNNF, and benchmark
20 wt.% Pt/C were tested. As expected, the commercial Pt/C
electrocatalyst requires a very small overpotential of about
30 mV for 10 mA-cm™. As shown in Fig. 4(a), pristine nickel
foam and G-F as two references require large overpotentials
of approximately 250 and 290 mV, respectively to reach
10 mA-cm™, which should be attributed to their low surface
area of nickel foam and the hydrophobic surface of G-E.
Interestingly, the overpotentials of NNF, G-NNF, NNNF,
and G-NNNF at 10 mA-cm™ decrease gradually from 188, 135,
81 to 68 mV. Compared with NNF/NNNF, the performance
improvement in G-NNF/G-NNNF should be due to the
positive role of graphene as a conductive cross- linking layer.
The multi-interface among NiS-NiS,-NisSs in G-NNNF results
in an obvious enhancement for HER activity compared to the
two phases (NiS and NisS4) in G-NNFE.
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Figure 4 (a) LSV curves, (b) Tafel plots, (¢) Ca measurements, (d)
chronoamperometric measurements (i-t) curve, and (e) comparison of
the overpotentials @ 10 mA-cm™ with recently reported alkaline HER
electrocatalysts.
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The mechanistic pathways of HER in alkaline media were
firstly analyzed with Tafel plots (Fig. 4(b)). The hydrogen
generation in alkaline media can be described with Volmer-Tafel
or the Volmer-Heyrovsky pathway following the equations:
Volmer-discharge step: H.O + e >H* + OH™; Heyrovsky-
electrochemical desorption step: H.O + e+ H>H.+ OH" or
Tafel-recombination step 2H'>H, + OH". The rate-limiting
step can be estimated by the values of Tafel slopes. The values
of 120/40/30 mV-dec™" correspond to Volmer/Heyrovsky/Tafel
rate-limiting step in HER process [3]. The Tafel slopes of G-NNF
and G-NNNF are 127 and 79 mV-dec™, respectively. As for
G-NNE, the hydrogen evolution process is governed by the
Volmer step. The Tafel slope of G-NNNF is within the range
of 40-120 mV-dec™, suggesting that the Volmer step and
Heyrovsky step are kinetically comparable at the process of the
charge-transfer-induced water dissociation [21]. The low Tafel
slope value of G-NNNF indicates a superior HER kinetics. The
electrocatalytic kinetics is also evaluated by electrochemical
impedance spectroscopy (EIS) analysis (Fig. S5 in the ESM).
Generally, the smaller semicircles of Nyquist plots are associated
with smaller charge transfer resistance (R«), thereby indicating
a faster electron transfer. The lower R of G-NNNTF signifies
a faster charge-transfer-induced water dissociation process for
the resultant hierarchical composite foam, verifying a superior
HER kinetics on the G-NNNF [36]. The essential reason of
the improved HER kinetics in alkaline media should be
attributed to a definite optimization in catalyst-intermediate
energetics on the multi-interfaces of graphene cross-lined
NiS-NiS,-NisSs in G-NNNF. Moreover, the electrochemical
active surface area (ECSA) was roughly evaluated by double-layer
capacitance (Ca) test at different scanning rates in non-Faradaic
region (Fig. S6 in the ESM). Figure 4(c) shows the linear
correlation plots between the scan rates and current densities.
The fitting line slopes of NF, G-NF, G-NNF and G-NNNF are
16, 22, 45, and 54 mF-cm, respectively. The result implies that
G-NNNF exposes more active sites for HER than its counterparts,
thus leading to higher catalytic activity. The G-NNNF shows
negligible catalytic degradation (~ 15% in comparison with
the starting value) at about 12.5 mA-cm™ for 30 h (Fig. 4(d) and
Fig. S7 in the ESM), verifying good electrochemical stability
of G-NNNF in alkaline HER. Moreover, it is worth noting
that the overpotential of 68 mV at 10 mA-cm™ delivered by
G-NNNF is lower than that of most reported metal sulfides
electrocatalysts (Fig. 4(e)) in 1 M KOH, such as NiS (474 mV),
NiS: (454 mV), NisS: (335 mV) [16], high-index faceted
NisS@nickel foam (223 mV) [37], FeS: (96 mV) [38], MoS:
(282 mV) [39], CoS: (423 mV), CuS (476 mV) [40], NiCo02S,
double-shell hollow spheres (90 mV) [41], and comparable
to some other heterointerfaces, such as defect-rich MoS,/
NiS:@carbon cloth (62 mV) [19], M0S»/NisS; (110 mV) [42],
FeS2/CoS: (79 mV) [43], CosSs/WS: (138 mV) [44], MoS:-NisSz
(98/99 mV) [45, 46], CosSs@MoS: (136 mV) [47], Graphene/
NisSe2/CosSs (170 mV) [48], 1T' MoS;-(CoFeNi)sSs (58 mV)
[3], CoS:-CuS (85 mV) [40], Ni.Co03-.S4-NisS2 (136 mV) [49],
Mo-nW:S:@NisS; (98 mV) [50], NiP/MoS: (150 mV) [39],
and MoS,/CosSs/Ni3S2/Ni (113 mV) [36]. Thus, the graphene
cross-linked NiS-NiS,-NisSs polymorph foam signifies the multi-
interface collaboration towards the enhanced electrocatalytic
activity and the robust stability, indicating the great promise of
applying it as cost-effective and efficient catalyst to construct
water electrolysis system in alkaline electrolytes.

2.3 The origin of HER activity in the multi-interface
of G-NNNF
To further unveil the origin of the HER activity of the graphene
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cross-linked NiS-NiS,-NisSs polymorph foam, DFT calculations
were additionally performed. The adsorption energies of H*
(AGw+) on the optimized models of the NiS, NiS@G, NiS.@G
and Ni;S«@G heterojunction surfaces were calculated and
compared (Figs. 5(a) and 5(b)). A good HER catalyst should
have a moderate AGu+ (|AGw| = 0). The |AGw| on NisS:@G
is merely 0.111 eV, which is much smaller than that on NiS
(0.253 eV), NiS@G (0.292 eV) and NiS:@G (1.530 eV). The
result signifies that the H* adsorption kinetics on the Ni;S4@G
is preferable for the HER. Besides the moderate adsorption of
NisS:@G interface, the multi-interface in G-NNNF with
strong adsorption of NiS-G and weak adsorption of NiS
and NiS;@G may collaborate through the H* transfer at the
interface to facilitate the HER kinetics [27]. Moreover, the
density of states (DOS) of NiS@G is higher than that of pure
NiS at the Fermi level (Fig. 5(c), and Fig. S8 in the ESM), the
result indicates that the introduction of cross-linked graphene
layer can improve the conductivity of nickel sulfide for
facilitating electron transfer during electrocatalysis. In
addition, the DOS patterns of NiS@G, NiS.@G and Ni;S:@G
reside across the Fermi level and display no band gap, implying
the metallic nature of the interface between nickel sulfide
and graphene. Additionally, the DOS of Ni;S4@G is larger than
that of NiS@G and NiS:@G at the Fermi level, demonstrating
that Ni;S«@G has relatively high conductivity. Thus, the multi-
interface in G-NNNF is suggested to manipulate the balance
of H* adsorption kinetics and to improve the conductivity of
the whole polymorph foam. The activity of the NiS-NiS, and
NiS-NisS, heterojunctions is further elucidated by calculating
the difference in the electron density (Figs. 5(d) and 5(e)). The
blue and pink regions refer to the electron accumulation and
electron depletion area, respectively. Noticeably, the electron
redistribution between NiS and NiS. or NisSs occurs at the
interface. The electrons transfer from Ni;S, to NiS is higher than
that from NiS; to NiS, resulting in the electron accumulation
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Figure 5 DFT calculations. (a) Theoretical configurations of NiS, NiS@G,
NiS:@G, Ni3Ss@G, NiS-NiS: and NiS-NisSs systems. (b) Free energy
diagram for H adsorption (AGwu-). (c) Calculated DOS curves for NisSs-
graphene (NisSs-G). (d) and (e) Electron density difference plots at the
NiS-NiS; and NiS-NisS; interfaces.
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on NiS and hole accumulation on NisSs or NiS.. The electron
accumulation on NiS favors the optimization of the H*
adsorption energies and thus improves the HER activity,
whereas the hole accumulation on NisSs is beneficial for the
adsorption of H.O and further results in a promoted HER
performance. Thus, the DFT calculation result also verifies
the great importance of the multi-interface of G-NNNF in
balancing the HER kinetics in alkaline electrolyte through the
interfacial electron redistribution.

3 Conclusions

In conclusion, a multi-interface engineering strategy was
developed to make an elaborate balance for the alkaline HER
kinetics. The G-NNNF has been successfully prepared through
hydrothermal sulfidation of porous graphene wrapped nickel
foam as a 3D scaffold template. The G-NNNF exhibits superior
catalytic activity toward alkaline HER and is better than most
of the recently reported metal sulfides catalysts. According to
DFT calculations, the interfaces between nickel sulfides (NiS/
NiS2/NisSs) and cross-linked graphene were verified to optimize
the hydrogen adsorption and simultaneously to enhance the
electronic conductivity. Moreover, the electron transfer from
Ni;S4/NiS; to NiS results in the electron accumulation on NiS
and the hole accumulation on Ni;S4/NiS,, respectively. The
electron accumulation on NiS favors the optimization of
the H* adsorption, whereas the hole accumulation on NisSs
is beneficial for the adsorption of H,O. The elaborate balance
between H* and H,O adsorption induced by the multi-interface
collaboration might provide an insight into designing and
developing high-performance polymorph catalysts.

4 Experimental

4.1 Fabrication of graphene wrapped nickel foam (G-F)

The CVD growth of graphene on Ni foam metal substrates
(2 cm x 2 cm in size and 1 mm in thickness) were used to
fabricate G-F. To be specific, the nickel foams were heated to
1,050 °C and annealed for 5 min in a horizontal tube furnace
under Ar (450 mL-min™") and H> (50 mL-min™") to eliminate
the thin oxide layer on the surface of Ni foam and clean the
surface for the following graphene growth. And then a small
amount of CH, with a flow rate of 5 mL-min™" (~ 1.0 vol.% in
the total gas flow) was then introduced into the reaction tube
at ambient pressure. After 10 min of reaction-gas mixture flow,
the heating unit was moved aside and the samples were rapidly
cooled to room temperature under Ar and H. protection.

4.2 Construction of G-NNNF

G-NNNF was prepared through a facile in situ hydrothermal
sulfidation of G-F as both template and nickel source by
elaborately manipulating reaction kinetics. Specifically, the
relative concentration of nickel and sulfur ions in the
synthetic system was well modulated by sulfur source and
NHLE In a typical synthesis, 2.3 g of thiourea and 0.15 g NH,F
were dissolved into 20 mL ultrapure water and moved into a
50 mL Teflon-lined autoclave with steel shell. A piece of Ni
foam@graphene (1 cm X 2 cm in size) was immersed into the
above autoclave. The autoclave was sealed, heated in the
oven at 250 °C for 24 h, and then was cooled down to room
temperature naturally. The product was cleaned with ethanol
three times and dried in vacuum at room temperature. The
G-NNF was prepared with similar procedure but 0.08 g NH,E
The corresponding G-NNN/G-NN were prepared without the
process of graphene coating.
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4.3 Characterizations

XRD patterns of the samples were measured on a Bruker D8
Advance X-ray diffractometer using Cu Ka radiation (A =
1.541,8 A). SEM images were acquired with a Hitachi SU8010
field emission gun scanning electron microscope at 5 kV. TEM
graphs were observed by using a Hitachi H-7700 TEM
operating at 100 kV. HRTEM, dark-field scanning transmission
electron microscopy (STEM), as well as EDX element mapping
tests were performed on a FEI Tecnai G2 F20 STwin microscope
at 200 kV. N. adsorption-desorption isotherms were measured
on a Micromeritics ASAP 2010 automatic adsorption instru-
ment at 77 K. Before the measurements, calcined samples
were degassed in vacuum at 150 °C for 2 h. Surface areas were
calculated using the Brunauer-Emmett-Teller (BET) equation.
XPS signals were collected by a Thermo Fisher ESCALAB 250Xi
spectrometer applying monochromatic Al Ka X-ray sources
(1,486.6 €V) at 2.0 kV and 20 mA.

4.4 Electrocatalytic measurements

The electrochemical tests were performed 1 M KOH media
with a three-electrode system at an electrochemical station
(Shanghai Chenhua, CHI 760E), using SCE as the reference
electrode and carbon rod as the counter electrodes. All potentials
were referenced to reversible hydrogen electrode (RHE) by
following calculations: E (vs. RHE) = E (SCE) + 0.242 + 0.059pH.
The polarization curves and Tafel plots were tested in the
selected potential ranges at a scan rate of 5 mV-s™". The Nyquist
plots of EIS measurements were performed with frequency
from 0.1 to 100,000 Hz at an overpotential of 180 mV for
HER. A chronoamperometry (i-t) technique was used to test
long-term stability. The cyclic voltammetry was used to evaluate
electrochemical Ca at no faradic processes at different scan
rates. The ECSA values were roughly calculated according to
the calculation ECSA(cm?ecsa) = Ca/40 pF-cm?

4.5 Theoretical computation methods

The crystal structures of NiS (110) and heterojunction NiS
(110)-graphene, NiS; (010)-graphene, NisSs4 (100)-graphene
were constructed by 2 x 1,2 x 1, 2 X 2, 2 x 2 supercells with a
vacuum spacing of 15 A to avoid interaction between adjacent
surfaces. All the calculations were performed using DFT
within the Perdew-Burke-Ernzerhof (PBE) parameterization
of generalized gradient analysis (GGA), as implemented in the
Vienna ab initio simulation package (VASP) code. The projector
augmented wave (PAW) method was employed to describe
electron—ion interactions. Brillouin zone (BZ) sampling used a
grid with spacing of 3 x 3 x 1 and a plane-wave basis cut-off set
at 400 eV. Spin-polarized local density approximation plus on-
site Coulomb self-interaction potential (LDA + U) calculations
were performed for the Hubbard correction, and an effective
U (Uesr) value of 3.5 eV was applied in all calculations.
Equilibrium geometries were obtained by the minimum energy
principle until the energy and force converged to 10 eV and
0.02 eV-A"!, respectively.

The Gibbs free energy of the intermediates were calculated as

AGo = AE.q + AEzps — TAS (1)

where AE.q4 is the binding energy. AEzex and AS, which can be
obtained from the vibration energy of intermediates.

The gas-phase H.O at 0.035 bar is used as the reference state
because it is in equilibrium with liquid water at 300 K. The
free energy of (H' + ¢7) is calculated as the free energy of % H.
(1 bar, 298 K) since the reference potential is standard hydrogen
electrode, as displayed in Eq. (2). The energy of (OH™ - ¢7) is
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calculated with Eq. (3)

H +e)>%H, (2)
H.O> (H"+e)+(OH —¢) 3)
The reaction free energy of processes AGw,pn is calculated as
AGu,pn = AGo + AGpu + AGu (4)
AGu =—-eU (5)
AGpu = —k-T'In[H'] = k-TIn10-pH (6)

AGn is the correction of a pH different from 0 and AGu is the
correction of bias in which U is the electrode potential relative
to the standard hydrogen electrode.
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