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ARTICLE INFO ABSTRACT

Keywords: Development of cost-effective, durable and pH-universal electrocatalysts toward hydrogen evolution reaction
NiMoO,4 (HER) is of great significant for large scale hydrogen energy production. Here, via a one-pot hydrothermal re-
MoS, . . action, the hierarchical assemblies of NiMoO4/MoS,/NisSa/NF-n (NF is nickel foam, and n represents S/Mo
Heterojunction

molar ratios of 1.3, 1.7, and 2.0) are facilely fabricated. The low reaction temperature (< 160 °C) and low S/Mo
ratios (< 2) ensure the formation of low crystalline MoS, and amorphous NiMoO4 phases. The optimized
NiMoO4/MoS,/Ni3Sy/NF-1.7 exhibits outstanding HER performance, requiring ultra-low overpotentials of 72,
49, and 166 mV to achieve the current density of 10 mA-cm 2 under acidic, alkaline, and neutral conditions,
respectively. Also, extremely high durability (stability time > 200 h) is achieved in both alkaline and neutral
electrolytes. X-ray absorption fine structures (XAFS) determine the average valence of Mo is +4.27, proving the
co-existence of the two phases of MoS,; and NiMoOy. Density functional theory (DFT) calculations reveal the
NiMoOy plays a predominant role in facilitating HER activity. In acidic solution, the O atom of NiMoO4 with the
lowest Gibbs free energy of hydrogen adsorption (AGy+) of 0.16 eV works as the active site for HER; in alkaline
condition, Ni atom of NiMoO4 with much low Gibbs free energy of water dissociation (AGy20+) of 0.68 eV serves
as the active site for water adsorption/dissociation. This work presents a novel perspective to electrocatalyst
exploration by incorporating low crystalline and amorphous transitional metal sulfides/oxides, achieving superb
HER performance to realize large-scale hydrogen production in a wide pH range.

Electrocatalytic water splitting
Hydrogen evolution reaction

1. Introduction for producing highly pure Hy [3,4], while the hydrogen evolution re-
action (HER) on cathode generally requires a large overpotential due to

The advancement of modern society hinges critically on the acqui- the electrode-reaction barrier [5] and Ohmic loss [6]. To overcome the

sition of sustainable and eco-friendly energy sources. Hydrogen (H) is
an ideal carrier on account of the exceptional energy density, zero car-
bon emission, and renewability. Presently, the majority of hydrogen is
derived from coal gasification or steam-methane reforming, leading to
greenhouse gas emissions that violate to the environmental protection
[1,2]. In contrast, electrochemical water splitting is a promising strategy
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energetic barriers in HER and enhance electrolytic efficiency, electro-
catalysts are commonly employed to reduce the overpotentials. Plat-
inum (Pt)-based catalysts are deemed to be the state-of-the-art ones for
HER, while their scarcity and high price limit the practical application
[7]. It is imperative to investigate cost-effective non-noble metal elec-
trocatalysts. Also, the electrocatalysts capable of operating over a wide
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pH range can expand the applicability. Therefore, development of pH-
universal electrocatalysts for HER is of great significance [8].

Transition metal sulfides (TMSs) are considered to be potential
substitutes for noble-metal catalysts due to their exceptional electrical
conductivity and catalytic activity [9,10]. Nickel sulfides have emerged
as promising electrocatalysts for water splitting [11]. NigSs, as one kind
of nickel sulfide, has good electrical conductivity, due to its including
zero-valent Ni and triangular Ni-Ni networks [12]. Besides, the Ni-S
bonds of NigSy exhibit high chemical reactivity towards hydrogen,
thereby conducing the HER activity [13]. However, insufficient active
sites and poor stability in aqueous media impede its widespread appli-
cation [14]. In situ growing Ni3S,-based materials on certain substrate is
an effective strategy to boost the stability. Nickel foam (NF) with a three-
dimensional (3D) framework can not only serve as a conductive sub-
strate for constructing self-supported electrodes, but also provide nickel
source to synthesize Ni3Sy-based catalysts with acceptable HER perfor-
mance [15-17]. MoS; is a layered metal sulfide with multiple S-Mo-S
sandwich layers held together by weak intermolecular force [18,19].
Density functional theory (DFT) calculations and experiments confirmed
the edge S sites of MoS; had high sorption capability for hydrogen [20].
However, limited active sites, inert basal planes, and weak conductivity
of MoS; impede the catalytic performance [21,22]. In addition, electron
transfer at heterogeneous interfaces may modulate electronic structure,
benefiting to enhancement of intrinsic activity. As reported, the MoSy/
NisSy composite interacted with MoS; nanosheets on Ni3S,; nanorods
exhibited good HER performance, showing a 98 mV overpotential at the
current density of 10 mA-cm 2 (n10 =98 mV) in 1 M KOH [23]. The
interfacial interactions between MoS, and Ni3S; favored the chemi-
sorption of H-intermediates. Therefore, effective integration of the MoS;
with NigS; is expected to bring superior performance.

Recently, transition metal oxides (TMOs) have attracted increasing
attention in the field of water electrolysis to produce Hy [24,25].
However, the limited conductivity and catalytic activity of TMOs
constrain the practical application [26]. Nickel molybdate (NiMoOQy) is a
typical binary metal oxide that possesses abundant active sites, robust
structures, and favorable water dissociation ability [27,28]. In NiMoOy,
Ni atoms normally serve as water dissociation centers, while O sites
facilitate Hy generation during HER [29]. Additionally, the augmented
HER activity and kinetics of NiMoO4 are primarily ascribed to the
effective synergy between the species of Ni and Mo, along with the
strong electronic interactions among the atoms [30]. The NiMoO4 could
be synthesized under a hydrothermal reaction of Ni(NO3),-6H20 with
NasMo04-2H50 [31,32] or (NH4)gMo07024-4H50 [33-35]. The nanorod
clusters of NF/NiMoO4@HeBiMoNi exhibited optimal HER activity (110
=53 mV) in 1 M KOH [33]. As known, amorphous materials have
atomic-scale flexibility and abundant structural defects, achieving
maximal exposure of active sites [36,37]. Zhang et al. [38] reported a
sandwich-structured electrocatalyst composed of amorphous NiyP/
crystalline P-NiMoOg4/amorphous P-NiMoOy, showing an ultra-low 719
of 45 mV for HER in alkaline media. The good performance was inter-
preted as interfacial effects of the contained phases leading to tunable
electronic structures.

The reported NiMoO4 presented acceptable HER performance only in
alkaline environment, with less desirable activity and stability in acidic
and neutral electrolytes. It is necessary to explore NiMoOs-involving
composites showing preferable HER activity in a wide pH range.
Through hydrothermal reaction, deposition and phosphating treatment,
Feng et al. [39] prepared C-CoP@P-NiMoO,4/NF, which exhibited good
HER performance in alkaline, acidic, and neutral media with 719 of 59,
37, and 50 mV, respectively. However, the complex synthesis proced-
ures hindered industrial promotion. Given the remarkable electro-
catalytic performance of MoSy/Ni3S; mentioned above, we want ot
know what would happen if the NiMoO4 integrates with the MoS, and
NisSs.

In this work, using NF as the substrate and Ni source, via a one-pot
hydrothermal reaction of NasMoO4-2H,O with thioacetamide
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(CH3CSNH>) at 160 °C and S/Mo ratios < 2, the hierarchical composites
of NiMoO4/MoSy/Ni3Sy/NF-n (n represents the molar ratios of S/Mo as
1.3, 1.7, and 2.0) are facilely assembled. The low reaction temperature
and smaller S dosage (relative to Mo) lead to the formation of low
crystalline MoS; and NiMoOy. Featuring the morphology of nanosheets
dispersed on microspheres to expose more active sites, the optimized
sample of NiM0O4/MoS;/Ni3Sy/NF-1.7 demonstrates wonderful HER
performance and remarkable stability under pH-universal conditions.
The ultra-low #710 of 72, 49, and 166 mV, coupled with the long-term
stability time > 38, 200, and 200 h under acidic, alkaline, and neutral
conditions, respectively, indicating the first-rate electrocatalytic per-
formance. X-ray absorption fine structure (XAFS) of NiMoO4/MoSy/
NigSa/NF-1.7 reveals an average Mo valence of +4.27, suggesting co-
existence of the two Mo-containing phases of NiMoO4 and MoS;,. DFT
calculations confirm that in NiMoO4/MoS5/Ni3S, heterojunction, the
NiMoO4 makes a dominant contribution to promoting HER activity in
both acidic and alkaline electrolytes, especially to the important step of
water dissociation in alkaline media. The synergistic interactions be-
tween NiMoO4 and MoS; significantly reduce the Gibbs free energy of
water dissociation (AGuzo+) and hydrogen adsorption (|AGy+|) of the
catalysts. Total density of state (TDOS) demonstrates the hetero-
interfaces increase the carrier density of the catalysts, elevating the
electrical conductivity. This work provides a significant reference for
tailoring new kinds of hybrid materials applied in large-scale hydrogen
production in a wide pH range.

2. Experimental section

2.1. Preparation of composites of NiMoO4/MoS2/Ni3S2/NF-n and
control samples of NisS,/NF and NiMoO4/NF

A series of NiMoO4/MoS5/Ni3Se/NF-n materials were synthetized via
a simple one-pot hydrothermal reaction. The amount of NasMoO4-2H20
was fixed at 1.2 mmol (289.2 mg), while the dosages of CH3CSNH,
varied from 1.5 mmol (112.7 mg) to 2.0 mmol (150.3 mg), and to 2.4
mmol (180.4 mg), corresponding to S/Mo molar ratios of 1.3, 1.7, and
2.0, respectively. The solids were dissolved in deionized water (30 mL)
with stirring for 20 min. A piece of NF was then placed into the resulting
solutions and subjected to a 24 h reaction at 160 °C in a Teflon-lined
autoclave (50 mL). After naturally cooling, the products of NiMoO4/
MoS5/Ni3Se/NF-n (n = 1.3, 1.7, and 2.0) were rinsed using ethanol and
water, followed by vacuum drying.

The control sample of NiMoO4/NF was synthesized via a similar
process as the composites, except only adding Mo source of
NasMoO4-2H50 (1.2 mmol) into the NF-immerged solution. The NizSy/
NF was synthesized via the addition of only S source of CH3CSNH>, (2.0
mmol).

Table S1 lists the dosages of the reactants and average mass loadings
on NF. Details of starting materials and characterization techniques are
described in Supplementary Data.

2.2. DFT calculations

DFT was employed to theoretically assess the catalytic properties of
the materials and identify the genuine catalytic active sites. The calcu-
lations were conducted within the framework of the all-electron pro-
jector augmented wave (PAW) method [40], as implemented in the
Vienna Ab initio simulation package (VASP) code [41]. Perdew-Burke-
Ernzerhof (PBE) function under the theory of generalized gradient
approximation (GGA) was adopted to simulate the electron—ion in-
teractions [42]. The Brillouin zones were sampled using a k-point mesh
of 2 x 2 x 1 for surface calculations, while a denser k-point mesh of 3 x
3 x 3 was applied for density of states (DOS) calculations. Under a plane-
wave cutoff energy of 400 eV, the self-consistent-field (SCF) calculations
achieved the required accuracy when the force on atoms was < 0.01 eV/
A and the total energy difference between two consecutive iterations
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was < 107° eV [43]. The Supplementary Data provides the calculated
formulas for AGyp0+ and AGys.

3. Results and discussion

3.1. Characterizations of NiMoO4/MoS2/NisS2/NF-n and control
samples of Ni3So/NF and NiMoO4/NF

The NiMo0O4/MoS3/Ni3Sy/NF materials are prepared by a one-pot
hydrothermal reaction (Scheme 1). The formation of the three phases
of NiMoOy4, MoSs, and Ni3Sz may follow the reactions below:

CH5CSNH, + 30H™ — CH3COO~ + NHj + $% + H,0 (1)
3Ni + 25% + 2H,0 + Oy — NisSy + 40H™ (2)
Ni + 25% + 2Mo0% + 4H,0 — MoS; + NiMoO, + 8OH™ (3)

As shown in Reaction 1, due to the basicity of the reaction solution
(pH ~ 8.5), the CH3CSNH, undergoes hydrolysis to generate the S,
which works as the sulfur source. NF serves as both the Ni source to react
with Sz', leading to the formation of the Ni3S; (Reaction 2). Simulta-
neously, metallic Ni reduces partial Mo(VI) of MoO%’ to Mo(IV) which
binds to the S* to form MoS,. Then, the remaining MoO7 ions combine
with Ni%* (oxidized product of Ni% to yield the NiMoO4 (Reaction 3).

X-ray diffractions (XRD) were measured to estimate the constituents
of NiMoO4/MoS5/NisS,/NF-n and the control samples of NigS;/NF and
NiMoOy4/NF (Fig. 1A). For Ni3So/NF (Fig. 1A-a), the diffraction peaks at
20 of 21.7°, 31.1°, 37.8°, 50.1°, and 55.3° respectively match with the
planes (101), (110), (003), (211), and (300) of the Ni3S, phase (JCPDS
No. 44-1418) [16], and the observed ones at 44.5°, 51.8°, and 76.4° are
related to the Ni° (JCPDS No. 04-0850) [44], in good agreement with
those reported NigSy/NF [15,16,45-47]. The as-prepared NiMoO4/NF
(Fig. 1A-b) just displays diffraction peaks belonging to Ni® (NF),
implying the NiMoO4 phase (if has) may exist in an amorphous state. For
the composites of NiIMoO4/MoS,/NisS,/NF-n, as depicted in Fig. 1A-c-e,
apart from the diffractions of Ni3S; and NF, there is no peak of either
NiMoO4 or MoS; observable. From this we infer that if the two phases
are present, they will exist either in amorphous or low crystalline state.
The presence of NiMoO4 and MoS; would be confirmed in subsequent
characterizations.

Here the formation of low crystalline MoS, may due to the especial
synthetic condition. From literature, crystalline MoS; can be obtained
via a hydrothermal reaction of thiourea (CH4N3S) and NazMoO4-2H20
(S:Mo molar ratio was 4) at 180 °C for 24 h [48]. The crystalline MoS,
can also be synthesized by reacting CH4N3S and NazMoO4-2H,0 with a
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smaller S/Mo molar ratio of 3.3 at the temperature of 200 °C for 12 h
[49]. However, at a much lower S:Mo (CH3CSNH;:Na;MoO4 = 2) ratio
while a still high temperature of 200 °C (10 h), the obtained MoSy
presented an amorphous state [50]. These suggest that high temperature
(> 180 °C) and large S/Mo ratios (> 2) favor the formation of crystalline
MoS,, while low temperature (< 180 °C) and small S/Mo ratio (< 2)
would prefer the generation of low crystalline or amorphous MoS,. In
this work, the relatively low temperature (160 °C) and smaller S/Mo
ratios (<2) lead to the generation of MoS; with low crystallinity. At the
lower temperature, the decomposition rate of CH3CSNH; would be
slower, hindering full vulcanization of the MoO# species [23] and for-
mation of crystalline MoS [51]. Consequently, the remaining MoOZ in
solutions would combine with the Ni®* (dissolved from NF) to create the
insoluble NiMoOy. Based on literature [31,32], crystalline NiMoO4 on
NF can be synthesized by adding external Ni source of Ni(NO3),-6H20.
Here we get the amorphous NiMoO4, which may result from the low
concentration of Ni%t (dissolved from NF) decreasing the reaction rate
with MoO3". Thus, appropriate conditions (low temperature and small S/
Mo ratios) facilitate the co-appearance of the NiMoO4 phase and the low
crystallinity of the MoS,.

X-ray photoelectron spectroscopy (XPS) of NiMoO4/MoS5/Ni3S/NF-
1.7 and NiMoO4/NF were detected to study the valence state and
chemical environment of the elements. For NiMoO4/MoS;/Ni3So/NF-
1.7, XPS survey spectrum (Fig. S1) confirms existence of S, O, Ni, and Mo
elements. For Mo 3d (see Fig. 1By), the energies of 232.4 and 229.0 eV
respectively correspond to Mo 3ds,2 and Mo 3ds/5 of Mo‘”, in accor-
dance with reported MoS, [52-54]. Besides, the energies of 235.3 and
232.2 eV are attributed to Mo 3ds,2 and Mo 3ds/ of Mo®™, respectively
[55]. Here the +6 valent Mo suggests the presence of MOO%’ or MOS?{.
Based on literature [56-59], the binding energies of MoV in MoO?{ are
slightly higher than those in MoS%, due to the stronger Mo-O (than Mo-
S) bonding leading to a higher oxidation state of Mo. For Ni 2p
(Fig. 1By), the 874.0 and 856.0 eV are assigned to Ni%*+ 2p1,2 and 2p3/s,
respectively [54], while 870.2 and 852.8 eV are related to Ni° 2p; , and
Ni® 2ps3,2 [60], confirming the existence of Ni3S; (the valence of one Ni
atom is zero) and NF (Ni® metal). For S, as shown in Fig. 1Bg, two signals
at 163.2 and 162.0 eV are correlated with S% 2p;,, and S 2p3 in
Ni3S; and MoS; [48,61,62]. Due to inevitable air oxidation of sample
surface, the signal at 167.7 eV assigned to S-O bonding is observed.
Regarding O 1 s (Fig. 1By), the binding energy of 532.1 eV belongs to
surface-adsorbed H0 and/or OH groups, while the energy of 531.1 eV
corresponds to metal-O (Mo/Ni-O) bonding in NiMoO4 [34]. For the
NiMoOy4/NF synthesized without S source, XPS survey spectrum
(Fig. S2a) confirms the presence of O, Ni and Mo. As shown in Fig. S2b,

Scheme 1. Schematic illustration of synthetic process of NiM0O4/MoS;/Ni3S,/NF.
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Fig. 1. (A) XRD patterns of (a) Ni3Sy/NF, (b) NiMoO4/NF, (c) NiMoO4/MoS,/Ni3S,/NF-1.3, (d) NiMoO4/MoS,/Ni3S,/NF-1.7, and (e) NiM0O4/MoS,/NigS2/NF-2.0;
XPS spectra of NiMoO4/MoS»/NisS,/NF-1.7: (B1) Mo 3d, (B,) Ni 2p, (B3) S 2p, and (B4) O 1 s; (C) Raman spectra of (a) NiM0oO4/MoS2/Ni3S2/F-1.7, (b) commercial
NiMoOy, (¢) commercial MoS,, and (d) Ni3S,/NF.

Fig. 2. (A, A’) Mo K-edge XANES (A’ is the enlarged view of the selected red square region in A), (B) average Mo valence obtained by linear fitting, and (C) Fourier
transform (FT)-EXAFS of the (a) MoS,, (b) MoO3, and (c) NiMoO4/MoS,/Ni3S,/NF-1.7. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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there only the binding energies of 235.4 and 232.3 eV ascribed to Mo
3ds/, and Mo 3ds,, of Mo"! are observed, suggesting the presence of the
only Mo based phase (here would be NiMoOy). For Ni 2p (Fig. S2c),
the 873.8 and 855.8 eV match well with Ni2* 2p; /5 and Ni2t 2pss,
respectively, with satellite peaks at 879.5 and 861.6 eV. The O 1 s
spectrum (Fig. S2d) indicates the 531.9 eV energy of adsorbed-O, while
the 530.9 eV corresponds to Mo/Ni-O bonding. All these demonstrate
the generation of the NiMoO4 phase and no MoS; formed.

Raman spectra (Fig. 1C) were measured to investigate the bonding
feature of the as-formed materials. In NiMoO4/MoS5/Ni3S,/NF-1.7
(Fig. 1C-a), vibration bands corresponding to Mo=O bonding are
observed at 944 (symmetric mode) and 822 em ™! (asymmetric mode)
[34,63], consistent with those observed in commercial NiMoO4 (Fig. 1C-
b). From Fig. 1C-c, the commercial crystalline MoS; shows two typical
bands at 406 and 380 cm ™! identified as out-of-plane Ajg and in-plane
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E%g modes [14,64-66]. In NiMoO4/MoS,/Ni3So/NF-1.7, there are two
bands at 401 and 372 cm™! observed, suggesting the MoS,, phase has a
certain crystallinity, though its XRD pattern shows no relevant diffrac-
tions. In Fig. 1C-a, the Raman shifts at 191, 218, and 345 em ! are
attributed to Ni-S vibrations of the Ni3S, phase [50], consistent with
those found in Fig. 1C-d for Ni3So/NF. All these results provide sufficient
evidence for the formation of three phases of NiMoQ4, MoS,, and Ni3S,
in the NiM00O4/Mo0S2/Ni3Ss/NF.

To further explore the oxidation state of Mo and bonding charac-
teristics in NiMoO4/MoS,/NisS2/NF-1.7, we investigated XANES of the
sample. Mo K-edge XANES of MoS, (Mo*"), MoO3; (Mo®*"), and Mo**/
M06+—containing composite of NiM0oO4/MoSy/Ni3Sy/NF-1.7 are dis-
played in Fig. 2A, A’. The average valence of Mo can be inferred from the
energy shift of XANES spectra. From Fig. 2A’-c, we see the energy
(20002.14 eV) of Mo in NiM0O4/Mo0S,/Ni3Ss/NF-1.7 is higher than pure

Fig. 3. SEM images of (a;-az) NiM0O4/MoS,/Ni3S5/NF-1.3, (b;-bs, d) NiM0oO4/MoS,/Ni3S,/NF-1.7, and (c;-c3) NiM0O4/MoS,/NisS,/NF-2.0; (d;-d4) elemental

mapping in image (d) and (e) EDS spectrum of NiMoO4/MoS5/Ni3S;/NF-1.7.
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MoS; (20000.50 eV, Fig. 2A’-a) but lower than MoOgs (20012.64 eV,
Fig. 2A’-b), suggesting that the average valence of Mo in NiMoO4/MoSz/
Ni3Sy/NF-1.7 is larger than +4 and lower than +6. From the linear
analysis on valence state (see Fig. 2B), the average chemical valence of
Mo is +4.27, indicating the co-existence of MoS; and NiMoO4. Based on
the average Mo valence calculations, the molar ratio of MoS; to NiMoO4
may be determined to 6.41:1, indicating a significantly higher content of
MoS; than NiMoOj4. Through extended X-ray absorption fine structure
(EXAFS), the coordination motifs of Mo were determined. Fourier
transform (FT) in R-space of the NiM0oO4/MoS,/Ni3Sy/NF-1.7 and con-
trol samples of MoS; (Mo-S) and MoO3 (Mo-Oy and Mo-Oyy) are shown in
Fig. 2C. In comparison to MoS; (Fig. 2C-a) and MoOs (Fig. 2C-b),
chemical bonds of Mo-S, Mo-0O, and Mo-Mo are observed in the NiMoO,4/
MoS3/NisSy/NF-1.7 (Fig. 2C-c), further proving the presence of the
NiMoO4 and MoS; phases.

The morphologies of the composites of NiMoO4/MoS2/Ni3S,/NF-n
and control samples of NiMoO,4/NF and Ni3So/NF were observed via
scanning electron microscopy (SEM). For NiMoO4/NF (Figs. S3a;-as),
thin nanosheets are observed to be distributed across the NF surface. For
the sample of Ni3Sy/NF, as shown in Figs. S3b;-bg, the entire NF surface
is uniformly coated with bulky blocks of NizSy. After introducing both
Mo and S sources, the resulting NiMoO4/MoS5/Ni3Sy/NF-n exhibit mi-
crospheres (200-500 nm in diameter) filled with 3D cross-linked
nanosheets (Fig. 3). The distribution of nanosheets on spheres would
increase the specific surface area of the catalyst and promote its inter-
action with electrolytes, thereby facilitating the electrocatalysis. As
shown in Fig. 3bi-bs, the morphology of NiM0oO4/MoS,/NigSy/NF-1.7 is
more regular, featuring distinctly separated nanosheets, which promote
sufficient contact between the active sites and the electrolytes. At a
lower S source dosage, such as NiMoO4/MoS,/NisSy/NF-1.3 (Fig. 3a;-
as), the nanosheets grown on material surface appear to be inadequate,
leading to a reduced number of active sites. At the higher sulfur source,
the NiMoO4/MoS,/NizS/NF-2.0 sample (Fig. 3cq-c3) presents irregular
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spheres composed of clustered nanosheets, which may cover the
exposed active sites. Hence, both excessive and insufficient addition of S
source would negatively affect the morphology, with an optimal amount
of 2 mmol. Elemental mapping (Fig. 3d;-d4) shows the S, O, Ni, and Mo
on the surface of the NiMoO4/Mo0S5/Ni3Sy/NF-1.7 are uniformly
distributed, and energy dispersive spectroscopy (EDS) indicates the
presence of these elements (see Fig. 3e). Notably, the signal of Ni
element is notably weak in the elemental mapping, which suggests that
the Ni-containing phase on material surface is primarily NiMoOg4, and
the phases with high Ni contents including the NisS; and Ni® (NF) would
locate in the inner layer of the material. The dense distribution of the
elements of Mo and S show the high content of the MoS; phase.
Furthermore, the low distribution of O element confirms the less amount
of NiMoO4 than MoS;, which is in good agreement to the high molar
ratio of MoS, to NiMoO4 in XANES.

Transmission electron microscopy (TEM) of NiMoO4/MoS3/NisSa/
NF-1.7 shows that thin nanosheets are grown on the spheres (Fig. 4a, b).
High-resolution TEM (HRTEM) images of red square regions in Fig. 4b
are shown in Fig. 4c, d. there are only lattices of 0.23 (Fig. 4c) and 0.18
nm (Fig. 4d) observed, corresponding to (021) and (211) crystal planes
of Ni3Sy, respectively. This indicates that the two phases of NIMoO4 and
MoS; may exist in amorphous state or low crystallinity. Notably, the
interfaces between NigS; and amorphous/low-crystalline phases are
observable, providing interactions for improving the electrocatalytic
performance discussed below.

3.2. HER performance in acidic media

In 0.5 M HySOy4, the HER performance of NiMoO4/MoS5/Ni3So/NF-n,
NiMoO4/NF, Ni3Sy/NF, and Pt-C/NF was investigated. As shown in
Fig. 5a, b and Table S2, the NiM0oO4/Mo0S3/Ni3S,/NF-1.7 shows a 519 of
72 mV, which is much smaller than the NiMoO4/MoS,/Ni3S;/NF-1.3
(710 = 128 mV) and NiM0O4/MoS,/Ni3S2/NF-2.0 (7190 = 131 mV). This

Fig. 4. (a, b) TEM and (c, d) HRTEM images of NiM0O4/Mo0S>/Ni3So/NF-1.7.
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Fig. 5. (a) Polarization curves and (b) overpotentials of NiMoO4/Mo0S2/Ni3S2/NF-1.3, NiM0O4/Mo0S5/NizS2/NF-1.7, NiM0O4/MoS,/Ni3Ss/NF-2.0, NiMoO4/NF,
Ni3S,/NF, and Pt-C/NF; (c) Tafel slopes, (d) electrochemical double-layer capcitance (Cqy), and (e) the fitting Nyquist plots of NiMoO4/Mo0S»/Ni3S»/NF-1.3, NiM0oO4/
MoS,/Ni3S;/NF-1.7, NiM0O4/MoS,/Ni3S;/NF-2.0, NiMoO4/NF, and Ni3Sy/NF; (f) chronoamperometric curve of NiMoO4/MoS,/Ni3S;/NF-1.7 at the constant
overpotential of 183 mV and SEM images of the initial NiIM0oO4/MoS,/Ni3S,/NF-1.7 and post acidic HER sample. The electrolyte is 0.5 M H5SOj4.



S. Han et al.

indicates that suitable S dosage benefits to the formation of nanosheets
morphology with ample active sites. Compared with NiMoO4/NF (1719 =
238 I'IIV) and NigSz/NF (1’110 =278 I'l‘lV), the N0 of NiMOO4/M052/Ni352/
NF-1.7 is significantly reduced, suggesting interfacial interactions of the
including phases in the composite effectively promote the HER activity.
Table 1 lists a detailed comparison about HER performance of the known
electrocatalysts [15,33,38,39,67-75]. As shown, the NiMoO4/MoSy/
Ni3Sa/NF-1.7 exhibits superior HER activity than the reported catalysts,
such as MOSg/COgSg/NigSZ/Ni (i’[]() =103 IIIV) [15] and MOSg/NigSz/NF
(nm0 = 176 mV) [15] supported by NF substrate, as well as NF-free
materials, for instance, M0S5/CoSs (710 = 126 mV) [67], MoS,/rtGO/
NiS (710 =152 mV) [70], CogSg/NC@MoS; (110 = 117 mV) [71], and the
noble-metal based Ru@2H-MoS; (17190 = 168 mV) [68]. Compared with
C-Co2P@P-NiMoO4/NF (1710 = 37 mV) [39], the HER activity of the
NiMoO4/MoS,/NigSy/NF-1.7 is relatively inferior, while its facile syn-
thetic method is more advantageous in mass production.

Tafel slopes are normally used to estimate HER kinetics and deter-
mine rate-determining step (RDS). In acidic solutions, HER process
generally undergoes two steps: (1) in the first step, hydrated H" (H;0™)
transfers to catalyst’s surface and accepts one electron to yield an
adsorbed hydrogen (H*) (Volmer step); (2) the second step involves two
cases: (i) if H* is inadequate, another H™ will adsorb on catalyst surface
and accept another electron to generate an additional H*, afterwards,
the two H* atoms would bind together to produce one Hy molecule

Table 1
Comparison of HER performance of NiM0oO,4/MoS,/Ni3S,/NF with the reported
electrocatalysts.

Catalysts 10 (mV) and stability time References
0.5M 1M 1M
HySO4 KOH PBS
NiMo0O,4/MoS,/Ni3S,/NF 72 49 166 This work
(38 h) (200 (200
h) h)
C-Co,P@P-NiMoO4/NF 37 59 50 J. Colloid Interf.
(10 h) (20h) (12 Sci. 2023. [39]
h)
Mo0S5/C0gSg/Ni3zSs/Ni 103 113 117 J. Am. Chem. Soc.
(80 (24 h) (20 2019. [15]
min) h)
MoS,/Ni3Sy/NF 176 203 279 J. Am. Chem. Soc.
2019. [15]
MoS2/CoS, 126 97 196 ACS Appl. Energy
(10h) (10h) (@0 Mater. 2019. [67]
h)
Ru@2H-MoS; 168 51 137 Appl. Catal. B
(12h) (12h) (@12 Environ. 2021.
h) [68]
MoO,/MoS,/C 77 91 97 Adv. Funct. Mater.
(20 h) (20h) (20 2021. [69]
h)
MoS,/rGO/NiS 152 169 209 Nanomaterials
(10 h) (10h) (@10 2021. [70]
h)
CogSg/NC@MoS, 117 67 261 ACS Appl. Mater.
(12h) (12h) (12 Interfaces 2017.
h) [71]
NiMoS3 212 126 — ACS Sustainable
(10 h) (10h) Chem. Eng. 2017.
[72]
amorphous NiyP/crystalline P- ~ — 45 — ACS Nano 2024.
NiMoO4/amorphous P- (100 [38]
NiMoOy4 h)
NF/NiMoO4@HeBiMoNi — 53 — Int. J. Hydrogen
(7.5 Energy 2024. [33]
h)
N-NiMoO4/NiS, — 99 — Adv. Funct. Mater.
(50h) 2019. [73]
P-doped NiMoO4 — 144 — Ceram. Int. 2021.
(12h) [74]
NiMoO4@CoMoO4-xH,0/NF — 220 — Small 2023. [75]

(24h)
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(Heyrovsky step); (ii) if the numbers of H* are sufficient, adjacent H*
atoms will bind directly to generate and release H; (Tafel step) [25]. For
the Volmer, Heyrovsky, and Tafel steps, the Tafel slopes would corre-
spond to the values of 118, 39, and 30 mV-dec ™!, respectively [25,76].

The Tafel slopes can be obtained from linear sweep voltammetry
(LSV) curves. As displayed in Fig. 5c, the NiMoO4/MoS2/Ni3Sy/NF-1.3,
NiM004/Mo0S5/NisSy/NF-1.7, NiMoO4/MoS,/Ni3S2/NF-2.0, NiMoO,/
NF, and Ni3Sy/NF show the Tafel slopes of 48, 32, 64, 87, and 105
mV-dec ™!, respectively. The smallest Tafel slope of the NiMoO4/MoSy/
NigSy/NF-1.7 means it has the fastest electron transport rate. Also, the
slope of 32 mV-dec™! is very close to the value of 30 mV-dec™!, sug-
gesting the HER process in acidic media obeys Volmer-Tafel mechanism
with Tafel step as the RDS.

The electrochemical active surface area (ECSA) is a critical param-
eter for evaluating exposure degree of the active sites. ECSA is propor-
tional to the double-layer capacitance (Cqp), so we measured Cq; via
cyclic voltammetry (CV, Figs. S4-S6). From Fig. 5d, the Cq values follow
an order of NiMoO4/MoS,/Ni3S;/NF-1.7 (22.68 mF-cm™?) > NiMoOg4/
MOSz/NigSz/NF—]. .3 (1 6.34 II1F~CII1_2) > NiMOO4/MOSz/Ni382/NF—2.0
(14.95 mF-cm™2) > NiMoO4/NF (3.77 mF-cm™2) > Ni3Sy/NF (2.23
mF-cm~2). The highest Cqj of the NiM0O4/MoS,/NisSy/NF-1.7 suggests
it has the largest ECSA, with the maximum exposure of active sites.

Electrochemical impedance spectroscopy (EIS) was tested to inves-
tigate the electron transfer kinetics, and corresponding Nyquist dia-
grams were analyzed by Randall’s equivalent circuit models. As seen
from Fig. 5e and Table S3, the NiMo0oO4/Mo0S,/Ni3Sy/NF-1.7 demon-
strates a much lower charge transfer resistance (R¢; = 1.57 Q) than other
samples, indicating the fastest charge-transfer kinetics.

For practical applicability, operating stability of the electrocatalysts
is pivotal. The stability testing of NiMo0O4/MoSy/Ni3Sy/NF-1.7 was
performed at a settled overpotential of 183 mV. As found in Fig. 5f, the
material may catalyze the HER at 10 mA-cm 2 for 38 h without any
noticeable change, indicating an acceptable durability in the acidic so-
lution. The durability time, as presented in Table 1, is much longer than
that of most reported catalysts, particularly the NF-based materials
without NiMoO4 phase, such as the MoS,/CogSg/Ni3Sz/Ni (stability
time ~ 80 min) [15], suggesting the NiMoO4 phase plays a key role in
improving the stability of the catalyst. Also, the durability time of
NiMoO4/MoS,/Ni3Ss/NF-1.7 exceeds that of C-Co,P@P-NiMoO4/NF
(10 h) [39], indicating that the heterointerfaces among NiMoO,4, MoS,
and NisS; phases make significant contributions to its durability, which
facilitates substantial hydrogen production.

3.3. HER performance in alkaline media

In 1 M KOH, the HER performance of NiMoO4/MoS5/Ni3So/NF-n,
NiMoO4/NF, Ni3Sy/NF, and Pt-C/NF was tested. From Fig. 6a, b and
Table S2, the 519 of 49 mV of NiM0O4/MoS3/Ni3Ss/NF-1.7 is much
lower than those of NiMoO4/MoSy/NisSy/NF-1.3 (19 = 65 mV),
NiMoO4/MoS2/Ni3S2/NF-2.0 (719 = 73 mV), and the control samples of
NiMoO4/NF (410 = 213 mV) and NizSo/NF (10 = 269 mV). This in-
dicates the highest activity of NiMoOs/Mo0S3/Ni3Sa/NF-1.7. More
importantly, the HER activity of NiMoO4/MoS5/Ni3So/NF-1.7 is even
higher than the Pt-C/NF catalyst (510 = 67 mV). For comprehensive
comparison, we tried to synthesize MoS,/Ni3So/NF as a control sample.
However, because different synthetic conditions may lead to different
morphologies and compositions, we directly refer to the data in litera-
ture. The 770 values of the reported MoS,/Ni3So/NF ranged 90 ~ 200
mV, with the MoS; phases in crystalline (98 mV) [23], low crystalline (~
180 mV) [14], and amorphous state (109 mV) [50]. As shown in Table 1,
the HER activity (710 = 49 mV) of NiMoO4/MoS5/Ni3S2/NF-1.7 pre-
cedes most reported catalysts, such as the MoSy-containg materials of
MOSz/COgSg/Ni:;Sz/Ni (1’110 =113 mV) [15], MOOz/MOSZ/C (1110 =91
mV) [69], and Ru@2H-MoS; (719 = 51 mV) [68], as well as the NiMoO4-
including materials of C-CooP@P-NiM0O4/NF (5710 = 59 mV) [39], NF/
NiMoO4@HeBiMoN:i (1719 = 53 mV) [33], and N-NiMoO4/NiSz (10 = 99



S. Han et al. Chemical Engineering Journal 509 (2025) 161095

Fig. 6. (a) Polarization curves and (b) overpotentials of NiM0oO4/Mo0S2/Ni3S2/NF-1.3, NiM0O4/Mo0S5/NizS2/NF-1.7, NiM0O4/MoS5/NizSo/NF-2.0, NiMoO4/NF,
NigSz/NF, and Pt-C/NF; (c) Tafel slopes, (d) electrochemical double-layer capacitance (Cq), and (e) the fitting Nyquist plots of NiMoO4/MoS/NizS2/NF-1.3,
NiMoO4/MoS,/Ni3S,/NF-1.7, NiM0oO4/MoS,/NizS;/NF-2.0, NiMoO,4/NF, and Ni3S,/NF; (f) chronoamperometric curve of NiMoO,4/MoS,/Ni3S,/NF-1.7 at the con-
stant overpotential of 133 mV. The electrolyte is 1 M KOH.

mV) [73,75]. Notably, the amorphous NiyP/crystalline P-NiMoO4/ long time.

amorphous P-NiMoOy4 [38] exhibited slightly lower 71 of 45 mV, while HER kinetics in alkaline electrolytes is different from that in acidic
its synthesis involved two steps of hydrothermal reaction and high- ones, particularly regarding the water adsorption and dissociation.
temperature phosphorization, consuming more energy and needing Detailed process can be described as: (1) one water molecule is initially
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adsorbed on catalyst surface to form one HO*, and due to the absence of insufficient, another adsorbed H,O is required to receive an electron to
H' in the system, the adsorbed H,0* molecules would take on the task of produce the additional H*, which binds to the preceding H* forming one
accepting the electron and dissociating to form H* and OH* (OH™ would H, (Heyrovsky step); (3) if the numbers of H* are enough (in this case,
release into the solution) (Volmer step); (2) if the as-generated H* is the adsorbed water molecules are adequate), they will direct bind to

Fig. 7. (a) Polarization curves and (b) overpotentials of NiM0O4/Mo0S»/Ni3S2/NF-1.3, NiM00O4/Mo0S>/Ni3So/NF-1.7, NiM0O4/MoS5/Ni3S>/NF-2.0, NiMoO4/NF,
Ni3S2/NF, and Pt-C/NF; (c) Tafel slopes, (d) electrochemical double-layer capacitance (Cq), and (e) the fitting Nyquist plots of NiMoO4/Mo0S>/Ni3So/NF-1.3,
NiMo004/Mo0S5/Ni3S,/NF-1.7, NiM0O4/MoS,/Ni3S,/NF-2.0, NiMoO4/NF, and NizS»/NF; (f) chronoamperometric curve of NiMoO4/MoS,/Ni3S,/NF-1.7 at the con-
stant overpotential of 249 mV. The electrolyte is 1 M PBS.
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release the Hy (Tafel step).

From Fig. 6¢, Tafel slopes of NiMoO4/MoS3/Ni3Sy/NF-1.3, NiMoO4/
MoS2/Ni3Sy/NF-1.7, NiMoO4/MoS,/Ni3Sy/NF-2.0, NiMoO4/NF, and
NisS,/NF are 67, 38,92, 151, 191 mV-dec ™}, respectively. The NiMoO4/
MoS,/Ni3Sy/NF-1.7 shows an extremely small Tafel slope (38
mV-dec’l), which is very close to the value of 39 mV-dec! [25,76],
suggesting the HER in alkaline media obeys the Volmer-Heyrovsky
mechanism with Heyrovsky step being the RDS. As shown in Fig. 6d,
the Cg; of 27.40 mF-cm 2 for NiM0O,4/MoS2/NisS,/NF-1.7 is larger than
that of NiMoO4/MoS,/Ni3So/NF-1.3 (24.34 mF~cm72), NiMoO4/MoSy/
NisSp/NF-2.0 (22.07 mF-cm 2), NiMoO4/NF (5.95 mF-cm™2), and
Ni3Sy/NF (2.69 mF-cm™2). The largest ECSA of NiMoO4/MoS3/Ni3Sz/
NF-1.7 means its maximum number of active sites, which facilitate the
enhancement of HER performance. From Fig. 6e and Table S3, the
NiMoO4/MoS,/NigSy/NF-1.7 exhibits the smallest charge transfer
resistance (R.) of 1.15 Q, suggesting the superior charge transfer
capability.

The stability of NiMoO4/MoS2/Ni3Sy/NF-1.7 is studied via a chro-
noamperometric test at a constant overpotential of 133 mV. From the I-t
curve in Fig. 6f, after 200 h of HER operation, no significant degradation
is observed at 10 mA-cm 2. The durability is superior to most of the
electrocatalysts (Table 1), such as MoS3/Co9Sg/Ni3Sa/Ni (24 h) [15],
Ru@2H-MoS, (12 h) [68], and other NiMoO4-based materials like C-
Co2P@P-NiMoO,4/NF (20 h) [39], NF/NiMoO,@HeBiMoNi (7.5 h) [33],
and NiMoO4@CoMo0O4-xH,0/NF (24 h) [75]. The in situ growth of
NiMoOg4, MoS;, and NisSz on NF and the formed heterogeneous in-
terfaces greatly enhance the stability, making the NiMoO4/MoS,/NizSy/
NF-1.7 an exceptionally promising candidate for practical application.

3.4. HER performance in neutral media

Considering the application requirement of hydrogen production in
natural water source such as river, lake, or seawater, HER performance
of the catalysts in neutral media was carried out, using 1 M phosphate
buffered solution (PBS) as the electrolyte. As shown in Fig. 7a, b and
Table S2, the HER activity of NiM0O4/MoS3/Ni3S2/NF-1.7 (1710 = 166
mV) is comparable to Pt-C/NF (10 = 153 mV), and is superior to
NiMo004/MoS3/Ni3So/NF-1.3 (710 = 212 mV), NiMoO4/MoS5/Ni3Sy/
NF-2.0 (’710 =227 mV), NiMOO4/NF (11]() =278 mV), and NigSz/NF (’710
=346 mV). As listed in Table 1, the activity of NiM0oO4/MoS3/NigSy/NF-
1.7 exceeds many reported catalysts, such as MoSa/NigSa/NF (5710 = 279
mV) [15], MoS3/CoS; (710 = 196 mV) [67], MoS,/rGO/NiS (1710 = 209
mV) [70], and CogSg/NC@MoS3 (1710 = 261 mV) [71]. Though the HER
activity NiMoO4/MoS,/Ni3Sy/NF-1.7 is not as good as C-CosP@P-
NiMoO4/NF (10 = 50 mV) [39] and MoS3/CogSg/Ni3S2/Ni (710 = 117
mV) [15], its simple synthesis makes it more suitable for industrial
amplification.

As indicated in Fig. 7c, the NiM0oO4/MoS,/Ni3S,/NF-1.7 shows the
smallest Tafel slope of 91 mV-dec™!, suggesting it has the fastest HER
kinetics. From Fig. 7d, the Cg of 8.31 mF-cm ™2 of NiM0O,4/MoS,/NisSs/
NF-1.7 is larger than those of NiMoO4/MoSy/Ni3Sy/NF-1.3 (6.61
mF-cm™2), NiM0O4/MoS5/Ni3S2/NF-2.0 (6.01 mF-cm™2), NiMoO,4/NF
(3.14 mF~cm’2), and Ni3S,/NF (1.58 mF-cm~2). These confirm the
active sites of NiMoO4/MoS,/Ni3So/NF-1.7 can be sufficiently exposed.
As presented in Fig. 7e and Table S3, the decreased R (6.40 Q) of
NiMoO4/MoS,/NigSy/NF-1.7 indicates the charge transfer rate is faster
during neutral HER. The I-t curve of continuous HER testing shows no
obvious decay over 200 h at a constant overpotential of 249 mV (Fig. 7f),
demonstrating distinguished stability in neutral environment. As seen
from Table 1, the exceptional durability of NiMoO4/MoS3/Ni3Sz/NF-1.7
surpasses most reported electrocatalysts, such as C-CoaP@P-NiMoOy4/
NF (12 h) [39], MoS3/CogSg/Ni3Sa/Ni (20 h) [15], and Ru@2H-MoS,
(12 h) [68]. The enhanced stability is highly advantageous for actual
applications.
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3.5. Characterization of the samples after stability testing

The catalysts materials after stability testing are characterized by
XRD, SEM, Raman, and XPS to assess the change of structures and
morphology. Notably, under acidic conditions, a new diffraction peak
emerges at 20 of 13.2° (Fig. 8A-b), corresponding to the f-NiMoO4 phase
(JCPDS No. 12-0348). The observed NiMoO, diffractions may be
attributed to the partial dissolution of Ni3Sy in the acidic solution,
leading to a relative increased amount of f-NiMoO4 that can be detected
by XRD. This further confirms the existence of NiMoOy in the prepared
composite. The XRD patterns (Fig. 8A-c, d) depict no obvious change
after 200 h of HER testing in both basic and neutral solutions, indicating
the well-preserved structure of NiMoO4/MoSy/NigSy/NF-1.7. Slight
variations in the surface of NiM0oO4/MoS;/Ni3Sy/NF-1.7 (Fig. 5f and
Fig. S7) demonstrate its robust stability across a wide range of pH.
Raman (Fig. 8B) and XPS spectra (Fig. 8C-F and Fig. S8) after the
durability tests also show close resemblance to those of the initial
sample, implying the stability of the structure and chemical state.
Table 1 exhibits the exceptional durability of NiM0oO4/MoS3/Ni3Sy/NF-
1.7, which surpasses most reported catalysts.

3.6. DFT calculations

DFT calculations can help identify active sites and provide insights
for the enhancement of HER activity. As mentioned before, the NiMoO4
and MoS; phases play significant roles in the improved HER activity. The
AGy+ of electrocatalysts correlates with the exchange current density
[77] (or overpotential at a fixed current density), and can be taken as a
descriptor for HER activity. Generally, for a catalyst, a positive value of
AGy+ indicates weak binding affinity for hydrogen, thus requiring en-
ergy to realize effective hydrogen adsorption; conversely, a negative
AGy+ indicates the hydrogen adsorption is relatively stronger, while the
desorption is relatively difficult [78]. Thus, the much reduced absolute
value of AGy+ (|AGy+|) would correspond to the much enhancement of
HER activity of the catalyst [78,79]. For the NiMoO4/MoS>/Ni3Sa/NF
composite, since NigSy mainly contributes to improving the conductivity
of the catalyst, for simplicity, we conduct DFT calculations on the
NiMoO4/MoS; heterojunction to figure out the coupling interactions of
the amorphous/low crystalline phases.

The |AGy+| is a key criterion used to evaluate HER activity in acidic
media, we calculate the MoS,, NiMoQO4, NiMoO4/MoS; (NiMoO4 as
adsorption surface), and MoS;/NiMoO4 (MoS; as adsorption surface).
The optimized slabs and those with the adsorbed H* intermediates are
presented in Fig. 9a-d. For MoS; (Fig. 9a) and MoSy/NiMoOy4 (Fig. 9d), H
atoms are preferentially adsorbed on the S sites. Conversely, for the
NiMoO4 (Fig. 9b) and NiMoO4/MoS;, (Fig. 9c), H atoms tend to be
adsorbed on the O sites in both cases. As depicted in Fig. 9e, the indi-
vidual MoS, phase shows a AGy+ value of 1.80 eV (on S site), which
closely aligns with the reported value of 1.82 eV [80], indicating that
MoS; has a high energy barrier for H adsorption. For the NiMoO4 phase,
the negative AGy- value of —0.88 eV on the O site suggests a low energy
barrier for H adsorption, resulting in strong adsorption force and hin-
dered desorption. In the heterojunctions, the AGy= of S site of MoSy/
NiMoQy is —0.35 eV, and that of the O site of NiMoO4/MoS- is 0.16 eV.
For S site, the AGy+ changing from a positive value (in MoS) to a
negative one (in MoS3/NiMoO4) implies that the heterojunction for-
mation makes the H adsorption process easier (hydrogen desorption
becomes the RDS). For O site, the AGy+ change from negative (in
NiMoOy) to positive (in NiMoO4/MoS,) values, indicating H adsorption
is the RDS after heterojunction formation and the MoS; phase can pro-
mote hydrogen desorption. The much decreased |AGy+| by the NiMoO4
phase suggests it plays a leading role in promoting the electrocatalytic
activity.

As discussed above, in alkaline electrolytes, HER involves the steps of
water adsorption, water dissociation (to produce H*), and H release,
thus, both the AGy20+ and AGy+ affect the HER activity [29,81]. For the



S. Han et al. Chemical Engineering Journal 509 (2025) 161095

Fig. 8. (A) XRD patterns, (B) Raman, and XPS spectra ((C) Mo 3d, (D) Ni 2p, (E) S 2p, and (F) O 1 s) of (a) initial NiMoO4/MoS2/Ni3S,/NF-1.7, and after durability
testing in (b) 0.5 M H3SO4 (38 h), (¢) 1 M KOH (200 h), and (d) 1 M PBS (200 h).
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Fig. 9. Optimized structures at different reaction stages of (a) MoS,, (b) NiMoOy, (c¢) NiMoO4/MoS,, and (d) MoS,/NiMoOy; (f) Gibbs free energy for HER of MoS,,
NiMoO4, NiM0O4/MoS; and MoS,/NiMoO,4 at U = 0 V and pH = 0. H: white, O: red, S: yellow, Ni: grey, Mo: purple. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

more important step of water dissociation, it was found that the Ni site of
NiMoOy4 contributed most prominently [29,38,82], thus in DFT calcu-
lations, we focus on the NiMoO4 phase, so select the NiMoO4/MoS;
heterojunction (with NiMoOy4 as adsorption surface) and calculate the
AGyo0+ at the Ni site. For MoS,, we calculate the AGyao+ at the Mo site
which preferentially binds to H2O. The binding sites for H atoms of the
materials are consistent with those in acidic media, that is, S site of MoS,
and O site of both NiMoO4 and NiMoO4/MoSs.

Fig. 10a—c display the optimized structures of MoS;, NiMoO4, and
NiMoO4/MoS; slabs and those with the adsorbed intermediates (HoO*,
OH*+H*, and H*). As shown in Fig. 10d, the NiMoO4/MoS; (Ni site)
exhibits a lower AGyyo+ of 0.68 eV than the individual phases of
NiMoO4 (0.96 eV, Ni site) and MoS; (1.13 eV, Mo site). This implies that
the heterogeneous interface significantly promotes the water dissocia-
tion. Besides, the smallest |AGy+| of 0.65 eV (O site) of NiMoO4/MoS,
indicates the optimal HER activity, mainly benefiting from the facilita-
tion of H* adsorption/desorption by the Ni-O species of NiMoO4 [30].
These confirm that under alkaline conditions, the NiMoO4 in the
NiMoO4/MoS; heterojunction contributes dominantly to the enhance-
ment of HER activity. As described in the SEM-EDS mapping above, the
components of NiMoO4 and MoS,, especially the NiMoO4 would locate
on the surface of the material, which ensures preferential contact with
the electrolyte solutions and promotes the HER performance. Addi-
tionally, the synergistic interactions of NigSy with a higher conductivity
further help advance the electrocatalytic property.

Based on the above discussions, DFT calculations indicate that the O
site in NiMoO4/MoS, exhibits the most favorable AGy+ in both acidic
and alkaline electrolytes, and the Ni site is primarily responsible for
water dissociation under alkaline condition. Hence, the NiMoO4 plays a
predominant role in facilitating the HER activity across a wide pH range.
With the assistance of MoSy, the |AGy+| value of O site in NiMoOy is
significantly reduced and approaches the value of 0, highlighting the
indispensable effect of MoS; in promoting hydrogen adsorption/
desorption, thus augmenting HER activity. Effective interactions be-
tween NiMoO4 and MoS; would contribute to the optimal catalytic
performance.
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Projected density of states (PDOS) are presented to investigate
orbital hybridizations and further estimate the interaction strength
through the analysis of the overlap among orbital peaks [46]. As pre-
sented in Fig. 10e, the PDOS curves of NiMoO4/MoS;-H reveals the
hybridization between Ni-d, Mo-d, O-p, and H-s orbitals at the Fermi
level (Ef, ~ 0 eV), indicating a robust interaction between the adsorbed
H atom and the NiMoO,4 in NiMoO4/MoS,. The TDOS curves of MoS,,
NiMoOy4, and NiMoO4/MoS;, and NiMoO4/MoSz-H are displayed in
Fig. 10f, g. The peak intensity at Er for NiMoO4/MoS; is higher than that
of NiMoO4 and MoS,, suggesting an increased carrier density. This ac-
celerates electron transfer, leading to enhanced activity at the interface
of NiMoO4/MoS; compared to the single phases of NiMoO4 and MoS.
Furthermore, after H adsorption, the TDOS peak intensity of NiMoO4/
MoS,-H increases at Ep, meaning the electron transfer occurs between
the NiMoO4/MoS; interface and adsorbed H.

The electronic distribution at the NiMoO4/MoS; heterojunction is
analyzed via the calculated charge density difference (Fig. 11). The cyan
regions depict a reduction in charge density, while the yellow regions
signify an increase in charge density. From Fig. 11a, we can clearly
observe the accumulation of electrons on O atoms and the loss of elec-
trons on Mo atoms. Compared with the single-phase region far away
from the interface, the electron density of O is much higher and the
electron density of Mo is relatively lower in the interface area. This
suggests that there exist electron transfers from Mo (in MoS5) to O (in
NiMoOy) at the formed interface. The gain and loss of electrons can be
quantitatively assessed through the plane-averaged charge density dif-
ference (Ap) along the Z-direction, where positive and negative peaks
indicate regions of electron accumulation and depletion, respectively
[83]. As shown in Fig. 11b, the interfacial Ap values for NIM0oO4/MoS;
are —0.8187 and 0.6380 e/A3, indicating that electrons are transferred
from the low-layered MoS; to the upper-layered NiMoO4. Notably,
Fig. 11a also depicts sparse electron distribution (low electron density)
of the Ni atom (in NiMoOj4) on the surface, which may enhance its af-
finity to electron-rich O atoms of H30, thereby promoting the water
adsorption (and subsequent dissociation, an important process in alka-
line HER). This is conducive to the enhancement of HER activity of the
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Fig. 10. Optimized structures at different reaction stages of (a) MoS,, (b) NiMoO4, and (c) NiMoO4/MoSs; (d) reaction energy diagram for H,O dissociation and
Gibbs free energy for HER of MoS,, NiMoO,4 and NiMoO4/MoS, at U = 0 V and pH = 13.8; (e) PDOS of H adsorption on NiMoO,4/MoS,; (f, g) TDOS of MoS,, NiM0Oy4,
NiMoO4/MoS,, and NiMoO,4/MoS, with H adsorption. (g) is the partial enlarged region of (f); H: white, O: red, S: yellow, Ni: grey, Mo: purple. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. (a) Charge density difference diagram of NiMoO4/MoS, interface. The cyan regions signify a reduction in charge density, while the yellow regions denote an
increase in charge density. (b) Plane-averaged charge density difference (Ap) along Z-direction normal to the side views of NiMoO,4/MoS,. O: red, S: yellow, Ni: grey,
Mo: purple. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

catalyst.

Drawing upon the above, primary benefits of the NiMoO4/MoSy/
NizSya/NF-n in promoting HER performance are summarized as follows:
(i) NF substrate and metallic NisSy play pivotal roles in enhancing
conductivity; (ii) the NiMoO4 phase in NiMoO4/MoS; significantly fa-
cilitates the HER activity in both acidic and alkaline electrolytes,
particularly contributing to water dissociation under alkaline condition.
(iii) MoS; phase in NiMoO4/MoS; can promote hydrogen desorption in
both acidic and alkaline media; (iv) synergistic interactions between
NiMoO4 and MoS, reduce H adsorption/desorption energy, resulting in
an optimal |AGy+| and AGpao+; (v) the heterogeneous interfaces of
NiMoOy4, MoS,, and NigS; enrich the carrier density, improving the
electrical conductivity of the catalysts.

4. Conclusion

In summary, via a simple one-pot hydrothermal reaction, we fabri-
cate the NiMoO4/MoSy/Ni3Sy/NF-n assembly integrating crystalline
Ni3Sy with amorphous NiMoO4 and low crystalline MoS, on 3D porous
NF. The low reaction temperature (160 °C) and small S/Mo ratios (< 2)
result in the low crystallinity of MoS, and the formation of NiMoOg4. The
nanosheet morphology of well-engineered NiMoO4/MoS5/Ni3S2/NF-1.7
ensures the maximized exposure of electrocatalytic active sites, leading
to superior HER performance. The in situ growth of NiMoO4 and Ni3Sy
on NF, and the formed heterointerfaces among the phases of NiMoOj,
MoS,, and Ni3S; promote the durability of the materials, which facili-
tates the large scale hydrogen production. DFT calculations demonstrate
that in both acidic and alkaline electrolytes, the O site of NiMoO4 in
NiMoO4/MoS; heterojunctions predominantly contributes to the boos-
ted HER activity; more importantly, in alkaline electrolytes, the Ni site
of NiMoOQy facilitates the water dissociation. TDOS calculations reveal a
higher carrier density due to interface interactions of the including
phases, which is conducive to improving electrical conductivity of the
catalysts. This work offers valuable guidance for designing novel hybrids
of transitional metal sulfide/oxides to achieve exceptional HER perfor-
mance over a wide pH range.

For future research endeavors, we propose to construct low-
crystallinity multiphase composites by modulating reaction tempera-
ture via partial sulfidation or selenization. We aim to improve the
electrocatalytic performance through the synergistic action between
different phases, with a commitment to exploring electrocatalysts for
overall water splitting. This work still has some drawbacks. If possible,
future efforts will be made to investigate the heterojunctions of
NiMoO4/MoS2/Ni3S, using advanced characterization techniques such
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as scanning transmission electron microscopy (STEM). For a deeper
understanding of the interactions of the contained phases and the in-
fluence of the formed interfaces on electrocatalytic performance, more
heterojunctions including the NisS, phase, such as the dual-phase het-
erojunction models of NiM0O4/Ni3S; and MoS3/NisS; and triple-phase
heterojunction of NiMoO4/MoS,/Ni3S;, may be constructed for the
DFT calculations.
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