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« The NiS,-Mo0O,/CC is fabricated by
two-step electrodeposition plus
calcination.

« The NiS,-Mo0O,/CC outperforms Pt/C
at overpotential over 114 mV for HER.

» The NiS,-MoO,/CC surpasses widely
used industrial Raney Ni catalyst at
500 mA cm 2,

« The catalyst shows excellent long-
term stability with almost no decay.

« The superior performance attributes
to the porous structure and electronic
effect.
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An industrial electro-catalyst obliges three essential features, such as scalability, generating high current
density at low overpotential, and long-term stability. Herein, we tackle those challenges using NiSx-MoO,
nanosponges on carbon cloth based hydrogen evolution catalyst. The target catalyst was synthesized
through a series of simple and scalable methods, including dissolution, reconstruction, and chemical
vapor deposition. The optimized NiS,-MoO,/CC catalyst exhibits a superior hydrogen evolution catalytic
activity far better than commercial Pt/C meanwhile surpasses widely used industrial Raney Ni catalyst by
many aspects, namely lower overpotential at 500 mA cm~2 current density and smaller Tafel plot in
30 wt% KOH solution. This excellent electrocatalytic activity is attributed to enhanced mass transfer
and faster reaction kinetics due to the unique hierarchical porous structures, as well as the synergistic
electron transfer effect between the two components of NiS, and MoO, species. This work may provide
a new strategy for the design of better hydrogen evolution catalyst for industrial application.
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1. Introduction

Hydrogen has been recognized as one of the most promising
alternatives to conventional fossil [1,2]. As a clean and efficient
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technology, electrocatalytic water splitting stands out among the
in various hydrogen production technologies since it produces
high-purity hydrogen with unlimited water resources. Moreover,
it can easily be bundled with other renewable energy sources, such
as solar wind energy [3]. There are two types of industrial elec-
trolyzers depending on the water pH. However, the alkaline elec-
trolyzer is widely used because of less corrosion and lower
capital cost. On the other hand, the acidic electrolyzer generates
higher current density [4]. Nevertheless, the price of H, generated
from water electrolysis is still much higher than that of steam
reforming. Therefore, producing scalable, low-cost, durable, and
efficient electrode is an important step to reduce the capital cost
of electrolyzer subsequently generate cheaper H,. The hydrogen
evolution reaction (HER) that occurred in the cathode is hindered
by low conductivity and a lack of active sites. Currently, Pt-based
noble metal alloys are by far the most effective catalysts for HER
[5]. However; their low reserves and high cost limit their wide-
spread application. Therefore, developing efficient and earth-
abundant HER catalysts are highly desirable. At present, the
earth-abundant transition metal alloys [6] and their oxides [7,8],
nitrides [9,10], sulfides [11], phosphides [12], and selenides [13]
have been extensively studied as cathodes catalysts for HER. But,
the weak intrinsic activities and poor electrical conductivities limit
their HER performances [14]. Furthermore, to satisfy the strict
industrial standard, the HER catalyst should be operated at a high
current density [15] (>400 mA cm~2) with relatively low overpo-
tential for an extended period. Based on the above considerations,
a simple process of fabricating a rationally engineered HER catalyst
with excellent conductivity, high active site density as well as the
durability at high current density is a critical step to compete with
the ongoing industrial process. It is almost impossible to find a sin-
gle material that can satisfy all those requirements; therefore,
designing a hybrid material is necessary.

In recent years, there is an extensive investigation on MoO,
with a distorted rutile structure due to its metal-like conductivity
(1.14 x 10* S at 300 K for bulk materials) and high chemical stabil-
ity [16]. However, most studies have focused on improving HER
performance by building specific nanostructures, which have not
worked much on MoO,-based composites [17,18]. In spite of these
advantages, the nanostructured MoO, materials are limited by a
lack of active sites for HER [19]. On the other hand, Ni-based elec-
trocatalysts have high corrosion resistance in alkaline solution and
abundant active sites [20,21]. But, the nickel-based electrocatalysts
are mostly in powder form and need to be coated on a conductive
substrate for HER application [22,23]. The catalyst coating on the
substrate causes a decrease in the catalytic performance of the
powder catalyst because of the mechanical shedding. Moreover,
the catalyst conductivity may decrease due to the use of polymer
binders during the preparation. Furthermore, the catalytic perfor-
mance of the materials is closely related to their morphology and
composition. The sponge-like porous structure provides high sur-
face area, sufficient active site and better mass transfer. Moreover,
it also prevents catalyst aggregation [24,25]. To the best of our
knowledge, there is no report on the HER application of NiSy-
MoO, nanosponges.

Herein, we develop a highly-active NiSy-MoO, nanosponge dec-
orated carbon cloth as HER catalyst (NiS,-MoO,/CC). It is the first
report of a simple yet industrial compatible strategy based on NiSy-
Mo0,/CC. The synthesis process includes a two-step electrodeposi-
tion followed by vulcanization processing (Scheme 1). In this
design, we not only combined the unique features of both compo-
nents such as high conductivity of MoO, and high HER activity of
NiSx but also eliminated the coating process by growing NiSy
directly on the surface of MoO,. The optimized NiS,-M00,/CC cat-
alyst only requires overpotentials of 60 and 149 mV (vs. RHE) to
reach 10 and 100 mA cm ™2 in 1.0 M KOH, respectively. Moreover,

it outperforms the Pt/C catalyst when the overpotential is higher
than 114 mV. Most importantly, the optimized NiSy-MoO,/CC
requires much smaller overpotentials to reach large current densi-
ties (500 mA cm~2@208 mV and 1000 mA cm—2@230 mV) than the
industrial HER catalyst-Raney Ni (500 mA cm~2@300-500 mV) in
30% KOH solution [26-28], suggesting a strong industrial
perspective.

2. Experimental
2.1. Materials

Nickel nitrate hexahydrate (Ni(NOs),-6H,0, >98%), ammonium
molybdate tetrahydrate (Hy4sM07Ng024-4H,0), sulfur sublimed (S,
99%). All the reagents were analytical reagent and used without
further purification. Commercial Pt/C (20 wt% for platinum) was
purchased from Alfa Aesar.

2.2. Electrodeposition of Ni-, Mo- and Ni-Mo-species on carbon cloth

Initially, the carbon cloth (CC, 1 cm x 1.5 cm) was ultrasonically
cleaned in sulfuric acid, deionized water, and ethanol for 5 min,
respectively, and cycled 3 times to remove impurities. Electrodepo-
sition was performed in a standard three-electrode system, in
which the treated CC, graphite plate, and saturated calomel elec-
trode (SCE) were used as working, counter, and reference elec-
trodes, respectively. The Ni-species/CC samples were fabricated
by continuous electrodeposition for 1.0 h at —10 mA cm~? in
0.1 M Ni(NO3), solution. These obtained samples were rinsed with
a large amount of water and naturally dried for use. Subsequently,
the samples of Ni-species/CC were used as working electrodes at
—10 mA cm2 for electrodeposition different times from 0.5 to
2.0 h in 0.1 M H,4Mo07Ng0,4 solution. The resulted samples are
nominated as Ni-Mo-species/CC-0.5 h, Ni-Mo-species/CC-1 h and
Ni-Mo-species/CC-2 h, respectively. As a control, electrodeposition
of Mo-species on fresh CC surface (Mo-species/CC) was also pre-
pared at —10 mA cm 2 for 1.0 h in 0.1 M H,4Mo07NgO,4 solution.

2.3. Synthesis of NiS,/CC, MoO,/CC and NiS,-Mo0Q,/CC

The catalyst of NiSx-MoO,/CC was prepared by coating 0.5 g of
sulfur powder on a series of Ni-Mo-species/CC surfaces, and slowly
heating (3 °C min~!) to a specific temperature (400, 500 or 600 °C)
for 4.0 h in Ar atmosphere (20 sccm), and then cooling down to
room temperature. After sufficient water washing and drying, the
prepared materials were nominated as NiSx-Mo00O,/CC (from XRD
data). As a comparison, the NiS,/CC and MoO,/CC were also pre-
pared by a similar method as mentioned above.

2.4. Characterization

Scanning electron microscopy (SEM, Quanta FEG 200, Holland)
and transmission electron microscopy (TEM, JEOL, JEM-2100F)
were used to investigate the morphologies and microstructures
of the designed materials. X-ray powder diffraction (XRD) data
was detected by a D/Max 2500 V PC with Cu Koradiation from
Rigaku. The chemical states of the samples were examined by X-
ray photoelectron spectroscopy (XPS, model: JPS-9010 TR Photo-
electron Spectrometer, Japan). Raman spectroscopy was acquired
from an inVia confocal Raman microscope (Renishaw, England).

2.5. Electrochemical measurements

The electrochemical performance of the as-prepared catalysts
were studied by an electrochemical workstation of Biologic
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Scheme 1. Schematic diagram of the formation of NiSx-MoO,/CC catalyst.

VMP3 with a typical three-electrode system in 1.0 M KOH elec-
trolyte. The catalysts modified carbon cloth, graphite plate and
SCE were used as working, counter and reference electrodes,
respectively. Cyclic voltammetry (CV) tests were firstly carried
out for about 5 cycles to stabilize the electrocatalytic performance
of the catalyst at a scan rate of 20 mV s~'. Then, liner sweep
voltammetry (LSV) curves were performed at a low scan rate of
0.5 mV s, and electrochemical impedance spectroscopy (EIS)
was evaluated near the onset potential in the frequency range from
200 kHz to 10 mHz. All potentials (vs. SCE) in this work were cal-
ibrated to the RHE by the average CV curves of the two potentials
at which the current crossed zero (1.040 V) was taken to be the
thermodynamic potential in Hj-saturated 1.0 M KOH (Fig. S1).
The overall water splitting was measured in 30 wt% KOH solution
with a scan rate of 5 mV s~ . All reported curves had been cor-
rected by iR compensation and all the electrochemical tests were
performed at room temperature (25 + 1 °C).

3. Results and discussion

The X-ray diffraction (XRD) patterns are used to investigate the
crystal structures of the optimized NiS,-M00,/CC as well as NiS,/
CC, Mo0O,/CC and Ni-Mo-species/CC initially. As shown in Fig. 1a,
the diffraction peaks of the NiS,-Mo0O,/CC material are substan-
tially consistent with the standard diffraction patterns of MoO,
(JCPDS: 76-1807) [29], NiS (JCPDS: 75-0613) and NiS, (JCPDS:
89-1495), respectively. It is noteworthy that no diffraction peaks
of MoSy are observed indicating either low content or amorphous
form of MoS,. As a comparison, the XRD patterns of NiS,/CC and
MoO,/CC have also been explored, and they are very similar to
the disassembly of NiSy-Mo00,/CC. Note that the precursor of Ni-
Mo-species/CC mainly contains Ni(OH), (01-1047) and MoO, seg-
ments (Fig. S2). Raman spectroscopy is used to explore the changes
in band structures of the materials. We can observe that the Ni-
Mo-species/CC has almost no scattering peaks, while NiSy/CC has
a typical characteristic NiS, peak at 476.5 cm~!, which belongs to
Ag photons [30]. Notably, the MoO,/CC presents two types of
Raman peaks, seven of which are typical MoO, characteristic
peaks, and the other two are typical MoS, characteristic peaks at
383.6 (in-plane vibration of Mo-S) and 405.1 cm~! (out-plane
vibration of S-atoms) [31,32]. Differentially, the NiSy-MoO,/CC pri-
marily exhibits two distinct MoS, peaks, while all other scattering
peaks are very weak, indicating that there is a thin layer of MoS,
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Fig. 1. (a) XRD pattern of the optimized NiS,-MoO,/CC and inset histograms of
standard MoO,, NiS and NiS,. (b) Raman spectra of Ni-Mo-species/CC, NiSy/CC,
Mo0,/CC and NiSx-MoO,/CC.

covering on the surface of the composite. The presence of MoS,
species may help to increase the interaction between MoO, and
NiS, species, thereby enhancing electron mobility in the composite
[33,34].

The morphologies and microstructures of the materials are
further studied by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). It shows that the rugae-like
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Ni-species arrays grow vertically on CC surface and created large
holes between the nanosheets (Fig. 2a). After electrodeposited
Mo-species, a certain level of porosity is visible on the Ni-Mo com-
posite (Fig. 2b). After vulcanization at 500 °C in Ar atmosphere,
some particulate materials appear on the surface of NiSx-MoO,/
CC (Fig. 2c). Interestingly, the cross-sectional SEM image shows a
uniformly nanosponge-like NiS,-MoO, structure (inset of Figs. 2c
and S3a). These porous structures not only facilitate mass transfer
but also expose more active sites, thereof improve the electro-
chemical performance. The TEM image shows some flaky and gran-
ular structures, which is consistent with the SEM results (Figs. 2d
and S3b). High-resolution TEM image shows clear lattice stripes
with a lattice spacing of 0.242, 0.283 and 0.198 nm corresponding
to the (11 1) crystal plane of M0O,, (2 0 0) plane of NiS, and (1 0 2)
plane of NiS, respectively (Fig. 2e) [35-37]. Moreover, we have
observed the layer stacking characteristics of two-dimensional
materials, which belong to the typical MoS, species [38]. The
high-angle annular dark field (HAADF) TEM elemental mappings
reveal that Ni, Mo, S, and O are uniformly distributed in
NiSx-Mo0,/CC (Fig. 2f-g). As comparison, we also present the
SEM images of NiS,-MoO,/CC catalysts with different deposition
times of Mo species (Figs. S3c—f). In addition, the inductively cou-
pled plasma mass spectrometry (ICP-MS) test results showed that
the mass fractions of Ni and Mo in the NiSx-MoO,/CC composite
were 28.1 and 15.1 wt¥%, respectively. The atomic ratio of Ni /Mo
was 3.03/1 (Table S1).

The surface composition and chemical states of NiS,-MoQ,/CC
are further clarified through X-ray photoelectron spectroscopy
(XPS). The typical XPS survey spectra in Fig. S4a confirms the exis-
tence of Mo, Ni, O, S, and C elements in NiSy-Mo00O,/CC, where the
high-resolution C 1s spectrum is convoluted into four peaks at
C=C (284.0 eV), C—C (284.8 eV), C—0 (286.0 eV) and C=0
(288.0 eV) as shown in Fig. S4b [39,40]. The high-resolution Mo
3d spectrum of NiSy-MoO,/CC and MoO,/CC is displayed in
Fig. 3a. The XPS peak of NiS,-MoO,/CC at 228.6 eV is assigned to
Mo 3dsj;. The corresponding Mo 3ds, peak of NiSx-MoO,/CC

0.242 nm
MoO, (111)

shows a negative shift by 0.25 eV as compare to that of MoO,/CC
(228.85 eV) [41-43]. Besides, the high-resolution Ni 2ps, region
of NiSyx-Mo0,/CC presents two peaks at 853.4 eV and 857.2 eV,
accompanied by a strong satellite at 861.8 eV, which represent
the two different chemical states of Ni in NiSx-MoO,/CC [44,45].
In addition to the same Ni?* and satellite peak positions, the Ni**
species of NiS,/CC material has a binding energy of 856.3 eV, which
results a positive shift of 0.91 eV as compared to that of
NiSx-Mo00,/CC (Fig. 3b). The peaks at 161.4 eV, 162.1 eV and
163.7 eV of S 2p;p, are corresponding to S2p of MoS,, NiS and
NiS, species, respectively (Fig. 3c) [46]. Moreover, there is a strong
peak at 169.1 eV, which can be assigned to S—O species arising
from surface oxidation. It should be noted that the slight negative
shift on Mo 3ds, (Mo*") and the significant positive shift on Ni
2ps3z (Ni**) peaks in NiS,-MoO,/CC as compare to those of
Mo0,/CC and NiS,/CC. This result indicates that the MoO, species
have a higher electron density than these of NiSy species in the
composite [47], and the improved electron density can synergisti-
cally promote the HER catalytic activity [48].

The HER electrocatalytic activity of NiS,-MoO,/CC was firstly
optimized by the effect of vulcanization temperatures and electro-
plating times of Mo-species on the catalytic performance. The
results show that the catalyst obtained at vulcanization tempera-
ture of 500 °C has the best HER catalytic activity and minimum
Tafel slope in 1.0 M KOH solution (Fig. S5). The electrocatalytic
activities of the optimized NiS,-Mo00O,/CC catalyst together with
Mo0,/CC, NiS,/CC, NiMo-species/CC and commercial Pt/C (Johnson
Matthey, 20 wt% Pt on activated carbon) were further investigated
in 1.0 M KOH (Fig. 4a). The HER results reveal that the NiS,-MoO,/
CC catalyst requires only an overpotential of 60 mV to deliver a
geometric current density of —10 mA cm~2, which is similar to
Pt/CC (49 mV) and far superior to all other control catalysts as well
as most of the previously reported transition metal sulfides cata-
lysts (Table S2). Moreover, the NiS,-MoO,/CC and Pt/C catalysts
have the same current density (—34.5 mA cm ?) when the
overpotential reaches 114 mV. Thereafter, the catalytic activity of

Fig. 2. SEM images of (a) Ni-species/CC, (b) Ni-Mo-species/CC, and (c) NiSx-M00O,/CC. (d) TEM image and (e) high-resolution TEM image of NiS-MoO,/CC. (f) HAADF TEM

image and (g) enlarge elemental mappings of NiS,-MoO,/CC.
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NiS,-Mo00,/CC is significantly better than that of commercial Pt/C
catalyst indicating a great potential for industrial applications
because it only requires overpotentials of 208 and 230 mV to reach
500 and 1000 mA cm~2 in 30 wt% KOH solution (Fig. S6). The Tafel
slope is usually employed to evaluate the reaction kinetics and the
rate-determining step during HER process. According to the kinetic

modeling results, the Tafel slope values of Volmer, Heyrovsky and

Tafel reactions correspond to 120, 40 and 30 mV dec

~1, respec-

tively [49]. It is well understood that the hydrogen evolution reac-
tion under alkaline conditions involves two steps [50]. The step 1 is
the water dissociation and the intermediates formation (Volmer
reaction): H,O0 + M + e"—>M-H,4 + OH™, followed by either the
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desorption step (Heyrovsky reaction): H,O + M-Hyq + e —>M + H; +
OH™, or a recombination step (Tafel reaction): 2M-H,q — 2M + H,
[51]. As show in Fig. 4b, the Tafel slope of NiS,-Mo00O,/CC is 89 mV
dec™!, which is obviously less than that of all control catalysts,
indicating a fast Volmer-Heyrovsky mechanism [52]. Moreover,
the exchange current density (jo), the key parameter reflecting
the intrinsic activity of HER, was calculated by extrapolation the
Tafel slope. As shown in Fig. 4c, the NiSy-Mo0O,/CC exhibited the
highest value of 2.056 mA cm 2 compared to those of Ni-Mo-
species/CC (0.042 mA cm~2), MoO,/CC (0.433 mA cm™2), NiS,/CC
(0.297 mA cm~2) and Pt/C (1.462 mA cm™2). Meanwhile, the NiS,-
MoO,/CC also shows the lowest charge transfer resistance (Fig. S7),
suggesting the fastest HER kinetics [53].

In general, a better electrocatalytic activity is accompanied by a
larger electrochemically active surface area (EASA), and the EASA is
normally proportional to the electrochemical double-layer capaci-
tance (Cqj). The Cg; was calculated by measuring the CV curves in a
non-faradaic potential window (Fig. S8). As shown in Fig. 4d, the
Cq value of NiS,-MoO,/CC is 602 mF cm~2, which is much higher
than those of NiS,/CC (233 mF cm™2), MoO,/CC (216 mF cm 2)
and Ni-Mo-species/CC (2 mF cm™2). The results reveals that the
NiS,-M00O, nanosponges with dual active sites generate more
accessible active sites in alkaline electrolyte than those of other
catalysts, thereby promoting H, evolution. At the same time, the
turnover frequency (TOF) was adopted to measure the amount of
H, molecules released per second per active site, which was nor-
mally used to evaluate the intrinsic catalytic activity of the catalyst
[54]. As show in Fig. S9a, the TOF value increases rapidly as the
applied voltage increases in 30 wt% KOH solution. In particular,
when the overpotentials are at 150 and 200 mV, the corresponding
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TOF values are ca. 2.8 and 13.7 s~ (Fig. S9b), which are much lar-
ger than most reported in the literature [6,55]. It was confirmed
that NiS,-Mo0O,/CC has excellent intrinsic catalytic activity.

To satisfy industrial compliance, the optimized HER catalysts
coupled with RuO; as a counter electrode was tested at high cur-
rent density in a two-electrode system (Fig. 5a). The steady-state
potential polarization curve of the coupled Ru0%”//NiS,-Mo05 " is
show in Fig. 5b. Interestingly, the overall voltage required for total
water splitting of the Ru0%”//NiSx-Mo05 is slightly higher than
that of benchmark system of RuO5%”//Pt/Ct) at a low current den-
sity and reaches the same value at 1.74 V (~500 mA cm™2). How-
ever, it starts to over the catalytic performance of both Ru0%"//
Pt/C™) and the existing industrial system (200-400 mA cm~2 at
1.8-2.4 V) at high current density (>500 mA cm~2). Besides, it only
needs 0.1 V extra voltage for reaching the current density from 500
to 1000 mA cm 2. Furthermore, we gathered some of the high per-
formance the HER catalysts reported in the literatures (Table S3)
and compared their results with our optimized catalyst (Fig. 5c).
The optimized NiS,-M00,/CC shows the lowest cell voltage for
achieving 100 mA cm 2 as compared to the rest. Finally, we per-
formed a durability test. As shown in Fig. 5d, the NiSy,-MoO,/CC
catalyst was continuously operated for 120 h in the industrial con-
dition (30 wt% KOH) at a constant current of 500 mA cm 2 and
almost no degradation was observed indicating a great industrial
perspective.

As discussed above, the excellent HER electrocatalytic activity is
due to the unique structure of the composite catalyst and the syn-
ergistic effect between the two active species. The XPS spectra
prove that there is a strong electron transfer effect between
MoO, and NiSx species, which makes MoO, have a partial negative
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Fig. 5. (a) Schematic diagram of overall-water-splitting electrolytic cell using NiSx-MoO, and RuO, as cathode and anode, respectively. (b) Comparison of overall-water-
splitting activity of Ru0%"//NiS,-Mo0% ) with noble metal Ru05"”//Pt/C(-) at high current in 30 wt% KOH. (c) Comparing the cell voltage of the currently available electrolytic
cell at 100 mA cm 2 in 1.0 M KOH. (d) Durability tests of NiS,-MoO, at —500 mA cm 2 in 30 wt% KOH.
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Scheme 2. Schematic diagram of HER catalytic mechanism of NiSx-MoO,/CC
catalyst in an alkaline solution.

charge, and NiSx takes a somewhat positive charge. In an alkaline
environment, the positively charged NiSx species can adsorb H,0
molecules at the interface of the two active sites and synergisti-
cally promote the dissociation of H,0, thereby forming a reactive
intermediate of adsorbed hydrogen (M-H.q) on the surface of the
MoO, species. The formed M-H,4 can further bind with one elec-
tron and one H,O molecule, synchronously releasing H, through
the Heyrovsky step (M — Hyq + e~ + H, O - M + Hy + OH")
(Scheme 2) [51].

4. Conclusion

In summary, we have developed an excellent NiSx-Mo02/CC
electrocatalyst using two-step electrodeposition and subsequent
vulcanization. The resulted NiSx-Mo02/CC catalyst exhibits supe-
rior catalytic activity with a low overpotential of 60 mV at
—10 mA cm™2, a small Tafel slope of 89 mV dec™!, a significant
exchange current density of 2.065 mA cm™2, and long-term stabil-
ity in 30 wt% KOH. The excellent results are attributed to the hier-
archical porous structures as well as a synergistically catalytic
effect for HER between NiSx and MoO2 species. Therefore, the
reported method of HER catalyst with unique architecture and
enhanced electron transfer effect is also useful for future construc-
tion of other high-efficiency materials, such as fuel cells, photo-
catalysis, lithium-ion batteries, and so on.
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