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Abstract: With the excessive use of fossil energy, the global energy crisis and environmental pollution
are becoming increasingly serious, which forces the international community to develop
environmentally friendly and sustainable new energy sources. Hydrogen energy has attracted
widespread attention due to its many advantages such as high efficiency and no secondary pollution.
Water electrolysis technology is considered to be one of the most ideal ways to produce green hydrogen.
As an electrocatalyst for hydrogen evolution, MoS; has attracted the attention of researchers due to its
good conductivity. In this paper, MoS; nanosheet arrays (MoS,@Mo) were synthesized on the surface of
molybdenum foil in a controlled manner by a one-step liquid-phase synthesis method. The lamellar
nanosheet array structure significantly improved the packing phenomenon of MoS; nanosheets. This
exposes more catalytically active sites at the edge of the MoS, lamellar and increases the contact area
between the material and the electrolyte. Due to the good electrical conductivity of molybdenum foil, as
well as its acid and alkaline resistance, MoS; nanosheet array materials are directly grown on the
surface of molybdenum foil, which not only improves the electron transfer during the hydrogen
evolution reaction, but also can be directly used as electrodes to catalyze hydrogen evolution reactions
in acidic and alkaline environments. The electrochemical hydrogen evolution performance test shows
that the synthesized MoS,@Mo material has good catalytic activity and stability under both acidic and
alkaline conditions, and the overpotentials of 142.5 mV and 40 mV are required when the current
density reaches 10 mA.cm?, respectively.
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1. Introduction

At present, the widespread use of fossil fuels not only causes a growing environmental problem, but
also faces the problem of energy depletion. Hydrogen is considered one of the ideal green energy
sources to replace fossil fuels due to its high energy density and clean combustion products [,
Electrochemical water splitting technology uses renewable energy sources such as solar, hydro, wind,
and tidal energy to provide an environmentally friendly and sustainable technology for the large-scale
production of high-purity hydrogen 2. However, due to the large catalytic hydrogen evolution reaction
(HER) overpotential in the process of electrochemical water splitting, the energy consumption is high
and the hydrogen production efficiency is low, which hinders the practical application of
electrochemical water splitting to hydrogen production. Therefore, a highly active and stable HER
catalyst is required®®. Currently, precious metals such as Pt are the best catalysts for HER. However,
their scarcity and high cost hinder their large-scale practical application. Therefore, there is a need to
design and manufacture abundant HER electrocatalysts.

Two-dimensional (2D) transition metal chalcogenide compounds with layered structure have been
identified as suitable HER catalysts due to their low cost and low hydrogen adsorption Gibbs free
energy, such as MoS,MEl, Both theoretical calculations and experimental results show that the
catalytically active site of HER is located at the edge of the MoS; layer®Il7), Therefore, exposing more
active edge sites is an effective way to increase their catalytic activity at HER. However, the intrinsic
structure of the 2D lamellar structure makes it prone to agglomeration®!, which reduces the number of
available edge active sites and impairs HER performancel’. In addition, the inherently poor electron
conductivity of MoS; also reduces the efficiency of its electrocatalytic hydrogen evolution reaction®l.
One of the effective ways to address the above shortcomings is to use highly conductive materials as

substrates to form uniformly distributed nanosheet array structures perpendicular to the substrate
surfacel1o1111[12][13][14][15]
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Molybdenum foil (Mo) has good electrical conductivity and resistance to acids and alkalist*ell71Le],
Therefore, we chose Mo foil as the substrate and used it as the molybdenum sourcelI?% to grow
homogeneous and well-dispersed MoS; nanosheet arrays directly in situ on the surface of molybdenum
foil through a simple one-step liquid-phase synthesis route. The prepared MoS; nanosheet
array@molybdenum foil (MoS,@Mo) material can be directly used as an electrode to catalyze HER,
and exhibits good HER catalytic activity and stability in both acidic and alkaline environments.

2. Experimental part
2.1 Main reagents and instruments

The main instruments and reagents used in the experiment are shown in Tables 1 and 2

Table 1: Equipment used in the experiment

Instrument name Model Production units
Electronic balances FA2004N Shanghai Precision Instrument Co., Ltd
Ultrasonic cleaner PS-1010SMHT | Hefei Panfeng Ultrasonic Technology Co., Ltd
High-pressure reactor LC-KH-300 Shanghai Lichen Instrument Technology Co., Ltd
centrifuge TG16MW Hunan Hexi Instrument Co., Ltd
Electric blast drying oven DGT-G70 Hefei Huadeli Scientific Equipment Co., Ltd
Magnetic stirrer HJ-6 Changzhou Jintan District Baita Xinhong
Instrument Factory
Potentiostats CHI-660E Shanghai Chenhua Instrument Co., Ltd
Table 2: Reagents used in the experiment
reagent specification Production units
Nitric acid(HNO3) AR Sinopharm Chemical Reagent Co., Ltd
Sulfur(S) AR Shanghai Macleane Biochemical Technology Co., Ltd
Ethanol AR Sinopharm Chemical Reagent Co., Ltd
absolute(C;HsOH)
HCI AR Sinopharm Chemical Reagent Co., Ltd
acetone(CH3;COCH53) AR Sinopharm Chemical Reagent Co., Ltd
N2H4 H,0 AR Shanghai Aladdin Biochemical Technology Co., Ltd
Mo foil 99.99% -

2.2 Preparation of the product

2.2.1 Substrate pretreatment

The treatment of molybdenum foil is as follows: first, 1cm =<4 cm of molybdenum foil (Mo foil) is
cut, sonicated with acetone solution for 10 min to remove the oil stain on the surface, and then
sonicated with concentrated hydrochloric acid solution twice for 15 min to remove the oxide on the
surface, and then washed with deionized water and ethanol for many times, and put into a blast drying
oven (50 <C) for drying.

2.2.2 MoS2@Mo synthesis of nanomaterials

Different amounts of sulfur powder (S) (0.1 mmol, 0.3 mmol, 0.6 mmol) were weighed and put into
10 mL of water and 20 mL of absolute ethanol and stirred, the stirring temperature was 40 <C, the
stirring time was 1 hour, and the solution changed from colorless to light yellow. Then put the washed
and dried molybdenum foil into the above solution, and finally add 3 mL N2H4 H-0. The solution was
added to the 50 mL PTFE reactor lining, and the PTFE reactor lining was placed into the high-pressure
reactor, and finally the reactor was placed in a blast drying oven and reacted at 200 <C for 12 h. After
the oven cooled to room temperature, the Mo foil was taken out, washed with deionized water and
ethanol several times, and then placed in a blast drying oven and dried at 50 <C for 5 h.

2.2.3 Prepare the working electrode

The dried product was prepared into a working electrode for electrochemical performance test, and
5 mg of the product was weighed and dispersed in a mixture of 10 puL of Nafion, 500 pL of ultrapure
water and 500 pL of ethanol solution, and a homogeneous suspension was formed by ultrasonic for 30
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min. The glassy carbon electrode was ground and polished with a flannel cloth, and then 5 pL of
suspension was evenly dropped on the surface of the glassy carbon electrode (geometric area of 0.196
cm?) with a pipette, and then dried under an infrared lamp. Before the test, the working electrode was
placed in 1.0 M KOH solution or 0.5 M H,SO4 solution to completely wet the electrode surface.

Electrochemical testing

Electrochemical performance tests were performed at room temperature, and prior to testing, the
electrolyte solution was introduced with N, for 30 minutes to remove the O, contained in the
electrolyte solution. The test was performed using a standard three-electrode system, with the carbon
rod as the counter electrode, the Ag/AgCI electrode as the reference electrode, and the synthesized
MoS; as the working electrode. The electrochemical test requires N to be introduced all the way and
the test is performed in either 1 M KOH (pH = 14) solution or 0.5 M H,SO4 (pH = 0) solution.

During the test, magnetic stirring is maintained throughout the process to ensure the full transfer of
ions in the electrolyte and all potentials

The reversible hydrogen electrode potential (RHE) is used as a reference. All measured potentials
were calibrated using the formula E(RHE) = E(Ag/AgCI) + 0.197 + 0.0591 pH compared to the
reversible hydrogen electrode (RHE). The test results for LSV are iR-corrected in this job and have a
scan rate of 5 mV/s.

Electrochemical impedance (EIS) can reflect the strength and disadvantage of the charge and mass
transfer ability of electrocatalysts during catalytic reactions.

The test conditions for electrochemical impedance are: EIS tests the frequency range of the applied
AC signal at a fixed voltage of -0.2 V in the range of 0.01 Hz~1 MHz.

When the CV is tested by cyclic voltammetry, the rotation speed of the rotating rod is 1200 rpm, the
scanning rate is 5 mV/s, the test voltage range is 0~0.5 V (vs. Hg/HgO), the CV curves are all corrected
by 95% iR, the electric double layer capacitance (Cdl) is tested by the CV method, and the voltage
range of 0.2~0.3 V (vs. Hg/HgO) in the illegal Lady region is tested at 40, 60, 80, 100 and 120 mV/s
scanning speeds. The linear relationship between different scanning rates and the corresponding current
density is obtained, and the linear slope is calculated to obtain the capacitance value of the electric
double layer.

3. Results and discussion
3.1 Physical characterization of materials

The synthesized material was characterized. Fig. 1(a) and Fig. 1(d) are scanning electron
microscope images (SEM) with 0.1 mmolS added during synthesis, from which it can be seen that a
small number of flake MoS; nanosheets grow on the surface of the molybdenum foil, with a length of
about 500 nm and a thickness of 10 nm, and the nanosheets are scattered on the surface of the
molybdenum foil, which is uneven. Figures 1(b) and 1(e) are scanning electron microscope images
(SEM) with 0.3 mmol S added to the synthesis. Here we can see that the material morphology is dense
two-dimensional nanosheets, which are petal-shaped. With the increase of the amount of S added, the
number of MoS, nanosheets increased, and the scattered uneven nanosheets became dense after the
increase in number, and formed a petal shape vertically. Fig. 1(c) and Fig. 1(f) are scanning electron
microscope (SEM) images with 0.6 mmol S added during synthesis, and it can be seen from the SEM
images that there are more flake MoS, nanosheets on the surface of molybdenum foil, and the size of
the nanosheets is consistent with the previous two. As the amount of S added continued, the number of
MoS; nanosheets continued, but the structure changed from dense petals to loose arrangement. We
study the phase of nanosheets by powder X-ray diffraction (XRD). In order to avoid interference from
the Mo foil, the Mo foil is passed through ultrasonication and the peeled samples are tested. As shown
in Figure 1 (g), the characteristic peaks were detected at 14.1< 33.1< 39.8< and 58.7<in the XRD
patterns of all samples, corresponding to the (002), (101), (103), and (110) planes of 2H-MoS; (JCPDS
37-1492), respectively. The XRD characteristic peak distribution of the samples was basically
consistent with that of 2H-MoS, (JCPDS 37-1492), indicating that we had successfully grown MoS;
nanosheets on the surface of molybdenum foil.
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Figure 1: SEM image of MoS,@Mo, (a, d) MoS,@Mo-1 SEM image with 0.1 mmol S, (b, €)
MoS,@Mo-3 SEM image with 0.3 mmol S, (c, f) MoS@Mo-6 SEM image with 0.6 mmol S, (g) XRD
image of the material from the surface peeling of Mo foil

3.2 Catalytic HER performance of MoS2@Mo nanomaterials over a wide pH range

To compare the HER performance of the above-mentioned MoS,@Mo nanomaterials synthesized
with different amounts of S, we first compared the catalytic HER activity of MoS,@Mo-1,
MoS,@Mo-3, and MoS,@Mo-6 in 1 M KOH (pH = 14). The HER activity of these samples in an
alkaline environment was assessed by comparing the polarization curves obtained by linear scanning
voltammetry (LSV) testing. Considering that the obtained current density may not reflect the actual
catalytic HER performance of the sample due to the presence of ohmic resistance, iR compensation
was performed for all polarization curves prior to analysis [20].

As can be seen from Figure 2(a), Mo foil and MoS,@Mo-1 show poor HER activity in the alkaline
environment of 1 M KOH solution. The HER activity of the MoS.@Mo was significantly increased
after the growth of MoS; nanosheets on the surface of Mo foil. Specifically, the Mo foil electrode has
an overpotential of 378 mV at 10 mA+cm? and 271 mV at 10 mA+cm for the MoS,@Mo-1 electrode.
This suggests that our strategy of growing MoS; nanosheets on the surface of Mo foil can enhance the
HER activity of the material in an alkaline environment. The electrode made of MoS.@Mo-3 with 0.3
mmol S had an overpotential of 40 mV at 10 mA+cm. The electrode made of MoS,@Mo-6 with 0.6
mmol S has an overpotential of 151 mV at 10 mA+cm. It can be seen that the catalytic HER activity of
MoS,@Mo does not increase linearly with the increase of the amount of S added: when the amount of
S added increases from 0.1 mmol to 0.3 mmol, the MoS.@Mo catalytic HER activity increases. When
the amount of S was increased from 0.3 mmol to 0.6 mmol, the activity of MoS,@Mo catalytic HER
decreased compared with the previous one. Because the structure of MoS, synthesized is a
homogeneous and non-aggregated nanosheet, the catalytic active site of the MoS; nanosheet is
concentrated at the edge of the sheet, while the base surface that occupies the main component is inert
and the conductivity of MoS; is poor. Therefore, the structure of MoS; has a great influence on its HER
catalytic performance. There are two main modes of MoS; nanosheets: horizontal and vertical growth.
Compared with horizontal growth, vertically grown MoS; has more full exposure to the active edge and
can have more adequate contact with the electrolyte. Due to the large number of exposed marginal
active sites, the exchange current density of this MoS; as a hydrogen evolution catalyst is about 10
times that of ordinary layered MoS,?122 In the MoS,@Mo-1 we synthesized this time, the number of
MoS; nanosheets was small, and they lacked support between each other, and they were scattered on
the Mo foil, and a large number of MoS; nanosheets could not fully contact the electrolyte due to the
horizontal growth. Therefore, the catalytic activity of MoS,@Mo-1 is the lowest of the three. With the
increase of the addition of S, the number of MoS; nanosheets increased, which supported each other to
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form a petal-like structurel®l, Combined with Fig. 1(b,e), we can see that most of the MoS, nanosheets
in MoS,@Mo-3 are growing vertically, and this structure exposes more catalytic active sites at the edge
of the lamellar, which greatly improves the catalytic activity of the material. Therefore MoS,@Mo-3
has the best HER catalytic activity of the three. However, as the addition of S continued to increase, the
number of MoS; nanosheets continued to increase, and too many MoS, nanosheets squeezed each other,
destroying the original petal-like structure, and the vertically growing nanosheets collapsed into
horizontal growth, resulting in a decrease in the catalytic activity of the material. Therefore
MoS,@Mo-6 has a reduced HER catalytic activity, which is not as good as MoS,@Mo-3. We further
investigated the catalytic performance of MoS@Mo in acidic media. Fig. 2(b) shows that the
overpotential of the Mo foil electrode is 378 mV at 10 mA+cm?, the overpotential of the MoS2@Mo-1
electrode is 213.5 mV at 10 mA<cm, the overpotential of the MoS2@Mo-3 electrode is 142.5 mV at
10 mA+cm, and the overpotential of the MoS2@Mo-6 electrode is 169.6 mV at 10 mAecm™. The
catalytic HER performance of the same material in alkaline environments is better than that of catalytic
HER in acidic environments.
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Figure 2(a) Polarization curves of MoS,@Mo-1,M0S,@Mo-3,MoS,@Mo-6 and bare Mo foil in 1 M
KOH solution, Figure 2(b) Polarization curves of MoS,@Mo-1,MoS,@Mo-3,Mo0S,@Mo-6 and bare
Mo foil in 0.5 M H2SO, solution, and Figure 2(c) Nyquist plot of
MoS,@Mo-1,MoS,@Mo-3,MoS,@Mo-6 in 1 M KOH solution, Figure 2(d) Nyquist plot of
MoS,@Mo-1,MoS,;@Mo-3,MoS,@Mo-6 in 0.5 M H,SO4 solution, Figure 2(e) Tafel plot of
MoS,@Mo-1,MoS,@Mo-3,MoS,@Mo-6 in 1 M KOH solution, Figure 2(f) Tafel plot of
MoS,@Mo-1,MoS,@Mo-3,MoS,@Mo-6 in 0.5 M H,SO4 solution.

Figure 2: Catalytic HER performance of MoS,@Mo nanomaterials.

Electrochemical impedance spectroscopy (EIS) studies the preparation of electrocatalysts at the
electrode/electrolyte boundary at open-circuit voltages The HER dynamics at the surface, which can be
fitted by an equivalent circuit4%l can derive their Rct, which in turn reflects their charge transport
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efficiency! Figure 2(c) shows the EIS profile of MoS,@Mo-1, MoS,@Mo-3, MoS;@Mo-6 in 1 M
KOH solution, with charge transfer resistance (Rct) of 15, 10, and 64 Q for MoS.@Mo-1,
MoS,@Mo-3, MoS,@Mo-6, respectively. The charge transfer resistance (Rct) of MoS,@Mo-1,
MoS,@Mo-3, MoS,@Mo-6 in 0.5 M H;SO4 solution was 6, 2.2, and 51 Q, respectively. By
comparison, we can see that the RCT value of MoS,@Mo-3 is lower than that of other samples,
indicating that it has better charge transport kinetics. The results show that the petal-like structure is
more conducive to the transfer of charge during hydrogen evolution than the scattered vertical and
horizontal growth structures, that is, the design of the petal-like structure can effectively improve the
conductivity of MoS,.The results show that MoS,@Mo-3 has the highest electronic conductivity and a
faster transfer rate of charge between catalyst/electrolyte, which is conducive to electrocatalytic
reactions. Combined with Fig. 2(c,d), we can observe that the effect of this petal-like structure in
improving the conductivity of MoS; nanosheets is reflected in both acid and alkali solutions.

To investigate the kinetic mechanism and rate-determining steps of the catalyst in HER, we
evaluated the Tafel slope (where b is the Tafel slope, 7 is the overpotential, and j is the current density)
according to the polarization curve with the Tafel equation 1 = a + blog]j|)!?627), It is well known that
the HER method consists of two main steps, including hydrogen adsorption and desorption. In alkaline
solutions, hydrogen adsorption occurs in the Volmer reaction (H.O+*+e-—H*+OH-, where * is the
active site and H* is the adsorbed hydrogen)®l, The H, desorption step consists of either the
Heyrovsky reaction (H*+H,0+e-—H,+*+0OH-) or the Tafel reaction (H*+H*—H,+2*). Therefore, the
reaction path of HER is basically divided into three reaction mechanisms: the first is the VVolmer-Tafel
mechanism, which has a Tafel slope range of 0~38 mVedec -1, the second is the VVolmer-Heyrovsky
mechanism, which has a Tafel slope range of 38~116 mVedec -1, and the third is the Volmer
mechanism, which has a Tafel slope range of >116 mVedec -1. Figure 2(e) shows that the Tafel slope is
246.36 mV/dec for MoS,@Mo-1, 135.63 mV/dec for MoS,@Mo-3, and 227.12 mV/dec for
MoS,@Mo-6. It is suggested that the HER process of three materials in the alkaline environment of 1
M KOH may be a Volme mechanism [22]. In addition, a smaller Tafel slope value means that the HER
rate increases more quickly with a modest increase in overpotential, so an ideal HER catalyst should
have a small Tafel slope value. The floral MoS.@Mo-3 has a small Tafel slope value, indicating that its
catalytic hydrogen evolution reaction performance is better than that of the nanosheet-arranged
MoS,@Mo-1 (246.36 mV/dec) and MoS,@Mo-6 (227.12 mV/dec). Figure 2(f) shows that the Tafel
slope values for MoS;@Mo-1, MoS,@Mo-3, and MoS,@Mo-6 are 274.36 mV/dec, 165.04 mV/dec,
and 266.15 mV/dec, respectively. The Tafel slope value of MoS,@Mo-3 is still the smallest. From the
perspective of tafel slope, the catalytic performance of MoS,@Mo-3 is still the best.
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Figure 3 (a): CV plots of different scan rates of Bare Mo foil under alkaline conditions; Figure 3(b,c,d)
CV plots of different scan rates for MoS,;@Mo-1, MoS,@Mo-3, MoS,@Mo-6 under alkaline conditions;
Figure 3(e) Cdl plots of MoS;@Mo-1, MoS,@Mo-3, MoS,@Mo-6 and Bare Mo foil under alkaline
conditions.

In order to understand the source of the performance improvement of MoS,@Mo-3, its
electrochemical activity area (ECSA) and specific activity were studied, and the results obtained were
compared with Mo foil, MoS,@Mo-1 and MoS,@Mo-6. Since the electric double-layer capacitance
(CdI) has a linear relationship with the electrochemically active surface area (ECSA)PIR je,, the
ECSA is twice that of (Cdl), the electrochemically active surface area can be calculated by Cdl. The
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electric double-layer capacitance value (Cdl) can be used to compare the size of the electrochemical
active area, and the Cdl value is generally calculated by cyclic voltammetryl, We calculated the
forward and reverse sweep current difference between the CV test of MoS,@Mo-3 and Mo foil,
MoS,@Mo-1, and MoS,@Mo-6 at different scan rates under alkaline conditions, and found that the
current difference was linearly related to the scan rate, as shown in Figure 3(e), and the slope of the
linear relationship was the CDL of the catalytic material. As shown in Figure 3(e) above, the Cdl value
of MoS,@Mo-3 is 4.56 mF/cm? under alkaline conditions, 4.28 mF/cm? for MoS,@Mo-1, 3.77
mF/cm? for MoS,@Mo-6, and 1.42 mF/cm? for pure molybdenum foil. The ECSA of MoS,@Mo-3
was 1.2 times that of MoS,@Mo-6 and 1.3 times that of MoS,@Mo-1. The results suggest that the
design of the petal-like structure of MoS,@Mo-3 increases the ECSA of MoS; and creates more HER
active sites. The electric double-layer capacitance of the synthesized MoS,@Mo nanotube array
material increases significantly, indicating that the electrochemically active area of the material
increases®A3l- Therefore, the nanotube array structure of the synthesized product effectively increases
the electrochemical active area of the material, which is conducive to increasing the number of active
sites of the catalyst and improving the HER performance of the material.

4. Conclusion

In this paper, flake MoS, nanomaterials were successfully prepared on the surface of molybdenum
foil by hydrothermal method, and the prepared MoS; can be directly used as a cathode material for
electrolysis of water and hydrogen evolution because the prepared MoS, is directly grown on
molybdenum foil. The good conductivity of molybdenum foil enhances the electron transport rate of
the product, and the petal-like MoS; nanosheet structure also exposes more active sites, increases the
electrochemical active area, and the electron conductivity is higher, and the charge transfer rate
between the catalyst/electrolyte is faster and can contact the electrolyte more closely, thereby
improving the catalytic activity of the material. A series of electrochemical tests have shown that the
synthesized MoS,@Mo nanomaterials exhibit excellent electrocatalytic HER properties in both acidic
and alkaline environments, which provides a new idea for the design of metal-based nanomaterials in
the future.
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